
Functional Selectivity of G Protein Signaling by Agonist Peptides
and Thrombin for the Protease-activated Receptor-1*□S

Received for publication, December 15, 2004, and in revised form, April 22, 2005
Published, JBC Papers in Press, May 4, 2005, DOI 10.1074/jbc.M414090200

Joseph N. McLaughlin, Lixin Shen, Michael Holinstat, Joshua D. Brooks,
Emmanuele DiBenedetto, and Heidi E. Hamm‡

From the Department of Pharmacology, Vanderbilt University Medical Center, Department of Mathematics and
Center for Biomathematics, Vanderbilt University, Nashville, Tennessee 37232

Thrombin activates protease-activated receptor-1
(PAR-1) by cleavage of the amino terminus to unmask a
tethered ligand. Although peptide analogs can activate
PAR-1, we show that the functional responses mediated
via PAR-1 differ between the agonists. Thrombin caused
endothelial monolayer permeability and mobilized in-
tracellular calcium with EC50 values of 0.1 and 1.7 nM,
respectively. The opposite order of activation was ob-
served for agonist peptide (SFLLRN-CONH2 or TFLL-
RNKPDK) activation. The addition of inactivated
thrombin did not affect agonist peptide signaling, sug-
gesting that the differences in activation mechanisms
are intramolecular in origin. Although activation of
PAR-1 or PAR-2 by agonist peptides induced calcium
mobilization, only PAR-1 activation affected barrier
function. Induced barrier permeability is likely to be
G�12/13-mediated as chelation of G�q-mediated intracel-
lular calcium with BAPTA-AM, pertussis toxin inhibi-
tion of G�i/o, or GM6001 inhibition of matrix metallopro-
teinase had no effect, whereas Y-27632 inhibition of the
G�12/13-mediated Rho kinase abrogated the response.
Similarly, calcium mobilization is G�q-mediated and in-
dependent of G�i/o and G�12/13 because pertussis toxin
and Y-27632 had no effect, whereas U-73122 inhibition of
phospholipase C-� blocked the response. It is therefore
likely that changes in permeability reflect G�12/13 acti-
vation, and changes in calcium reflect G�q activation,
implying that the pharmacological differences between
agonists are likely caused by the ability of the receptor
to activate G�12/13 or G�q. This functional selectivity was
characterized quantitatively by a mathematical model
describing each step leading to Rho activation and/or
calcium mobilization. This model provides an estimate
that peptide activation alters receptor/G protein bind-
ing to favor G�q activation over G�12/13 by �800-fold.

Classical receptor theory presents a model in which a single
functional response is intrinsically associated with a given G
protein-coupled receptor (GPCR).1 However, there is growing

evidence that diverse signaling responses can be invoked by
single GPCRs in response to interaction with divergent ligands.
This phenomenon of “agonist trafficking” or “ligand-induced
functional selectivity” (or simply functional selectivity) stands
in stark contrast to conventional receptor pharmacology.

Receptors such as the serotonin (1–3), �2-adrenergic (4), do-
pamine (5, 6), octopamine (7), and others continue to expand
the diversity of receptor families which demonstrate functional
selectivity (for a recent reviews, see Refs. 8 and 9). We show
here that two different protease-activated receptor-1 (PAR-1)
agonist peptides, SFLLRN-CONH2 and the PAR-1-specific
TFLLRNKPDK, activate PAR-1 in a fashion different from that
of thrombin-mediated cleavage of the amino terminus of the
receptor. This was accomplished by investigating two function-
ally different endothelial responses: 1) induced endothelial bar-
rier permeability and 2) induced intracellular calcium mobili-
zation. When compared, the ability of thrombin or agonist
peptide to elicit these responses was significantly different.

The vascular endothelium serves as a regulated barrier be-
tween the bloodstream and the interstitial tissues. Thrombin is
a major inflammatory factor that mediates the contraction of
endothelial cells leading to increased permeability of the bar-
rier and vascular edema. Although antagonists have recently
been developed to target PAR-1 (10) and PAR-4 (11), currently
there is no way to inhibit the effects of thrombin on vascular
edema selectively except by inhibiting thrombin, which also
inhibits clotting and leads to increased risks of bleeding disor-
ders. Inhibition of PAR signaling in the endothelium without
disabling the role of thrombin in hemostasis would be more
therapeutically beneficial.

The four isoforms of PAR-1 form a unique class of GPCRs.
Activated by proteolytic cleavage of the extracellular amino
terminus, the newly exposed terminus serves as a tethered
ligand, folding back onto the receptor, thereby activating it.
Unlike the other PARs, which are cleaved by the protease
thrombin, PAR-2 is trypsin- and not thrombin-sensitive (12). In
humans, PAR-1 and PAR-2 are thought to mediate signaling in
the endothelium, whereas PAR-1 and PAR-4 are thought to
mediate signaling in platelets (13). Interestingly, the signaling
properties of PAR-3 are still unclear. To date there is no clear
evidence that PAR-3 can participate in intracellular signaling
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(14–16), although its role as a cofactor in mouse platelet acti-
vation of PAR-4 has been determined (17).

Activated by thrombin, PAR-1 exerts its effects on the endo-
thelium by concomitant activation of the G�i/o, G�q, and G�12/13

families of G proteins (18, 19). These signals ultimately inte-
grate to induce profound changes in vascular endothelial cells,
including increased endothelial monolayer permeability
(20–22).

Activation of Rho plays a significant role in endothelial bar-
rier function. The discovery of Rho-guanine nucleotide ex-
change factors (GEFs) as effectors of G�12/13 (p115RhoGEF
(23), LARG (24), PDZ RhoGEF (25) and GTRAP48 (26)) has
completed one pathway between PAR-1 and Rho activation.
However, it is also well established that in primary endothelial
cells, thrombin-induced barrier permeability is dependent not
only upon Rho activation but also calcium mobilization (27–31).
To the contrary, we show here that in the transformed cell line
human microvascular endothelial cells (HMEC-1), thrombin-
induced barrier permeability is dependent solely upon a Rho
kinase-mediated pathway initiated by G�12/13 activation and
not G�q or G�i/o. We also show that thrombin-induced calcium
mobilization is mediated by G�q and not by G�12/13 or G�i/o.

In addition to activation by proteolytic cleavage, PARs have
been shown to be fully responsive to synthetic peptides that
mimic the amino acid sequence of the tethered ligand portion of
the receptor (32, 33). In addition to the direct tethered ligand
sequence, SFLLRN, which has been shown to activate both
PAR-1 and PAR-2 receptors, substitution of the Ser to Thr
creates a new peptide with increased specificity for PAR-1
activation (34).

Although these agonist peptides appear to elicit full re-
sponses, there is an emerging body of evidence which suggests
that agonist peptides do not activate PAR-1 in the same man-
ner as does thrombin (35–39). In addition, activation of PAR-1
by other proteases has shown differential signaling (40). We
show here that the rank order of potency for induced endothe-
lial monolayer permeability and calcium mobilization differs
between agonist peptide and thrombin activation of PAR-1.

To address the underlying mechanism, we have constructed
a mathematical model containing 60 ordinary differential
equations, which describes each known step leading to Rho
activation as well as calcium mobilization. Our experimental
observations in conjunction with our mathematical simulations
have led us to hypothesize that the ability of PAR-1 to activate
G�i/o, G�q, or G�12/13 is different with different agonists. Our
data suggest that PAR-1 shows ligand-induced functional se-
lectivity, with agonist peptides activating PAR-1 in such a way
as to enhance G�q and/or decrease G�12/13 signaling pathways
compared with activation by thrombin.

EXPERIMENTAL PROCEDURES

Reagents—All cell culture reagents were purchased from Invitrogen.
�-Thrombin (specific activity 3181 NIH units/mg protein), the thrombin
inhibitor Z-D-Phe-Pro-methoxypropylboroglycinepinanediol ester,
U-73122, GM6001, pertussis toxin, and Y-27632 were purchased from
Calbiochem. The agonist peptides TFLLRNKPDK (TK), SFLLRN-
CONH2 (SN), SLIGKV (SV), AYPGKF-CONH2 (AF), and YFLLRNP
(YP) were purchased from GL Biochem (Shanghai) Ltd. BAPTA-AM
and Alexa Fluor 568-phalloidin were purchased from Molecular Probes
(Eugene, OR). Rho-A antibody anti-rabbit protein A/G was purchased
from Santa Cruz (Santa Cruz, CA). Rho activation kits were purchased
from Cytoskeleton, Inc. (Denver, CO).

Endothelial Cell Culture—In the present studies a human dermal
microvascular endothelial cell line that was transformed using SV-40
was used (HMEC-1; obtained from Dr. E. Ades, Centers for Disease
Control, Atlanta, GA). The cells were maintained in MCDB 131 medium
supplemented with 5% fetal bovine serum, penicillin/streptomycin
(5,000 units/ml; 5,000 �g/ml), hydrocortisone (500 �g/ml), epidermal
growth factor (0.01 �g/ml), and L-glutamine (2 mM) in an atmosphere of
95% air, 5% CO2 at 37 °C. The cells were seeded at 1 � 105 cells/ml and

subcultured after detachment with 0.05% trypsin, 0.5 mM EDTA. All
studies utilized cell passages 15–20.

Transendothelial Electrical Resistance (TER)—In vitro barrier per-
meability was monitored by electric cell-substrate impedance sensor
(ECIS) (41). Gold electrodes were purchased from Applied BioPhysics
(Troy, NY). Wells were coated in 0.1% gelatin prior to being wetted by
culture media. After treatment, cells were seeded at 2 � 105 cells/well
and allowed to recover for 24 h. The small and larger counter electrodes
were connected to a phase-sensitive lock-in amplifier. A constant cur-
rent of 1 �A was applied by a 1-V, 4,000-Hz AC signal connected serially
to a 1-megohm resistor between the small and large counter electrodes.
The voltage between the small electrode and the large counter electrode
was monitored by a lock-in amplifier, stored, and processed by a per-
sonal computer. The same computer controlled the output of the am-
plifier and switched the measurement to different electrodes in the
course of the experiment. Prior to the experiments, the monolayers
were serum starved for 18 h.

Calcium Mobilization—Cells were grown to confluence in black/clear
bottom 96-well assay plates. Prior to the experiments, cells were serum
starved for 18 h. All assays utilized the FLIPR Calcium Plus kit (Mo-
lecular Devices, Sunnyvale, CA). Cells were loaded with the calcium-
sensitive dye and incubated for 1 h at 37 °C according to the manufac-
turer’s protocols. The addition of agonists was robotically controlled,
and samples were read by the FlexStation (Molecular Devices). Cells
were excited at 485 nm and monitored at 515 nm.

BAPTA-AM Treatment—Cells were split, cultured, and serum
starved as described according to the type of experiment being per-
formed. Cells were then treated with 3 �M BAPTA-AM and incubated at
37 °C for 3 h prior to stimulation.

[32P]ADP-ribosylation—Complete ribosylation of G�i/o by pertussis
toxin was determined as described previously (42–44). Briefly, cells
were grown to confluence in 100-mm dishes and treated with 0.1 �g/ml
pertussis toxin (PTX) for 0.5, 1.0, 2.0, 3.0, or 18 h. Plasma membranes
were isolated and subjected to a second round of ADP-ribosylation in
vitro in the presence of nicotinamide adenine ([32P]NAD; Amersham
Biosciences) to determine the amount of toxin substrate remaining.
Membranes were harvested after two rinses with PBS in ice-cold TE
buffer (25 mM Tris, pH 7.6, 0.1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml pepstatin A, 10 �g/ml leupeptin, and 1 �g/ml apro-
tinin). Cell lysate was homogenized by titration seven times through a
25-gauge needle. Cellular debris was removed by low speed centrifuga-
tion (500 � g for 10 min). Supernatants were transferred to fresh tubes,
and members were precipitated by centrifugation (40,000 � g for 60
min). Membranes were resuspended in 120 �l of TE buffer and total
protein determined using a BCA protein assay (Pierce) according to the
manufacturer’s protocols. PTX was activated by incubation in 25 mM

dithiothreitol for 30 min at 37 °C. 40 �g of purified membranes was
incubated with 5 �g/ml PTX in reaction buffer (2.5 �M NAD, 1 mM ATP,
1 mM GTP, 10 mM thymidine, 6 mM MgCl2, 2 mM EDTA, 2 mM dithio-
threitol, 20 mM Tris, pH 7.6, and 25 �Ci/ml [32P]NAD) in a total volume
of 200 �l. Reactions were allowed to proceed at 37 °C for 60 min.
Reactions were quenched by the addition of 20 �l of ice-cold 100% (w/v)
trichloroacetic acid. Membranes were precipitated by centrifugation
(12,000 � g for 20 min) and resuspended in 15 �l of 4 � Laemmli
loading buffer. Samples were boiled for 5 min, resolved by SDS-PAGE,
and visualized by autoradiography.

Matrix Metalloproteinase (MMP) Inhibition—HMEC-1 were cultured
to be used in calcium mobilization or induced monolayer permeability
assays as described above. 30 min prior to stimulation with agonist,
cells were treated with a final concentration of 25 �M GM6001 to inhibit
MMP-1, -2, -3, -8, and -9 or an equivalent volume of dimethyl sulfoxide
as a vehicle control. Cells were then stimulated with subsaturating
concentrations of either thrombin or TK, 2.0 nM or 1.0 �M, respectively,
for calcium mobilization or 0.2 nM thrombin or 2.0 �M TK for induced
permeability. Assays were then performed as described above. To en-
sure inhibition of MMPs by GM6001, HMEC-1 were split in to 6-well
plates, allowed to recover for 48 h, and serum starved 24 h. Then they
were pretreated with 25 �M GM6001 or dimethyl sulfoxide as a control
for 30 min and stimulated with 10 nM thrombin or serum-free medium
as a base-line control. The culture medium was then harvested, and
MMP activity was determined fluorescently using a gelatinase activity
assay as described previously (45, 46).

Measurement of Rho Activity—Rho activity was measured using glu-
tathione S-transferase-rhotekin-Rho-binding domain (GST-RBD) that
specifically pulls down activated Rho (30, 47). HMEC-1 were serum-
deprived for 1 h. Cells were then stimulated with various concentra-
tions of thrombin for several time points, washed quickly with ice-cold
Tris-buffered saline, and lysed in 500 �l of lysis buffer (50 mM Tris, pH
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7.5, 10 mM MgCl2, 0.5 M NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% SDS, 500 �g/ml tosyl arginine methyl ester, 10 �g/ml each
leupeptin and aprotinin). Cell lysates were immediately centrifuged at
8,000 rpm at 4 °C for 5 min, and equal volumes of lysates were incu-
bated with 30 �g of GST-RBD beads for 1 h at 4 °C. The beads were
washed three times with wash buffer (25 mM Tris, pH 7.5, 30 mM MgCl2,
40 mM NaCl), and bound Rho was eluted by boiling each sample in
Laemmli sample buffer. Eluted samples from the beads and total cell
lysate were then electrophoresed on 12.5% SDS-polyacrylamide gels,
transferred to nitrocellulose, blocked with 5% nonfat milk, and ana-
lyzed by Western blotting using a polyclonal anti-Rho-A antibody.

Actin Stress Fibers—Cells were stimulated for 5 min with 10 nM

�-thrombin, 10 �M SN, 10 �M TK, or 100 �M SV, rinsed quickly with
ice-cold Hanks’ balanced salt solution, and fixed with 4% paraformal-
dehyde. Cells were permeabilized for 3 min with 0.1% Triton X-100 in
Hanks’ balanced salt solution followed by incubation for 20 min with 1%
bovine serum albumin. Cells were then incubated with Alexa Fluor
568-phalloidin to label stress fibers. After incubation, cells were rinsed
six times with Hanks’ balanced salt solution and mounted on slides
using Prolong antifade mounting kit. Cells were viewed with a Zeiss
LSM-510 confocal microscope using CY3 filter.

Mathematical Modeling—The biochemical pathways initiated by ei-
ther agonist peptide or thrombin activation of PAR-1 resulting in Rho
activation and/or intracellular calcium mobilization (see Fig. 5) were
translated into a system of ordinary differential equations (Table I).
These reactions were then solved using MatLab (The MathWorks Inc.,
Natick, MA) on a Linux-based operating system with the initial condi-
tions listed in Table II.

RESULTS

Differences between Thrombin and Agonist Peptide Activa-
tion—The effects of agonist peptides were compared with those
of thrombin stimulation using two functionally different assays
of PAR-1 activation: 1) induced endothelial barrier permeabil-
ity and 2) induced intracellular calcium mobilization. The fol-
lowing agonist peptides were utilized in these studies: the exact
PAR-1 tethered ligand SFLLRN-CONH2 (SN), which activates
both PAR-1 and PAR-2; the PAR-1-specific agonist peptide
TFLLRNKPDK (TK); the PAR-2-specific agonist pep-

TABLE II
Initial conditions and additional constants used in simulations

Species Concentration Reference

M

R 6.0E-09 (113)
GqGDP��� 4.3E-09
GTP 1.0E-06
PLC-� 3.0E-09
PIP2

a 2.0E-06
IP3R 1.0E-09
Ca2� 5.5E-08
G13GDP��� 4.3E-09
GEF 3.0E-09
RhoGDP 3.0E-09

a PIP2, phosphoinositide bisphosphate.

TABLE I
Reactions used to describe thrombin and TK activation of intracellular calcium mobilization and Rho activation in HMEC-1

Concentration units are in molar and time in seconds in their respective contexts.

k1 or Km k�1 or kcat Reaction Reference

Reactions governing PAR-1 activation
6.0E�04 1.0E–03 AP � R º R* (104)
2.0E–01 AP 3 null
1.3E–06 1.07E�02 T � R º TR 3 T � R* (105)
1.5E–01 T 3 null (106)
2.0E�01 R* 3 null

Reactions governing IP3 generation
1.0E�08 1.0E�00 R* � GqGDP��� º R*�GqGDP��� (72)
5.0E�00 1.0E�06 R*�GqGDP��� º R*�Gq��� � GDP (72)
1.0E�06 1.0E-01 R*�Gq��� � GTP º R*�GqGTP��� (72)
2.0E�00 1.0E�07 R*�GqGTP��� º R* � GqGTP �

��
(72)

2.0E–02 GqGTP 3 GqGDP (107–109)
5.0E�08 5.0E�00 PLC-� � GqGTP º PLC-��GqGTP (109,110)
1.5E�01 PLC-��GqGTP 3 PLC-��GqGDP (108,109)
1.0E�05 1.0E�02 PLC-��GqGDP º PLC-� �

GqGDP
(75)

1.0E�09 1.0E�00 PLC-��GqGTP � PIP2 º PLC-
��GqGTP�PIP2

a
(75)

1.0E�02 PLC-��GqGTP�PIP2 3 PLC-
��GqGTP � IP3

(75)

2.4E–02 IP3 3 null
Reactions governing Ca2� mobilization

Reactions and constants for
�Ca2��i as described previously

(74)

Reactions governing Rho activation
1.0E�08 1.0E�00 R* � G13GDP��� º

R*�G13GDP���
(72)

6.0E�00 1.0E�06 R*�G13GDP��� º R*�G13�� �
GDP

(72)

1.0E�06 1.0E–01 R*�G13�� � GTP º R*�G13GTP��� (72)
2.0E�00 1.0E�07 R*�G13GTP��� º R* � G13GTP �

��
(72)

4.0E–03 G13GTP 3 G13GDP (23,111)
1.0E�09 3.0E�00 GEF � G13GTP º GEF�G13GTP (109)
1.0E–02 GEF�G13GTP 3 GEF�G13GDP (23)
1.0E�06 3.0E�00 GEF�G13GDP º GEF � G13GDP
7.7E�09 7.7E�02 GEF�G13GTP � RhoGDP º

GEF�G13GTP�RhoGDP
1.03E�04 GEF�G13GTP�RhoGDP 3

GEF�G13GTP � RhoGTP
6.0E–02 RhoGTP 3 RhoGDP (112)

a PIP2, phosphoinositide bisphosphate.
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tide SLIGKV (SV) (48, 49); and the PAR-4-specific agonist
peptide AYPGKF-CONH2 (AF) (50).

PAR-1-induced endothelial barrier permeability was moni-
tored by ECIS. HMEC-1 were grown on gold electrodes, and the
TER was measured in response to agonist. Fig. 1A shows the
changes in TER in response to saturating amounts of thrombin
(10 nM), SN (10 �M), TK (10 �M), SV (100 �M), or AF (300 �M).
Only those agonists that can activate PAR-1, i.e. thrombin, SN,
and TK, induced barrier permeability to approximately the
same extent (25–30%) and fully recovered by 90 min. Neither
the PAR-2-specific nor the PAR-4-specific agonist peptide had
any effect. Even though the absolute resistances before stimu-
lation in all experiments were comparable, TK appeared to
rebound, creating a tighter barrier. These data indicate both
thrombin and PAR-1 but not PAR-2 agonist peptides induce
barrier permeability.

To determine whether thrombin and agonist peptides mobi-
lize intracellular calcium ([Ca2�]i) differently, calcium tran-
sients were measured real time using the FlexStation. Fig. 1B
is a comparison of the resulting traces. Saturating amounts of
each agonist induced a �2-fold increase in [Ca2�]i. The data
indicate that thrombin and both PAR-1 and PAR-2 agonist

peptides induce similar [Ca2�]i mobilization. The PAR-4-spe-
cific agonist peptide failed to elicit a calcium response. The
viability of the PAR-4 agonist peptide was confirmed in plate-
lets which have been shown to express the receptor, mobilizing
[Ca2�]i comparable with thrombin at � 300 �M AF (data
not shown).

Endothelial cells have been shown to express PAR-1, -2, and
-3 but not PAR-4 (51). The lack of response to the PAR-4-
specific agonist peptide in both the TER and calcium assays
implies that PAR-4 is not expressed in HMEC-1. This suppo-
sition was confirmed via reverse transcription-PCR (data not
shown). As in other endothelial cells, thrombin signaling is
therefore most likely to occur via PAR-1 and not PAR-4.

The PAR-1 partial agonist peptide YFLLRNP (YP) has been
shown to activate platelet shape change without mobilizing
calcium stores (52–58). In HMEC-1 we found YP to have no
effect on induced barrier permeability (data not shown).

Because SV was the only agonist that induced calcium mo-
bilization but not barrier permeability, it was important to
characterize further its effects on the signaling cascade up-
stream of barrier function. Actin stress fiber formation is re-
quired for and precedes induced barrier permeability (59). Re-

FIG. 1. Differences between thrombin and agonist peptide activation of PAR-1 and PAR-2. Changes in TER and intracellular calcium
mobilization were determined in HMEC-1 stimulated with thrombin, a PAR-1 and PAR-2 activating peptide SN, the PAR-1-specific agonist peptide
TK, the PAR-2-specific agonist peptide SV, or the PAR-4-specific agonist peptide AF. Changes in barrier function were monitored using ECIS (A)
and [Ca2�]i mobilization were determined using the FlexStation (B). Filled red squares, 10 nM thrombin; open black circles, 10 �M SN; open green
squares, 10 �M TK; filled blue circles, 100 �M SV; filled black triangles, 300 �M AF. C, actin stress fiber formation was determined by
rhodamine-phalloidin staining and visualized using confocal microscopy after stimulation with PBS (control), 10 nM thrombin, 10 �M TK, or 100
�M SV for 5 min. Panels are representative images of at least two independent experiments. D, cells were treated under the same experimental
conditions as in A stimulated with 0.001–10.0 nM thrombin. The minimum in TER at each concentration of thrombin was determined and
normalized to the maximum response and plotted as a function of thrombin concentration (black circles). Cells were also treated under the same
experimental conditions as in B, stimulated with 0.001–10.0 nM thrombin. The maximum -fold increase in calcium mobilization at each
concentration of thrombin was determined and normalized to the maximum response and plotted as a function of thrombin concentration (red
squares). E, cells were treated and assayed as in D except they were stimulated with 0.316–10.0 �M SN for TER (black circles) or 0.1–100.0 �M

SN for calcium mobilization (red squares). F, cells were treated and assayed as in D except they were stimulated with 0.316–100.0 �M TK for TER
(black circles) or 0.18–10.0 �M TK for calcium mobilization (red squares). Each point represents the average of between three and nine independent
experiments. Error bars represent the S.E.
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ceptors that couple to G�q have been shown to induce stress
fiber formation via activation of G�12/13 (60). Therefore, to
determine whether activation of PAR-2 by SV might still stim-
ulate G�12/13 resulting in stress fiber formation but fail to
permeabilize the barrier, HMEC-1 were treated with vehicle,
thrombin, TK, or SV, and actin stress fiber formation was
determined by immunostaining and visualized by confocal mi-
croscopy (Fig. 1C). Both thrombin and TK readily induced
stress fiber formation compared with control, whereas SV
failed to induce a response. These data indicate that the effects
of thrombin on induced barrier permeability are independent of
PAR-2 signaling.

Dose-response curves were generated for each PAR-1 ago-
nist, thrombin, SN, and TK, in calcium mobilization and in-
duced monolayer permeability assays. Thrombin induced per-
meability with an EC50 of 0.1 (0.06–0.20) nM and mobilized
calcium with an EC50 1.7 (1.2–2.4) nM (Fig. 1D). The EC50

values were compared using the unpaired t test, and the p
value was � 0.0001, indicating that the values are statistically
different. When stimulated with SN, the opposite rank order of
activation was observed (Fig. 1E). SN mobilized calcium with
an EC50 of 0.4 (0.3–0.6) �M and induced permeability with a
higher EC50 of 0.9 (0.8–1.0) �M; p value � 0.0038.

To confirm that this was not an effect of nonspecific interac-
tions between SN and PAR-2 affecting calcium mobilization,
the experiments were repeated using the PAR-1-specific ago-
nist peptide TK. TK mobilized calcium with an EC50 of 0.8
(0.6–1.0) �M and induced permeability with a higher EC50 2.0
(1.6–2.6) �M; p value of � 0.0013. The dose-response curves for
SN and TK were similar to each other, but opposite in order
from those generated by thrombin. These data demonstrate
that the agonist peptides do not activate PAR-1 in the same

fashion as thrombin. Because TK recapitulated, qualitatively,
the reversal of relative EC50 values observed for SN stimula-
tion compared with that of thrombin, to ensure PAR-1 speci-
ficity, TK was utilized in the remaining experiments.

G�12/13 Activation—To determine which G proteins, G�12/13,
G�q, and/or G�i/o, activated by PAR-1 stimulation were respon-
sible for changes in barrier function, either the G proteins
themselves or individual downstream effectors were systemat-
ically inhibited. Rho is known to be activated by G�12/13 (23, 61)
and induce barrier permeability via activation of Rho kinase
(59). When Rho kinase was inhibited by pretreatment with
Y-27632, the thrombin-induced decrease in TER was com-
pletely abrogated with an IC50 of 1.4 �M,(Fig. 2A). These data
indicate that Rho activation is necessary for and correlates
directly with thrombin-induced barrier permeability.

To determine whether G�q-mediated calcium release was
necessary in PAR-1-induced barrier permeability, intracellular
calcium was chelated by pretreatment with BAPTA-AM, and
the effects on induced barrier permeability were determined.
At 10 nM thrombin, 3 �M BAPTA-AM was sufficient to quench
the intracellular calcium (Fig. 2B). However, BAPTA-AM had
no effect on induced barrier permeability (Fig. 2C). This result
suggests that Rho-dependent thrombin-induced barrier perme-
ability in this system is calcium-independent.

PAR-2 is thought to couple with G�i/o and G�q, but there is
no evidence that it couples with G�12/13 (62). In addition, data
from Fig. 1, A and B, demonstrate calcium originating from
activation of PAR-2 does not induce barrier permeability in
HMEC-1. The data confirm our observations that [Ca2�]i mo-
bilization is not requisite to induce barrier permeability in
HMEC-1 (Fig. 2C).

To address the possibility that G�i/o activation and/or release

FIG. 2. Thrombin-induced barrier
permeability is Rho kinase-depend-
ent and calcium- and G�i/o-independ-
ent in HMEC-1. Changes in barrier func-
tion were monitored using ECIS, and
[Ca2�]i mobilization was determined us-
ing the FlexStation as in Fig. 1. A, cells
were treated with increasing concentra-
tions of the Rho kinase inhibitor Y-27632
(0.2–25.0 �M) 3 h prior to treatment with
0.5 nM thrombin. The minimum in TER at
each concentration of Y-27632 was deter-
mined and normalized to the maximum
response (f), and the IC50 was deter-
mined: 1.4 �M. B, cells were treated 3.0
�M BAPTA-AM (f) or 0.02% dimethyl
sulfoxide (E) 1 h prior to stimulation with
10 nM thrombin. Intracellular calcium
mobilization was assayed as before. C,
cells were grown to confluence in gold
electrodes and treated with 3.0 �M

BAPTA-AM (f) or PBS as control (E) 1 h
prior to stimulation with 10 nM thrombin.
Changes in TER were determined by
ECIS. D, cells were treated with 0.1 �g/ml
PTX. Membranes were harvested at the
indicated times after treatment. Har-
vested membranes were subjected to a
second round of PTX treatment in the
presence of radiolabeled NAD as sub-
strate. Samples were resolved by SDS-
PAGE and visualized by autoradiogra-
phy. E, cells were grown to confluence in
gold electrodes and treated with 0.1 �g/ml
PTX for 18 h (f) or PBS as control (E)
prior to stimulation with 10 nM thrombin.
Changes in TER were determined by
ECIS. Each panel is representative or de-
picts the average of at least three inde-
pendent experiments. Error bars repre-
sent the S.E.
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of G�� affects barrier function, HMEC-1 were pretreated with
PTX to inhibit G�i/o subunits by ADP-ribosylation. PTX treat-
ment was controlled for by a substrate depletion assay. Pre-
treatment with PTX for 18 h completely inactivated all G�i/o

subunits (Fig. 2D). However, PTX treatment had no effect on
TER (Fig. 2E), suggesting that G�i/o has no effect on induced
permeability. This result differs from that which has been
published previously (19). This difference might be attributed
to different lots and passage numbers for the cells used or
differences in experimental conditions.

When taken together, these results would suggest that G�i/o

and/or the G�� subunits liberated by their activation as well as
G�q-mediated intracellular calcium fluxes do not affect and
therefore do not integrate in a significant way with the Rho-
dependent signaling network, which controls thrombin-in-
duced barrier permeability in HMEC-1. This conclusion would
imply that PAR-1-mediated monolayer permeability can be
used as a measure for G�12/13 activation.

G�q Activation—Thrombin-induced [Ca2�]i mobilization is
thought to occur via PAR-1 activation of G�q and subsequent
stimulation of phospholipase C-� (PLC-�). In addition, G��

liberated from activation of G�i/o has a high affinity for certain
PLC-� isoforms, which interaction results in calcium mobiliza-
tion (63). To verify that thrombin-induced calcium mobilization
was occurring via a PLC-�-dependent pathway, HMEC-1 were
pretreated with an inhibitor of PLC-� activation, U-73122 (64).
Pretreatment with U-73122 for 30 min completely inhibited the
calcium transients with an IC50 of � 0.5 �M (Fig. 3A). These
data indicate that activation of PLC-� by PAR-1 is requisite for
calcium mobilization.

To determine whether PLC-� activation was occurring via
G�� subunits liberated from activation of G�i/o, HMEC-1 were
pretreated with or without PTX as before. There were no dif-
ferences in the dose-response curves between PTX-treated cells
and control (Fig. 3B). Therefore, these results suggest G�i/o

does not significantly affect thrombin-induced calcium mobili-
zation in HMEC-1.

Rho has been implicated in modulating calcium signaling in
endothelial cells (65). To determine whether G�q-mediated cal-
cium mobilization was Rho kinase-dependent, HMEC-1 were
treated with Y-27632. There was no difference between
Y-27632 treatment and control cells (Fig. 3C). These data in-
dicate that activation of G�12/13 and its subsequent effectors
likely have no effect on calcium mobilization.

Taken together the results suggest that in HMEC-1 throm-
bin-induced changes in barrier permeability are dependent
upon G�12/13 activation and function independently of either
G�q- or G�i/o-mediated signaling cascades. Likewise, thrombin-
induced calcium mobilization is mediated by G�q activation
and independent of G�12/13 and G�i/o. Therefore, it is reasona-
ble to suggest that changes in permeability directly reflect
G�12/13 activation, and changes in intracellular calcium di-
rectly reflect G�q activation. Hence, the differences observed
between thrombin and agonist peptide activation of PAR-1
could be explained by differences in the ability of the receptor
to activate G�12/13 or G�q. This hypothesis would imply that
agonist peptides induce the receptor to couple differently to its
G protein families, suggesting that activation of PAR-1 by
different agonists induces functional selectivity.

Effects of Catalytically Inactive Thrombin—Thrombin has
been observed to induce differential cellular responses via pro-
teolytic versus nonproteolytic pathways (66–69). To address
whether the observed differences between thrombin and ago-
nist peptide activation originate from nonproteolytic interac-
tions of thrombin with PAR-1 or other thrombin receptors via
protein-protein interactions outside of the catalytic pocket, 2

nM thrombin was treated with or without the thrombin inhib-
itor Z-D-Phe-Pro-methoxypropylboroglycinepinanediol ester
(0.2 or 1.0 �M), and calcium mobilization and induced mono-
layer permeability were then assayed as before. The thrombin
inhibitor blocked thrombin-induced calcium mobilization and
induced permeability, indicating that the inhibitor functioned
as expected (Fig. 4A). When cells were stimulated with sub-

FIG. 3. Thrombin-induced intracellular calcium mobilization
is PLC-�-dependent and G�i/o- and Rho kinase-independent in
HMEC-1. Intracellular calcium mobilization was determined using the
FlexStation as in Fig. 1. A, cells were pretreated for 30 min with
increasing concentrations of the PLC-� inhibitor U-73122 (0.01–10.0
�M) 30 min prior to treatment with 6.0 nM thrombin. The maximum
-fold increase in calcium mobilization at each concentration of U-73122
was determined and normalized to the maximum response, and the
IC50 was determined: 0.5 �M. B, cells were treated with 0.1 �g/ml PTX
(f) or PBS as control (E) 18 h prior to stimulation with increasing
concentrations of thrombin (0.5–10.0 nM). [Ca2�]i mobilization was as-
sayed as before. The maximum -fold increase in calcium mobilization at
each concentration of thrombin was determined and normalized to the
maximum response. C, cells were treated with 1.2 �M Y-27632 (f) or
PBS as control (E) 3 h prior to stimulation with increasing concentra-
tions of thrombin (0.01–10.0 nM). [Ca2�]i mobilization was assayed as
before. The maximum -fold increase in calcium mobilization at each
concentration of thrombin was determined and normalized to the max-
imum response. Each panel is representative or depicts the average of
at least three independent experiments. Error bars represent the S.E.
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saturating concentrations of TK, the addition of 2 nM catalyti-
cally inactive thrombin had no effect in either assay. The con-
centrations of agonist used were chosen to be close to the EC50

for either induced barrier permeability or intracellular calcium
mobilization. Hence, it is reasonable to conclude that a lack of
effect at this dose would be reflected in a lack of change in the
EC50 of the dose response. These results suggest that the
effects of thrombin in each assay are the result of the catalytic
function of thrombin and not a protein/protein interaction with
PARs or other thrombin receptors or associated proteins pres-
ent on the cell surface after cleavage of the receptor.

Inhibition of MMPs—MMPs play critical roles in controlling
the structure of the extracellular matrix. Endothelial barrier
function is closely connected with the extracellular matrix. For
example, MMP-9 activity has been shown to induce monolayer
permeability in bovine retinal endothelial cells (70). Several
MMPs, including MMP-2 and -9, are secreted as inactive proen-
zymes by endothelial cells. However, thrombin has been shown
to activate MMP-2 in endothelial cells (71). It was therefore
necessary to determine whether activation of MMPs by proteo-
lytic cleavage by thrombin was affecting thrombin-induced bar-
rier permeability but not agonist peptide-mediated activation,
hence causing the relative change in EC50 values observed in

Fig. 1. To accomplish this, HMEC-1 were pretreated with
GM6001, a general MMP inhibitor that inhibits MMP-1, -2, -3,
-8, and -9. Cells were then stimulated with subsaturating con-
centrations of either thrombin or TK and induced monolayer
permeability or intracellular calcium mobilization was assayed
as before. Fig. 4B shows that treatment with GM6001 inhibited
MMP activity but had no effect in either assay compared with
the vehicle control. The effect of GM6001 on MMP activity was
determined using a fluorescent gelatinase activity assay.
Thrombin treatment significantly increased the basal MMP
activity. However, treatment with 25 �M GM6001 abolished the
thrombin-induced MMP activity, bringing total MMP activity
back down to basal.

Mathematical Modeling—To obtain a more global under-
standing of the quantitative relationships between these path-
ways and barrier function, a mathematical model was created
which incorporated all biochemical reactions of these two path-
ways in HMEC-1. Fig. 5 is a scheme representing the proteins
and interactions that were mathematically modeled. To con-
struct the initial model, protein/protein interactions and enzy-
matic activations were translated into a system of ordinary
differential reactions resembling well established models for
receptor-G protein activation and calcium mobilization (72–
75). Activation of the IP3 receptor of the endoplasmic reticulum
by IP3 and calcium was modeled according to equations pro-
posed by De Young and Keizer (74). Many of the known and
experimentally determined kinetic parameters describing the
system were extracted from the literature. Because the initial
conditions, concentrations, and kinetic parameters for all com-
ponents of the pathway have not been reported, we judiciously
fixed those values (see Tables I and II). Model parameters were
chosen to best fit the thrombin-induced calcium data experi-
mentally determined here. Table I lists all of the parameters
used in the model along with corresponding literature citations
if applicable. Table II lists the initial conditions.

Initially, the model fit the calcium traces and thrombin dose-
response curves already obtained. Fig. 6A shows a represent-
ative comparison between empirical data and simulations for
calcium mobilization in response to 10 nM thrombin. At all
concentrations of thrombin, experimental peak height fit with
the simulations.

FIG. 4. Effects of nonenzymatic interactions of thrombin and
inhibition of MMPs on PAR signaling. A, the effects of catalytically
inactivated thrombin on agonist peptide-induced signaling were deter-
mined by assaying calcium mobilization and barrier permeability.
HMEC-1 were treated with subsaturating concentrations of TK, 2 �M or
3 �M for calcium mobilization ([Ca2�]i) or permeability (TER), respec-
tively, with, without, or only 2 nM thrombin that had been inactivated
by a 10-min pretreatment with 0.2 or 1.0 �M thrombin inhibitor. Data
represent at least three separate experiments. Statistical analysis was
performed using the two-tailed t test. *** indicates p value � 0.001. B,
HMEC-1 were pretreated with 25 �M GM6001, and the effects of MMP
inhibition on monolayer permeability (TER) and intracellular calcium
mobilization ([Ca2�]i) by stimulation with subsaturating concentrations
of either thrombin (0.2 or 2.0 nM, in each assay, respectively) or agonist
peptide (TK) (2.0 or 1.0 �M, respectively) were determined as before.
Data represent at least three separate experiments. The effects of 25 �M

GM6001 treatment on MMP activity was measured using a fluorescent
gelatinase activity assay performed on harvested culture medium as
described under “Experimental Procedures.” Data represent at least
two separate experiments. All samples were normalized to the maxi-
mum achievable response for each corresponding agonist in each assay.
All results are shown as the mean � S.E. DMSO, dimethyl sulfoxide.

FIG. 5. Representation of the signaling pathways initiated by
PAR-1 used to create a mathematical model. Both G�12/13- and
G�q-mediated pathways are initiated by PAR-1 activation. In HMEC-1
cultures, calcium mobilization is dependent upon G�q and not G�12/13,
whereas Rho activation is dependent upon G�12/13 and not G�q. To
understand better the signaling properties of PAR-1, each enzymatic
reaction or protein/protein interaction depicted here was translated
into a system of differential reactions to generate a mathematical model
describing the signaling event initiated by PAR-1 activation. The model
was then used to predict differences experimentally observed between
thrombin and agonist peptide forms of receptor activation.
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Calcium mobilization curves were fit to those experimentally
obtained for TK. However, for this round of minimization, all
parameters were kept constant except the binding kinetics for
PAR-1 agonist peptide to the receptor. The simulations corre-
lated well with the experimental data for TK-induced calcium
mobilization (Fig. 6B).

To determine whether Rho activation could be correlated
with, and therefore be used to model induced barrier perme-
ability, Rho activation was assayed directly as a time course
(Fig. 6C). These empirical data were well fit by the predicted
curve of the mathematical model.

Similar experiments were carried out by stimulating
HMEC-1 with increasing amounts of thrombin, quenching re-
actions at the point of maximal activation (Fig. 6D). The EC50

for thrombin-induced TER, Rho activation, and the theoretical
prediction correlated and were not statistically different. These
data, therefore, justify the use of mathematically representing
Rho activation as a model for barrier permeability.

When the relative concentrations of G�q and G�12/13 and the
receptor-catalyzed activation efficiencies were mathematically
set to be identical for each G protein, simulations predicted the
EC50 for Rho activation to be �10-fold lower than that of
calcium mobilization, that observed experimentally (Fig. 7A).
However, the reversal observed for agonist peptide activation
was not predicted by the initial model (Fig. 7B).

Simulations were run searching a variety of parameters that
govern receptor activation and/or G protein activation such as
the kinetics of GDP release from the heterotrimer which is
thought to be rate-limiting in G protein activation (see supple-

mental figure). One possible set of conditions was found which
could predict the experimental observations: the ratio of the Kd

for the activated receptor-G�q complex to the Kd for activated
receptor-G�12/13. When they were set to differ by �800-fold in
favor of G�q activation, the curves switch activation order and
match experiment data well (Fig. 7C).

DISCUSSION

Here we have explored the functional selectivity properties of
PAR-1 by comparing the effects of agonist peptides or thrombin
in induced endothelial barrier permeability and intracellular
calcium mobilization in the endothelial cell line HMEC-1. At
sufficiently high concentrations of the agonists, there appears
to be no difference between thrombin and agonist peptide ac-
tivation in either assay. However, we discovered that signifi-
cant differences are masked by use of saturating concentra-
tions of agonist. When dose-response curves were generated for
thrombin or agonist peptides in each assay, differences in be-

FIG. 6. Comparison between experimental results and theoret-
ical simulations. Intracellular calcium mobilization was determined
using the FlexStation. Experimental data (E) were compared with
theoretical simulations (—) for 10 nM thrombin (A) or 10 �M TK (B)
stimulation. C, cells were cultured as before and stimulated with 10 nM

thrombin. Signaling was quenched by cell lysis at the indicated times
after stimulation. Activated Rho was determined by pull-down and
visualized by immunoblot using an anti-Rho antibody. Equal loading
was confirmed by immunoblot analysis of whole cell extract for total
Rho. Experimental data for Rho activation (E) were compared with
theoretical simulations (—). D, cells were cultured as before and stim-
ulated with increasing concentrations of thrombin (0.1–10.0 nM). Sig-
naling was quenched by cell lysis 1 min after stimulation. Activated Rho
was determined as before. Experimental data for thrombin-induced
barrier function (f), Rho activation (E), and theoretical simulations of
Rho activation (—) were compared. Barrier function and Rho activation
correlate highly, differing in EC50 by � 3-fold. Each panel is represent-
ative or depicts the average of at least three independent experiments.
Error bars represent the S.E. FIG. 7. Mathematical model predicts that PAR-1 activation by

agonist peptide increases the affinity of the receptor to favor
G�q over G�12/13 by �800-fold. Initially, the theoretical concentra-
tions and kinetics of receptor-mediated activation for both G�q and
G�12/13 were set to be identical. A, under these constraints, the model
predicted the �10-fold difference in EC50 of induced barrier permeabil-
ity and calcium mobilization observed in Fig. 1C (compare symbols
(experimental data) with lines (simulations)). B, however, the model did
not predict the reversal observed in Fig. 1D. Multiple parameters of the
model were then manipulated in attempts to determine which states
could predict the reversal (see supplemental figure). C, when the rela-
tive binding affinities of G�q or G�12/13 for activated PAR-1 were
changed from being equal (G� � R* i G��R*; k1 	 1E8) and con-
strained to favor G�q (G�q: k1 	 2.5E9; and G�12/13: k1 	 3E6) binding
by �800-fold, the model predicted the observations for TK activation.
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tween their ability to activate G�q and G�12/13 became appar-
ent. Thrombin induces barrier permeability with an EC50 of
�0.1 nM and mobilizes calcium with a �17-fold greater EC50.
Importantly, when PAR-1 agonist peptides are used, the oppo-
site rank order of activation is observed (compare Fig. 1D with
1, E and F).

Interestingly, we found that both PAR-1 and PAR-2 could
mobilize calcium when activated by their selective agonist pep-
tides to similar extents and with similar kinetics (Fig. 1B).
Notably, however, unlike PAR-1, activation of PAR-2 had no
effect on monolayer permeability (Fig. 1A), nor could it induce
actin stress fiber formation (Fig. 1C). These data reveal that
although PAR-1 and PAR-2 show significant sequence homol-
ogy, having a 35% identity between human PAR-2 and human
PAR-1 (76), their signaling properties are quite distinct. Simi-
lar differences have been observed by others in HUVEC (77).
We have recapitulated those findings in a microvascular cell
line, demonstrating that PAR-1-mediated permeability is de-
pendent upon Rho activation. Taken together, these results
suggest that a paramount difference between PAR-1 and
PAR-2 activation is in their ability or inability to activate
Rho GTPase.

In other endothelial cells, induced barrier permeability is
dependent not only upon be G�12/13-mediated Rho kinase ac-
tivity (Fig. 2A), but also on calcium mobilization (27–31). In-
terestingly, in HMEC-1, when [Ca2�]i was chelated with
BAPTA-AM, there was no effect on thrombin-induced barrier
permeability (Fig. 2, B and C). Nor did inhibition of G�i/o by
PTX have any effect on PAR-1-induced barrier permeability
(Fig. 2, D and E). In addition, calcium fluxes originating from
PAR-2, which are similar to those induced by PAR-1, had no
effect on the barrier. Taken together we interpret these results
as meaning that induced barrier permeability in HMEC-1 by
either thrombin or agonist peptides is dependent upon G�12/13

activation by PAR-1 and is independent of G�q and G�i/o,
therefore it reflects G�12/13 activation.

This difference in calcium dependence between endothelial cell
types might be explained by differences in the mechanisms that
result in myosin light chain (MLC) phosphorylation, which is
thought to gate the final commitment step in induced endothelial
cell contraction. Although MLC kinase can be regulated by
[Ca2�]i (78, 79), the MLC phosphatases are regulated by Rho
kinase (80). Hence, activation of Rho in HMEC-1 could result in
the inactivation of MLC phosphatases, favoring the phosphoryl-
ated state of MLC (30, 81, 82), making the pathway
calcium-independent.

G�q-mediated calcium mobilization was found to be G�12/13-
and G�i/o-independent. PLC-�, G�i/o and Rho kinase inhibition
studies indicate that induced calcium mobilization occurs via
G�q activation of PLC-� and is independent of G�12/13 signaling
(Fig. 3). We interpret these data as indicating that calcium
mobilization is a representation of G�q activation. Although
others have shown functional selectivity in other systems by
observing either a reversal in rank order potency as demon-
strated here, or changes in agonist efficacy, this work provides
a careful demonstration of pathway independence and a quan-
titative assessment of pathway selectivity by each agonist.

It is therefore likely that changes in permeability directly
reflect G�12/13 activation, and changes in intracellular calcium
directly reflect G�q activation. Hence, the differences observed
between thrombin and agonist peptide activation of PAR-1 can be
explained by differences in the ability of the receptor to activate
G�12/13 or G�q. This hypothesis would imply that agonist pep-
tides induce the receptor to couple differently to its G protein
families, suggesting functional selectivity of PAR-1 signaling.

A diverse spectrum of GPCRs has been found to show prop-

erties of functional selectivity. In the human serotonin 2C
receptor, for example, it was shown that certain agonists can
preferentially activate the PLC/IP3 pathway, whereas other
agonists favored the phospholipase A2/arachidonic acid release
pathway, even though both signal through the same receptor
(1). In octopamine/tyramine receptors, studies have shown that
activation of the same receptor by two different small molecule
agonists differs in their rank order potency to induce two sec-
ond messenger systems (7).

In general, it has been shown in systems like these, depend-
ing on which signaling response is assayed, a single receptor
can have different pharmacological profiles. The diversity of
receptors that display this type of pharmacology, or functional
selectivity, illuminates possible mechanisms that could explain
conflicting observations made in PAR-1 signaling.

However, the mechanism by which thrombin activates
PAR-1 differently from agonist peptide could be the result of
protein/protein interactions of thrombin either directly with
the PARs or with other thrombin receptors present on the cell
surface which cannot be recapitulated with the short agonist
peptides. For example, others have shown in HUVEC that
nonproteolytic thrombin promotes cell growth but not intracel-
lular calcium mobilization or monolayer permeability (66). We
found, however, that concomitant stimulation with subsaturat-
ing concentrations of agonist peptide and catalytically inacti-
vated thrombin had no effect on either calcium mobilization or
monolayer permeability (Fig. 4A). These results suggest that
after the tethered ligand is enzymatically generated by throm-
bin further association with the enzyme does not modulate the
signaling properties. This conclusion also implies that the func-
tional difference arises from the tethered versus free nature of
the activating ligand, perhaps from the geometrical constraints
placed on the ligand by the covalently attached tethering linker
and/or by conformational changes induced allosterically by the
linker itself.

The possibility of receptors other than PARs altering the
signaling of thrombin versus agonist peptide is not likely. Al-
though thrombomodulin is highly expressed in endothelial cells
(83–85) and known to bind directly to thrombin, the ability of
thrombomodulin to signal on its own is suspect because of its
single transmembrane domain and small cytoplasmic tail. It is
possible, however, that a thrombin-thrombomodulin complex
may allosterically alter the way thrombin interacts with
PAR-1. If that were the case, it would support the hypothesis
that PAR-1 can be activated in different manners, which affect
G protein coupling specificity. However, we show that addition
of catalytically inactivated thrombin did not affect subsaturat-
ing stimulatory responses to agonist peptide (Fig. 4A), suggest-
ing that a nonproteolytic thrombin protein/protein interaction
with PAR-1, thrombomodulin, or other thrombin receptor pres-
ent on the cell surface does not alter PAR-1-mediated signaling.

In addition to thrombomodulin, activation of MMP-2 by throm-
bin could present an alternate pathway by which thrombin facil-
itates monolayer permeability. Proteinases of the extracellular
matrix, including MMP-2 and -9, have been linked to thrombin
signaling and/or monolayer permeability (70, 71). However, when
HMEC-1 were treated with a general MMP inhibitor, it had no
effect on subsaturating stimulation by thrombin or TK compared
with vehicle control (Fig. 4B). Given that concentrations of ago-
nist used were close to the EC50 for either induced barrier per-
meability or intracellular calcium mobilization, it is reasonable to
conclude that a lack of effect at this dose would be reflected in a
lack of change in the overall dose response. It is therefore not
likely that the observed differences between thrombin and ago-
nist peptide are the result of proteolytic activation of MMP-2 by
thrombin and not agonist peptides.
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Other differences have been observed when agonist peptides
are used to activate PAR-1 (35–39, 86). Some of the most
compelling evidence has recently come forth from studies in-
volving site-directed mutagenesis of the PAR-2 receptor. Al-Ani
et al. (86) showed that mutagenesis of the tethered ligand
sequence from SLIGRL to either SLAAA or SAIGRL had little
effect on trypsin-mediated receptor signaling. Importantly,
however, neither of the free agonist peptides, SLAAA-NH2 nor
SAIGRL-NH2, showed any activity compared with a peptide of
the wild type sequence. These data imply that free agonist
peptides can confer different conformational states of receptor
activation, an observation that is substantiated by our present
work. Our hypothesis that agonist peptides induce different
active receptor conformations that lead to alterations in G
protein coupling illuminates such observations.

The stabilization of agonist-receptor complexes for different
intracellular partner proteins is predicted by the “floating” or
“mobile” receptor hypothesis. Originally conceived to describe
hormone receptor signaling pre-G protein discovery, this model
predicted that both the receptor and the protein with which it
directly couples diffuse laterally in the plane of the lipid bilayer
(87–89). The differences observed in signaling properties be-
tween cell types that express the same receptor could then be
explained by differences in the cellular constitution of these
coupling proteins. More recently, in light of advances in phar-
macology and the advent of the G protein field, a similar model
has been put forward to explain how different agonists function
through a single receptor with different outcomes, termed li-
gand-induced functional selectivity. This phenomenon of func-
tional selectivity of receptor signaling has only recently begun
to receive due attention. However, because of their unique
mode of activation, until now PARs have not been thought of as
functionally selective.

The underlying mechanism that allows a single receptor to
alter its ability to couple to differential effector pathways re-
mains largely speculative. One possibility is that for each com-
pound/receptor interaction, a unique conformational state in
the receptor is stabilized. Each state then has different cou-
pling affinities for the different G proteins. Several groups have
shown evidence that substantiates a multiple conformational
states model (90–93). It is clear by the current state of the field
that this mechanism must be described further.

The mechanisms that could give rise to the observed differ-
ences were explored further by performing simulations using a
mathematical model that incorporated the current understand-
ing of these two pathways in HMEC-1. Such an extensive
mathematical model of two divergent GPCR signaling events
from a single receptor has not been attempted previously. The
model was initially constructed using experimentally deter-
mined kinetic parameters extracted from the literature. Those
steps in the cascades whose biochemistry has not been well
studied or reported were judiciously fixed so as to set parame-
ters of the model to produce the best fit with the experimentally
determined thrombin-induced calcium mobilization data. At all
concentrations of thrombin or TK, the peak height correlated
highly with the simulations (Fig. 6, A and B). Given that the
EC50 for thrombin-induced TER, Rho activation, and the the-
oretical prediction correlated and were not statistically differ-
ent (Fig. 6D), this justified the use of mathematically repre-
senting Rho activation as a model for barrier permeability.

Initially the relative concentrations of G�q and G�12/13 and
the receptor-catalyzed activation efficiencies were mathemati-
cally set to be identical for each G protein. Simulations pre-
dicted the EC50 for Rho activation to be �10-fold lower than
that of calcium mobilization, which matched that observed
experimentally (Fig. 7A). The model revealed that this differ-

ence is primarily the result of the difference in GTPase-
activating protein (GAP) activity of the RGS domain of
the G�q GAP, PLC-�, and the G�12/13 GAP, p115RhoGEF.
p115RhoGEF is a much poorer GAP than PLC-� differing by
300–2,500-fold (23). Taken together with the observation that
RGS domains are highly specific for G protein families (94), the
consequence is that G�12/13 requires less activated receptor
than G�q to be activated. This conclusion implies the threshold
for G protein activation is highly dependent upon the mecha-
nisms that negatively oppose the system (95–99). However, the
reversal observed for agonist peptide activation was not pre-
dicted by the initial model (Fig. 7B).

In the construction of the model, experimentally determined
rate constants were used to describe this activation. In the case
of agonist peptide, the threshold for receptor activation is dic-
tated solely by the affinity of the agonist peptide for the recep-
tor. When the affinity parameter for agonist peptide and PAR-1
was varied, the EC50 values for both calcium mobilization and
induced barrier permeability were shifted in unison (see sup-
plemental figure). Thus, the reversal of EC50 values observed
experimentally does not arise simply by differences in the
mechanism of receptor activation.

Simulations were performed to search for a set of conditions
which could predict the experimental observations. One possi-
ble set of conditions altered the ratio of the Kd for the activated
receptor-G�q complex to the Kd for activated receptor-G�12/13.
When they were set to differ by �800-fold in favor of G�q

activation, the curves switch activation order and match exper-
iment data well (Fig. 7C).

The results of modeling the two pathways have provided
insights into the governing mechanisms of the system that
might otherwise have not been duly considered. Predictions
such as the dominating influence of the negative signal regu-
lating GAP proteins, although they make sense in hindsight,
are brought clearly to the forefront of thinking about these
pathways. The repercussions on subsequent signal propagation
of receptor activation by enzymatic cleavage compared with
that of ligand-binding activation, although overtly different in
mechanism, are not readily apparent intuitively or experimen-
tally. Mathematical simulations have allowed us to explore
these differences in a straightforward manner.

In fact, the precise means by which the cell senses and
responds accordingly to different thrombin concentrations has
long been debated. One hypothesis proposed by Ishii et al. (100)
presented a model in which dose-dependent responses were a
result of a balance between opposing events of activation and
second messenger clearance. This model predicted each recep-
tor activation event by thrombin would result in a “quantum” of
second messenger formation. As a consequence, at low levels of
thrombin receptors are continually being activated, until ulti-
mately the entire reserve is depleted. However, at low throm-
bin concentrations the rate at which they are activated would
not out-perform the rate at which second messengers would be
cleared. Hence, second messenger levels would not reach crit-
ical thresholds above which committed signaling would occur.
Our mathematical model confirmed this opposing rate hypoth-
esis. The model revealed the primary difference between enzy-
matic activation by thrombin versus protein/protein interaction
activation by agonist peptide sets the threshold for receptor
activation and has no effect on the relative activations of the
different G proteins themselves or the final outputs of the
signaling cascades. In the case of thrombin, the receptor acti-
vation threshold is dictated by the rate constants that describe
the enzymatic cleavage of the receptor. In addition, the model
also revealed that either mechanism of receptor activation
would result in dose-dependent calcium responses, suggesting
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that the concentration of thrombin is directly reflected in the
amount of generated tethered ligand or signaling receptor.
Therefore the relative EC50 values for calcium mobilization
compared with induced barrier permeability reflect this teth-
ered ligand model of receptor activation. This should then be
contrasted with the reversal in EC50 values observed from the
free agonist peptide activation experiments. Taken together
this would support the hypothesis that the signaling properties
of the receptor can be altered intramolecularly by a covalently
bound agonist compared with an agonist peptide.

These predictions, however, do not rule out other possibili-
ties such as receptor dimerization and transactivation. We
show here that HMEC-1 do not respond to PAR-4 agonist
peptides (Fig. 1, A and B), confirming previous reports that
indicate that endothelial cells do not express PAR-4 (47). How-
ever, there is evidence of PAR-1/PAR-2 heterodimers (15), both
of which are expressed in HMEC-1. If thrombin did concomi-
tantly activate both PAR-1 and PAR-2 by transactivation with
the tethered ligand of PAR-1, that would likely favor G�q

activation given that the PAR-2-specific agonist peptide mobi-
lizes calcium but has no effect on barrier permeability or actin
stress fiber formation (Fig. 1). In addition, if one considers the
fact that treatment with the PAR-1-specific agonist peptide
produced the same results as the nonspecific (PAR-1 and
PAR-2) agonist peptide, it is unlikely that PAR-2 plays any
significant role in the differences between thrombin and ago-
nist peptide signaling. The possibility of PAR-1/PAR-3 dimer-
ization remains intriguing. However, given that the agonist
peptides derived from the tethered ligand of the PAR-3 receptor
do not elicit responses via PAR-3 and that the PAR-3 agonist
peptides have been shown to activate PAR-1 nonselectively
(101), direct testing of this possibility is not straightforward. If,
however, PAR-1 did complex with PAR-3, altering signaling
properties of PAR-1, this would support the hypothesis that
PAR-1 can be activated in different manners which affect G
protein coupling specificity.

Others have shown the partial PAR-1 agonist YP to activate
platelet shape change without mobilizing calcium stores (52–
58). Although there are conflicting results reported in the lit-
erature, this effect has been interpreted as preferential activa-
tion of G�12/13. In HMEC-1 we found YP to have no effect on
induced barrier permeability. These results confirm studies of
YP on HUVEC (102, 103).

We demonstrate here that two different agonist peptides
activate PAR-1 in a manner that differs from that of thrombin
activation. These differences might arise from the fact that the
agonist peptide SN, although identical in amino acid sequence,
lacks the geometric constraints which are imposed per force on
the tethered ligand. The distal effects transmitted via the loop
that spans between the tethered ligand and the first trans-
membrane helix are of unknown consequence.

In conclusion, we report here for the first time in an endo-
thelial cell system that activation of PAR-1 with agonist pep-
tides instead of thrombin favors calcium mobilization over in-
duced barrier permeability. Our results suggest that this
reflects the ability of PAR-1 to activate G protein subfamilies
differentially. This hypothesis implies that the agonist peptide/
receptor interaction stabilizes a different conformation of
PAR-1 which changes the specificity of the receptor for differ-
ent G proteins or ligand-induced functional selectivity. This
prediction allows for the future exploration of possible agonist
peptides which could be engineered to activate or, alterna-
tively, disfavor, the G protein family of choice. Therapeutically,
this could be exploited to alter the relative effects of thrombin
on the endothelium, minimizing the deleterious bleeding dis-
orders currently associated with anti-thrombin reagents.
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