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THROMBOSIS AND HEMOSTASIS

PARA4 activation involves extracellular loop 3 and
transmembrane residue Thr153
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Protease-activated receptor 4 (PAR4) mediates sustained thrombin signaling in platelets and
is required for a stable thrombus. PAR4 is activated by proteolysis of the N terminus to
expose a tethered ligand. The structural basis for PAR4 activation and the location of its ligand
binding site (LBS) are unknown. Using hydrogen/deuterium exchange (H/D exchange),
computational modeling, and signaling studies, we determined the molecular mechanism for
tethered ligand-mediated PAR4 activation. H/D exchange identified that the LBS is com-
posed of transmembrane 3 (TM3) domain and TM7. Unbiased computational modeling further
predicted an interaction between Gly48 from the tethered ligand and Thr153 from the LBS.
Mutating Thr153 significantly decreased PAR4 signaling. H/D exchange and modeling also
showed that extracellular loop 3 (ECL3) serves as a gatekeeper for the interaction between
the tethered ligand and LBS. A naturally occurring sequence variant (P310L, rs2227376) and
2 experimental mutations (S311A and P312L) determined that the rigidity conferred by
prolines in ECL3 are essential for PAR4 activation. Finally, we examined the role of the

©® PAR4 activation
requires a coordinated
rearrangement of
ECL3 and Thr153 in
the tethered LBS
formed by TM3
and TM7.

® PAR4 Leu310
(rs2227376) in ECL3
has lower receptor
reactivity compared
with Pro310 and
correlates with
reduced VTE risk in
GWAS analysis.

polymorphism at position 310 in venous thromboembolism (VTE) using the International

J Network Against Venous Thrombosis (INVENT) consortium multi-ancestry genome-wide
association study (GWAS) meta-analysis. Individuals with the PAR4 Leu310 allele had a 15% reduction in relative risk for
VTE (odds ratio, 0.85; 95% confidence interval, 0.77-0.94) compared with the Pro310 allele. These data are consistent with
our H/D exchange, molecular modeling, and signaling studies. In conclusion, we have uncovered the structural basis for

PAR4 activation and identified a previously unrecognized role for PAR4 in VTE. (Blood. 2020;136(19):2217-2228)

Introduction

Protease initiated signaling events are essential for many physio-
logical processes such as platelet aggregation, inflammatory sig-
naling, and regulation of endothelial barrier function.” Protease-
activated receptors (PARs) are primary mediators that transmit
signal transduction from the protease to the intracellular signaling
machinery. The 4 PAR members, PAR1, -2, -3, and -4, are expressed
in many cell types and are activated by a growing panel of
proteases.*® PARs are activated by enzymatic cleavage of the N
terminus to expose a tethered ligand.*?® Compared with a soluble
ligand, the attached tethered ligand reduces the increase in entropy
upon dissociation, resulting in an entropy-driven higher affinity for
PAR activation. This activation mechanism creates unique chal-
lenges in targeting PARs therapeutically. Furthermore, because the
ligand is attached to the receptor, there are likely substantial
conformational changes that occur during PAR activation. These
structural rearrangements and the precise mechanism of this unique
protein-tethered ligand interaction are unknown.

PAR4 has primarily been studied on platelets where it is co-

expressed with PAR1. Together they mediate the full spectrum
of thrombin signaling.” PAR1 is efficiently cleaved by thrombin
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and mediates rapid transient signaling. In contrast, PAR4 leads to
prolonged signaling and sustained platelet activation. Recently,
these differences in signaling kinetics have been exploited
therapeutically. Blocking PAR4 spares the rapid response me-
diated by PAR1 thereby limiting the bleeding complications.’? In
addition, polymorphisms in the PAR4 gene (f2rl3) lead to se-
quence variants that impact its signaling and response to some
antagonists.’> PAR4 therapies have focused on coronary artery
disease. However, there is growing evidence that platelets have
a key initiating role in venous thromboembolism (VTE). Despite
the key role of PAR4 in platelet biology, its role in VTE and
potential as a therapeutic target are unknown.

Despite numerous studies of PAR function, the understanding of
the structural basis for the tethered ligand has been limited to
nuclear magnetic resonance imaging of the isolated N-terminal
exodomain of PAR1 in solution and the crystal structure of PAR1
or PAR2 bound to antagonist.’*'® The major limitation of the
crystallization studies is the need for significant modifications to
stabilize the receptor in a single conformation. This precludes
experiments to identify the endogenous tethered ligand binding
site (LBS) and the conformational dynamics upon activation.

€ blood® 5 NOVEMBER 2020 | VOLUME 136, NUMBER 19 2217

20z aunr g0 uo 3sanb Aq Jpd'y£91006 L 0ZPIGPO0IA/ZGE08LL/LLTT/6L/9E L /Pd-Bjole/POO|qAaU sUoReDgNdyse//:djly WOl papeojumog


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2019004634&domain=pdf&date_stamp=2020-11-05

Amide hydrogen/deuterium exchange (H/D exchange) mass
spectrometry (MS) is a structural approach that monitors the
deuterium uptake at amide NH groups along the backbone of
the protein by using MS."”:"® The power of H/D exchange comes
from comparing the deuterium uptake between 2 states to un-
cover the dynamics of ligand binding or receptor activation.-2
The distinct advantage of H/D exchange for G protein-coupled
receptors (GPCRs) is that it overcomes the need for a stabilized
receptor and allows us to examine the conformational dynamics of
the tethered ligand mechanism.

Here, we describe the first biophysical studies of the PAR tethered
ligand activation mechanism. We applied H/D exchange and
computational modeling to uncover the endogenous LBS and a
previously unknown function of extracellular loop 3 (ECL3). We
verified the role of these regions with cell-based signaling assays.
Taken together, we discovered a novel role of the ECL3 in PAR4
activation and demonstrated that the rigidity of this loop is critical
to PAR4 activation. Finally, a polymorphism (rs2227376) that
changes Pro to Leu in ECL3 significantly lowers PAR4 reactivity
and is associated with a 15% reduction of relative risk of VTE.

Materials and methods

Protein expression and purification

Full-length human PAR4 containing an N-terminal FLAG tag was
expressed and purified from Sf9 cells as described previously.?*
The detailed purification protocols for both PAR4 and G-protein
complex are described in the supplemental Data, available on
the Blood Web site. The activity of purified PAR4 was verified as
described in the supplemental Data.

Amide H/D exchange

Amide H/D exchange was performed and analyzed as described
previously.2>2* A detailed H/D exchange procedure, software
list, and analysis pipeline are described in the supplemental
Data. The H/D exchange was normalized to the maximal deu-
terium uptake at 10 minutes and the PAR4 homology model is
color-coded asindicated in the legends for Figures 2 and 3. Gap
regions are colored in gray. The difference map of the deuterium
uptake level between nonactivated and thrombin activated
contains only the peptides found in both states.

Computational modeling

The computational model of PAR4 in its thrombin-activated state
was generated by using the crystal structure of rhodopsin at
2.2 A resolution (Protein Data Bank entry 1U19) as described for
green cone opsin.?° The 2 sequences were aligned using the
EMBOSS Needle Pairwise Sequence Alignment tool, and the
initial model was generated using the MEDELLER server.2¢?7
This initial model was imported into the ROSETTA protein
structure prediction suite, and the loop building protocol was
applied to determine the model with the lowest free energy.
Additional details are provided in the supplemental Data.

Generation of PAR4-expressing cell lines

PAR4-wild-type (WT) or PAR4 mutants (PAR4-T153A, PAR4-
T153S, PAR4-P310L, PAR4-S311A, and PAR4-P312L) containing
an N-terminal V5 epitope were stably expressed using HEK293 Flp-
In T-REx cells according to the manufacturer’s protocol (Invitrogen).
The concentration of tetracycline was titrated (25-1000 ng/mL)
to yield similar expression levels of each PAR4 mutant on the
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cell surface (~175000 receptors per cell) at 40 hours as de-
termined by quantitative flow cytometry?®3° (described in
supplemental Data).

Measurement of intracellular calcium flux
PAR4-expressing HEK293 Flp-In T-REx cells were induced for
40 hours, removed from the plate and washed 3 times with N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-Tyrode's
buffer (pH 7.4). Cells were incubated with 0.5 wM Fura-2 and
100 nM vorapaxar for 1 hour. The cells were then washed 3 times in
HEPES-Tyrode's buffer with 200 uM CaCl, and diluted to 2.5 X 10°
cells per mL. The intracellular calcium mobilization was recorded
using a fluorometer (Photon Technology International, Inc.) for
420 seconds total. The first 50 seconds was set as the background,
the response to agonist was measured for 250 seconds, and the
maximum and minimum fluorescence was measured for 60 sec-
onds each by adding 0.1% Triton X100 and 8.8 mM EDTA
sequentially.?®31-32 Fluorescence values were converted to in-
tracellular free Ca?* concentration with the equations described
by Grynkiewicz et al.*" A more detailed protocol is described in
the supplemental Data.

Results

Analysis of PAR4 activation with H/D exchange

Full-length human PAR4 was expressed and purified in Sf9 cells
as described previously.?* The protein was purified with affinity
chromatography followed by size exclusion chromatography
(Figure 1A). The purity of the protein was confirmed by both
Coomassie staining and western blot analysis (Figure 1B). The
dithiothreitol (DTT) in the purification procedure has the po-
tential to affect the re-oxidation of the disulfide bond that
connects ECL1 to ECL2 and influence the results of the H/D
exchange. Therefore, we used a G-protein activation assay to
confirm that the purified protein retains activity, which would
indicate that the detergent and DTT present in the purification
did not have an impact on protein folding (Figure 1C). The
tandem mass spectrometry spectra of PAR4 digested by pepsin
were analyzed by MassMatrix software. The peptide mapping
studies had 91.2% (344 of 377) amino acid sequence coverage of
the deuterated PAR4 (Figure 2A). The deuterium uptake of PAR4
ranged from 0% to 66%, which agrees with other GPCRs.20:33:34

The overall analysis identified conserved regions essential for
GPCR signaling. As expected, the N- and C-termini had high
deuterium uptake, indicating water accessibility; and the 7
transmembrane (TM) domains of PAR4 in both uncleaved (apo)
state and activated state had limited deuterium uptake because
they were being buried in detergent micelles (Figure 2B-G).
Notably, TM4 and TM5 had less deuterium uptake compared
with the other TM helices, suggesting that the dimerization
interface of PAR4 was formed by TM4 and TM5 (supplemental
Figure 1). This is in agreement with our previous biochemical
studies, which also mapped the dimer interface to TM4, spe-
cifically to residues L192441, 1194443, M198447, and L2024
(Ballesteros and Weinstein nomenclature).??3° Furthermore, the
deuterium uptake at the dimer interface (M203%52-1.2134¢2)
decreased from 6.4% to 3.4% upon cleavage by thrombin,
suggesting that the PAR4 dimer packed more tightly upon ac-
tivation (supplemental Figure 1; supplemental Table 1). In-
tracellular loop 2 (ICL2) is the docking site for the heterotrimeric
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Figure 1. Human PAR4 expression and purification. Full-length human PAR4 was expressed and purified from Sf9 cells. The protein was purified by FLAG antibody affinity
chromatography followed by size exclusion chromatography. (A) A size exclusion chromatogram was obtained from purifications. Human PAR4 with a C-terminal 1D4 tag eluted
in the main peak from fractions 14 to 20 (0.5 mL per fraction). The other small peaks contain tobacco etch virus for cutting the b562 RIL (BRIL) sequence from PAR4, the BRIL
sequence, and the FLAG peptide for affinity chromatography. (B) Using both Coomassie staining (left) and immunoblotting with 1D4 antibody (right), the purity of the purified
human PAR4 was confirmed. Purified PAR4 is a 37-kDa band on reduced sodium dodecyl sulfate-polyacrylamide gel electrophoresis with an extra glycosylated PAR4 band. The
thrombin cleavage removed 2.9 kDa from the protein, and the activated PAR4 is at 34 kDa. (C) A G-protein assay measured the relative fluorescence change of tryptophan in the

PAR4 and G-protein complex to confirm that the purified PAR4 is functional.

G-protein or arrestin and is essential for the propagation of in-
tracellular signaling.3>4' The H/D exchange of ICL2 (H180PLRA8)
increased from 41% to 45% upon activation, which indicates that
this loop had more solvent accessibility in the activated state
(Figures 2B-G and 3; supplemental Table 1). These data suggest
that ICL2 becomes accessible after receptor activation allowing
the G-protein or arrestin to dock at its binding site. Helix 8 is a
short a-helix between TM7 and the C terminus that may
contribute to GPCR localization, receptor internalization, and/or
G-protein activation.*? The deuterium uptake in both apo and
activated states was low (0.18%), indicating that it remains buried
in the detergent (Figures 2B-G and 3; supplemental Table 1).
However, the deuteration at the hinge region (amino acids Y3#2
and VSAEF3#) increased from 41% to 50%, showing that helix 8
is flexible in reference to the 7 transmembrane helical bundle
(supplemental Table 1).

H/D exchange also identified novel regions unique to the teth-
ered ligand mechanism of PAR4. On the basis of the current

PAR4 ACTIVATION MECHANISM

model of PAR activation, we predicted the N terminus would have
a high deuterium uptake in the apo state that is reduced after
the tethered ligand binds to a receptor. Surprisingly, in our H/D
exchange studies, the PAR4 tethered ligand G*YPGQV had a
low deuterium uptake in both apo and thrombin-activated states
(Figures 2B-G and 3; supplemental Table 1), suggesting the
tethered ligand docks near the extracellular loops before
thrombin activation.

Comparing PAR4 in the apo and thrombin-activated states
revealed 2 regions with a large change in deuteration upon ac-
tivation (Figure 3). First, a region formed by amino acids C149325-
L156332 in TM3 and S3297:42-S33374¢ in TM7 had significantly
lower deuteration upon thrombin activation, suggesting that this
is the LBS in which water accessibility was blocked by the tethered
ligand upon proteolytic activation. Second, ECL3 and the adja-
cent regions of TM6 and TM7 (F29644-A32774%) had increased
deuterium uptake after thrombin activation (Figure 3). Given that
this loop is located near the identified LBS, ECL3 may act as a
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A N-terminal region

Figure 2. Peptide coverage of the human PAR4
construct by MS and H/D exchange map of the apo

N\
GGTQTPSVYDESGSTGGGDDSTPSILPAPRGYPGQVCANDSDTLELPDSSRALLLGWVPTRLV

and thrombin-activated states of human PAR4. (A)

™1 IL1 T™M2

vvvwvwaomvsvywvwvwvwvywywywywywwn——
PALYGLVLVVGLPANGLALWVLATQAPRLPSTMLLMNLAAADLLLALALPPRIAYHLRGQRWP

Green line, the extracellular side of the PAR4 sequence;
EL1 red line, the intracellular domain of PAR4; blue, the
transmembrane domains; black, the C-terminal 1D4 tag.

TM3 IL2

L (Y AVAVAVAVAVAVAVAVAVAVAVAY
FGEAACRLATAALYGHMYGSVLLLAAVSLDRYLALVHPLRARALRGRRLALGLCMAAWLMAAA

The black underline indicates the peptide coverage in
T™4 H,0, D0 apo state, and D,0O thrombin-activated state.
Only the peptides that are shown in all 3 states and that

EL2 TM5

AVAVAVAVAVS —
LALPLTLORQTFRLARSDRVLCHDALPLDAQASHWQPAFTCLALLGCFLPLLAMLLCYGATLH

have a significant score with a P value <.05 were se-
lected and further analyzed. (B-E) Side view of PAR4 in
apo and thrombin-activated states. (F-G) Top and bot-
tom views of PAR4 in apo and thrombin-activated states,

IL3 TMé6 EL3
NNANNNNNNNNNNNANNNY

C-terminal region

_ ————————\\ANANANANANANAN
TLAASGRRYGHALRLTAVVLASAVAFFVPSNLLLLLHYSDPSPSAWGNLYGAYVPSLALSTIN

™7 respectively. In all panels, the apo state of PAR4 is on the
left and the thrombin-activated state is on the right. The
PAR4 homology model is color-coded on the basis of

1D4 the H/D exchange level: dark blue for 0% to <2%, light

MNNANANNNN
SCVDPFIYYYVSAEFRDKVRAGLFQRSPGDTVASKASAEGGSRGMGTHSSLLQTETSQVAPA

blue for 2% to <10%, cyan for 10% to <18%, cadet blue
for 18% to <26%, green for 26% to <34%, light green for

Thrombin
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Thrombin
activation
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Thrombin
activation

Thrombin
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Thrombin
activation
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34% to <42%, yellow for 42% to <50%, orange for 5% to
<58%, and red for 58% to 66%. Undefined regions
are gray.

gatekeeper to prevent access of the tethered ligand to its binding
site before thrombin activation of PAR4.

Computational modeling

To further validate the H/D exchange studies, a human PAR4
homology model in the thrombin-activated state was generated on
the basis of the crystal structure of the prototypical Class A GPCR
rhodopsin at a resolution of 2.2 A 2043 The computational modeling
was based on an original unbiased search of 10000 computational
models filtered by energetic allowance and optimized by searching
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for the energy landscape. The model with the lowest free energy
level was selected. In this model, Gly48 in the tethered ligand
interacts with Thr153 (Thr3.29) in the LBS identified in the H/D
exchange studies (Figure 4). This raised the hypothesis that Thr153
has a critical role in PAR4 activation by forming a direct interaction
with Gly48 from the tethered ligand upon thrombin activation.

Thr153 is critical for PAR4 ligand binding
H/D exchange and computational modeling suggested that
Thr153 is critical for PAR4 activation. To test this in cells, we
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Figure 3. H/D exchange difference map of human
PAR4 in apo and thrombin-activated states. The
percent deuteration of the thrombin-activated state was
subtracted from the percent deuteration of the apo
state. The PAR4 homology model was color-coded on
the basis of the difference in percent deuteration be-
tween the 2 states (A % deuteration [apo-activated)]):
dark blue for-9% to <—7%, light blue for —=7% to <—5%,
cyan for 5% to <—3%, cadet blue for -3% to <—1%,
green for 1% to <1%, light green for 1% to <3%, yellow
for 3% to <5%, orange for 5% to <7%, and red for 7% to
9+9%. Undefined regions are gray. (A-D) Side views of
PARA4. (E) Top view and (F) bottom view.
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generated inducible cell lines stably expressing PAR4-WT,
PAR4-T153A, or PAR4-T153S. To allow a direct comparison
between each PAR4 mutant, the expression level of each
construct was tuned by adjusting the tetracycline concentration
to achieve ~175000 receptors per cell as determined by
quantitative flow cytometry (Figure 5A). Because HEK293 cells
endogenously express PAR1, vorapaxar (100 nM) was used to
block Ca?* signaling from thrombin-activated PAR1 (supple-
mental Figure 2A-B); PAR1 inhibition was verified in all sub-
sequent experiments (supplemental Figure 2C-N). We also
confirmed that HEK293 cells do not respond to the PAR4-specific
activation peptide (AYPGKF-NH,) (supplemental Figure 2A).

Stimulation of PAR4-WT-expressing cells with 250 pM of the
PAR4 activation peptide (AYPGKF-NH,) led to a robust Ca?*
signal that was abolished by mutating Thr153 to Ala or Ser; a
representative tracing is shown in Figure 5B. Furthermore, both
PAR4-T153A and PAR4-T153S had a significant reduction of
total Ca?* flux as determined by area under the curve at all
AYPGKF-NH, concentrations tested (30-1000 M) (Figure 5C)
and peak Ca?* (supplemental Figure 3A). We next examined the
response to the endogenous tethered ligand after activation by
thrombin. There was a significant reduction in Ca?* mobilization
in PAR4-T153A-expressing cells when stimulated with 150 and
300 nM thrombin (Figure 5D; supplemental Figure 3B). PAR4-
T153S had an intermediate response (Figure 5D; supplemental
Figure 3B). These data show that mutating Thr153 reduced the
response to both AYPGKF-NH, and thrombin but was less
dramatic for thrombin. Taken together, Ca?* signaling assays

PAR4 ACTIVATION MECHANISM

confirmed that Thr153 within the LBS identified by H/D ex-
change and predicted in the computational modeling is critical
for PAR4 activation.

P310 on ECL3 of PAR4 is important for receptor
activation

ECL3 had increased deuteration after thrombin activation, which
indicates that it becomes exposed to solvent (Figure 3). On the
basis of the location of this loop relative to the PAR4 LBS, we
hypothesized that it acts as a gatekeeper that swings out after
activation by thrombin, which allows the tethered ligand to
access the binding pocket. The computational modeling of
thrombin-activated PAR4 demonstrated that ECL3 adopts in an
“out” position further supporting the gatekeeper hypothesis
(supplemental Movie 1). Eight of the 10 residues in ECL3 are
identical among human, mouse, and rat PAR4, which suggests a
conserved function between species (supplemental Figure 4).
Notably, there are 2 proline residues located in ECL3. Prolines
located in loops often have a critical role in maintaining the
rigidity of these regions.** Therefore, we postulated that Pro310
and Pro312 are important for maintaining the loop rigidity for
PAR4 activation.

We have previously shown that naturally occurring variants in
human PAR4 alter receptor reactivity and affect platelet func-
tion."”® Coincidently, there is an uncharacterized polymorphism
of PAR4 (rs2227376) that changes proline to leucine at position
310 (P310L) in ECL3. We postulated that substituting a leucine
for proline in ECL3 would lead to increased flexibility and affect

€ blood® 5 NOVEMBER 2020 | VOLUME 136, NUMBER 19 2221

20z aunr g0 uo 3sanb Aq Jpd'y£91006 L 0ZPIGPO0IA/ZGE08LL/LLTT/6L/9E L /Pd-Bjole/POO|qAaU sUoReDgNdyse//:djly WOl papeojumog



Figure 4. Structural modeling showing the interaction between the tethered
ligand and the LBS. The homology model for PAR4 in the activated state was
generated by computational modeling. In this model, the tethered ligand is green,
the LBS is red, and Gly48 and Thr153 are cyan. The TM4 and part of ECL2 are hidden
on the homology model to provide a better view of the LBS.

the structural integrity of ECL3, which would have an impact on
PAR4 activation and signaling. To test this experimentally, we
generated a stable cell line expressing PAR4-P310L (Figure 6A).
Mutating Pro310 to Leu abolished total Ca?* signaling in re-
sponse to the AYPGKF-NH, peptide as determined by AUC
(Figure 6B-C) and peak Ca®" (supplemental Figure 5A). The
response to thrombin was also significantly reduced (Figure 6D;
supplemental Figure 5B). Next, we determined whether other
residues in ECL3 contribute to PAR4 function. Pro310 is found
within a conserved sequence (P310SP) (supplemental Figure 4).
We generated PAR4-S311A, which is predicted to have no
impact on the rigidity of ECL3, and PAR4-P312L, which is pre-
dicted to increase the flexibility of ECL3. Mutating Ser311 to Ala
did not impact Ca?* signaling in response to AYPGKF-NH, or
thrombin (Figure 6B-D; supplemental Figure 5). Interestingly,
mutated Pro312 had an intermediate response to AYPGKF-NH,
compared with PAR4-WT and PAR4-P310L (Figure 6B-C; sup-
plemental Figure 5A). PAR4-P312L seemed to be hyperreactive
in response to thrombin, but it did not reach statistical signifi-
cance (Figure 6D; supplemental Figure 5B). Taken together,
these data indicate that the intact rigidity of ECL3 is essential for
PAR4 activation.

PAR4-310L allele correlates with a reduced risk

of VTE

PAR4 single nucleotide polymorphisms (SNPs) are known to
have an impact on platelet function.” Recently, it was recog-
nized that platelets have a role in the initiation of venous
thrombosis, so we examined the correlation of rs2227376 (PAR4-
310P/L) and rs773902 (PAR4-120A/T) with VTE. The International
Network Against Venous Thrombosis (INVENT) Consortium is a
multi-ancestry genome-wide association study meta-analysis with
30234 VTE cases and 172122 controls and has been used to
identify novel genetic markers for VTE.** The minor allele fre-
quency for rs2227376 was 0.015 for individuals with European
ancestry, and this polymorphism was not present in participants
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with African ancestry. The PAR4 allele encoding for Leu at 310
had a 15% reduction in relative risk for VTE (odds ratio, 0.85; 95%
confidence interval, 0.77-0.94) compared with the Pro for each
Leu allele. Protection from VTE is consistent with the Leu having
decreased PAR4 reactivity. The minor allele frequency for
rs773902 was 0.19 in those with European ancestry and 0.45 in
those with African ancestry, which is consistent with previ-
ous reports. However, rs773902 was not associated with VTE in
the INVENT data: odds ratio, 1.02; 95% confidence interval,
0.99-1.05).

Discussion

PARs are important mediators that facilitate communication
between proteases and the intracellular signaling machinery.
Since PARs were discovered, their roles in a wide range of processes
have been intensely studied and are well characterized.*?4¢4
However, the biophysical and structural basis for the activation
mechanism of this receptor family is still limited. In addition, the
location of the tethered LBS of PAR is unclear. Here, we applied
amide H/D exchange MS combined with computational modeling
and cell signaling to uncover the location of the endogenous
LBS and the structural basis for the tethered ligand-mediated
activation mechanism for PAR4.

We and others have previously shown that PAR4 forms homo-
dimers and heterodimers with PAR1, PAR3, and P2Y12.29:30.:50-55
These physical interactions have an impact on receptor activa-
tion, signaling, and response to antagonists. We observed less
deuterium uptake in TM4 and TM5 compared with the other
helices. The tight packing arrangement of this region suggests a
homodimer interface (supplemental Figure 1). Consistent with
these data, we previously mapped the PAR4 homodimer in-
terface to TM4 using biochemical and signaling studies.*® The
heterodimer interface of PAR4 with PART and P2Y12 have also
been mapped to TM4.2:%° The agreement of our H/D exchange
data with published studies of PARs and other GPCRs gives us
confidence that our recombinant protein accurately represents
PAR4 expressed on cells.3'3¢59

The precise nature of the interactions between the tethered
ligand and the receptor has remained elusive. Initial studies with
PART and PAR2 revealed a role for ECL2.19404" Nanevicz et al'®
showed a complementary relationship between ECL2 and the
tethered ligand in elegant studies using a panel of human-
Xenopus PAR1 chimeric receptors.’®¢° Mutagenesis studies
have also identified key residues in ECL2 for PAR2.6" Our H/D
exchange difference map identified a binding pocket formed by
TM3 and TM7 on the extracellular side of the receptor that had
significantly less deuterium uptake in the thrombin-activated
PAR4. This suggests that the tethered ligand blocked solvent
accessibility to this region (Figure 3). In addition, ECL3 had in-
creased deuterium uptake after activation, which indicated an
increase in solvent accessibility of this loop. Computational
modeling confirmed the H/D exchange showing that Gly48 of
the tethered ligand interacts with Thr153 in the binding pocket
and that ECL3 is in an open conformation (Figure 4). These data
support a unique mechanism for PAR4 activation by the tethered
ligand that involves a deep binding pocket within the TM helices
and ECL3, which has not been identified for PAR1 and PAR2.
PAR4 has signaling characteristics distinct from those of PAR1
and PAR2. PAR4 mediates prolonged signaling in platelets and
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Figure 5. Thr153 in the LBS is critical for PAR4 activation. (A) Comparable expression levels of PAR4-WT, PAR4-T153A, and PAR4-T153S on the surface of the HEK293 Flp-In
T-REx stable cell lines confirmed by flow cytometry using a V5-fluorescein isothiocyanate (FITC)-conjugated antibody. (B) HEK293 cell expresses PAR1 endogenously, which is
inhibited by 100 nM vorapaxar. There is no intracellular calcium mobilization triggered by stimulating HEK293 Flp-In T-REx cells that express PAR4-WT, PAR4-T153A, or PAR4-
T153S with 50 M PAR1-AP (TFLLRN). Stimulating PAR4-WT with 250 wM of PAR4-AP initiated calcium flux, but PAR4-T153A and PAR4-T153S had no response to this dose of
PAR4-AP. (C) PAR4-WT, PAR4-T153A, and PAR4-T153S were challenged with 5 different doses of PAR4-AP, and calcium mobilization responses to PAR4-AP stimulation were
measured (n = 5). Data are presented as the area under curve (AUC) after stimulation of the Fura2-loaded HEK293 Flp-In T-REx stable cell lines. (D) PAR4-WT, PAR4-T153A, and
PAR4-T153S were challenged with 6 different doses of a-thrombin, and calcium mobilization responses to a-thrombin stimulation were measured (n = 5). Data are presented as
the AUC after stimulation of the Fura2-loaded HEK293 Flp-In T-REx stable cell lines. Data are mean =+ standard deviation (SD) from 5 independent experiments at each
concentration. N.S., not significant, unpaired Student t test. *P < .05; **P < .01; ***P < .001. The yellow asterisks indicate the comparison of PAR4-T153A to PAR4-WT and the

blue asterisks indicate the comparison of PAR4-T153S to PAR4-WT.

other cells.’%263 |n contrast, PAR1 and PAR2 mediate transient
signaling.™%* We propose that the deep binding pocket we
identified may contribute to the sustained signaling of PAR4,
whereas the transient signaling of PAR1 and PAR2 may be me-
diated by transient interactions with ECL2 on the surface of the
receptor. Our H/D exchange and modeling did not reveal a role
for ECL2. However, a recent study by Thibeault et al®* showed that
His229 and Asp230 in ECL2 are critical for PAR4 activation. This
discrepancy may be a result of interactions between the exo-
domain and extracellular loops before activation that prevent H/D
exchange. Traditionally, the N terminus of PARs is thought to be
unstructured and highly flexible. Therefore, we hypothesized that
it would have high deuterium uptake in the apo state that de-
creased upon activation by the protease. Unexpectedly, the PAR4
exodomain including the tethered ligand (**GYPGQV) had low
deuterium uptake in both states, suggesting that the N terminus of
PAR4 docks near the extracellular loops before activation. These
interactions may limit H/D exchange at ECL2 and the exodomain.
Histidine H/D exchange allows analysis of site specific changes in

PAR4 ACTIVATION MECHANISM

protein structure using the imidazole C2-hydrogen on the histi-
dine residue as a probe.®>¢” Our histidine H/D exchange analysis
of PAR4 showed a twofold increase in the ty,, for H/D exchange at
His229 in thrombin-activated PAR4, which supports a role for
ECL2 in PAR4 activation.?* Taken together, these data suggest a
more complex arrangement on the extracellular face of PAR4,
which can also potentially have an impact on the interactions
between PAR4 and thrombin. The conventional model is that
proteases interact solely with exodomains of PARs.89:14.68.69
Sanchez Centellas et al’® reported that an anionic cluster (Asp224,
Asp230, Asp235) in ECL2 is important for PAR4 activation by
thrombin, which agrees with a more complex model of PAR4
activation that has emerged with roles for the extracellular loops of
the PAR4 and exosite Il of thrombin.”®72 Our model in which the
N terminus is docked near the extracellular loops would facilitate
these additional interactions between PAR4 and thrombin.

The H/D exchange and molecular modeling identified 2 regions
of PAR4 that may be important for activation: Thr153 in the LBS
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Figure 6. The intact rigidity of ECL3 is essential for the interaction between the tethered ligand and the binding site. (A) Comparable expression levels of PAR4-WT, PAR4-
P310L, PAR4-S311A, and PAR4-P312L on the surface of the HEK293 Flp-In T-REx stable cell lines were confirmed by flow cytometry using a V5-FITC—conjugated antibody. (B)
Endogenous PART in HEK293 cells is inhibited by 100 nM vorapaxar. No intracellular calcium mobilization was triggered by stimulating HEK293 Flp-In T-REXx cells that express
PAR4-WT, PAR4-P310L, PAR4-S311A, and PAR4-P312L with 50 uM PART-AP. Stimulating PAR4-WT with 250 uM of PAR4-AP initiated calcium flux, and PAR4-P310L had a small
but unmistakable response to the same dose of PAR4-AP. At this dose of PAR4-AP, PAR4-S311A cells showed a receptor reactivity similar to that of PAR4-WT, and PAR4-P312L
had a hyporesponse to PAR4-AP stimulation. (C) PAR4-WT, PAR4-P310L, PAR4-S311A, and PAR4-P312L were challenged with 5 different doses of PAR4-AP, and calcium
mobilization responses to PAR4-AP stimulation were measured (n = 5). Data are presented as the AUC after stimulation of the Fura2-loaded HEK293 Flp-In T-REx stable cell lines.
(D) PAR4-WT, PAR4-P310L, PAR4-S311A, and PAR4-P312L were challenged with 6 different doses of a-thrombin, and calcium mobilization responses to thrombin stimulation
were measured (n = 5). Data are presented as the AUC after stimulation of the Fura2-loaded HEK293 Flp-In T-REx stable cell lines. Data are mean * SD from 5 independent
experiments at each concentration. Unpaired Student t test; *P < .05; **P < .01; ***P < .001.

and ECL3. Mutating Thr153 to Ala reduced PAR4-mediated
Ca?* signaling. The more conserved substitution to Ser also
led to a decrease in Ca?* mobilization, albeit to a lesser extent
(Figure 5; supplemental Figure 3). Taken together, these data
demonstrate that both the size and polarity of Thr153 in the LBS
are critical for PAR4 signaling. ECL3 had increased H/D ex-
change in the thrombin-activated PAR4 and adopted an outward
confirmation in the computational model. This led us to propose
that ECL3 serves as a gatekeeper to block the interaction be-
tween the N terminus and the LBS before enzymatic cleavage
(Figure 7). In this model, ECL3 swings outward to allow the
tethered ligand access to the LBS. We propose a coordinated
movement of ECL3 that is facilitated by its rigidity conferred by
2 conserved prolines: Pro310 and Pro312 (Figure 6; supple-
mental Figure 5).4473 Mutating either of these residues had an
impact on PAR4 signaling, whereas mutating Ser311, which is
not predicted to influence loop rigidity, had no effect on sig-
naling. In other studies, mutating Asp309 did not have an impact

2224 @& blood® 5 NOVEMBER 2020 | VOLUME 136, NUMBER 19

on signaling, which gives further support to the role of the
prolines and loop rigidity.”®

We observed that PAR4 mutations had greater impact on sig-
naling initiated by PAR4 activating peptide (PAR4-AP) compared
with thrombin (Figures 5 and é). The simple explanation is that
the tethered ligand cannot diffuse, which makes it readily
available to re-associate with the receptor once the ligand
dissociates; this minimizes the impact of the PAR4 mutations.
Alternatively, the activation peptides may have distinct inter-
actions and consequences of binding to the receptors. We have
recently shown that thrombin-activated PAR4 is resistant to
proteolysis by thermolysin, whereas PAR4-AP-stimulated PAR4
had the same digestion profile as unstimulated PAR4.24 These
data strongly suggest that the overall conformation is different
for the receptor when it is activated by the tethered ligand.
Furthermore, signaling initiated by PAR activation peptides is
not identical to protease activation of PARs.**7* Thibeault et al**
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Figure 7. Tethered ligand-mediated PAR4 activation model. (A) Before thrombin
activation, the tethered ligand is buried and already docks close to the LBS of PAR4.
The interaction between the tethered ligand and its binding site is blocked by ECL3
(orange line). Thrombin cleavage triggers a structural rearrangement of ECL3 that
opens the accessibility between the tethered ligand and the binding site. The
tethered ligand drops directly into the LBS (shown in red) and the Gly48 interacts with
Thr153 to further initiate downstream signaling, which requires G-protein complex to
recruit and dock at ICL2 of PAR4. (B) The computational modeling of the thrombin-
activated PAR4 model, in which the ECL3 adapted in an “out” position to provide
space for the tethered ligand to interact with the binding site further support the
working model of the PAR4 activation mechanism. The tethered ligand is green, the
LBS is red, and the ECL3 is blue.

recently used an extensive panel of activation peptides to an-
alyze biased signaling from PAR4. They identified specific res-
idues in the PAR4-AP that activated G4 signaling that were
distinct from those that activated arrestin signaling. To date,
there have been no reports of biased signaling resulting from
protease activation of endogenous PAR4. However, Thibeault
et al** and Ramachandran et al’® have shown the capacity of
PAR4 to elicit biased signaling. In our studies, we used Ca?*
signaling as a readout of receptor function to validate our H/D
exchange and modeling. Going forward, it will be necessary to
determine how the regions we identified influence additional
signaling pathways downstream of PAR4. In particular, it will be
important to determine how the naturally occurring variant PAR4-
P310L influences platelet activation via each of these pathways as
well as crosstalk with other GPCRs such as P2Y12.50:53.7¢

A common SNP leads to PAR4 sequence variants at position 120
(Thr or Ala) in TM2 (rs773902). A Thr at this position results in a

PAR4 ACTIVATION MECHANISM

hyperreactive PAR4 compared with an Ala.’®”778 To date, the
mechanism for this functional difference has not been described,
and it is unclear how changing an amino acid in TM2 impacts
PAR4 reactivity. Interestingly, Thr120 is near the region we
identified as the LBS (supplemental Figure 6). This raises the
intriguing possibility that the Thr or Ala at 120 is close enough to
the LBS to have an impact on how the tethered ligand interacts
with this region. In this study, we also describe the first functional
consequences of PAR4 variants at 310 (Pro or Leu) resulting from
rs2227376 and directly demonstrate a role for ECL3 and Pro310
in PAR4 activation.

Venous thrombosis and its major complication pulmonary
embolism is called VTE and is a major cause of morbidity and
mortality.”” Hypercoagulation, stasis, and endothelial dysfunc-
tion (Virchow's triad) are the primary drivers of VTE. Platelets also
have an essential initiating role, but the mechanisms are poorly
understood.? Given that PAR4 promotes procoagulant platelets,
phosphatidyl serine exposure, and subsequent thrombin gen-
eration, itis a potential contributor to VTE.882 We evaluated the
correlation of 2 PAR4 SNPs, rs773902 and rs2227376, with risk of
VTE by using the INVENT Consortium resources.*® Interestingly,
PAR4-120A/T (rs773902) was not associated with VTE, whereas
the hyporeactive PAR4-310L (rs2227376) was associated with a
15% reduction in relative risk. The differences between these
polymorphisms is likely related to their impact on PAR4 re-
activity. PAR4-120A has a higher concentration of drug that gives
half-maximal response (ECso) than PAR4-120T; however, the
maximum signaling for these is the same. In contrast, PAR4-310L
has a reduced response to low thrombin concentrations and a
lower maximum reactivity, which likely leads to the protection
from VTE. The data suggest a previously unrecognized role for
PAR4 in the pathology of VTE. Going forward, mechanistic
studies are required to determine how PAR4 on platelets and
other cells contributes to the initiation and propagation of VTE.

PARs have become promising therapeutic targets.*38384 Com-
peting with the tethered ligand creates unique challenges to
developing therapeutic agents with favorable pharmacologic
profiles. There has been progress with PAR4, but the lack of
studies that directly determine the binding site for the endog-
enous tethered ligand has slowed efforts to development new
drugs.'>® Therefore, high-resolution structure of full-length
PAR4 in its natural lipid environment without sequence modi-
fications will greatly facilitate drug discovery. Future studies on
PAR4 that combine amide-H/D exchange with recent techno-
logical breakthroughs in cryo electron microscopy will untangle
the questions raised in our studies. First, a high-resolution
structure of activated PAR4 will determine whether Thr153 di-
rectly interacts with the tethered ligand or if it merely influences
the size and shape of the binding pocket. Second, these will also
determine the structural basis for how each SNP contributes
to PAR4 function. Third, determining the structure of PAR4 in
complex with thrombin will reveal the contributions of ECL2 and
ECL3. Fourth, structures of PAR4 signaling complexes in their
natural lipid environment will elucidate the mechanism of dimer-
mediated signaling.8¢#”

In conclusion, our findings provide the first description of the
PAR tethered ligand activation mechanism. By using H/D ex-
change, we identified the endogenous tethered LBS and a role
for ECL3 in PAR4 activation. We also identified a functional
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consequence of a PAR4 SNP in ECL3 that leads to a 15% re-
duction in relative risk of VTE. These studies point to a role for
PAR4 in the development of VTE.
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