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ABSTRACT: Many proteases cut the PAR2 N-terminus
resulting in conformational changes that activate cells.
Synthetic peptides corresponding to newly exposed N-terminal
sequences of PAR2 also activate the receptor at micromolar
concentrations. PAR2-selective small molecules reported here
induce PAR2-mediated intracellular calcium signaling at
nanomolar concentrations (ECs, = 15—100 nM, iCa",
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CHO-hPAR2 cells). These are the most potent and efficient small molecule ligands to activate PAR2-mediated calcium
release and chemotaxis, including for human breast and prostate cancer cells.
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Protease-activated receptors (PARs) are class A GPCRs,
self-activated by their newly exposed N-terminus following
cleavage by proteases. Protease-activated receptor 2 (PAR2) is
one of four PAR subtypes and its N-terminus is cleaved by
enzymes (e.g., trypsin, tryptase, factor Xa/VIla, granzyme A) at
the R%*-S% cleavage site to reveal an activating sequence
S¥LIGKV (human) or S¥LIGRL (rodent).'~ Some proteases
cleave elsewhere, with the cysteine protease cathepsin S
cleaving at G*-K*' and E**-T%.*> PAR2 has been implicated
in disease models of, for example, arthritis,”” inflammatory
bowel disease,”” asthma,'®'' cardiovascular diseases,'"*
cancers,'*"> and metabolic dysfunction.lé’17 However, roles
for PAR2 in human diseases remain uncertain, with both pro-
and anti-inflammatory properties as well as protective and
disease-promoting roles reported.”'®"”

Synthetic agonists and antagonists are therefore valuable
tools for investigating PAR2 functions in vivo. Most ligands
used to date to evaluate PAR2 biology have been peptides,
which tend to be metabolically unstable.””*' Synthetic
hexapeptide SLIGRL-NH,, which is more potent than the
native sequence SLIGKV-NH, in activating human PAR2 on
cells, has been the most widely used peptide agonist, but it is
only active at micromolar concentrations.”’ Extensive struc-
ture—activity relationships, performed on this peptide by
replacing each amino acid with other natural/unnatural amino
acids, have generated more potent peptides. For example, the
N-terminal serine has been replaced by a heterocycle, such as 2-
furoyl (2f);** 4-(2-methyloxazolyl), S-isoxazolyl (Isox), 2-
pyrazolyl, 2-pyridolyl, 3-pyridolyl, 2-benzofuranoyl, 2-naphtho-
yl, 2-benzothienyl,” and 2-aminothiazol-4-yl (2-at).”* Hepta-
peptides like 2f-LIGRLO-NH, (1, Figure 1) and X-LIGRLI-
NH, (2, with different heterocycles) were reported to be
selective agonists for PAR2 with ECg, between 0.1-0.8 uM
measured by intracellular calcium (iCa’*) release in various cell
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Figure 1. Known synthetic PAR2 agonists.

lines (e.g, HCT-15, HT29, 16HBEl40-).”>"** Linking a
hexadecyl lipid via three polyethylene glycol (PEG) spacer
units to the ornithine amine side chain (3) or at the C-terminal
of 2f-LIGRL also evidently increases agonist potency to
nanomolar concentrations in an iCa®* assay on 16HBEl4o-
cells.”> A few nonpeptidic PAR2 agonists (4, AC-55541 and
AC-264613) were also reported with potency similar to 1
(ECs, 100—300 nM, iCa®"). 26728 Our goal here was to
minimize size, reduce polar atoms and polar surface area, and
reduce rotatable bonds yet still produce a potent, rule-of-five
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compliant compound with higher potency and ligand efficiency
than 1—4 and greater stability in biological media.

The PAR2 peptide agonist 1 was sequentially truncated to
reduce the size of the peptide, and the first three residues were
replaced with Isox-Cha-Ile, a component of 4. Agonist activities
for its derivatives (Table 1) were evaluated, using Chinese

Table 1. PAR2 Agonist Activity in Inducing Ca>" Release in
CHO-hPAR2 Cells

# compd pECs, + SEM ECy, (nM)
1 2f-LIGRLO-NH, 6.5 + 0.1 300

4 GB110 6.7 £ 0.2 200

S trypsin 89 +£03 1

6 SLIGKV-NH, 5.5+ 0.1 3000

7 Isox-Cha-Ile-GRL-NH, 6.7 £ 0.1 200

8 Isox-Cha-Ile-GR-NH, 7.1+ 02 80

9 Isox-Cha-Ile-G-NH, 7.0 £ 0.2 9s

10 Isox-Cha-Ile-NH, 64 + 0.2 400

11 Isox-Cha-Chg-GRL-NH, 71 +0.1 80

12 Isox-Cha-Chg-GR-NH, 72 +03 62

13 Isox-Cha-Chg-G-NH, 7.7 £02 18

14 Isox-Cha-Chg-NH, 7.5 £ 03 33

15 H,N-Cha-Chg-GR-NH, <4.0 >100000
16 H,N-Chg-GR- NH, <40 >100000

hamster ovary cells stably expressing human PAR2 (CHO-
hPAR2), for intracellular Ca®" release since this signaling via
PAR2 has been implicated in multiple diseases.””"" In these
cells, synthetic peptide SLIGKV-NH, was 10-fold or more less
potent (ECgsy 3 #M) than 1 and 4. Peptide 7 was less potent
than 8, suggesting that the extra C-terminal leucine was
unnecessary. Truncating 8 to 9 did not affect agonist activity,
but truncation to 10 reduced the potency to that of 1 and 4.

Docking of 10 into a PAR2 homology model (Supporting
Information, SI), generated by sequence alignment of PAR2
with the crystal structure of nociceptin/orphanin FQ_receptor
(pdb code 4EA3), suggested that the binding pocket
surrounding the Ile-binding site is large and can accommodate
a bulkier substituent. Cyclohexylglycine (Chg) replaced Ile in
compounds 7—10 to produce 11—14. Compounds 13 and 14,
with the fewest residues, were more potent agonists in inducing
Ca®* release than 11 and 12 (Table 1). This was despite the
presence in 11 and 12 of an arginine, which often forms strong
hydrogen bonds or electrostatic interactions within proteins.

Removing Isox and Cha (15 and 16) almost abolished
activity, suggesting that these groups were more important than
arginine for interactions in the ligand binding site. The minimal
pharmacophore involved three residues, Isox-Cha-Ile-NH, (10)
and Isox-Cha-Chg-NH, (14, AY77), the latter being ~10-fold
more potent for inducing intracellular Ca* release.

Agonist 14 was next docked into the PAR2 homology model
and the best fitting docked pose of the ligand was selected for
further analysis. We were interested in learning what
interactions between 14 and PAR2 were responsible for
activating the PAR2-Ca** pathway. From the ligand docking
experiments, the nitrogen of isoxazole was predicted to form a
hydrogen bond with Y82, while the terminal amide may also
interacted with residues D228 and Y156 through hydrogen
bonding. In addition, one of the amide carbonyl groups of 14
was predicted to interact with Y156 (Figure 2a). The surface
view of the PAR2 homology model suggested that the
isoxazole, Cha, and Chg bound into three distinct pockets
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(Figure 2b). Compound 14 was also docked into a PAR2
homology model derived from the PARI crystal structure
(results not shown); however, the docked pose did not agree
with the PAR2 mutagenesis results unlike this model (Figures
2b—d).

To validate the binding site and pose of 14, the agonist
activity of this compound was investigated in CHO cells
transfected with mutant PAR2 (Y824, Y156A, D228A, L307A,
Y326A) (Figure 2c). Mutations of Y82, Y326, D228, or Y156 to
alanine resulted in loss of H-bond interactions of these residues
with 14, its agonist activity in inducing iCa>* being significantly
reduced by nearly 100-fold. Additionally, a L307A mutation
suggested a larger binding cavity for 14 so that Chg could not
fit as snugly into the pocket, resulting in loss of activity.
Residues Y82, D228, and Y156 were in close proximity (within
2.0-3.0A, Figure 2d) to the ligand, consistent with H-bonding,
but Y326 was located further away from the proposed binding
site of 14 and may not form a direct H-bond with ligand.
However, 14 may interact with Y326 through water-mediated
H-bonding, consistent with reduced agonist activity in the
Y326A mutant cells. To our knowledge, no binding site for a
PAR?2 ligand has ever been clearly elucidated before. To further
support the binding mode of 14, its amide NH, was methylated
to give Isox-Cha-Chg-NMe,, which was less active than 14
(data not shown) suggesting that the C-terminal NH, may be
involved in H-bonding. Compound 14 is the first small
molecule agonist (MW < S00) reported to activate PAR2 at
low nanomolar concentrations. In terms of ligand efficiency
(PEL Table 2), 14 is superior to other PAR2 agonists. Agonist
14 was also more stable in rat plasma than peptides 1 and 6
(Pigure 3a), making it potentially more valuable for
physiologically relevant studies.

Table 2. Percentage Efficiency Index (PEI)

compd MW (Da) PEI®
1 778 0.51
3 2003 0.35
4 609 0.82
13 461 1.52
14 404 1.73

“PEI calculated as fraction of Ca** (ie, 50% = 0.5) induced by 100
nM agonist divided by MW (kDa).”

The selectivity of agonist 14 was evaluated in CHO-hPAR2
cells compared to CHO cells without PAR2 transfection. In
CHO-hPAR?2 cells, agonist 14 was 10-fold more potent (ECs,
33 nM) than peptide agonist 1 (ECs, 300 nM) and neither of
these agonists induced any iCa®* release at 100 uM
concentrations in PAR2™/"-CHO cells, revealing that they
both activate Ca* release selectively via PAR2 (Figure 3b).

Some synthetic peptides have been shown to cross-react with
PARI1 and PAR2 receptors.20 Therefore, 14 was assessed for
receptor subtype selectivity in a desensitization assay using
human prostate cancer cells (PC3) that expressed both PARI1
and PAR2 (SI, Figure S1).

In this desensitization experiment, cells were first exposed to
1 (a selective PAR2 agonist) at 25 yM and induced Ca**
release, whereas there was no response to a second treatment
with this same agonist (SI, Figure Sla). This indicated that the
PAR2 on the cell membrane had been desensitized by the first
agonist treatment and thus did not respond to the second
treatment. By contrast, a PARI agonist (TFLLR-NH,) was able

DOI: 10.1021/acsmedchemlett.5b00429
ACS Med. Chem. Lett. 2016, 7, 105—-110


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00429/suppl_file/ml5b00429_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00429/suppl_file/ml5b00429_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00429/suppl_file/ml5b00429_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00429/suppl_file/ml5b00429_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.5b00429

ACS Medicinal Chemistry Letters

a
L151 1152
i oo Y156
15
o
Y82 Uvsze
L307 “y314
c
- WT
Y82A
o 100] = Y156A
g -~
S 751 ——
e —_
X 504
S 25 :
2 0
0 T
-10 -8 6 4
Log [14] (M)

Figure 2. Predicted binding mode for agonist 14 in a PAR2 homology model derived from nociceptin/orphanin FQ receptor (pdb code 4EA3). (A)
Agonist AY77 (14) is predicted to form multiple hydrogen bonds and hydrophobic interactions with PAR2. (B) Surface view of PAR2 model
showing Isox, Cha, and Chg components occupying three distinct binding pockets. (C) iCa®* responses induced by agonist 14 were significantly
reduced in PAR2 mutants Y1564, Y326A, D228A, L307A, and Y82A compared to wild-type (WT), suggesting that these residues interact with 14.
Each data point is mean + SEM of 3—5 independent experiments. (D) The C-terminal amide NH, of 14 forms hydrogen bonds with Y156 and
D228. The cyclohexylglycine may make a hydrophobic interaction with L307 and the amide carbonyl of Cha may form a water mediated H-bond
with Y326. Isoxazole may form a H-bond with Y82.
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Figure 3. (a) Agonist 14 was stable in rat plasma after 4 h (pH 7.4, 37 °C, initial concentration 1 4M) compared to peptides 1 and 6. The plasma
samples were analyzed by LCMS (n = 3). (b) Agonists 1 and 14 (AY77) activate Ca®" release via PAR2. Experiments were performed in CHO-
hPAR2 cells (solid lines) versus CHO cells (PAR2™/~, dotted lines), n > 3. Each data point represents mean + SEM.

to activate the PAR2-desensitized cells causing a second (SL, Figure Slc), consistent with 14 being selective for PAR2

calcium signal following initial treatment with 1 (SI, Figure over PARI.

S1b). Compound 14, at up to 10 M, did not trigger this The functions of PAR2 agonists were further evaluated in

second calcium signal after initial PAR2 desensitization with 1 human breast cancer cells (MDA-MB-231), known to express
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PAR2.*" Activation of PAR2 induced by agonists 1 or 14 at 100
nM caused chemotactic migration that was attenuated by
treating with an anti-PAR2 antibody (SAM11). This is
consistent with the observed cell migration being PAR2-
specific, the small agonist 14 being as effective and as potent as
the larger peptide agonist 1 in activating PAR2 in this assay
(Figure 4).
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Figure 4. PAR2-activated chemotaxis in MDA-MB-231 breast cancer
cells. Compounds 1 and 14 (100 nM) induced chemotaxis in a
transwell migration assay. Preincubating cells with PAR2 antibody
SAM11 (1 pg/mL) 30 min prior to agonist addition resulted in
inhibition of chemotaxis. The chemotactic index is the ratio of agonist
to random migration (24 h) through a S ym membrane, mean + SEM,
w45 < 0,001,

Small molecules described here (e.g, 13, 14) are the most
potent PAR2 agonists reported to induce Ca®" release.
Receptor modeling in combination with human PAR2 mutants
transfected into CHO cells were used to probe the mechanism
of Ca® release induced by 14. Putative interactions, predicted
from modeling studies, between 14 and PAR2 residues Y82,
Y156, D228, L307, and Y326 were experimentally supported by
PAR2 mutagenesis data. Effects of 14 were also measured on
cancer cells, including chemotaxis of breast cancer cells and
Ca®" desensitization of prostate cancer cells. Compound 14 is a
potent, effective, and selective small molecule (MW 404)
agonist for PAR2 with the highest ligand efficiency yet known.
It is more stable than peptides in rat plasma, activates PAR2-
mediated Ca®" signaling with high potency (ECs, 33 nM,
CHO-hPAR2), and has agonist activity on two human cancer
cell lines. Compound 14 is a valuable new tool for interrogating
PAR2 physiology’ and a new pharmacophore to exploit for
creating potent agonists and antagonists as prospective drug
candidates that selectively modulate PAR2.

B EXPERIMENTAL PROCEDURES

General Methods. Reagents were purchased from Sigma-Aldrich
or Chem-Impex Int,, Inc. Compound purity was assessed by NMR
spectroscopy, rpHPLC, and high-resolution mass spectra (HRMS). All
assayed compounds were >95% pure, as determined by rpHPLC (UV
detection at 214, 230, and 254 nm). Other experimental methods and
characterization data of all compounds, except 13 and 14, are reported
in Supporting Information. Synthetic compounds 13 and 14 are
characterized below.

Solid-Phase Synthesis. All compounds were synthesized on solid
phase by standard Fmoc SPPS procedures using Rink amide resin
(100—-300 mg, 0.70 mmol/g), purified by reversed phase HPLC to
>95% purity, and characterized by high resolution MS and NMR
spectroscopy.
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Isox-Cha-Chg-G-NH, (13). t, = 9.1 min. HRMS: [MNa]* 484.2530
(cale. for Cp3HzN;Os*) 4842533 (found). 'H NMR (600 MHz,
DMSO-dg), § 0.83—1.22 (m, 10H), 1.31 (m, 1H), 1.51-1.75 (m,
13H), 3.54—3.70 (2 sets of dd, ] = 5.7 Hz, 2H), 4.11 (t, ] = 7.9 Hz,
1H), 4.57 (m, 1H), 7.05 (br s, 1H), 7.17 (d, ] = 1.9 Hz, 1H), 7.19 (br
s, 1H), 8.00 (d, J = 8.2 Hz, 1H), 8.14 (t, ] = 5.7 Hz, 1H), 8.75 (d, ] =
1.9 Hz, 1H), 8.99 (d, J = 8.2 Hz, 1H). *C NMR (150 MHz, DMSO-
dg), 5 25.5,25.6,25.7, 25.8, 26.0, 28.2, 29.0, 31.7, 33.2, 33.6, 38.5, 41.7,
50.2, §7.6, 106.1, 151.7, 155.4, 162.3, 170.6, 170.8, 171.5.

Isox-Cha-Chg-NH, (14). tg = 9.4 min. HRMS: [MH]* 405.2496
(cale. for C,H;3N,0,%) 4052498 (found). 'H NMR (600 MHz,
DMSO-dg), § 0.82—1.20 (m, 9H), 1.29 (m, 1H), 1.50—1.59 (m, SH),
1.59—1.71 (m, 9H), 4.08 (t, ] = 7.7 Hz, 1H), 4.53 (m, 1H), 7.00 (brs,
1H), 7.14 (d, J = 1.9 Hz, 1H), 7.36 (br s, 1H), 7.77 (d, ] = 9.4 Hz,
1H), 8.73 (d, ] = 1.7 Hz, 1H), 8.97 (d, ] = 8.5 Hz, 1H). '*C NMR (150
MHz, DMSO-d,), 5 25.9, 26.0, 26.1, 26.2, 26.4, 28.4, 29.6, 32.1, 33.6,
34.1, 39.1, 514, 57.3, 106.6, 152.2, 155.8, 162.8, 171.5, 173.0.

Cell Culture, Expression Constructs, and Transfections.
Methods for preparation of Chinese hamster ovary (CHO), PC3,
and MDA-MB-231 cancer cells are described in the Supporting
Information.

Intracellular Calcium Release Assay. Cells were plated at ~5 X
10* cells/well in a 96-well clear-bottom black-wall assay plate
(Corning) and incubated overnight at 37 °C. Before assay, the
medium was removed, and cells were incubated with dye-loading
buffer (12 mL HBSS buffer, 4 uM Fluo-3 AM, 25 uL of Pluronic acid
F-127, 1% FBS) for 1 h at 37 °C. Cells were washed once (HBSS
buffer containing 2.5 mM probenecid and 20 mM HEPES, pH 7.4).
Stock solutions of compounds in DMSO were diluted with HBSS
buffer to give assay concentrations. Agonist activity was measured at a
range of concentrations of test compound (S0 L) added to cells in S0
uL of HBSS buffer. Intracellular Ca®>* was monitored for 300 s
(excitation 495 nm, emission 520 nm) after injecting compound.
Duplicate measurements for each data point were reported as means =+
SEM from multiple experiments. Changes in fluorescence (%
response) were plotted against log[compound]. Half maximal effective
concentrations (ECgy) were derived from concentration—response
curves using a nonlinear regression curve fitting (Graphpad Prism v6).
Calcimycin (A23187, Invitrogen) was used to measure maximum
fluorescence; individual results were normalized.

Rat Plasma Stability Assay. Compounds in DMSO (S uL, 100
uM) were added to a 1:1 mixture of PBS and rat plasma (495 uL) at
37 °C. At intervals of 0, 5, 15, 30, 60, 120, 180, and 240 min, 50 uL
was removed and added to 150 uL of MeCN. Samples were
centrifuged (2500 rpm, S min) and supernatant (S0 uL) analyzed by
UPLC-MS. Data were plotted as % peak area of samples at t = 0 min.

Transwell Cell Migration. A transwell polycarbonate filter insert
with § gm membrane was used to determine cell migration. Both sides
of the membrane were coated with collagen (1 mg/mL, SO uL) for 2
min before air-drying. Cells were lifted with nonenzymatic cell
dissociation solution and resuspended in 0.1% BSA serum-free L-15.
Cells were seeded at 2.5 X 10° cells/insert and allowed to incubate (3
h, 37 °C). Then, 700 uL of 0.1% BSA serum-free L-15 with 100 nM of
PAR2 agonist was added to the bottom chamber and incubated for 24
h. For inhibition of chemotaxis, SAM11 (1 pg/mL) was preincubated
for 30 min prior to adding agonist. Cells on top of the membrane were
removed with a cotton swab and fixed in 4% PFA. The insert was
washed 2X in PBS and stained with 1% crystal violet. Migrated cells on
the underside of the membrane were counted using a Nikon Ti—U
inverted brightfield microscope.

Molecular Modeling. A homology model of human PAR2 was
generated by alignment with Nociceptin/orphanin FQ receptor
structure (pdb code 4EA3). Methods used for generating the PAR2
homology model and docking ligands are in Supporting Information.
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