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ABSTRACT: We report the discovery and characterization of natural P

phenols as G protein-coupled receptor-35 (GPR3S) agonists. Pharmaco- o
logical characterization using label-free dynamic mass redistribution and
Tango f-arrestin translocation assays revealed that GPR3S-active natural

phenols are divergent in their biased agonism.
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Natural products have been the single most productive
source of leads for drug development. Almost half of the
drugs approved between 1994 and 2007 have been based on
natural products,” and 18 out of the 50 first-in-class small-
molecule drugs approved between 1999 and 2008 are
originated from natural substances.” In many drug discovery
campaigns, natural products have provided good chemical
starting points for lead identification and optimization.*

Here we report the discovery and characterization of certain
natural phenols as G protein-coupled receptor-35 (GPR3S)
agonists. GPR3S is an orphan receptor whose natural agonists
have been postulated to be kynurenic acid® and 2-acyl
lysophosphatidic acid.® GPR35 is expressed with relatively
high level in the human pancreas, small intestine, colon, spleen,
and immune cells.” GPR3$ is expressed by several human
carcinoma cell lines, including HT-29.%° Until recently, there
have been limited reports of small molecule pharmacological
tools® ¥'97!% to further elucidate the role of the receptor and
determine its potential as a drug target.

To identify potential natural products as GPR3S agonists, we
screened a commercially available 880 natural product library
(Prestwick Chemicals) using label-free dynamic mass redis-
tribution (DMR)'”'® and Tango GPR3S p-arrestin trans-
location assays.*"® First, we recorded the DMR signals of all
natural products, each at 10 M, in native HT-29 cells. Such a
DMR agonism screen showed that out of the 880 natural
products, 37 led to a positive DMR signal with amplitude
between 100 and 400 pm (picometer, shift in resonant
wavelength of the biosensor 10 min poststimulation) (Figure
1). Second, we recorded the DMR signals of 1 4M zaprinast in
the cells 1 h after pretreatment with each natural product.
Zaprinst is a known full agonist of GPR35."" Such a DMR
desensitization assay® showed that 48 compounds suppressed
the zaprinast DMR by at least 50%. Third, we counter-screened
the library using a Tango GPR35 f-arrestin translocation assay
in an engineered U20S cell line (Tango GPR3S-bla U20S,
Invitrogen).>"® Results showed that 25 compounds gave rise to
a coumarin to fluorescein ratio greater than 2. Cross-
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Figure 1. GPR35 agonist hit classifications obtained using three
distinct assays: DMR agonism in HT-29 cells, DMR desensitization to
repeated stimulation with a known GPR3S agonist zaprinast in HT-29
cells, and Tango f-arrestin translocation in GPR35-bla U20S cells.

examination of hits showed that 19 were common in all three
assays, 13 common to both DMR assays, S specific to DMR
agonism assay, 16 specific to DMR desensitization assay, and 6
including ethidium bromide specific to the Tango assay.

We were primarily focused on 10 natural phenols that were
hits common to all three assays for follow-up characterization
(Table 1). This is partly because, out of the 19 hits, 15 are
natural phenols and partly because DMR or Tango alone may
result in false positives. For Tango assays, false positives may be
due to the interference of fluorescent molecules—ethidium
bromide, the commonly used DNA staining dye, was identified
as a false positive. For DMR assays, false positives may be due
to the activation of alternative pathways, since these assays are
highly sensitive and cover wide pathways.'”'®

Niflumic acid was one of the non-natural phenol hits. Since
niflumic acid was recently reported as a GPR3S agonist,13 we
first characterized in detail its pharmacology. Niflumic acid
triggered a dose-dependent DMR in HT-29 cells (Figure 2a),
leading to an ECg, of 1.1S + 0.23 uM (two independent
measurements, n = 4) (Figure 2b). Niflumic acid dose-
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Table 1. Compounds and Their EC5, Obtained Using DMR and Tango Assays, ICs, of SPB05142 To Block the DMR of Each
Agonist at Its ECy, and IC, of Each Agonist To Desensitize the HT-29 Cells Responding to 14M Zaprinast, and Their Efficacy
(That Is, the Maximal Responses) as Measured Using DMR and Tango Assays”

ECso (uM) IC (uM) efficacy
compd DMR Tango antagonist desensitization DMR (pm) Tango (FRET ratio)
Zaprinast 0.16 + 0.02 6.10 + 0.45 10.5 £ 0.3 122 = 0.10 269 + 11 128 £ 0.1
YE210 0.064 + 0.004 17.6 + 2.3 6.90 + 0.51 0.11 £+ 0.01 283 + 21 139 £ 0.1
Luteolin 724 £ 0.51 3.20 + 0.29 5.86 + 0.32 186 + 1.2 68 + 5 1.5 £ 0.1
Quercetin 8.02 + 0.79 5.93 + 047 6.69 + 0.51 154 £ 23 40 £ 4 23 +0.1
Niflumic acid 1.15 + 0.23 402 + 3.7 142 £ 1.5 1.28 + 0.17 260 + 12 33+0.1
Baicalein 103 + 1.9 227 + 2.1 5.02 + 047 282 + 1.9 248 +9 21+0.1
Myricetin 3.02 + 0.37 147 £ 1.2 10.5 + 1.3 2.12 £ 0.20 224 + 11 92+ 0.1
Morin 133 £ 0.21 112 + 1.3 742 £+ 0.59 1.60 + 0.15 284 + 17 9.8 £ 0.1
Lapachol 2.84 + 0.35 479 £ 39 284 + 2.1 4.66 + 0.36 328 + 22 8.7 £ 0.1
Lobaric acid 2.39 + 0.42 17.6 + 32 137 £ 12 4.54 + 0.39 317 £ 21 20+ 0.1
Laccacid acid A 0.39 + 0.06 SLS + 6.7 119 + 09 0.39 £+ 0.05 263 + 15 3.5 +02
Hematein 11.1 + 1.3 47 £+ 1.1 3.64 + 041 304 + 3.1 391 + 32 21+0.1
CHCA 9.80 + 1.23 70.7 + 6.7 8.96 + 0.71 304 + 2.7 331 + 32 40+ 0.1
Ellagic acid 0.11 + 0.02 296 + 0.21 212 £ 0.19 0.10 £ 0.01 319 + 27 34 +0.1
DCA 0.054 + 0.004 12.4 + 0.57 3.65 + 0.21 0.11 + 0.01 233 £ 12 109 + 0.1
“The data represents mean + s.d. from at least 2 independent measurements (n = 4).
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Figure 2. Pharmacological characterization of niflumic acid. (a) Real time kinetic responses of niflumic acid at different doses in HT-29 cells. (b)
DMR amplitudes of niflumic acid as a function of its doses, in comparison with the dose-dependent desensitization of the zaprinast DMR by niflumic
acid, and the dose-dependent inhibition of the DMR of 8 yM niflumic acid by SPB05142. The DMR amplitudes 10 min poststimulation in HT-29
cells were calculated for all. (c) Dose-dependent responses of niflumic acid, zaprinast, and YE210 as measured by Tango f-arrestin translocation gene
reporter assays. The coumarin-to-fluorescein ratios were plotted as a function of ligand doses. The data represents mean =+ s.d. from two

independent measurements, each in duplicate (n = 4).

dependently desensitized HT-29 cells responding to the
repeated stimulation with 1 uM zaprinast with an ICg, of
1.18 #+ 0.17 uM (2 independent measurements, n = 4) (Figure
2b). SPB05142 (CID2745687), a know GPR35 antagonist,'*'
dose-dependently blocked the DMR of 8 M niflumic acid with
an ICg, of 14.2 + 1.5 uM (2 independent measurements, n = 4)
(Figure 2b). Niflumic acid dose-dependently caused f-arrestin
translocation with an ECg, of 40.2 + 3.7 uM (2 independent
measurements, n = 4) (Figure 2c). However, in comparison
with YE210 and zaprinast,"> niflumic acid behaved as a full
agonist to trigger DMR in HT-29 cells but a partial agonist to
cause f-arrestin translocation (Table 1).

Baicalein, a flavone, was found to be a full agonist to trigger
DMR in HT-29 cells but a partial agonist to cause fS-arrestin
translocation in the GPR3S-bla U20S cells (Figure 3a, Table
1). Structure—activity relationship (SAR) analysis showed that
removal of the hydroxyl group(s) at its 6-, 6,7-, and 5,6
positions, converting to chrysin, primuletin, and 7-hydroxy-
flavone, respectively, all resulted in the loss of its agonist activity
at GPR3S. Luteolin, another flavone, was found to be a GPR35
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partial agonist—it triggered a positive DMR signal but with
smaller amplitude, compared to baicalein; and it also resulted in
a biphasic dose response in the Tango assay, with a maximal
efficacy similar to that of baicalein. SAR analysis showed that
removal of its 3-hydroxyl group (apigenin), converting its 4"
hydroxyl to 4-methoxyl (diosmetin), or adding a hydroxyl
group at its S-position (hieracin) all led to the loss of the
agonist activity of luteolin. Recently, luteolin was identified to
be a GPR3$ partial agonist."’

Morin and myricetin were two flavonols, a class of flavonoids
that have the 3-hydroxyflavone backbone (Figure 3b). Morin
exhibited full agonist activity at GPR3S, while myricetin acted
as a partial agonist to trigger DMR in HT-29 cells but a full
agonist to result in S-arrestin translocation in the engineered
cells (Table 1). Morin also displayed slightly higher potency to
trigger DMR in HT-29 but similar potency to result in f-
arrestin translocation in the engineered cells, compared to
myricetin. Further, quercetin acted as a partial agonist,
consistent with the recent findings by others." Interestingly,
SAR studies showed that adding a hydroxyl group or a
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Figure 3. Structures of certain flavones (a) and flavonols (b) that are
GPR35 agonists.

glucoside group at its 8-position (gossypetin, or gossypin,
respectively), or converting all hydroxyl groups to methoxyl
groups (quercetin pentamethyl ether), or removal of its
hydroxyl group(s) at the S-position (fisetin), 3’-position
(kaempferol), 5,3',4-positions (3,7-dihydroxylflavone), or
5,7,3'4-positions (3-hydroxyflavone) all led to the loss of the
partial agonist activity of quercetin.

Next, we characterized another seven hits, including lapachol,
lobaric acid, laccacid acid A, hematein, a-cyano-4-hydroxycin-
namic acid (CHCA), ellagic acid, and 7-deshydroxypyrogallin-
4-carboxylic acid (DCA). Results showed that all exhibited
agonist activity at the GPR3S but differed greatly in their
potency and efficacy (Table 1, Figure 4). Ellagic acid was found
to be the most potent agonist in both DMR and Tango assays,
leading to an ECgy of 0.11 + 0.02 and 2.96 + 021 uM (2
independent measurements, each in duplicate, n = 4),
respectively. DCA gave rise to the highest potency to result
in DMR in HT-29 cells, but relatively low potency to cause f-
arrestin translocation in the engineered cells.

Since label-free DMR assays mirror the complexity of ligand
pharmacology,'® we were interested in the specificity of these
agonists to activate GPR3S. To determine their specificity, we
performed DMR antagonism assays using a known GPR35
antagonist, SPB05142. Here HT-29 cells were pretreated with
SPB05142 at different doses for 5 min, followed by stimulation
with each agonist at its ECgy or EC . Results showed that the
DMR values of all agonists tested were mostly due to the
activation of GPR3S (Figure 4).
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Figure 4. DMR characteristics of natural phenol GPR3S agonists. (a) Luteolin (32 M), (b) baicalein (32 uM), (c) quercetin (32 M), (d) morin (8
uM), (e) myricetin (8 uM), (f) lapachol (8 uM), (g) lobaric acid (16 uM), (h) Iaccaic acid A (32 uM), (i) hematein (16 uM), (j) a-cyano-4-
hydroxycinnamic acid (CHCA, 8 uM), (k) ellagic acid (2 uM), and (1) 7-deshydroxypyrogallin-4-carboxylic acid (DCA, 4 uM). Each compound
induced DMR (control) was compared to its corresponding DMR in the presence of 32 uM SPB05142, the known GPR35 antagonist (antagonist).
The data represents mean =+ s.d. from two independent measurements, each in four replicates (n = 8).
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Figure S. Correlation analyses between DMR and Tango assays. (a) Maximal responses of all agonists. (b) ECy, values (in 4M) of all agonists. The
pink squares indicate the EC;, obtained using Tango assays, and the black diamonds the ECy, obtained using DMR assays. The data represents mean
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Ligand-directed functional selectivity, or biased agonism, is
common to GPCRs. Biased agonism describes the ability of
distinct ligands to differentially activate one of the vectorial
pathways mediated through a receptor.'” Since DMR is a whole
cell response and the Tango signal is effectively an end-point
measurement (that is, alteration in expression of a gene
reporter caused by the GPR3S-activation induced f-arrestin
translocation), we were interested in examining the biased
agonism of the GPR3S$ agonists identified. Correlation analysis
between the maximal responses obtained using DMR and
Tango assays suggests that there are two classes of agonists
(Figure Sa). The first group of agonists includes quercetin,
luteolin, myricetin, morin, DCA, zaprinast, YE210, and
lapachol. The relative efficacy of these agonists was well
correlated between the two assays. However, other agonists
acted as strong partial or full agonists of GPR3S to trigger
DMR in native HT-29 cells, but they were only partial agonists
to cause f-arrestin-mediated translocation in the engineered
cells. Analysis of the relative potency obtained using two
different readouts further manifested the biased agonism of
these ligands (Figure Sb). Compared to those obtained using
Tango assays, the potency obtained using DMR assays was
generally left-shifted, except for hematein, baicalein, quercetin,
and luteolin. Interestingly, the degree of left-shifted potency
obtained using DMR assays is ligand-dependent.

In summary, combining label-free phenotypic screening with
the Tango f-arrestin assay has led to identification of several
families of natural phenols as GPR3S agonists, some of which
exhibited biased agonism. The most potent agonists were
ellagic acid and DCA. Ellagic acid is a natural phenol
antioxidant found in numerous fruits and vegetables. In a
recent report dealing with a small randomized controlled trial
involving 19 patients with carotid artery stenosis, pomegranate
juice, which is high in ellagic acid, appeared to reduce blood
pressure and carotid artery wall thickness.”® Together with the
up—re%ulated expression of GPR3S in human failing myocar-
dium,” it is reasonable to speculate that GPR35 may account
for the in vivo effect of ellagic acid and represent a druggable
target for management of heart diseases.
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Full experimental procedures, structures of seven natural
products identified to be GPR3S agonists, antagonist dose
inhibition data, and receptor internalization data by myricetin.
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