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ABSTRACT: The orphan G protein-coupled receptor 35 (GPR3S) is a potential target for the treatment of pain, inflammation, and
metabolic diseases. Although many GPR35 agonists have been discovered, research on functional GPR3S ligands, such as fluorescent
probes, is still limited. Herein, we developed a series of GPR3S fluorescent probes by conjugating a BODIPY fluorophore to DQDA,
a known GPR3$ agonist. All probes exhibited excellent GPR3S agonistic activity and desired spectroscopic properties, as determined
by the DMR assay, bioluminescence resonance energy transfer (BRET)-based saturation, and kinetic binding experiments. Notably,
compound 15 showed the highest binding potency and the weakest nonspecific BRET binding signal (K = 3.9 nM). A BRET-based
competition binding assay with 15 was also established and used to determine the binding constants and kinetics of unlabeled

GPR3S ligands.
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G PR35S was first identified in 1998 and is believed to be
associated with many diseases including coronary artery
disease, cancers, and inflammatory bowel disease.' ™ Although
its endogenous activator remains controversial, a wide range of
surrogate agonists are available.”™ However, there are few
studies on functionalized GPR3S ligands, which are
detrimental to the study of GPR35 physiological processes.
Until now, 6-bromo-8-(4-[*H]methoxybenzamido)-4-oxo-4H-
chromene-2-carboxylic acid was the only molecule used in the
GPR35 radioligand binding assays.”

BODIPY is considered a construction platform for
fluorescent probes that are widely used in bioimaging and
photodynamic therapy for their high molar absorption
coeflicients and fluorescence quantum yields as well as their
good biocompatibility and photostability.'”'" We previously
reported a series of potent GPR3S5 agonists with two acidic
groups located at each end of a fused tricyclic aromatic
scaffold."” The structure—activity relationship (SAR) studies
and docking simulations showed that the two terminal acidic
groups were necessary for maintaining the high agonistic
potency of the compounds, while substitutions in the middle of
the scaffold were tolerated.'” Considering the high potency of
the compounds and the convenience of the synthesis, we
chose4,6-dihydroxy-10-methylpyrido-[3,2-g]-quinoline-2,8-di-
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carboxylic acid (DQDA) as a molecular moiety to target
GPR35 (ECs, = 8.0 nM).

10-(p-Alkoxyphenyl)-BODIPY was selected as the fluoro-
phore to couple with the hydroxyl of DQDA, since its
absorption band between 460 and 520 nm overlaps well with
the emission band of NLuc, creating a possibility for BRET
between the NLuc-tagged GPR3$ and the fluorescent probes.

The syntheses of the GPR35 fluorescent ligands 14—17 are
depicted in Figure 1. The dimethyl 4,6-dihydroxy-10-
methylpyrido- [3,2-g]-quinoline-2,8-dicarboxylate (1) was
prepared as previously described.'” The iodoalkynes (2—4)
reacted with compound 1 to produce intermediates 5—7.
Compound 1 could be converted into intermediate 8 through
the introduction of the oxa-alkyne in the Mitsunobu reaction.
Using a typical copper-catalyzed azide—alkyne cycloaddition,
BODIPY containing an azide group (9) was conjugated with
5—8 to yield compounds 10—13, respectively. These methyl
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Figure 1. Syntheses of BODIPY-labeled fluorescent probes 14—17. Reagents and conditions: (a) Cs,CO;, DMF, at 50 °C overnight, 34—47% (b)
2-(prop-2-yn-1-yloxy)ethan-1-ol, PPh;, DIAD, THF, from 0 °C to room temperature overnight, 35%. (c) CuSO,-SH,0, sodium ascorbate, THF:
H,0 (1:1, v/v), at 50 °C overnight, 73—81%. (d) LiOH, H,0: MeOH (1:1, v/v), at room temperature for 2 h, 65—81%.

ester products were hydrolyzed with lithium hydroxide to yield
BODIPY-labeled fluorescent ligands 14—17.

BODIPY derivatives with extended conjugated structures
often exhibit a significant positive or negative solvatochromic
effect in different polar environments."””'> Some simple
derivatives of BODIPY are characterized by a small Stokes
shift and a solvatochromic effect on the polarity of the
medium.'® We recorded the UV absorption and fluorescence
spectra of probes 14—17 in PBS solution, a standard aqueous
buffer used in in vitro pharmacological assays, and in n-octanol,
an organic solvent usually used to mimic a predominantly
hydrophobic environment like the receptor binding site or cell
membrane (Figures S1 and S2). These fluorescent probes
showed low solvatochromic behavior in the solvents, with both
the absorption maxima and emission maxima showing little
change (Table S1). In n-octanol, the probes displayed an
absorption maximum at 502 nm and a fluorescence maximum
at 512 nm with a 10 nm Stokes shift. These results were
consistent with literature reports'® and were expected since the
BODIPY unit of the probe was simply tethered to the target
head DQDA.

Using coumarin 153 as the reference, the relative quantum
yields of all probes in n-octanol were determined and are listed
in Table S1. Probe 15 exhibited the highest relative quantum
yield (®) of 0.77. However, dramatic decreases in the
absorption and fluorescence intensity were observed for all
probes in PBS, with the emission maxima of 14—17 decreasing
by 3- to 15-fold (Figure S1). The observed results can be
reasonably attributed to the formation of an intramolecular
charge transfer state that was stabilized by the polar
environment to give lower ® values.'"” Figure S3 shows the
fluorescence of in intramolecular charge transfer state that was
stabilized by the polar environment to give lower ® values.'”
Figure S3 shows the fluorescence spectra of probe 15 in
various solvents, including PBS, H,0, DMSO, methanol,
ethanol, THF, dioxane, toluene, and n-octanol, further
demonstrating the significant difference in intensity between
organic solvents and aqueous solutions. The results showed
that the quantum yield of the probes was highly sensitive to the
environment, and the high fluorescence activity was preserved
in the nonaqueous environment. Therefore, the background
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fluorescence from unbound probes in aqueous media should
not be an issue.

DMR assays were applied to profile compound activity on
GPR35 endogenously expressed in the human colorectal
adenocarcinoma cell line HT-29. Zaprinast was used as a full
agonist and tool molecule in DMR activation and desensitiza-
tion experiments.'>'” All four probes not only gave rise to the
concentration-dependent DMR signals in HT-29 but also
desensitized the DMR responses induced by 1 uM zaprinast
after 1 h of incubation (Table 1 and Figure 2). All probes

Table 1. Pharmacologic Properties of Probes 14—17

hGPR35
Compd ECs,” (nM) ICs,” (nM) IC,," (nM)
zaprinast 0.71 £ 0.12 — —
14 80.8 + 9.5 9.6 + 0.7 1034.1 £+ 95.6
15 49.5 £ 5.6 94 +24 542.2 + 87.3
16 422 +33 5.6 +£0.8 397.6 + 65.2
17 58.8 + 5.8 78 £ 14 768.7 £ 84.6

“ECy to trigger DMR. bICq, to desensitize cells against repeated
stimulation of 1 yM zaprinast. “ICg, of a known GPR35 antagonist
ML-145 to block the agonist-induced DMR. The data represent mean
+ SD from two independent measurements, each with four replicates

(n=2).
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Figure 2. DMR response in HT-29 cells induced by fluorescent
probes 14—17 as a function of the concentration. The data represent
mean + SD from two independent measurements, each with four
replicates (n = 2).
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exhibited high agonistic potency, with EC;, values between
422 and 80.8 nM. The GPR35 inhibitor ML-145 dose-
dependently blocked the DMR responses generated by these
probes (Table 1). Taken together, it is suggested that these
probes generated DMR responses specifically through the
activation of GPR3S in the HT-29 cells. To confirm this, these
four ligands were further tested on two other cell lines. The
CHO-K1 cell did not endogenously express GPR3S, with none
of the probes inducing the signals. However, in GPR3S-
overexpressing CHO-K1 cells, all the probes exhibited similar
agonist activity and were confirmed to be GPR35 agonists
(Figure S4).

A BRET-based GPR3S binding assay was then developed by
using these fluorescent probes. It was performed as a
homogeneous “mix and measure” assay well suited for kinetics
and high-throughput equilibrium binding experiments.*’
CHO-KI1 cells were transfected with hGPR35, which was N-
terminally tagged with a nano-luciferase (NLUC).”' NLUC
has an emission maximum between 410 and 560 nm,
displaying a partial overlap with the excitation spectra of
probes, such as 15 (Figure 3). When the probe binds to

%+ — NLuc Emission
i 15 Excitation

15 Emission

Normalized Intensity

410 450 490 530 570
Wavelength (nm)

Figure 3. Emission spectrum of NLUC (dark green) and excitation
(light red solid) and emission (light red dot) spectra of 15 were
measured under the binding assay conditions.

NLUC-GPR3S, energy transfer at 485 nm will occur between
the NLUC and the BODIPY moiety, resulting in BODIPY
emission at 528 nm. As BRET methods strictly depend on the
distance between the bioluminescent and fluorescent partners,
this approach would eliminate the need to remove the
unbound probes from the assay medium.

Saturation binding experiments were performed by adding
fluorescent probes at varying concentrations to the CHO-K1-
hGPR3S-NLUC cells. The results suggested that probes 14—
17 could effectively respond to NLUC-tagged GPR3S via
BRET (Figure 4). The nonspecific BRET signal was
determined by coincubation with excess zaprinast (10 puM).
Probes 14 and 16 displayed a considerable nonspecific BRET
signal (Figure 4A and C), probe 15 showed a minor
nonspecific BRET signal even at concentrations of up to 100
nM (Figure 4B), and probe 17 was in between (Figure 4D).
The obvious difference was unexpected, as these probe linkers
only differed slightly and may be related to the change of their
fluorescence intensity in different polar environments. As
shown in Figure S2, the fluorescence intensity of probe 15 in
PBS decreased by a factor of 15 times that in n-octanol,
changing more drastically than the other three probes. This
difference might further reduce the signal of the nonspecific
BRET signal shown in Figure 4B. The subtraction of the
nonspecific BRET signal from the total binding signals
generated monophasic binding curves with Ky = 7.4 + 0.5
nM for 14, K4 = 3.9 + 2.5 nM for 15, K; = 8.3 + 0.8 nM for

A oo K,=7.4£05nM

~=- Total = Total

B oo Ky4=39125nM
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Figure 4. Saturation binding experiments of probes (A) 14, (B) 15,
(C) 16, and (D) 17 in CHO-K1-hGPR35-NLUC cells. Nonspecific
bindings were measured by pretreatment with 10 yM zaprinast. The
data represent mean + SD from three independent measurements,
each with three replicates (n = 3).

16, and Ky = 17.9 + 5.1 nM for 17. Among these potent
candidates, probe 15 was selected for subsequent studies
because of its high ratio of specific to nonspecific signals.

In the BRET kinetic binding experiments, the BRET
emission ratio of 15 decreased drastically when GPR3S
antagonist ML-145 was added, indicating a successful BRET
between GPR35-NLUC and the probe molecule as a
completely reversible binding process (Figure 6).
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Figure 5. Structures of selected GPR35 ligands.

Next, we further investigated whether this BRET-based
strategy using compound 15 as the probe could be applied to
assess the affinity of GPR3S ligands, the structures are shown
in Figure 5. The prerequisites for this application were that the
binding of all of the active ligands was reversible and competed
with probe 15 at the same GPR3S5 site. Competitive binding
assays were conducted in CHO-KI transferred with GPR3S-
NLUC by using 15 to assess the affinity of a range of
previously reported GPR3S$ ligands (Figure S6). Some known
GPR3S5 ligands were selected, such as agonists 18—20 and
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Figure 6. Kinetic binding experiment of probe 15; 10 min after the
addition of probe 15 (5 nM), ML-145 (10 uM) was added to
dissociate the probe from GPR3S.

antagonists 21 and 22 (Figure S). The results indicated that
the selected molecules exhibited competitive binding against
15, which allowed estimation of the K; binding affinity
constants. The K; values measured by our BRET method
were in agreement with those measured by the radioligand
method reported in the literature (Table 2). These results
indicated that this BRET-based binding assay should be a
reliable strategy to measure the K| values of the GPR335 ligands.

We further applied the BRET method to more GPR335 active
ligands. Compounds 23—28 are the GPR3S agonists that we
have previously discovered,'”***” but their K, values were not
determined. Using the BRET method with compound 15 as a
probe, these K; values were measured for the first time and are
listed in Table 2. Overall, a good correlation between agonist
potency and binding K; values was observed. Compound 28
the second most potent agonist in the functional assays
displayed the highest binding affinity (Table 2). Likewise, 25—
27 showed K; values similar to those of their functional
potencies. Unexpectedly, compound 24 was the most potent
agonist in the DMR functional assays (ECs, = 0.006 yM) but
showed a lower affinity in the BRET binding assay (K, = 0.051
uM). Such a discrepancy between affinity and potency also
existed in other similar studies and can be attributed to the
different intrinsic efficacies of various compounds in the
activation of GPR35.”

In addition, we evaluated whether the probe concentrations
would affect the K; values. Figure 7 shows the application of
probe 15 in a competitive binding experiment with pamoic
acid 20. Higher concentrations of 1§ required increasing

0.26
[Compound 15]/nM
-o- 100
'§ 0.24 -0~ 50
e -o- 40
2 o 20
*‘; 0-22 - 10
& o 5
0.20

-9 -8 -7 -6 -5 -4
LogM, Pamoic acid

Figure 7. Application of 15 in competition binding experiments of
pamoic acid 20. Data represent mean + SD from three independent
measurements, each with three replicates (n = 3).

concentrations of 20 to compete for the receptor binding site.
However, the resulting K; values of 20 varied in a narrow range
(adding 15 at concentrations of 100, 50, 40, and 20 nM
respectively provided K; values of 9.6, 10.3, 8.9, and 14.9 nM)
comparable to the K; value of 12 nM reported previously
(Table 2). It is worth noting that the BRET signals might be
too low to be detected with the addition of probe 15 at 5 or 10
nM.

In conclusion, we describe the synthesis and evaluation of
GPR3S fluorescent probes by tethering the BODIPY
fluorophore to a known GPR35 agonist DQDA. The resulting
probes 14—17 maintained excellent GPR35 agonistic activity
with EC, values between 42.2 and 80.8 nM. Probe 15 exhibits
desirable spectroscopic properties, including good photo-
stability, a Stokes shift of 10 nm, low fluorescence activity in
aqueous solution, and a high quantum yield in nonpolar
environments. In the NLuc construct built into the N-terminal
domain of the GPR3S receptor and BRET-based binding
experiments, probes 14—17 exhibited Ky values of 7.4, 3.9, 8.3,
and 17.9 nM, respectively. Notably, probe 15 exhibited a
favorable specific to nonspecific BRET signal at concentrations
of up to 100 nM. The BRET-based binding assay with 15 was
further applied to determine the kinetic binding parameters of
unlabeled GPR3S ligands, resulting in K; values comparable to
those obtained previously using a radiolabeled ligand. This is
the first report about the GPR3S fluorescent probe,
demonstrating its utility for further study of the GPR3S
receptor and ligand characterization.

Table 2. Potencies and Binding Affinities of the Selected GPR3S5 Ligands

Compd BRET assay K, (uM)“ Reference K; (uM)®
18 297 + 0.87 2.340 + 0.040
19 0.612 + 0.233 0.401 + 0.015
20 0.023 + 0.006 0.012 + 0.001
21 0.004 + 0.001 0.009 + 0.001
22 0.236 + 0.049 0.042 + 0.003
23 0.332 + 0.063 /

24 0.051 + 0.018 /
25 0.010 + 0.002 /
26 0.352 + 0.107 /
27 0.028 + 0.006 /
28 (DQDA) 0.006 + 0.002 /

DMR assay (uM)“

(ECy) 0.527%

(ECy) 0.16%

(ECs) 0.003%**

/

(ICy) 10.4%

(ECy) 0.071 + 0.010"
(ECy) 0.006 + 0.001°°
(ECsp) 0.059 + 0.007°°
(ECyp) 0.150 + 0.020°°
(ECy) 0.083 + 0.006"
(ECs) 0.008 + 0.001"

P-arrestin assay (ﬂM)d
(BCyo) 7%

(ECy,) 427

(ECgo) 1.20 + 0.13*°
(ICyp) 0.027%°

(IC) 0.20%°

/

(ECyo) 0.197 + 0.038%
/

(ECy) 3.63 + 0.95%
/

/

“Affinities were determined through dlsplacement BRET binding assays using 25 nM 15. The data represent mean + SD from three independent
measurements, each with three replicates (n = 3). ”K; values were acquired from radio— —ligand binding assays from the literature.” /: not measured
or reported. “ECg, values were tested by DMR assays in HT-29 cells endogenously expressing GPR35. “Previously published. /: not measured or

reported.
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