Pharmacological

evaluation

GPBAR1



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 2 of 51

Structural basis for developing multitarget compounds
acting on Cysteinyl Leukotriene Receptor 1 and G-Protein

coupled Bile Acid Receptor 1

Bianca Fiorillo!, Valentina Sepe!, Paolo Conflitti?, Rosalinda Roselli',
Michele Biagioli®, Silvia Marchiano?, Pasquale De Luca*, Giuliana
Baronissi!, Pasquale Rapacciuolo!, Chiara Cassiano!, Bruno Catalanotti’,

Angela Zampella!, Vittorio Limongelli->*, Stefano Fiorucci?

'Department of Pharmacy, University of Naples “Federico I1”, Via D. Montesano, 49, 1-80131
Naples, Italy
2Universita della Svizzera italiana (USI), Faculty of Biomedical Sciences, Euler Institute, via G.
Buffi 13, CH-6900 Lugano, Switzerland
3Department of Medicine and Surgery, University of Perugia, Piazza L. Severi 1-06132 Perugia,
Italy
“Head — Sequencing and Molecular Analyses Center, RIMAR Stazione Zoologica, Villa Comunale,

80121 Naples, Italy

*To whom correspondence should be addressed. Tel.: +41 586664293 E-mail:

vittoriolimongelli@gmail.com

ACS Paragon Plus Environment


mailto:vittoriolimongelli@gmail.com

Page 3 of 51 Journal of Medicinal Chemistry

Abstract.

G-Protein Coupled Receptors (GPCRs) are the molecular target of 40% of marketed drugs and the
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most investigated structures to develop novel therapeutics. Different members of the GPCRs
10 superfamily can modulate the same cellular process acting on diverse pathways, thus representing
an attracting opportunity to achieve multi-target drugs with synergic pharmacological effect. Here,
15 we present a series of compounds with dual activity towards Cysteinyl Leukotriene Receptor 1
17 (CysLT;R) and G-Protein coupled Bile Acid Receptor 1 (GPBARI). They are derivatives of
REV5901 - the first reported dual compound - with therapeutic potential in the treatment of colitis
2 and other inflammatory processes. We report the binding mode of the most active compounds in the
24 two GPCRs, revealing unprecedented structural basis for future drug design studies, including the
26 presence of a polar group opportunely spaced from an aromatic ring in the ligand to interact with

Arg792%% of CysLT;R and achieve dual activity.
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Introduction
Leukotriene receptors (LTR) are a pharmacologically relevant subfamily of class A G protein-
coupled receptors (GPCRs) composed of five members: cysteinyl leukotriene receptor 1 (CysL T R)
and 2 (CysLT;R), leukotriene B4 receptor 1 (LTB4-R1) and 2 (LTB4-R2), and Oxoeicosanoid
receptor 1 (OXERI1). These receptors are activated by leukotrienes, which are eicosanoids derived
from the oxidation of arachidonic acid acting as important mediators in inflammatory processes. In
particular, the cysteinyl leukotrienes C4 (LTC,), D4 (LTD,4) and E4 (LTE,) are endogenous ligands
of CysLT R and CysLT,R with different potency and affinity (Figure 1).! Activation of CysLTRs
by one of these molecules elicits cell responses through intracellular interaction with Gg11 or Gy
proteins, which ultimately regulates cytokine secretion, vascular permeability, fibrosis,
bronchoconstriction and recruitment of effector cells and mucus.?34>67 In particular, CysLT|R is
known to mediate allergic and hypersensitivity reactions and when its signaling is exacerbated leads
to pathological conditions as asthma and allergic rhinitis. CysLT|R is highly expressed in airway
mucosal cells, in the lung smooth muscle, in bronchial fibroblasts and in different types of lung
leukocytes, especially in asthmatic patients.®® In addition, it is also present in the pancreas, small

intestine, colon, liver and vascular endothelial cells.!”
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Figure 1. Endogenous ligands and previously reported CysLT R antagonists.
The discovery of the first CysLT R antagonists, namely montelukast, zafirlukast and pranlukast
(Figure 1), has greatly impacted on the treatment of asthma and respiratory morbidities and many
more CysLT R antagonists have been developed and tested in preclinical and clinical trials.> Among
these, we have recently reported alpha-pentyl-3-[2-quinolinylmethoxy] benzyl alcohol - REV5901 -
(Figure 1) as the first compound endowed with dual activity as CysLT;R antagonist and agonist of
the G protein-coupled bile acid receptor 1 (GPBARI1).!! The latter is another class A GPCR
activated by secondary bile acids and highly expressed in intestine, gallbladder, brown adipose
tissue, muscles, and immune cells.'>!3!1415 Targeting GPBARI1 with agonist molecules has
demonstrated being a valid strategy to contrast hepatic inflammation, steatohepatitis, biliary
diseases and metabolic syndromes.'® In particular, we reported that REV5901 has positive effects in
a mouse model of colitis with reduced levels of CysLTs, CysL TR, and cyclooxygenase 1 and 2 in a
GPBARI1-dependant manner.!'! These data should be further analyzed considering that the CysLT|R
antagonist montelukast has shown effect against colitis-associated colon carcinogenesis and

inflammation.!” Therefore, compounds acting as CysLT;R antagonists and GPBAR1 agonists are
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expected to exert broad anti-inflammatory effects by modulating multiple molecular targets
including cytokines and chemokines expression, macrophages migration, vasodilatation, monocytes
differentiation and cell proliferation.!3:1°

The discovery of dual CysLT;R antagonists/GPBARI agonists is of great demand and the recent
release of the X-ray structures of CysLT ;R (PDB ID 6rz4 and 6rz5)?° and cryo-EM structures of
GPBARI (PDB ID 7cfn and 7bw0)?!?2 paves the way to structure-based drug design studies. With
this aim, we have investigated REV5901 as lead compound to develop a series of non-steroidal
ligands endowed simultaneously with CysLT;R antagonist and GPBARI1 agonist activity. We
explored a number of modifications of the REV5901’s quinoline scaffold identifying two
compounds, 5 and 6, with potent dual-target activity and one ligand, 14, with selective activity
towards GPBARI1. Then, we investigated through advanced molecular binding simulations the
interaction of compounds 5, 6 and 14 with CysLT;R and GPBARI, which allowed disclosing the
ligand binding mode and the key molecular interactions established in the two receptors’ binding
site. Finally, in vitro pharmacokinetics properties of compounds 5, 6 and 14 were determined, thus
deploying the newly designed compounds in a privileged position to enter preclinical studies.

Our study reports novel CysLT;R/GPBAR1 dual-target and selective GPBAR1 compounds and
provides the structural basis to achieve ligands endowed with simultaneous modulation of CysLT;R
and GPBARI1. This represents an unprecedented knowledge for these two important GPCR
receptors, a stepping-stone towards the design of CysLT;R/GPBARI dual ligands as drug
candidates against inflammation, metabolic syndromes and other CysLT;R/GPBARI related

diseases.
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Figure 2. Chemical structure of derivatives 1-15 identified in this study.

Results

Chemical Synthesis. REV5901 chemical scaffold was modified in the secondary alcoholic alkyl
side chain on the quinoline scaffold with the aim of obtaining novel, more potent ligands endowed
with agonistic and antagonistic activity towards GPBAR and CysLT;R, respectively and with better
pharmacokinetic profiles. As such, we have designed a series of phenoxy-methyl-quinoline
derivatives (Figure 2) by introducing on the benzene ring some polar substitutions (compounds 1-
9), or alkylether decoration to mimicking the side chain of REV5901 (compounds 10-15).

As depicted in the Scheme 1, the synthesis of compounds 1-6 started with the ester reduction via
DIBAL-H solution of the commercially available methyl quinoline-2-carboxylate (16) and the
subsequent Mitsunobu reactions with two different phenols (methyl 4-hydroxybenzoate or methyl
3-hydroxybenzoate) to produce compounds 1 (76% yield) and 4 (78% yield), respectively. Basic
hydrolysis and DIBAL-H reduction on methyl esters furnished the corresponding alcohols 2 (68%
yield) and 5 (60% yield) and the carboxylic acids 3 (43% yield) and 6 (68% yield).

Scheme 1. Synthesis of compounds 1-6.2
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“Reagents and Conditions. a) DIBAL-H, THF dry, 0°C; b) PPh;, DIAD, THF dry, 0° C, 76% and 78% yield
respectively; ¢) NaOH, MeOH: H,0 1:1 v/v, 43% and 68%, respectively.

The synthesis was completed in a total of two or three steps starting from commercially available 16
and was found to proceed with a good total yield that oscillates between 72 and 31%.

Derivative 17 was also used as starting material to obtain compounds 7-9, as described in Scheme 2.
In this case, Williamson ether synthesis starting from mesylate derivative of alcohol 17 and alcohol
19, previously prepared by monoprotection of methyl 3,5-dihydroxybenzoate, produced compound
21. Finally, TBS deprotection (85% yield), DIBAL-H reduction and basic hydrolysis furnished
compounds 7 (85%), 8 (92%) and 9 (quantitative yield), respectively.

Scheme 2. Synthesis of compounds 7-9.2
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“Reagents and Conditions. a) TBS-Cl, imidazole, dry DMF, 50%; b) MsCl, dry TEA, dry diethylether, -20°C, 85%; c)
compound 19, K,CO;, dry DMF, 100°C, 87%; d) TBAF 1.0 M in dry THF, over-night, 85%; ¢) DIBAL-H, dry THF,
0°C, 92%; f) NaOH in excess, MeOH:H,0 1:1 v/v, reflux, quantitative yield.

Finally, in order to increase the chemical space and investigate the structural requisites for dual
GPBARI1/CysLT;R modulation, we developed a series of quinoline derivatives modifying aromatic
ring in the length of alkyloxy-side chain (compounds 10-15). The key intermediate mesylate 20 was

utilized in multiple Williamson reactions with six different phenols, previously synthesized through
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a multi-step procedure, involving TBS protection of resorcinol, Mitsunobu reactions with various
alcohols, and TBS deprotection (scheme 3, intermediates 24-29).

Scheme 3. Synthesis of alkylether derivatives.?

A

HO OH HO OTBS R40. OH
a b, c 24 Ry =n-Pr
—_— —_—
25 Ry =/Pr

26 Rq=sec-Bu

22 23 27 Ry=n-Bu
28 R; = 2-methylbutyl
29 Rj = n-pentyl

N ) m 10 R, =n-Pr
©\/j\ —d . PO OR;, 1 Ry=/Pr
N CH,OMs R1o©,OH \©/ 12 Ry =sec-Bu
20 13 Ry=n-Bu

14 R4 = 2-methylbutyl
15 Ry = n-pentyl

“Reagents and Conditions. a) TBS-Cl, imidazole, dry DMF, 47%; b) PPh;, DIAD, alcohols, THF dry, 0° C; ¢c) TBAF
1.0 M in THF dry, over-night, 47-84% yield over two steps; d) compounds 24-29, K,CO;, DMF dry, 100°C, 61%-
quantitative yield.

Pharmacological evaluation. Derivatives 1-15 were tested for GPBARI1 agonistic activity, in a
luciferase reporter assay with HEK-293T cells transfected with GPBARI, respectively. Evaluation
of the antagonist activity of compounds at the human CysLT; receptor expressed in transfected
CHO cells was determined by measuring their effect on agonist-induced cytosolic Ca?" ion
mobilization using a fluorimetric detection method.?* Cellular antagonist effect was calculated as
a % inhibition of control reference agonist (LTD,) response for each target.

Agonistic activity of compounds on GPBAR1 was compared to that of the reference compound
TLCA, which was set as 100%. As shown in Table 1, the best results in terms of efficacy and
potency on the receptors are found in compounds 5 and 6, as dual modulators and in compound 14
as GPBARI agonist.

We investigated whether the compounds could exert an in vitro anti-inflammatory activity. For this
purpose, mouse RAW264.7 macrophages were primed with LPS (lipopolysaccharide), and co-

incubated with or without compounds 5, 6 or 14 at 0.1, 1.5 and 10 pM.
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Table 1. Efficacy and potency for compounds 1-15.

Compounds of CysLT;R? ICsP GPBARI® ECs4
Sformula (1M) (uM)
REV5901 116.80 +0.21 1.10£0.50 2.50 +1.20
136.74 £ 27.80
1 48 £ 4.60 nd 20.70 + 8.45 nd
2 85+3.32 2.10+1.50 12.63+4.11 nd
3 -11+4.38 nd 32.15+3.29
16.50 +0.71
4 85+0.91 3.90+1.50 23+£4.76 nd
5 97 +£0.78 1.20+£0.42 92.69 +0.73 7.40 +1.84
6 71 +£2.05 2.80+0.38 74.80 +3.96 3+0.30
7 59+3.25 nd 17.58 +1.37 nd
8 26 £ 14.30 nd 72.92 +1.57 23 £1.41
9 3+£7.42 nd 29.80 +0.89 20+£0.71
10 66 £ 4.66 511+1.6 11234 +12.21 1+£0.04
11 79 £5.09 nd nd
14.99 + 1.81
12 66 +0.07 9.63+1.3 100.50 £ 13.91*
0.1£0.05
13 4+827 nd 138.88 £ 11.15 0.50 +£0.22
14 15+£3.67 nd 106.43 +4.45 0.17 £0.07
15 22 +4.38 nd 137 +£12.93 1.80 £0.07
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aThese assays were performed by Eurofins Cerep-Panlabs (France). The results are expressed as a percent inhibition of the control
response to 0.1 nM LTD4. The standard reference antagonist is MK 571. Results are mean of two experiments £SD.
PResults are mean of at least two experiments +SD and ICs, was determined for efficacy>60%. .
°Eff (%) is the maximum efficacy of the compound (10 pM) relative to TLCA (10 uM) as 100 in transactivation of a cAMP
responsive element (CRE) on HEK293T cells; results are mean of two experiments +SD.

dResults are mean of at least two experiments +SD and ECs, was determined for efficacy>25%.
*Efficacy calculated with 1 pM of compound.

nd, not determined.

As shown in Figure 3, all compounds reduced the production of pro-inflammatory cytokines (Tnfa

and I1-1PB) induced by the LPS, but additionally only 5 and 14 increased the expression of the anti-

inflammatory gene I1-10. In the same experimental set, we also tested the REV5901. As shown in

Figure S1, the effects exerted by REV501 were similar to those exerted by the new compounds.

Indeed REV501 blunted the expression of pro-inflammatory cytokines in macrophages exposed to

LPS while induced the expression of 11-10 (Figure S1).
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29 Figure 3. RAW264.7 cells were classically activated with LPS (100 nM) and exposed or not to
31 compounds 5, 6 or 14 at the concentration of 0.1, 1.5 and 10 uM for 16 h. Quantitative real-time
33 PCR analysis of expression of pro-inflammatory genes Tnf-o (A) and II-1B (B), and anti-
inflammatory genes I1-10 (C). These data are normalized to Gapdh/18s mRNA. Data are derived
36 from 6 replicates from 2 independent experiments. Results represent the mean = SEM. *p < 0.05 vs

38 LPS group. Anova-way analysis of variance was used for statistical comparisons.

In order to further characterize the pharmacological profile of the novel derivatives, we have
44 investigated whether compounds S, 6 and 14 modulate the RAW264.7 proliferation induced by

46 LTD4. As shown in Figure 4, REV5901 was used as control.

10
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Figure 4. RAW264.7 were exposed to LTD4 (1 uM) for 48 h alone or in combination with
compounds at concentration of 10 uM. Cell counting was performed using Trypan Blu staining.
Data are derived from 6 replicates from 2 independent experiments. Results represent the mean +
SEM. #p < 0.05 vs NT group and *p < 0.05 vs LTD4 group. Anova-way analysis of variance was

used for statistical comparisons.

For these experiments we used again RAW264.7 cells. The results of these experiments
demonstrated that while LTD4 increases RAW264.7 cells proliferation (the number of cells
approximately tripled by 48 h in absence of stimulus, but increased by 5 folds in the presence of
LTD4) (Figure 4), compound 5, 6 and 14, and REV5901 reversed this effect, confirming the
concept that the three compounds act as CysLTR1 antagonist (Figure 4).

We have previously shown that GPBARI regulates the expression of adhesion molecules
endothelial and immune cells and therefore attenuates the influx of immune cells from the
circulation into the inflamed tissues.?*23-2627 An important role in this process is also contributed by
leukotrienes which promote cell adhesion and leukocyte rolling.?32%3%31 For these reasons, we have
also tested the efficacy of novel compounds in an adhesion assay, using human aortic endothelial

cells (HAEC cells) and a human monocytic cell line (U937 cells) (Figure 5).

11
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Figure 5. HAEC cells were plated on a 24-well plate and activated with TNFa (100 ng/mL) and
LTD4 (1 uM) for 24 h alone or in combination with compounds 5, 6, 14 and REV5901 at 10 pM.
U937 cells were treated under the same conditions. (A) For adhesion assay, U937 cells were
fluorescently labeled with BCECF-AM and were incubated for 120 min with HAEC cells.
Nonadherent monocytes were removed by gentle washing and fluorescence intensity was measured
(485-nm excitation and 520-560-nm emission) using a microplate reader. (B) Quantitative real-time
PCR analysis of expression of pro-inflammatory genes II-1p (B) and Tnf-a (C) and chemokine Ccl2
(D) in U937 cells. These data are normalized to Gapdh mRNA. Data are derived from 8 replicates
from 2 independent experiments. Results represent the mean = SEM. #p < 0.05 vs NT group and *p
< 0.05 vs TNF-a + LTD4 group. Anova-way analysis of variance was used for statistical

comparisons.

12
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The results shown in Figure 5 demonstrated that exposure of cells to TNF-a + LTD4 increases the
adhesion of monocytes to HAEC by approximately 100-fold (Figure 5A). All the tested compounds,
5, 6, 14 and REV5901, significantly reduced the adhesion of U937 cells to HAEC. Since cell-to-cell
adhesion in this assay results in monocytes activation, we have measured the expression of
additional mediators, i.e., IL-1B and TNF-a, and CCL2 produced by U937 cells (Figures 5B-D).
The data shown in Figure 5B-D demonstrated that exposure of cells to TNF-a + LTD4 increased
expression of these mediators and that all tested compounds reversed this effect. Compound 5 and 6
reduced the expression of TNF-a to a larger extent than REV5901 (Figure 5C), but were less
effective on IL-1B and CCL2 (Figure 5B-D). Interestingly, compound 14 was the most effective
compound, down-regulating at a larger extent the expression of these inflammatory genes (Figures

5B-D).

Structural studies. Molecular docking calculations were performed to investigate the binding
modes of compounds 1-15 to CysLT R and GPBAR13%:33:3435 ysing the Glide software package (see
Methods for details).3637 As regards the docking simulations in CysLT|R, the crystallographic
structure with PDB ID 6rz4?° has been employed, while for GPBAR1, we used both the cryo-EM
structures (PDB ID 7cfn and 7bw0)?!-*2 and the 3D model developed in-house3® that has already
been successfully employed in numerous drug design studies®*#%4! (see Methods for details).

Docking calculations of 1-15 in the GPBAR1 model showed remarkably similar binding modes,
with the quinoline group positioned in the amphipathic pocket between transmembrane helices
(TM) 3 and 5, interacting with residues known to participate to ligand/GPBARI1 binding like
Tyr8932°, Asn93333, Phe9633¢ and Trp23764® (superscripts refer to Ballesteros-Weinstein
numbering) (e.g., see Figure 6).11:3840414243 On the other hand, docking calculations in the cryo-
EM structures did not lead to convergent results, either involving residues known to contribute to

ligand binding, therefore they were not further considered in the study. In CysLT R, compounds 1-

13
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15 showed similar binding modes where the quinoline moiety is placed in the pocket formed by
TM3, TM4 and TM3, directed towards the bilayer-embedded lateral entrance of the receptor!! (e.g.,
see Figure 6). Therefore, the docking results show a propensity of the quinoline scaffold to bind
promiscuously both CysLT,;R and GPBARI1. Thus, we decided to further investigate the binding
mode of compounds 5 and 6, the most potent CysLT;R/GPBARI dual ligands, and compound 14,
which is a selective GPBARI ligand, with the scope to elucidate the structural basis for
CysLT;R/GPBARI dual modulation.

Binding mode of 5 in GPBAR1. Compound 5 is the most potent dual-target ligand of the series.
The most populated binding mode in GPBAR1 shows the quinoline scaffold anchored between
TM3 and TMS5, forming a H-bond with Asn93333 and hydrophobic interactions with Phe96336 44
Leu97337, Leul 0034, Leul73°46 and Leul74>47 (Figure 6A). Furthermore, the phenyl group makes
polar and apolar contacts with Leu71%2%%, Tyr8932°, Pro92332, Glu169342, Trp237648 and Leu2667-*.
Finally, the methyl-hydroxyl group extends towards TM1 and TM7, pointing towards Leu682>7 and
forming an additional H-bond interaction with Ser270743. The docking binding mode was validated
by means of atomistic molecular dynamics (MD) calculations where the stability of the binding
mode was investigated simulating the receptor flexibility and the solvent effect, which are important
factors in ligand binding typically neglected by docking calculations.*> Along the MD simulation,
the ligand assumes a stable binding mode - very similar to the docking pose - that is preserved until
the end of the calculation, as shown by the values of the root mean square deviation (RMSD)
computed on the ligand heavy atoms (Figure 8C). In more detail, conformational cluster analysis of
the ligand binding poses visited during the MD resulted in one single cluster, with its centroid
depicted in Figure 8A (see Methods for details). In this pose, the quinoline scaffold is located
between TM3 and TMS5, where interacts with residues such as Tyr8932°, Leu97337, Glul69>4,
Leul73346, and Leu244%35, As seen in the docking pose, the quinoline moiety H-bonds with
Ans93333, whereas it forms a m-m stacking interaction with Phe9633¢. The phenyl group of 5

engages a T-shaped & stacking interaction with Trp23764® and extending through the binding site

14
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cavity it also interacts with Leu68237, Leu71%%°, Thr74263, Pro92332 and Leu266’-3°. This pose is
further stabilized by the two H-bonds formed between the ligand terminal hydroxyl group and
Ser270743, and by the ligand ethereal oxygen and Tyr2406-1,

Binding mode of 5 in CysLT{R. In CysLTR, the quinoline group of 5 is oriented orthogonal to
TM3 and TMS5 and occupies the pocket formed by Tyr108337, Ser1554%7, Phel584%0, Val186°35,
Ser193°4? and Leu257%% (Figure 6B). The ligand binding pose is stabilized by the cation-n
interaction formed by the quinoline moiety with Arg253%3 and the H-bond between the ligand’s
ethereal oxygen and Tyr104333. The latter residue and Tyr249%3! also form T-shaped n stacking
interactions with the phenyl ring of 5 that contribute to further stabilize the binding mode. It is
interesting to note that the binding mode of 5 resembles the crystallographic binding pose of the
known CysLT;R antagonist pranlukast'® with a similar occupation of the receptor binding site
(Figure 7). Upon a closer visual inspection, one might find that pranlukast interacts through its
tetrazole group with Arg79%%° via a direct and a water-mediated interaction, and such interaction
might be emulated by compound 5 with its terminal hydroxyl group point towards Arg792,
Val27773% and Leu28173° (Figure 6B and Figure 7). However, water molecules are not explicitly
considered in docking simulations and to take this aspect into account a deeper investigation of the
binding interaction of § with CysLT;R is required. This was performed by means of molecular
dynamics (MD) and free-energy calculations where the ligand and receptor conformational
flexibility was fully taken into account and the solvent effect was simulated by the presence of

explicit water molecules in the binding cavity. The results are discussed in the following section.

15
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Figure 6. Binding modes of 5 in (A) GPBARI1 and (B) CysLT;R identified via docking
calculations. The ligand is represented as gold sticks, whereas the interacting residues of the
receptors are shown in grey (GPBARI) or cyan (CysLT;R) and labelled. Oxygen atoms are
depicted in red and nitrogen atoms in blue. The receptors are represented as grey (GPBAR1) or
cyan (CysLT;R) ribbons with their TMs labelled. Hydrogens are omitted for the sake of clarity and
H-bonds are displayed as black dashed lines.

Figure 7. Comparison between the binding mode of 5§ (gold sticks) and pranlukast (grey sticks) to
CysLT;R. Oxygen atoms are depicted in red and nitrogen atoms in blue. The receptor is represented
as cyan ribbons with its TM and H labelled. Arg792¢ is shown in cyan sticks. Hydrogens are

omitted for the sake of clarity.

16
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Figure 8. A-B) Centroids of the most populated clusters of 5 in (A) GPBAR1 and (B) CysLT{R
MD simulations. The ligand is represented as gold sticks, whereas the interacting residues of the
receptors are shown in grey (GPBARI) or cyan (CysLT;R) and labelled. Oxygen atoms are
depicted in red and nitrogen atoms in blue. The receptors are represented as grey (GPBAR1) or
cyan (CysLT;R) ribbons with their TMs labelled. Hydrogen atoms are omitted for the sake of
clarity and H-bonds and salt bridges are displayed as black dashed lines; C-D) Average RMSD of
the heavy atoms of § in GPBARI (C) and CysLT;R (D) along the MD simulations. Prior to the

RMSD calculations, trajectory frames were aligned on the same atoms.

MD and free-energy calculations. During 1 ps MD simulation, the binding mode of 5 in CysLT;R
is stable, however, showing a slight flexibility in the methyl-hydroxyl terminal group in the last 100
ns (Figure 8D). This motion allows a water molecule to mediate optimally a H-bond between 5
hydroxyl group and Arg792¢, as shown in the most populated binding pose during the MD (Figure
8B). Here, the quinoline scaffold is placed between TM4 and TMS5, where it forms contacts with
Tyr108337, Pro1574%, Val186°3°, Leul89°38 and a T-shaped = stacking interaction with Phel58460,
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On the other hand, the phenyl ring interacts with Tyr104333, Leu257%% and engages in a cation-
interaction with Arg253%33. We note that the MD binding mode slightly differs from the docking
pose, particularly in the positioning of the quinoline ring between TM4 and TMS5 and the
reorientation of the methyl-hydroxyl tail that makes room for the water molecule mediating the H-
bond interaction with Arg79%%° (Figure 6B and 8B). As previously introduced, a similar interaction
is engaged by the antagonist pranlukast in the receptor binding site. Considering the difference
between the MD and the docking pose, we decided to investigate more deeply the binding of § in
CysLT R using a more accurate methodology based on free-energy calculations. In particular, we
performed metadynamics calculations (MetaD),*#7 which is an advanced technique successfully
employed by us and other groups to disclose ligand binding mode in several DNA and protein
systems including GPCRs#>4849.30.51.52  Briefly, the method consists in adding a Gaussian potential
on user-defined degrees of freedom - named Collective Variables (CVs) - of the system under
investigation. In doing so, the system explores the free energy landscape, passing from one energy
minimum to another. At the end of the calculation, the ligand binding mode is identified as the
lowest energy minimum. In our case, in order to describe the binding of 5 to the CysLT;R binding
pocket, we defined as CV the distance between the center of mass of the ligand’s quinoline ring and
the Cy of Arg792%. As shown by the computed free energy profile reported in Figure 7A, we found
the lowest energy minimum at 1.8 nm. Here, the ligand binding mode is strikingly similar to the
MD pose with a remarkably low RMSD value of 0.08 nm computed for the ligand heavy atoms
(Figure 9B). This finding confirms and supports the MD binding mode, especially considering that
during the MetaD simulation the ligand is free to move in the binding site, exploring all the possible

binding modes.
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Figure 9. Results from § MetaD calculations. A) Free energy profile of § in CysLT R binding
pocket; B) Comparison between the energetically most stable binding pose obtained from MetaD
(gold sticks), and the centroid of the MD most populated cluster (dark green sticks). Arg792%° is
shown as cyan sticks and labelled. Oxygen atoms are depicted in red and nitrogen atoms in blue.
The receptor is represented as cyan ribbons with its TMs labelled. Hydrogens are omitted for the

sake of clarity.

Binding mode of 6 in GPBAR1. Compound 6 is the second most potent dual ligand of the series
that we decided to study in CysLT;R and GPBARI1. As regards GPBARI1, we benefited from the
protein conformation obtained from the MD simulation on the 5/GPBARI1 complex and used such
structure for the following docking calculations (see Methods for details). In fact, in this receptor
state, the conformation of the binding site residues is optimized to host compound 5, which is
structurally similar to 6, thus improving the reliability of the docking calculations. In the best-
scored docking pose, 6 interacts with GPBARI very similarly to § (Figure 6A). In particular, the
quinoline scaffold lodges in the amphipathic cleft formed by TM3, TM5 and TM6 where it engages
favorable interactions with residues Tyr8932°, Leu97337, Glul6954, Leul73°46, Tyr240651,
Val24162, Leu244%35. As with 5, the quinoline moiety H-bonds with Asn93333 and forms n-n
stacking interactions with Phe9633%. Furthermore, the ligand’s phenyl ring engages a T-shaped ©
stacking interaction with Trp237%4® and points towards TM2 and TM7 forming apolar interactions
with Leu682%7, Leu712%, Thr74%63, Pro92332, and Leu266’3°. Finally, the carboxyl group

establishes a H-bond with Ser27074 (Figure 10A).
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Figure 10. Binding mode of 6 in (4) GPBARI and (B) CysLT;R. The ligand is represented as
orange sticks, whereas the interacting residues of the receptors are shown in grey (GPBAR1) or
cyan (CysLT;R) and labelled. Oxygen atoms are depicted in red and nitrogen atoms in blue. The
receptors are represented as grey (GPBAR1) or cyan (CysLT;R) ribbons with their TMs labelled.
Hydrogens are omitted for the sake of clarity and H-bonds and salt bridges are displayed as black
dashed lines.

Binding mode of 6 in CysL. T R. Following the same approach adopted for GPBAR1, docking of 6
to CysL TR was performed using the protein conformation retrieved from the MD simulation on the
5/CysLT R (see Methods for details). In CysLT;R, 6 occupies the binding site similarly to 5,
however, few differences arise. As seen in 5, the quinoline ring is located close to TM4 and TM5,
forming several hydrophobic contacts with residues like Phel1584%0, Val186°35 and Leu2576°.
Furthermore, 6 forms a T-shaped m and cation-n interaction with Tyr104333 and Arg2536->5,
respectively. At variance with 5, compound 6 points the phenyl group towards TM3 and TM2
contacting with Leul0333? and Leu2817-%, and above all the salt bridge interaction through its
carboxyl group with Arg792¢ (Figure 10B).

Binding mode of 14 in GPBARI. Finally, we investigated the binding mechanism of 14, the most
potent selective GPBARI ligand generated in this study. Similarly to 5 and 6, 14 places its
quinoline scaffold between TM3 and TM5 where H-bonds with Asn93333 and establishes
hydrophobic interactions with Leu97337, Leul0034°, Leul7334¢ and Leul74>4’. The phenyl group

interacts with Pro923-2 and makes a T-shaped = interaction with Phe9633¢. Finally, the alkyl group
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extends towards TM1 and TM7 making additional hydrophobic contacts with Leu68237, Leu71%¢°
and Leu2667- (Figure 11).

We finally note that the binding poses of 5, 6 and 14 are in good agreement with the data previously
reported for REV5901 (Figure S3).!! In particular, the interactions with residues known to play an
important role in the binding of REV5901 and other GPBARI1 agonists, like deoxycholic acid
(DCA), are here conserved such as the H-bond with Asn93333 and the hydrophobic pattern
involving Tyr8932%, Phe9633¢ and Trp237°4® (Figure S3 and S4).!1,3840:41.42:43,53

A@
3 .,,

F96 —
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77 L266
/ -

Figure 11. Binding mode of 14 in GPBARI1 from docking calculations. The ligand is represented as

light sea green sticks, whereas the interacting residues of the receptor are shown in grey and
labelled. Oxygen atoms are depicted in red and nitrogen atoms in blue. The receptor is represented
as grey ribbons with its TMs labelled. Hydrogens are omitted for the sake of clarity and H-bonds
are displayed as black dashed lines.

Pharmacokinetics evaluation. The physicochemical parameters of the above-mentioned
compounds were assessed by LC-MS analysis and compared with reference compound REV5901
(Table 2). Compounds 5 and 6 are endowed with good physicochemical properties showing a better
aqueous solubility than REV5901 (141 and >200, respectively, vs 39 uM). Furthermore, the
liability of synthetized compounds to be modified by human metabolizing enzymes contained in

liver microsomal and S9 fractions was investigated in vitro, evaluating by high-performance liquid
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chromatography-MS/MS analysis the disappearance of unmodified compounds. Compounds 5 e 6
showed promising results, being highly stable to microsomal enzymes, responsible for Phase I
metabolism whereas compound 14 was rapidly modified by Phase I enzymes, as reported in table 2.
Therefore, the in vitro metabolic stability of compounds 5 and 6 were further investigated
employing liver S9 fraction, also containing enzymes responsible for Phase II reactions. These
compounds showed a very promising t;, 119 and 247.5 min, respectively (CLj,= 19 and 9.3) and
when compared with REV5901 showed less susceptibility to metabolic modifications. Indeed,
REV5901 is more rapidly modified by hepatic enzymes contained in S9 fraction. All these data
demonstrate the pharmacokinetic improvements of compounds 5 and 6 with respect to REV5901
and highlight their pharmacological potential in associating potency and efficacy in the dual
modulation of GPBAR1/CysLT;R (Table 1) with excellent metabolic stabilities (Table 2).

Table 2. In vitro pharmacokinetics assays.

Microsomes S9 fraction
Compound  Solubility (uM)? LogD t1/2 (min) Cint® t1/> (min) Cint
REV5901 393 3.1 37 63 57 40
5 141 2.8 48 48 119 19
6 >200 0.12 210 11 247.5 9.3
14 3.5 1.01 22.3 103.3 nd nd

aAqueous solubility at pH 7.4; "Reported as pL/min/mg protein. nd, not determined. Each measurement has been

repeated in triplicate (three independent experiments in parallel) and SD < 5%.

Discussion and Conclusion

The present work is inspired by our recent discovery of the first dual non-steroidal ligand REV5901
as CysLT,R antagonist / GPBAR1 agonist.'! The promising pharmacological data of REV5901 in
the treatment of colitis via simultaneous modulation of CysLT;R and GPBARI1!! prompted us to

investigate the REV5901 structure in order to achieve derivatives with improved activity and
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pharmacokinetic profile. In particular, we introduced on the phenoxyquinoline scaffold in different
positions functional groups with diverse polarity - carboxyl, hydroxymethyl, methoxycarbonyl
groups (compound 1-9) - including alkylether chains of different length and flexibility - e.g., propyl,
isopropyl, butyl - (compound 10-15) (Figure 2). Overall, compounds 5 and 6 reveal to be the most
potent dual activity compounds, while compound 14 shows the most selective profile towards
GPBARI over CysLT R. We disclosed the structure of the binding complexes of these ligands with
the two receptors and elucidated their pharmacokinetic profiles to place them in an optimal position
to enter pre-clinical studies. Our results allow a solid discussion of the structure activity relationship
for the new series of compounds and providing structural insights on ligand binding to CysLT R
and GPBARI that are helpful in guiding future drug discovery campaigns on the two targets. In
particular, the effects of the different substituents on the phenoxyquinoline scaffold are different in
CysLT;R and GPBARI1 and they are discussed as follows.

In the compound series 1-9, the methoxycarbonyl group is less effective than the carboxyl in
activating GPBARI1 in both the meta and para positions, whereas the opposite is true for CysLT;R
(1, 4 vs 3, 6). This difference is more pronounced in the meta position for GPBARI and in the para
one for CysLT;R. Whilst the hydroxymethyl group has the same efficacy and potency for CysLT;R
when attached to both the meta and para positions (5 vs 2), higher or similar to the
methoxycarbonyl and carboxyl groups, depending on their position, (2 vs 1, 3 and 5 vs 4, 6), in the
case of GPBARI1 the efficacy significantly increases when moving from para to meta (5 vs 2), to the
point of reversing the efficacy of hydroxymethyl substituted compounds when compared to the
carboxylic ones (2 vs 3 and 5 vs 6). Double functionalization of the phenoxyquinoline scaffold with
a hydroxyl group in the meta position and different substitutions in the para one (7, 8, 9) led to an
overall reduction of the efficacy towards CysLT;R when compared to the mono-substituted
compounds. Similarly, 7 and 9 showed low efficacy towards GPBAR1, whereas good efficacy but

lower potency was found for 8 when compared to 5 and 6.
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In the alkylether series (10 to 15), increasing the length of the alkyl chain led to a reduction of the
efficacy towards CysLTR (13, 14, 15 vs 10, 11, 12), whereas no significant changes were found on
GPBARI. Except for 11, all the alkylether compounds have good efficacy towards this receptor,
probably due to their similarity with REV5901. In particular, the butyl, 2-methylbutyl and the
pentyl groups are selective agonists of GPBAR1 with good efficacy and high potency, better than
the most potent compounds of the series 1-9 (13, 14, 15 vs 5, 6). Among these, 14 has the lowest
ECspand good efficacy, which warranted further characterization of its properties in-vitro.
Furthermore, 5 and 6 showed interesting pharmacokinetic properties, while 14 suffered low aqueous
solubility and chemical instability. In particular, 5 and 6 showed a very promising metabolic
stability (Table 2), highlighting their pharmacological potential in associating potency and efficacy
in GPBAR1/CysLT;R dual modulation with excellent pharmacokinetics.

Characterization of the binding modes of compounds 1-15 to GPBARI showed good agreement
with the data previously reported.!!#4041:4243 In particular, in all our docking calculations the
quinoline scaffold is placed between TM3, TMS and TM6, establishing a H-bond with Asn93333
which represents a hallmark of REV5901 and its derivatives binding modes.!!-38:40:41.4243 These data
were further confirmed via MD calculations performed on 5, which showed the remarkable stability
of this binding mode (Figure 8A).

In CysL TR, the binding mode of the derivatives 1-15 is very similar, placing the quinoline scaffold
between TM3 and TM5 or TM3 and TM6, where the ligand forms a number of H-bond and
aromatic interactions, typically with Tyr104333, Tyr108337, and Arg253%3%. The binding mode of
the quinoline series was further confirmed by the study of the most potent compound of the series,
5, through more accurate molecular binding techniques like MD and free-energy calculations
(Figure 8B, 8C and Figure 9B). Interestingly, the binding mode of § resembles the recently reported
crystallographic binding pose of pranlukast in CysLTR (Figure 7).2° In fact, the occupancy of the
binding site of 5 and pranlukast is similar and the hydroxyl group of 5 mimics the tetrazole moiety

of pranlukast forming water-mediated H-bonds with Arg79%>%° (Figure 6B and Figure 7). The
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comparison is even more striking in the case of compound 6 where the carboxyl group establishes a
salt bridge and H-bonds with Arg79%%°, and an additional H-bond with Thr100%2°, similarly to the
tetrazole group of pranlukast (Figure 10B and Figure S2).

Taken together, our findings reveal that the presence of a polar or a negatively charged group
opportunely spaced from an aromatic ring in the ligand represents a structural requirement to
interact with Arg792¢ of CysLT|R and achieve dual CysLT;R/GPBARI activity. On the other
hand, replacing the polar group with a hydrophobic alkyl chain allows achieving selective activity
on GPBARI over CysLT)R.

From a pharmacological point view, the series of dual GPBAR1 agonists and CysL TR antagonists
described herein, present several important features. Indeed, we have shown that three best
compounds of this series - i.e. compound S, 6 and 14 - perform a series of pharmacological effects
that can be ascribed to their dual activity as GPBAR1 agonists and CysLT;R antagonists (i.e. 5 and
6) or to their selective activity on GPBARI as for 14. Using in vitro models, we have shown that 5
and 6 are efficacious in antagonizing effects promoted by activation of CysLT;R, while the anti-
inflammatory activity exerted by their GPBARI agonism is fully maintained. Accordingly with the
activity toward GPBARI, all three agents blunted the generation of inflammatory cytokines induced
by exposure of murine macrophages to LPS and reversed the endothelial cells/monocytes adhesion.
Because adhesion of monocytic cells to the endothelial cells is the first step involved in the
emigration of leukocytes into inflamed tissues, the beneficial effects observed with the three ligands
is of interest and might be useful in reducing inflammation in various inflammatory settings. The
fact that the novel chemical entities hit two different receptors, make them interesting
pharmacological candidates in a broad range of diseases, including colitis and gastrointestinal
inflammatory disorders,>*>3¢ although further pharmacological characterization is needed.

In conclusion, compounds endowed with dual activity in the micromolar range, like REV5901,
represent a valid starting point to identify novel ligands with improved structural properties and

activity. To this end, simplifying the chemical structure of the dual-active compound, however
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maintaining its potency towards the two GPCRs, is a fundamental step in the drug design strategy.
This is what we achieved in this work by removing at the same time the secondary hydroxyl group
and the asymmetric center and reducing the size of REV5901, leading to the discovery of two
equally potent dual ligands, compounds 5 and 6, and a selective GPBAR1 agonist, compound 14.
The obtained compounds have better synthetic accessibility and present the minimal structural
requisites - functional groups - to achieve activity towards CysLT;R and GPBARI, thus
representing a precious starting point for lead optimization studies. In the proposed new series of
quinoline derivatives, our findings show that the meta-substituted derivatives, compounds S and 6,
are the most effective dual activity ligands so far identified, with promising pharmacokinetic
properties and therapeutic potential in the treatment of colitis, metabolic syndromes and other
GPBARI1/CysLT R related diseases. Furthermore, we present here the first structure-based
rationalization of ligand binding to CysLT;R, achieved through the combined application of
experimental and in-silico techniques, which will ultimately help in guiding future drug discovery

studies on CysL T R and GPBARI.

Experimental Section

Chemistry. High-resolution ESI-MS spectra were performed with a LTQ-XL equipped with an
Ultimate 3000 HPLC system (Thermo Fisher scientific) mass spectrometer. NMR spectra were
obtained on Bruker 400 spectrometer ('H at 400, *C at 100 MHz), recorded in CDCl; (8y =7.26
and &¢ =77.0 ppm) and CD;0D (65=3.30 and 6:=49.0 ppm). J are in hertz and chemical shifts (0)
are reported in ppm and referred to CHCIl; and CHD,0OD as internal standards. HPLC was
performed using a Waters Model 510 pump equipped with Waters Rheodine injector and a
differential refractometer, model 401 and processed with Clarity™ chromatography software.
Reaction progress was monitored via thin-layer chromatography (TLC) on Alugram® silica gel

G/UV254 plates. Silica gel MN Kieselgel 60 (70-230 mesh) from Macherey-Nagel Company was
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used for column chromatography. The chemicals were obtained from Zentek or Sigma Aldrich.
Tetrahydrofuran, diethyl ether and triethylamine were distilled from calcium hydride immediately
prior to use. All reactions were carried out under argon atmosphere using flame-dried glassware.
The purity of all the intermediates, checked by '"H NMR, was greater than 95%. The purity of tested
compounds was determined to be always greater than 95% by analytical HPLC analysis as reported
for each compound.

General procedures.

DIBAL-H reduction. At a solution of methyl quinoline-2-carboxylate in dry THF (25 mL) at 0 °C, a
solution of DIBAL-H (2.0 eq, 1.0 M in THF) was added dropwise. The resulting mixture was
stirred at room temperature for 8h at 0 °C. When the TLC shows the end of the substrate, the
reaction was quenched by slow addition of a solution of saturated sodium potassium tartrate and,
after dilution with CH,Cl,, stirred for 2h. The mixture was partitioned three times with CH,Cl,, and
the combined organic extracts dried over Na,SO,. The solution was concentrated in vacuum and the
residue was further purified on silica column using 6:4 v/v hexane/ethyl acetate and 0.1% TFA, to
give 17 in quantitative yield.

Mitsunobu reaction. At a solution of PPh; (3.5 eq) in dry THF a 0 °C, 3.5 eq of diisopropyl
azodicarboxylate (DIAD) were added dropwise. After 10 minutes, a solution of alcohol 17 in dry
THF was added and the mixture was stirred for further 10 minutes before adding a solution of
methyl 4-hydroxybenzoate or methyl 3-hydroxybenzoate in dry THF. The mixture was stirred
vigorously for 12h, then partitioned between water and EtOAc (3 x 50 mL). The organic layer was
collected and washed twice with aqueous KOH 2.5 M solution, then with brine, dried over Na,SO,,
filtered, and concentrated under reduced pressure. The resulted residue was purified on silica
column to give compounds 1 and 4, respectively.

Methyl 4-(quinolin-2-ylmethoxy)benzoate (1). Purification by flash column chromatography
(silica gel, hexane: ethyl acetate 8:2 and 0.1% of TEA) furnished compound 1 (76% yield). An

analytic sample was further purified by HPLC on a Nucleodur 100-5 C18 column (5 pm; 10 mm
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i.d. x 250 mm) with MeOH/H,O 82:18 v/v as eluent (flow rate 3 mL/min, tg = 13 min); 'H NMR
(CDCl;, 400 MHz): 6 8.21 (1H, d, J = 8.5 Hz), 8.09 (1H, d, J = 8.3 Hz), 8.00 (2H, d, J = 9.0 Hz),
7.84 (1H, d, J=8.3 Hz), 7.76 (1H, t, J = 8.3 Hz), 7.65 (1H, d, /= 8.5 Hz), 7.57 (1H, t, J = 8.3 Hz),
7.06 (2H, d, J = 9.0 Hz), 5.43 (2H, s), 3.88 (3H, s). 13C NMR (CDCl;, 100 MHz) 3 166.7, 162.0,
157.1, 147.4, 137.1, 131.5 (2C), 129.9, 128.9, 127.7, 127.6, 126.6, 123.0, 118.9, 114.6 (2C), 71.3,
51.7. HRMS-ESI m/z 294.1128 [M+H"], C,3H,cNOj3 requires 294.1125.

Methyl 3-(quinolin-2-ylmethoxy)benzoate (4). Chromatographic purification of the residue (silica
gel, hexane: ethyl acetate 9:1 v/v and 0.1% of TEA) gave compound 4 (78% yield). An analytic
sample was further purified by HPLC on a Nucleodur 100-5 C18 column (5 um; 10 mm i.d. x 250
mm) with MeOH/H,0 82:18 v/v as eluent (flow rate 3 mL/min, tzg = 14.8 min); 'H NMR (CDCls,
400 MHz): ¢ 8.22 (1H, d, J= 8.4 Hz), 8.10 (1H, d, /= 8.0 Hz), 7.85 (1H, d, J = 8.0 Hz), 7.74 (2H,
ovl), 7.68 (2H, ovl), 7.57 (1H, t, J= 8.0 Hz), 7.37 (1H, t, J= 7.7 Hz), 7.24 (1H, d, J= 7.7 Hz), 5.44
(2H, s), 3.91 (3H, s). 3C NMR (CDCl;, 100 MHz) & 169.6, 158.4, 157.3, 147.5, 137.1, 131.6,
129.8, 129.5, 128.9, 127.7, 127.6, 126.6, 122.4, 119.7, 119.0, 115.6, 71.4, 52.1. HRMS-ESI m/z
294.1127 [M+H"], C1gHsNO; requires 294.1125.

Synthesis of  (4-(quinolin-2-ylmethoxy)phenyl)methanol (2) and  (3-(quinolin-2-
ylmethoxy)phenyl)methanol (5). DIBAL-H reduction on esters 1 and 4 in the same experimental
conditions previously reported for methyl quinoline-2-carboxylate, gave compounds 2 and 5,
respectively.

(4-(Quinolin-2-ylmethoxy)phenyl)methanol (2). Chromatographic purification on the residue
(silica gel, CH,Cl,: MeOH 99:1 v/v) gave compound 2 (68% yield). An analytic sample was further
purified by HPLC on a Nucleodur 100-5 C18 column (5 um; 10 mm id. x 250 mm) with
MeOH/H,0 40:60 v/v as eluent (flow rate 3 mL/min, tg = 15.8 min); '"H NMR (CDCl;, 400 MHz):
6 8.21 (1H, d, J = 8.0 Hz), 8.12 (1H, d, J = 7.3 Hz), 7.84 (1H, d, /= 7.3 Hz), 7.76 (1H, t, J = 7.3
Hz), 7.68 (1H, d, J= 8.0 Hz), 7.57 (1H, t, J= 7.3 Hz), 7.30 (2H, d, /= 8.0 Hz), 7.02 (2H, d, J = 8.0
Hz), 5.41 (2H, s), 4.62 (2H, s). 3C NMR (CDCl;, 100 MHz) & 157.9, 157.8, 147.4, 137.1, 133.8,
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129.8, 128.8, 128.7 (2C), 127.6, 127.5, 126.5, 119.0, 114.9 (2C), 71.1, 64.7. HRMS-ESI m/z
266.1178 [M+H"], C17HsNO, requires 266.1176.

(3-(Quinolin-2-ylmethoxy)phenyl)methanol (5). Purification by flash column chromatography
(silica gel, CH,Cl,: MeOH 99:1 v/v) furnished compound 5 (60% yield). An analytic sample was
further purified by HPLC on a Nucleodur 100-5 C18 column (5 pum; 10 mm i.d. x 250 mm) with
MeOH/H,O 75:15 v/v as eluent (flow rate 3 mL/min, tg = 11 min); 'H NMR (CDCl;, 400 MHz): §
8.20 (1H, d, /= 8.4 Hz), 8.10 (1H, d, /= 7.4 Hz), 7.84 (1H, d, J=7.4 Hz), 7.75 (1H, t, J = 7.4 Hz),
7.68 (1H, d, J = 8.4 Hz), 7.56 (1H, t, J = 7.4 Hz), 7.28 (1H, dd, J = 7.3, 8.0 Hz), 7.08 (1H, s), 7.0
(1H, d, J = 8.4 Hz), 6.95 (1H, d, J = 7.3 Hz), 5.40 (2H, s), 4.68 (2H, s). 13C NMR (CDCl;, 100
MHz) & 158.6, 157.8, 147.4, 142.8, 137.1, 129.8, 129.6, 128.7, 127.7, 127.6, 126.5, 119.6, 119.1,
113.9,113.4, 71.1, 64.9. HRMS-ESI m/z 266.1179 [M+H"], C;7H,,NO, requires 266.1176.

Basic hydrolysis. An aliquot of esters 1 and 4 was dissolved in MeOH/H,0O (1:1 v/v) and treated
with NaOH (5 mol eq.) at 0 °C. The resulting mixture was stirred under reflux for 8 h. The mixture
was treated with 6N HCI, until pH reached 7-8, then was partitioned three times with ethyl acetate
and the combined organic extracts were dried over Na,SO,. The solution was concentrated in
vacuum. The residue was purified on silica column to give carboxylic acids 3 and 6, respectively.
4-(Quinolin-2-ylmethoxy)benzoic acid (3). Purification by flash column chromatography (silica
gel, CH,Cl,: MeOH 99:1) furnished compound 3 (43% yield). An analytic sample was further
purified by HPLC on a Phenomenex Luna C18 column (5 pm; 4.6 mm i.d. x 250 mm), with
MeOH/H,0 60:40 v/v and 0.1% of TFA as eluent (flow rate 1 mL/min, tg = 7.2 min); 'H NMR
(CD50D, 400 MHz): ¢ 8.62 (1H, d, J = 8.5 Hz), 8.15 (1H, d, J = 8.0 Hz), 8.07 (1H, d, J = 8.0 Hz),
8.02 (2H, d, J = 8.6 Hz), 7.92 (1H, t, /= 8.0 Hz), 7.86 (1H, d, J = 8.5), 7.73 (1H, t, J = 8.0), 7.17
(2H, d, J= 8.6 Hz), 5.53 (2H, s). *C NMR (CD;0D, 100 MHz) 5 169.4, 163.4, 158.1, 147.0, 140.6,
132.8 (2C), 132.3, 129.3 (2C), 128.6, 127.9, 124.9, 120.8, 115.6 (2C), 71.1. HRMS-ESI m/z

278.0825 [M-H"], C{7;H{,NO; requires 278.0823.
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3-(Quinolin-2-ylmethoxy)benzoic acid (6). Purification of compound 6 (68% yield) was carried
out on column chromatography by silica gel, using CH,Cl,: MeOH 99:1 v/v as eluent. An analytic
sample was purified by HPLC on a Nucleodur 100-5 column (5 pum; 10 mm i.d. x 250 mm), with
hexane/ ethyl acetate 40:60 v/v (flow rate 3 mL/min, tg = 6.9 min).

'"H NMR (CD;0D, 400 MHz): 4 8.40 (1H, d, J= 8.5 Hz), 8.06 (1H, d, J= 8.3 Hz), 7.95 (1H, d, J =
8.3 Hz), 7.80 (1H, t, J = 8.3 Hz), 7.74 (1H, d, J = 8.5 Hz), 7.70 (1H, s), 7.64 (1H, t, J = 8.3 Hz),
7.62 (1H, d ovl), 7.41 (1H, t), 7.30 (1H, dd, J = 1.5, 8.0 Hz), 5.42 (2H, s); *C NMR (CD;0D, 100
MHz) 6 169.4, 159.9, 158.8, 148.4, 139.1, 133.5, 131.3, 130.7, 129.2, 129.1, 129.0, 128.0, 123.7,
120.8, 120.7, 116.6, 71.9. HRMS-ESI m/z 278.0827 [M-H-], C;7H,NO; requires 278.0823.
Synthetic procedures to prepare compounds 7-9.

TBS protection. Synthesis of Compound 19. To a solution of the methyl 3,5-dihydroxybenzoate (2.0

g, 12 mmol), imidazole (1.5 eq), and dry DMF (10 mL) was added portion wise TBSCI (1.2 eq).
The reaction mixture was stirred at RT for 1 h. The mixture was concentrated in vacuo, diluted with
NH,CI saturated solution, and extracted with diethyl ether (3x50 mL). The combined organics were
washed with brine, dried, and concentrated to provide the product as an oil which was purified on
silica gel, using CH,Cl,: MeOH 95:5 as eluent (50 % yield).

Compound 20. To a solution of 17 (1.6 g, 10 mmol) in dry diethyl ether (10 mL) at -20°C was
added dry TEA (6.0 eq) followed by MeSO,Cl (5.0 eq). The reaction mixture was stirred at -20° C
for 30 min and then allowed to warm to RT over 2 h. The mixture was quenched with aqueous
saturated solution of NaHCOj; (10 mL) and extracted with diethyl ether (3 x 30 mL). The combined
organics were washed with H,O (20 mL), brine (20 mL), dried (Na,SO,), and concentrated under
vacuum to give crude 20 in quantitative yield.

Williamson reaction. The crude mesylate 20 (1.2 eq) was added to a stirred mixture of 19 (1.0 eq),
K,COj3 (2.5 eq), and dry DMF. The reaction mixture was stirred at 100° C for 12 h and then diluted

with H,O and extracted with ethyl acetate (3 x 30 mL). The combined organics were washed with
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brine, dried (Na,SO,), concentrated, and purified by flash chromatography (hexane/ ethyl acetate
95:5 v/v) to provide compound 21 (87% yield).

TBS cleavage. A mixture of the compound 21 and TBAF (5.0 eq) in dry THF (3 mL) was stirred at
RT overnight. Upon completion, the resulting solution was concentrated to give 7.

Methyl 3-hydroxy-5-(quinolin-2-ylmethoxy)benzoate (7). Purification by flash column
chromatography (silica gel, CH,Cl,: MeOH 998:2 v/v) furnished compound 7 (85% yield). An
analytic sample was further purified by HPLC on a Nucleodur 100-5 column (5 pm; 10 mm i.d. x
250 mm) with hexane/ethyl acetate 7:3 v/v as eluent (flow rate 3 mL/min, tg = 23.7 min); 'H NMR
(400 MHz, CDCls): 6 8.17 (1H, d, J = 8.5 Hz), 8.00 (1H, d, J = 8.0 Hz), 7.79 (1H, d, J = 8.0 Hz),
7.68 (1H, t,J=8.0 Hz), 7.62 (1H, t, J = 8.5 Hz), 7.54 (1H, t, J = 8.0 Hz), 7.28 (1H, s), 7.21 (1H, s),
6.76 (1H, s), 5.38 (2H, s), 3.89 (3H, s). 1*C NMR (100 MHz, CDCl;): 6 167.2, 159.1, 157.9, 157.3,
146.7, 137.8, 131.8, 130.2, 127.8, 127.7, 127.6, 126.8, 119.2, 109.8, 107.8, 106.8, 70.4, 52.1.
HRMS-ESI m/z 310.1077 [M+H*], C,3HsNO, requires 310.1074.
3-(Hydroxymethyl)-5-(quinolin-2-ylmethoxy)phenol (8) and  3-hydroxy-5-(quinolin-2-
ylmethoxy)benzoic acid (9). DIBAL-H reduction and NaOH hydrolysis on 7, in the same
experimental conditions previously reported for methyl quinoline-2-carboxylate, gave compounds 8
and 9, respectively.

3-(Hydroxymethyl)-5-(quinolin-2-ylmethoxy)phenol (8). Purification of 8 (92% yield) was
carried out on silica gel, using CH,Cl,: MeOH 95:5 v/v as eluent. An analytic sample was purified
by HPLC on a PFP CI18 column (5 um; 4.6 mm i.d. x 250 mm), with MeOH/H,0 60:40 v/v and
0.1% TFA (flow rate 1 mL/min, tg = 12.2 min). '"H NMR (400 MHz, CDCl;): 6 8.20 (1H, d, J=8.5
Hz), 8.10 (1H, d, /= 8.0 Hz), 7.84 (1H, d, /= 8.0 Hz), 7.75 (1H, t, /= 8.0 Hz), 7.67 (1H, d, /= 8.5
Hz), 7.57 (1H, t, J= 8.0 Hz), 6.65 (1H, s), 6.49 (1H, s), 6.46 (1H, s), 5.40 (2H, s), 4.62 (2H, s). '*C
NMR (100 MHz, CDCls): 6 161.1, 159.8, 159.6, 148.3, 145.5, 139.0, 131.3, 129.1, 129.0, 128.9,
127.9, 120.6, 107.8, 105.5, 102.1, 71.6, 65.1. HRMS-ESI m/z 282.1127 [M+H"], C;;H;sNO;

requires 282.1125.
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3-Hydroxy-5-(quinolin-2-ylmethoxy)benzoic acid (9). Purification of compound 9 (quantitative
yield) was carried out in column chromatography by silica gel, using DCM: MeOH 95:5 v/v as
eluent. An analytic sample was purified by HPLC on a PFP CI8 (5 pm; 4.6 mm i.d. x 250 mm),
with MeOH/H,0 55:45 v/v and 0.1% TFA (flow rate 1 mL/min, tg = 9.2 min). '"H NMR (400 MHz,
CD;0D): 6 8.39 (1H, d, J = 8.4 Hz), 8.05 (1H, d, J = 8.0 Hz), 7.96 (1H, d, J = 8.0 Hz), 7.79 (1H, t,
J=28.0Hz), 7.72 (1H, d, J= 8.4 Hz), 7.62 (1H, t, /= 8.0 Hz), 7.18 (1H, s), 7.08 (1H, s), 6.66 (1H,
s), 5.37 (2H, s). 3C NMR (100 MHz, CD;0D): 8 160.7, 159.7, 158.2, 148.2, 139.1, 131.4, 131.3,
129.2, 129.1, 129.0, 128.9, 128.0, 120.6, 110.8, 107.8, 107.0, 71.8. HRMS-ESI m/z 294.0775 [M-H-
], C17H12NOy requires 294.0772.

Synthetic procedures to prepare alkylaril-ethers 10-15.

TBS protection on resorcinol (22) (47%) followed by Mitsunobu reaction with several different
alcohols (propan-1-ol, propan-2-ol, butan-2-ol, butan-1-ol, 2-methylbutan-1-ol, and pentan-1-ol)
and TBS cleavage in the same experimental conditions previously described furnished compounds
24-29 in 47-84% yields.

Finally, Williamson ether synthesis between 24-29 and quinolin-2-yl methyl methane sulfonate (20)
with the same experimental procedures previously described gave compounds 10-15.
2-((3-propoxyphenoxy)methyl)quinoline (10). HPLC purification on a Nucleodur 100-5 column
(5 pm; 10 mm i.d. x 250 mm) eluting with hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tg =
16.5 min) gave compound 10 in quantitative yield. '"H NMR (400 MHz, CDCls): 6 8.20 (1H, d, J =
8.6 Hz), 8.09 (1H, d, J="7.5 Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74 (1H, t, J=7.5 Hz), 7.68 (1H, d, J =
8.6 Hz), 7.56 (1H, t, J=7.5 Hz), 7.17 (1H, t, J= 8.0 Hz), 6.63 (1H, s), 6.61 (1H, ovl), 6.54 (1H, dd,
J=28.0,2.0 Hz), 5.38 (2H, s), 3.90 (2H, t, /= 7.0 Hz), 1.80 (2H, sextet, J= 7.0 Hz), 1.03 3H, t,J =
7.0 Hz). 13C NMR (100 MHz, CDCl;): 6 160.4, 159.7, 157.9, 147.6, 137.0, 130.0, 129.7, 129.0,
127.7, 127.6, 126.5, 119.2, 107.6, 106.8, 101.8, 71.1, 69.7, 22.5, 10.5. HRMS-ESI m/z 294.1492

[M+H"], C,19H,0NO, requires 294.1489.
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2-((3-isopropoxyphenoxy)methyl)quinoline (11). HPLC purification on a Nucleodur 100-5
column (5 um; 10 mm i.d. x 250 mm), eluting with hexane/ethyl acetate 95:5 v/v (flow rate 3
mL/min, tg = 38 min) gave compound 11 in 61% yield. "H NMR (400 MHz, CDCls): & 8.19 (1H, d,
J=8.6 Hz), 8.09 (1H, d, J= 7.5 Hz), 7.84 (1H, d, /= 7.5 Hz), 7.74 (1H, t, J = 7.5 Hz), 7.68 (1H, d,
J=8.6 Hz), 7.56 (1H, t, J= 7.5 Hz), 7.17 (1H, t, J = 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H,
dd, J = 8.0, 2.0 Hz),5.38 (2H, s), 4.52 (1H, septet, J = 6.0 Hz), 1.32 (6H, d, J = 6.0 Hz). 3C NMR
(100 MHz, CDCl;): & 159.6, 159.2, 157.9, 147.5, 136.9, 129.9, 129.7, 128.9, 127.7, 127.6, 126.4,
119.1, 108.8, 106.8, 103.0, 71.3, 69.9, 22.0 (2C). HRMS-ESI m/z 294.1493 [M+H"], C;9H,(NO,
requires 294.1489.

2-((3-(sec-butoxy)phenoxy)methyl)quinoline (12). HPLC purification on a Nucleodur 100-5
column (5 um; 10 mm i.d. x 250 mm) eluting with hexane/ethyl acetate 9:1 v/v (flow rate 3
mL/min, tg = 15 min) gave compound 12 in quantitative yield. "H NMR (400 MHz, CDCl;): 4 8.19
(1H, d, J=8.6 Hz), 8.09 (1H, d, J= 7.5 Hz), 7.84 (1H, d, /= 7.5 Hz), 7.74 (1H, t, J= 7.5 Hz), 7.68
(1H, d, J = 8.6 Hz), 7.56 (1H, t, J = 7.5 Hz), 7.17 (1H, t, J = 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl),
6.52 (1H, dd, J = 8.0, 2.0 Hz), 5.37 (2H, s), 4.27 (2H, sextet, J = 6.1 Hz), 1.73 (1H, m), 1.60 (1H,
m), 1.27 (2H, d, J= 6.1 Hz), 0.96 (3H, t, J= 7.4 Hz). 3C NMR (100 MHz, CDCl5): § 159.7, 159.6,
158.0, 147.5, 136.9, 129.9, 129.7, 128.9, 127.7, 127.6, 126.4, 119.2, 108.9, 106.7, 103.1, 75.2, 71.1,
29.2,19.2,9.9. HRMS-ESI m/z 308.1647 [M+H"], C;0H2NO; requires 308.1645.
2-((3-butoxyphenoxy)methyl)quinoline (13). HPLC purification on a Nucleodur 100-5 column (5
pm; 10 mm i.d. x 250 mm) eluting with hexane/ethyl acetate 9:1 v/v (flow rate 3 mL/min, tg = 17.3
min) gave compound 13 in quantitative yield. '"H NMR (400 MHz, CDCl):  8.19 (1H, d, J = 8.6
Hz), 8.09 (1H, d,J=7.5Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74 (1H, t, J=7.5 Hz), 7.68 (1H, d, J = 8.6
Hz), 7.56 (1H, t,J=7.5 Hz), 7.17 (1H, t, J= 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H, dd, J =
8.0, 2.0 Hz), 5.38 (2H, s), 3.95 (2H, t, J = 7.0 Hz), 1.75 (2H, pentet, J = 7.0 Hz), 1.48 (2H, sextet, J

= 7.4 Hz), 0.97 (3H, t, J = 7.4 Hz). 3C NMR (100 MHz, CDCLy): & 160.5, 159.6, 158.0, 147.6,
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137.0, 129.9, 129.7, 128.9, 127.7, 127.6, 126.5, 119.1, 107.6, 106.8, 101.7, 71.2, 67.7, 31.3, 19.2,
13.8. HRMS-ESI m/z 308.1648 [M+H"], C;0H,,NO, requires 308.1645.
2-((3-(2-methylbutoxy)phenoxy)methyl)quinoline (14). HPLC purification on a Nucleodur 100-5
column (5 um; 10 mm i.d. x 250 mm) eluting with hexane/ethyl acetate 9:1 v/v (flow rate 3
mL/min, tg = 14.0 min) gave compound 14 in 90%. '"H NMR (400 MHz, CDCls): 8 8.19 (1H, d, J =
8.6 Hz), 8.09 (1H,d,J=7.5Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74 (1H, t, J= 7.5 Hz), 7.68 (1H, d, J =
8.6 Hz), 7.56 (1H, t,J=7.5Hz), 7.17 (1H, t, J= 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52 (1H, dd,
J=28.0, 2.0 Hz), 5.38 (2H, s), 3.80 (1H, dd, J = 9.0, 6.0 Hz), 3.71 (1H, dd, J = 9.0, 6.6 Hz), 1.85
(1H, septet, J = 6.6 Hz), 1.56 (1H, m), 1.25 (1H, m), 1.00 (3H, d, J = 6.6 Hz), 0.94 (3H, t, J= 7.3
Hz). 3C NMR (100 MHz, CDCl5): 6 160.6, 159.6, 158.0, 147.5, 136.9, 129.9, 129.8, 128.9, 127.8,
127.6, 126.5, 119.1, 107.7, 106.8, 101.8, 73.0, 71.2, 34.6, 26.1, 16.5, 11.3. HRMS-ESI m/z
322.1805 [M+H"], C,;H,4NO, requires 322.1802.

2-((3-(pentyloxy)phenoxy)methyl)quinoline (15). HPLC purification on a Nucleodur 100-5
column (5 um; 10 mm i.d. x 250 mm) eluting with hexane/ethyl acetate 9:1 v/v (flow rate 3
mL/min, tg = 13.8 min) gave compound 15 in 95% yield. '"H NMR (400 MHz, CDCl;):  8.19 (1H,
d,J=8.6 Hz), 8.09 (1H, d,J=7.5Hz), 7.84 (1H, d, J= 7.5 Hz), 7.74 (1H, t, J= 7.5 Hz), 7.68 (1H,
d, J=8.6 Hz), 7.56 (1H, t, J= 7.5 Hz), 7.17 (1H, t, J = 8.0 Hz), 6.61 (1H, s), 6.60 (1H, ovl), 6.52
(1H, dd, J = 8.0, 2.0 Hz), 5.38 (2H, s), 3.93 (2H, t, J = 7.0 Hz), 1.77 (2H, m), 1.40 (4H, m), 0.93
(3H, t,J=7.0 Hz). 3C NMR (100 MHz, CDCl;): 4 160.4, 159.6, 157.9, 147.5, 136.9, 129.9, 129.7,
128.9, 127.7, 127.6, 126.4, 119.1, 107.6, 106.8, 101.8, 71.2, 68.0, 28.9, 28.2, 22.4, 13.9. HRMS-
ESI m/z 322.1807 [M+H"], C;;H,4NO, requires 322.1802.

In vitro assay.

Transactivation assay. To evaluate GPBAR1 mediated transactivation, HEK-293T cells were
transfected with 200 ng of human pGL4.29 (Promega), a reporter vector containing a cAMP
response element (CRE) that drives the transcription of the luciferase reporter gene luc2P, with 100

ng of pCMVSPORT6-human GPBARI, and with 100 ng of pGL4.70. At 24 h post-transfection,
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cells were stimulated 18 h with 10 uM TLCA and compounds 1-15. After treatments, cells were
lysed in 100 pL of lysis buffer (25 mM Tris-phosphate, pH 7.8; 2 mM DTT; 10% glycerol; 1%
Triton X-100), and 10 pL of cellular lysate was assayed for luciferase activity using the luciferase
assay system (Promega). Luminescence was measured using Glomax 20/20 luminometer
(Promega). Luciferase activities were assayed and normalized with Renilla activities.

Human CysLT, (LTD4) (h) (antagonist effect) Cellular Functional Assay. These assays were
performed at Eurofins Cerep-Panlabs (France).”> The cells are suspended in DMEM buffer
(Invitrogen), then distributed in microplates at a density of 3.104 cells/well. The fluorescent probe
(Fluo4 Direct, Invitrogen) mixed with probenicid in HBSS buffer (Invitrogen) complemented with
20 mM Hepes (Invitrogen) (pH 7.4) is then added into each well and equilibrated with the cells for
60 min at 37 °C then 15 min at 22 °C. Thereafter, the assay plates are positioned in a microplate
reader (CellLux, PerkinElmer) which is used for the addition of the test compound or HBSS buffer
then 5 min later 0.1 nM LTD4 or HBSS buffer (basal control), and the measurements of changes in
fluorescence intensity which varies proportionally to the free cytosolic Ca?* ion concentration. The
results are expressed as a percent inhibition of the control response to 0.1 nM LTD4. The standard
reference antagonist is MK 571.

Concentration-Response Curve. For compounds showing efficacy higher than 25% on GPBAR1 we
calculated the ECso. The concentration response curves were performed in HEK-293T cells
transfected as described above and then treated with increasing concentrations of compounds 4-6, 8-
10 and 13-15 (from 0.1 to 50 uM). At 18 h post stimulations, cellular lysates were assayed for
luciferase and Renilla activities using the Dual-Luciferase Reporter assay system (E1980,
Promega). Luminescence was measured using Glomax 20/20 luminometer (Promega). Luciferase
activities were normalized with Renilla activities. For compounds showing efficacy higher than
60% on CysLT R we calculated the ICsy. The concentration response curves were performed at

Eurofins Cerep-Panlabs (France).
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Cell culture. RAW264.7 cells were grown at 37 °C in D-MEM containing 10% FBS, 1% L-
glutamine and 1% penicillin/streptomycin. HAEC (Human Aortic Endothelilal Cells) were cultured
in endothelial cell medium (Innoprot) supplemented with 5% FBS, endothelial cell growth
supplement (Innoprot) and antibiotics. U937 cell line were cultured in RPMI 1640 supplemented
with 10% FBS, 1% glutamine, and 1% penicillin/streptomycin. All cells were regularly passaged to
maintain exponential growth. For the first experimental set the RAW264.7 cells were classically
activated with LPS (100 nM, L2880; Sigma-Aldrich, St. Louis, MO), and exposed or not to 5, 6 and
14 at the concentration of 0.1, 1.5 and 10 uM for 16 h. After 16 h, the cells were recovered and
mRNA extraction was performed to investigate gene expression. For the cell proliferation assay,
RAW264.7 (25.000/well) were plated on a 24-well plate (1 mL/well) and stimulated with LTD4 (1
uM) for 48 h alone or in combination with compounds 5, 6, 14 and REV5901 at concentration of 10
uM. Cell counting was performed using Trypan Blu staining. For cell proliferation, MTS assay
(Promega, Madison WI) was performed in parallel with the same culture and treatments conditions
following instructions provided by the manufacturer.

For cell adhesion assay, HAEC cells (50 x 104) were plated on a 24-well plate (1 mL/well) and
activated with TNFa (100 ng/mL) and LTD4 (1 uM) for 24 h alone or in combination with
compounds at 10 uM. U937 were treated under the same conditions. Then, the medium was
removed and replaced with fresh medium containing 10 uM BCECF-AM. After 30 min, it was
fluorescently labeled. U937 cells were washed three times with PBS, supplemented with 1% FBS,
and resuspended in endothelial medium. The conditioned medium was removed from HAEC, and
labeled U937 (1 mL, 5 x 105 cells) were added and incubated for 120 min at 37°C. Nonadherent
monocytes were removed by gentle washing three times with PBS and supplemented with 10% of
FBS. Then, 500 pL of lysis buffer (Tris buffer [pH 7.6] and 1% SDS) was added, and fluorescence
intensity was measured (485-nm excitation and 520—-560-nm emission) using a microplate reader.
Real-Time PCR. To analyze the gene expression, total RNA was isolated from RAW264.7 or U937

cells using the TRIzol reagent according to the manufacturer’s specifications (Life Technologies,
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Carlsbad CA). Total RNA was further purified using Direct-zol™ RNA MiniPrep (Zymo Research,
Irvine, CA), which includes an on-column DNase I treatment. The Zymo-Spin™ IIC Columns were
included in the kit. After purification from genomic DNA by DNase-I treatment (Thermo Fisher
Scientific, Waltam, MA), 1 ug of RNA from each sample was reverse-transcribed using random
hexamer primers with Superscript-II (Thermo Fisher Scientific, Waltam, MA) in a 20 pL reaction
volume; 10 ng cDNA were amplified in a 20 pL solution containing 200 nM of each primer and 10
pL of SYBR Select Master Mix (Thermo Fisher Scientific, Waltam, MA). All reactions were
performed in triplicate using a Step One Plus machine (Applied Biosystem, Foster City CA).
Primers were designed using the software PRIMER3 (https://bioinfo.ut.ee/primer3-0.4.0/) using
published data obtained from the NCBI database. For the RAW264.7 murine cell line we used the
following primers (forward and reverse): Tnf-a (for CCACCACGCTCTTCTGTCTA; rev
AGGGTCTGGGCCATAGAACT), 1II-1p  (for GCTGAAAGCTCTCCACCTCA;  rev
AGGCCACAGGTATTTTGTCG) and 1I-10 (for CCCAGAAATCAAGGAGCATT; rev
CTCTTCACCTGCT CCACTGC). For the U937 human cell line we used the following primers:
Tnf-o (for AGCCCATGTTGTAGCAAACC; rev TGAGGTACAGGCCCTCTGAT), II-1B (for
GTGGCAATGAGGATGACTTG; rev GGAGATTCGTAGCTGGATGC) and Ccl2 (for
TAGCAGCCACCTTCATTCCC; rev CTGCACTGAGATCTTCCTATTGG).

Statistical analysis. The ANOVA followed by nonparametric Mann-Whitney U test was used for
statistical comparisons (*P < 0.05) using the Prism 6.0 software (GraphPad).

Physiochemical properties and pharmacokinetic characterization.

Solubility and LogD Measurements. Each compound was dissolved in DMSO at the concentration
of 10 mM. Then, ten microliters of the obtained solution were diluted either in 490 pL of PBS pH
7.4 or MeOH and maintained under agitation at 250 rpm for 24 h at r.t. Tubes were subsequently
centrifuged for 5 min at 4000 rpm and 10 microliters of each sample were further diluted in 490 pL
of MeOH and analyzed by LC-MS/MS. The ratio of mass signal area obtained in PBS and in

organic solvent was then calculated and used to determine the solubility of each compound.
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LogD was estimated by dissolving 40 pL of selected compounds in 1960 pL. of PBS pH
7.4/Octanol. After shaking the mix for 2 hours at rt, organic and aqueous phases were separated and
10 pl of each phase were withdrawn, diluted in 490 uL of MeOH and analyzed by LC-MSMS.
Concentrations of products were determined by mass signal and LogD was calculated as the
logarithm of the ratio of compounds concentrations in octanol and PBS.

Metabolic Stability. All incubations were performed under shaking at 37 °C in a final volume of 0.5
mL, containing 50 mM potassium phosphate buffer (pH 7.4), all compounds were tested at the final
concentration of 1 pM and 1% DMSO was used as vehicle. For microsomes assay, the incubation
mixtures contained 0.15 mg of human liver microsomes (Sigma-Aldrich, St. Louis, MO, USA) 5
mM MgCl,, 1 mM NADPH, 5 mM glucose 6-phosphate, 0.4 U-mL—1 glucose 6-phosphate
dehydrogenase. Aliquots were removed at 0, 5, 10, 20, 30, 40, 50, 60 min after microsomes
addition. For S9 fraction analysis, the buffer contained 0.15 mg of S9 proteins (Sigma-Aldrich, St.
Louis, MO, USA), 0.3 mM NADPH, 5.6 mM glucose-6-phosphate, 0.6 units/ml glucose-6-
phosphate dehydrogenase, 5.8 mM UDP-glucuronic acid, 0.05 mM acetyl-CoA, 0.5 mM
dithiothreitol, 0.5 mM 3’-phosphoadenosine 5’-phosphosulfate, 1 mM glutathione, 0.2 mM acetyl
carnitine, 4 units/mL carnitine acetyl transferase, 0.5 mM glycine, and 0.5 mM taurine and aliquots
were removed at 0, 5, 15, 30, 45, 60, 90, 120, 150 min after S9 fraction addition. The reaction was
stopped by adding 200 pL of ice-cold acetonitrile to withdrawn aliquots. After two hours, samples
were centrifuged for 10 min at 10,000 rpm, and supernatants were subjected to LC-MS/MS
analysis.

The slope of the linear regression of the curve obtained reporting the natural logarithm of
compound area versus incubation time (—k) was used in the conversion to in vitro t;, values by t;, =
—In(2)/k. In vitro intrinsic clearance (Cl;,; expressed as pL/min/mg) was calculated and expressed as
pL/min/mg. The percentage of unmodified compound has been calculated assuming the peak area
of the compound at time 0 min as 100%. Testosterone was used as a positive control for microsome

and phase I enzymes, and 7-hydroxycoumarin was used as positive control for phase Il enzymes.
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Computational studies.

Receptors and ligand preparation.

CysLT;R. The crystal structure of the homo sapiens Cysteinyl leukotriene receptor 1 (PDB ID
6rz4)?° was downloaded from the Protein Data Bank website. The soluble cytochrome b562
fragment, the co-crystallized ligand and water molecules were removed and the residue GIn274 was
reconstructed. The missing 2 residues of ECL3 and the missing transmembrane helix 8 (TM8) were
modeled using the Modeller 9.2 software package.”’>® For TM8, the crystallographic structure of
CysLT, (PDB ID 6RZ6)%° was employed as template and its secondary structure was confirmed
using prediction tools PSIpred and Spider3.6%¢! Residues protonation states were assigned in
accordance with the most populated ones predicted by the H++ webserver® at pH 7.4. The final
model was validated via 1 us long molecular dynamics simulation. The protein was put in a box of
size 10x10x12 nm and embedded in a lipid bilayer composed of cholesterol (CHL) and 1-
parlmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with a 30:70 ratio using the CHARMM-
GUI webserver.®® For solvation, TIP3P water molecules were employed and a 0.150 mM
concentration of NaCl was added to reach electrostatic neutrality. The simulation was performed
using the Amber ff74SB and Lipid 17 force fields with the GROMACS 2020.4 software
package.6493

GPBARI1. GPBARI1 homology model reported in D’Amore et al.’® was employed for docking
calculations. The receptor was prepared as in Biagioli ez al.!!

Both the receptors were treated with the Protein Preparation Wizard®® tool implemented in Maestro
ver. 11.8.%7

Ligands. 3D structures of 1-15 were built using the Graphical User Graphical User Interface (GUI)
of Maestro ver. 11.8.%4 The protonation state of 1-15 at pH 7.4 in water has been calculated using
the Epik module.®® Finally, 1-15 were then minimized using the OPLS 2005 force field through

2500 iteration steps of the Polak-Ribiere Conjugate Gradient (PRCG)® algorithm.
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Docking calculations. Preliminary docking calculations were performed using Glide and Autodock
427071 to reproduce the binding pose of the pranlukast ligand recently co-crystalized with CysLT R
(PDB ID 6rz4).2° This redocking step allowed to identify the most suitable parameters and scoring
function for docking of 1-15. Considering the ability to reproduce the pranlukast crystallographic
binding pose, Glide was finally employed for the docking calculations. The results were clustered
and successively ranked according to the Glide Emodel and the Glide Score. Docking calculations
of 1-15 on GPBARI1 were performed using the same approach described in Biagioli et al.'!

In order to consider the ligand induced fit effect on the receptors’ binding sites — rearrangement of
residue side chains to improve interaction with the ligand -, we performed docking calculations on §
in both GPBARI1 and CysLT;R using as structure the centroid of the most populated protein
conformation during the MD calculations on the 5/GPBARI and 5/CysLT;R complex, respectively.
In detail, the docking procedure was carried out with the Glide software package,’” using the
Standard Precision (SP) algorithm of the GlideScore function’” and the OPLS 2005 force field.”> A
grid box of 2.5x%1.6x1.7nm for GPBARI receptor and one of 1.6 x2.0 x 1.8 nm for CysLT;R
centered on the ligand binding cavity were created. A total amount of 100 poses was generated and
the conformational sampling of the ligand was enhanced by two times, as reported by the default
setting of Glide. Docking conformations of 1-15 were then clustered based on their atomic RMSD.
Globally, seven clusters were obtained and, among them, only the conformation included in the
most populated cluster with both the Glide Emodel and GlideScore lowest-energy value was

considered (Figure 6 and 10).

MD calculations. MDs were performed with GROMACS suite ver. 2020.4,7* using the Amber
[ff14SB, Lipid 17 and the General Amber Force Field (GAFF) parameters®*7> for the proteins, lipids
and ligands, respectively. Protein/ligand complexes were prepared as previously reported for
CysLT R and GPBARI and embedded in a 30:70 CHL/POPC lipid bilayer of sizes 10x10nm. The

resulting membrane was then solvated with TIP3P water and a 0.150 mM concentration of NaCl
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into a 10x10x12 nm box. The whole procedure was carried on using the CHARMM-GUI
webserver.® The systems were minimized using the steepest descent algorithm in a two steps
procedure. First, the protein and ligand heavy atoms were restrained, whereas water molecules and
ions were left free and only the movement on the Z axis of hydroxyl group of CHL and the
phosphate group of POPC was restrained. Afterward, the restraints were removed, and a second
round of minimization was performed. The systems were then gradually heated from 50 to 300 K
using a stepwise approach of NVT/NPT simulations at fixed temperature, before increasing it by 50
K. Each NVT/NPT step lasted 1 ns. An initial restraint of 1000 kJ/mol at 50 K was applied on
proteins, ligands and lipids as described for the minimization procedure. After each NVT/NPT
cycle, the restraints were lowered by 160 kJ/mol. The Langevin dynamics integrator and the
Berendsen barostat with semi-isotropic coupling at 1 atm were employed. After reaching 300 K, a
preliminary production run of 10ns without restraints was performed using the Langevin dynamics
integrator and the Parrinello-Rahman barostat with semi-isotropic coupling at 1 atm. The same
parameters were employed for the following production runs of 1 ps. In all these simulations, a time
step integration of 2 fs. For the computation of electrostatic and Van der Waals interactions, the
Particle-Mesh Ewald (PME) and the cutoff algorithms were used, respectively, with a threshold of
1.2 nm. The cluster analysis trajectory was carried out using the GROMACS gmx cluster tools with

the GROMOS method’® and a 0.2 nm cutoff.

Free-energy calculations. Well-tempered MetaD simulations were performed using the same
protocol described for MD calculations. However, the GROMACS suite ver. 2020.4 was patched
with the Plumed software package ver. 2.6.2 and the Ca atoms of the protein structured parts (i.e.
alpha helices, beta strands) were restrained around the initial conformation using a RMSD-based
harmonic potential with constant 10000 kJ/mol and threshold 0.1 nm. As collective variable, the
distance between the heavy atoms of the quinoline moiety and the Cg of CysLT ;R Arg79*%° was

chosen. This distance CV was allowed to explore the values from 0 to 3.0 nm to limit the sampling
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of the free-energy landscape to the interior of the binding pocket. To do so, an upper wall with
constant 10000 kJ/mol was placed at 3.0 nm of the distance CV to prevent the ligand from exiting
the CysLTR cavity. A bias of 1 kJ/mol was deposited every 5 ps with a sigma of 0.05 nm and a
bias factor of 15. The MetaD simulations were performed using 10 multiple walkers lasting 150 ns

each, for a total of 1.5 pus of calculation.

MD trajectories were visualized using VMD software”” and all figures were rendered by UCSF

Chimera.”®

Supporting Information Available. This material is available free of charge via the Internet at
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