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ABSTRACT: GPRSS is an orphan G-protein coupled receptor

involved in various pathophysiological conditions. However, there GPR55

are only a few noncannabinoid GPRSS ligands reported so far. The ANTAGONIST
lack of potent and selective GPRSS ligands precludes a deep 0
exploration of this receptor. The studies presented here focused on a [/)\(O
thienopyrimidine scaffold based on the GPRSS antagonist ML192, N
previously discovered by high-throughput screening. The GPRSS (\\)
activities of the new synthesized compounds were assessed using f- \ "
arrestin recruitment assays in Chinese hamster ovary cells over- e 7 7\ -
expressing human GPRSS. Some derivatives were identified as GPRSS e s” N
antagonists with functional efficacy and selectivity versus CB1 and CB2 ICs, 0.28 uM

No CB1 no CB2

cannabinoid receptors.
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protein-coupled receptor S5 (GPRSS) is an orphan on %0 H oo
receptor that was identified in 1999.'~* Despite its low "Bwo‘% 3 0 4& o
homology with the well-known cannabinoid receptors CB1 - }OH L (/)\( "
and CB2, being 13% and 14%, respectively, it has been b W I o
suggested as a putative cannabinoid receptor. This proposed ° fj

& '
va N
classification is due to the fact that some endogenous, plant- ;XQ/ Q/:ﬁ:"»\ R <
! =

derived, and synthetic cannabinoid ligands are able to e "

e 4S
modulate GPRSS activity.”” Complex pharmacology and mL191 mL192 mL193
CID23612552 CID1434953 CID1261290

species-dependent activation of GPRSS have complicated the LPI ICag= 1.1 uM C5q= 0.7 M ICag= 0.5 uM

discovery of potent and selective ligands.”"® There are only a . , ,
few noncannabinoid GPRSS ligands reported so far.8716 Figure 1. Structure of the putative endogenous GPRSS ligand LPI

H h id d f h i licati and the GPRSS hit antagonists ML191, ML192, and ML193
owever, the evidence reported for therapeutic applications identified by an HTS.

of GPRS5 modulators has generally been encouraging.”*'"”
GPRSS expression has been described in diverse tissues® such

) ) ! As previously mentioned, ML192 and related derivatives

as breast, adipose tissue, testes, and spleen and in several areas have been tested in the HTS developed by the National
.18 . . .

of the bra".l’ mcl.udmg the hlP pocampus, putamen, caudate, Institutes of Health (NIH)." In these initial studies, structural

fm,d th;'ilamlc .Imd,el' Therefore, it hfis be,en shom Fhat GPRSS diversification was mainly focused on substituents in the

1S Imp hf;‘_tff m.dlfferent patl}oplgsmloglcal Condlt%onszil_lg‘? as acylated piperazine group (see ML192 in Figure 1), while at R'

cancer, pain inflammation,™ neurodegeneration, or and R (see general structure in Figure 2) only hydrogen or

. 27,28 .
energy homeostasis. On the basis of the relevance of methyl groups were explored. From this S AR a clear
GPRSS in these therapeutic areas, our efforts have been ’

dedicated to its targeting. -
Lysophosphatidylinositol (LPI; Figure 1), identified as an Received: July 14, 2022

endogenous GPRSS ligand, and ML191, ML192, and ML193 ~ Accepted:  November 22, 2022

(Figure 1), discovered through a high throughput screening Published: December 2, 2022

(HTS) using a f-arrestin recruitment assay, are representative

of GPRSS." In the present study, we propose to focus on the

ML192 scaffold.
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Thienopyrimidine
core hopping replacement
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Figure 2. Proposed structural modifications of the thienopyrimidine

scaffold.

preference for the furan heterocycle versus other aromatic or
alkyl groups was observed at the acyl piperazine. However, no
further conclusion was extracted from the thienopyrimidine
substitution pattern. Taking this previous structural knowledge
into account, we decided to mainly focus on the exploration of
diverse substituents on the thienopyrimidine moiety as well as
replacement of this tricyclic core with other heterocycles
(Figure 2).

In an attempt to increase bulk and the presence of electron
donor groups, hydroxyalkyl and morpholino substituents were
tested at R' (Figure 2, red). R* was limited to hydrogen and
dimethyl groups (Figure 2, green), while at R® the furan-2-
carbonylpiperazinyl group was preserved in most of the novel
derivatives. Substitution of the piperazine by a diazepane was

Scheme 2. Reagents and Conditions: (i) 2-Propanol, 100
°C, Overnight, 51 and 74%
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Scheme 3. Reagents and Conditions: (i) DMSO, 190 °C, 18
h, 5—31%; (ii; a) Acetonitrile, Hydrochloric Acid (12.1 M),
100 °C, 75 min, 24—37%; (iii) POCI;, 150 °C, 3.5 h, 61—
94%; (iv; a) Furoylpiperazine, Et;N, Dry MeOH, rt for 24 h,
(b) 50 °C for 24 h, 10—18%
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also explored in order to understand structural determinants of
activity (Figure 2; blue, n = 2). The N-(3,4-dimethylisoxazol-S-

Scheme 1. Reagents and Conditions: (i) Gewald Reaction: Ethyl Cyanoacetate, Sg, H,0, Et;N, rt, Overnight, 70—87%; (ii; a)
Corresponding Nitrile, HCI (4M in dioxane), 4 h Ultrasonic Bath, (b) 100 °C, Overnight, 87—96% [For 7 (85%) and 8 (94%)
only procedure A was Applied]; (iii) Morpholine, Dioxane, Et;N, Reflux, Overnight, 53%; (iv) POCl;, 90 °C, 3 h, 60—98%; (v)
Corresponding Acylpiperazine, Et;N, Dioxane, Reflux, 24 h, 63—85%; (vi) Morpholine, Dioxane, MW, 120 °C, 3 h, 80% %;

(vii) BBr3, CH,Cl,, —78 °C to rt, Overnight, 61—71%
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8:R'= 2-methoxyethyl; R? = diMe 17:R'= 2-methoxyethyl; R2 = diMe 25: R' = Me; R? = diMe; n=2
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19 https://doi.org/10.1021/acsmedchemlett.2c00325
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Scheme 4. Reagents and Conditions: (i) 2-Acetylpirydine, KOH (85%), EtOH, Reflux, Overnight, 80%; (ii; a) SOCI,, Reflux, 3

h, (b) 1-(2-Furoyl)piperazine, Et3N, THF, rt, Overnight, 98%; (iii) 1-

(2-Furoyl)piperazine, Et;N, Dioxane, Reflux, 24 h, 3—

99%; (iii) 1-(2-Furoyl)piperazine, Et;N, Dioxane, Reflux, 24 h, 3—53%; (iv) CH;I, K,CO;, DMF, rt, Overnight, 72%;>* (v)
PyBOP (Benzotriazol-1-yloxytripyrrolidinophosphonium Hexafluorophosphate), DBU (1,8-Diazabicyclo[5.4.0Jundec-7-ene),

Corresponding Heterocycle, ACN, Overnight, rt, 37—48%
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yl)-4-methylbenzenesulfonamide present in ML193 (Figure 1)
was also explored at position R* (Figure 2, blue).

Moreover, a computational ligand-based scaffold hopping
strategy (see the scaffold hopping workflow chart in Figure S1)
was pursued to identify potential core replacement of the
thienopyrimidine tricycle. Core hopping as implemented in the
Maestro software (Schrodinger, LLC, New York, NY, 2019),
was used for this purpose. The tricyclic moiety was set up to be
replaced while preserving specific pharmacophoric require-
ments during the fragment-based screening of a library of over
100 000 cores. Synthesizability, lack of promiscuous structural
alerts, the so-called PAINS (Pan Assay Interference Com-
pounds), and in silico ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) properties were used to
filter the obtained molecules. Selected cores are shown in
Figure 2 (black).

The first series of compounds (20—31) was synthesized as
described in Scheme 1. A divergent synthetic route was
followed that started with a Gewald multicomponent reaction
by using ethyl cyanoacetate and Sg to obtain aminothiophene
carboxylates.”” Intermediates 1 and 2 reacted with the
corresponding nitrile under acidic conditions, yielding
thienopyrimidinones (3—9).>" Dehydration using phosphoryl
chloride®" provided the chlorinated compounds 12—19 that
were then coupled with the appropriate piperazine or diazepine
achieving the desired thienopyrimidines 20, 21, 24—26, 28,
and 29. The synthesis of compounds 23 and 27 had the
morpholinylalkyl group introduced through the intermediate
chloroalkyl 10 and 22. As proposed in the design, the
incorporation of hydroxymethyl and hydroxyethyl as R'
residues (30, 31) was obtained from the methoxy derivatives
28 and 29 using BBr;.

Substitution of the hexahydrobenzothienopyrimidine scaf-
fold by N-(3,4-dimethylisoxazol-5-yl)-4-methylbenzenesulfona-
mide present in ML193 was realized following the procedure
illustrated in Scheme 2 to afford compounds 32 and 33.

In order to expand the SAR on the §,6,7,8-tetrahydrobenzo-
[4,5]thieno[2,3-d]pyrimidine scaffold, an aromatic scaffold

20

version was explored. Thus, as shown in Scheme 3, the
benzothienopyrimidines 41 and 42 were prepared from the
tetrahydrobenzothiophenes 1 and 34 that were oxidized in
dimethyl sulfoxide to give the corresponding 2-aminobenzo-
[b]thiophene-3-carboxylates 35 and 36.”> Then, procedures
described for 21—29 were used in the next steps to give the
formation of the final aromatic compounds 41 and 42.

Based on the core hopping strategy described in Figure S1,
substitutions of the thienopyrimidine tricycle by 6,8-dimethyl-
2-(pyridin-2-yl)quinolone (44),33 6-phenylthieno[2,3-d]-
pyrimidine (45 and 46), 2,S-dimethylpyrimidin-4-ol (50),
3,5-dimethylpyridin-4-one (51), pyrazinone (52), 1-methyl-
1,6-dihydro-7H-pyrazolo[4,3-d]pyrimidine (53), and pyrrolo-
[2,1-f][1,2,4]triazine (54) have been intended. Their
syntheses are described in Scheme 4 where the incorporation
of furan-2-yl(piperazin-1-yl)methanone on the new scaffolds
has been done following the corresponding conditions.

Novel ML192 derivatives were tested using functional
GPRSS assays. The activity of compounds 20, 21, 23—33,
41, 42, 44—46, and 50—54 was first assessed using f-arrestin
recruitment assays in CHO (Chinese hamster ovary) cells
overexpressing human GPRSS. Their ability to activate GPRSS
by themselves was discarded by the assays. Then, antagonist
activity was evaluated by ligand-mediated inhibition of LPI-
induced receptor activation using coexposure of LPI with the
tested compound. Dose—response experiments upon cotreat-
ment with the agonist LPI (6 uM; ECy,) were used to
determine their ICsy’s (Tables 1 and 2).

Table 1 refers to GPRSS activity following structural
modifications around the substituents (R, R?, and R?) of the
thienopyrimidine scaffold. The first observation concerns the
unsubstituted thienopyrimidine scaffold at R! and R* (20) that
surprisingly showed a GPRSS antagonist activity similar to the
reference GPRSS ligand ML192. Interestingly, R* accommo-
dates a dimethyl group as illustrated by compound 24 that
exhibits significantly improved GPRSS antagonistic activity
(submicromolar ICg,) compared to the hit ML192. This
tendency is not only observed when R® is a furancarbonylpi-

https://doi.org/10.1021/acsmedchemlett.2c00325
ACS Med. Chem. Lett. 2023, 14, 18-25
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Table 1. Activity of ML192; CID3193014; CID655864; and Derivatives 20, 21, and 23—33 Using f-Arrestin Recruitment

Assay in CHO Cells Overexpressing Human GPRSS

Compound R' R’ R® i,(l:’sl(Z(gule\fI))/‘ Compound R' R’ R’ i,(l:’sl(;étx[))/“
5 Wy
y )~
N 2.02 o | N
ML192 M H 2 iM .
9 € —> (1.24-3.31) 7 N | diMe \> n.e
N;r’J N;,.H
- <
y )~
CID3193014 Me Me N‘> 0.43+0.11%° 28 S0 | diMe N‘> ne.
NJ}‘.,-) N}H
mo o P
/ )~
CID655864 E/A H "‘> 0.86£0.37"° 29 NON | diMe “‘> ne.
NJ}‘.,-) NJ};J
> >
/ L~
N 0.68 ) N 7.16
20 H H 0 OH | diM
D (0.13-3.5) 3 o ¢ D (4.5-11.3)
N}HJ NJ};J
mo ’ o o
/ L~
N 9.49 N 117
21 M H oH | gj
e j (3.69-24.4) 31 kg diMe O (3.5-39.1)
N N
\ 0
Y o
o N 2.30 =
23 H 29.3
N 0.1-10.2 2 M H . NH
~ ‘N> ( ) 3 ¢ s (3.5-244)
N o
Y,
. N 0.28 N=
2 M diM /
4 ¢ € —> (0.1-0.9) °wj\ 335
N (o) B
i ) _NH
~ 3 Me diMe LY (0.58-19.4)
HN
2 . / N 2.78 A
5 Me diMe j (117.0)
N
|
(o] (o]
()~
(] . N
26 fv(\) diMe O n.e.
Y

“Data represent the mean of at least three experiments, and 95% confidence intervals (CI) for the ICS0 values are given in parentheses. b1C350
(uM)/LPI (5 uM). “https://pubchem.ncbi.nlm.nih.gov/bioassay/2820#section=Protocol. n.e.: No effect up to 10 uM.

perazinyl (24 vs ML192) but also for furancarbonyldiazepinyl
(21 vs 25) and dimethylisoxazolylsulfonylanilinyl (32 vs 33)
derivatives.

Despite the interesting antagonist activity of the reference
GPRSS antagonist CID655864 bearing a cyclopropyl at R',
new substitutions at this position did not show any clear
improvement in activity. Hydroxyalkyl derivatives 30 and 31
showed activity in the same range as that of ML192, whereas
morpholinylalkyl or methoxyalkyl (26—29) resulted in a loss of
activity at GPRSS except when R* was not substituted (23).

As shown in Table 2, structural modifications of the
thienopyrimidine core were able to preserve GPRSS potency
in the case of the aromatic counterparts 41 and 42. The

21

replacement with other mono- and bicyclic scaffolds (44—46,
50—54) was not able to show relevant activity.

GPRSS and the cannabinoid receptors CB1 and CB2 share
natural and synthetic ligands. Thus, the new compounds
described here have been evaluated in competitive binding
assays for cannabinoid receptors. None of them showed
significant affinity for the cannabinoid receptors (>4 uM;
Table S1) showing selectivity for GPRSS.

The most promising GPRSS antagonist, 24, was further
selected for G protein-dependent functional assays. For this
purpose, Serum Response Element (SRE) experiments were
performed as previously reported.”” The SRE assay assesses the
contribution of the MAPK/ERK signaling pathway for GPRSS

https://doi.org/10.1021/acsmedchemlett.2c00325
ACS Med. Chem. Lett. 2023, 14, 18-25
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Table 2. Activity of ML192 Derivatives 41, 42, 44—46, and
50—54 Using f-Arrestin Recruitment Assay in CHO Cells
Overexpressing Human GPRSS

7 o
= (o]
®
N
R4
IC50 (M) /
"

Compound R LPI(6gM)*
41 3.0 (0.1-9.5)
42 8.0 (0.7-8.8)
44 n.e.

45 n.e.
46 2.14 (0.1-38.7)
50 n.e.
51 n.e.
52 n.e.
53 n.e.
N
54 ~ \Jl n.e.
\ N. =
°N

“Data represent the mean of at least three experiments, and 95%
confidence intervals (CI) for the ICS0 values are given in parentheses.
n.e.: No effect up to 10 yM.

activity. As shown in Figure 3, 24 behaves as a weak GPRSS
inverse agonist by itself (ECS0 = 0.9 (0.3—2.2) uM). Upon
cotreatment of the tested compound with LPI, 24 was shown
to be a better antagonist of LPI than the hit compound ML192
(24, 1CS0 = 1.5 (0.9—2.5) uM; ML192, IC50 = 7.5 (3.4—
16.5) uM).

Measure of cell viability is essential for a possible future
development of the best GPRSS antagonist 24. Thus, cell
viability determined for 24 by using the Biotium XTT cell
viability kit showed no cytotoxicity up to 10 uM (Figure S2).
In an effort to further understand structural determinants of
activity, docking studies of ML192 and 24 (KCS2) were
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GPR55 SRE

100

-~ LPI

= 24

-+ 24 +LPI6uM
-©- ML192 +LPI6 pM

o
i

SRE Response (normalized)

o

Log (M)

-50-

Figure 3. SRE dose response assays of compound 24 (the agonist LPI
and the antagonist ML192 were used as reference).

Figure 4. Docking studies of thienopyrimidine derivatives ML192 and
24 in the GPRSS R state (inactive receptor). (A) hGPRSS R/ML192
complex in which the ligand is shown as van der Waals; green tubes
highlight residues that establish hydrophobic interactions; purple
tubes represent the disulfide bridge formed between the extracellular
loops EC3 and EC4. (B) hGPRSS R/compound 24 complex showing
the residues establishing hydrophobic interactions with the dimethyl
R® in green tubes.

performed in our previously published GPRSS inactive state
model.”® ML192 docking studies suggest that the nitrogen 1
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from the pyrimidine core of the hit compound establishes a
hydrogen bond with K(263), while the carbonyl oxygen
interacts with Q7.36 (Figure S3).

In addition, the furoyl ring hydrogen bonds with K2.60, and
it establishes aromatic stacking interactions with F6.55 and
Y3.32 (Figure S3). As previously demonstrated by us, the
GPRSS toggle switch residues are Y3.32, M3.36, and F6.48.%°
Since ML192 sits above Y3.32, it blocks its ability to change
conformation, therefore stabilizing the GPRSS inactive state.
Interestingly, when R? becomes a bulkier substituent, such as a
dimethyl group (compound 24), the ligand could fill the empty
space (Figure 4A), and the dimethyl may help lock the ligand
into place by increasing hydrophobic interactions (with
residues D13, G14, Y166, and M167) in the previously
unoccupied space. Figure 4B illustrates the GPRSS R/24
complex highlighting the residues involved in the extra
hydrophobic interactions in the binding site (Table S2).

In this study, we have designed and synthesized a series of
novel thienopyrimidine derivatives on the basis of the
structural features previously reported for ML192. These
compounds were synthesized and evaluated using a f-arrestin
recruitment assay in CHO cells overexpressing human GPRSS
and farr2-GFP. Interestingly, compound 24 revealed increased
potency and efficacy as a GPRSS antagonist (submicromolar
ICs,) when compared with the hit ML192. Docking studies in
the GPRSS inactive state model allowed us to rationalize key
molecular features leading to this activity. In summary, we
show here that the combination of structure—activity relation-
ship development and molecular modeling studies has
permitted the identification of novel potent GPRS5 antagonists
that may serve as new tools for studying GPRSS.
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