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ABSTRACT: Microsomal prostaglandin E, synthase-1 (mPGES- mPGES 1 Ho MPGES-11C,,=1.4£0.2 M
1), the terminal enzyme responsible for the production of N o O\ _AS49IC,=285 511 M
inducible prostaglandin E,, has become an attractive target for z‘ % OF ﬁ S

. . . . » =
the treatment of inflammation and cancer pathologies. Starting o %"j: . (r—— N PGESA1G,= 0701 uM
from an aminobenzothiazole scaffold, used as an unprecedented tj E ;uw’. sivmis(;slcum HO AS481C = 18.140.8 M
chemical core for mPGES-1 inhibition, a Combinatorial Virtual &‘ :‘;,:.', Ys

, >\ <‘ > O,
Screening campaign was conducted, using the X-ray crystal < 'F,“j 92 )K‘/‘: NH S%NE_@
structure of human mPGES-1. Two combinatorial libraries (6 x W5 (€ /&7 > O 13 mPGES-1 IC = 1.7£0.2 M N3
10*) were obtained by decorating the aminobenzothiazole scaffold A54510,= 16213

with all acyl chlorides and boronates available at the Merck

database. The scientific multidisciplinary approach included virtual screening workflow, synthesis, and biological evaluation and led
to the identification of three novel aminobenzothiazoles 1, 3, and 13 acting as mPGES-1 inhibitors. The three disclosed hits are able
to inhibit mPGES-1 in a cell-free system (ICgo = 1.4 = 0.2, 0.7 £ 0.1, and 1.7 £ 0.2 uM, respectively), and all are endowed with
antitumoral properties against AS49 human cancer cell lines at micromolar concentrations (28.5 + 1.1, 18.1 + 0.8, and 19.2 + 1.3
UM, respectively).
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D 1 icrosomal prostaglandin E, synthase-1 (mPGES-1), the urgent need, especially for the treatment of colon and

terminal enzyme responsible for the production of colorectal cancer (CRC) that are among the most widespread
inducible prostaglandin (PG)E,, has become a well-established cancers associated with a high mortality rate.'” Continuing our
target for the treatment of cancer and inflammatory disorders, research in this medicinal chemistry area, a new class of
and its inhibition to control PGE,-related pathologies is an mPGES-1 inhibitors featuring an aminobenzothiazole scaffold
alternative option to targeting the upstream cyclooxygenases.I was developed following a combinatorial approach (Figure 1),
Inhibition of mPGES-1 represents a promising strategy for the Considering the known inhibitory activity of PGE, production
development of new anti-inflammatory and anticancer drugs by 2-aminothiazole derivatives'® and the significant biological
with reduced side effects.”’ Overexpression of mPGES-1 has properties of benzothiazoles,'”™>' the aminobenzothiazole

been observed in inflammatory disorders as well as in many privileged scaffold’” was selected for our purpose. Hence,

human tumors.”® Different clinical studies have shown human mPGES-1 (PDB code: 4BPM)11 was used for the
increased levels of mPGES-1 in various human cancers, mainly

colon,® colorectal,” prostate, stomach, pancreas, and cervix
cancer.” Also, the significant involvement of mPGES-1 in the
genesis and progression of some tumor types has been recently
recognized. Since the structural details of this glutathione-
dependent enzyme have been progressively unravelled,”™" it
has become the focus of extensive studies that led to the
discovery of several classes of inhibitors. However, despite the

virtual screening study (see Supporting Information). The
scientific multidisciplinary workflow (Figure 1) can be divided
into the following steps: (a) creation of two combinatorial
libraries; (b) molecular docking studies of the filtered
combinatorial libraries and selection of the most promising
hits (1—13, Figure 2); (c) synthesis of 1—13; (d) biological

high number of inhibitors identified so far,"*'S only a few of Special Issue: In Memory of Maurizio Botta: His \f”c"ﬁé"mcf?t?]y%
them exhibit remarkable in wvivo anticancer and anti- Vision of Medicinal Chemistry

inflammatory activity, and to date, only GRC 27864 (Glen- Received: December 18, 2019

mark Pharmaceuticals Ltd.) and LY302136703 (Eli Lilly) have Accepted: March S, 2020

entered clinical development (phase I).'® In this context, the Published: March S, 2020

identification of novel mPGES-1 inhibitors represents an
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Figure 1. Scheme of the multidisciplinary approach used for the identification of novel mPGES-1 inhibitors.
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Figure 2. Molecular structure of compounds (1—13) selected from the two combinatorial libraries for the synthetic phase.

‘ Synthesis of the selected hits |

evaluation in cell-free and cell-based systems of the most After the generation of all tautomers and ionization states”

promising compounds and identification of three novel hits (1, at a pH 0f67.4 + 1 and the filtering by their pharmacokinetic
-2 . . .

3, and 13). The virtual libraries were built as illustrated in properties™ (see Supporting Information for further detail),

~3 X 10* molecules for each scaffold (2-amino-6-bromoben-
zothiazoles and 2-amino-5-bromobenzothiazoles) were sub-
mitted to the successive Virtual Screening Workflow.”’
Considering a docking score cutoff of —7.0 kcal/mol, 137 for
the scaffold A and 190 for the scaffold B potential mPGES-1
inhibitors were then submitted to the successive detailed

Figure 1, where all the acyl chlorides and boronates, available
at the Merck database, were combined with 2-amino-6-
bromobenzothiazole (scaffold A) and 2-amino-5-bromobenzo-
thiazole (scaffold B).

In more detail, the two scaffolds were combined with the

316 acyl chlorides at position 2 and 570 boronates at positions computational analysis. Thus, the most promising 13
S and 6, respectively, obtaining 180,120 molecules for each molecules (1—13, Figure 2) were selected for synthesis, after
library, using CombiGlide software”>** (Figure 1). excluding them to be “Pan-Assay Interference compounds”

784 https://dx.doi.org/10.1021/acsmedchemlett.9b006 18

ACS Med. Chem. Lett. 2020, 11, 783-789


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.9b00618/suppl_file/ml9b00618_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.9b00618?fig=fig2&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.9b00618?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

Figure 3. Two different models of interactions of cocrystallized
mPGES-1 inhibitors on the receptor surface (pdb code: 4BPM)."!
The receptor is represented by ribbons colored by chain (chain A is
colored in yellow, chain B is colored in red, and chain C is colored in
cyan). Ligand related to 4YKS® pdb code is depicted in purple; ligand
related to 4BPM"' pdb code is depicted in green.

(SwissADME web tool;*® see Supporting Information). From a
structural point of view, the mPGES-1 inhibitors reported to
date®™'"">*” have displayed two different binding modes
(Figure 3) defining a total catalytic groove with a shape of “U”
on the macromolecular surface (Figure 3). In more detail,
these two models of interactions share a shallow groove
located between the GSH binding site and the macromolecular
surface, in the vicinity of the cytoplasmic part, mainly
composed of aromatic (C:Phe44, C:HisS3) and polar
(C:Arg52) residues (Figure 3). On the other hand, the first
binding model type (PDB code: 4YKS, cocrystallized ligand
depicted in purple)® extends in the binding groove observable

Table 1. Effect of Tested Compounds on mPGES-1
Activity”

Compound ICyo + SD (uM)
1 14 +£02
3 0.7 + 0.1
6 2.6 + 0.1
13 1.7 £ 02

“ICso (uM) values are given as mean = S.D. of single determinations
obtained in three independent experiments.
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Figure S. AS49 cells were incubated for 24 h with 5 or 10 uM of
compounds 1, 3, 6, and 13 in conditioned medium (1% FBS and 10
ng/mL IL-1f). PGE, released into the medium was quantified by
ELISA. The data are compared to vehicle (DMSO)-treated cells and
expressed as mean = SEM (pg/mL) of two independent experiments.

at the intersection between helix I of chain C and helix IV of
chain A, characterized by polar (A:GIn134), aliphatic
(C:Val24), and aromatic (C:Tyr28 and A:Tyr130) residues.
Furthermore, the second binding model (PDB code: 4BPM,
cocrystallized ligand depicted in green)'' extends its
interaction in a pocket binding area detectable toward helix
IV of chain A and away from the cytoplasmic part, formed by
aliphatic (A:Prol24, A:Vall28, A:Leul32) and polar
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Figure 4. Synthetic scheme of S-substituted 2-aminobenzothiazole and 6-substituted 2-aminobenzothiazole. Reagents and conditions: (a) I, K,COs,
Pd(PPh,),, 1,4-dioxane—H,0, 80 °C; (b) (CH;);SiCl, pyridine, CH,CN, rt; (c¢) RCOC; (d) I, K,CO4, Pd(PPh,),, 1,4-dioxane—H,0, 80 °C; (e)
(CH,),SiCl, pyridine, CH;CN, rt; (f) RCOC; (g) RCOC], pyridine, CH;CN, rt; (h) II, K,CO;, Pd(PPh;),, 1,4-dioxane—H,0, 80 °C.
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Table 2. Anti-proliferative Effect of mPGES-1 Inhibitors in
the A549 Human Cancer Cell Line after 24, 48 or 72 h of

Treatment”

compd
1
3

13
CAY10526

ICs, + SD (uM)

24 h
98.2 £ 1.5
97.5 £2.0
95.0 = 1.7
983 £ 1.9
98.5 + 1.6

48 h

714 + 1.6
57.5 £ 1.5
63.2 + 2.1
50.6 + 2.1
12.5 £ 04

72 h
28.5 £ 1.1
18.1 £ 0.8
552+ 1.5
192 £ 1.3

9.1+ 05

“ICsy (M) values are given as mean + S.D. of single determinations
obtained in three independent experiments.

(A:Ser127, A:Thr131) residues. On these premises, the
combinatorial approach well matches with the possibility to
explore the total binding groove with a U-shape (Figure 3),
decorating the aminobenzothiazole scaffold (A and B) with
residues of different size that could cover it.

After these steps, to retrospectively analyze the binding
modes of novel binders and to filter molecular docking results,
specific key interactions, reported by us'**°~** and other
research groups, were considered as essential contacts for
mPGES-1 inhibition®™"""**’ during the computational anal-
ysis. Hence, the optimal library members (1—13) were
rationally selected for successive organic synthesis (Figure 2).
The synthetic routes of the identified molecules are depicted in
Figure 4. Pd-catalyzed Suzuki—Miyaura cross-coupling was
performed between 3-(hydroxymethyl)phenylboronic acid I
and 2-amino-6-bromobenzothiazole (scaffold A) or 2-amino-5-
bromobenzothiazole (scaffold B), respectively. The Suzuki—
Miyaura reaction was chosen for our purpose because it is an
efficient and versatile method for the synthesis of highly
functionalized biaryls in good yields under mild conditions.
For the preparation of our compounds, the cross-coupling was
performed under standard conditions using Pd(PPh;), as the
catalyst and aqueous carbonate base in dioxane at 80 °C.
Reactions occurred with 75—88% yields.
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Figure 6. AS49 cancer cells were treated with compounds 1 (a), 3 (b), and 13 (c) at different concentrations for 48 or 72 h. The percentage of cell
cycle stages was analyzed after DNA propidium iodide staining by flow cytometry. Results are expressed as means + SEM of two independent
experiments performed in triplicate (*P < 0.05, **P < 0.005,%**P < 0.001).
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Figure 7. Three dimensional model of the pattern interaction
between 3 (violet sticks) and mPGES-1 (colored by chain, namely
chain A is depicted in yellow, chain B in red, and chain C in cyan

ribbons).

Since the (hydroxymethyl)phenyl portion presented a
primary alcohol, it was necessary to protect the hydroxyl
group before acylation. We opted for transient protection by
trimethylsilyl ether which was formed in situ in dry acetonitrile
at room temperature with pyridine and removed during acidic
workup. Acylation of the protected aminobenzothiazole
nucleus was then accomplished by adding the proper acyl
chloride to the reaction mixture. Compounds 1—10 were
obtained with moderate to high yields (32—85%). For 11—13,
a different synthetic approach was preferred because acylation
of 2-amino-5-bromobenzothiazole gave less polar compounds
with consequent more accessible purification procedures.
Acylation reactions were conducted in dry acetonitrile with
pyridine at room temperature. 16—18 were then subjected to
Suzuki—Miyaura coupling with 3-aminocarbonylphenylboronic
acid to give 11—13. All compounds were purified by reversed
phase HPLC and obtained with >98% purity.

The effects of 1—13 against mPGES-1 activity were studied
by monitoring the enzymatic conversion of the substrate PGH,
(20 uM) to PGE, in a cell-free assay using microsomes of IL-
1f-stimulated A549 cells as a source of mPGES-1 (Table S1 in
Supporting Information). All compounds carrying the
(hydroxymethyl)phenyl residue at position S of the benzo-
thiazole scaffold (7—10) showed a residual mPGES-1 activity
at 10 M higher than 30%. The replacement of the
(hydroxymethyl)phenyl residue at position S with a 3-
aminocarbonylphenyl group in compounds 11 and 12 did
not improve the potency against mPGES-1.

Indeed, compounds 11 and 12 with the same acyl group
failed in mPGES-1 inhibition. However, when a 4-fluoro-2-
(trifluoromethyl)phenyl moiety was introduced as an acyl
moiety (13), mPGES-1 inhibitory activity was improved
(Table S1 in Supporting Information). The introduction of
the (hydroxymethyl)phenyl residue at position 6 of the
benzothiazole further enhanced the potency. The presence of
a pyridine ring in the amide group was detrimental, as shown
for compounds 4 and S. Replacing the pyridine with a 2,5-

787

dimethylfuran (compound 6) yielded an IC, value of 2.6 +
0.1 uM. Contrariwise, the translation of the (hydroxymethyl)-
phenyl moiety from the S- to 6-position increased the
inhibitory potency in compounds 1 and 3, which are
regioisomers of compounds 8 and 7, respectively (Table S1
in Supporting Information).

Based on the inhibitory activity against mPGES-1 (Table 1),
1, 3, 6, and 13 were selected as promising hits for further cell-
based studies. Considering that mPGES-1 is found overex-
pressed in A549 human lung epithelial cancer cells,” the effect
of these compounds on PGE, production in AS49 cells was
evaluated. In more detail, A5S49 cancer cells were incubated
with IL-1$ and test compounds (S or 10 uM) for 24 h. All
molecules tested reduced the cytokine-induced PGE, produc-
tion in a concentration-dependent manner (Figure S) without
significantly affecting cell viability at 24 h. The antiproliferative
or cytotoxic effect of compounds 1, 3, 6, and 13 was evaluated
in human AS549 cells upon long-term incubation with
increasing compound concentrations. The cancer cells were
incubated for 48 and 72 h with 1, 3, 6, and 13 (5—100 uM) or
the reference inhibitor CAY10526 (1-50 pM), and cell
viability was monitored by MTT assay. The compound
CAY10526 inhibits PGE, production through the selective
modulation of mPGES-1 expression but does not affect COX-2
expression,”® and it was used as a control in our experiments.
All the compounds tested inhibited cancer cell viability (Table
2). Compounds 1, 3, and 13 were proven to be the most active
and were used in further analysis.

To explore the mechanisms underlying the repression of
cancer cell viability, the effect of compounds 1, 3, and 13 was
analyzed on cell cycle progression in A549 cancer cells by flow
cytometry.

Compound concentrations were selected close or above the
ICy, values for inhibition of PGE, biosynthesis.

All compounds tested (1, 3, 13) induced a GO/Gl1 arrest in
a time- and concentration-dependent manner (Figure 6A—C).

For high concentrations of compound 3 (30 #M) and long-
term incubation (72 h), the initial GO/G1 arrest was
complemented by a G2/M arrest, which apparently prevents
the transition of cells thereby again reducing the number of
cells in GO/GI1 phase.

Moreover, compounds 3 and 13 induced moderate
programmed cell death at high concentrations (20—30 uM),
as indicated by the increase of the subG0/G1 cell fraction (6 +
0.5% after 48 h and 7 + 0.7% after 72 h for 13; 5 & 0.9% after
48 h and 18 =+ 1.2 after 72 h for 3). Conversely, compound 1
did not show a cell-death-related hypodiploidy within 48 to 72
h (Figure 7A).

The detailed description of the ligand/target interactions
between mPGES-1 and 3, the most active compound of
libraries (see above), was chosen as a representative case to
elucidate at molecular level the structural basis responsible for
enzyme inhibition (Figure 7). The benzothiazole scaffold
assumes a binding mode similar to the cocrystallized ligand
reported in purple in Figure 3. In more detail, 3 fits to the
binding site (see above) defined by (a) the cytoplasmic part of
the protein, featuring aromatic (C:Phe44, C:His53) and polar
(C:Asp49) amino acids; (b) the cofactor (GSH) binding
region in the deeper part of the binding pocket;*” (c) a binding
groove between helix 1 of chain C and helix 4 of chain A, with
polar (A:GIn134) and aromatic residues (C:Tyr28 and
A:Tyr130). Furthermore, the substituents decorating the
scaffold make specific contacts with the receptor counterpart:
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(a) the bromine atom forms halogen bonds with Asp49cpincs
(b) —OH and —NH groups establish hydrogen bonds with
GIn134cpina and Ser127cpuina; (c) benzothiazole and benzene
rings are involved in two w— stacking with Tyr130cp,,a and
HisS3chaincy respectively.

In summary, the reported combinatorial approach, coupled
with an efficient multistep virtual screening workflow, has
accelerated and facilitated the identification of novel mPGES-1
inhibitors (1, 3, and 13), active at low micromolar
concentrations against A549 human cancer cell lines. The
discovered aminobenzothiazole scaffold can suppress PGE,
biosynthesis representing an interesting chemical core and a
new promising template for developing anticancer agents that
could be easily decorated according to convenient multi-
component organic reactions.

Furthermore, we have provided a suitable strategy based on
a multistep virtual screening protocol of a combinatorial library
for the identification of novel biologically active hits.
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