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ABSTRACT

Identification of new microsomal prostaglandin, Bynthase-1 (MPGES-1) inhibitors is
currently sought for the treatment of cancer arfthimmation. Here we show the results of a
Fragment Virtual Screening campaign using the X-caystal structure of human mPGES-1
(PDB code: 4AL0). Among the fragments selected hindbgically tested6 (9H-indeno[1,2-
b][1,2,5]oxadiazolo[3,4-e]pyrazin-9-one) showed theost promising mPGES-1 inhibitory
activity (~30% inhibition at 10uM). A minimal structure-based optimization 6f led to
compoundsdl5, 20 and21, with a promising enhancement of the inhibitoryiaty (ICso = 4.6
0.2 uM for15; 2.4 £ 1.0 uM for20; 1Csp = 2.4 + 0.8 uM for2l). The unprecedented chemical
core and the possibility of synthesizing novel datives reveal a new and attractive field of
action for the development of mMPGES-1 inhibitorsthwpotential anti-inflammatory and

anticancer properties.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) nowgd represent the most important
agents for the inflammation therapy. They act sepging the biosynthesis of prostaglandins
(PGs), bioactive mediators involved in key physgidal functions but also in several other
pathologic conditions, such as tumorigenesis[1]e Talationship between inflammation and
tumor progression is noteworthy[2-4], and the datien between inflammatory events and the
development of pre-cancerous lesions at variougomma sites has been established[5-7].
Proliferation, invasion and migration processes amemoted by inflammatory events and,
indeed, the identification of new anti-inflammatatyugs could be synergic in the context of
anti-cancer pharmacological strategies[8]. Nevéeds®e NSAIDs cause several side effects due
to their action on cyclooxygenase (COX) targetghsas cardiovascular, gastrointestinal and
renal side[9], and then the development of saterr@tives especially for long-term therapies is
even more required[10, 11].
In this scenario, prostaglandin Bynthases (PGES, namely mPGES-1, mPGES-2 and gPGES
represent valuable targets for the developmentewf anti-inflammatory/anticancer agents with
reduced side effects. Specifically, PGES are temhenzymes involved in the biosynthesis of the
inflammatory lipid mediator PGEL2, 13]. In particular, while mPGES-2 and cPGEfresent
the constitutive form, the inducible membrane-boisaform mPGES-1 has become as a key
drug target in PGgrelated acute and chronic disorders[14], such a®[]b], fever[16],
rheumatoid arthritis[17], arthritis[18], inflammati[19], and cancer[20, 21]. Then, mPGES-1
inhibitors recently emerged as new valuable andrsdfugs, avoiding the chemical conversion
of PGH,, enzymatically produced by the COXs, to BZE]. Up to now, a number of mPGES-1

inhibitors featuring different chemical platformave been developed[23]. The structure-based



design of new inhibitors was supported in 2013Hwgy/first X-ray crystal structure of the protein
with the identification of the active site[24], asdbsequently by other crystal structures with
several known mPGES-1 inhibitors acting both asssate (available crystal structures with
PDB codes: 4BPM, 4WAB, 4YK5, 4YLO, 4YL1, 4YL3)[25f2 and substrate/cofactor
competitors (PDB code: 4AL1)[24]. Also, new higlsotution X-ray structures of human
MPGES-1 in complex with new and potent inhibitoavér been presented (PDB code: 5BQG,
5BQH, and 5BQI)[28]. This new information is crudia a medicinal chemistry approach for the
structure-based design of novel inhibitors, ancbitld also serve to retrospectively analyze the
binding modes of known binders[22].

In the last few years, our research group has lmeerived in the computer-aided design,
chemical synthesis and biological evaluation ofelawPGES-1 inhibitors featuring different
chemical scaffolds[29-39]. With the aim of idenirfy novel MPGES-1 featuring unprecedented
molecular scaffolds, a Virtual Screening computaloapproach was undertaken using the
recent crystal structure of mPGES-1 (PDB code: 4dASpecifically, we here focused on the
fragment-based drug discovery (FBDD) approach[4bice it has recently emerged as a
significant tool in the field of medicinal chemigtior discovery of new hit compounds. In fact,
the identification of low-molecular-weight compowwn@300 Da) could allow the design of high
affinity ligands following a “linking” or “growing” approach[37, 41]. Starting from these
considerations, we report a Fragment Virtual Sareeworkflow leading to the identification of
new valuable chemical scaffolds, whose biologicativities were detected byn vitro
experiments. Moreover, simple modifications on mhest promising fragment prompted to the
chemical synthesis of a small set of derivativesgehremarkable inhibitory activities pave the

way for the development of novel potent mPGES- biidrs.



Materials and M ethods

Input files preparation for molecular docking. The chemical structures of the investigated
compounds were retrieved from the ZINC database 3. Specifically, we used the
“Fragment-Like — In Stock” subset, then accounting commercially available compounds for
an immediate delivery. When the library was dowdksh(2013), it was composed by ~4.40°
compounds. For the subsequent docking calculatiahghe structures were converted in the
.pdbqt format using OpenBabel software (version22[&4], adding Gasteiger charges.

Protein 3D models were prepared using the SchrédiRgptein Preparation Wizard[45], starting
from the mMPGES-1 X-ray structure in the active fofi@DB code: 4AL0)[24]. A first set of
docking calculations was performed on the protéinocture in absence of the cofactor GSH
(named mpges_1 no_gsh branch), while it was preserved for a second $eexperiments
(mpges_1 with_gsh branch). Crystallized water molecules were rempwadhydrogens were
added, and bond orders were assigned. Proteinfilpdlmbtained were then converted in .pdbqgt

format.

Molecular Docking. Docking calculations were performed using Autdd¥ma software[46].
In the configuration files linked to 3D structuretthe proteins, we specified coordinates and
dimensions along x,y,z axes of the grids relatedht sites of presumable pharmacological
interest. In particular, we chose the binding bgéveen A and B chains for both the forms of the
protein, and a grid box size of 24x20x18 and cewdtet 10.304 (x), -11.033 (y), and -8.384 (2),

with spacing of 1.0 A between the grid points,isgtthe exhaustiveness value to 8. For all the



investigated compounds, all open-chain bonds wessgdd as active torsional bonds. Docking
results were analyzed with Autodock Tools 1.5.7 Bfaéstro (version 10.2)[45]. lllustrations of

the 3D models were generated using VMD softwarefdic] Maestro (version 10.2)[45].

General Synthetic Information.

Materials. Inorganics, organic reagents, and solvents wenengercial pure compounds and
used without further purification. TLC analyses @/@erformed using silica gel plates (silica gel
60 F-254) visualized by UV light, fluorescent ligland iodine. Column chromatography was
carried out on silica gel (70-230 meshy.and**C NMR spectra were recorded on Varian Inova
500 MHz, BrukerAvance 400 MHz, and BrukerDrx 400 ¥bpectrometers: chemical shifts in
ppm ©) andJ coupling constants in Hz. The following abbrewas are used to indicate the
multiplicity: s, singlet; d, doublet; m, multiplety, broad signal. Abbreviations, NB3-
bromosuccinimide; DMSO: dimethylsulfoxide.

Synthesis of Compound 18. Substituted phendl7 (296 mg, 2 mmol) was dissolved in 3 ml of
10% aqueous sodium hydroxide solution in a 25 mkkl Solutions of tetra-butylammonium
chloride (56 mg, 0.2 mmol) in 0.7 mL of dichloromabe and acyl chloride (232 pL, 2 mmol) in
2 mL of dichloromethane were prepared. After caplitl solutions at 0 °C, they were mixed at
once. The reaction mixture was kept under vigomnmagnetic stirring at 0 °C for 15 min and
then poured over 50 mL of icy water. The organyefavas separated and the aqueous layer was
extracted twice with 40 mL of diethyl ether. Themdmned organic extracts were washed with
saturated NaCl solution. After drying on 488, the solvent was evaporated, and the residue
was purified by silica gel chromatography (&Hb) to give the compound8. (456 mg; 1.8

mmol; 90%).*H NMR (400 MHz, CDCY): 6 7.83 (d,J = 8.3 Hz, 1H), 7.49-7.40 (m, 3H), 7.35-



7.26 (M, 4H), 3.19 (t) = 5.5 Hz, 2H), 2.75 (t) = 5.5 Hz, 2H)*C NMR (125 MHz, CDG)): 6
206.5, 164.6, 156.8, 156.0, 134.7, 133.9, 130.8,8,2128.6, 125.0, 121.4, 119.7, 36.3, 25.6.
Calculated for @H1203: C, 76.18%; H, 4.79%; O, 19.03%; Found: C, 76.08%04.60%; N,
19.13%.

Synthesis of Compounds 13, 19. In a typical procedureN-bromosuccinimide (671 mg, 3.6
mmol) was added to protected phend?2,(18) (456 mg, 1.8 mmol) in 9 mL of
dimethylsulfoxide. The reaction mixture was stirad0 °C for 3 hours and then at 80 °C for 4
hours. The reaction mixture was cooled to room tmapre and then poured into 200 mL of
water. The product was extracted with three postioh100 mL of dichloromethane, and then
the combined organic extracts were dried (sodiulfat®), filtered and evaporated. The residue
was purified by silica gel chromatography (Etp:AdOE3) to yield compound43 and 19.
Compound 13: 328 mg (1.1mmol; 60%}H NMR (500 MHz, DMSO-g): ¢ 8.22-8.13 (m, 3H),
8.02-7.99 (m, 2H), 7.80 (8, = 7.7 Hz, 1H), 7.68-7.65 (m, 2H), 7.59 (s, 2H, GO NMR (125
MHz, DMSO-&;): 0198.7, 198.6, 164.0, 152.7, 145.5, 141.3, 136.2,2,3129.6, 127.6, 125.9,
125.3, 123.0, 88.9. Anal. Calcd. forie8100s: C, 64.43; H, 3.38. Found: C, 64.11; H,
3.57Compound 19: 349 mg (1.2 mmol; 65%fH NMR (400 MHz, DMSO-g): J 8.19-8.09 (m,
3H), 8.02-7.95 (m, 2H, OH), 7.72 {,= 6.4 Hz, 1H), 7.66-7.56 (m, 4HJC NMR (100 MHz,
DMSO-a;): ¢ 196.9, 196.3, 164.4, 157.6, 140.7, 136.6, 13439,8, 130.9, 128.8, 126.4, 117.6,
88.4. Anal. Calcd. for ¢gH1006: C, 64.43; H, 3.38. Found: C, 64.11; H, 3.57.

Synthesis of Compounds 15, 20, 21. In a typical procedure,a mixture of gem-ditB,(19) (149
mg, 0.5 mmol) and furazan-3,4-diamirig) (50 mg, 0.5 mmol) in 1.5 mL of ethanol and 1.5 mL
of glacial acetic acid was stirred at room tempgrafor 18 hours and then heated at reflux for 6

hours. The precipitated solid was filtered and vedsWith water to yield the compoundls, 20



and21. Compound 15: 76 mg (0.22 mmol; 45%)YH NMR (400 MHz, DMSO-g): ¢ 8.31-8.21
(m, 3H), 8.11-8.01 (m, 1H), 7.91 (@= 8.1 Hz, 1H), 7.83 (dd] = 10.7, 4.2 Hz, 1H), 7.74-7.66
(m, 2H). ®C NMR (100 MHz, DMSO-g): § 186.1, 165.8, 165.5, 164.3, 151.6, 150.0, 149.7,
139.1, 136.4, 134.0, 131.7, 131.6, 131.5, 130.8,A2117.5. Anal. Calcd. forgHgN4O4: C,
62.80; H, 2.34; N, 16.27. Found: C, 62.72; H, 2M016.08.Compounds 20 and 21: A mixture

of compoundf0 and21 in ratio 1:0.88 respectively (0.25 mmol; 50%) vpasified by silica gel
chromatography (Etp:AcOEt 7:3Fompound 20: *H NMR (500 MHz, DMSO-g): 6 8.45 (d,J =
8.3 Hz, 1H), 8.25-8.19 (m, 3H), 8.03 (db= 8.3, 1.9 Hz, 1H), 7.85-7.78 (m, 1H), 7.71-7.64 (
2H). °C NMR (125 MHz, DMSO-g): ¢ 185.1, 164.7, 163.3, 161.7, 158.2, 153.6, 14238,3,
137.4, 135.1, 132.2, 130.6, 129.6, 128.8, 127.8,911Anal. Calcd. for ¢HsN4O,4: C, 62.80; H,
2.34; N, 16.27. Found: C, 62.63; H, 2.10; N, 16@@mpound 21: *H NMR (500 MHz, DMSO-
de): 6 8.35 (d,J = 1.8 Hz, 1H), 8.26-8.20 (m, 3H), 7.94 (dds 8.3, 1.8 Hz, 1H), 7.84-7.78 (m,
1H), 7.70-7.63 (m, 2H)*C NMR (100 MHz, DMSO-g): § 184.7, 165.6, 163.9, 162.2, 157.3,
155.7, 142.3, 138.3, 137.9, 135.9, 130.9, 130.5.113129.7, 127.8, 118.4. Anal. Calcd. for
CigHsN4O4: C, 62.80; H, 2.34; N, 16.27. Found: C, 62.592H9; N, 16.09.

Synthesis of Compounds 16, 22, 23. In a typical procedure, protected compourids 20, 21)
(177 mg, 0.51 mmol) were dissolved in MeOH/THF Jlahd stirred with sodium thiophenolate
(101 mg, 0.77 mmol). The reaction was heated tluxdbr 2.5 h and precipitated solid was
filtered and purified by silica gel chromatograpl@H.Cl,) to yield compound46, 22, and23.
Compound 16: 115 mg (0,48 mmol; 95%IH NMR (500 MHz, DMSO-g): § 7.85-7.72 (m, 1H),
7.63-7.54 (m, 1H), 7.26-7.18 (m, 1HJC NMR (100 MHz, DMSO-g¢): § 184.1, 165.5, 152.3,
149.3, 148.2, 141.1, 138.2, 136.1, 128.0, 124.8,6l1Anal. Calcd. for GH4N4Os: C, 55.01; H,

1.68; N, 23.33. Found: C, 55.12; H, 1.88; N, 2308mpound 22: 115 mg (0.48 mmol; 95%).



'H NMR (500 MHz, DMSO-g): § 8.31 (s, 1H), 7.94 (d] = 8.5 Hz, 1H), 7.20 (dJ = 7.8 Hz,
1H). 3C NMR (100 MHz, DMSO-g): 6 183.0, 167.9, 163.6, 162.5, 153.7, 142.8, 1328, 1],
124.5, 115.8. Anal. Calcd. fory(H4N4O3: C, 55.01; H, 1.68; N, 23.33. Found: C, 55.191H9;
N, 23.01.Compound 23: 115 mg (0.48 mmol; 95%jH NMR (400 MHz, DMSO-g): § 8.59 (bs,
1H, OH), 8.15 (dJ = 6.2 Hz, 1H), 7.37 (d] = 6.2 Hz, 1H), 7.26 (bs, 1H)*C NMR (125 MHz,
DMSO-ds): ¢ 187.4, 167.5, 165.1, 164.3, 156.0, 155.9, 14535,9, 128.7, 128.4, 112.5. Anal.

Calcd. for GiH4N4Os: C, 55.01; H, 1.68; N, 23.33. Found: C, 55.0819,7; N, 23.05.

Bioactivity assays

Cell-free mPGES-1 activity assay

Microsomes of IL-B-stimulated A549 cells were used a as source faBEf?1. Expression of
MPGES-1, preparation of microsomes and determmatiotnPGES-1 activity was performed as
described previously[48]. In brief, A549 cells wdreated with II-B (1 ng/ml) for 48 h, cells
were harvested, sonicated and the homogenate \bgctd to differential centrifugation at a)
10,000xg for 10 min and b) 174,000xg for 1 h atC4 The microsomal fraction (pellet) was
resuspended in 1 ml homogenization buffer (0.1 Maggium phosphate buffer, pH 7.4, 1 mM
phenylmethanesulfonyl fluoride, 60 pg/mL soybeaypsm inhibitor, 1 pg/mL leupeptin, 2.5
mM glutathione, and 250 mM sucrose), the total girotconcentration was determined, and
microsomes were diluted in potassium phosphateebyfi.1 M, pH 7.4) containing 2.5 mM
glutathione. Test compounds (or DMSO as vehiclejewadded, and after 15 min at 4 °C
reaction (100 pl total volume) was initiated by #idd of 20 uM PGH. After 1 min at 4 °C, 100
pl of stop solution (40 mM Fe&l80 mM citric acid, and 10 puM BIPGE) were added. PGE

was separated by solid-phase extraction and arthlyg&P-HPLC as described previously[48].
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Results and Discussion

Structural information. mPGES-1 is a glutathione-dependent membrane prtieated on
the endoplasmic reticulum and structurally orgashiae homotrimer, with three equivalent active
site cavities within the membrane-spanning regianeach monomer interface[24]. Each
asymmetric monomer is characterized by a four-hkelindle motif, while each active site is
toward the cytoplasmic part of the protein, betwdenN-terminal parts of helix 1l and IV of one
monomer and the C-terminal part of helix | and thoplasmic domain of the adjacent
monomer (Figure 1).

The analysis of the mPGES-1 crystal structure (PiaBle: 4AL0)[24] disclosed several
regions in the binding site that could be convethyetargeted by a functionalized ligand (Figure
1). Firstly, a binding groove is between the GSHdimg site and a molecular surface nearby the
cytoplasmic part of the protein, mainly composedaogmatic (B:Phe44, B:His53) and polar
(B:Arg52) residues (colored in cyan, Figure 1).

A potential binder could establishin contacts with these aromatic groups, as occuoethé
co-crystallized LVJ[25], 4DV, 4Dz, 4U8, 4U9[26], dras we proposed for dihydropyrimidin-
2(1H)-one based mMPGES-1 inhibitors[36].

The cofactor (GSH) is in a profound cavity mainlyatacterized by polar residues, and it
adopts a U-shape due to the strong interactiomedeet its two terminal carboxylic functions and
the positively charged residues in the deeper phrthe binding site (B:Arg38, A:Arg73)
(colored in yellow, Figure 1). Importantly, the ploé group in the side chain of A:Tyr130 is

involved in ar-stacking with the gamma peptide linkage betweencysteine and the glutamate

11



of GSH. This key residue could be targeted by adrithrough a-n interaction and/or polar/H-

bond interactions with the phenol hydroxyl moietythe side chain.

A

Figure 1. mPGES-1 structure: a) molecular surface repraientof the mPGES-1 trimer (chain A blue, chain B
red, chain C orange); b) molecular surface focusethe mMPGES-1 binding site colored in orangepyelland cyan
(see text for details), dummy atoms define thereslepart of endoplasmic reticulum membrane (abr@geatoms)

and cytoplasmic (below blue atoms) sides; c,d) isg@ary structure focused to the mPGES-1 binding(si@in A

12



blue, chain B red, chain C orange); glutathioneH{8ofactor and key-residues in the mPGES-1 bindiiteg are

represented in sticks (C: green, O red, N, blukglht gray).(2-column fitting image)

Moreover, Serl27 on chain A represents anotherafimedhtal residue, since it was supposed to
be involved in the catalytic process behind thenisozation of PGH to PGE[24]. Finally,
moving from the external part of endoplasmic rdtioumembrane to the cytoplasmic part of the
protein, a binding groove is identifiable at theensection between helix 1 of chain B and helix 4
of chain A, with polar (A:GIn134), aliphatic (B:V&4) and aromatic (B:Tyr28) residues, and
could be bound by long molecular functions (colaredrange, Figure 1).

Fragment Virtual Screening and biological evaluation.The identification of novel mPGES-
1 inhibitors was conducted following a multi-stefpusture-based Fragment Virtual Screening
approach, using the information arising from thealgsis of the protein crystal structure
crystallized by Sjogren et al. (PDB code: 4AL0)[2#] a previous study, we have compared
different mPGES-1 protein crystal structures higling the limited induced fit of the protein
after ligand binding, and the applicability of seiheixibile molecular docking experiments
(namely ligands considered as flexible, while prots rigid)[37]. The workflow is represented
in Figure 2.

The fragment library was docked onto the mPGESdten structure after removal of the
cofactor (glutathione, GSH; this branch was nampdes 1 no_gsh). After several selection
steps (Steps 2-4, Figure 2), the most promisingpoamds were also docked on the protein in
the presence of the cofactongges 1 with_gsh branch) (Step 5, Figure 2).

Previous studies[49] highlighted that mPGES-1 iitbis could bind the protein either
occupying only the substrate binding site (prostadin H, PGH) or partially displacing GSH,

then filling part of the cofactor binding site @8 fis extending to the substrate active site. These

13



ACCEPTED MANUSCRIPT

two different binding modes seem to dramaticallfef the potency, and in particular the
accommodation in both the sites (substrate andctmfasites) could lead to high affinity
inhibitors[49]. Even if it is unlikely that a lowffanity compound (such as a fragment) could
interfere with the binding of the cofactor, we ciolesed this possibilityn silico in view of the

subsequent optimization steps aimed to the geperadf small molecules starting from

fragments.

Fragment Virtual Screening Workflow

T
Ill\l';lf..

Figure 2. Fragment Virtual Screening workflow for the idéioation of novel MPGES-1 inhibitorél-column

fitting image)

The identification of the most promising bindingsps represented the starting point for the

design of optimized compounds, able to bind thagn form with high affinity respecting the

14



original fragment positions and filling the unocagbregions thanks to the additional chemical
groups. On the other hand, in order to facilitht itlentification of active fragments prone to the
optimization, we also evaluated the binding modéhefidentified hits in the presence of GSH
(mpgesl_with_gsh branch), then finally selecting the compounds abladvantageously bind the
protein in both the forms.

In details, the Virtual Screening workflow starteth the molecular docking of the starting
fragment library (~4.410° compounds) on the mPGES-1 protein structure beittoving the
cofactor (mpges_1 no_gsh). The first selection filter concerned the mosergetically favored
compounds, saving all the fragments whose predibteding energies were comprised in a
range of 1.5 kcal/mol from the best identified a($tep 2, Figure 2). For the selected fragments
(2332 compounds), the related Ligand Efficiency[¥@Jues were computed. This parameter
links the estimated binding energy with the molacdize and could advantageously guide the
optimization process of small chemical probes, ilegdo potent small molecules respecting the
Lipinsky rules[51]. Compounds with Ligand Efficignosalues better than -0.500 kcal/mol
passed this filter, then restricting the numbe2%d promising molecules (Step 3, Figure 2). In
view of the subsequent step of fragment-to-leathopation, we carefully analyzed the binding
modes of the identified fragment docking poseshlie aim of selecting only those respecting
the key interactions with the receptor counterp@he selected fragments were supposed to
advantageously interact in the cofactor (GSH) bigdsite, respecting part of the contacts
detected for the cofactor in the protein structumeparticular, different set of ligand-receptor
contacts were considered (Step 4, Figure 2):

* m-minteraction with A:Tyr130;

» polar contacts with A:Arg126 and/or B:Arg38 and/ok#g73.

15



Depending on the starting positions in the cofadtording site, the fragments could be
optimized using a “growing” approach on the cytasptic part (e.g. C-domain) or toward the
external binding groove (A:GIn134, B:Val24, B:Ty)2&longing to the mPGES-1 binding site.
After that, the identified fragments (75 compound®&re then submitted to another docking
round, considering the protein form in the preseoicthe cofactorrfipges 1 with_gsh branch)
and evaluating their binding mode (Step 5, Figuyel2 this case, the following groups of
interactions were set for the selection:

» a) edge-to-face-n interaction with B:Phe44 and/or B:His53, and palantacts with

A:Serl27
» alternatively: b) edge-to-face-n interaction with A:Tyr130, and polar contacts with
GSH.

In this way, in the a) case, the interacting fragteecould be optimized moving from the
cytoplasmic to the most external part of the protegaching the external binding groove; in the
b) case, the fragment could grow toward the cysipla part, with the aim of establishing
additional edge-to-face = interactions with B:Phe44 and/or B:His53.
The final stage of the workflow concerned the sayecof the most promising fragments for the
biological evaluation and the eventual subsequenttsire-based chemical optimization (Step 6,
Figure 2). The compounds identified for both thanahes were then further visually inspected
to check which positions could be modified withqatrturbing the original binding modes. 11
compoundsX-11, Chart 1) were finally selected,purchased andogichlly tested. To assess the
ability of compoundd-11 (Chart 1) to interfere with the activity of mPGHESa cell-free assay
using the microsomal fractions of interleukif-{IL-1p)-stimulated A549 cells (as source for

MPGES-1) was applied. In a first screening routidha compounds were solubilized in DMSO
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and tested at a final concentration ofpl\M. Biological data are summarized in Figure 3. Amon
the tested fragment®y (9H-indeno[1,2-b][1,2,5]oxadiazolo[3,4-e]pyrazim8e) showed the
most promising inhibitory activity (~30% of inhimnh), while interestingly3 and 11 showed
only ~20% of inhibition (Figure 3).

Chart 1. Chemical structures of selected fragmenid.
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Figure 3. mMPGES-1 remaining activity in the presence of poundsl-11 at 10uM final concentration. Data are
given as mean * S.E.M, n =@-column fitting image)

Fragment-to-lead optimization of compound 6 - Chemistry and biological evaluation. The
most active identified fragmen® was then modified following two distinct optimiaa
schemes, starting from the analysis of the diffef@nding modes from the two mPGES-1
structures considered for the docking calculatigmpges 1 no gsh and mpges 1 with_gsh

branches) (Figure 4).
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Figure 4. Different binding modes @ (colored by atom types: C orange, O red, N blo&mH light gray) in the
mPGES-1 binding site (represented in ribbons, fduehain A, red for chain B) in the: a) absenaw] ) presence
of the cofactor (GSH). Residues in the active aierepresented in sticks (colored by atom typegre€n, N blue,
O red, S yellow, H light gray, GSH depicted in greeH-bonds are represented in green dotted liwbde n-n

interactions are depicted with cyan dotted lirf@scolumn fitting image)

Firstly, following the hypothesis that the optindzderivatives could act as substrate/cofactor
competitive inhibitors, we noticed th@toccupied the cofactor binding site establishingftue-
to-face with A:Tyrl30 and two hydrogen bonds withAAg73 and A:Argl26 (Figure 4A),
suggesting the introduction of chemical substitsatile to fill the external part of the binding
site.

Also, we carefully investigated the binding mode 6f hypothesizing the substrate
displacement and identifying two main binding modeshe GSH binding site (Figure 4B,
Figure S1, Supporting Information). In the firsteoffrigure 4B), the oxadiazole moiety on ring D
and the aromatic ring A 06 established edge-to-facen interactions with B:Phe44 and
B:His53, suggesting in this case the insertionhamsical groups able to making contacts with
the residues belonging to the external binding geofe.g. A:Tyr130). The alternative docking
pose of6 showed an edge-to-fa@er interaction with A:Tyr130, a-cation with A:Arg126 and
contacts with the cofactor GSH, while the remainpogtion of the fragment pointed toward the
cytoplasmic part of the protein (Figure S1, Supgpgrtnformation).

The analysis of the docking poses of the startiagrment6 then showed that the insertion of
substituents on the available positions of ring duld represent the starting point for the
synthesis of optimized derivatives. With this aing developed a new and rapid synthetic route

allowing the regioselective introduction of a hygybas an attachment point on the aromatic
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ring A of 6 (Scheme 1), specifically leading to its fragmeativhtives16, 22, 23, prone to be
modified for the optimization step.

In detail, substituted analogues of the tetracyclsere obtained by following the protocol
described by the Bratton et al.[52] with approgiatodification to reduce the reaction times
(Scheme 1). Namely, the synthesis of derivati§estarted from the electrophilic bromination of
12 with N-bromosuccinimide, followed by oxidation with dirhgt sulfoxide, to give the 7-
substituted ninhydrid3 in 60% vyield.

Condensation of the latter with furazan-3,4-diamii¥) in a mixture of ethanol and acetic
acid afforded the substituted tetracytte Although concomitant formation of the 4-subsgtiit
regioisomer ofl5 was possible, this product was not isolated froenreaction mixture.

Indeed, the reaction db with sodium thiophenolate in MeOH/THF (1:1) prostithe phenol
16 in 95% vyield. This deprotection was preferredhe one earlier reported, involving the use of
cesium carbonate in tetrahydrofuran due to reddbyrter reaction time (from 5 days to only 2.5
h) with same vyields[53]. It is noteworthy that tpléenolic derivativel6 is useful for the
introduction of additional functionality. In detsjl Mitsunobu reaction conditions could be
employed for the introduction of a range of alkiytlaaryl groups into the tetracycle obtained.

The procedure above described was exploited toirolit® isomeric C-6 and C-7 hydroxy
substituted analogs. Therefore, after the proteadbthe hydroxyl group of the commercially
available indanond7 with benzoyl chloride[54], the synthetic strategyvided a mixture of
two tetracycle0 and21 in ratio 1:0.88 respectively through the internageligem-dioll9.

The two isomers were readily separated and purifiedilica gel chromatography (Etp:AcOEt
7:3), then the ester cleavage produced the comnegpp compound®2 and 23 with a 95%

yields in both cases.
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We were intrigued by compounds, 20, 21 produced during the synthesis as the protected
analogues o016, 22, 23, respectively, for which docking calculations sleaWpromising binding
modes in the mPGES-1 binding site. In particulae éster function on ring A guaranteed the
correct distance between the original core anchéve aromatic function, and the gain of further
favorable contacts while respecting the binding esogreviously described for compouddin
details, in the absence of the cofactor we deteittechrowing of the starting fragment toward
the external part of the binding site, with theabishment of an additional edge-to-face
interaction with with A:Phe44 fot6 (Figure 5A), and with A:Tyr130 (Figure 5B-C) f@0 and
21. In the presence of the cofactor, compoubsls?0 and21 confirmed the fundamental edge-
to-face n-n interaction with B:Phe44/B:His53, respecting theding mode of fragmené as
reported in figure 4B. In addition, the attachmehthe benzyloxy group on the ring A 6f
determined additional edge-to-fager interactions with A:Tyr130 (Figure 5D-F). Furthesra,
we also found further binding modesi, 20, and21 respecting the alternative docking pose of
6 (as reported in Figure S1, Supporting Information)which the original core was oriented
toward the A:Tyrl30 (Figure S2, Supporting Inforromaj, while the benzyloxy substituents
established edge-to-faaer with B:Phe44/B:His53. Notably, in previous attesjp6] and after
a retrospective analysis of the binding mode ofittrebitor LVJ[25, 36], we highlighted the
importance of this key-interaction for the struetlbased drug design and optimization of new
MPGES-1 inhibitors. As expected, for compoufis22, and23 the insertion of the hydroxyl
did not dramatically perturb the proposed bindingdes of the starting fragme@t(Figure S3,

Supporting Information).

Chart 2. Chemical structure of compoun@lsl5, 16, 20-23.
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Results from the assessment of mMPGES-1 inhibityoiedmpoundsl5, 16, 20-23 corroborated
the computational outcomes, and specifically compsi5, 20 and21 confirmed their ability to
interfere with mPGES-1 activity (% of inhibition: 0% for15; ~ 70% for20; ~ 85% for21, at
10 uM). The related I§ values substantiate these results, obtaining @iomiGs values in the
low micromolar range (1§ = 4.6 £ 0.2 uM forl5; 1ICsp = 2.4 + 1.0 uM foi20; ICs0 = 2.4 £ 0.8
UM for 21) (Figure 6). As expected, compount 22, and23 showed an inhibitory activity

comparable with that of starting fragmén{% of inhibition = 30% for22, 15% for23, tested at

10 pM), while a lower value was found ft8 (5% of inhibition at 10 pM).
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From a structural point of view, the here repomesel MPGES-1 inhibitors were discovered
performing molecular docking experiments on both pinotein forms in the absence and in the
presence of the cofactor (glutathione, GSH). Inall@ly new experimental information arose
from the analysis of the recently released crystaictures of mMPGES-1 co-complexed with high
affinity inhibitors (PDB codes: 4BPM, 4WAB, 4YK5,YAQ, 4YL1, 4YL3, 5BQG, 5BQH,
5BQI), confirming the presence of GSH at its skerthermore, the only one co-crystallized
inhibitor acting as partial substrate/cofactor cetitpr (PDB code: 4AL1) is a close analogue of
GSH (bis-phenyl-GSH), thus maintaining the samewagk of interactions of the original
cofactor at its site. Taken together, these expanrtal data point out that the displacement of the
cofactor is possible only if the binding site iscopied by a similar ligand respecting the binding
mode reported for GSH. These structural outcomeBcate the substrate displacement
hypothesis for the set of compounds here reposted,these information will be accounted for

the futurein silico design of optimized derivatives.
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Figure 5. a,d) 3D docking models db (colored by atom types: C cyan, O red, N blueapél light gray); b,e)
20 (colored by atom types: C pink, O red, N blue, pbldight gray), and c,fp1 (colored by atom types: C violet, O
red, N blue, polar H light gray) in the mPGES-1diy site in the absence (a,b,c) and in the preséhe,f) of the
cofactor GSH. Residues in the active site are sgmted in sticks (colored by atom types: C greehlud, O red, S
yellow, H light gray). H-bonds are represented iieegp dotted lines, while-r interactions are depicted with cyan

dotted lines(2-column fitting image)
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Figure 6. a) mMPGES-1 remaining activity in the presence ofmpgounds15, 16, 20-23 at 10 uM final
concentration. b, ¢, d) Concentration-responseesuof compounds5, 20, 21 for inhibition of mMPGES-1 activity,

respectively. Data are given as mean + S.E.M.3n(2-column fitting image)

Conclusion

Here we reported about the computer-aided ideatitio, biological evaluation, and
optimization of the novel mMPGES-1 small fragmeritilaitor 6 following a Fragment Virtual
Screening approach.

In detail, from a multi-step Fragment Virtual Sameey 11 compounds were selected,
purchased and biologically evaluated. Starting frima most active fragmeré (~30% of

inhibition at concentration of 1@M), we have developed a synthetic route aimed at th
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preparation of its derivatives, 22, and23, with the introduction of a hydroxy substituent in
different positions as possible attachment poiotdte future optimization steps.

By means of docking calculations, we also evaluatedbinding modes of the synthesized
protected analoguets, 20, and 21 featuring a benzyloxy chemical function attachedtte
original chemical core. Computational data showwesl dbility of these compounds of gaining
several interactions while not affecting the oraiinding modes of. Encouraged by the
computational results, we biologically evaluatEs] 20, and 21 in vitro, revealing promising
inhibitory activities against mMPGES-1 in the lowcnoimolar range (165 = 4.6 £ 0.2 uM forl5;
ICs0 = 2.4 £ 1.0 for20; 1Cso = 2.4 + 0.8 uM for21), disclosing6 as a new interesting chemical
core for the development of mMPGES-1 inhibitors.

Thanks to the rapid and efficient synthetic routgedoped, these results pave the way for the
design of new inhibitors, firstly considering thesgibility of attaching a large set of substituents
exploiting the hydroxy groups introduced on thefetégnt available positions on ring A 6f
Furthermore, different substitution patterns on tér@ninal aromatic function belonging to the
benzyloxy substituent will be also evaluated. Meexo the data here shown will provide
valuable information for the design of further optzed derivatives as novel mMPGES-1 inhibitors

for the treatment of cancer and inflammation.
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HIGHLIGHTS:

* New mPGES-1 inhibitors were identified using a Fragment Virtual Screening approach
» The active fragment 6 was optimized by means of molecular docking experiments
* A new chemical procedure was developed for synthesizing the optimized compounds

» Compounds 15, 20 and 21 inhibit mMPGES-1 in the low micromolar range



