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ABSTRACT: The recently crystallized structure of micro-
somal prostaglandin E, synthase 1 (mPGES-1) in complex
with the inhibitor LV] (PDB code: 4BPM) offered new
structural information for the optimization of the previously
identified lead compound 1 (IC, = 4.16 + 0.47 uM), which
contains the privileged dihydropyrimidin-2-one chemical core.
Systematic optimization of 1, through accurate structure-based
design, provided compound 4 with a 10-fold improved
mPGES-1 inhibitory activity (ICs, = 0.41 + 0.02 uM). Here
we highlight the optimal scaffold decoration pattern of 4 and
propose a three-dimensional model for the interaction with
this complex trimeric membrane protein. The reported
computational insights, together with the accessible one-pot

(ICso = 4.16 £ 0.47 uM)  (ICs, = 0.41 £ 0.02 puM)

synthetic procedure, stimulate for the generation of further potent dihydropyrimidine-based mPGES-1 inhibitors.
KEYWORDS: Molecular docking, inflammation, mPGES-1 inhibitors, Biginelli reaction

Prostaglandin E, synthases (mPGES-1, mPGES-2, and
cPGES) are the terminal enzymes involved in the
biosynthesis of the crucial inflammatory lipid mediator
PGE,."! Unlike the constitutive forms (mPGES-2 and
cPGES), the inducible membrane-bound isoform mPGES-1
has emerged as a strategic drug target in PGE,-related acute
and chronic disorders,” such as inflammation,’® pain,4 fever,®
rheumatoid arthritis,® osteoarthritis,” and cancer.®’

The main limitations connected to the use of classical anti-
inflammatory drugs (NSAIDs and coxibs), which reduce PGE,
levels by blocking COX enzymes, are cardiovascular, gastro-
intestinal, and renal side effects; hence, there is a strong need to
develop safer alternatives especially for long-term therapies.'®"!
In this field, mPGES-1 inhibitors could represent a valuable
pharmacological approach without affecting the formation of
PGH, enzymatically produced by the COXs. Up to now, a
number of compounds with different chemotypes have been
identified, but none have entered clinical trials."*"* Structural
information on the key functional groups, including a defined
pharmacophore, has been the major issue for the development
of potent mPGES-1 inhibitors through rational design
approaches. In addition, the first detailed information about
the three-dimensional structure of this glutathione-dependent
protein in the active form were only recently provided by
means of X-ray experiments by Sjogren et al. in 2013.'* The
determined structure revealed that the mPGES-1 homotrimer
has three active site cavities within the membrane-spanning
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region at each monomer interface. The asymmetric monomer is
formed by a four-helix bundle, and each active site is between
the N-terminal parts of helix II and IV of a monomer, the C-
terminal part of helix I, and the cytoplasmic domain of the
adjacent monomer, toward the cytoplasmic part of the protein
(Figure 1). The cofactor (GSH) adopts a U-shape due to the
strong interactions between its two terminal carboxylic
functions and a positively charged region in the deeper part
of the binding site.

As previously reported, we have recently uncovered a rational
design approach for the discovery of new mPGES-1 inhibitors
featuring the dihydropyrimidin-2(1)H-one (DHPM) core, by
using the above-described crystal structure.'® In that work, we
performed molecular docking studies and identified the
promising candidate 1 (IC5, = 4.16 = 0.47 uM, Scheme 1)
as mPGES-1 inhibitor featuring the new DHPM chemical core.

In 2014, a new high-resolution X-ray structure of human
mPGES-1 in lipidic mesophase has been reported in a structural
biology study in complex with the highly potent inhibitor LV]
(2-[[2,6-bis(chloranyl)-3-[(2,2dimethylpropanoylamino)-
methyl]phenyl]amino]-1-methyl-6-(2-methyl-2-oxidanyl-pro-
poxy)-N-[2,2,2-tris(fluoranyl)ethyl]benzimidazole-5-carboxa-
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Figure 1. Microsomal prostaglandin synthase-1 (mPGES-1) structure
(PDB code: 4BPM) (secondary structure: chain A blue; chain B red;
chain C orange). Glutathione as cofactor is depicted in licorice mode
(C, green; O, red; N, blue; H, light gray), molecular surface focused to
the binding site colored in gray.

Scheme 1. Structures of Compounds 1—4 and Synthetic
Strategy
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mide) (PDB code: 4BPM).'® Since it was the first reported
cocrystal ligand—protein structure, we undertook a careful
analysis of the binding mode of LVJ in order to get useful
information and to clarify the molecular basis for interaction of
a mPGES-1 inhibitor with the receptor counterpart. First, LV]

acts as a substrate competitive inhibitor but is unable to
displace the cofactor GSH. We analyzed the three-dimensional
model (Figure 2) and noticed an extended set of polar and
hydrophobic interactions of LVJ] with the key residues
responsible for the catalytic activity of the investigated protein
(A:ARG126, A:SER127, and A:THRI131). Importantly, LV]
adopts a peculiar slumped shape in the binding site, and this is
mainly due to a strong edge-to-face 7— interaction between its
dichlorophenyl moiety and the phenyl group in the side chain
of B:PHE44, and similarly with B:HISS3 (Figure 2). Moreover,
the substituted benzimidazole moiety interacts with the external
part of the binding site toward chain A, and the smaller (2,2-
dimethylpropanoylamino)-methyl linear substituent partially
occupies the binding groove in the upper portion of the active
site (Figure 2).

In light of the new elucidated structural insights, we re-
evaluated the binding mode of our lead compound 1 (Scheme
1) with this new X-ray mPGES-1 structure by means of
molecular docking experiments. In particular, in our previous
model, we underlined the importance of the 4-methoxybenzoyl
group at CS duly oriented on the central dihydropyrimidin-
2(1H)-one core, that when absent, dropped the inhibitory
activity due to the failure of establishing key interactions with
the receptor counterpart. Moreover, we identified a funda-
mental face-to-face 7—n interaction between this aromatic
moiety and the A:TYR130, the latter being normally involved
in a stable contact with the cofactor GSH promoting the
catalytic process.'*

In the new model here proposed, we evaluated the binding
mode of 1 in the presence of GSH (as LV]), and we found that
the main feature of this new model is the different orientation
of the 4-methoxybenzoyl group at CS (Figure S1, Supporting
Information). In particular, while the 5-(3-(trifluoromethyl)-
phenyl)furan-2-yl group at C4 occupies the binding groove in a
similar manner, in our new model the aromatic ring at CS is
oriented toward the shallow binding groove on the cytoplasmic
part of the protein, close to the B:PHE44. Nevertheless,
although the compound is able to occupy the binding site by
establishing a large pattern of contacts, the strong edge-to-face
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Figure 2. (a) Three-dimensional model of LV] (colored by atom types: C, iceblue; N, blue; O, red; H, light gray; Cl, green; F, pink) in the mPGES-1
binding site (molecular surface represented in white); residues in the active site represented in licorice (colored by atom types: C, green; N, blue; O,
red; S, yellow; H, light gray) and related molecular surfaces depicted in transparent silver; molecular surfaces of the interacting chemical groups of
LV] and B:PHE44 (edge-to-face 7— interaction) are highlighted in wireframes. (b) Two-dimensional panel representing interactions between LV]

and residues in mPGES-1 binding site.
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Figure 3. (a) Three-dimensional model of 4 (colored by atom types: C, orange; N, blue; O, red; H, light gray; F, pink) in docking with mPGES-1
(molecular surface represented in white); residues in the active site represented in licorice (colored by atom types: C, green; N, blue; O, red; S,
yellow; H, light gray) and related molecular surfaces depicted in transparent silver; molecular surfaces of the interacting chemical groups of 4 and
B:PHE44 (edge-to-face 7— interaction) are highlighted in wireframes; the superimposed structure of LVJ is depicted in transparent iceblue licorice.
(b) Two-dimensional panel representing interactions between 4 and residues in mPGES-1 binding site.

n—n interaction with B:PHE44, observed for LV], is not
detectable in this case (Figure S1, Supporting Information).

In an effort to improve the activity of our lead compound, we
focused in designing and synthesizing three structural related
analogues of 1 (compounds 2—4), thus considering it as
reference compound and making precise and accurate slight
modifications. In these new molecules, we preserved the 5-(3-
(triftuoromethyl)phenyl)-furan-2-yl group at C4 because of its
good shape complementarity with the enzyme, we modified the
aromatic substituent at CS to reach B:PHE44, and finally we
simplified the C6 position of the DHPM core, which was not
essential for the protein inhibition.

By exploiting our optimized protocol for the synthesis of
DHPMs, we obtained compounds 2—4 in very easy and fast
experimental conditions. As alternative to conventional linear-
type strategies, we relied again on the Biginelli three-
component dihydropryrimidine condensation, a useful ap-
proach in diversity-oriented synthesis in organic and medicinal
chemistry,'”'® thanks to its speed, efficiency, and high-yields."”
Although this chemical procedure is suitable in producing large
collections of diverse molecules, the main aim of this study was
to employ the new mPGES-1 structural information for the
optimization of lead compound 1, without altering its
pharmacophoric portions. For these reasons, we used three
commercially available Biginelli building blocks in a microwave-
assisted procedure and accomplished the synthesis of
compounds 2—4, as outlined in Scheme 1. Once again, a
high-speed microwave-assisted trimethylsilyl chloride
(TMSCl)-mediated Biginelli condensation provided a rapid
access to the desired dihydropyrimidine derivatives in good
yields and short reaction times. Synthesized compounds were
purified by reversed-phase HPLC and characterized by ESI-MS,
HRMS, and NMR spectra.

As a preliminary investigation, we synthesized 2 employing 1-
(5-bromo-2-hydroxyphenyl)-1,3-butanedione as 1,3-dicarbonyl
synthon in the Biginelli reaction. In particular, we first
wondered whether substitutions on the aromatic ring at the
CS could gain favorable interactions with B:PHE44. Moreover,
since in the proposed 3D model of 1, the 6-ethylcarboxylate
function was not involved in fundamental contacts in the
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binding site, this synthon could allow the replacement of this
chemical function with the smaller 6-methyl group. Also, this
chemical modification was encouraged by the presence of H-
bond acceptors/donors (bromine and —OH in this case) on
the precursor building block, with the aim to better
accommodate this chemical function to reach the edge-to-face
m—7 interaction with the protein residue counterpart (Figure
S2, Supporting Information). In details, prior to synthesizing 2,
virtual docking experiments revealed the meta-position on the
aromatic ring at CS as the correct topology to mimic the
chlorine of LV] deeply inserted in the mPGES-1 binding cavity.
The presence of a meta-bromine revealed a better predicted
binding affinity if compared with the meta-chloro and meta-
hydroxyl analogues. For all these reasons, among the
commercially available building blocks, 1-(5-bromo-2-hydrox-
yphenyl)-1,3-butanedione was chosen as 1,3-dicarbonyl syn-
thon, also for the further presence of a hydroxyl substituent
able to establish polar interactions with the receptor counter-
part. Docking studies of 2 showed a slightly better interaction
of the (S-bromo-2-hydroxyphenyl)-oxo substituent at the CS
with B:PHE44, even if also in this case this group was not
perfectly superimposed with that of LV] involved in the 7—x
with B:PHE44. In vitro biological tests confirmed these
computational outcomes, with an ICy, = 5.60 = 0.40 uM,
comparable with that of 1 (ICg, = 4.16 + 0.47 uM). We were
intrigued by this data for the possibility of further optimizing
the orientation of the aromatic moiety at CS, while conserving
the methyl group at C6. Then, in order to achieve a more
suitable orientation in the binding site, we decided to consider
the simple phenyl ring at CS, but increasing its distance from
the dihydropryrimidine core with the introduction of an
oxymethylene spacer (Scheme 1), by using benzyl acetoacetate
as 1,3-dicarbonyl synthon for the synthesis of compound 3.
Docking experiments supported this hypothesis, with a perfect
superimposition of the dichlorophenyl part of LV] and the
benzyl-oxy-carbonyl portion at the CS of 3, which is able to
establish the key edge-to-face 7—z with B:PHE44 (Figure S3,
Supporting Information). Indeed, the inhibitory activity on
mPGES-1 was improved, with an ICy, = 1.40 + 0.60 M for 3.
Once identified a better interacting chemical moiety at the CS
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on the DHPM core, we also considered the possibility of
modifying the N1 position oriented toward the external part of
the protein. We noticed that in 3 this unsubstituted nitrogen
was not involved in any key interactions with polar residues,
and then we introduced a 2-carboxy-ethyl function at N1
(compound 4, Figure 3), as suggested by molecular docking
experiments performed on differently N1 substituted com-
pounds. The improvement of the biological profile of 4 (ICy, =
041 + 0.02 uM) completely agreed with computational
predictions, confirming the hypothesis that the additional 2-
carboxy-ethyl moiety at N1 gains relevant polar interactions, in
particular with the key residue A:SER127. Notably, this key-
residue contributes to the catalytic process behind the
isomerization of PGH, to PGE,'* and is placed in a region
of the protein (Chain A) in which LVJ (low-nanomolar activity
range) is able to establish an additional H-bond network, thus
explaining the difference in inhibitory activity with 4 (high
nanomolar range). Moreover, the fulfillment of the key
interactions with the receptor counterpart was found for both
the possible enantiomers at C4, albeit a difference in predicted
binding energies was observed due to the slightly different
orientation of the dihydropyrimidine core into the mPGES-1
binding cavity (Figure S4, Supporting Information).

In conclusion, the careful analysis of mPGES-1 crystal
structure in complex with the known inhibitor LV] offered a
direction for the more suitable decoration pattern on the
previously reported dihydropyrimidine-based mPGES-1 inhib-
itors, disclosing 4 as a new potent compound. In fact, 4 inhibits
mPGES-1 activity with ICsy = 0.41 + 0.02 uM and is the most
potent inhibitor that we have developed by rational design on
the DHPM scaffold. The outlined structure—activity relation-
ship here reported and the very useful synthetic approach
represent an important point for the design of new promising
focused collections of mPGES-1 inhibitors. In a future
perspective, data and structural information here shown suggest
an oriented virtual screening campaign of large libraries of
synthetically accessible dihydropyrimidine-based compounds
through the combinatorial Biginelli reaction.
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procedures, characterization data, NMR-mass spectra. This
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Bl ABBREVIATIONS

PGE,, prostaglandin E,; mPGES-1, microsomal PGE, synthase-
1; mPGES-2, microsomal PGE, synthase-2; cPGES, cytosolic
prostaglandin E, synthase-1; GSH, glutathione; COX, cyclo-
oxygenase; NSAIDs, nonsteroidal anti-inflammatory drugs;
ICyy, half maximal inhibitory concentration
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