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Prostaglandins and leukotrienes are produced in the COX and 5-LOX pathways of the inflammatory process. The current drugs target the upstream enzymes of either of the two pathways, leading to side effects.
We have attempted to target the downstream enzymes simultaneously. Two compounds 2 and 3 (10 µM),
identified by virtual screening, inhibited mPGES-1 activity by 53.4 ± 4.0 and 53.9 ± 8.1%, respectively.
Structural and pharmacophore studies revealed a set of common residues between LTC4S and mPGES-1 as
well as four-point pharmacophore mapping onto the inhibitors of both these enzymes as well as 2 and 3.
These structural and pharmacophoric features may be exploited for ligand- and structure-based screening
of inhibitors and designing of dual inhibitors.
Graphical abstract:
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prostaglandin

The inflammatory mediators, prostaglandins and leukotrienes (Supplementary Figure 1), produced in the arachidonic acid pathway are responsible for the various processes associated with pain, changes in vascular permeability,
chemotaxis of immune cells and bronchiolar smooth muscle cell contraction [1]. Hence, the enzymes constituting
these pathways are important targets for the action of anti-inflammatory drugs. The current drugs in the market
target COX-1/2, although studies show the importance of other downstream enzymes in the process of inflammation. LTC4S, which converts leukotriene A4 to leukotriene C4, is overexpressed in aspirin-intolerant asthma,
rheumatoid arthritis and allergies while mPGES-1, catalyzing the conversion of prostaglandin H2 (PGH2) to
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prostaglandin E2 (PGE2) is implicated in a number of pathological conditions including rheumatoid arthritis,
fever and pain [2,3]. Thus, it becomes apparent that from the therapeutic side as well inhibition of the downstream
enzymes in the arachidonic acid pathway is a promising strategy for the amelioration of the disease conditions
involving inflammatory components.
Nonsteroidal anti-inflammatory drugs are currently the most commonly used therapy for the treatment of
inflammation but are fraught with many side effects including gastric toxicity [4]. To overcome this, specific COX-2
inhibitors were developed with the hope that targeting this enzyme would eliminate some of the side effects.
However, such a strategy was found to be associated with increased risk of cardiovascular side effects, leading to the
withdrawal of these selective COX-2 inhibitors from the market [5]. In recent times, dual inhibition of enzymes
in the 5-LOX/COX pathway as been proposed as a therapeutic avenue, given the existing evidence of shunting in
cases where only a single pathway is targeted [6]. COX inhibition was shown to decrease PGE2 production and,
on the other hand, increase leukotriene production, thus lowering the anticancer effects of the therapy [7]. Also
theoretical network models such as those developed by Csermely et al. have showed that partial inhibition of many
targets might be a better treatment strategy than complete inhibition of a single target, both relating to increased
efficiency and an improved side effect profile [8].
Rationale for the present study

The development of dual inhibitors for the arachidonic acid pathway has until now mainly focused on 5-LOX/COX
inhibitors. Their most noticeable advantage is the lack of gastric toxicity, which is prevalent in the COX-specific
inhibitors [9].
However, as COX and 5-LOX are present upstream in the arachidonic acid pathway, they also have a role to play
in the production of other mediators such as lipoxins [10]. Inhibiting them can disrupt various biological processes,
therefore, subsequent research has focused on 5-LOX/mPGES-1 dual inhibitors. However, an inherent drawback
of this strategy is that these two enzymes belong to two different protein families, and hence designing molecules
that are able to modulate both the targets is a challenging task [11]. Also, the mode of action of several 5-LOX
inhibitors is iron chelation or antioxidant activity, which are nonspecific and can lead to side effects as seen in the
case of Zileuton, which is associated with hepatotoxicity [12].
In contrast, LTC4S and mPGES-1, the pair of targets which we investigate here for dual inhibition, belong
to the same protein superfamily, the membrane associated proteins in eicosanoid and glutathione metabolism
(MAPEG) [13]. This makes them more amenable to simultaneous inhibition owing to their inherent similarity.
However, till date, only a few LTC4S inhibitors are reported due to the instability of LTC4S, a transmembrane
enzyme, as well as its substrate leukotriene A4, which has a half-life of 3 s [14,15]. Due to this, the potential of
LTC4S as an anti-inflammatory drug target or of LTC4S-mPGES-1 dual inhibition has not yet been fully explored.
However, the elucidation of high-resolution crystal structures of both the enzymes in the recent past has opened
up the possibility of structure-based drug design [16,17]. Ago et. al. reported a structure-based screening for LTC4S
inhibitors where screening of 6 million molecules yielded only seven molecules with more than 50% inhibition at
100 µM [18]. This led us to postulate that exploring the common features (pharmacophore) of currently known
LTC4S inhibitors can aid in the development a ligand-based screening approach. It can be used in conjunction
with the structure-based one to increase the accuracy of computational methods of hit identification. This will
ensure that compounds shortlisted for eventual testing on this challenging assay system have a better chance of
succeeding. We also wanted to explore some structural and pharmacophoric features common to the mPGES-1
and LTC4S enzymes and their inhibitors, which may be targeted for dual inhibition. This lead us to identify the
broad objectives for the present work as: identification of common structural features of mPGES-1 and LTC4S
enzymes; elucidation of a pharmacophore common to both mPGES-1 and LTC4S inhibitors. In this study, several
computational approaches have been combined together to identify these common features which may be used
for the development of dual inhibitors in future. This was followed by experimental studies of some identified
compounds against mPGES-1 as a validation of the hypothesis from the computational studies. It explored the
relevance of using the common pharmacophore as a guide while designing inhibitors against these enzymes.
Materials & methods
Human recombinant mPGES-1, PGH2 and PGE2 EIA kit were sourced from Cayman Chemical (MI, USA).
Other chemicals were obtained from SRL (Mumbai, India) and HiMedia Laboratories Pvt Ltd. (Bangalore, India).
A detailed description of the methodology followed is given in the Supplementary Information.
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Figure 1. Virtual screening protocol for identifying
mPGES-1 inhibitors. The screening led to two
compounds with significant inhibition of mPGES-1
activity (53.4 ± 4.0 and 53.9 ± 8.1% at 10 µM).
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Virtual screening for mPGES-1 inhibitors

The virtual screening protocol is summarized in Figure 1. Briefly, the ‘all-purchasable’ subset of ZINC8 containing 8,204,014 ligands was subjected to ligand-based virtual screening using seven known mPGES-1 inhibitors
(Supplementary Figure 2) as reference compounds [11,19–24]. The screening consisted of nearest neighbor search
using 2D fingerprints followed by further shortlisting using physicochemical properties and extended connectivity
fingerprints (ECFP4) [25,26]. The shortlisted compounds which satisfied more than four of these criteria (consensus
scoring) were used for structure-based screening. The whole process was implemented in PipelinePilot 6.1 [27]
(Accelrys, Inc., CA, USA, 2007).
Then, the shortlisted compounds were docked into the active site of the modeled open conformation of mPGES-1
trimer (Protein Data Bank [PDB] ID:3DWW) using Autodock 4.0 and the DOVIS 2.0 package in the HighPerformance Computing Environment at the Indian Institute of Technology, Madras [28,29]. Compounds having
binding energy lower than that of the substrate, PGH2 are shortlisted and further filtered using the absorption,
distribution, metabolism and excretion (ADME) criteria (QikProp, Schrodinger, NY, USA). The shortlisted hits
were clustered using ligand-info and 15 compounds were chosen for experimental validation [30].
The in vitro mPGES-1 inhibitory activity of these compounds was established as previously described [31]. Here,
the formation of the product, PGE2, was measured using the enzyme-linked immunosorbent assay kit as per the
manufacturer’s protocol (PGE2 EIA kit, Cayman Chemical).
Protein structural similarity & pharmacophore studies

Structure and pharmacophore comparison studies are summarized in Figure 2. The comparison between mPGES-1
(PDB:4YL0, human) and LTC4S (PDB:4JCZ, human and PDB:4NTF, mouse) was carried out using the Probis
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Figure 2. Structural and pharmacophore similarity between mPGES-1 and LTC4S. (A) Structural similarity studies of
mPGES-1 and LTC4S identified residues at the active site entrance common to both enzymes. (B) Pharmacophore Ph1
elucidated from two mPGES-1 inhibitors binding to the these residues was present in 63 known LTC4S inhibitors. (C)
Fifteen compounds obtained from virtual screening for mPGES-1 inhibitors were divided into two categories based on
the presence [Ph1(+)] or absence [Ph1(-)] of Ph1. Both compounds showing mPGES-1 inhibition (10 µM) belonged to
the group Ph1(+).
† Probis.
‡ Molecular Operating Environment 2015.1001.

webserver [16,17,32,33]. Pharmacophore elucidation was performed by the Low Mode Molecular Dynamics Method
using Molecular Operating Environment 2015.1001 (Chemical Computing Group Inc., QC, Canada) [34]. A
library of LTC4S inhibitors was created from the previously reported compounds in the literature [18,35–45]. The
results were visualized in UCSF (University of Californis, San Francisco) chimera6 [46].
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Figure 3. Inhibition of mPGES-1 activity. Percent activity of mPGES-1 in the presence of compounds 1–15 (10 µM)
when compared with control (DMSO). The positive control is MK-886 (61.1 ± 8.2% inhibition at 2 µM). Compounds 2
and 3 inhibited mPGES-1 activity by 53.4 ± 4.0 and 53.9 ± 8.1%, respectively. Experiments were performed in
duplicates.
**p ≤ 0.01.

Results & discussion
Virtual screening of mPGES-1 inhibitors
Based on consensus scoring of the ZINC library to known mPGES-1 inhibitors using different types of fingerprints
and physicochemical properties, 16,502 molecules which have a metric of four or more in this search space
were selected. Docking of these molecules into the active site of human mPGES-1 resulted in 457 hits which
had an energy of binding lower than that of PGH2. Further screening based on ADME properties resulted in
56 compounds. These were grouped into 26 clusters, which were seen to predominantly consist of indole cores
decorated with different side chains. Fifteen compounds from these clusters were shortlisted, purchased and their
activity against mPGES-1 was experimentally determined at 10 µM with cell-free mPGES-1 assay using the human
recombinant mPGES-1.
The results of this test are displayed in Figure 3, expressed as percentage of the PGE2 formed from mPGES-1
with respect to the vehicle control (DMSO) – that is, the residual activity. MK886 was used as the positive control
which showed 61.1 ± 8.2% inhibition at a concentration of 2 µM. Two compounds, 2 and 3 (Figure 3), showed
53.4 ± 4 and 53.9 ± 8.09% inhibition, respectively, at a concentration of 10 µM (p ≤ 0.01).
Similarity in the active site entrances of mPGES-1 & LTC4S

Pawelzik et al. noticed that a dicarboxamide derivative, which inhibited human mPGES-1 with an IC50 of 58 nM,
had no effect on rat mPGES-1 and subsequent mutagenesis studies showed that three residues (T131, L135 and
A138 in human mPGES-1) located in the transmembrane helix 4 (TM4) were responsible for those differences
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Figure 4. Similarity in active site entrances. (A) Human mPGES-1, (B) human LTC4S and (C) mouse LTC4S showing electrostatically
positive (blue), negative (red) and neutral (green) regions. (D) Overlapping residues of human mPGES-1 (blue) and human LTC4S (red). It
can be seen that the residues of mPGES-1, namely, T131, L135 and A138 correspond to the residues R113, L117 and A120 of LTC4S, having
similar electrostatic distributions.

and they were replaced by bulkier aromatic residues, namely, V131, F135, F138, in rat [47]. These residues line the
entrance to the substrate-binding site located at the crevice of TM4 and TM1 of the neighboring monomer, hence
leading to a more sterically restricted entrance channel in rat. The importance of these three residues in binding of
the inhibitor was reinforced by hydrogen/deuterium exchange mass spectroscopy studies on mPGES-1 and from
the availability of crystal structures [17,48]. The biarylimidazole inhibitor in those cocrystals forms a hydrogen bond
with T131 as well as hydrophobic interactions with the P124, S127, V128, T131, L132 and L135 side chains. The
MK-886 derivative, a biarylindole, forms two bonds with T131 and has van der Waals interactions with Q134,
L135 and A138.
When a Probis pairwise similarity search was conducted between human mPGES-1 and LTC4S enzymes, it was
seen that the hydrophobic duo, L135 and A138 (Figure 4A & D) in the former aligned with L117 and A120
(Figure 4B & D) in the latter (with a Z-score of 1.24, a root mean square deviation [RMSD] of 0.6 and an E-value
of 0.016), indicating a reasonably high degree of similarity between them. Since R113 in LTC4S was previously
believed to be located at the entrance of the active site, the location of this residue was also determined in mPGES-1
and it was found to map to T131 [49]. An analysis of the mouse LTC4S (Figure 4C) showed a similar positioning
of the three residues, viz, R113, L117 and A120. Previous studies had predicted, based on sequence similarity,
that the residues Tyr-109, Arg-113 and Trp-116 in LTC4S corresponded to Thr-131, Leu-135 and Ala-138 in
mPGES-1 [13,47]. Our method is based on the search for 3D structurally similar regions in the two, namely, residues
which may have similar placements in the 3D protein structure despite being far apart in the sequence. Thus, the
local similarity search method adopted in this study has helped us to identify similar architectures between these
two proteins especially at the active site entrance, which may not have been apparent from sequence alignment
studies.
Pharmacophore similarity among & between mPGES-1 & LTC4S inhibitors

Since our studies had found a similarity in the active site entrances of both mPGES-1 and LTC4S, we next
performed a pharmacophore analysis of within and between the groups of mPGES-1 and LTC4S inhibitors. We
selected two mPGES-1 inhibitors that have been proven to be interacting with the three crucial residues (T-131,
L135 and A138) of mPGES-1. The first compound is a biarylindole (Figure 4A &Supplementary Figure 3A)
and is shown to bind to the three residues of mPGES-1 (PDB ID:4YK5) [17]. The second is a dicarboxamide
derivative (Supplementary Figure 3B) which has been shown, based on site-directed mutagenesis, to be binding
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to the three residues at the active site entrance [47]. These two inhibitors were then used for elucidating a 4-point
pharmacophore (Ph1; Supplementary Figure 4A). Ph1 comprises of an aromatic center (F1) and three hydrophobic
centroid features (F2–4). From the crystal structure of the biarylindole inhibitor bound to mPGES-1, F1 and F2
were found to be located near the three residues lining the active site entrance of the mPGES-1.
For discriminating from other binding modes, conformational libraries were prepared with two inhibitors
that are reported not to interact with the three residues of the active site entrance. The first inhibitor is a
phenanthrene imidazole (Supplementary Figure 3C) that does not interact with the three residues in the cocyrstal
(PDB ID:4YL0) [17]. The second one is a pyrazole-1-carbothioamide derivative (Supplementary Figure 3D) that has
been shown to inhibit both human and rat mPGES-1, implying that it does not bind to the three residues [47]. Ph1
was then tested against the conformational library of these two compounds to ensure that it did not match these
compounds which served as the negative control. We next performed a cross-comparison of the mPGES-1-derived
pharmacophore, Ph1, with database of the conformational ensembles of all known LTC4S inhibitors to evaluate
the potential of identifying compounds, which can inhibit both the enzymes simultaneously.
The pharmacophore search showed that 63 of the 100 known LTC4S inhibitors possessed the Ph1 pharmacophore. The complete list of the inhibitors having the pharmacophore is given in Supplementary Information.
As already discussed, Ph1 has two features, an aromatic center F1 and a hydrophobic centroid F2, which interact
with the three residues in the entrance of mPGES-1. Since the inhibitors of both the enzymes share the F1–F2
pharmacophoric features, it suggests the possibility of similar binding modes of the inhibitors to these two enzymes.
Since Ph1 is common to both the mPGES-1 inhibitors that bind at the active site entrance as well as several
LTC4S inhibitors, the presence of this pharmacophore is checked on compounds shortlisted from virtual screening
of the ZINC database toward mPGES-1 inhibition. It was found that compounds 2 and 3 which inhibited
approximately 50% of mPGES-1 activity at 10 µM also possessed this pharmacophore (Supplementary Figure 4B
& C). This indicates that the features identified in the Ph1 pharmacophore are important determinants of mPGES1 inhibition as well as these features enable interaction with the three active site entrance residues. Pawelzik et al.
showed that a pyrazole-1-carbothioamide derivative (Supplementary Figure 3D) that does not interact with the three
residues of mPGES-1 still inhibits the enzyme with a tenfold less potency when compared with the dicarboxamide
derivative (Supplementary Figure 3B), which interacts with these residues [47]. This independent reported study
also corroborates with our current finding.
Conclusion
A strategy consisting of a ligand- and structure-based virtual screening approach, followed by experimental validation
led to the identification of two novel mPGES-1 inhibitors with an indole scaffold. Our study also found similarity
in the active site entrance between mPGES-1 and LTC4S, rendering them amenable to dual targeting. This was
confirmed by an inhibitor-based pharmacophore analysis of both the targets, which established the presence of a
four-point pharmacophore, present in majority of the known LTC4S inhibitors.
To our knowledge, this is the first study which has elucidated a pharmacophore common to several LTC4S
inhibitors as well as features responsible for activity against both mPGES-1 and LTC4S. Targeting the active site
entrance of these enzymes has an added advantage as inhibitors that target the highly hydrophobic substrate-binding
site of mPGES-1 tend to be very lipophilic in nature, resulting in a strong albumin-binding feature and hence
reducing their efficacy in vivo [48–50]. The findings open up the possibility of designing novel compounds, which
will act as dual mPGES-1-LTC4S inhibitors. This would possibly prove to be more advantageous than designing
a dual 5-LOX/COX inhibitor since mPGES-1 and LTC4S are downstream enzymes and hence the likelihood of
undesired biological consequences leading to side effects is lessened.
The present study elucidated features which can aid in the design of novel scaffolds active against both enzymes.
Its importance lies in the fact that experimental screening is a challenge because of the complexity of LTC4S assay.
The current findings would help in the structure- and ligand-based screening of compounds for development of
both LTC4S and mPGES-1-LTC4S dual inhibitors.
Future perspective
Drug development based on the dual inhibition concept has been shown to be an effective but underutilized
strategy in inflammation. It is shown to result in drugs with higher therapeutic potential, but the challenge of
targeting different enzymes simultaneously has been a major deterrent. Exploration of the features shared between
the different drug targets of the inflammation pathway will aid in exploring this avenue. The advances in the
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elucidation of crystal structure of proteins have greatly aided the development of new drugs and targeting strategies.
The detailed studies on the inhibition of mPGES-1 and LTC4S by the two molecules identified in this study as well
as their in vivo efficacy are currently underway. Further modifications of the molecule based on the experimental
studies are expected to aid in identifying scaffolds, which can be developed as dual inhibitors of the arachidonic
acid pathway in future.
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Executive summary
Background
r Single target anti-inflammatory drugs can cause undesirable side effects by shunting the substrate.
r Network models have shown that multitargeting can aid in the development of more efficient drugs.
Current findings
r Virtual screening identified compounds likely to inhibit mPGES-1 enzyme.
r Compounds 2 and 3 showed approximately 50% inhibition of mPGES-1 at 10 µM in vitro.
r 3D similarity showed that LTC4S and mPGES-1 shared common residues binding to inhibitors.
r Pharmacophore was derived from reported mPGES-1 inhibitors binding to these residues.
r Pharmacophore mapped onto several known LTC4S inhibitors as well as to compounds 2 and 3.

References
Papers of special note have been highlighted as: • of interest
1

Funk CD. Prostaglandin and leukotrienes: advances in eicosanoid biology. Sci. Transl. Med. 294(5548), 1871–1875 (2001).

2

Cowburn AS, Sladek K, Soja J et al. Overexpression of leukotriene C4 synthase in bronchial biopsies from patients with
aspirin-intolerant asthma. J. Clin. Invest. 101, 834–846 (1998).

3

Samuelsson B, Morgenstern R, Jakobsson PJ. Membrane prostaglandin E synthase-1: a novel therapeutic target. Pharmacol. Rev. 59(3),
207–224 (2007).

4

Knaus EE, Rao PNP. Evolution of nonsteroidal anti-inflammatory drugs (NSAIDs): cyclooxygenase (COX) inhibition and beyond. J.
Pharm. Pharm. Sci. 11(2), 81s–110s (2008).

5

Fitzgerald GA, Funk CD. COX-2 inhibitors and cardiovascular risk. J. Cardiovasc. Pharmacol. 50(5), 470–479 (2007).

6

Ye YN, Wu WKK, Shin VY, Bruce IC, Wong BCY, Cho CH. Dual inhibition of 5-LOX and COX-2 suppresses colon cancer formation
promoted by cigarette smoke. Carcinogenesis 26(4), 827–834 (2005).

7

Ganesh R, Marks DJB, Sales K, Winslet MC, Seifalian AM. Cyclooxygenase/lipoxygenase shunting lowers the anti-cancer effect of
cyclooxygenase-2 inhibition in colorectal cancer cells. World J. Surg. Oncol. 10, 200 (2012).

10.4155/fmc-2017-0123

Future Med. Chem. (Epub ahead of print)

future science group

Common features of MPGES-1 & LTC4S

8

Short Communication

Csermely P, Agoston V, Pongor S. The efficiency of multi-target drugs: the network approach might help drug design. Trends Pharmacol.
Sci. 26, 178–182 (2005).

•

The advantages of a multitarget drug.

9

Celotti F, Laufer S. Anti-inflammatory drugs: new multitarget compounds to face an old problem. The dual inhibition concept.
Pharmacol. Res. 43(5), 429–436 (2001).

•

The advantages of a multitarget drug.

10

Parkinson JF. Lipoxin and synthetic lipoxin analogs: an overview of anti-inflammatory functions and new concepts in
immunomodulation. Inflammation Allergy Drug Targets 5, 91–106 (2006).

11

Elkady M, Niess R, Schaible AM et al. Modified acidic nonsteroidal anti-inflammatory drugs as dual inhibitors of mPGES-1 and
5-LOX. J. Med. Chem. 55(20), 8958–8962 (2012).

12

Czapski GA, Czubowicz R, Strosznajder RP. Evaluation of the antioxidative properties of lipoxygenase inhibitors. Pharmacol. Rep. 64,
1179–1188 (2012).

13

Molina D, Eshaghi S, Nordlund P. Catalysis within the lipid bilayer – structure and mechanism of the MAPEG family of integral
membrane proteins. Curr. Opin. Struct. Biol. 18, 442–449 (2008).

•

Description of the membrane associated proteins in eicosanoid and glutathione protein superfamily, to which both microsomal
prostaglandin E synthase-1 (mPGES-1) and leukotriene C4 synthase belong.

14

Wetterholm A, Molina DM, Nordlund P, Eshaghi S, Haeggstrom JZ. High-level expression, purification, and crystallization of
recombinant rat leukotriene C(4) synthase from the yeast Pichia pastoris. Protein Expression Purif. 60(1), 1–6 (2008).

15

Zimmer JSD, Voelker DR, Bernlohr DA, Murphy RC. Stabilization of leukotriene A4 by epithelial fatty acid-binding protein in the rat
basophilic leukemia cell. J. Biol. Chem. 279(9), 7420–7426 (2004).

16

Niegowski D, Kleinschmidt T, Olsson U, Ahmad S, Rinaldo-Matthis A, Haeggstrom JZ. Crystal structures of leukotriene C4 synthase
in complex with product analogs: implications for the enzyme mechanism. J. Biol. Chem. 289(8), 5199–5207 (2014).

•

High-resolution crystal structures of leukotriene C4 synthase with product analogs.

17

Luz JG, Antonysamy S, Kuklish SL et al. Crystal structures of mPGES-1 inhibitor complexes form a basis for the rational design of
potent analgesic and anti-inflammatory therapeutics. J. Med. Chem. 58, 4727–4737 (2015).

•

High-resolution crystal structures of mPGES-1 with inhibitors.

18

Ago H, Okimoto N, Kanaoka Y et al. A leukotriene C4 synthase inhibitor with the backbone of 5-(5-methylene-4-oxo-4,
5-dihydrothiazol-2-ylamino) isophthalic acid. J. Biochem. 153(5), 421–429 (2013).

19

Irwin JJ, Shoichet BK. ZINC – a free database of commercially available compounds for virtual screening. J. Chem. Inf. Model. 45,
177–182 (2005).

20

Riendeau D, Aspiotis R, Ethier D et al. Inhibitors of the inducible microsomal prostaglandin E2 synthase (mPGES-1) derived from
MK-886. Bioorg. Med. Chem. Lett. 15(14), 3352–3355 (2005).

21

Arai I, Hamasaka Y, Futaki N et al. Effect of NS-398, a new nonsteroidal anti-infllammatory agent, on gastric ulceration and acid
secretion in rats. Res. Commun. Chem. Pathol. Pharmacol. 81(3), 259–270 (1993).

22

Koeberle A, Siemoneit U, Buhring U et al. Licofelone suppresses prostaglandin E2 formation by interference with the inducible
microsomal prostaglandin E2 synthase-1. J. Pharmacol. Exp. Ther. 326(3), 975–982 (2008).

23

Xu D, Rowland SE, Clark P et al. MF63 [2-(6-chloro-1H-phenanthro[9,10-d]imidazol-2-yl)-isophthalonitrile], a selective microsomal
prostaglandin E synthase-1 inhibitor, relieves pyresis and pain in preclinical models of inflammation. J. Pharmacol. Exp. Ther. 326(3),
754–763 (2008).

24

Koeberle A, Zettl H, Greiner C, Wurglics M, Schubert-Zsilavecz M, Werz O. Pirinixic acid derivatives as novel dual inhibitors of
microsomal prostaglandin E2 synthase-1 and 5-lipoxygenase. J. Med. Chem. 51(24), 8068–8076 (2008).

25

Bender A, Jenkins JL, Scheiber J, Sukuru SCK, Glick M, Davies JW. How similar are similarity searching methods? A principal
component analysis of molecular descriptor space. J. Chem. Inf. Model. 49, 108–119 (2009).

26

Bender A, Glen RC. Molecular similarity: a key technique in molecular informatics. Org. Biomol. Chem. 2(22), 3204–3218 (2004).

27

Warr WA. Scientific workflow systems: pipeline pilot and KNIME. J. Comput.-Aided Mol. Des. 26(7), 801–804 (2012).

28

Huey R, Morris GM, Olson AJ, Goodsell DS. A semiempirical free energy force field with charge-based desolvation. J. Comput. Chem.
28(6), 1145–1152 (2007).

29

Jiang X, Kumar K, Hu X, Wallqvist A, Reifman J. DOVIS 2.0: an efficient and easy to use parallel virtual screening tool based on
AutoDock 4.0. Chem. Cent. J. 2, 18 (2008).

30

von Grotthuss M, Pas J, Rychlewski L. Ligand-Info, searching for similar small compounds using index profiles. Bioinformatics 19(8),
1041–1042 (2003).

31

Ouellet M, Falgueyret J-P, Ear PH et al. Purification and characterization of recombinant microsomal prostaglandin E synthase-1.
Protein Expression Purif. 26, 489–495 (2002).

future science group

10.4155/fmc-2017-0123

Short Communication

32

Devi, Paragi-Vedanthi, Bender & Doble

Konc J, Janezic D. ProBiS-2012: web server and web services for detection of structurally similar binding sites in proteins. Nucleic Acids
Res. 40(Web Server issue), W214–W221 (2012).

•

Protein 3D similarity comparison tool.

33

Niegowski D, Kleinschmidt T, Ahmad S et al. Structure and inhibition of mouse leukotriene C4 synthase. PLoS ONE 9(5), e96763
(2014).

34

Molecular Operating Environment (MOE) 2015.1001. Chemical Computing Group Inc., QC, Canada (2016).

35

Devi NS, Doble M. Leukotriene C4 synthase: upcoming drug target for inflammation. Current Drug Targets 13, 1107–1118 (2012).

36

Nilsson P, Pelcman B, Katkevics M, Suna E, Popovs I. WO2010/103283A1 (2010).

37

Nilsson P, Katkevics M, Pelcman B. US20110112193 A1 (2011).

38

Pelcman B, Nilsson P. WO/2008/107661A1 (2008).

39

Kleinschmidt TK, Haraldsson M, Basavarajappa D et al. Tandem benzophenone amino pyridines, potent and selective inhibitors of
human leukotriene C4 synthase. J. Pharmacol. Exp. Ther. 355(1), 108–116 (2015).

40

Tornhamre S, Schmidt TJ, Nasman-Glaser B, Ericsson I, Lindgren JA. Inhibitory effetcs of helenalin and related compounds on
5-lipoxygenase and leukotriene C4 synthase in human blood cells. Biochem. Pharmacol. 62(7), 903–911 (2001).

41

Mansour M, Tornhamre S. Inhibition of 5-lipoxygenase and leukotriene C4 synthase in human blood cells by thymoquinone. J. Enzyme
Inhib. Med. Chem. 19(5), 431–436 (2004).

42

Lam BK, Penrose JF, Freeman GJ, Austen KF. Expression cloning of a cDNA for human leukotriene C4 synthase, an integral membrane
protein conjugating reduced glutathione to leukotriene A4. Proc. Natl Acad. Sci. USA 91(16), 7663–7667 (1994).

43

Sala A, Folco G, Henson PM, Murphy RC. Pharmacological modulation of human platelet leukotriene C4 synthase. Biochem.
Pharmacol. 53(6), 905–908 (1997).

44

Nicholson DW, Ali A, Klemba MW, Munday NA, Zamboni RJ, Ford-Hutchinson AW. Human leukotriene c4 synthase expression in
dimethyl sulfoxide-differentiated U937 cells. J. Biol. Chem. 267(25), 17849–17857 (1992).

45

Hutchinson JH, Charleson S, Evans JF. Thiopyranol [2,3,4-c,d] indoles as inhibitors of 5-lipoxygenase, 5-lipoxygenase-activating
protein and leukotriene C4 synthase. J. Med. Chem. 38, 4538 (1995).

46

Pettersen EF, Goddard T, Huang CC et al. UCSF chimera-a visualization system for exploratory research and analysis. J. Comput. Chem.
25, 1605 (2004).

47

Pawelzik SC, Uda NR, Spahiu L et al. Identification of key residues determining species differences in inhibitor binding of microsomal
prostaglandin E synthase-1. J. Biol. Chem. 285(38), 29254–29261 (2010).

•

Key residues determining the difference between inhibitor binding of rat and human mPGES-1.

48

Prage EB, Pawelzik SC, Busenlehner LS et al. Location of inhibitor binding sites in the human inducible prostaglandin E synthase,
mPGES1. Biochemistry 50(35), 7684–7693 (2011).

49

Saino H, Ukita Y, Ago H et al. The catalytic architecture of leukotriene C4 synthase with two arginine residues. J. Biol. Chem. 286(18),
16392–16401 (2011).

50

Friesen RW, Mancini JA. Microsomal prostaglandin E2 synthase-1: a novel anti-inflammatory therapeutic target. J. Med. Chem. 51(14),
4059–4067 (2008).

10.4155/fmc-2017-0123

Future Med. Chem. (Epub ahead of print)

future science group

