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ABSTRACT: Human 5-lipoxygenase (5-LOX) is one of the key anti-inflammatory drug targets due to its key role in
leukotrienes biosynthesis. We have built a model for the active conformation of human 5-LOX using comparative modeling,
docking of known inhibitors, and molecular dynamics simulation. Using this model, novel 5-LOX inhibitors were identified by
virtual screen. Of the 105 compounds tested in a cell-free assay, 30 have IC50 values less than 100 μM and 11 less than 10 μM
with the strongest inhibition of 620 nM. Compounds 4, 7, and 11 showed strong inhibition activity in the human whole blood
(HWB) assay with IC50 values of 8.6, 9.7, 8.1 μM, respectively. Moreover, compounds 4 and 7 were also found to inhibit
microsomal prostaglandin E synthase (mPGES)-1 with micromolar IC50 values, similar to licofelone, a dual functional inhibitor of
5-LOX/mPGES-1. The compounds reported here provide new scaffolds for anti-inflammatory drug design.

■ INTRODUCTION
Human 5-lipoxygenase (5-LOX) is a validated target for anti-
inflammation drug design. It catalyzes the first two reactions in
the production of leukotrienes from arachidonic acid (AA):
oxygenation of AA to 5(S)-hydroperoxy-6-trans-8,11,14,9-
eicosatetraenoic acid (5-HPETE) and further dehydration to
leukotriene A4 (LTA4).

1,2 Then LTA4 is metabolized to other
leukotrienes. For example, LTA4 is converted by LTA4

hydrolase (LTA4H) to leukotriene B4 (LTB4), an important
inflammatory mediator that stimulates neutrophil chemotaxis,
aggregation, degranulation, adhesion to endothelial cells, and
lysosomal enzyme release.3 Furthermore, 5-LOX is also
discovered to play roles in tumor formation and cancer
metastasis and thus is identified as a potential target for
anticancer drugs.4

Different types of 5-LOX inhibitors have been reported, e.g.,
redox, iron ligand, and nonredox inhibitors (for review see ref
5), but very few maintain the activity in vivo so far. The only 5-
LOX inhibitor on the market is zileuton [N-(1-benzo[b]thien-
2-ylethyl)-N-hydroxyurea],6 which is used for the treatment of
asthma (IC50 = 0.5−1 μM in stimulated leukocytes). However,
weak potency and rapid clearance are the therapeutic

drawbacks of zileuton.7 Some competitive 5-LOX inhibitors
have been proved to be orally active, such as methoxytetrahy-
dropyrans ZD-2138 and ZM-230487 and naphthalenic lignan
lactones L-697,108 and L-739,010.5,8 In recent years, multi-
functional inhibitors of 5-LOX and other enzymes in the
arachidonic acid metabolic network have been paid much
attention. Licofelone (ML-3000, 2-[6-(4-chlorophenyl)-2,2-
dimethyl-7-phenyl-2,3-dihydro-1H-pyrrolizin-5-yl]acetic acid),
a compound that inhibits 5-LOX, cyclooxygenase (COX)-1,
and microsomal prostaglandin E synthase (mPGES)-1, is
undergoing a phase III clinical trial for treating osteoarthritis.9

5-LOX belongs to the lipoxygenase family, which catalyzes
the hydroperoxidation of polyunsaturated fatty acids (arach-
idonic acid in animals, linoleic and linolenic acids in plants).10

All lipoxygenases are homologous in sequence and have the
same two-domain structure: an N-terminal β-barrel domain
(C2-like or PLAT domain) and a C-terminal catalytic domain
(lipoxygenase domain). A catalytic iron atom resides in the C-
terminal domain. Before the crystal structure of human 5-LOX
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was reported in 2011,11 all published drug design studies were
based on comparative models built from other lipoxygenases
(rabbit 15-LOX,12 coral 8-LOX,13 or soybean lipoxyge-
nases14,15). In 2008, Choi et al. reinterpreted the crystallo-
graphic data of rabbit 15-LOX structure (PDB entry 1LOX)12

and published a revised model (PDB entry 2P0M).16 In the
revised model, 15-LOX was found in two different
conformations: an open model, which has a narrow pocket
(220 Å3) with entrance open to the surface of the protein, and a
closed model, which has a wide pocket (556 Å3) without an
entrance. Only the closed model binds to an inhibitor. The two
distinct conformations of 15-LOX observed indicate the
conformational flexibility of lipoxygenases, which should be
considered in corresponding inhibitor design. The structure of
the closed conformation may serve as a better template to build
a comparative model of 5-LOX for inhibitor design.
In the present study, we have built a comparative model for

5-LOX based on the closed conformation of 15-LOX and used
it to screen inhibitors. To consider conformational flexibility,
we carried out molecular dynamics simulations to generate
possible conformations of 5-LOX binding to a strong inhibitor.
The complex structures that provide the most reasonable
explanation for the activities of known inhibitors were selected
for further virtual screening. A series of novel inhibitors for 5-
LOX were identified, and two of them appeared to be potential
dual-functional inhibitors of 5-LOX and mPGES-1.

■ RESULTS

Comparative Modeling of the Human 5-Lipoxyge-
nase Inhibitor Binding Structure. The comparative model
of the human 5-LOX closed conformation (Figure 1) was built
on the basis of two templates: the revised, closed model

structure of rabbit 15-LOX (PDB entry 2P0M, chain B, identity
38.6%)16 for the whole protein, and the structure of coral 8R-
LOX (PDB entry 2FNQ, identity 38.8%)13 for only the N-
terminal C2-like domain. The structure of 8R-LOX was used
because its calcium binding residues were conserved with those
of human 5-LOX. The model was evaluated by programs
PROCHECK17 and ProSA-web.18,19 Both evaluations indicated
a good-quality model: for PROCHECK, the overall average G-
factor was 0.03 (the criteria is larger than −0.5); for PROSA,
the z-score was −9.89 (673 residues), in the range of native
proteins.

Refinement of 5-Lipoxygenase−Inhibitor Complex by
Molecular Dynamics Simulation. To obtain a better
inhibitor binding conformation of 5-LOX, the comparative
model was refined on the basis of the interactions with known
inhibitors. First, a strong inhibitor (IC50 = 10 nM) reported by
Hutchinson et al. from Merck-Frosst, (S)-2-(2-((1-(3-chlor-
obenzyl)-4-methyl-6-((5-phenylpyridin-2-yl)methoxy)-4,5-di-
hydro-1H-thiopyrano[2,3,4-c,d]indol-2-yl)methoxy)phenyl)-
acetic acid (31, Figure 2),20 was docked into the substrate

binding site of the comparative model. This compound was
selected because it is highly potent and large in size (with a
molecular weight of 661.21, which may fill the pocket) and all
the chiral centers are specified. Then 20 docked complexes (for
the protein, only the lipoxygenase domain, residues 118−673,
was used) were submitted to short molecular dynamics (MD)
simulations. Conformations of 5-LOX in the trajectories were
clustered to 15 clusters with a rms tolerance of 2.0 Å of the
substrate binding site residues, and the central structures of
each cluster were evaluated by their ability to predict the
inhibition activities of known inhibitors. Twenty-five com-
pounds (IC50 values ranging from 10 nM to more than 10 μM,
reported by Merck-Frosst, Table S1, Supporting Information)
were docked into each of the 15 models, and linear regression
was done between the pKi (estimated inhibition constant) and
pIC50 values. The model with the largest correlation coefficient
(R = 0.452) was identified as the best inhibitor binding
conformation for 5-LOX and used in the following virtual

Figure 1. Comparative model of human 5-lipoxygenase in the closed
conformation (calcium ion, cyan ball; ferrous ion, red ball).

Figure 2. Chemical structure of 5-LOX inhibitors and dual 5-LOX/
mPGES-1 inhibitors.
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screen. This model was also verified using ProSA-web18,19 with
the z-score of −8.67 (556 residues) in the range of native
proteins. As a comparison, the structure model before MD
refinement was also used to dock the 25 known inhibitors, and
the correlation coefficient between the pKi (estimated
inhibition constant) and pIC50 values was low (R = 0.149).
For details of the refinement procedure, see the Experimental
Section.
Virtual Screen. To discover novel inhibitors of 5-LOX, a

virtual screen was done using the SPECS compound database
(November 2009 version for 10 mg, 201 007 compounds).21

The 3D structure of the compounds were built with the
LigPrep22 program of Schrödinger software in Maestro 9.0.211
(using default settings). A 3D structure library containing 197
211 compounds was established (generation of 3D structure
failed for 3796 compounds). Virtual screening was performed
following a three-step scheme combining molecular docking
and pharmacophore mapping (Figure 3): (1) all compounds in

the library was docked into the inhibitor binding pocket of the
refined 5-LOX model using the program DOCK 6.1,23 and 39
996 compounds were selected (the library was almost equally
divided into four groups according to the compound indices,
and from each group 9999 top-ranked compound were
selected); (2) binding conformations of these 39 996
compounds were evaluated using the pharmacophore-based
scoring program PSCORE (an in-house program developed in
our laboratory),24 and 4347 compounds with highest matching
scores were selected; (3) these 4347 compounds were docked
into the refined 5-LOX model using AutoDock 4.0025 (flexible
ligands and rigid receptor), and the first 1000 compounds with
lowest estimated Ki (spanning from 47.79 to 331.38 nM,
predicted by AutoDock) were selected. Then binding
conformations of these 1000 compounds were exported and
evaluated manually according to the following criteria: (1)

forming at least two hydrogen bonds, (2) containing at least
one ring which has hydrophobic interaction, (3) not being a
polypeptide, and (4) containing no metal atoms. In this step,
105 compounds were selected and purchased to test their
inhibition to 5-LOX experimentally.

Inhibition Testing. We purchased the 105 selected
compounds and tested their inhibition to the activity of
recombinant human 5-LOX in a cell-free assay. The purity of
compounds from the SPECS database is more than 90% and
for most compounds greater than 95% (confirmed by SPECS,
using NMR or LC−MS; data available through the Web site).
The cell-free assay is based on the oxidation of the substrate
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) to the
highly fluorescent product during 5-LOX’s catalytic reaction
(see Experimental Section).26 All compounds were soluble in
DMSO, and the inhibition values were tested at the
concentration of 100 μM. A 5-LOX inhibitor, zileuton, was
used as reference control, and DMSO (4.5%, v/v) was used as
vehicle control. Thirty of the 105 compounds showed
significant inhibition of 5-LOX activity (over 50% inhibition)
in the preliminary test (see Table S2 of the Supporting
Information for ranks in virtual screening). The IC50 values of
these 30 compounds were then determined (Table 1; dose−
response behavior shown in Figure S1, Supporting Informa-
tion). Eleven compounds had IC50 values less than 10 μM. The
inhibition activities of compounds 1−4 were even stronger than
that of the reference compound zileuton.
The effects of these 30 compounds were also tested in

human whole blood stimulated with calcium ionophore
A23187, which has been reported to induce the 5-LOX
pathway.27,28 Nine compounds markedly suppressed the
production of LTB4 with IC50 values less than 100 μM in the
human whole blood assay. Compounds 4, 7, and 11 had IC50
values less than 10 μM (4, 8.6 ± 0.9 μM; 7, 9.7 ± 1.2 μM; 11,
8.1 ± 1.5 μM), comparable to that of zileuton (3.3 ± 0.4 μM).
The inhibition of compounds 1−30 of the 5-LOX downstream
enzyme LTA4H (hydrolase activity) was also tested, and all
their inhibition percentages were less than 50% at 100 μM
(data not shown), indicating that their intervention of LTB4
formation was attributable to their inhibition activity on 5-LOX.
As a few 5-LOX inhibitors were also reported to interfere

with microsomal prostaglandin E synthase (mPGES)-1,29 such
as licofelone30 and pirinixic acid derivatives,31 we also tested the
inhibition effects of the identified 5-LOX inhibitors against it. A
key enzyme of cyclooxygenases (COX) pathway in the AA
cascade, mPGES-1, has attracted much attention as a key drug
design target.32 Compounds 1−30 were also evaluated for
possible inhibition of the biosynthesis of prostaglandin E2
(PGE2), another important inflammatory mediator generated
from AA by cyclooxygenases (COX-1 and COX-2) and
mPGES-1.32 Human whole blood stimulated with lipopoly-
saccharides (LPS), which has been reported to induce COX-2
and mPGES-1,33,34 was used to investigate the intervention of
PGE2 formation. Inhibition effects to the production of PGE2
in human whole blood assay by compounds 1−30 at 20 μM
concentration were measured. Two compounds, 4 and 7, which
were also strong inhibitors of 5-LOX, showed inhibition larger
than 50%, with IC50 values of 7.6 ± 0.2 and 15.6 ± 0.4 μM,
respectively [for the reference control compound 2-(6-chloro-
1H-phenanthro[9,10-d]imidazol-2-yl)isophthalonitrile
(MF63),35 IC50 = 1.8 ± 0.3 μM] (Table 2). Then the two
compounds were tested for their inhibition activity toward
recombinant COX-1, COX-2, and mPGES-1 in cell-free assays.

Figure 3. Virtual screen scheme to retrieve inhibitors of human 5-
LOX.
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Both compounds significantly inhibited the activity of mPGES-
1 (IC50 values: 4, 3.6 ± 0.8 μM; 7, 6.7 ± 0.2 μM; MF63, 3.0 ±
0.1 nM), but they hardly inhibited COX-1 and COX-2
(inhibition lower than 50% at 100 μM), indicating that their
intervention of PGE2 formation is attributable to their
inhibition activity on mPGES-1.

■ DISCUSSION

We have built a model for human 5-LOX in closed
conformation and successfully used it in inhibitor virtual
screening. The original comparative model was built on the
basis of the revised crystal structure of rabbit 15-LOX (PDB
entry 2P0M16), which includes 15-LOX in a closed

Table 1. Inhibition Activity to Human 5-LOX in Cell-free and Human Whole Blood (HWB) Assaya

aData are the average values of three separate experiments (standard error of the mean from at least three independent experiments.
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conformation binding to an inhibitor. Then possible inhibitor
binding conformations were generated using MD simulation,
and the final model was selected according to its ability to
identify known inhibitors. Though the correlation coefficient
between the predicted and experimental activities was modest
(R = 0.452), it can reasonably explain the interactions of
inhibitor 31, one of the known competitive inhibitors that are
too large to be docked into the open conformation of 5-LOX.
In the refined model, 31 forms hydrogen bonds to Gln363,
Thr364, Lys409, Gln413, and the main chain nitrogen atom of
Leu414 and has hydrophobic interactions (Figure 4).

Furthermore, virtual screening using this model successfully
identified 5-LOX inhibitors. The success rate of about 29% (30
out of 105 virtual screened compounds) validated the model
and its effectiveness in virtual screening. As there is no
complexed strucuture of 5-LOX available and the protein is
quite flexible upon ligand binding (e.g., in the case of 15-LOX),
our model gives one possible conformation for 5-LOX binding
to large inhibitors. The protein may be freezed to distinct
conformations when binding to different inhibitors, which
might be one of the possible reasons for the modest correlation
coefficient between the predicted and experimental activities of
the 25 known inhibitors when docked to the model that is best
fit to 31. When the binding conformation of the target protein
was unknown, ligand-based approaches, such as pharmaco-

phore, QSAR, or pseudoreceptor method, can be used for
inhibitor screen. As there is no ligand binding structures of 5-
LOX available, Hofmann et al. used ligand-based virtual
screening to identify new inhibitors of 5-LOX with activities
at the micromole range.38 They recently used pseudoreceptor
models to screen for potent inhibitors of 5-LOX and
successfully identified a new inhibitor with micromole IC50
using intact polymorphonuclear leukocytes.39 Though we
searched the same SPECS database, none of our active
compounds share similar chemcial structures with those
discovered by Hofmann et al., indicating the complementarity
of the ligand-based and protein-based approaches.
In January 2011, the crystal structure of human 5-LOX was

reported.11 This is a monumental work in the field of 5-LOX,
which provides important information on the inhibitor binding
site. However, this crystal structure only gives an apo-structure
without any inhibitor binding. The volume of the pocket is 255
Å3, much smaller than that of the virtual screening model, 922
Å3 (pockets were detected using the program Cavity 1.041). We
also tried to use the newly reported crystal structure to dock the
known inhibitors (the same method to evaluate the models
generated by MD simulation) and to see whether a good
predictive model can be got. Unfortunately, the correlation
coefficient between the predicted and experimental IC50 was
negative (−0.224). Thus, this crystal structure may not be used
directly for inhibitor screen before large-scale structure
flexibility analysis is carried out. In our refined model, the
residues 603−614 move outside, making the cavity larger. We
also docked our screened compounds (1−30) into the pocket
of the crystal structure (100 separate docking simulations were
performed for each compound, using AutoDock), and obtained
no correlation between the predicted binding constants and the
log IC50 values (R = 0.091), while the correlation coefficient is
much higher using our structure model (R = 0.319).
The active compounds we identified are all novel 5-LOX

inhibitors with unique chemical structures. None of the
compounds 1−30 has been reported as 5-LOX inhibitor or
shares the same scaffold with known inhibitors. For the three
compounds 4, 7, and 11 with IC50 values less than 10 μM in
human whole blood assay, we searched in SciFinder for
substances with similarity larger than 80% to the three
compounds, and none of the references were related to
inflammatory study. These compounds may be developed into
new anti-inflammatory drugs or provide new scaffolds to
develop 5-LOX inhibitors.
Compounds 4 and 7 were found to be dual-functional

inhibitors of 5-LOX/mPGES-1. AA can also be metabolized to
prostaglandins, another class of inflammatory mediators,
through the COX pathway.42 COX-1 and COX-2 convert AA
to prostaglandin H2 (PGH2), and PGH2 is subsequently

Table 2. Inhibition Activity of Compounds 4 and 7 toward 5-LOX and mPGES-1 in Cell-Free and Human Whole Blood (HWB)
Assay, Compared with the Effects of Licofelonea

IC50 (μM)

ID in text 5-LOX (cell-free) mPGES-1 (cell-free) LTB4 (HWB) PGE2 (HWB)

zileuton 1.11 ± 0.15 3.3 ± 0.4
MF63 0.0030 ± 0.0001 1.8 ± 0.3
4 1.04 ± 0.21 3.6 ± 0.8 8.6 ± 0.9 7.6 ± 0.2
7 1.87 ± 0.12 6.7 ± 0.2 9.7 ± 1.2 15.6 ± 0.4
licofelone 0.1836 637 3.6b36 3.936

aData are the average values of three separate experiments (standard error of the mean from at least three independent experiments. bThe value was
measured in basophilic leukemia cell assay using RBL-1 cell. No IC50 values tested in HWB assay have been published.

Figure 4. Interaction between 31 and 5-LOX (generated by software
PoseView40).
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metabolized to prostanoids by several terminal prostanoid
synthases.43 mPGES-1, which catalyzes the conversion of PGH2
to PGE2, has been proposed as a potential target for therapeutic
intervention in inflammatory-related diseases.44 It has been
shown that interfering in both the 5-LOX pathway and COX
pathway is an effective strategy in treating inflammation, and
multifunctional inhibitors to both pathways are highly
sought.45−47 Moreover, targeting 5-LOX and mPGES-1 could
selectively suppress PGE2 and may have less toxicity than dual
5-LOX/COX-2 inhibitors. In fact, licofelone (ML3000), a drug
against osteoarthritis in phase III clinical trial, is an inhibitor of
5-LOX, COX-1 rather than COX-2, and mPGES-1.48,49 We
have discovered that compounds 4 and 7 simultaneously
suppressed the production of LTB4 and PGE2 in human whole
blood, and their targets were verified as 5-LOX and mPGES-1,
not LTA4H, COX-1, COX-2. The IC50 values were in
micromolar range and comparable to the known dual-
functional inhibitors of 5-LOX/mPGES-1 (such as licofelone,
arylpyrrolizines,50 and pirinixic acid derivatives31). Compound
4 was an intermediate for the preparation of polyimides.51 The
application of 7 was not reported. The two compounds provide
new scaffolds to design multifunctional inhibitors to enzymes in
AA metabolic network.
To conclude, we have built a comparative model for the

human 5-LOX closed conformation and successfully used it in
virtual screening. Out of about 200 000 compounds in the
SPECS database, 105 compounds were selected for exper-
imental test. In cell-free assay, 30 compounds were found to
have IC50 values less than 100 μM and 11 with IC50 values less
than 10 μM. Compounds 4, 7, and 11 had inhibition activity in
the human whole blood assay with IC50 values less than 10 μM.
Compounds 4 and 7 were also discovered as efficient dual-
functional inhibitors of 5-LOX and mPGES-1 in both cell-free
assay and cell-based assay. The interference with several anti-
inflammatory targets from the arachidonic acid cascade should
provide benefits in pharmacotherapy in terms of synergistic
therapeutic effects as well as reduction of the incidence of
typical NSAID-related side effects. These novel lead structures
may be regarded as potential candidates for anti-inflammation
treatment.
The success of using the comparative model of human 5-

LOX with closed conformation in virtual screening indicates
that conformational flexibility should be considered while
designing inhibitors against 5-LOX. We sampled the 5-LOX
flexibility by docking known inhibitors into the pocket followed
by molecular dynamics simulations. The final model was
chosen according to the ability to predict the activities of
known inhibitors. This strategy may be applied to the newly
reported crystal structure of human 5-LOX to build a more
accurate model of 5-LOX in inhibitor binding structure.

■ EXPERIMENTAL SECTION
Comparative Modeling. Comparative modeling was performed

using the program MODELER 9v652 in three steps: (1) superpose the
structures of closed form rabbit 15-LOX (2P0M, chain B) and coral
8R-LOX (2FNQ) and generate an alignment of their sequences (using
the script salign.py), (2) align the sequence of human 5-LOX to the
alignment of the templates (align2d_mult.py), and (3) generate five
models of human 5-LOX binding to one ferrous ion and two calcium
ions (model-ligand.py). All five models were geometry-optimized
using GROMACS 4.0.453 following this scheme: (1) geometry-
optimize the structures in OPLS-AA/L all-atom force field, fixing the
position of backbone atoms, and (2) remove the ferrous ion at the
catalytic site and geometry-optimize the structures in GROMOS96

43a1 force field, fixing the position of atoms binding to the ferrous
(His367 Nε, His372 Nε, His550 Nε, Asn554 Oδ, Ile673 terminal
carboxyl oxygens). From the five geometry-optimized models, the one
with the largest substrate binding pocket was selected for further study.

Molecular Docking. To dock known inhibitors into 5-LOX
models, molecular docking with flexible ligands and rigid receptor was
performed with the program AutoDock 4.00.25 Lamarckian genetic
algorithm was used with following parameters: number of individuals
in population, 300; maximum number of energy evaluations, 25 000
000; maximum of generations, 27 000. Docking results were clustered
with a rms tolerance of 2.0 Å.

For docking compound 31 in the comparative model, 100
molecular docking simulations were performed. The lowest energy
conformations from each of the first 20 clusters (estimated Ki between
2.86 and 267.68 mM) were taken as possible binding modes and used
for further study. For docking the 25 compounds into the 15 models
generated by MD simulation, 20 molecular docking simulations were
performed. The lowest estimated Ki of a compound in the 15 models
was used for linear regression.

For the DOCK step in virtual screening, the rigid-body docking
approach was used with default parameters.

For the AutoDock step in virtual screening, the Lamarckian genetic
algorithm was used with the following parameters: number of genetic
algorithm runs, 20; number of individuals in population, 150;
maximum number of energy evaluations, 5 000 000; maximum of
generations, 27 000. The first 1000 compounds with lowest estimated
Ki (spanning from 47.79 to 333.42 nM) were selected.

Molecular Dynamics Simulation. The MD simulations were run
with GROMACS 4.0.4 using GROMOS96 43a1 force field. The
topology files of small molecules were generated using the Dundee
PRODRG2.5 server (beta) (davapc1.bioch.dndee.ac.uk/cgi-bin/
prodrg_beta). Each complex structure was geometry-optimized and
then put into a 82 × 73 × 79 Å3 water box containing 11 702−11 713
(depending on the complex structures) water molecules described by
SPC model54 and 12 sodium ions as counterions. Each system was
geometry-optimized, balanced with position-restrained MD for 1 ns
(total energy was stable), and run without restraints for 5 ns. Long-
range electrostatic interactions were calculated using PME methods.
Temperature was kept at 350 K using the v-rescale method, and
pressure was coupled to 1.0 atm using the Parrinello−Rahman
method. The snapshot structures were saved for every 5 ps. Of all the
20 MD simulations, 18 successfully completed, but two failed due the
structure collapse around the inhibitor binding pocket, which were
discarded. Conformations between 1 to 5 ns of the 18 trajectories were
clustered using the g_cluster command. The linkage method was used,
and the rmsd cutoff of the residues at the substrate binding pocket (40
residues: 147, 169, 175−178, 180, 359, 360, 362−365, 367, 368, 372,
405−407, 409−411, 413, 414, 420, 421, 423−425, 427, 554, 557, 569,
600, 602−604, 606, 607, 673) was set to 2.0 Å. A total of 14 418
conformations were classified into 15 clusters. The central structures
of each cluster were geometry-optimized by energy minimization and
taken as candidates for the best inhibitor binding model.

Molecular Cloning and Protein Expression of 5-LOX. The
cDNA sequence of human 5-LOX was subcloned into the pET-21
system from pT3−5LOX, which was kindly donated by Prof. Olof
Radmark (Department of Medical Biochemistry and Biophysics,
Division of Physiological Chemistry II, Karolinska Institute,
Sweden).55 The 5-LOX coding region was ligated into the pET21a(+)
vector followed by DNA sequencing confirmation (Invitrogen) and
transformed to the BL21-DE3 strain of Escherichia coli. For expression,
the cell culture was cultivated at 37 °C until the OD600 reached 0.4−
0.6. Then 5-LOX expression was induced, and the cells were grown for
another 16−20 h at 18 °C. The cells were harvested by centrifugation
at 6000 rpm for 10 min at 4 °C. The cell pellets were resuspended in
solubilizing buffer (50 mM Tris/HCl, pH 7.3, 0.1 mM EDTA, 2 mM
dithiothreitol) with 1 mM phenylmethanesulfonyl fluoride and 0.5
mg/mL lysozyme. Cell lysis was obtained by ultrasonication and
followed by centrifugation at 17 000 rpm for 25 min at 4 °C. The
supernatant was aliquoted and frozen at −80 °C until use.
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Molecular Cloning and Protein Expression of mPGES-1. The
cDNA sequence of mPGES-1 was subcloned into pET28a(+) vector
and transformed to the Rosetta-DE3 strain of E. coli for protein
expression. Protein expression was induced when OD600 reached 1.0
and continued growing at 25 °C for 12 h. The cells were harvested by
centrifugation at 5000g for 20 min at 4 °C and broken by sonication.
Insoluble material was separated by centrifugation at 12 000 g for 30
min at 4 °C. The supernatant was then ultracentrifuged at 174 000g for
1 h at 4 °C. The membrane pellet was washed and resuspended in
solubilizing buffer. Protein concentrations were measured using a
bicinchoninic acid protein assay kit (Biomed).
Inhibition Assay of 5-LOX in Cell-Free Systems. The enzyme

activity of 5-LOX was determined fluorescence spectrophotometrically
by oxidation of the substrate H2DCFDA to the highly fluorescent 2′,7′-
dichlorofluorescein product during 5-LOX’s catalytic reaction.26 The
enzyme was incubated at room temperature in 96-well microtiter
plates (Costar, Corning Inc.) in 50 mM Tris-HCl, 0.2 mM ATP, 0.1
mM dithiothreitol, 0.1 mM EDTA, 0.5 mM CaCl2, and 10 μM
H2DCFDA (pH 7.5). After 10 min of preincubation of inhibitor
(dissolved in DMSO) and enzyme, the reactions were initiated by the
addition of arachidonic acid as substrate and then monitored by
excitation at 500 nm and emission at 520 nm utilizing a multiwell
fluorometer (Synergy4, BIOTEK). Fluorescence signals were recorded
for 5 min with a kinetics mode program. For the IC50 determinations,
25 μM arachidonic acid and 2.5% final DMSO concentration were
used. The initial reaction rates at different inhibitor concentrations
were used for IC50 determinations, which were calculated using a four-
parameter logistical model of the graph of log dose against percentage
inhibition and were obtained from at least three sets of experiments.
Inhibition Assay of mPGES-1 in Cell-Free Systems. The

enzyme activity of mPGES-1 was determined by assessment of PGH2
conversion to PGE2.

56 Briefly, PGH2 was added to each well of a 96-
well plate and the reaction was started by the addition of a microsome
sample. The reaction was terminated by adding stop solution after
reacting at 4 °C for 1 min. The PGE2 production in the reaction
mixture was determined using the PGE2 EIA kit (Cayman Chemical).
For the IC50 determinations, 2.5 mM cofactor and 17 μM PGH2 were
used.57,58 Enzyme samples were preincubated with inhibitor for 15
min at 4 °C.
Inhibition Assay of COX-2 and COX-1 in Cell-Free Systems.

The enzyme activities of COXs were determined spectrophotometri-
cally by oxidation of TMPD during the conversion of PGG2 to
PGH2.

59 Inhibition activities were measured as described.60

Inhibition Assay of LTA4H in Cell-Free Systems. The LTA4H
hydrolase activity was measured by the formation of LTB4 using an
ELISA assay. Inhibition activities were measured as described.61

Measuring PGE2 and LTB4 Formation in Human Whole
Blood. Fresh human blood was obtained from healthy volunteers,
who did not received NSAIDs for at least 14 days. Coagulation was
prevented with heparin (J&K Chemical LTD) at 10 UI/mL, and 0.5
mL of blood was immediately aliquoted into a series of PP tubes.
Blood samples were preincubated with either vehicle (DMSO) or
various concentrations of test compounds DMSO solutions for 20 min
at 37 °C. To assay LTB4 formation, calcium ionophore A23187
(Sigma) was added to the blood with the final concentration of 20 μg/
mL, followed by incubation for 0.5 h at 37 °C to induce LTB4
formation. To assay PGE2 formation, LPS (Sigma) was added to the
blood with the final concentration of 100 μg/mL, followed by
incubation for 24 h at 37 °C to induce PGE2 formation. The
incubation was terminated by centrifugation for 5 min at 3000g at 4 °C
to obtain plasma. The plasma was frozen at −80 °C until use. To
determinate eicosanoid production, LTB4 and PGE2 EIA kits (Cayman
Chemical) were used according to the manufacturer’s instructions.

■ ASSOCIATED CONTENT

*S Supporting Information
Chemical structure and reported inhibition activities of known
inhibitors used to evaluate the candidate protein structure
models, rank in virtual screening of compounds active in cell-

free assay, and dose−response behavior of screened inhibitors.
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Telephone: 010-62757486. Fax: (+86)10-62751725. E-mail:
lhlai@pku.edu.cn.

Author Contributions
∥These authors contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the Ministry of Science and
Technology of China (2009CB918500, 2009ZX09501) and the
National Natural Science Foundation of China (20873003,
11021463).

■ ABBREVIATIONS USED
AA, arachidonic acid; COX, cyclooxygenase; 5-LOX, 5-
lipoxygenase; HWB, human whole blood; LTA4H, leukotriene
A4 hydrolase; LTB4, leukotriene B4; mPGES-1, microsomal
prostaglandin E synthase-1; PGE2, prostaglandin E2; PGG2,
prostaglandin G2; PGH2, prostaglandin H2; PLA2, phospholi-
pase A2

■ REFERENCES
(1) Radmark, O. Arachidonate 5-lipoxygenase. Prostaglandins Other
Lipid Mediators 2002, 68−9, 211−234.
(2) Radmark, O.; Samuelsson, B. Regulation of the activity of 5-
lipoxygenase, a key enzyme in leukotriene biosynthesis. Biochem.
Biophys. Res. Commun. 2010, 396 (1), 105−110.
(3) Henderson, W. R. The role of leukotrienes in inflammation. Ann.
Intern. Med. 1994, 121 (9), 684−697.
(4) Radmark, O.; Samuelsson, B. Microsomal prostaglandin E
synthase-1 and 5-lipoxygenase: Potential drug targets in cancer. J.
Intern. Med. 2010, 268 (1), 5−14.
(5) Werz, O.; Steinhilber, D. Pharmacological intervention with 5-
lipoxygenase: New insights and novel compounds. Expert Opin. Ther.
Pat. 2005, 15 (5), 505−519.
(6) Carter, G. W.; Young, P. R.; Albert, D. H.; Bouska, J.; Dyer, R.;
Bell, R. L.; Summers, J. B.; Brooks, D. W. 5-Lipoxygenase inhibitory
activity of zileuton. J. Pharmacol. Exp. Ther. 1991, 256 (3), 929−937.
(7) Khanapure, S. P.; Garvey, D. S.; Janero, D. R.; Letts, L. G.
Eicosanoids in inflammation: Biosynthesis, pharmacology, and
therapeutic frontiers. Curr. Top. Med. Chem. 2007, 7 (3), 311−340.
(8) Pergola, C.; Werz, O. 5-Lipoxygenase inhibitors: A review of
recent developments and patents. Expert Opin. Ther. Pat. 2010, 20 (3),
355−375.
(9) Laufer, S.; Tries, S.; Augustin, J.; Dannhardt, G. Pharmacological
profile of a new pyrrolizine derivative inhibiting the enzymes cyclo-
oxygenase and 5-lipoxygenase. Arzneimittelforschung 1994, 44 (5),
629−636.
(10) Brash, A. R. Lipoxygenases: Occurrence, functions, catalysis, and
acquisition of substrate. J. Biol. Chem. 1999, 274 (34), 23679−23682.
(11) Newcomer, M. E.; Gilbert, N. C.; Bartlett, S. G.; Waight, M. T.;
Neau, D. B.; Boeglin, W. E.; Brash, A. R. The structure of human 5-
lipoxygenase. Science 2011, 331 (6014), 217−219.
(12) Gillmor, S. A.; Villasenor, A.; Fletterick, R.; Sigal, E.; Browner,
M. F. The structure of mammalian 15-lipoxygenase reveals similarity to
the lipases and the determinants of substrate specificity. Nat. Struct.
Biol. 1997, 4 (12), 1003−1009.
(13) Oldham, M. L.; Brash, A. R.; Newcomer, M. E. Insights from the
X-ray crystal structure of coral 8R-lipoxygenase: Calcium activation via

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201497k | J. Med. Chem. 2012, 55, 2597−26052603

http://pubs.acs.org
mailto:lhlai@pku.edu.cn


a C2-like domain and a structural basis of product chirality. J. Biol.
Chem. 2005, 280 (47), 39545−39552.
(14) Skrzypczak-Jankun, E.; Bross, R. A.; Carroll, R. T.; Dunham, W.
R.; Funk, M. O. Jr. Three-dimensional structure of a purple
lipoxygenase. J. Am. Chem. Soc. 2001, 123 (44), 10814−10820.
(15) Skrzypczak-Jankun, E.; Borbulevych, O. Y.; Jankun, J. Soybean
lipoxygenase-3 in complex with 4-nitrocatechol. Acta Crystallogr. D
2004, 60, 613−615.
(16) Choi, J.; Chon, J. K.; Kim, S.; Shin, W. Conformational
flexibility in mammalian 15S-lipoxygenase: Reinterpretation of the
crystallographic data. Proteins 2008, 70 (3), 1023−1032.
(17) Laskowski, R. A.; Macarthur, M. W.; Moss, D. S.; Thornton, J.
M. ProcheckA program to check the stereochemical quality of
protein structures. J. Appl. Crystallogr. 1993, 26, 283−291.
(18) Sippl, M. J. Recognition of errors in three-dimensional
structures of proteins. Proteins 1993, 17 (4), 355−362.
(19) Wiederstein, M.; Sippl, M. J. ProSA-web: Interactive web service
for the recognition of errors in three-dimensional structures of
proteins. Nucleic Acids Res. 2007, 35 (Web Server issue), W407−
W410.
(20) Hutchinson, J. H.; Charleson, S.; Evans, J. F.; Falgueyret, J. P.;
Hoogsteen, K.; Jones, T. R.; Kargman, S.; Macdonald, D.; Mcfarlane,
C. S.; Nicholson, D. W.; Piechuta, H.; Riendeau, D.; Scheigetz, J.;
Therien, M.; Girard, Y. Thiopyranol[2,3,4-c,d]indoles as inhibitors of
5-lipoxygenase, 5-lipoxygenase-activating protein, and leukotriene C-4
synthase. J. Med. Chem. 1995, 38 (22), 4538−4547.
(21) http://www.specs.net.
(22) LigPrep; Schrödinger, LLC, New York, 2005.
(23) Lang, P. T.; Brozell, S. R.; Mukherjee, S.; Pettersen, E. F.; Meng,
E. C.; Thomas, V.; Rizzo, R. C.; Case, D. A.; James, T. L.; Kuntz, I. D.
DOCK 6: Combining techniques to model RNA-small molecule
complexes. RNA 2009, 15 (6), 1219−1230.
(24) Wei, D.; Jiang, X.; Zhou, L.; Chen, J.; Chen, Z.; He, C.; Yang,
K.; Liu, Y.; Pei, J.; Lai, L. Discovery of multitarget inhibitors by
combining molecular docking with common pharmacophore match-
ing. J. Med. Chem. 2008, 51 (24), 7882−7888.
(25) Autodock, version 4; The Scripps Research Institute: La Jolla, CA.
2007.
(26) Pufahl, R. A.; Kasten, T. P.; Hills, R.; Gierse, J. K.; Reitz, B. A.;
Weinberg, R. A.; Masferrer, J. L. Development of a fluorescence-based
enzyme assay of human 5-lipoxygenase. Anal. Biochem. 2007, 364 (2),
204−212.
(27) Frohberg, P.; Drutkowski, G.; Wobst, I. Monitoring eicosanoid
biosynthesis via lipoxygenase and cyclooxygenase pathways in human
whole blood by single HPLC run. J. Pharm. Biomed. 2006, 41 (4),
1317−1324.
(28) Sud’ina, G. F.; Pushkareva, M. A.; Shephard, P.; Klein, T.
Cyclooxygenase (COX) and 5-lipoxygenase (5-LOX) selectivity of
COX inhibitors. Prostaglandins Leukotrienes Essent. Fatty Acids 2008, 78
(2), 99−108.
(29) Waltenberger, B.; Wiechmann, K.; Bauer, J.; Markt, P.; Noha, S.
M.; Wolber, G.; Rollinger, J. M.; Werz, O.; Schuster, D.; Stuppner, H.
Pharmacophore modeling and virtual screening for novel acidic
inhibitors of microsomal prostaglandin E synthase-1 (mPGES-1). J.
Med. Chem. 2011, 54 (9), 3163−3174.
(30) Ulbrich, H.; Soehnlein, O.; Xie, X.; Eriksson, E. E.; Lindbom, L.;
Albrecht, W.; Laufer, S.; Dannhardt, G. Licofelone, a novel 5-LOX/
COX-inhibitor, attenuates leukocyte rolling and adhesion on
endothelium under flow. Biochem. Pharmacol. 2005, 70 (1), 30−36.
(31) 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. 2008, 51 (24), 8068−8076.
(32) Iyer, J. P.; Srivastava, P. K.; Dev, R.; Dastidar, S. G.; Ray, A.
Prostaglandin E(2) synthase inhibition as a therapeutic target. Expert
Opin. Ther. Targets 2009, 13 (7), 849−865.
(33) Brideau, C.; Kargman, S.; Liu, S.; Dallob, A. L.; Ehrich, E. W.;
Rodger, I. W.; Chan, C. C. A human whole blood assay for clinical

evaluation of biochemical efficacy of cyclooxygenase inhibitors.
Inflamm. Res. 1996, 45 (2), 68−74.
(34) Bezugla, Y.; Kolada, A.; Kamionka, S.; Bernard, B.; Scheibe, R.;
Dieter, P. COX-1 and COX-2 contribute differentially to the LPS-
induced release of PGE2 and TxA2 in liver macrophages.
Prostaglandins Other Lipid Mediators 2006, 79 (1−2), 93−100.
(35) Xu, D. G.; Rowland, S. E.; Clark, P.; Giroux, A.; Cote, B.; Guiral,
S.; Salem, M.; Ducharme, Y.; Friesen, R. W.; Methot, N.; Mancini, J.;
Audoly, L.; Riendeau, D. MF63 [2-(6-chloro-1H-phenanthro[9,10-
d]imidazol-2-yl)-isophthalonitrile], a selective microsomal prostaglan-
din E synthase-1 inhibitor, relieves pyresis and pain in preclinical
models of inflammation. J. Pharmacol. Exp. Ther. 2008, 326 (3), 754−
763.
(36) Kulkarni, S. K.; Singh, V. P. LicofeloneA novel analgesic and
anti-inflammatory agent. Curr. Top. Med. Chem. 2007, 7 (3), 251−263.
(37) Koeberle, A.; Siemoneit, U.; Buhring, U.; Northoff, H.; Laufer,
S.; Albrecht, W.; Werz, O. Licofelone suppresses prostaglandin E(2)
formation by interference with the inducible microsomal prostaglandin
E(2) synthase-1. J. Pharmacol. Exp. Ther. 2008, 326 (3), 975−982.
(38) Hofmann, B.; Franke, L.; Proschak, E.; Tanrikulu, Y.; Schneider,
P.; Steinhilber, D.; Schneider, G. Scaffold-hopping cascade yields
potent inhibitors of 5-lipoxygenase. ChemMedChem 2008, 3 (10),
1535−8.
(39) Rodl, C. B.; Tanrikulu, Y.; Wisniewska, J. M.; Proschak, E.;
Schneider, G.; Steinhilber, D.; Hofmann, B. Potent inhibitors of 5-
lipoxygenase identified using pseudoreceptors. ChemMedChem 2011, 6
(6), 1001−1005.
(40) Stierand, K.; Maass, P. C.; Rarey, M. Molecular complexes at a
glance: Automated generation of two-dimensional complex diagrams.
Bioinformatics 2006, 22 (14), 1710−1716.
(41) Yuan, Y.; Pei, J.; Lai, L. LigBuilder 2: A practical de novo drug
design approach. J. Chem. Inf. Model. 2011, 1083−1091.
(42) Griswold, D. E.; Adams, J. L. Constitutive cyclooxygenase
(COX-1) and inducible cyclooxygenase (COX-2): Rationale for
selective inhibition and progress to date. Med. Res. Rev. 1996, 16
(2), 181−206.
(43) Buczynski, M. W.; Dumlao, D. S.; Dennis, E. A. Thematic
review series: Proteomics. An integrated omics analysis of eicosanoid
biology. J. Lipid Res. 2009, 50 (6), 1015−1038.
(44) Samuelsson, B.; Morgenstern, R.; Jakobsson, P. J. Membrane
prostaglandin E synthase-1: A novel therapeutic target. Pharmacol. Rev.
2007, 59 (3), 207−224.
(45) Yang, K.; Ma, W.; Liang, H.; Ouyang, Q.; Tang, C.; Lai, L.
Dynamic simulations on the arachidonic acid metabolic network. PLoS
Comput. Biol. 2007, 3 (3), e55.
(46) Yang, K.; Bai, H.; Ouyang, Q.; Lai, L.; Tang, C. Finding multiple
target optimal intervention in disease-related molecular network. Mol.
Syst. Biol. 2008, 4, 228.
(47) Leval, X.; Julemont, F.; Delarge, J.; Pirotte, B.; Dogne, J. M.
New trends in dual 5-LOX/COX inhibition. Curr. Med. Chem. 2002, 9
(9), 941−962.
(48) Koeberle, A.; Siemoneit, U.; Buhring, U.; Northoff, H.; Laufer,
S.; Albrecht, W.; Werz, O. Licofelone suppresses prostaglandin E2
formation by interference with the inducible microsomal prostaglandin
E2 synthase-1. J. Pharmacol. Exp. Ther. 2008, 326 (3), 975−982.
(49) Alvaro-Gracia, J. M. LicofeloneClinical update on a novel
LOX/COX inhibitor for the treatment of osteoarthritis. Rheumatology
2004, 43, I21−I25.
(50) Liedtke, A. J.; Keck, P. R.; Lehmann, F.; Koeberle, A.; Werz, O.;
Laufer, S. A. Arylpyrrolizines as inhibitors of microsomal prostaglandin
E2 synthase-1 (mPGES-1) or as dual inhibitors of mPGES-1 and 5-
lipoxygenase (5-LOX). J. Med. Chem. 2009, 52 (15), 4968−4972.
(51) Levine, F.; Dawson, M. Hnf4 modulators and methods of use.
United States Patent Application 2010/033168, Dec 16, 2010.
(52) Sali, A.; Blundell, T. L. Comparative protein modeling by
satisfaction of spatial restraints. J. Mol. Biol. 1993, 234 (3), 779−815.
(53) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS
4: Algorithms for highly efficient, load-balanced, and scalable
molecular simulation. J. Chem. Theory Comput. 2008, 4 (3), 435−447.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201497k | J. Med. Chem. 2012, 55, 2597−26052604

http://www.specs.net


(54) Berendsen, H. J. C. P., J. P. M.; van Gunsteren, W. F.; Hermans,
J., Interaction models for water in relation to protein hydration. In
Intermolecular Forces; Pullman, B., Ed.; D. Reidel Publishing Co.:
Dordrecht, The Netherlands, 1981; pp 331−342.
(55) Zhang, Y. Y.; Radmark, O.; Samuelsson, B. Mutagenesis of some
conserved residues in human 5-lipoxygenase: Effects on enzyme
activity. Proc. Natl. Acad. Sci. U. S. A. 1992, 89 (2), 485−489.
(56) Thoren, S.; Weinander, R.; Saha, S.; Jegerschold, C.; Pettersson,
P. L.; Samuelsson, B.; Hebert, H.; Hamberg, M.; Morgenstern, R.;
Jakobsson, P. J. Human microsomal prostaglandin E synthase-1:
Purification, functional characterization, and projection structure
determination. J. Biol. Chem. 2003, 278 (25), 22199−22209.
(57) Koeberle, A.; Haberl, E. M.; Rossi, A.; Pergola, C.; Dehm, F.;
Northoff, H.; Troschuetz, R.; Sautebin, L.; Werz, O. Discovery of
benzo[g]indol-3-carboxylates as potent inhibitors of microsomal
prostaglandin E(2) synthase-1. Bioorg. Med. Chem. 2009, 17 (23),
7924−7932.
(58) Koeberle, A.; Rossi, A.; Zettl, H.; Pergola, C.; Dehm, F.; Bauer,
J.; Greiner, C.; Reckel, S.; Hoernig, C.; Northoff, H.; Bernhard, F.;
Dotsch, V.; Sautebin, L.; Schubert-Zsilavecz, M.; Werz, O. The
molecular pharmacology and in vivo activity of 2-(4-chloro-6-(2,3-
dimethylphenylamino)pyrimidin-2-ylthio)octanoic acid (YS121), a
dual inhibitor of microsomal prostaglandin E2 synthase-1 and 5-
lipoxygenase. J. Pharmacol. Exp. Ther. 2010, 332 (3), 840−848.
(59) Kulmacz, R. J.; Lands, W. E. M. Requirements for hydro-
peroxide by the cyclooxygenase and peroxidase-activities of
prostaglandin-H synthase. Prostaglandins 1983, 25 (4), 531−540.
(60) Chen, Z.; Wu, Y.; Liu, Y.; Yang, S.; Chen, Y.; Lai, L. Discovery
of dual target inhibitors against cyclooxygenases and leukotriene A4
hydrolyase. J. Med. Chem. 2011, 54 (10), 3650−3660.
(61) Jiang, X.; Zhou, L.; Wei, D.; Meng, H.; Liu, Y.; Lai, L. Activation
and inhibition of leukotriene A4 hydrolase aminopeptidase activity by
diphenyl ether and derivatives. Bioorg. Med. Chem. Lett. 2008, 18 (24),
6549−52.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201497k | J. Med. Chem. 2012, 55, 2597−26052605


