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Abstract
Leukotrienes have been shown to be involved in a variety of diseases such as cardio-
vascular diseases, cancer, asthma, ulcerative colitis, and rhinitis. 5-Lipoxygenase-Activating
Protein (FLAP) was found to be a key enzyme of leukotriene synthesis. Comparative
Molecular Field Analysis (CoMFA) and molecular docking studies were carried out on a
series of substituted 2,2-bisaryl-bicycloheptanes FLAP inhibitors. The docking results
provided a reliable conformational alignment scheme for 3-D QSAR model. Based on
the docking conformations, highly predictive CoMFA model was performed with a leave-
one-out cross-validated q2 of 0.651. The noncross-validated analysis with four optimum
components revealed a conventional r2 value of 0.972, F¼175.674, and an estimated stan-
dard error of 0.169. The predictive ability of this model was validated by the testing set
with a conventional r2 value of 0.920. The analyses may be used to design more potent
FLAP inhibitors and predict their activities prior to synthesis.

1 Introduction

Leukotrienes have been shown to be involved in a variety
of diseases such as cardiovascular diseases, cancer, asthma,
ulcerative colitis, and rhinitis [1 – 3]. Cellular activation by
immune complexes and other inflammatory stimuli result
in an increase in intracellular calcium and the transloca-
tion of Cytosolic Phospholipase A2 (cPLA2) and 5-Lipoxy-
genase (5-LO) from the cytosol to the nuclear membrane
[4]. Membrane-embedded FLAP selectively transfers AA
to 5-LO and enhances the sequential oxygenation of AA
to 5(S)-Hydroperoxyeicosatetraenoic acid (5-HpETE) and
dehydration to Leukotriene A4 (LTA4) [5]. LTA4 can then
be exported from the cell for transcellular metabolism or
converted either to pro-inflammatory LTB4 or to the bron-
choconstrictive, vasoconstrictive, and pro-inflammatory
cysteinyl leukotrienes (CysLTs), namely LTC4, LTD4, and
LTE4 [1]. Leukotriene synthesis is a tightly controlled pro-
cess, and excess AA is reacylated rapidly into membrane
phospholipid pools [6]. These are the only known roles for
FLAP, and cellular leukotriene synthesis can be complete-
ly inhibited by compounds that bind to FLAP [7].

Although there is a plethora of COX inhibitors, known
as Non-Steroidal Anti-Inflammatory Drugs (NSAIDs),
and the pros and cons of COX-1 versus COX-2 inhibitors
have been widely debated, there are many fewer marketed
modulators of the pro-inflammatory leukotriene pathway.
Leukotrienes have physiological roles in innate immune
defense, the homeostatic function for which inflammation
evolved, and several studies have shown a role for leuko-
trienes in antimicrobial host defense [8]. Leukotrienes
have pathophysiological roles in respiratory diseases, aller-
gic diseases, and Cardiovascular Diseases (CVDs) and
there is an excellent recent review on leukotrienes and
mechanisms of disease [1]. So, the development of more
potent FLAP inhibitors is of great significance.

A number of FLAP inhibitors have appeared in the pri-
mary literature [9]. The binding model of inhibitor MK-
591 has been determined by X-ray crystallography. The
crystal structure provided not only insights into the inter-
action mechanisms of FLAP with the inhibitor, but also
valuable clues for designing new inhibitors [10]. In this pa-
per, with the molecular docking and Three-Dimensional
(3-D) QSAR (CoMFA) analyses, it is possible to get new
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insights into the relationship between the structural infor-
mation of the series of 31 substituted 2,2-bisaryl-bicyclo-
heptanes inhibitors and the inhibitory potency, aimed at
identifying structural features in FLAP that can be used to
find new inhibitors.

2 Computational Details

2.1 Biological Data and Molecular Structures

Thirty-one substituted 2,2-bisaryl-bicycloheptanes inhibi-
tors from one laboratory reported by Dwight et al. were
gathered [9]. The biological data (represented as IC50 val-
ues) of these inhibitors were determined under the same
experimental conditions. The biological data were consid-
ered comparable and divided into a training set and a test-
ing set as shown in Table 1. The training set which were se-
lected randomly consists of 25 compounds and the testing
set is comprised of 6 compounds. The IC50 values were
converted into pIC50 (Eq. (1)). The pIC50 were then used
for subsequent QSAR analysis as the response variable.

pIC50¼� lgIC50 (1)

The 3-D structure of the 31 substituted 2,2-bisaryl-bicyclo-
heptanes were constructed by using molecular modeling
software package SYBYL. Partial atomic charges were
calculated by the Gasteigere – HKckel method and energy
minimizations were performed using the Tripos force field
with a distance-dependent dielectric and the Powell conju-
gate gradient algorithm (convergence criterion of
0.005 kcal/mol/M) [11].

2.2 Docking Studies

To find the binding model of the inhibitors to the FLAP,
the advanced molecular docking program GOLD, version
3.0.1, which uses a powerful Genetic Algorithm (GA)
method for conformational search and docking programs,
was employed to generate an ensemble of docked confor-
mations. Atomic coordinates for the FLAP complex with
MK-591, used for our modeling, have been deposited in
the Brookhaven Protein DataBank (PDB ID:2Q7M) [10].
The original ligand was removed from the coordinated set.
The genetic operators were 100 for the population size, 1.1
for the selection, 5 for the number of subpopulations,
100000 for the maximum number of genetic applications,
and 2 for the size of the niche used to increase population
diversity. The weights were chosen so that crossover muta-
tions were applied with equal probability (95/95 for the
values) and migration was applied 5% of the time. Chem-
Scoring function encoded in GOLD was applied to predict
binding positions between FLAP and 31 inhibitors. This
scoring function was described by Eldridge et al. [12, 13].
The fitness score is taken as the negative of the sum of the

component energy terms, so that larger fitness scores are
better [14].

2.3 Structural Alignment

Molecular alignment is the most sensitive parameter in 3-
D QSAR analysis. This renders the spatial alignment of
molecules under study as one of the most sensitive and de-
termining factors in obtaining robust and meaningful mod-
els. In this study, ten conformations were obtained through
GOLD for each inhibitor. Twenty-five inhibitors were se-
lected randomly as the training set, and these inhibitors
were aligned together for CoMFA study to explore the
specific contributions of electrostatic and steric effects of
the molecular bioactivities. The conformations for each li-
gand of the testing set were chosen to have lowest residues
between actual and predicted pIC50, which was predicted
by the CoMFA model of the training set.

2.4 CoMFA

Steric and electrostatic interactions were calculated using
the Tripos force field [15] with a distance-dependent die-
lectric constant at all intersections in a regularly spaced
(2 M) grid taking an sp3 carbon atom as steric probe and a
þ1 charge as electrostatic probe. The cut off value was set
to 30 kcal/mol. With standard options for scaling of varia-
bles, the regression analysis was carried out using the
Leave-One-Out (LOO) cross-validated Partial Least
Squares (PLS) method [16]. The column filtering was set
to 2.0 kcal/mol to improve the signal-to-noise ratio by
omitting those lattice points whose energy variation was
below this threshold. The final model, noncross-validated
conventional analysis, was developed with the optimum
number of components to yield a noncross-validated r2 val-
ue.

3 Results and Discussion

3.1. Docking Study and Structural Alignment

In order to check the capacity of the parameters set for
docking to reproduce the X-ray structure, the ligand MK-
591 extracted from crystal structure was redocked to
FLAP using GOLD. Figure 1 shows the conformational
superposition of the ligand MK-591 and its best docking
conformation, the Root Mean Square Deviation (RMSD)
between the two conformations is equal to 0.79 M, indicat-
ing that the parameters set for docking were capable of re-
producing the X-ray structure. To locate the appropriate
binding orientations and conformations of these substitut-
ed 2,2-bisaryl-bicycloheptanes inhibitors interacting with
FLAP, compound 2 with the highest FLAP binding affinity
was docked to FLAP using Surflex and GOLD, respective-
ly. The RMSD between the two best docking conforma-
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Table 1. Structures, experimental activities (Obs.), predicted activities (Calcd.), residuals (Res.) by CoMFA model, and docking
ChemScores of FLAP inhibitors.

Compound R1 R2 FLAP IC50 (nM) pIC50 ChemScore

Obs Calcd Res

2 2.5 8.60 8.61 �0.01 46.17

11 13.2 7.88 7.64 0.24 41.08

12a 5.0 8.30 8.21 0.09 42.58

12ba) 94 7.03 7.70 �0.67 42.46

12c 14 7.85 7.79 0.06 42.17

12d 3155 5.50 5.63 �0.13 37.03

12e 3.7 8.43 8.45 �0.02 44.90

12f 3.5 8.46 8.71 �0.25 43.97

12g 8.6 8.07 8.06 0.01 42.37

12ha) 6 8.22 8.27 �0.05 45.07

12i 8.6 8.07 8.25 �0.18 46.30

12j 6.5 8.19 8.19 0 44.17

12ka) 5.5 8.26 8.28 �0.02 42.19

12l 4.1 8.39 8.40 �0.10 45.94

12m 18.3 7.74 7.45 0.29 40.36

12n 134 6.87 7.11 �0.24 40.81

12o 181 6.74 6.93 �0.19 37.59
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Table 1. (cont.)

Compound R1 R2 FLAP IC50 (nM) pIC50 ChemScore

Obs Calcd Res

12p 4.9 8.31 8.25 0.06 45.14

12q 7.6 8.11 8.12 �0.10 43.41

12r 5.6 8.25 8.42 �0.17 39.28

12s 12.4 7.91 7.90 0.01 39.64

Compound Structure FLAP IC50 (nM) pIC50 ChemScore

Obs. Calcd. Res.

13 980 6.01 5.94 0.07 37.83

14aa) 776 6.11 6.67 �0.56 38.03

14b 3595 5.44 5.43 0.01 35.21

17 22 7.66 7.52 0.14 40.15

18a 9.3 8.03 8.04 �0.1 39.03
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tions derived from Surflex and GOLD is equal to 1.11 M
(Figure 2). The two binding conformations are similar with
MK-591 extracted from the crystal structure, and the con-
formation of compound 2 derived from GOLD can be
considered as the template for selecting docking confor-
mations of all the other inhibitors derived from GOLD.
The predicted binding free energies (ChemScore) for all
the inhibitors are listed in Table 1. A linear regression
analysis reveals good correlations between the experimen-
tal inhibitory activities (pIC50) of the inhibitors and the
predicted ChemScore to the FLAP, the r2 value is equal to
0.64 (Eq. 2 and Figure 3). These correlations demonstrate
that the binding conformations and binding models of the
inhibitors to FLAP are reasonable

pIC50¼�1.67þ0.223 ChemScore (n¼31, r2¼0.64, F¼
51.44, s¼0.56) (2)

The other 30 molecular conformations possessing high
ChemScores and similar conformations with compound 2
were extracted from the inhibitor-FLAP complexes. Fig-
ure 4 shows the 3-D model of the 31 substituted 2,2-bisar-
yl-bicycloheptanes inhibitors at the active sites of FLAP
and Figure 5 illustrates the probable binding conforma-
tional alignment for the the 31 substituted 2,2-bisaryl-bicy-
cloheptanes inhibitors chosen from the docked conforma-
tions. All of the inhibitors are bonded in the active sites of
FLAP in a similar conformation with compound 2, and the
common structures superimposed each other well. Based
on this set of binding conformations and their alignment,
CoMFA model was performed.

In addition, Figure 6 represents the interaction model of
the docked inhibitor 12f with FLAP. Inhibitor 12f binds to
the active site and makes several interactions with FLAP.
As shown in the figure, inhibitor 12f can form hydrogen
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Table 1. (cont.)

Compound Structure FLAP IC50 (nM) pIC50 ChemScore

Obs. Calcd. Res.

18ba) 4.5 8.35 8.05 0.30 47.88

18c 2.5 8.60 8.29 0.31 45.62

18d 2.4 8.61 8.60 0.01 43.90

18ea) 3.7 8.43 8.24 0.19 44.56

18f 4.2 8.38 8.32 0.06 47.08

aTesting set molecules.
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bonds (white dashed lines) with His28 and Lys116. The
phenyl ring A interacts with the hydrophobic surface of
the side chain of Gly24. The bicycloheptane ring C inter-
acts with the hydrophobic surface of the side chains of
Val21, Val20, Phe123, and Ile119. The phenyl ring B inter-
acts with the hydrophobic surface of the side chain of
Leu120. The quinoline ring interacts with residue N23,
D62, and T66 and weak polar interactions are formed.

3.2 CoMFA Model

Twenty-five of 31 substituted 2,2-bisaryl-bicycloheptanes
inhibitors were randomly picked up as training set for con-
structing CoMFA models, the remaining six inhibitors
were used as testing set for the model validation. PLS
analysis was carried out for the 25 binding conformations,
and the results are listed in Table 2, which shows that a

CoMFA model with LOO cross-validated q2 of 0.651 for
four components was obtained, and the Standard Error of
Prediction (SEP) value is equal to 0.602. The noncross-va-
lidated PLS analysis with the optimum components of four
resulted in a conventional r2 of 0.972, F¼175.674, and an
estimated standard error of 0.169. The steric field descrip-
tors explain 48.7% of the variance, while the electrostatic
descriptors explain 51.3%. The predicted activities for the
31 inhibitors versus their experimental activities with their
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Figure 1. Conformational comparison of MK-591 from the
crystal structure of (A) FLAP and (B) that from the docking
calculation.

Figure 2. Conformational comparison of compound 2 derived
from (A) Surflex and (B) GOLD.

Figure 3. Correlation between the predicted binding free ener-
gies (ChemScore) and the experimental activities (pIC50).

Figure 4. Binding conformations of docking compounds at the
active sites of FLAP.
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residues are listed in Table 1. The correlation between the
predicted activities and the experimental activities is de-
picted in Figure 7. Table 2 and Figure 7 demonstrate that
the predicted activities by the constructed CoMFA model
are in good agreement with the experimental data, sug-
gesting that a reliable CoMFA model was successfully con-
structed.

The CoMFA contour map of steric contribution is de-
picted in Figure 8, template compound 18c was treated as
the reference molecule. The green and yellow polyhedra
describe regions of space around the molecules where an
increase in steric bulk enhances or diminishes the activity,
respectively. The electrostatic contribution of CoMFA is il-
lustrated in Figure 9, template compound 12f was treated
as the reference molecule. The blue contour defines a re-

gion where increasing positive charge will result in in-
creased activity, whereas the red contour defines a region
of space where increasing electron density is favorable.

In Figure 8, the green contour G1 at the left of the quin-
oline ring indicates that steric bulk is favored there. As
shown in Figure 4, the steric bulk of quinoline and benzo-
thiazole is larger enough to fill up the pocket than pyridine
and they have higher electron density than pyridine, and
stronger van der Waals interactions might form with resi-
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Figure 5. Superimposition of 31 substituted 2,2-bisaryl-bicyclo-
heptanes for 3-D QSAR studies.

Figure 6. Position of docked inhibitor 12f in the binding pocket
of FLAP. H-bonds and interactions between 12f and side chain
residues.

Figure 7. Correlation between predicted activities by CoMFA
model and the experimental pIC50 values of training and testing
sets.

Figure 8. CoMFA steric field distribution contour map in com-
bination with inhibitor 18c.
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due N23, D62, and T66 than pyridine. That is why the ac-
tivity of compound 12l is higher than compounds 12m,
12n, 12o, and 12p. The green contour G2 indicates that in-
creased steric bulky substituents in this area are favorable
for the inhibitory activities. This is in agreement with the
fact that the inhibitory activity of compound 18c with a
bulky pyridine is higher than compounds 12g and 12h.
There is a yellow contour Y3 below G2, which indicates
that the steric bulky substituents must be appropriate.
Compounds 18b and 18f have lower activities than com-
pound 18c. As shown in Figure 8, we can see there is a
phenyl ring of Phe25. If bulky substitutes exist in these re-
gions, the van der Waals interactions and space adoptions
may be destroyed. This conclusion is compatible with the
binding mode predicted by GOLD, which validates our
docking result. In addition, there are two yellow contours
Y1, and Y2 upon the molecule indicating that increased
steric bulky substituents in this area are unfavorable for
the inhibitory activities. Compounds 12b and 12d have low
inhibitory activities, as illustrated in Figure 10, the R2 sub-
stituent quinoline in the 5-position of the aryl is at the in-
ner pocket of FLAP, and it is just in the opposite orienta-
tion of 18c in Figure 8. The bicycloheptane ring is in the or-
tho-position, which forms close distances less than 3.0 M
between the bicycloheptane ring and Val21, Val20,
Phe123, and Ile119 and the repelling force is enhanced, so
it is unfavorable for the inhibitors to bind. Besides this,
there is a blue contour B1 shown in Figure 9, which indi-
cates negative charged groups are unfavorable for activity.
The oxygen atoms of compounds 12b and 12d are closer to
the phenyl ring of Ile119. Because of the high electron
density around the phenyl ring of Ile119 and the lone-pair
electrons of the oxygen atom, the repelling force is stron-
ger. This is another reason why compounds 12b and 12d
have lower activities. There are two red contours R1 and

R2 in Figure 9 showing that more negative charged sub-
stituents are favorable. That is why compounds 12a, 12c,
12e, 12f, 12j, 12k, 18a, and 18e have high activities. As we
know, the hydrogen in the NH group is electrophilic, fur-
ther docking study showed that the NH groups of His28
and Lys116 might form H-bonds with the carbonyl, NMe2,
SO2Me, or OH group in compounds 12a, 12c, 12e, 12f, 12j,
12k, 18a, and 18e. Moreover, the substituents containing
carbonyl, NH, or OH group might also have strong elec-
trostatic interactions with polar residues. There is a blue
contour B2 upon red contour R2, which indicates that posi-
tive charged groups is favorable; that is why the activities
of compounds 12g and 12r are higher than 12s. The R2 sub-
stituent chains of the three compounds are too short to
form H-bonds with His28 and Lys116, but compounds 12g
and 12r with methyl groups can form weak hydrophobic
interactions with Phe25, so they have higher activities.

We do not see obvious contours in the top right corner
of Figure 8. The corresponding monocyclic 5 and 6-mem-
ber ring compounds have similar potency to the bicyclo-
heptanes, and the enantiomers (þ)2 and (�)2 have similar
activities [9]. As mentioned above, the bicyclic and mono-
cyclic moieties are located in the hydrophobic region.
Both the 5 and 6-member ring can form similar hydropho-
bic interactions with residues Val21, Val20, Phe123, and
Ile119. That is to say, steric field contribution is dispensa-
ble there. It indicates that our CoMFA model is credible.

3.3 Validation of the 3-D QSAR Models

The six randomly selected compounds (Table 1) were used
as the testing set to verify the constructed CoMFA model.
The calculated results are listed in Table 2 and displayed
in Figure 7. The predicted pIC50 with the QSAR model is
in good agreement with the experimental data with a stat-
istically tolerable error range and with a correlation coeffi-
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Figure 9. CoMFA electrostatic field distribution contour map
in combination with inhibitor 12f.

Figure 10. CoMFA steric field distribution contour map in
combination with inhibitor 12d.
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cient of r2¼0.920 (Table 2). The testing results indicating
that the CoMFA model would be reliably used in new in-
hibitor design for developing new FLAP inhibitors.

4 Conclusions

In this work, molecular docking and 3-D QSAR studies
were carried out to explore the binding mechanism of sub-
stituted 2,2-bisaryl-bicycloheptanes to the FLAP. A good
prediction CoMFA model was obtained with LOO cross-
validation q2 and conventional r2 values of 0.651 and 0.972,
respectively. The reliability of the model was verified by
the compounds in the testing set. The docking/3-D QSAR
results suggested that the quinoline and H-bond accepter
in R2 substituents with appropriate chain length are impor-
tant for high activities, and both the 5- and 6-member rings
can form similar hydrophobic interactions with residues

Val21, Val20, Phe123, and Ile119. These results demon-
strated the power of combining docking/QSAR approach
to explore the probable binding conformations of com-
pounds at the active sites of the protein target, and further
provided useful information to understand the structural
and chemical features of substituted 2,2-bisaryl-bicyclo-
heptanes in designing and finding new potential FLAP in-
hibitors.0
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Table 2. Summary of CoMFA analysis.

Parameter CoMFA

Training set –
PLS statistics –
LOO –
q2 (CV correlation coefficient) 0.651
N (number of components) 4
SEP (standard error of prediction) 0.602
Uncross-validated –
r2 (correlation coefficient) 0.972
SEE (standard error of estimate) 0.169
F (F-ratio) 175.674
Field distribution –
Steric 48.7%
Electrostatic 51.3%
Testing set –
r2 (correlation coefficient) 0.920
S (standard error of prediction) 0.298
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