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Abstract: Cytochrome P450 2C9 (CYP2C9) is an important member of the cytochrome P450 en-
zyme superfamily with responsibility for metabolizing many important exogenous and endogenous 
compounds in many species of microorganisms, plants and animals. CYP2C9 is related to the oxida-
tive of 16% of all therapeutics in current clinical use and has adverse drug effects, such as, enzyme 
induction and inhibition. In order to understand the metabolic mechanism of various drugs, two crys-
tal structures of CYP2C9 have been studied, and their structural differences and structure-activity re-
lationships with the drugs of Fluoxetine, Ibuprofen, Naproxen, Suprofen, and Mefenamic acid were 
investigated. By a series of docking studies and MD simulations, the binding pockets of CYP2C9 for 
the five drugs are explicitly defined that will be very useful for conducting mutagenesis studies, providing insights into the 
metabolic mechanism, which may be of relevance to the personalized drug. 
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INTRODUCTION 

 Cytochrome P450 proteins are membrane-associated 
haem proteins that metabolize important exogenous and en-
dogenous compounds in many species of microorganisms, 
plants and animals [1]. Also, they are considered as one of 
the most important enzymes in the phase I metabolism in 
mammals [2]. Mammalian CYP450s recognize and metabo-
lize diverse xenobiotics such as drugs, environmental com-
pounds, retinoids and steroids [3]. This kind of enzymes can 
be found in all kingdoms of life and show the extraordinary 
diversity in their reaction chemistry. In mammals, as well as 
many other cell types, they are found mainly in the mem-
branes of the endoplasmic reticulum (microsomes) within 
liver cells (hepatocytes), and are capable of utilizing haem 
iron to oxidize molecules, and often making them more wa-
ter-soluble for clearance by either adding or unmasking a 
polar group [4]. Polymorphic variants have already been 
reported for some CYP450 isoforms, which has relation for 
the efficacy of drugs in individuals, and for the co-adminis-
tration of drugs. Individual CYPs exhibit unique substrate 
specificity, regio- and stereoselectivity, especially CYP2C9.  
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 People can carry different alleles of CYP genes, which 
have a little variation in their genetic sequence attributable to 
nucleotide changes or polymorphisms [5]. These polymor-
phic variations are capable of causing individual and popula-
tion differences in the tolerance to toxins and drugs. Because 
CYP proteins are activated, polymorphic variations in differ-
ent CYP genes may have different effects [6]. CYP2C9 is 
among the most important drug metabolizing isoforms [7]. It 
controls the oxidative metabolism of 16% of all therapeutics 
in current clinical use and it has adverse drug effects, for 
example, enzyme induction and inhibition.  

 Computational and mathematical approaches, such as 
structural bioinformatics [8,9], molecular docking [10-15], 
molecular packing [16,17], pharmacophore modelling [18, 
19], Mote Carlo simulated annealing approach [20], graph 
and image analysis [21-33], study of low-frequency internal 
motions in proteins and DNA [34-36], QSAR [37-42], pro-
tein subcellular location prediction [43-48], identification of 
membrane proteins and their types [49], identification of 
enzymes and their functional classes [50], identification of 
GPCR and their types [51,52], identification of proteases and 
their types [53,54], protein cleavage site prediction [55-57], 
and signal peptide prediction [58,59], can timely provide 
very useful information and insights for biomedicine and 
drug development. The present study was initiated in an at-
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tempt to use molecular docking and molecular dynamics to 
perform a detailed structural analysis to further stimulate the 
personalized drug design studies [12,60-63]. 

 In the current study, CYP2C9 was picked up as a main 
target. In the Protein Data Bank (PDB), there are two crystal 
structures of CYP2C9, namely 1OG5 and 1R9O, respec-
tively. The objective of the current study was to perform a 
detailed examination of the structural differences between 
the two different crystal structures of CYP2C9. By all-round 
analysis, some structural differences of the two crystal struc-
tures have been discussed. Subsequently, several drugs me-
tabolized by CYP2C9 have been docked to the two crystal 
structures. Finally, the docking results are optimized by mo-
lecular dynamics simulations [64], with the purpose of ana-
lyzing the interactions between CYP2C9 and the drugs me-
tabolized by CYP2C9, and further revealing the possible 
mechanism of drug metabolism presided over by cytochrome 
P450s. 

METHOD 

 Computational docking operation is a useful vehicle for 
investigating the interaction of a protein receptor with its 

ligand and revealing their binding mechanism as demon-
strated by a series of studies [8,10,11,13-15,19,60,65-77]. In 
the current study, the AutoDock 3 was used to perform all 
the protein-ligand docking experiments [78]. During our 
simulations, the proteins were kept rigid with ligand being 
allowed to move freely. Some solvent parameters were in-
corporated during the docking operation to simulate all the 
surrounding liquid particles explicitly. The chemical affinity 
and electrostatics maps were computed and centered by 
autogrid on receptor with 40 40 40 grid points at spacing of 
0.375Å at the active sites of the two crystal structures. In 
addition, Lamarckian Genetic algorithm was used to search 
the most favorable conformations. The docking operations 
were carried out with 100 GA runs and 50 populations. The 
maximum number of energy evaluations and maximum 
number of generations are 250000000 and 1000, respec-
tively. The maximum number of top individuals that auto-
matically survive is 1. While the rate of gene mutation and 
rate of crossover are 0.02 and 0.8, respectively. The mean of 
Cauchy distribution for gene mutation and variance of 
Cauchy distribution for gene mutation are 0.0 and 1.0, re-
spectively. The number of generations for picking worst in-
dividual is 10.  

Fig. (1). The sequence alignment between the two crystal structures of CYP2C9 with PDB code 1OG5 (chain-1) and 1R9O (chain-2), where 
the amino acids are colored according to their function: acidic- red; basic- blue; neutral hydrophilic- pink; aliphatic- dark green; aromatic- 
light green; thiol containing - yellow; and imino – orange. The two sequences share about 96% sequence identity. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this paper). 
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Fig. (2). The two crystal structures of CYP2C9 with PDB code 
1R9O (green) and 1OG5 (red). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web ver-
sion of this paper).

 The three-dimensional structure of CYP2C9 bears the 
multifaceted and flexible structural feature. To reflect this 
kind of dynamic features, one of the feasible methods is to 
utilize molecular dynamics (MD) simulations [79]. The MD 
simulations can solve the classical equations of motions for a 
system consisting of target protein and small ligands under 
specified ensembles. In our case, the energy favorable struc-
tures derived by the aforementioned docking experiments 
were further studied with the molecular dynamics (MD) trig-
gered by breaking hydrogen bonds and making events of the 
ligand and receptor interactions using GROMACS 3.3.1 
package. The results thus obtained would provide further 
information of the conformational searching in space. The 
topology files and charges for ligands were generated by the 
online software RPODRG. At the beginning, all the mole-

cules were inserted into the explicit SPC water of 0.9 nm 
from the protein surface. To neutralize the system charges, 
several sodium ions were added to replace the equal numbers 
of SPC water molecules. Subsequently, all the systems were 
subjected to a steepest descent energy minimization until a 
tolerance of 100 kJ/mol. All the molecules were equilibrated 
with protein backbone fixed at 300 K for some time, then 
relaxed gradually and heated up to 300 K. Finally, 1 ns MD 
simulations were performed under the normal temperature 
and pressure with coupling times of 0.1 ps and 1.0 ps, re-
spectively. This would generate a series of conformations in 
the important phase space area, providing the configuration 
and momentum information for each relevant atom, from 
which the thermodynamic properties of the system can be 
calculated. Additionally, the electrostatic interactions were 
computed by the PME algorithm with interpolation order of 
4 and a grid spacing of 0.12 nm. The van der Waals interac-
tions were treated by a cut-off of 12 Å. All the simulations 
were employed with a time step of 2 fs, and coordinates were 
saved every 1 ps. 

 The similar methods have been used to investigate the 
binding interaction of alpha 7 nAChR dimmer with GTS-21 
[67], CYP2C19 [60], Xylose reductases [77], and for anti-
SARS drug screening [19,66]. For comparison, flurbiprofen 
has been docked to the crystal structure with PDB code 
1R9O, and then optimized by MD simulations. The RMSD 
between the computational results and crystal data is 0.003. 

RESULTS AND DISCUSSIONS 

 By now, there are two crystal structures releasing in the 
Protein Data Bank (PDB), namely 1R9O in 2004 [80] and 
1OG5 in 2003 [81], respectively. Although having the same 
sequence (a sequence alignment were performed between the 
two crystal structures, as shown in Fig. (1)), there are some 
differences between the two crystal structures. It reported 
that the 1R9O structure of the flurbiprofen complex of 
2C9dH corresponds closely to the 1OG5 structure in many 
regions with a root mean square deviation of 0.74Å, as 
shown in Fig. (2) [80]. In addition, compared with 1OG5, 
helices F  and G  are not evident in 1R9O, which exhibits a 
more extended conformation of the region between helices F 
and G, and a longer helix A in 1OG5. As being not far away 

Table 1. The Detailed Descriptions of the Five Ligands: Fluoxetine, Ibuprofen, Naproxen, Suprofen, and Mefenamic Acid 

Name Formula Chemical Name 

Fluoxetine C17H18F3NO N-methyl-3-phenyl-3- 

[4-(trifluoromethyl)phenoxy]- 

propan-1-amine 

Ibuprofen C13H18O2 2-[4-(2-methylpropyl)phenyl] 

propanoic acid 

Diclofenac C14H11Cl2NO2 2-[2-[(2,6-dichlorophenyl)amino]phenyl]acetic acid 

Suprofen C14H12O3S 2-(4-thiophen-2-ylcarbonylphenyl) 

propanoic acid 

Mefenamic acid C15H15NO2 2-[(2,3-dimethylphenyl)amino]benzoic acid 
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from the binding site of CYP2C9, these aforementioned dif-
ferences may cause quite different interactions of CYP2C9 
with drugs.  

 In studying the receptor-ligand binding mechanism, it is 
very useful to introduce the concept of binding pocket. Ac-
cording to Chou et al. [82], the constituents of the binding 
pocket of a protein receptor to a ligand are defined by those 
residues that have at least one heavy atom (i.e., an atom 
other than hydrogen) with a distance < 5 Å from a heavy 
atom of the ligand. Such a criterion was originally used to 
define the binding pocket of ATP in the Cdk5-Nck5a* com-
plex [82] that has later proved quite useful in identifying 
functional domains and stimulating the relevant truncation 
experiments [83]. The similar approach has also been used to 
define the binding pockets of other receptor-ligand interac-
tions [10,19,60,65,84-86]. 

 As shown in Fig. (3A), the binding pocket of 1R9O thus 
defined assumes bar-shape. There are three regions in the 
binding pocket of 1R9O, which are considered to be signifi-
cant for the interactions of CYP2C9 with substrates, as de-
scribed in Fig. (3A). Region A and B are identity regions, 
which are in charge of recognizing the corresponding me-
tabolites. Region C is oxidation sites, where metabolites may 
be oxidated by CYP2C9 with heams. As shown in Table 3,
the framework of the binding pocket is constituted by 
Arg108, Val113, Phe114, Leu201, Asn204, Ile205, Leu208, 

Val237, Met240, Val292, Asp293, Gly296, Ala297, Thr301, 
Leu362, Leu366 and Phe476. Among the 17 framework 
residues, Arg108 and Asn204, which site in the region A and 
B, respectively, are more important for having hydrogen 
bond interactions with all the five drugs. Maybe they play a 
central role for recognizing and fix metabolites. 

 In 1OG5, the binding pocket is cross-shape (Fig. 3B). It 
extends up with Phe114 and Phe476 lying on the opposite 
side. Phe476, which showed conformational mobility in the 
substrate free structure, always forms a -  stacking interac-
tion with ligand which has a phenyl group as a side chain. 
The same as 1R9O, the binding pocket of 1OG5 contains 
three important regions, namely -  stacking site (region A), 
identify site (region B) and oxidation site (region C), respec-
tively, as described in Fig. (3B). Also, the residues in form-
ing the binding pocket are shown in Table 2. It is found that 
Arg97, Gly98, Ile99, Phe100, Pro101, Leu102, Ala103, 
Val113, Phe114, Leu208, Ile213, Gln214, Asn217, Leu366, 
Pro367, and Phe476 are significant in forming the frame-
work of the bonding pocket [81]. Also, Asn217 has hydro-
gen bond interactions with all the five ligands. So, it is found 
that Asn217 is significant for identifying drugs. In addition, 
due to the -  stacking interaction with Phe476, the binding 
energies of drugs with 1OG5 is much better than 1R9O. 
Shown in Fig. (4) are the binding pockets of 1R9O for (A)
Fluoxetine, (B) Ibuprofen, (C) Diclofenac, (D) Suprofen, and 
(E) Mefenamic acid, where the lipophilic and hydrophilic 

Table 2. List of the Interaction Energies (kcal/mol) Obtained by Docking Fluoxetine, Ibuprofen, Naproxen, and Suprofen to the 

Two Crystal Structures of CYP2C9 (PDB code 1R9O and 1OG5), Respectively 

 E_Intermol  E_Torsional E_Binding 

Ligands 1R9O 1OG5 1R9O 1OG5 1R9O 1OG5 

Fluoxetine -7.37 -8.69 1.87 1.87 -5.50 -6.99 

Ibuprofen -7.91 -8.84 1.25 1.25 -6.67 -7.60 

Diclofenac -9.17 -9.17 1.25 1.25 -7.93 -7.92 

Suprofen -8.02 -8.90 1.25 1.25 -6.67 -7.65 

Mefenamic acid -8.90 -8.99 0.93 0.93 -7.97 -8.05 

Fig. (3). The binding pocket for (A) 1R9O and (B) 1OG5. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this paper). 
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Fig. (4). Illustrations showing the molecular surface of the binding pockets (or cavities) of 1R9O for (A) Fluoxetine, (B) Ibuprofen, (C) Di-
clofenac, (D) Suprofen, and (E) Mefenamic acid, where the green dotted lines represent the hydrogen bonds. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this paper).

Fig. (5). Illustrations showing the molecular surface of the binding pocket (or cavity) of 1OG5 for (A) Fluoxetine, (B) Ibuprofen, (C) Di-
clofenac, (D) Suprofen, and (E) Mefenamic acid, where the green dotted lines represent the hydrogen bonds. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this paper).
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Table 4. Residues in Forming the Binding Pockets of the Crystal Structure of CYP2C9 (PDB Code 1OG5) for the Four Ligands 

Ligands Binding Pocket Residues
a

Arg97 Gly98 Ile99 Phe100 Pro101 Leu102 

Ala103 Val113 Phe114 Leu208 Ile213 Gln214 

Asn217 Thr364 Ser365 Leu366 Pro367 Leu388 

Fluoxetine 

Phe476      

Arg97 Gly98 Ile99 Phe100 Pro101 Leu102 

Ala103 Glu104 Val113 Phe114 Leu208 Ile213 

Ibuprofen 

Gln214 Asn217 Leu366 Pro367 Phe476  

Phe100 Pro101 Ala103 Leu208 Ser209 Ser210 

Ile213 Gln214 Asn217 Leu362 Thr364 Ser365 

Leu366 Pro367 Leu388 Asn474 Gly475 Phe476 

Diclofenac 

Ala477      

Arg97 Gly98 Ile99 Phe100 Leu102 Ala103 

Val113 Phe114 Leu208 Ile213 Gln214 Asn217 

Suprofen 

Leu366 Pro367 Gly475 Phe476   

Arg97 Gly98 Ile99 Phe100 Pro101 Leu102 

Ala103 Glu104 Val113 Phe114 Leu208 Ile213 

Mefenamic acid 

Gln214 Asn217 Leu366 Pro367 Phe476  

a Residues with bold-face type mean that they have hydrogen bonding interaction with the ligand. 

surfaces are colored in green and blue, respectively. Shown 
in Fig. (5) are the binding pocket of 1OG5 for (A) Fluoxet-
ine, (B) Ibuprofen, (C) Diclofenac, (D) Suprofen, and (E)
Mefenamic acid, where the lipophilic and hydrophilic sur-
faces are colored in green and blue, respectively. 

CONCLUSIONS 

 In order to investigate the interactions of CYP2C9 with 
diverse drugs, five different kinds of drugs have been docked 
to the crystal structure of CYP2C9 with PDB code 1OG5 
and 1R9O, respectively. It is interested to find that the two 
binding pocket are quite different. Compared with the bar-
shape binding pocket of 1R9O, the binding pocket of 1OG5 
is cross-shape, which is more suitable for the interactions 
with drugs. In addition, Arg108 and Asn204 are found to be 
the key residues. They may identify the corresponding me-
tabolites by hydrogen bond interactions. All the findings 
mentioned above will be very useful for conducting mutage-
nesis studies for finding desired drugs or proper treatments 
according to the characteristics of an individual patient to 
improve efficacy and reduce the number and adverse drug 
reactions.  
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