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Abstract Molecular docking and molecular dynamics
(MD) simulations are used to investigate the interactions
of curcumin analogues (CAs) with human cytochrome
P450 2 C9 (CYP2C9 or 2 C9) and the conformations of
their binding sites. In order to examine conformations of
CAs/2 C9 and interaction characteristics of their binding
sites, RMSDs, RMSFs, and B-factors are computed, and
electrostatic and hydrophobic interactions between CAs and
2 C9 are analyzed and discussed. Results demonstrate that
the most CAs studied lie 4∼15 Å above the heme of
CYP2C9. The presence of CAs makes some residues in
bound CYP2C9s become more flexible. In the binding sites
of A0/2 C9 and C0/2 C9, the formation of H-bond
networks (or CA-water-residue bridges) enhances the
interactions between CAs and 2 C9. The stronger inhibitory
effects of A0, B0, and C0 on 2 C9 can be ascribed to
stronger electrostatic and hydrophobic interactions in the
binding sites of CAs/2 C9.
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Introduction

Cytochrome P450 (CYP or P450) enzymes are heme-
containing monooxygenases. They can participate in many
reactions [1–4] contribute extensively to the metabolism of
xenobiotics and endogenous compounds, such as drugs,
environmental pollutants, and carcinogens [5]. Especially,
1A2, 2 C19, 2 C9, 2D6, 2E1, and 3A4/5 contribute to the
metabolism of about 90% drugs in current clinical use [6–
8]. Extensive research on understanding the mechanism of
P450-catalyzed reactions have been performed [9].

CYP2C9(or 2 C9), one of the major enzymes of CYPs,
contributes to the metabolism of about 16% of all drugs and
is responsible for phase I metabolism of these drugs [6].
Human cytochrome P450 2 C9 (CYP2C9) is embedded
mainly in hepatocytes of liver. This enzyme may be
involved in potentially unfavorable drug-drug interactions
or drug toxicity. Furthermore, CYP2C9 displays atypical
kinetics with several substrates such as flurbiprofen,
dapsone, naproxen [10–12]. Thus, it is necessary to explore
how these drugs or substrates interact with 2 C9 so as to
obtain some useful information for the drug’s therapeutic
efficacy or toxicity in clinical application.

In recent years, several structures of mammalian CYP
enzymes such as CYP3A4 [13, 14], CYP2C9 [15, 16],
CYP2B4 [17], CYP2A6 [18], CYP2C8 [19], and CYP2C5
[20] have been solved. Moreover, there are many reports
about the structure/metabolism relationship, binding model,
and interaction prediction for 2 C9 with drug molecules [6,
21–28]. Molecular docking study on the affinity of 2 C9 for
imrecoxib has been performed using InsightII/Affnity
program by Li et al. [29]. Experimentally, the inhibition
capacity of five hydroxywarfarin metabolites on S-warfarin
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metabolized by CYP2C9 has been investigated by Jones et
al. [30]. Their results indicated that hydroxywarfarin does
limit the metabolic capacity toward S-warfarin and this
limitation process is produced by competitive inhibition.

Curcumin, a natural polyphenol derived from turmeric
(Curcuma longa), is a yellow pigment generally used as
spice, flavoring agent, food preservation, coloring agent
[31, 32]. Curcumin is a component of many drug agents,
which exhibit antifungal, anti-inflammatory, antiviral, anti-
bacterial, anticancer, and antioxidant and has been poten-
tially applied to medical treatment for diabetes, malignant
diseases, allergies, arthritis, Alzheimer’s disease, and other
chronic illnesses [33]. Moreover, a number of research
works have shown that curcumin reduces blood cholesterol
[34–40], inhibits platelet aggregation [41, 42], rheumatoid
arthritis [43], and HIV replication [44–48], protects from
liver injury [49]. Some experiments in vivo or in vitro
animal studies have argued that curcumin can regulate
activity of several drug-metabolism enzymes such as
CYP1A1[50, 51], CYP2B1[50, 51], CYP3A [52]. There
are also some reports about curcumin or curcumin
analogues (CAs) interacting with P450 isozymes and other
enzyme [53–57].

Curcumin has two invertible enol and keto structures as
shown in Fig. SI-1. Curcumin has been proved to have
strong inhibition to 2 C9 and CYP3A4. Due to the active
methylene group, curcumin is not stable above pH of 6.5
[58]. So Vermeulen’s group [55] designed some CAs. Their
results demonstrated that some of them have stronger
inhibition to five major recombinant human drug-
metabolizing CYPs (CYP3A4, CYP2C9, CYP2D6,
CYP2B6, CYP1A2). However, interaction mechanisms of
these CAs with 2 C9 at atomic level are not clear.

Herein, the interactions of CAs with CYP2C9 [15] in
binding sites are explored by molecular docking and MD
simulation techniques. Results demonstrate that the pres-
ence of CAs changes the flexibility of some residues in
bound CYP2C9s. In binding sites of CAs/2 C9, some CAs
undergo interesting conformational changes. The stronger
electrostatic and hydrophobic interactions of A0/2 C9, B0/
2 C9, and C0/2 C9 are supported by the stronger inhibitory
activities of CAs to 2 C9. These studies will be valuable for
the design of new CAs.

Computational methods

Molecule models of CYP2C9 and its ligands

The model of CYP2C9 was established based on the C
terminal truncated X-ray crystal diffraction structure of
warfarin-bounded CYP2C9 complex (1OG2, resolution
2.6 Å). [15] The crystal structure of CYP2C9 is comprised

of two similar subchains. One subchain was chosen to
apply to the following docking and MD simulations. In this
work, we selected five CAs, that is, A0, B0, B12, C0, C2.
These CAs were built up using 3D graphical software, and
then were optimized at the B3LYP/6-31 G(d) level using
Gaussian 09 program package [59].

Docking

The molecular docking of CAs to 2 C9 was carried out
using Autodock 4.0 program [60]. Before docking, polar
hydrogen atoms were added to CYP2C9 and Kollman all-
atom charges were also assigned to this enzyme. During
docking process, CYP2C9 was kept rigid, but all torsional
angles of CAs were free in order to execute flexible
docking.

The grid maps were calculated using Autogrid and
chosen to be sufficiently large to accommodate the active
sites and the key parts of CYP2C9. Then, the three
dimensions of the grid were set to 100 Å×98 Å×98 Å
with 0.375 Å spacing value. During the docking process of
CAs to CYP2C9, the empirical free energy function and the
Lamarckian genetic algorithm were employed. The genetic
algorithm runs of 200 were performed with maximum of
energy evaluations to 25,000,000 for each ligand. The
internal electrostatic energy was also calculated and the
docking results were clustered based on the root-mean-
square deviation (RMSD) criterion of 2.0 Å.

MD simulations

According to the docking results, MD simulations on CAs/
2 C9 were performed with the GROMOS96 force field [61,
62] using GROMACS 3.3.3 package [63, 64]. The CAs
topology files were created by the program PRODRG [65].
During MD simulations, each of the complexes in an
octahedron box was solvated with the simple point charge
(SPC) water model [66, 67]. To neutralize each system,
three Na+ ions were added in each 2 C9/CA complex. In
order to keep the simulation system in a stable environ-
ment, the Berendsen temperature was kept at 300 K and the
pressure coupling was maintained to 1 bar (the Berendsen
coupling constants [68] were set to 0.1 ps). The isothermal
compressibility was chosen as 4.5×10-5 bar-1 for water
simulations. The bond length was constrained by the
LINCS algorithm [69]. Electrostatic interactions were
calculated employing the particle mesh Ewald (PME)
method [70]. The Lennard-Jones interactions were also
computed with a cutoff distance of 14 Å. For each system,
the minimum distance between the complex and the box
walls was taken as 10 Å. The leap-frog algorithm with a
time step of 2 fs was applied and the periodic boundary
condition was employed. Furthermore, each simulation
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system contains 4752 protein atoms and 16,670 solvent
molecules included in a 13×13×9 nm3 box.

For energy minimization of each system, the structure of
complex was fixed, all ions and water molecules were
minimized by using the steepest descent method to reach
the convergence criterion of 1000 kJ/(mol‚nm). After that,
position restrained dynamics simulation was carried out on
each system. Proteins, ligands, and water molecules were
coupled separately to a temperature bath of 300 K using a
coupling time of 0.1 ps. Finally, 10 ns MD simulation was
carried out for each of CAs/2 C9.

Results and discussion

Docking

The structures of five CAs, which are derived from benzyli-
dine, are displayed in Fig. 1. In CAs, the ketone group is an
electron-donating group and the aromatic ring can be
considered as a hydrophobic group. The docking energies
and binding energies of favorable docking conformations are
displayed in Table 1. The superimposed docking conforma-
tions of CAs in CYP2C9 are shown in Fig. SI-2. As shown
in Fig SI-2, most CAs studied lie 4∼15 Å above the heme of
CYP2C9, which is similar to the results from previous
investigations [15, 16, 28, 71, 72]. And the binding cavity
for these CAs is composed of the helix A, F-G loop, helix I
and heme group. The detailed docking and binding
information are shown in Fig. 2, where the hydrophobic
residues located within the range of ∼4 Å around CAs are

shown in lines. As shown in Fig. 2, hydroxyl oxygen or
ketonic oxygen in each CA forms hydrogen bonds with
surrounding residues. In addition, there exist hydrophobic
interactions in the docking conformations. The hydrophobic
pocket of B0-2 C9 consists of ten residues of Phe100,
Leu102, Ala103, Ala106, Phe114, Leu208, Ile213, Val237,
Val292 and Phe476 while the hydrophobic pockets of A0,
B12, C0, and C2 have five same residues (Phe100, Ala103,
Leu208, Ile213, Phe476).

MD simulations

Stability of CAs/2 C9 and residue flexibility of the bound
CYP2C9s

The favorable docking structures of CAs/CYP2C9 are taken as
the initial conformations in MD simulations. MD simulations
have been performed on these complexes to explore the binding
interactions between CAs and 2 C9, and the conformational
changes of bound 2 C9 and CAs. Figure 3 displays the RMSD
from the initial structures of total Cα atom with time
evolution. For comparison, the total Cα RMSDs of the free
CYP2C9 (PDB code: 1OG2 [15]) are also shown in Fig. 3.
As shown in Fig. 3, the stable RMSDs for all systems
illustrate that these systems reach equilibrate after ∼7 ns.

The root-mean-square fluctuation (RMSF) from the
averaged structure is usually as a reference to evaluate the
convergence of MD simulation. Figure SI-3 displays the
averaged atomic fluctuations of residues for bound- and
unbound-2 C9 with time evolution. As shown in Fig. SI-3,
for CYP2C9s of most complexes, their RMSFs reveal that

A0                             B0 

B12                             C0

C2 

Fig. 1 Chemical structures
of curcumin analogues

J Mol Model (2012) 18:2599–2611 2601



the residues with higher flexibilities distribute in B-C loop
(∼Arg108 and Arg132), F-G loop (∼Trp212 and Tyr225),
H-I loop (∼Lys275), long loop Lys399-Lys423 and C
terminal loop (∼Lys465), which are consistent with the
results obtained from Afzelius et al. [9].

B-factors reflect [73] the thermal mobility or the
fluctuation of the individual residues or atoms of the
protein. In order to further examine the movement of
residues in 2 C9/CAs after MD simulations, the B-factors
for each system are computed and compared with experi-

Table 1 Binding and docking energies of CAs and2C9 calculated by AutoDock

Curcumin analogues Bingding energy (kcal/mol) Docking energy (kcal/mol) Inhibition constant (μM,298.15 K)

A0 −7.70 −8.65 2.28

B0 −7.18 −8.25 5.41

B12 −7.47 −9.73 3.36

C0 −7.36 −8.93 4.01

C2 −6.82 −7.82 9.95

Fig. 2 The binding modes of CYP2C9 docking with curcumin
analogues of A0 (a), B0 (b), B12 (c), C0 (d), and C2 (e). Carbon
atoms of curcumin analogues and the surrounding hydrophobic

residues within the range of 4 Å are colored in purple and green,
respectively. Dotted black lines represent polar interactions or
hydrogen bonds
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mental values. Figure 4 shows the calculated B-factors of
B0-bound 2 C9 and experimental values of 2 C9 obtained
from X-ray crystal structure [15]. The B-factors of other
CAs/2 C9 are displayed in Fig. SI-4. It is observed from
Fig. 4 and Fig. SI-4 that for most residues, the experimental
B-factors are larger than those obtained from MD simu-
lations. In the case of B0/2 C9, the B-factors from MD
simulations are in qualitatively agreement with experimen-
tal values. However, B-factors for residues around Lys275
and Lys423 are significant larger than corresponding
experimental values, suggesting these residues have high
flexibility, which is in accordance with the results from
RMSF.

Conformations of CAs in the binding sites

Figure 5a displays the total atom RMSDs of some CAs
inside the binding pocket as a function of time, while
Fig. 5b represents structural superposition for the snapshots

of corresponding CAs in CAs/2 C9 at different times.
Obviously, the RMSDs for some CAs exhibit significant
changes, which may imply that CAs undergo conforma-
tional changes in the binding sites of CAs/CYP2C9. For
example, the RMSD values of B0 sharply increase near
1 ns, and then keep stable after 1 ns. Interestingly, it is
noted from Fig. 5b that B0 exhibits conformational change
from U-bend to extended structures near 1 ns, which is
consistent with the results from Fig. 5a. The significant
increase (Fig. 5a) of RMSDs for C2 near 2.8 ns also

Fig. 5 (a) Total atom RMSDs for A0 (black), B0 (red), B12 (green),
C0 (blue), and C2 (cyan). To enhance the visual clarify, the curves of
B0, B12 and C0 are shifted upward 0.15, 0.23, and 0.02 nm
respectively. (b) Structural superpositions for the snapshots of some
typical CAs isolated from the MD trajectories. The snapshots of A0
are obtained at 0 ns (red), 2 ns (green), 3.5 ns (blue), 8 ns (yellow),
10 ns (cyan), respectively. The snapshots of B0 are calculated at 0 ns
(red), 2 ns (green), 6 ns (blue), 8 ns (yellow), 10 ns (cyan),
respectively. The snapshots of B12 are calculated at 0 ns (red), 2 ns
(green), 4 ns (blue), 8 ns (yellow), 10 ns (cyan), respectively. The
snapshots of C0 are obtained at 0 ns (red), 2.5 ns (green), 5 ns (blue),
6.5 ns (yellow), 10 ns (cyan), respectively. The snapshots of C2 are
obtained at 0 ns (red), 1.5 ns (green), 2.5 ns (blue), 7 ns (yellow),
10 ns (cyan), respectively

Fig. 4 The experimental residue B-factors (red curve) of 2 C9
obtained from X-ray crystal structure and calculated values of bound
2 C9 in 2 C9/B0 (black curve) from the last 3 ns of MD simulations

Fig. 3 Time dependence of the Cα RMSDs from the crystal structure
of 2 C9 and complexes (2 C9/A0, 2 C9/B0, 2 C9/C2, 2 C9/B12, 2 C9/
C0) during MD simulations
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corresponds to its conformational transformation from U-
bend to extended structures in Fig. 5b. For B12, its
conformation appears to be an extended structure at 0 ns,
then, it swings between U-bend and extended structures
within 2∼9 ns, finally, it becomes U-bend structure after
9 ns as shown in Fig. 5.

Interactions in CAs/2C9 binding sites

LIGPLOT, a program automatically generating 2D schemes
of protein-drug complexes from MD simulations, is applied

to examine the hydrogen bonds and hydrophobic interac-
tions between CAs and CYP2C9 as shown in Fig. 6a. It can
be obviously seen from Fig. 6a that there is an H-bond
network formed by some water molecules, A0, and residues
around the binding site. There exist two hydrogen bonds
between A0 and waters after MD simulations. These two
hydrogen bonds form between ketone oxygen atom (O21)
of A0 and oxygen atoms of waters as shown in Fig. 6a. The
radial distribution function (RDF) for the ketone oxygen
atom (O21) of A0 and oxygen atoms of waters is displayed
in Fig. 6b. The RDF for the O21-OW (Fig. 6b) shows an

Fig. 6 (a) Two-dimensional schematic representations of hydrogen
bond and hydrophobic interaction for the binding site of CYP2C9/A0.
W36, W2966, W3099, W3118, W3227, W3427, W5435 and W7041
represent the water molecules which hold A0 and residues around
binding site together by hydrogen bonds. Dashed lines represent
hydrogen bonds and spiked residues form hydrophobic interactions.
And the distances of hydrogen bonds are labeled in the middle of the

dash lines. (b) Radial distribution function for O21-OW (oxygen
atoms (OW) of waters and ketone oxygen (O21) of A0). (c) The mass-
center distances associated with hydrophobic interactions of A0 in the
binding site of CYP2C9 versus MD simulation time. D1, D2, and D4
represent the distances between R1 ring of A0 and the main chains of
Leu362, Leu361 and Thr304, respectively. D3 displays the distance
between main chain of Leu362 and R3 ring of A0
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obvious peak at about 0.25 nm, which confirms the
formation of hydrogen bond between ketone oxygen atom
(O21) of A0 and oxygen atoms of waters. Meanwhile, the
hydrophobic interactions between 2 C9 and A0 are
estimated based on the time dependences of the related
mass-center distances. As shown in Fig. 6c, D1∼D4 keep
stable after ∼4 ns, which reveal that the hydrophobic
interactions are favorable to stabilizing binding sites of A0/
2 C9. Figure SI-5 shows the snapshots of the hydrogen
bonds network near binding site of A0/CYP2C9 at 2, 2.5,
3.5, 6, 8, 10 ns, respectively. Interestingly, as shown in Fig.
SI-6, these water molecules held ketone oxygen atom (O21)
of A0 and adjacent residues of 2 C9 together via hydrogen
bonds. In addition, several water molecules in the
hydrogen-bond network always exchange with other water
molecules with time evolution. Clearly, the presence of
these water bridges is important for stabilization of 2 C9-
A0 binding site.

Although the structure difference between B0 and A0 is
small, the binding mode of CYP2C9-B0 (Fig. 7) obtained
from MD simulations is different from that of CYP2C9-A0.
As shown in Fig. 7a and Fig. SI-6, there exist three
hydrogen bonds between B0 and surrounding amino acids
(Asn204, Asn217 and Ala103). These hydrogen bonds can
be represented by O24(A0)-ND2(Asn204), O15(A0)-ND2
(Asn217), and O15(B0)- N(Ala103), respectively. The
distances associated with these hydrogen bonds with time
evolution are displayed in Fig. 7b. The two hydrogen bonds
are stable after ∼2 ns with average lengths of 0.31 and
0.29 nm for O15(A0)-N(Ala103) and O15(A0)-ND2
(Asn217), respectively, which are favorable to stabilizing
the B0/CYP2C9 binding site. In addition, hydrophobic
contacts have also been analyzed between B0 and the
hydrophobic residues (Phe100, Leu102, Ala106 and
Pro367) in Fig. 7c. Clearly, the hydrophobic interactions
are favorable to stabilization of B0/CYP2C9 binding site.
On the other hand, Fig. SI-7 shows snapshots of the
CYP2C9-B0 binding site at different times. Obviously, the
ketone oxygen and hydroxyl oxygen of B0 form stable
hydrogen bonds with amide nitrogens of some residues
(Asn217 and Ala103) and oxygens of waters with time
evolution. The above analyses reveal that hydrophobic and
H-bond interactions result in relatively stable extended
conformation of B0 in the B0/2 C9 binding site. On the
other hand, the ketone oxygen of B0 forms stable hydrogen
bonds with amide nitrogens of some residues (Asn217 and
Ala103) during MD simulation, resulting in the smaller
flexibilities of residues (Asn217 and Ala103), which is
consistent with the results reflected from Fig. SI-4.

Structurally, B0 and B12 are identical except for the
presence of C2H5 substitutions. In the case of B0 in B0/
2 C9, the substituted C2H5 groups are adjacent to hydroxyl
groups in B12, which may cause steric hindrance and

prevent the H-bonds between hydroxyl groups and adjacent
residues or water as shown in Fig. SI-7a. However, there
are some hydrophobic contacts. Figure SI-7b shows the
mass-center distances between the hydrophobic residues
(G296, F476, L362, F100, A103) and one side benzene ring
(ben), center cyclopentanone group (pent), one substituted
methyl group (CH3) in benzene ring of B12 with time
evolution. Clearly, these hydrophobic interactions are
relatively weaker.

As shown in Fig. 8, the interactions in C0-2 C9 binding
site are similar to those of A0-2 C9. Figure 8a shows that
there are two hydrogen bonds between the ketone oxygen
of C0 and water/residue of 2 C9. Figure 8b represents the
H-bond distance between O13 of C0 and one water
(W3466) (or one nitrogen (ND2) of N217) with time
evolution, which reveals that these two hydrogen bonds are
stable after 5.6 ns and 1 ns, respectively. Figure 8c displays
the mass-center distances between the hydrophobic residues
(F100, F476, F69, L366, L388, V113) and carbon chains
(chain1 and chain2) at both sides of the ketone group, two
terminal benzene rings (ben1 and ben2) of C0 with time
evolution. Their hydrophobic interactions become stable
after 7.7 ns. Obviously, the hydrogen bond and hydropho-
bic interactions between C0 and 2 C9 are favorable for
stabilizing the C0/2 C9 binding site.

In the case of C2/2 C9, as shown in Fig. SI-8a and
Fig. SI-8b, there is one stable hydrogen bond between
ketone oxygen of C2 and oxygen of water, which held C2,
water, and residues (Phe100 and Gly98) of 2 C9 together.
There are weak hydrophobic interactions between the two
phenyl rings of C2 and some residues of 2 C9 as shown in
Fig. SI-8c.

The final structures of binding sites of A0/CYP2C9 and
B0/CYP2C9 are shown in Fig. 9. The final conformations
for the binding sites of other CAs/CYP2C9 complexes are
displayed in Fig. SI-9.

Electrostatic properties caused by polar side chains and
charged residues play roles in the stability of protein and
protein-ligand [74, 75]. Therefore, the electrostatic potential
of the binding sites as shown in Fig. 10 and Fig SI-10 are
calculated for examining the effect of the electrostatic
interactions on binding sites of CAs/2 C9 complexes.
Figure 10 depicts electrostatic potentials for the residues
around the binding sites for A0/CYP2C9 and B0/CYP2C9,
respectively. As shown in Fig. 10a, one electronegative
phenolic hydroxyl group of A0 lies in an electropositive
pocket made of K48, R307, H396, and R357, while the
other electronegative phenolic hydroxyl group lies in the
electropositive pocket formed by R97 and R94. For B0 of
B0/2 C9, there also exist similar electrostatic pockets as
shown in Fig. 10b. This leads to the conclusion that the
electrostatic interactions may be favorable to the stability of
the binding sites of A0-, B0-CYP2C9 complexes.
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Inhibitory effect of CAs on 2C9

According to the results of Vermeulen’s group [55], A0 and
C0 exhibit strong inhibitory activities with IC50 of 1.0 and
1.8 μM, which are comparable with the IC50 value 4.3 μM

of curcumin. B0 is a moderately strong inhibitor with IC50

value of 9.9 μM. However, B12 and C2 are the weak
inhibitors to 2 C9 with IC50 values of 37.7 and 67.3 μM,
respectively. As mentioned above, in the binding sites of
A0/2 C9, B0/2 C9, and C0/2 C9, there are stable hydrogen-

Fig. 7 (a) Two-dimensional schematic representation of hydrogen
bond and hydrophobic interactions for the binding site of CYP2C9/
B0. Red balls represent the oxygen atoms of residues or waters. Black
balls and blue balls represent the carbon atoms and nitrogen atoms of
residues, respectively. Dashed lines represent hydrogen bonds and
spiked residues form hydrophobic interactions. (b) Interatomic
distances associated with hydrogen bond interaction of B0 in the
binding site of CYP2C9 with time evolution. L1 and L2 represent the
distances between ketone-oxygen (O15) of B0 and nitrogens of
Ala103 and Asn217, respectively. The curve of L2 is shifted upward

with 0.1 nm. (c) Mass-center distances associated with hydrophobic
interactions of B0 in the binding site of CYP2C9 with time evolution.
D1 represents the distance between R1 ring of B0 and phenyl ring of
Phe100. D3 and D4 display the distances between the R2 ring of B0
and the main chains of Leu102 and Ala106, respectively. D2
represents the distance between R3 rings of B0 and the main chains
of Leu102. The curve of D2 is shifted downward by 0.05 nm. The
curves of D3 and D4 are shifted upward by 0.05 and 0.2 nm,
respectively
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Fig. 8 (a) Two-dimensional
schematic representation of hy-
drogen bond and hydrophobic
interactions for the binding site
of 2 C9/C0. Red balls represent
the oxygen atoms of residues or
waters. Black balls and blue
balls account for the carbon
atoms and nitrogen atoms of
residues, respectively. Dashed
lines represent hydrogen bonds
and spiked residues form hy-
drophobic interactions. (b) The
H-bond distances between O13
of C0 and a water (W3466) and
one nitrogen (ND2) of N217
with time evolution. (c) The
mass-center distances of hydro-
phobic residues (F100, F476,
F69, L366, L388, V113) with
carbon chains (chain1 and
chain2) at two sides of the
ketone group, two terminal ben-
zene rings (ben1 and ben2) of
C0 with time evolution
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bond and hydrophobic interactions between these CAs and
2 C9. However, it is not the case for B12/2 C9 and C2/
2 C9, that is, there are only weak hydrogen-bond and
hydrophobic interactions between B12(or C2) and 2 C9. In
other words, the interactions in the binding sites of 2 C9-
A0,2 C9-B0 and 2 C9-C0 are stronger than those of 2 C9-
B12 and 2 C9-C2. It should be noted that our results are
qualitatively consistent with the results obtained by Ver-
meulen’s group [55].

Conclusions

In summary, the binding of curcumin analogues with
human P450 2 C9 is investigated based on docking and
molecular dynamics simulation, which reveals some im-
portant features about structures and interactions in binding

sites of 2 C9/CAs as follows: (i). the docking results
demonstrate that most CAs in current work lie 4∼15 Å
above the heme of CYP2C9, which is analogous to the
results from previous investigations; (ii) the RMSDs,
RMSFs,and B-factors reveal that the presence of CAs
increases the flexibilities of some residues in bound
CYP2C9; (iii) Some CAs undergo conformational changes
(from U-bend to extended structures for B0 and C2) in the
binding sites of CAs/CYP2C9, which may be caused by the
conformational change of binding pocket; (iv) the binding
is caused by H-bonds (direct as well as water assisted) and
hydrophobic interactions in all the complexes except B12,
where only hydrophobic interactions are claimed responsi-
ble. On the other hand, there are stable hydrophobic
interactions between the phenyl rings of some CAs and
some residues of 2 C9. The electrostatic and hydrophobic
interactions of A0/2 C9, B0/2 C9, and C0/2 C9 are
obviously stronger than those of B12/2 C9 and C2/2 C9,

Fig. 10 Electrostatic potentials (−1 to +1 kT/e) for binding sites of
CYP2C9/A0 (a) and CYP2C9/B0 (b). Red, blue, and white represent
negative, positive, and neutral regions, respectively

Fig. 9 Final conformations of the binding sites for CYP2C9/A0 (a)
and CYP2C9/B0 (b). Carbon atoms of 2 C9 and ligands (A0 and B0)
are colored in limon and green, respectively. Each dotted line (black)
indicates a hydrogen bond. The residues and waters surrounding
binding sites are shown in sticks
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which is in agreement with the results obtained by
Vermeulen’s group.
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