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a b s t r a c t

In drug discovery process, improvement of ADME/Tox properties of lead compounds including metabolic
stability is critically important. Cytochrome P450 (CYP) is one of the major metabolizing enzymes and
the prediction of sites of metabolism (SOM) on the given lead compounds is key information to modify
the compounds to be more stable against metabolism. There are two factors essentially important in
SOM prediction. First is accessibility of each substrate atom to the oxygenated Fe atom of heme in a
CYP protein, and the other is the oxidative reactivity of each substrate atom. To predict accessibility
of substrate atoms to the heme iron, conventional protein-rigid docking simulations have been applied.
However, the docking simulations without consideration of protein flexibility often lead to incorrect
answers in the case of very flexible proteins such as CYP3A4. In this study, we demonstrated an approach
utilizing molecular dynamics (MD) simulation for SOM prediction in which multiple MD runs were exe-
cuted using different initial structures. We applied this strategy to CYP3A4 and carbamazepine (CBZ)
complex. Through 10 ns MD simulations started from five different CYP3A4-CBZ complex models, our
approach correctly predicted SOM observed in experiments. The experimentally known epoxidized sites
of CBZ by CYP3A4 were successfully predicted as the most accessible sites to the heme iron that was
judged from a numerical analysis of calculated DGbinding and the frequency of appearance. In contrast,
the predictions using protein-rigid docking methods hardly provided the correct SOM due to protein
flexibility or inaccuracy of the scoring functions. Our strategy using MD simulation with multiple initial
structures will be one of the reliable methods for SOM prediction.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cytochrome P450 (CYP) is a typical monooxygenase including
heme inside and plays important roles for metabolism of small
molecules in animals, plants, and fungi.1–4 In particular, human
CYP family expressed in liver has been intensively studied because
CYPs are involved in metabolizing not only endogenous small mol-
ecules but also exogenous bioactive compounds such as drugs and
pollutants.5–8 CYPs can be classified into some families and sub-
families based on their sequence similarities and about thirty fam-
ily members are known for human.9 Among many CYP members,
CYP3A4 is one of the most important enzymes due to its higher
expression level and treatability of wide range substrates.10–13

Therefore if one substrate inhibits the metabolic activity of
CYP3A4, it can widely affect the pharmacokinetics of other
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substrate. This inhibition sometimes causes severe side effects
and is called as drug–drug interaction.14–17 For this reason, it is
essentially important to pay attention to interaction of drug candi-
dates with CYP3A4 in drug discovery. At the early stage of the drug
discovery process, the above mentioned CYP inhibition, binding
affinity for CYP and metabolic stability of the compounds in liver
microsome are examined or predicted in silico and the results to-
gether with other ADME/Tox profile are used for assessment of
quality of lead compounds.18–27 To reduce the CYP inhibition and
enhance the metabolic stability of compounds, predictions of sites
of metabolism (SOM) or binding modes with CYPs are quite helpful
in addition to assays of the inhibition and stability in experiments.
Using the predicted SOM, in other words, metabolic hot spots, a
substituent around the sites can be converted into a metabolically
more stable functional group.28–30 The docking models between
compounds and CYPs are also informative to design new deriva-
tives without CYP inhibition.

There are two main factors for the SOM prediction. One is acces-
sibility of each atom in a substrate to the oxygenated Fe atom of
heme in a CYP protein. The other is the oxidative reactivity of each
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Figure 1. Superimposition of 6 crystal structures for CYP3A4. The heme is depicted
in a ball-and-stick representation. Structures in red, magenta, yellow, orange, blue
and green are 1TQN, 1W0E, 1W0F, 1W0G, 2J0D and 2V0M, respectively.

Figure 2. Workflow of MD simulations using multiple initial structures.
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atom in a substrate. To predict accessibility of substrate atoms to
the Fe atom, docking simulation using the substrate and a CYP pro-
tein is one of the potent approaches. In the docking simulation,
structural information on protein is needed. However, until the
early 2000s, it had been difficult to crystallize human CYP struc-
tures because they are membrane-associated proteins. Therefore
homology models based on X-ray structures of CYPs of other spe-
cies had been used for in silico study.31–36 In 2004, two groups pub-
lished the first human CYP3A4 crystal structures and then complex
structures with several substrates have been reported.37,38 At 2009,
six structures were registered in Protein Data Bank (PDB). These
structures deepened our understanding on protein behaviors such
as induced fit of CYP3A4 by interacting with various small com-
pounds. From the superimposition of the six CYP3A4 structures,
large conformational change of the F–G loop and side chains of res-
idues around the loop were observed (Fig. 1). The F–G loop was dis-
ordered in 2J0D because of its flexibility and could not be modeled
with sufficient reliability.39 In the heme pocket, progesterone in
1W0F and erythromycin in 2J0D occupied the position of the F–G
loop in other CYP3A4 structures (1W0E, 1W0G, and 2V0M) and this
means that both substrates pushed the loop away from the original
position.39 If the substrate-specific binding region is flexible such
as CYP3A7,40 conventional protein-rigid docking calculation would
not be effective and lead to incorrect answers. To assess the perfor-
mance of the conventional docking software for CYP3A4, we ex-
tracted the ligands in six CYP3A4 X-ray structures and docked
them to other five CYP3A4 structures (cross-docking simulation)
using Glide. Root-mean-square deviation (RMSD) between the
docked ligand poses and their native poses were calculated. Sur-
prisingly, none of the top five poses by Glide score was satisfacto-
rily close to the correct answer (RMSD <2 Å). To reproduce induced
fit, docking protocols considering protein flexibility or facilitating
molecular dynamics (MD) simulations have been examined.41–44

One of the docking approaches considering protein flexibility is
the combination of protein conformation ensemble and protein-ri-
gid docking.45,46 Currently, this approach seems to be a standard
technique to predict side chain conformations or relatively small
change of main chain conformations. Since the main chain of F–G
loop of CYP3A4 is largely changed according to the X-ray struc-
tures,47–50 MD simulation is suitable for more accurate prediction
of the binding mode.

In this study, we utilized MD simulation for SOM prediction in
which multiple MD runs were executed using different initial
structures. In general, the results of MD simulations with nano sec-
ond (ns) time scale are largely dependent on the initial struc-
tures.51 Movements of atoms are not satisfactorily reproduced
only with a single MD run using one initial structure. In particular
in the case of a flexible protein, conformations appearing in a single
simulation are limited and calculation time more than micro
second would be needed.52 Multiple MD simulations studies were
reported to efficiently explore conformation space of protein–sub-
strate complex structures and improve ligand–protein binding
affinity predictions.53–55 To improve the independency on the ini-
tial structures in the nano-second scale simulation of the flexible
CYP3A4, we prepared multiple CYP3A4-compound complexes by
docking simulation (Fig. 2). The docking simulation generated
diverse substrate-binding structures. A series of MD simulations
with the respective complexes are expected to more comprehen-
sively explore possible binding modes of a given compound. We
selected carbamazepine (CBZ) as a compound to evaluate the
above protocol for the purpose of SOM prediction. Since CBZ is
widely used as an antiepileptic drug, its metabolites have been
studied by many groups.56–63 Another reason is its rigid frame-
work. If a compound has too many rotatable bonds, the compound
conformations have a large influence on the accessibilities of each
atom rather than protein conformations. Therefore, it is safe to
exclude compound flexibility in the evaluation of our present
approach. CBZ has the tricyclic framework and consists of the cen-
tral azepine ring and two benzene rings on both sides. CYP3A4 is a
primary enzyme responsible for the metabolic clearance of CBZ
and CYP2C8 is a minor one.64 The main metabolite form is carbam-
azepine 10, 11-epoxide, whose double bond at the azepine ring is
epoxidized (Scheme 1). In other metabolites, hydroxides of the
benzene rings, N-glucuronides at the carbamoyl side chain were
reported.65,66 Kerr et al. showed the epoxidation was mainly
caused by CYP3A4 and CYP3A4 hardly involved in production of
hydroxides of the benzene rings.64

To analyze the reactivity of atoms on CBZ, Hata et al. examined
density functional theory calculations of metabolites of CBZ (10,
11-epoxide and hydroxides of the benzene ring).67 According to
their analysis, 10, 11-epoxide showed about 20 kcal/mol higher po-
tential energy than those of hydroxides of the benzene ring. This
suggests that hydroxylation of the benzene ring will be thermody-
namically major products. However, as described above, only 10,
11-epoxide form was produced by CYP3A4. Hence, accessibility
and activation energy of oxidative reaction should be examined



Scheme 1. Metabolic pathway of carbamazepine (CBZ) by CYP3A4.

Table 1
Initial structures for MD simulation generated by Glide docking calculations

Glide XP

Model Docking score PDB ID Residue to hold CBZ (kcal/mol)

1 �7.82 1TQN Phe213
2 �7.54 1TQN Ser119
3 �6.73 1TQN Phe304
4 �6.70 1TQN Phe304
5 �6.04 1W0F Phe213

Figure 3. Binding modes in the respective models.
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in more detail. If accessibilities of the benzene ring atoms to the
CYP3A4 heme iron are much lower than that of the 10, 11-double
bond, the hydroxides cannot be produced. If the activation energy
of epoxidation of the 10, 11-double bond is lower than those of
hydroxylation of the benzene rings, kinetically 10, 11-epoxide is
produced. About the latter case, Hata et al. also investigated the
activation energies of epoxidation and hydroxylation by theoreti-
cal calculations. Their calculation suggested that the activation en-
ergy level of the first elementary step of 10, 11-epoxidation was
lower than that of hydroxylation of the aromatic ring. The previous
work of reactivity prediction should combine with accessibility
prediction. In this study, to predict accessibility of CBZ atoms to
the heme iron, we carried out MD simulations started from multi-
ple CYP3A4-CBZ complexes and demonstrated advantage of utiliz-
ing MD simulation for the prediction of the SOM.

2. Materials and methods

Six CYP3A4 X-ray structures (PDB ID: 1TQN,37 1W0E, 1W0F,
1W0G,38 2J0D, 2V0M39) were available at 2009. Among them, we
used four structures (1TQN, 1W0E, 1W0F, 1W0G) for docking study
because 2J0D has missing residues in F–G loop close to its heme
pocket and the resolution of 2V0M is over 3 Å. The structure of
1TQN is apo-protein and the side chain of Arg212 occupies the cen-
tral part of its heme pocket. Since conformation of Arg212 was as-
sumed to inhibit binding of CBZ to the heme pocket in 1TQN, the
structure of 1TQN was superimposed on the structure of 1W0G.
The position of the side chain of Arg212 in 1TQN is appropriate
for docking, and then Arg212 coordinates of 1TQN were replaced
with those of 1W0G using the program MOE.68 Before docking,
the water molecules in the crystal structures were removed.

2.1. Initial structure preparation by docking

The standard-precision (SP) mode of Glide 4.569 was used to
generate the initial structures of CYP3A4-CBZ complex for MD sim-
ulation. The van der Waals scaling factor for receptor atoms chan-
ged to 0.5–1.0 by 0.1. CBZ docking calculations were performed
with 24 docking conditions and top 10 poses by SP GlideScore
for the respective conditions were saved for subsequent selection.
We selected 33 complex structures under the condition that at
least one hydrogen bond is formed between CBZ and CYP3A4 and
the shortest distance between the heme iron and any CBZ carbon
atoms are less than 7 Å. Cluster analysis was performed for the
CBZ poses, and then 14 clusters were generated. Accordingly 14
representative complex structures were selected, by comparing
SP GlideScore in each cluster. To optimize the CBZ poses, the ex-
tra-precision (XP) mode of Glide docking simulation was per-
formed. After cluster analysis for the results, five complex
structures with lower XP GlideScore and wide variety of CBZ poses
were selected so that the selected structures had different interact-
ing residues and CBZ directions among them. Consequently, these
five complex structures were used as initial structures in MD sim-
ulations (Table 1, Fig. 3).
2.2. MD simulation protocols

The charges of the heme group and CBZ was derived by quan-
tum mechanics calculation by Gaussian03 software70 in the
B3LYP/6-31G⁄⁄ level and fitted to respective atoms employing the
RESP method71 in a manner similar to that in the previous work.72

Each model was inserted in a rectangular TIP3P water box73 with a
minimal distance of 18 Å from the box boundary. Counter ions
were added to neutralize the system. The ff03 force field74 was
adopted. MD simulations were performed with the PMEMD mod-
ule of AMBER 10 software package.75 Each system was minimized
(25,000 cycles of the steepest descent method, followed by 45,000
cycles of the conjugated gradient method) with applying distance
restraints with 10 kcal mol�1 Å�2 to the three atoms (one hydrogen
atom and two hetero atoms) forming a hydrogen bond between
CBZ and CYP3A4. The system was heated to 300 K for 130 ps under
the NVT ensemble condition and equilibrated for 1.1 ns under NPT
condition. After equilibration, additional simulation was per-
formed under the distance restraints 5 kcal mol�1 Å�2 for 100 ps
and 2 kcal mol�1 Å�2 for 100 ps to release restraints gradually.
Then unrestrained simulation of 10 ns was performed. The snap-
shots in 10 ns were stored every 1 ps and used for analysis.
Through the simulations, the SHAKE algorithm76 was employed
to constrain the bonds involving hydrogen atoms. Integration time
step was set to 1 fs. The cut-off distance for non-bonded terms was
set to 10 Å.

2.3. Analysis of MD simulations

The ptraj module of AMBER program75 was used for handling
MD trajectories such as calculation of RMSD and measurement of
distances. To compare the stability of each binding mode taking
solvent effect into consideration, we obtained a calculated
DGbinding value using MM/PBSA. The binding free energy between



Figure 4. RMSDs of main chain atoms during the 10 ns MD simulations. Model 1 is represented by red line, model 2 is green, model 3 is blue, model 4 is magenta and model 5
is cyan.
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CYP3A4 and CBZ estimated in the MM/PBSA method is obtained by
the equation:

DGbinding ¼ DGMM þ DGsol � TDS

DGMM and DGsol terms were calculated by MM/PBSA method
implemented in the AMBER program. In the MD simulations for
CBZ-CYP3A4 complex, the entropy term was not calculated for
the following two reasons. The purpose of obtaining calculated
DGbinding is to suggest indices for stabilities of different binding
modes of the same compound to estimate its accessibility to the
heme iron. The entropy has only slight effect on DGbinding in the
case of the same protein and compound, especially an inflexible
compound. In this work, the number of rotatable bond of CBZ is
only one and the difference of binding modes seems to hardly af-
fect the value of TDS. To predict stability of more flexible com-
pounds, we need to take the effect of entropy into account. The
binding energy calculation was carried out for 10,000 snapshots
acquired every 1 ps through 10 ns MD simulation.
Figure 5. Representative snapshots of model 1–5 in MD simulations. (a) model 1, (b) m
frequent binding mode, Blue: the secondly-most frequent binding mode
3. Results

3.1. MD simulation

Figure 4 shows the RMSD of main chain atoms between the ini-
tial structure at 0 ns and snapshots during 10 ns MD simulation.
Although RMSD values were increased from 2–4 Å in every models,
the values become almost constant after 5 ns. The fluctuations are
also small. This suggested that calculation systems were equili-
brated after simulation. To confirm the energetic stability during
simulations, time course of the system total energy for each simu-
lation was analyzed (Fig. S1). In all the simulations, the total energy
steadily decreased through heating process and there was no
remarkable energy shift at the moment when the distance restraint
was switched off. This indicated that unusual abrupt change in
structure scarcely occurred in the simulations. Therefore these re-
sults of time course analyses indicate an appropriateness of the MD
simulations and the CYP-CBZ snapshots will reproduce CBZ bind-
ing in CYP3A4. The trajectories during the simulations were used
for the analysis of accessibility of CBZ atoms to the heme.
odel 2, (c) model 3, (d) model 4, (e) model 5. Red: initial complex, Green: the most



Figure 6. Calculated DGbinding value estimated by MM/PBSA method. Model 1 is represented by red line, model 2 is green, model 3 is blue, model 4 is magenta and model 5 is
cyan.
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3.2. The movement of CBZ during simulations

To compare representative CBZ poses at each simulation, we
superimposed the initial CBZ poses, the most and secondly-most
frequent poses in Figure 5.

3.2.1. Model 1
The orientation of CBZ on CYP3A4 was not significantly changed

although its position was shifted from the initial position to the
place close to heme (Fig. 5a). The hydrogen bond was often
observed between the amino group of CBZ and the main chain
carbonyl group of Phe213. Through the MD simulation, F–G loop
bounded to CBZ moved toward heme with the motion of CBZ. This
movement enabled close access of CBZ to heme for oxidation.

3.2.2. Model 2
Unlike other models, CBZ was dramatically moved from the ini-

tial position during the MD simulation (Fig. 5b). CBZ molecule
turned more than 90 degree from the initial orientation and the
10, 11-double bond gradually approached to the iron. A hydrogen
bond with Ser119 was seen in the docking model and other one
with Arg105 was also observed through the simulation. The larger
movements were observed at the regions around hydrogen bonded
Arg105 and Ser119 than those of F–G loop.

3.2.3. Model 3
In the initial structure, CBZ formed a hydrogen bond with

Phe304 as well as in the case of the initial structure of model 4,
although its azepine ring was located in the opposite direction
(Fig. 3c and Fig. 5c). During the MD simulation, the direction of
CBZ plane was slightly changed. Because of this direction change,
in the secondly most frequent pose, the interaction between CBZ
and Phe213 became similar to those in model 1 and model 5.

3.2.4. Model 4
There was almost no change in CBZ position during the simula-

tion. However, several hydrogen-bonding patterns appeared
(Fig. 5d). Most frequently observed pattern was the interaction
with the carboxyl group of Glu308 (Fig. 5d green). Secondly
most-frequently observed one was the same as the initial binding
mode, that is, hydrogen bonds with Phe304 and with the guanidine
group of Arg212 (Fig. 5d blue) were formed. When MD simulation
started, CBZ was already within a distance for enabling the access
to heme and this CBZ position had been kept during simulation.

3.2.5. Model 5
The motion of CBZ at model 5 was similar to model 1 (Fig. 5e). F–G

loop moved to heme pocket as CBZ moved. Keeping its orientation,
CBZ became close to the heme iron. Models 1 and 5 demonstrated
that the shape of binding pocket of CYP3A4 is adjusted to substrate
due to the swing movement of F–G loop. Phe213 in F–G loop formed
a hydrogen bond with CBZ. The aromatic rings of CBZ were almost
parallel to the heme and p–p interaction was formed.

3.3. Comparison of binding modes determined through MM/
PBSA method

Figure 6 shows the time course of calculated DGbinding of each
model during the whole MD simulation time. It was found that
changes of binding mode of CBZ caused the fluctuation in calcu-
lated DGbinding and the fluctuation ranges were different among
models. Any model hardly kept a single stable state through the
simulation. The main factor which caused a large fluctuation in
calculated DGbinding value is the presence or absence of a hydrogen
bond(s) between CBZ and CYP3A4. For example, calculated
DGbinding value of CBZ drastically rose from �21 to �14 kcal/mol
at about 1 ns in model 3. This rise was caused by the disruption
of two hydrogen bonds between amino group at CBZ and the
oxygen at Phe213 main chain and between carbonyl group at
CBZ and the nitrogen at Phe213 main chain. Although p–p interac-
tion is not explicitly calculated by MM/PBSA method, the large
hydrophobic surface contact between CBZ aromatic rings and
heme affected the CBZ position and its binding energy. The hydro-
phobic interaction was observed in model 5. Calculated DGbinding

value increased at around 1 to 2 ns and decreased at 4 ns. At first,
an aromatic ring of CBZ had a parallel position with respect to
heme by the hydrophobic contact. After 1 ns, CBZ moved away
from the heme and the hydrophobic contact disappeared and
CBZ returned to the position possible for interaction at 4 ns.

4. Discussion

Carbon atoms on CBZ rings were labeled as shown in Fig. 7.
Because CBZ has a symmetric structure, carbon atoms were catego-
rized into five groups. As a guide of accessibility of a compound to
the heme iron, we calculated the frequency of the carbon position
within the distance for oxidization and DGbinding value of each
binding mode. To determine the proper cut-off distance of a com-
pound atom and the heme iron for oxidation, we surveyed the
crystal structures of 12 CYP-substrate complexes reported in
2009. The distances of the metabolized carbon atoms and the heme
iron were within 6 Å and the average was 4.14 Å in nine complexes
(Table S2). The binding sites of the other three compounds were re-
ported as the primary recognition site38,77 and the position to inhi-
bit other compounds metabolism.78 Furthermore, the structures of
the intermediate dioxygen complex of cytochrome P450cam with
camphor, which were very informative for the cut-off distance,
were reported.79,80 The distance average of three cytochrome
P450cam complexes was 4.37 Å. Therefore, the criteria for the oxi-
dation of compound atoms was set within 6 Å from the heme iron



Figure 7. Position labels assigned for CBZ carbon atoms.
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by adding 1–2 Å margin. Figure 8 shows frequencies of the carbon
position within the distance for oxidization through MD simula-
tions. If a carbon atom is the closest position to the heme iron
and the distance is within 6 Å, the black line is drawn at the time
point. Among all the positions, position A, which is an epoxidized
site, marked the highest frequency when CBZ comes close to the
heme iron. The number of counts that position A meets the above
criteria was 21,938 through the simulation and it is about 44 per-
cent of trajectories, averaged over all five models. In models 2 and
4, position A was constantly near the heme. The percentage of
meeting the criteria of position A in model 4 is over 90 percent
and model 2 is about 75 percent. Through the first half of simula-
tion in model 1, carbons at position A were frequently observed
near the heme. The secondly most accessed position was position
B which accounted for 28 percent of all trajectories. Position B ap-
peared through the last half of simulation of model 1 and 5. The
rest of carbon atoms, positions C, D, and E were less accessed to
Figure 8. Heat map of the frequencies of the appearance of carbon atoms close to the he
iron. The distances were monitored every 1 ps through 10 ns MD simulations.
the heme iron than positions A and B. In the first half of simulation
of model 5, the carbon atoms of position C were the nearest to the
heme iron and the carbon atoms of positions D and E were the
nearest in the simulation of model 3.

Furthermore, to compare stability of binding modes among all
sites of metabolism, we performed statistical analysis of calculated
DGbinding for CYP3A4-CBZ complexes with each position group in
addition to the frequency analysis. Trajectories whose carbon atom
was within 6 Å from the heme iron were selected and separated
based on the position of the carbon atom nearest to the iron. Figure
9 shows the averages and standard deviations of the DGbinding val-
ues by MM/PBSA method by each position group. This figure indi-
cates that the CBZ poses in the position A group have the lowest
DGbinding value compared to those of other positions. The average
calculated DGbinding values increased in the order of positions B,
C, D, and E. This is almost the same order as the frequency of each
position. One of the reasons for the difference in calculated
DGbinding among five position groups will be the presence of hydro-
phobic contacts such as p–p interaction between the heme and the
aromatic rings of CBZ. Because positions D and E (model 3 in
Fig. 5c) are located at the edge of CBZ ring, the aromatic rings of
CBZ cannot closely contact to the heme and at most only one aro-
matic ring of CBZ can form p–p interaction. In contrast, positions A
and B are located at the center of CBZ ring and one or two aromatic
ring can form parallel or vertical (T-shaped) p–p interactions more
easily. The loss of hydrophobic contact will result in the reduction
in the binding affinity at positions D and E. The facts that position A
was most frequently observed and showed the best averaged
me. Black line means the carbons in each position are located within 6 Å from heme



Figure 9. Calculated DGbinding value with respect to the carbons in each position,
calculated by MM-PBSA method. Average of calculated DGbinding value is repre-
sented by black square and standard deviation is shown by error bar.

Table 2
Nearest carbon position to the heme in each initial structure and the most frequently
observed one during MD simulation

Model Docking (Glide) Most frequent carbon
position during MD
simulation

Glide XP
docking score
(kcal/mol)

Nearest
carbon
position

Distance to
heme iron
(Å)

1 �7.82 A (>6 Å) 6.65 B
2 �7.54 D (>6 Å) 7.59 A
3 �6.73 D 4.59 D
4 �6.70 A 2.86 A
5 �6.04 D (6 Å) 6.03 B
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calculated DGbinding indicate that the 10, 11-double bond is the
most accessible and metabolically hot spot in CBZ by CYP3A4.

From the frequency analysis of the nearest carbon position, the
carbon atoms at positions A and B can access to the heme iron
more frequently than those of other positions. Furthermore the
calculated DGbinding of binding mode at position A was lower than
position B by 2 kcal/mol. This site of metabolism of CBZ can be
predicted by both the accessibility prediction in this study and
the reactivity prediction reported by Hata et al.67 The activation
energy for oxidation of positions A and B were 21.3 and
26.9 kcal/mol, respectively. This lower activation energy and lower
calculated DGbinding value of position A suggest that the oxidation
mainly occurred at position A. It is consistent with the experimen-
tal result that the position A oxidized metabolite (10, 11-epoxide)
is the major product by CYP3A4 and that of position B are scarcely
detected 64. Thus, both accessibility and reactivity for the atoms of
a given compound can predict SOM and the ratio of each
metabolite.

To evaluate the effectiveness of MD simulation using multiple
initial structures for flexible CYP3A4, we compared the result from
our approach with those from docking and subsequent MD using
only one initial structure. Docking scores, the nearest carbons to
the heme, and distance to the heme iron of the representative
docking poses by Glide docking are summarized in Table 2. The
nearest carbon positions suggested by docking simulation were A
(models 1 and 4) and D (models 2, 3, and 5). Those are at the cen-
tral double bond and the edge of side benzene rings. Although
model 1 was the docking pose with the best docking score, the dis-
tance between the nearest carbon atom and the heme iron was
6.65 Å, which is rather long for metabolizing the carbon atom. In
terms of distance, model 4 showed the smallest distance (2.86 Å).
However, GlideScore was �6.70 kcal/mol, which is 1.12 kcal/mol
larger than that of model 1 (�7.82 kcal/mol). Considering only
small distance in models 3 (4.59 Å) and 4 (2.86 Å), docking scores
of the both models are almost same (models 3: �6.73 kcal/mol
and 4: �6.70 kcal/mol). Glide docking can provide multiple possi-
ble sites (A and D in this case) for metabolism, which contains a
correct answer. However, it seems difficult to assess accurate
accessibility such as distance, frequency, energetic stability and
distinguish which position is the major site of metabolism only
by docking calculation.

We also docked CBZ using GOLD version 4.0.1.81,82 We used
GoldScore or ChemScore function. Cluster analysis was performed
for the CBZ poses and 10 representative complex structures with
the highest GoldScore in the respective cluster were selected. Same
cluster analysis was also performed using ChemScore. There was
no pose in GoldScore cluster representatives whose carbon located
within 6 Å from the heme iron. In ChemScore cluster representa-
tives there were six poses near the heme. Two were position B
and four were position C (Table S3). These Glide and GOLD results
showed a difficulty of the prediction by docking methods only.

Next we assessed the performance of MD calculations using the
docking poses as initial structures. Table 3 shows binding free
energies and appearances of positions A to E for each MD simula-
tion and their total. For this analysis, we used snapshots in which
one carbon atom is accessible to the heme iron (66 Å). The posi-
tions with the best calculated DGbinding or the largest occupancy
were in italics. As shown in Table 3, energetically stable and fre-
quently appearing positions were very different among five MD
simulations. This suggests that MD simulation with one initial
model is not sufficient to explore conformational space and total
MD with multi-initial models is more favorable. Even in one MD
simulation, multiple accessible positions appeared. For example,
in docking models 1 and 2, any carbon atoms are not accessible
to the heme iron. However, the MD simulations from the models
1 and 2 produced positions A and B as accessible carbons. It is
likely that MD simulations include the effect of the flexibility of
CYP3A4 while protein-rigid docking calculations do not.

Supposed that we performed only one MD simulation using one
initial structure, it is very difficult to choose an appropriate initial
structure. The poses of CBZ in models 1 and 2 will be a little far
away from the heme compared to the initial structures. As for
model 3 which showed good GlideScore and good CBZ-heme dis-
tance, the predicted position were C (calculated DGbinding mean)
and D (occupancy), which are incorrect answers. Although CBZ
was distant from the heme in models 1 and 2, MD simulation re-
sulted in the correct prediction for position A (calculated DGbinding

mean) or B (occupancy) in model 1 and position A (both) in model
2. This indicates that if a substrate is approximately placed at the
right position in CYP3A4, MD simulation can change the CYP con-
formations to fit the substrate and let the substrate move the
appropriate position for metabolization. In contrast, an initial
structure with an inappropriate position (model 3) has led us to
the incorrect answer even if the initial structure showed strong
interaction energy with CYP3A4.

To investigate the effect of the number of initial models on
accessibility prediction, the fluctuation of calculated DGbinding

and occupancy using 1 to 5 initial models were plotted (Table S4,
Fig. S5). As the initial models, the models with lower Glide docking
score were added one by one. When the number of models is one
and two, there is little difference in accessibility of each position in
terms of the calculated DGbinding fluctuation. The difference ap-
peared in the cases of more than three initial models. On the other
hand, occupancy of positions A and B using one and two models
were higher than those of other positions. As the number of initial
models increases, the difference of positions A and B becomes
prominent. Therefore, at least three initial models were required
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and four or five models were desirable for robust prediction in the
case of CBZ. Next we examined the effects of simulation time on
calculated DGbinding and occupancy using 2–10 ns MD simulation
time (Table S6, Fig. S7). All through the simulation time, the posi-
tion A showed lowest calculated DGbinding and highest occupancy.
Especially the calculated DGbinding and the occupancy almost
became constant after 8 ns. Thus, the accessibility prediction
appeared to be robust if more than 8 ns MD simulation was
executed, although the tendency was observed at 2–6 ns simula-
tion time.

The initial models by docking calculations seem to be local min-
imum and there would be large energy barriers between the mini-
mums. In particular, if ligand orientations are inverted, it needs
about 100 ns MD simulation time to change other binding modes
of the compound.83 According to the studies by Shan et al.83, Src ki-
nase inhibitors required totaling 35 and 115 ls simulation time and
several MD runs to reproduce the sound binding modes of inhibitors.
With the increase of the flexibility, it will take more time to simulate
all the behavior of compounds in CYP3A4. To apply SOM predictions
in drug discovery stage, both the prediction accuracy and speed are
required. For this purpose, our protocol using multiple initial struc-
tures and 10 ns MD calculations seems practical. We performed five
10 ns MD simulations from different initial structures and the most
stable complex structures during the simulations were also different
(Fig. 6). Although it is ideal that the correct and most stable pose ap-
pears in any simulations from any initial structures, it seems to be
difficult to explore substrate binding poses only with one 10 ns sim-
ulation in particular for flexible proteins such as CYP3A4. In the case
of CBZ, five initial structures and 10 ns MD simulation gave the rea-
sonable prediction. If new compounds for prediction have high flex-
ibility, the required number of initial structures and length of
simulation time should be increased. The proper settings of initial
structures and simulation time for diverse new compounds will be
investigated in the future work.
5. Conclusion

We performed the prediction of substrate accessibility to the
heme iron in CYP3A4 by the analysis of MD simulation results
using multiple initial structures. In this study, we exemplified well
studied carbamazepine (CBZ) as a substrate. The main metabolite
of CBZ by CYP3A4 is carbamazepine 10, 11-epoxide. Our approach
correctly predicted the carbon atoms experimentally epoxidized by
CYP3A4. The predicted carbon atoms are the most accessible ones
to the heme iron in terms of calculated DGbinding and frequency of
appearance. The prediction using only molecular docking methods
such as Glide and GOLD could not provide the correct position due
to the lack of flexibility of the enzyme. Although performing MD
simulations can be a solution to this induced fit problem, the sim-
ulation result largely depends on its initial structures. In spite of
time consuming calculations, we tried MD simulations using not
only one substrate–enzyme complex structure but multiple com-
plexes whose substrates have different binding poses. While each
MD simulation from one initial structure generated various acces-
sible sites to the heme, total analysis of five MD simulation results
have led us to improve the accuracy for predicting SOM from the
most stable and frequent position. Although some MD simulations
from one initial structure could reach the same answer, it is diffi-
cult to select one appropriate structure. For the SOM prediction
of a given compound, firstly the accessible positions to the heme
iron with high frequency are identified. The ratio of metabolites
from the identified positions can be evaluated from both calculated
DGbinding and reactivity for the positions. Our strategy using diverse
multiple initial structures will be potent method to generate the
complex between a flexible protein such as CYP3A4 and a
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substrate. In future, we will apply this method to the combinations
of other CYP families and drug candidates for enhancing efficient
drug discovery.
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