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Purpose. This study investigated the structural features of CYP2C19
complexed with (S)-mephenytoin, using computational methods. In
addition to wild-type CYP2C19 proteins (1A and 1B), which have
selective 4 -hydroxylase activities of (S)-mephenytoin, CYP2C19 mu-
tants were also studied, together with a wild type and artificial mu-
tants of CYP2C19.
Methods. Three-dimensional structures of wild-type and mutant pro-
teins of CYP2C19 and CYP2C9 were estimated from homology mod-
eling using the crystal structure of rabbit CYP2C5 as a reference. The
binding mode of (S)-mephenytoin to CYP2C19 was investigated us-
ing computational docking.
Results. The results reproduced the specific bindings between (S)-
mephenytoin and the wild types of CYP2C19. Our findings suggest
that Asp293 of CYP2C19 plays an important role in the binding of
(S)-mephenytoin, which was surrounded by Val113 and Ala297, and
points the phenyl ring at the heme iron. In addition the wild types of
CYP2C19, the computational docking studies also accounted for the
experimental activities of CYP2C19 mutants, and wild-type and mu-
tant CYP2C19 proteins.
Conclusions. These results confirm that the predicted three-
dimensional structure of the CYP2C19-(S)-mephenytoin complex is
reasonable, and that this strategy is useful for investigating complex
structures. Virtual screening for drug discovery can also be carried
out using these methods.

KEY WORDS: binding mode; computational docking; cytochrome
P450 2C19; homology modeling.

INTRODUCTION

Cytochrome P450 (CYP) 1plays important roles in the
metabolism of a wide variety of xenobiotic and endogenous
compounds, including clinically important drugs. CYP2C19
(1) is one of the major enzymes that metabolizes drugs in the
human liver and has an important role in the metabolism of
(S)-mephenytoin (2,3). In 1984, Küpfer and co-workers ob-
served that urinary recovery of 4�-hydroxylated (S)-
mephenytoin was not detected for approximately 3–5% of
Caucasians, which attracted attention to the identification of
polymorphisms of CYP2C19 (4). A number of gene muta-
tions in CYP2C19 were found by analyzing the genes of poor
metabolizers (PMs) (5–11) (Table I). Almost all Oriental PMs

can be described by two defective alleles (CYP2C19*2A and
CYP2C19*3), but other mutant alleles are also important for
Caucasian PMs. CYP2C9 is another enzyme that plays a sig-
nificant role in drug metabolism (12). Although it metabolizes
a variety of drugs, its 4�-hydroxylase activity of (S)-
mephenytoin is negligible. In order to identify the key resi-
dues of CYP2C19 for 4�-hydroxylase activity, Tsao and co-
workers constructed chimeras by replacing portions of
CYP2C9 with those of CYP2C19, mutating individual resi-
dues by site-directed mutagenesis and assessing (S)-
mephenytoin 4�-hydroxylase activity (13). They found that
the mutation of six residues of CYP2C9 to imitate CYP2C19
resulted in 6% of the activity of wild-type CYP2C19.

To date, the three-dimensional structure of CYP2C19
has not yet been determined. The mechanism by which (S)-
mephenytoin complexes with CYP2C19 is also unknown.
However, the ligand-free crystal structure of one of the en-
zymes belonging to the CYP2C subfamily (rabbit CYP2C5)
has been obtained (14). This provides a model upon which to
base structurally unknown human CYPs and their ligands us-
ing computational methods.

The homology modeling method is the most powerful
computational approach to predict the three-dimensional
structures of proteins based on sequence similarities with
structurally known proteins. This method estimates a three-
dimensional model of a protein from the known structures of
homologous proteins, and it is based on the assumption that
a three-dimensional structure of one protein is analogous to
the others, which have similar sequences. In addition to the
structure prediction, computational ligand docking might also
be used for structure-based drug design (15). This is one of
the optimization problems, in which atoms of the ligand mol-
ecule are positioned into points in ligand-binding pockets of
the target biomolecule. The difficulties of these problems ex-
ponentially increase in terms of the number of ligand atoms.
Even if only the grid points of three-dimensional space are
considered, these problems are NP-hard. For this problem,
several approaches—for example, probabilistic search
methods and sophisticated data structures—were proposed
(16–18).

Previous structures that have been proposed for
CYP2C19 complexed with (S)-mephenytoin using homology
modeling and computational docking methods (19,20) were
based on CYP102 (P450-BM3). The homology between
CYP102 and CYP2C19 is lower than between CYP2C19 and
CYP2C5. Although the homology modeling and docking with
ligands for CYP2C19 were carried out using CYP2C5 as tem-
plate (21–23), the docking of (S)-mephenytoin has not yet
been examined. Furthermore, these studies only looked at
wild-type CYP2C19 and not related mutants.

In this study, a three-dimensional structure of wild-type
CYP2C19 complexed with (S)-mephenytoin was constructed
using homology modeling and computational docking proce-
dures. In addition to wild-type CYP2C19, homology modeling
and docking studies were also attempted for mutant forms of
the protein. Docking studies of a wild type and mutants of
CYP2C9 were also used to investigate important structural
properties for (S)-mephenytoin docking. Homology modeling
calculations were generally carried out only for wild-type pro-
teins, and this is the first study of the homology modeling and
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docking of mutant CYPs in order to elucidate the binding
mode of the substrate. The availability of the modelings of
mutants for the binding mode prediction is also discussed.

MATERIALS AND METHODS

Proteins

There are two ways to validate the availability of docking
methods. One is the way in which several proteins are used,
and another is the way in which several small molecules are
used. Because one of the central purposes of this study is the
proposal of the method for predicting the complex structures
by using various mutant proteins, identical ligand molecule,
(S)-mephenytoin, was docked into various target proteins.
Furthermore, multi proteins were desired also for investiga-
tions of the availability of homology modeling for mutants.

Two wild-type and four mutant CYP2C19 proteins, along
with one wild type and four artificial mutants of CYP2C9
constructed by Tsao and co-workers, were used for homology
modeling and computational docking studies (Tables I and
II). Wild-type enzymes that are expressed from alleles
CYP2C19*1A and CYP2C19*1B are described in Roman
script (that is, CYP2C19.1A and CYP2C19.1B). The proteins
expressed from the mutant alleles CYP2C19*5A ,
CYP2C19*5B, CYP2C19*6 and CYP2C19*8 are described as
CYP2C19.5A, CYP2C19.5B, CYP2C19.6, and CYP2C19.8,
respectively. Four artificial mutants of CYP2C9 were used:
protein 1, which had four mutant residues (2C9/I99H, S220P,
P221T and S286N); protein 2, which had five mutant residues
(2C9/I99H, S220P, P221T, S292A and F295L); protein 3,
which had five mutant residues (2C9/I99H, S220P, P221T,

S286N and F295L); and protein 4, which had six mutant resi-
dues (2C9/I99H, S220P, P221T, S286N, V292A and F295L).
All mutants of CYP2C9 are not naturally occurring. In Tables
I and II, amino-acid mutations are also described (note that
although CYP2C19.1B has an Ile331 to Val mutation, there is
no loss of (S)-mephenytoin 4�-hydroxylase activity. In Table I,
bold type letters illustrate mutations without Ile331Val). (S)-
Mephenytoin 4�-hydroxylase activities were experimentally
observed only for CYP2C19.1A, CYP2C19.1B, CYP2C19.8,
and protein 4. Although the enzyme activity of protein 4 is
6% of CYP2C19, it is much larger than the other mutants (e.g.
enzyme activity of CYP2C19.5A is about 0.37% of that of
CYP2C19.1A). In this study, because only binding modes are
discussed, we treat the protein 4 as active enzyme.

Homology Modeling

In this study, we used the crystal structure of rabbit
CYP2C5 (PDB code: 1DT6) (14) as the template for homol-
ogy modeling of CYP2C19 and CYP2C9. The basic local
alignment search tool (BLAST) based on finite automaton
was used for the sequence alignments of the target (CYP2C19
and CYP2C9) against template (CYP2C5). BLOSUM62 was
used as alternate scoring matrix for BLAST. The alignment
produced by BLAST was used as the input for the FAMS
program (24). In FAMS, the modeling of C� atoms, main-
chain atoms and side-chain atoms are carried out sequen-
tially. For modeling calculations, FAMS can fully automati-
cally perform both the database search and optimization steps
by using the simulated annealing (SA) method. Even if the
positions of side-chain atoms extracted from databases are
not adequate—for example, if they have a conflict of main
chain atoms—FAMS can refine the structure by using SA.
Although homology models for wild types and mutants of
CYP2C19 and CYP2C9 were obtained by FAMS, there were
no hydrogen atoms in these model structures because hydro-
gens were not observed in the template of modeling (the
experimental structure of CYP2C5 produced by X-ray crys-
tallography). In this study, constructed homology models
were protonated by the “protonate” module in AMBER 6.0
(25), and their structures were refined by AMBER PARM94
force fields. Only 1000 cycle calculations were carried out for
refinements, because these calculations were performed only
for reducing structural distortions. The explicit water mol-
ecules and cyclic-boundary conditions were not adopted for
these refinements; a cutoff distance of 12 Å for non-bonded
interactions and a distance-dependent dielectric coefficient
� � 80R (R: distance between two interacting atoms) were
used. For these calculations, the steepest-descent minimizer
was used in the first 10 steps, and the rest of the calculations
were carried out using the conjugate-gradient method.

Table I. CYP2C19 Alleles

Allele Enzyme activity
Effect of

nucleotide changes
Name

of protein

2C19*1A Active — 2C19.1A
2C19*1B Active Ile331Val 2C19.1B
2C19*2A Inactive Splicing defect —
2C19*2B Inactive Splicing defect —
2C19*3 Inactive Stop codon —
2C19*4 Inactive Initial codon —
2C19*5A Inactive Arg433Trpb 2C19.5A
2C19*5B Inactive Ile331Val, Arg433Trpb 2C19.5B
2C19*6 Inactive Arg132Gln,b Ile331Val 2C19.6
2C19*7 Inactive Exon skipping —
2C19*8 Active/inactivea Trp120Argb 2C19.8

a 2C19.8 is active in vitro although it is inactive in vivo.
b Mutations without Ile331Val, which does not affect enzyme activi-

ties in 2C19.1B, are described by bold letter.

Table II. CYP2C9 Mutants

Construct
Enzyme
activity

Abbreviated
name of protein

CYP2C9 Inactive CYP2C9
CYP2C9/I99H, S220P, P221T, S286N Inactive 1
CYP2C9/I99H, S220P, P221T, V292A, F295L Inactive 2
CYP2C9/I99H, S220P, P221T, S286N, F295L Inactive 3
CYP2C9/I99H, S220P, P221T, S286N, V292A, F295L Active 4
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Generation of a Conformer Set for the Ligand Molecule

The structure of the ligand molecule (S)-mephenytoin
optimized by ab initio HF/6-31G* method was used for com-
putational docking studies. Atomic charges of the ligand mol-
ecule were obtained by ESP method, which can reproduce the
electrostatic potential calculated by ab initio HF/6-31G* (26).
Gaussian 98 was used for quantum chemical calculations (27).
In the complex structure, because the conformation of a li-
gand molecule is not always the most stable conformer, we
considered many metastable states of ligands for computa-
tional docking studies. For this purpose, a calculation of only
the most stable conformation is not sufficient, and a con-
former set consisting of many metastable conformers of a
ligand is required. In this study, CAMDAS, which is a pro-
gram developed by this laboratory (28) for the generation of
ligand conformer sets, was used to calculate a conformer set
for (S)-mephenytoin. Molecular dynamics (MD) simulations
at high temperatures were carried out by this program, and
the conformers obtained in the trajectory of this simulation
were sampled. The clustering procedure was carried out for
all sampled conformers, and the representative conformers
were picked up from the clusters. In the CAMDAS calcula-
tion, a modified MMFF force field was used (29), in which
electrostatic interactions were omitted and the weights of
both angle bending and dihedral terms equal to 0.8 were in-
cluded. The temperature of MD simulation by CAMDAS was
1200 K and 1 ns (1,000,000 steps) calculation was carried out.
Chiral inversions of (S)-mephenytoin were not allowed
through the MD simulation. The two dihedral angles shown
in Fig. 1 were used as explanatory variables for the clustering.
For (S)-mephenytoin, the conformer set in which 31 conform-
ers were included was obtained by CAMDAS calculation.

Computational Docking

For computational ligand docking, ligand-binding pock-
ets in the homology models of the proteins were explored
using the SiteID module in the SYBYL program package
(Tripos Inc., St. Louis, MO, USA). SiteID can search for
potential binding sites within or on the proteins by using the
floodfill-solvation technique. The grid method with default
parameters was used in this study. MOLCAD surfaces for the
amino-acid residues within a 6 Å radius of explored binding
pockets were calculated using the MOLCAD program (Tri-
pos Inc.). These surfaces were used as steric constraints for
computational docking trials. In the obtained ligand-binding
pocket of the proteins, hydrogen-bond acceptor and donor
site queries were defined by the UNITY program (Tripos
Inc.). In this procedure, some queries were deleted because of
VDW bumps and we used only the remaining queries for
computational docking in the next step. We adopted toler-
ances of 1.5 Å for the spatial constraints of all hydrogen-bond
queries. Using the steric constraint and hydrogen-bond que-
ries, each conformer from the conformer set of (S)-
mephenytoin generated by CAMDAS was docked into the
homology models of the CYPs by the UNITY 3D program.
For wild-type CYP2C19.1A, docking models that fulfilled at
least one of the hydrogen-bond queries (“partial match”)
were adopted. For the other proteins, only one query that
plays an important role in docking models of wild-type
CYP2C19.1A was considered. The steric constraint was con-

structed from the MOLCAD surface with default parameters.
Using these strategies, many model structures of the complex
were obtained for one ligand-protein system; for example, 31
models were generated by the docking calculation of (S)-
mephenytoin with CYP2C19.1A. In computational docking
studies, we need to determine which models can be adopted
as candidates for the complex structure. Usually, the scoring
functions that calculate the binding free energies of ligand–
protein systems were used for this purpose, and the models
that had smaller scores (that is, smaller binding free energy)
were accepted as more reasonable models. Although many
types of scoring functions were introduced (16,18,30–32),
each type has different strengths and weaknesses. Recently, a
method for evaluating docking models called “consensus
scoring” has been introduced (33,34). In consensus scoring,
multiple scoring functions were used to cover the shortcom-
ings of each method. In this study, the validities of the calcu-
lated docking models were evaluated using CScore (Tripos
Inc.) (34), which is one of the consensus-scoring programs. It
includes five scoring functions: FlexX score (16), Gold score
(18), PMF score (30), Dock score (31), and ChemScore (32).
These five scores were independently calculated for docking
models, and awarded marks out of five for the validities of the
models. The models that are given high scores by CScore are

Fig. 1. Two torsional angles for clustering of (S)-mephenytoin con-
formers. The two torsional angles illustrated in this figure were used
as criteria for the clustering of conformers.
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the possible candidates of the structures of protein–ligand
complexes. However, when docking models with high CScore
values were not obtained, we assumed that the computational
docking trials for the ligand–protein systems could not be
successfully carried out.

MD Simulation

The homology model the docking results of which were
not reasonable were further analyzed by structural refine-
ment by the MD simulation with explicit water molecules.
The rectangular solid box in which the complex was included
was set up and the box was filled with TIP3P water molecules
(35). Sodium ions were used as counter ions for setting the
total charge of the system to 0. The 1 ns MD simulation at 300
K was carried out using the particle-mesh Ewald method for
calculations of electrostatic interactions under cyclic-
boundary conditions by the AMBER 6.0 program. The bond
lengths between two atoms were constrained by SHAKE
(36). The cutoff distance for van der Waals interactions was
9.0 Å, and the MD simulation was carried out under isother-
mal and isochoric conditions. After the MD calculation,
100,000 steps of structure refinement were performed using
steepest-descent and conjugate-gradient optimizers. The first
5000 steps of refinement were calculated by the steepest-
descent method, and the rest of the calculation was carried
out using the conjugate-gradient method, until the energy
gradient become less than 0.1 kcal/molÅ. Explicit TIP3P wa-
ters were used in this refinement with the particle-mesh
Ewald method under the cyclic-boundary condition. A cutoff
distance of 9.0 Å for van der Waals interactions and no con-
straint of bond lengths were used for the refinement. After
this calculation, an additional computational docking study
was carried out for refined structure. The same computational
conditions as previous docking calculations were used in the
additional docking.

For FAMS calculations we used a personal computer
with one Pentium3 600 MHz processor and Red Hat Linux
6.1. For the other calculations, an Octane2 workstation by
SGI with dual MIPS R12000 400 MHz processors and IRIX
release 6.5 was used.

RESULTS

Sequence alignments of CYP2C19.1A and CYP2C9
against CYP2C5/3LVdH using BLAST are illustrated in Fig.
2. Similarities in amino-acid sequences are shown in Table III.
In aligned sequences, identical amino acids were defined as
“identity”, and the pairs of residues whose score were positive
in BLOSUM62 were defined as “positive”. Although there
are three insertions between helix H and I in both
CYP2C19.1A and CYP2C9, they have a high degree of ho-
mology with CYP2C5/3LVdH. In this study, these alignments
were used for homology modeling calculations of not only
wild types but also mutants of CYP2C19 and CYP2C9. In Fig.
3, structurally optimized homology models for wild types and
mutants of CYP2C19 are illustrated. The wild-type CYP2C9
and artificial mutant protein 4 are also shown in Fig. 4. In
these figures, mutated residues in proteins without wild-type
CYP2C19.1A and CYP2C9 are also shown.

The ligand-binding pocket found by SiteID for the
CYP2C19.1A homology model is illustrated in Fig. 5. Al-
though several candidates of binding pockets were obtained

by SiteID, the adjacent pocket of heme is shown in this figure
because we know that active sites of CYPs are near the heme
region. As shown in this figure, the ligand-binding pocket in
the homology model was mainly composed of hydrophobic
amino acids such as Val, Ile, Phe, Leu and Ala. The hydro-
phobic feature of the pocket of CYP2C19.1A was consistent
with the known crystallographic structures of other CYPs and
it is intimately related with the property of CYPs, which bind
with hydrophobic substrates and oxidatively metabolize
them. The hydrogen-bond queries in this region, which were
three hydrogen-bond acceptor sites, were also illustrated.
They were associated with the main-chain and side-chain oxy-
gen atoms of Asp293 and the main-chain carbonyl oxygen of
Gly296, respectively. Although all of them were directed to
the heme moiety of CYP2C19.1A, the query from the car-
bonyl oxygen atom in the main chain of Asp293 was closest to
the heme iron. Some of these queries might play important
roles in the docking of (S)-mephenytoin in CYP2C19.

Using the hydrogen-bond queries and steric constraints
calculated from the MOLCAD surface, a computational
docking trial of (S)-mephenytoin was carried out for wild-
type CYP2C19.1A. The conformer set of (S)-mephenytoin
included 31 conformers, which were used for docking studies.
Figure 6 shows one of the docking models with CScore values
equal to 5 (that is, full points). The hydrogen bond between
the amide hydrogen adjacent to the nitrogen atom of (S)-
mephenytoin and the carbonyl oxygen in the main chain of
Asp293 in CYP2C19.1A played a significant role in forming
this docking model. The 4�-hydrogen of (S)-mephenytoin in
this model was positioned near the heme iron. (S)-
Mephenytoin is surrounded by hydrophobic amino acids such
as Val113, Ile205, Ala292, Ala297, Leu366, and Phe476.

Computational docking trials for proteins other than
CYP2C19.1A with (S)-mephenytoin were also carried out by
using SiteID and UNITY (Table IV). These protein models
contained ligand-binding pockets that were mainly composed
of hydrophobic amino acids, which were similar to
CYP2C19.1A. Although Asp 293 was conserved in all pro-
teins, hydrogen-bond queries constructed from the carbonyl
oxygen of Asp293 in CYP2C19.6, CYP2C9, proteins 1 and 3
were omitted by the VDW bump check. The bumps were
caused by the differences of the shapes of ligand-binding sites
between CYP2C19.1A and these proteins, and the shapes of
the sites were affected by the mutations (CYP2C19.6) or dif-
ferences in amino-acid sequences between CYP2C19 and
CYP2C9 (CYP2C9, proteins 1 and 3). These proteins were all
experimentally observed to be inactive for (S)-mephenytoin
4�-hydroxylation. Computational docking calculations for an-
other six proteins, including the hydrogen-bond queries of
Asp293, were carried out using the same procedure of
CYP2C19.1A. The obtained docking models were evaluated
by CScore. When no models had high CScore values for a
certain complex system, we considered that the docking trial
had failed, even if docking models were obtained. For four of
these six proteins (CYP2C19.1B, CYP2C19.8, proteins 2 and
4) computational docking models were obtained in which 4�-
hydrogens of (S)-mephenytoin were positioned nearby heme
irons and with CScore values of 5 (that is, full points). For
three of these four proteins (CYP2C19.1B, CYP2C19.8 and
protein 4) the enzyme activities were experimentally ob-
served and computational docking studies seemed able to ac-
count for the experimental results. In these complex models,
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the ligand (S)-mephenytoin was surrounded by hydrophobic
amino acids such as Val113, Ile205, Ala297 and Phe476, which
were conserved in all wild types and mutants in this study.
Furthermore, proteins for which the solutions of CScore � 5

were not obtained by computational docking trials based on
the hydrogen-bond query from carbonyl oxygen of Asp293
(that is, CYP2C19.5A and CYP2C19.5B) were experimen-
tally inactive mutants.

Fig. 2. Sequence alignments of CYP2C19 and CYP2C9 against CYP2C5/3LVdH. The identical residues were expressed by meshed
letters and the underlined residues were positives.
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By contrast, for the experimentally inactive protein 2,
docking models with CScore values of 5 were also obtained.
Thus, we carried out more structure refinement for ligand-
free protein 2 using MD simulation, steepest-descent and con-
jugate-gradient optimizers. After the refinement, we also per-
formed additional computational docking for the refined
structure with (S)-mephenytoin. Figure 7 shows the three-
dimensional structures of protein 2 before and after the re-
finement. This reveals that structural features, such as the
position of heme and the shape of the ligand-binding pocket
around Asp293, were changed by MD calculations. After the
structure refinement, no solutions of the docking trials of
(S)-mephenytoin with protein 2 were obtained under the as-
sumption that the hydrogen bond between carbonyl oxygen
of Asp293 and (S)-mephenytoin are indispensable to ligand
docking.

DISCUSSION

Homology models illustrated in Figs. 3 and 4 suggest that
even if the mutated portions are not near the active sites (i.e.,
in adjacent regions of heme) mutations of one or two residues
are still capable of inactivating CYP2C19. For example,
Ile331Val, which does not affect the enzyme activity in
CYP2C19.1B, and also mutations that play important roles
for inactivities of mutants of CYP2C19 (Arg132Gln in
CYP2C19.6), were positioned far from the ligand-binding
pocket. Furthermore, although Arg433Trp in both
CYP2C19.5A and CYP2C19.5B is located near by heme moi-
ety, this residue is far away from the iron atom and does not
seem to be directly implicated in the ligand docking. This
indicates that mutations change the conformations of ligand-
binding pockets of proteins, and affect the enzyme activities
even if the mutations are located far from the ligand-binding
pocket. By contrast, Ile99His, Ser286Asn, Val292Ala and
Phe295Leu in protein 4 existed near the active site in our
homology model. In particular, Ser286Asn, Val292Ala and
Phe295Leu belong to the helix I, and these positions are also
members of the substrate-recognition site 4 (SRS-4) (37).
Therefore, these mutations might be directly implicated in
(S)-mephenytoin docking for protein 4.

In the model of CYP2C19.1A complex with (S)-

Fig. 3. Homology model for wild types and mutants of CYP2C19.

Fig. 4. Homology model for wild types and mutants of CYP2C9.

Fig. 5. Active-site residues explored by Site ID and hydrogen-bond
queries in CYP2C19.1A. Hydrophobic amino acids are colored green;
Asp293 and Gly296 are illustrated in red. Three hydrogen-bond que-
ries were described with spatial constraint.

Table III. Identities and Positivesa Between Amino-Acid Sequences
of CYP2Cs

CYP2C5/3LVdH CYP2C19 CYP2C9

CYP2C5/3LVdH 100% 75% 75%
CYP2C19 87% 100% 92%
CYP2C9 87% 96% 100%

a Identities and positives were described in upper right and lower left
portions, respectively.
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mephenytoin shown in Fig. 6, the orientation of (S)-
mephenytoin whose 4�-hydrogen was located near the heme
iron is consistent with (S)-mephenytoin 4�-hydroxylase activ-
ity of CYP2C19.1A and suggests that the three-dimensional
structure of the calculated docking model is reasonable. The
result that (S)-mephenytoin was surrounded by hydrophobic
amino acids indicates that this hydrophobicity plays an im-
portant role for (S)-mephenytoin docking in the binding
pocket of CYP2C19.1A. Significantly, Ala297 and Phe476
were located nearby the phenyl ring of ligand, suggesting that
the CH-� interaction between the phenyl ring and Ala297,
and/or the �-� stacking between ligand and Phe476, are im-
portant for the location of (S)-mephenytoin in CYP2C19.1A.
Furthermore, Asp293 and Ala297, which seem to be impor-
tant residues for ligand docking, are members of helix I and
SRS-4. This is consistent with the results of Tsao et al. (11)

For other proteins than CYP2C19.1A, hydrogen-bond
queries constructed from the carbonyl oxygen of Asp293 in
CYP2C19.6, CYP2C9, proteins 1 and 3 were omitted by the
VDW bump check, and there were no docking models whose
CScore values were 5 in CYP2C19.5A and CYP2C19.5B. For
the refined model of protein 2, no solutions were obtained by
the computational docking. Because all these proteins were
experimentally observed enzyme inactivities without excep-
tions, these results support that Asp293 plays an important
role in CYP2C19–(S)-mephenytoin complex. Furthermore,
for CYP2C19.1B, CYP2C19.8 and proteins 4 computational
docking calculations gave the solutions of CScore � 5, and
these proteins were experimentally active. These results sug-
gest that our methods applied to this study are reasonable for
binding mode predictions.

Only recently, the three-dimensional structures of
CYP2C5 complex with sulfaphenazole (38), ligand-free
CYP2C9 and CYP2C9 complexed with warfarin (39), were
determined by X-ray crystallographic analyses. Because the
sizes of the ligands in these complexes were different from
(S)-mephenytoin, these structures were not able to give criti-
cal clues for the investigation of the complex structure of
CYP2C19 with (S)-mephenytoin. Furthermore, for the ob-
served structure of the CYP2C9 complex with warfarin, the
ligand molecule was not located in the usual position of CYP
substrate-binding pockets. Although this is useful for investi-
gating the mechanisms of inhibitions and allosteric effects of
CYPs, it does not aid research into the binding modes of
normal CYP substrates, such as (S)-mephenytoin. Nonethe-

Table IV. The Results of Computational Docking

Protein
Experimental

4�-hydroxylase activity
Hydrogen bond

query on Asp293a

Maximum
CScore
valueb

2C19.1A Active OK 5
2C19.1B Active OK 5
2C19.5A Inactive OK 3
2C19.5B Inactive OK 4
2C19.6 Inactive Bump —
2C19.8 Active (in vitro) OK 5
2C9 Inactive Bump —
1 Inactive Bump —
2 Inactive OK 5
3 Inactive Bump —
4 Active OK 5

a The result of VDW bump checks for hydrogen-bond query on
Asp293.

b The best CScore value of those for all docking models.

Fig. 6. CYP2C19.1A complex with (S)-mephenytoin. (S)-
Mephenytoin, Asp293, and hydrophobic amino acids were illustrated
in yellow, red, and green, respectively.

Fig. 7. Three-dimensional structures of protein 2 before and after
refinement by MD simulation, steepest-decent and conjugate-
gradient optimizers. The two structures were aligned by the fitting of
their main chains. The RMSD of the protein 2 structure before and
after refinement was 3.524 Å. The red colored residue was Asp293.
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less, when these data are used together with the results of
computational docking studies in this paper, it might give
some support to the predictions of complex structures. Com-
paring the structures of CYP2C19.1A with (S)-mephenytoin
in this study, and CYP2C5 with sulfaphenazole in crystallo-
graphic data, it was found that Asp290 of CYP2C5 (the resi-
due corresponding to Asp293 in CYP2C19.1A) was in the
substrate-binding pocket and interacted with the ligand sul-
faphenazole. This indicates that both Asp290 of CYP2C5 and
Asp293 of CYP2C19.1A play significant roles in binding of
substrates, and supports the validity of our model structure of
CYP2C19 complex with (S)-mephenytoin.

CONCLUSIONS

In this study, we found that models produced by homol-
ogy modeling and computational docking procedures of CYP
complexed with (S)-mephenytoin were obtained for experi-
mentally active enzymes but not for inactive proteins. The
binding modes of all active enzymes were similar to wild-type
CYP2C19.1A. For inactive proteins, hydrogen bonds between
the carbonyl oxygen in the main chain of Asp293 and the
ligand were not able to form, or the scores of the resulting
docking models were low. These results indicate that the com-
putational methods used in this study are useful for the in-
vestigation of the structures of ligand–protein complexes. Al-
though more detailed confirmations of the importance of
Asp293 for (S)-mephenytoin binding into CYP2C19 by using
structural biologic methods such as X-ray diffraction or NMR
spectroscopy were preferable, the role of Asp293 was sup-
ported by the results that all calculations for wild types and
mutants are consistent with experimentally observed enzyme
activities without exception.

Three-dimensional structures of biopolymers are very
important for the rational drug design. Though the determi-
nations of structures by experimental methods (i.e., X-ray
diffraction or NMR) give the useful information for drug de-
sign, these experiments are expensive and time-consuming.
Therefore, it is preferable that the three-dimensional struc-
tures of structurally unknown proteins were computationally
predicted using known structures of homologous proteins. Es-
pecially, when many complexes have to be considered for
drug design (i.e., the situation that there are many mutants
such as CYP2C19), homology modeling play an important
role in drug design studies because all structures can not be
determined by experiments within reasonable costs. In this
study, even if the mutated parts of the mutants were far from
the substrate-binding pockets, such as CYP2C19.6, the com-
putational results were consistent with the experimental ac-
tivities. This suggests that the computational methods used in
this study, especially for FAMS, are promising not only for
wild-type enzymes but also for mutants. We expect that vir-
tual screening trials can be carried out for several proteins
using these methods.
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