
Abstract. Background: CYP3A4 is the most abundant
xenobiotic-metabolizing cytochrome P450 isoform. We examined
the structural features of the CYP3A4 molecule with regard to
ligand access. Materials and Methods: The deleted amino acid
sequences of X-ray data sets of CYP3A4s were complemented by
molecular modeling techniques. Molecular features of the ligand
accessible regions in CYP3A4 were analyzed and their molecular
parameters (e.g. dipole moment, solvation free energy,
electrostatic potential fields) were determined. Results: Three
ligand accessible regions (region 1-3) were present in
erythromycin-bound CYP3A4, and these dipole moments
indicated the same features as ketoconazole- or metyrapone-
bound CYP3A4 molecules. In progesterone-bound CYP3A4, four
candidate ligand accessible regions were observed and
progesterone could be bound by two selected ligand accessible
regions. Conclusion: The heme pocket of CYP3A4 is very flexible
and is able to interact with various types of substrate. 

Cytochrome P450 3A4 (CYP3A4) is one of the most abundant
xenobiotic-metabolizing CYP isoforms (1). CYP3A4 is capable
of oxidizing a wide range of structurally diverse drugs, including
antineoplastic, analgesic, hormonal and immunosuppressant
agents (2). The broad substrate specificity and abundance are
both important aspects of the metabolic activity of CYP3A4 and
affect the drug titer in therapeutic applications. The interaction
between the CYP3A4 molecule and chemical compounds,
including antitumor, immunosuppressant and anti-inflammatory
drugs, is an important factor for drug design and development. A

number of CYP isoform structures, such as CYP2C5 (3),
CYP2C9 (4, 5), CYP2C8 (6), CYP2B4 (7), CYP2A6 (8) and
CYP3A4 (9, 10) have been determined. The structure of ligand-
free CYP3A4 molecules has been reported by two independent
research teams (9, 10). A number of experiments reported that
CYP3A4 interacts with various ligands with non-Michaelis-
Menten type kinetics. The specificity of the CYP3A4 molecule
for substrates is low, and two or more ligand molecules can bind
to the CYP3A4 active site (heme pocket) simultaneously (11-
14). CYP3A4 is known to bind several different sizes of
compounds such as metyrapone (226 Da), progesterone (314
Da), bromocriptine (655 Da) and cyclosporine (1203 Da).
Metyrapone bound via a pyridine nitrogen to heme iron, while
progesterone did not locate in the active heme pocket but was
observed on a peripheral site of the CYP3A4 molecule. The
metyrapone- and progesterone-bound CYP3A4 structures were
similar to the ligand-free structure and ligand binding did not
induce drastic structural changes (9). Both erythromycin and
ketoconazole were bound in the CYP3A4 heme pocket and these
ligands including CYP3A4 X-ray structures were reported (15). 

In the present study, the structural features of CYP3A4
molecules bound to erythromycin (2J0D), ketoconazole
(2J0C), metyrapone (1W0G), and progesterone (1W0F)
(Figure 1) were analyzed to understand the interaction
mechanisms between CYP3A4 and ligands for drug design
and development. Intriguingly, these CYP3A4 X-ray data
sets have some amino acid deletions and the deletions seem
to be related to a drastic structural change during ligand
binding. We performed molecular modeling of the deleted
regions and analyzed the structural parameters (e.g. dipole
moment, solvation free energy, nonbinding energy). 

Materials and Methods

Modeling and electrostatic potential analysis. Molecular structures
of CYP3A4 and ligands were obtained from RCSB Protein Data
Bank (PDB) (2J0D, 2J0C, 1W0G, 1W0F). These X-ray data sets
had some amino acids deletions (boxes, Figure 2), and the
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molecular modeling was performed based on the CYP3A4 amino
acid sequence (No.1576, GenomeNet, Kyoto University, Japan)
using insight II-discover homology module (Accelrys Inc., USA)
as previously described (16). The N-(M1-H28: 2J0D, M1-S29: 2J0C,
M1-L24: 1W0G and 1W0F) and C-terminus (D497-A503: 2J0D, T499-
A503: 2J0C, 1W0G, 1W0F) of modeled CYP3A4 were removed for
molecular analysis (e.g. nonbinding energy, electrostatic potential)
to match the X-ray data. Electrostatic potential fields of CYPs were
calculated, and the +1.0 kT/e contour was displayed as a cloud. 

Molecular analysis of CYPs and ligands. The z-matrix data for
ligand-accessible regions (G48-C58, L211-S222, L477-P485: 2J0D,
2J0C, 1W0G, 1W0F) and (I232-P242: 1W0F) was extracted from
each modeled structure and molecular orbital calculation was
performed with PM3 Hamiltonian using MOPAC (Fujitsu Ltd.,
Tokyo, Japan) as described elsewhere (17, 18). Nonbinding energy
between ligand and CYP3A4 was determined using Insight II-
Discover (Accelrys Inc.) as described elsewhere (19). The initial
structure of ligands (erythromycin, ketoconazole, metyrapone,
progesterone) were extracted from PDB data (2J0D, 2J0C, 1W0G,
1W0F). The global minimum analysis of these ligands was
performed using CONFLEX with an MM2 forcefield (Fujitsu Ltd.),
and their conformers obtained. Solvation free energies (dGW) of
obtained conformers were calculated using MOPAC (Fujitsu Ltd.)
as described elsewhere (17, 20, 21). 

Results

Ligand binding profiles in the CYP3A4 heme pocket. In the
X-ray analysis data, CYP3A4 bound various ligands in the
heme pocket (Figure 1). As shown in models A and C,
erythromycin and metyrapone were bound by the heme
pocket in the same manner. Two ketoconazole molecules were
bound simultaneously by the CYP3A4 heme region (model
B). Progesterone located in the peripheral region of the heme
pocket (model D) and the distance from the 5-membered ring
to the heme center was 18 angstroms. The amino acid
deletions were shown in these CYP3A4 X-ray data sets and
complemented the structures constructed using molecular
modeling techniques based on the registered CYP3A4

sequence data (GenomeNet 1576) (Figure 2). From the
molecular analysis of the modeled structures of 2J0D (model
A), 2J0C (model B) and 1W0G (model C) CYP3A4
molecules, three parts (G48-C58, L211-S222, L477-P485) in
these molecules were checked as ligand-accessible regions
and were located around the heme pocket (underlined in
Figure 2). In the complemented 1W0F molecule (model D),
four ligand-accessible helix and loop parts (G48-C58, L211-
S222, I232-P242, L477-P485) were observed. These ligand-
accessible regions (region 1: G48-C58, 2: L211-S222, 3: L477-
P485) of models A, B, and C are shown as ribbons in Figure
3. Their dipole moment values are summarized in Table I. 

In model A, the dipole moment of region 1 was 18.990
debye and directed upward, perpendicular to the surface of
the model. The moments of regions 2 and 3 were 20.235 and
8.632 debye, respectively, and directed downward,
perpendicular to the surface of the model. The three
moments of models B and C were directed in the same
manner as model A and their values were 9.592-20.799
(model B) and 11.811-19.890 (model C) debye, respectively.
Progesterone-bound model D had four ligand-accessible
regions and the dipole moments were 12.576-19.415 debye.
In model D, the moment directions of regions 1 and 3 were
the same as those of models A-C. Region 2 showed a
different moment direction from that of models A-C and was
directed upward, perpendicular to the surface of the model.
Region 4 was directed the same way as model D region 2.
In models A-C, three ligand-accessible regions were located
around the ligand and they were able to cover the heme
pocket (Figure 3). Each ligand was located above the heme
center (H). In model D, region 2 and region 4 sandwiched
the progesterone molecule. The stereo-hydrophobic
parameter (dGW: a lower value indicates higher
hydrophobicity) of these ligand-accessible regions is shown
in Table I. In each model, the hydrophobicity order was
region 2 > region 1 > region 3. Region 4 of model D had a
lower dGW value than that of region 3. 
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Figure 1. The heme pocket of CYP3A4. Each model involved erythromycin (E: model A), ketoconazole (K1, K2: model B), metyrapone (M: model C),
or progesterone (P: model D). H: heme.
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Figure 2. Amino acid sequences of CYP3A4 (model A-D) and CYP2C5 (model E). Model A, B, C, D, E were complemented models of 2J0D, 2J0C, 1W0G,
1W0F, 1NR6 X-ray data sets, respectively. Boxes and underlines were the complemented and ligand-accessible regions of each CYP model, respectively. 



Molecular features of CYP3A4s and ligands. The
nonbinding energy of erythromycin to CYP3A4 (model A)
was –33.201 kcal/mol (Table II). Two ketoconazole
molecules interact with the CYP3A4 heme pocket; the
nonbinding energy was –43.784 kcal/mol. The energy of
ketoconazole 2 (–9.817 kcal/mol), which was located far
from the heme center, was larger than that of ketoconazole
1 (–33.967 kcal/mol). The intermolecular energy of

metyrapone with the CYP3A4 model was 41.750 kcal/mol.
Progesterone interacted with CYP3A4 at –9.634 kcal/mol.
In the erythromycin-associated CYP3A4 molecule, the
positive electrostatic field (+1.0 kT/e) extended and
wrapped onto the heme (model A in Figure 4). In other
ligand (ketoconazoles, metyrapone, progesterone)-involved
CYP3A4 molecules, the positive fields distributed over the
CYP3A4 molecule as well as model A (Figure 4). All the
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Figure 3. Ligand-accessible regions of CYP3A4. Sequences of regions 1-4 are shown in Figure 2. Dipole moment directions of these regions are
shown as arrows. H: heme. 



ligand-accessible regions (regions 1-3 in models A-D, and
region 4 in model D, Figure 3) were occupied by positive
potential fields. 

The 439 erythromycin conformers were obtained by
conformational analysis and their energy profiles (65.196-
89.702 kcal/mol) are shown in Figure 5 (open circles). The
solvation free energies (dGWs) of erythromycin conformers
were –154.174 to –100.292 kJ, and no minimum dGW point
was observed (closed circles in Figure 5). Ketoconazole had
190 conformers (14.518-25.451 kcal/mol) and their dGW
profile (–143.545 to –125.100 kJ) indicated no minimum
point as seen with erythromycin. Metyrapone and
progesterone had 16 (–2.711 to 0.993 kcal/mol) and 12

(40.420-54.963 kcal/mol) conformers, respectively.
Metyrapone had one minimum dGW area (conformer No. 9-
12), while progesterone did not have a minimum dGW point. 

Molecular profile of other CYPs. CYP2C5 bound to diclofenac
sodium at the heme pocket (1NR6), and three ligand-accessible
regions (region 1: S182-G191, 2: G277-S282, 3: V451-S457) were
detected (underlined, Figure 2). These regions surrounded the
entrance of the heme pocket and their dipole moments were
25.524 (region 1), 19.199 (region 2), and 4.351 debye (region
3), respectively (model E, Table I). Region 1 was directed
downward, perpendicular to the surface of the model while
region 2 was directed upward right, perpendicular to the
surface of the model (model E, Figure 6). Region 3 had a
different moment direction from the others, being directed
backward, perpendicular to the surface of the model. The order
of their solvation free energies were –426.261 (region 1)
<–267.268 (region 2) <–254.711 (region 3) kJ, and region 1
was the most hydrophobic (Table I). In the CYP2C5 molecule,
the positive electrostatic field (+1.0 kT/e) extended and
covered the heme (data not show) in the same manner as in
CYP3A4. The ligand, diclofenac sodium, had 37 conformers
(16.118-22.726 kcal/mol) (left panel in Figure 7). The dGW
profile of these conformers are shown as the right-hand panel
in Figure 7 and one minimum dGW area (conformer no. 13-
23) was detected. The nonbinding energy between diclofenac
sodium and CYP2C5 was 23.035 kcal/mol (Table II). 
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Table I. Dipole moments (DM) and hydrophobicities (dGW) of ligand-
accessible regions. Each model bound to erythromycin (model A),
ketoconazole (model B), metyrapone (model C) and progesterone
(model D), respectively (Figure 3). Model E: CYP2C5 (Figure 6).

Model Regions DM (debye) dGW (kJ)

A 1: G48-C58 18.990 –508.353
2: L211-S222 20.235 –621.918
3: L477-P485 8.632 –361.655

B 1: G48-C58 20.799 –446.019
2: L211-S222 19.630 –529.454
3: L477-P485 9.592 –369.739

C 1: G48-C58 19.890 –457.289
2: L211-S222 15.043 –514.236
3: L477-P485 11.811 –385.183

D 1: G48-C58 19.415 –450.925
2: L211-S222 17.965 –533.495
3: L477-P485 12.576 –371.003
4: I232-P242 15.525 –425.968

E 1: S182-G191 25.524 –426.261
2: G277-S282 19.199 –267.268
3: V451-S457 4.351 –254.711

Table II. Nonbinding energies between CYP3A4 and each ligand.

Ligand Nonbinding energy (kcal/mol)

Erythromycin –33.201
Ketoconazole 1 & 2* –43.784
Ketoconazole 1 –33.967
Ketoconazole 2 –9.817
Metyrapone 41.750
Progesterone –9.634
Diclofenac sodium** 23.035 

*Ketoconazole 1 located near heme, ketoconazole 2 was far from heme
center (model B in Figure 1). **Nonbinding energy between diclofenac
sodium and CYP2C5. 

Figure 4. Electrostatic potential field of CYP3A4 model A. Positive field
(cloud) spread all over the molecule. H: heme.



Discussion

The ligand-accessible volume of CYP3A4 was estimated as
520 angstrom3 (22) and was smaller than that of CYP2C9
(670 angstrom3) (4). The CYP3A4 molecule reacts with a
wide range of drugs compared with other CYPs. In the
interaction between the CYP molecule and small or large
substrates, the distribution pattern of hydrophobic regions,
such as the Phe-cluster region (9), seems to be an important
factor, as well as the active site volume. The hydrophobicity
of ligand accessible regions 1-4 of the CYP3A4 molecule
were analyzed using stereo-hydrophobic parameter dGW and
their values were –621.918 to –361.655 kJ. The degree of their
hydrophobicity was wide ranging and it seems to be possible
for them to interact with various types of ligands. The dipole
moments of these ligand-accessible regions focused outward
and was able to interact with external compounds. Amino acid
sequences were partially deleted in CYP3A4 X-ray data sets
and one of the deleted sequences involved a ligand-accessible
region (2J0D region 1 in Figure 2). In general, for the regions
that change molecular structure dynamically, the electron
density is imprecise and it is not possible to determine the X-
ray structure. The ligand-accessible regions which were
assigned in this study seem to undergo dynamic structural
changes during interaction with ligands. These ligand-
accessible regions seem to be participating in the regulation
of the heme pocket size thus allowing the CYP molecule to
interact with various sizes of drugs with different structures.
The positive electrostatic potential fields of CYP3A4s (models

A-D) extended around the molecule and there was no
significant deviation in the distribution pattern. These
CYP3A4 models could react with various types of ligand. 
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Figure 5. Conformation analysis of ligands. The energy profiles of ligand conformers are shown in the upper panel (open circles) for each ligand
(erythromycin, ketoconazole, metyrapone, progesterone). Solvation free energy (dGW) profiles of ligand conformers are shown lower panel (closed circles). 

Figure 6. Ligand-accessible region of CYP2C5. Regions 1-3 are shown
in Figure 2. Dipole moment directions are shown as arrows. H: heme.



CYP3A4 ligands including erythromycin, ketoconazole,
metyrapone and progesterone were analyzed, and 12
(progesterone) to 439 (erythromycin) conformers were
detected. The dGW value range of these ligands was
–154.174 (erythromycin) to –66.183 (progesterone) kJ. Both
in the conformation search and the dGW analysis, if the
ligand had a disunited conformation-dGW pattern, as seen for
erythromycin (Figure 5), one or more conformers can take a
convenient structure for the interaction with CYP molecule.
Although metyrapone showed one minimum dGW area, its
dGW range (–75.264 to –69.736 kJ) was comparatively
narrow such that this minimum dGW area should not be a
typical minimum point. The space volume of metyrapone was
presumed to 230 angstrom3 (9), which is smaller than that of
the CYP3A4 heme pocket (520 angstrom3) and was a fully
settled size. Progesterone was bound at a peripheral region of
the heme pocket in model D (Figure 1), this region seems to
be a substrate recognition site and the bound ligand might be
transported to the active heme center. It is conceivable that a
structural change of the substrate (e.g. progesterone) can take
place during ligand transportation to the active site (e.g. heme
center). Thirty-seven conformers were obtained in the
structural analysis of CYP2C5-bound diclofenac sodium and
one minimum dGW area was observed. This dGW range was
–719.692 to –348.145 and was wider than those of the
CYP3A4 ligands. The CYP2C5 ligand showed different
characteristics from the CYP3A4 ligands.

Currently, analysis of CYP interactive ligand features in
various CYP isoforms are well advanced. Nonbinding
energies between complemented CYP3A4 and the ligands
were all different (–43.784 to 41.750 kcal/mol). In this way,
CYP3A4 could trap the ligands regardless of the ligand-

binding intensity and this property should be an advantage
for the metabolization of various substrates. The solvent
accessible volume of the CYP3A4 active site was estimated
as 950 angstrom3 (22), and this volume increased to 1650
and 2000 angstrom3 (15) upon binding ketoconazole and
erythromycin, respectively. The molecular volume and
structural changes of the CYP heme pocket during ligand
modification require further examination. 

The ligand accessible regions were detected in ligand-
bound CYP3A4 and these regions constructed the heme
pocket. The heme pocket of CYP3A4 is very flexible and is
able to interact with various ligands, because the ligand
accessible regions change their structure dramatically and
counter various ligand molecules. 
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