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Abstract: Cytochrome P450 (CYP) 3A4 is responsible for the oxidative degradation of more than 50% of
clinically used drugs. By means of molecular dynamics simulations with the newly developed force field
parameters for the heme-thiolate group and its dioxygen adduct, we examine the differences in structural
and dynamic properties between CYP3A4 in the resting form and its complexes with the substrate
progesterone and the inhibitor metyrapone. The results indicate that the broad substrate specificity of
CYP3A4 stems from the malleability of a loop (residues 211-218) that resides in the vicinity of the channel
connecting the active site and bulk solvent. However, the high-amplitude motion of the flexible loop is
found to be damped out upon binding of the inhibitor or the substrate in the active site. In the resting form
of CYP3A4, a structural water molecule is bound to the sixth coordination position of the heme iron, stabilizing
the octahedral coordination geometry. In addition to the direct coordination of metyrapone to the heme
iron, the hydrogen bond interaction between the inhibitor carbonyl group and the side chain of Ser119 also
contributes significantly to stabilizing the CYP3A4-metyrapone complex. On the other hand, progesterone
is stabilized in the active site by the formation of two hydrogen bonds with Ser119 and Arg106, as well as
by the van der Waals interactions with the heme and hydrophobic residues. The structural and dynamic
features of the CYP3A4-progesterone complex indicate that the oxidative degradation of progesterone
occurs through hydroxylation at the C16 position by the reactive oxygen coordinated to the heme iron.

Introduction

Cytochromes P450 (CYPs) are a class of heme-thiolate
enzymes and represent the major catalysts for the oxidative
degradation of a wide range of endogenous compounds, drugs,
and other xenobiotics, such as pollutants and environmental
chemicals. The microsomal membrane-associated CYP isoforms
include CYP3A4, CYP2D6, CYP2C9, CYP2C19, CYP2E1, and
CYP1A2, which account for the oxidation of approximately 90%
of drugs currently on the market. Among the various isoforms,
CYP3A4 is the most abundant one in human liver microsomes,
constituting 30% of the total population for CYPs. CYP3A4 is
also known to have a broad substrate specificity and metabolize
more than 50% of clinically used drugs.1,2 Because both low
clearance and oral bioavailability of a drug candidate depend
on its ability to withstand the degradation by metabolizing
enzymes, the stability toward CYP3A4 is one of the most
important properties that have to be measured and estimated in
the early stage of drug discovery.3,4

CYP3A4 shows atypical kinetic behavior5,6 toward a number
of substrates, including amitriptyline,7 caffeine,8 carbamazepine,9

progesterone,10 and diazepam.11 These substrates yield a sig-
moidal V versus S plot, indicative of positive homotropic
cooperativity. In contrast, effectors such asR-naphthoflavone10,12

and testosterone9 cause the stimulation of CYP3A4 toward some
substrates, which is referred to as heterotropic cooperativity.13-15

In the absence of X-ray crystal structure, homology modeling
and site-directed mutagenesis studies were carried out to
investigate the structural features relevant to the broad substrate
specificity of CYP3A4.16-20 It was suggested that the cooper-
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ativity in the reaction mechanism of CYP3A4 could be attributed
either to the ability of the extensive active site to accommodate
more than one substrate molecule simultaneously or to the
existence of functionally distinct conformers. Along with the
mechanistic studies, a number of structurally diverse inhibitors
of CYP3A4 have been discovered.21-27 Now it is common
practice in drug discovery to screen chemicals that possess
inhibitory activity against CYP3A4-mediated metabolism.

Recently, Williams et al. reported X-ray crystal structures of
CYP3A4 with low-spin ferric heme in the resting form and its
two complexes with the inhibitor metyrapone and the substrate
progesterone.28 CYP3A4 reveals a fold similar to that of the
CYP superfamily, which has the heme group in the active site
and comprises a smallâ-strand N-terminal and a largerR-helical
C-terminal domains.29-31 The heme iron is ligated by the side
chain thiolate group of the conserved cystein residue (Cys442).
However, the structure of CYP3A4 differs from the other CYPs
in that it has a hydrophobic region (residues 36-50) around a
loop in the N-terminal domain. Another unexpected structural
feature of CYP3A4 is the short helix (F helix) consisting of
residues 203-210. CYP3A4 has a small active site, which
undergoes little conformational change in the presence of the
inhibitor or the substrate. The pyridinyl ring of the inhibitor
metyrapone interacts with heme through direct coordination to
the central heme iron. On the other hand, the substrate
progesterone is bound to a peripheral site near the Phe cluster
that lies above the active site with the aromatic side chains
stacking against each other to form a prominent hydrophobic
core. On the basis of this finding, Williams et al. proposed that
such a peripheral binding site may be involved in the recognition
of effector and substrate molecules.28 However, it remains
unclear if the substrate can be docked into the active site in an
orientation consistent with the oxidative degradation.

Complementary to a large amount of experimental work,
several theoretical studies on CYPs have also been reported to
address the catalytic mechanism and substrate specificity,32-36

to predict binding affinities of various ligands,37-39 and to

estimate the stabilities of drug-like molecules against CYP3A4-
mediated metabolism.40-42 In the present study, we examine
the dynamic properties of CYP3A4 in the resting form as
compared to those of its complexes with the inhibitor metyrapone
and the substrate progesterone (Figure 1) by means of solution-
phase molecular dynamics (MD) simulations. We focus our
interest on clarifying the roles of solvent dynamics and the loop
structures near the active site in the binding of the ligands and
in stabilizing the coordination structure of the heme iron. On
the basis of docking experiments and MD simulations, we
investigate the possibility of binding progesterone in the active
site of CYP3A4 and the structural features of the CYP3A4-
progesterone complex pertinent to the catalytic mechanism for
oxidative degradation of the substrate. Newly developed force
field parameters for the heme-thiolate group and its dioxygen
adduct are used in the simulations due to the lack of them in
the standard force field database. The detailed structural and
dynamic properties found in this comparative MD study of
CYP3A4 are expected to provide insight into ligand binding,
catalytic mechanisms, and estimating the metabolic stability for
a compound of a drug candidate.

Computational Methods

Force Field Design for the Heme-Thiolate Group and its
Dioxygen Adduct. The bonded approach proposed by Hoops et al.43

and Ryde44 was adopted to introduce explicit bonds between the central
heme iron and its ligand atoms. This choice was based on the earlier
computational finding that other nonbonded approaches had been
sensitive to the electrostatic model used, leading to an undesirable
coordination geometry at metal centers.45 To derive the associated force
field parameters that are unavailable in the standard force field database,
we followed the procedure suggested by Fox and Kollman46 to be
consistent with the standard AMBER force field.47 The equilibrium
bond lengths and bond angles involving the heme iron were taken from
the optimized structures of the heme-thiolate group and its dioxygen
adduct. These geometry optimizations were performed at the B3LYP/
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Figure 1. Molecular structures and numbering of (a) the substrate
progesterone and (b) the inhibitor metyrapone.
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6-31G* level of theory with the JAGUAR program48 on the model
system in which the methyl thiolate ion, CH3S-, was used to represent
Cys442 coordinated to the heme iron. For the force constant parameters
involving the heme iron, we used the values in Giammona’s earlier
work.49 Using energy-minimized structures, atomic partial charges were
derived at the RHF/6-31G* level of theory with the RESP method50,51

to be consistent with the standard AMBER force field. All of the
torsions involving the metal-ligand bonds were set to zero as in
Giammona’s work.49 Other missing force field parameters for heme
were estimated from similar chemical species in the AMBER force
field database. We derived the potential parameters for metyrapone and
progesterone by following the same procedure as those for the heme-
thiolate group, which involves geometry optimization and charge fitting
with the RESP method.

Docking Simulation.The binding mode of progesterone in the active
site of CYP3A4 was estimated by docking simulation with the
AutoDock 3.0.5 program. It combines a rapid energy evaluation through
the precalculated grids of affinity potentials with the Lamarckian genetic
algorithm to find suitable binding positions for a ligand on a protein
receptor.52 Although the protein structure has to be fixed, the program
allows torsional flexibility of a ligand. The coordinates of the protein
atoms were taken from the X-ray crystal structures (PDB entry: 1W0E,
1W0F, and 1W0G) reported by Williams et al.28 In this docking
simulation, we used the empirical scoring function that has the following
form:

whereWvdW, Whbond, Welec, Wtor, andWsol are weighting factors of van
der Waals, hydrogen bond, electrostatic interactions, torsional term,
and desolvation energy of inhibitors, respectively. The hydrogen bond
term has an additional weighting factor,E(t), representing the angle-
dependent directionality. A sigmoidal distance-dependent dielectric
function proposed by Mehler et al.53 was used in computing the
interatomic electrostatic interactions between CYP3A4 and its ligands.
In the desolvation term,Si andVi are the solvation parameter and the
fragmental volume of atomi,54 respectively. Of the conformations
obtained from 20 independent docking runs, those clustered together
have similar binding modes, differing by less than 1.0 Å in positional
root-mean-square deviation. The most stable configuration of the
protein-ligand complex was then selected for further analysis.

MD Simulations. MD simulations of CYP3A4 and its complexes
with metyrapone and progesterone were carried out using the SANDER
module of AMBER 755 with the newly developed force field parameters
for the heme-thiolate group in addition to those reported by Cornell
et al.47 As starting structures, we used X-ray structures for CYP3A4 in
the resting form, the CYP3A4-metyrapone complex, and the CYP3A4-
progesterone complex in which the substrate resides in the peripheral
binding site. For the CYP3A4-progesterone complex, in which the
substrate is bound in the active site, the most stable complex found in

the docking simulation was used as an input structure for subsequent
MD simulations. The coordinates of all missing residues in the original
X-ray structures were constructed from homology modeling using the
coordinates of P450BM3 as a structural template. Although CYP3A4
is a membrane-bound protein, it is known to also be active in various
aqueous solutions, and only water molecules were found on the surface
of CYP3A4 in the crystal structures.28 In addition, CYP3A4 displays
a sigmoidal substrate-velocity curve in membrane as in aqueous
solutions,56 indicating the similarity of the catalytic mechanisms in the
two different environments. From these experimental findings, we
believe that the dynamic properties of CYP3A4 obtained in solution
would not be very different from those in microsomal membrane.
Therefore, we selected water molecules as solvent in MD simulations
using the TIP3P57 model. The all-atom models for the unliganded and
liganded CYP3A4 were then immersed in rectangular boxes containing
about 20 000 TIP3P water molecules. The reasonableness of this
solvation model will be supported by the fact that both the conformation
of CYP3A4 and the motions of its ligands in the binding sites are
maintained stable during the entire course of simulation. After 1000
cycles of energy minimization to remove the bad steric contacts, we
equilibrated the systems beginning with 20 ps equilibration dynamics
of the solvent molecules at 300 K. The next step involved the
equilibration of the solute with a fixed configuration of the solvent
molecules consecutively at 10, 50, 100, 150, 200, 250, and 300 K for
10 ps at each temperature. Then, the equilibration dynamics of the entire
system was performed at 300 K for 100 ps. Following the equilibration
procedure, 1.8 ns MD simulations were carried out with periodic
boundary conditions in the NPT ensemble. The temperature and pressure
were kept at 300 K and 1 atm using Berendsen temperature coupling58

and isotropic molecule-based scaling, respectively. The SHAKE
algorithm,59 with a tolerance of 10-6, was applied to fix all bond lengths
involving a hydrogen atom. We used a time step of 1.5 fs and a nonbond
interaction cutoff radius of 12 Å; the trajectory was sampled every
0.15 ps (100 step intervals).

Results and Discussion

Force Field Parametrization of the Heme-Thiolate Group.
To extend the AMBER force field for modeling the heme-
thiolate group in CYP3A4 and its dioxygen adduct, we used
the standard procedure to derive the potential parameters for
metalloproteins. The method involves geometry optimization
of the two groups at the B3LYP/6-31G* level of theory. Here,
we assumed low-spin (doublet) ferric and low-spin (singlet)
ferrous heme iron for the heme-thiolate group and for its
dioxygen adduct, respectively. These choices were based on the
crystallization conditions for the X-ray structures of CYP3A4
in the resting form28 and for the dioxygen adduct of P450cam60

from which the input structures for the calculations were
extracted. Figure 2 displays the two structures of local energy
minima. In the absence of dioxygen, the heme iron reveals a
distorted square pyramidal coordination with respect to four
pyrrole moieties of the protoporphyrin IX ligand and the thiolate
group of Cys442, which is consistent with its coordination
pattern in the crystal structure. The dioxygen molecule is
stabilized at the sixth coordination position of the heme iron,

(48) Ringnalda, M. N.Jaguar; Schroedinger Inc.: Portland, OR, 1997.
(49) Giammona, D. A. Ph.D. Thesis, University of California, Davis, 1984.
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11, 431-439.
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1993, 97, 10269-10280.
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1993, 10, 97-120.
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1201.
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M. L. J. Chem. Phys.1983, 79, 926-935.
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Haak, J. R.J. Chem. Phys.1984, 81, 3684-3690.
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327-341.
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287, 1615-1622.

∆Gbind
aq ) WvdW∑

i
∑

j ( Aij

rij
12

-
Bij

rij
6) +

Whbond∑
i
∑

j

E(t)( Cij

rij
12

-
Dij

rij
10) + Welec∑

i
∑

j

qiqj

εrij

+ WtorNtor +

Wsol∑
i
∑

j

(SiVj + SjVi) exp(-rij
2/2σ2) (1)

A R T I C L E S Park et al.

13636 J. AM. CHEM. SOC. 9 VOL. 127, NO. 39, 2005



as in the crystal structure, to form an octahedral coordination
for the heme iron. Interatomic distances associated with the
heme iron compare reasonably well with those in the crystal
structures with a difference of 0.04 Å on average.

Table 1 lists the calculated RESP atomic charges of the central
heme iron and its ligand atoms in the optimized structures of
the heme-thiolate group and its dioxygen adduct. We note that
the atomic charge of the heme iron decreases from+3.000 to
+1.198 e in the heme-thiolate group, and from+2.000 to
+0.794 e in its dioxygen adduct. On the other hand, the atomic
charges of ligand atoms become less negative by 0.083-0.161
e for the nitrogen atoms of the protoporphyrin IX ligand, and
by 0.339-0.448 e for the thiolate group as compared to those
in the absence of the heme iron. These changes reflect the
redistribution of charges between the heme iron and its ligand
atoms upon formation of the metal complexes. It is noteworthy
that the first (O1) and the second (O2) oxygen atoms of the
dioxygen molecule bound to the heme iron have negative
charges of-0.131 and -0.164 e, respectively, which is
consistent with the earlier computational results reported by
Scherlis et al.61 This result indicates that a significant amount
of electron density is transferred from the heme iron to the
oxygen molecule, exemplifying the metal-to-π* back-donation.
We used these newly obtained atomic charges in MD simula-
tions of unliganded and liganded CYP3A4 because it is well-
attested that the “Mn+” model for a metal ion is inadequate for
maintaining the actual coordination geometry observed in the
active sites of metalloenzymes.44,45

Docking Simulations of Metyrapone and Progesterone.To
estimate the accuracy of the AutoDock program in predicting
the binding modes of the ligands to CYP3A4, we examined
the reproducibility of the bound conformations in the X-ray

crystal structures for metyrapone in the active site and for
progesterone in the peripheral binding site. As shown in Table
2, the root-mean-square deviation (RMSD) between the bound
conformation in the X-ray structure and the most stable
conformation generated with AutoDock falls under 1.1 Å in
both cases. These validation results indicate that the binding
mode of progesterone in the CYP3A4 active site can be
estimated from the docking simulation with AutoDock, and the
resulting lowest-energy CYP3A4-progesterone complex may
be a reasonable choice as a starting point for probing dynamic
properties of the enzyme-substrate complex.

Prior to the docking simulation of the substrate progesterone
in the active site of CYP3A4, the dioxygen molecule was placed
at the sixth coordination position of the heme iron according to
the coordination structure in the dioxygen adduct of P450cam.
The analysis of the binding mode and binding free energy for
progesterone in the oxygen-bound CYP3A4 is believed to
provide insight into the mechanistic features of its oxidative
degradation in the active site of CYP3A4. Figure 3 shows the
lowest-energy AutoDock conformation and binding free energy
of progesterone in the dioxygen adduct of CYP3A4. It is seen
that progesterone is docked in the active site with a binding
free energy of-17.9 kcal/mol in the same conformation as in
the peripheral binding site observed in the X-ray crystal
structure. This binding free energy in the active site is predicted
to be 3.4 kcal/mol lower than that in the peripheral binding site
(Table 2). This difference indicates that the catalytic mechanism
of CYP3A4 would involve the initial recognition of progesterone
in the peripheral binding site and its movement to the active
site, in which an extra stabilization can be attained. In the
CYP3A4-progesterone complex with dioxygen, the 3-carbonyl
oxygen (O3) of progesterone is directed to the backbone group
of Arg106 while the 20-keto group points toward Ala305. The
steroid ring of progesterone forms van der Waals contacts with
the heme group as well as with the side chains of Arg105,
Phe108, Ile120, Ile301, and Phe304.

However, it has been suggested that the oxygen molecule
replaces a water ligand at the sixth coordination position of the
heme iron after progesterone binds to the active site.32 Therefore,
we also carried out docking simulation of progesterone in the
active site with a water molecule bound to the heme iron. The
calculated binding energy is-17.5 kcal/mol, which is 0.4 kcal/
mol less favorable than the result obtained with dioxygen in
the active site. This seems to support the possibility of the ligand
exchange at the heme iron upon substrate binding.

Dynamic Properties of Unliganded and Liganded CYP3A4.
Shown in Figure 4 are time evolutions of the root-mean-square
deviations from initial structures (RMSDinit) for all CR atoms
of CYP3A4 in comparison with those for all heavy atoms of
the ligands. In both bound and unbound simulations, the(61) Scherlis, D.; Estrin, D. A.J. Am. Chem. Soc.2001, 123, 8436-8437.

Figure 2. B3LYP/6-31G* optimized structures of (a) the heme-thiolate
group and (b) its dioxygen adduct. The internuclear distances between the
central heme iron and its ligand atoms are given in angstroms. All hydrogen
atoms and side chain groups of heme are omitted for simplicity.

Table 1. Calculated RESP Charges (in e) of the Heme Iron and
Its Ligand Atoms in the Heme-Thiolate Group and Its Dioxygen
Adducta

Heme−Thiolate Dioxygen Adduct of Heme−Thiolate

atoms RESP charges atoms RESP charges

Fe 1.198 (3.000) Fe 0.794 (2.000)
Heme NA -0.283 (-0.414) Heme NA -0.322 (-0.414)
Heme NB -0.285 (-0.409) Heme NB -0.326 (-0.409)
Heme NC -0.279 (-0.412) Heme NC -0.322 (-0.412)
Heme ND -0.282 (-0.411) Heme ND -0.319 (-0.411)
Cys442 SG -0.311 (-0.736) Cys442 SG -0.397 (-0.736)

O1 -0.131 (0.000)
O2 -0.164 (0.000)

a Numbers in parentheses indicate the atomic charges before the formation
of a metal complex.

Table 2. Validation Results for AutoDock 3.0.5 in the Prediction of
Binding Modes in the Two X-ray Structures of CYP3A4-Ligand
Complexes, Together with the Binding Energies Calculated with
Equation 1a

PDB code
RMSD of top

score (Å)
binding energy

(kcal/mol)

1W0F 0.73 -14.5
1W0G 1.09 -14.2

a 1W0F and 1W0G correspond to CYP3A4-progesterone and CYP3A4-
metyrapone complexes, respectively.
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RMSDinit values of CYP3A4 remain within 2.5 Å for 1.8 ns of
simulation time. This indicates that the conformation of
CYP3A4 is maintained stable irrespective of ligand binding,
which is consistent with the stability of the overall protein

structure toward ligand binding as revealed by X-ray crystal-
lographic data.28 It is interesting to note that, for bound
simulations, the RMSDinit values of ligands are lower than those
of CYP3A4 CR atoms during the entire course of the simulation.

Figure 3. Binding mode of progesterone in the active site of CYP3A4. Carbon atoms of heme, progesterone, and active site residues are shown in cyan,
green, and magenta, respectively. Indicated in yellow are F and F′ helices and the flexible loop (residues 211-218) connecting the two helices.

Figure 4. Time dependences of root-mean-square deviations from the initial structures (RMSDinit) for (a) CYP3A4 in the resting form, (b) CYP3A4-
metyrapone complex, (c) CYP3A4-progesterone complex in the peripheral binding site, and (d) CYP3A4-progesterone complex in the active site.
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Therefore, the movement of the ligands seems to be insignificant
when compared to the conformational change of the protein,
which is not surprising for a small size of the two binding sites.

To examine the change in dynamic flexibilities of the different
regions of protein structure due to ligand binding, B-factors for
the CR atoms (Bi) of unliganded and liganded CYP3A4 were
calculated using the following relationship:

where 〈∆ri〉 is the rms atomic fluctuation of the CR atom of
residue i. As shown in Figure 5, the overallBi values of
unliganded CYP3A4 are similar to those of the liganded ones,
implying that the ligand binding has little effect on the flexibility
of protein conformation in solution. However, we note that
several residues show a significant change inBi values in the
presence of the inhibitor metyrapone and the substrate proges-
terone. TheBi values for the unliganded and the liganded
CYP3A4 show a major peak in the region of residues 282-
289, which is consistent with the absence of electron density at
those residues in the X-ray crystal structures. A major peak is
also observed for the ligand-free CYP3A4 in the region of
residues 214-216 that are the components of the loop con-
necting F and F′ helices around the active site (Figure 3).
Considering the proximity of the flexible loop to a channel
running from bulk solvent to the active site, it can be argued
that the high-amplitude motion of the flexible loop should be
responsible for the broad substrate specificity of CYP3A4.
However, binding of the inhibitor metyrapone and the substrate
progesterone in the active site reduces theBi value for Phe215
by 204.0 and 245.0 Å2, respectively, suggesting that the motions
of the highly flexible residues are restricted by binding of the
ligands in the active site. The binding of progesterone in the
peripheral binding site also seems to have an effect of lowering
the motional amplitude of the flexible loop, which can be
inferred from of the decrease in the calculatedBi values for
Phe215 by 142.8 Å2.

Structural Features of Unliganded and Liganded CYP3A4
in Solution. In the previous X-ray crystal structures of CYP3A4,
no ordered water molecule was found in the active site, although
it is expected that a low-spin ferric heme iron should have an
additional axial ligand at the sixth coordination position.28 In
the present solution-phase MD simulation, however, a structural
water molecule (Wat8217) that comes from bulk solvent is
coordinated to the heme iron along a line perpendicular to the

heme plane. As shown in Figure 6, the backbone aminocarbonyl
group of Ala305 and an additional solvent molecule form a
hydrogen bond with the structural water molecule, playing a
role in positioning the axial water ligand around the heme iron
in the active site. In contrast to the structural stability of the
hydrogen bond between Wat8217 and Ala305, a rapid exchange
is observed for the solvent molecule that acts as a hydrogen
bond acceptor with respect to the structural water molecule. This
indicates that complex solvent dynamics would be involved in
maintaining the coordination geometry of the heme iron, which
may be an explanation for the necessity of the channel
connecting the active site and bulk solvent in the structure of
CYP3A4.

Displayed in Figure 7 are the time evolutions of the
internuclear distances associated with the interactions of the
structural water molecule with the heme iron and with Ala305.
It is noted that the distance between the water ligand and the
heme iron remains around 2 Å during the entire course of
simulation with the time average of 1.96 Å. Judging from such
a dynamic stability, we determined that the coordination
structure of the heme iron is stabilized by the ligation of a
structural water molecule, which is also believed to participate
in the catalytic mechanism of CYP3A4. Related to the role of
a water molecule in the enzymatic reaction, it was proposed
that a water ligand would be involved in the spin-state
conversion of the heme iron and in the proton-transfer cascade
that leads to heterolytic bond scission of oxygen.62

As can be seen in Figure 7, the hydrogen bond established
between the backbone aminocarbonyl oxygen of Ala305 and
the water ligand also exhibits a dynamic stability: it is
maintained for 90% of simulation time, if the distance limit for
the O‚‚‚H hydrogen bond is assumed to be 2.2 Å as suggested
by Jeffrey.63 This result confirms the role of Ala305 in
stabilizing the water ligand at the sixth coordination position
of the heme iron. Indeed, the significant role of Ala305 in
structure and function of CYP3A4 was well-attested in mu-
tagenesis studies, which showed that the replacement of the
amino acid residue at position 305 led to impaired catalytic
activity.64,65 Despite the overall dynamic stability of the
hydrogen bond, we see that the two hydrogen atoms of the water
ligand exchange their respective spatial positions to interact with
the aminocarbonyl oxygen of Ala305 and another solvent
molecule in an alternative manner. This is related to the dynamic
replacement of the second water molecule that forms a hydrogen
bond with the axial water ligand, further supporting the
involvement of complex solvent dynamics in stabilizing the
coordination geometry of the heme iron in the active site.

Figure 8 shows a representative MD trajectory snapshot of
CYP3A4 complexed with metyrapone in solution. As in the
X-ray crystal structure, one pyrimidinyl nitrogen (N14 in Figure
1) is coordinated to the heme iron as the sixth ligand, while the
other (N1) is directed toward the side chain of Arg105. The
pyrimidinyl ring and two methyl groups of the inhibitor form a
stable van der Waals contact with the side chains of Ile301,

(62) Haines, D. C.; Tomchick, D. R.; Machius, M.; Peterson, J.Biochemistry
2001, 40, 13456-13465.

(63) Jeffrey, G. A.An Introduction to Hydrogen Bonding; Oxford University
Press: Oxford, 1997.

(64) Domanski, T. L.; He, Y.-A.; Khan, K. K.; Roussel, F.; Wang, Q.; Halpert,
J. R.Biochemistry2001, 40, 10150-10160.

(65) Fowler, S. M.; Riley, R. J.; Pritchard, M. P.; Sutcliffe, M. J.; Friedberg,
T.; Wolf, C. R. Biochemistry2000, 39, 4406-4414.

Figure 5. Calculated B-factors of the CR atoms for ligand-free CYP3A4
(black), CYP3A4-metyrapone complex (red), CYP3A4-progesterone
complex in the peripheral binding site (blue), and CYP3A4-progesterone
complex in the active site (green).
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Phe304, Ala305, Thr309, and heme, which has an effect of
maintaining the ligation of N14 to the heme iron. Despite the
residence of the inhibitor at the sixth coordination position, a
few solvent molecules are also found around the heme iron to
interact with the hydrophilic groups in the active site. This is a
structural feature inconsistent with the X-ray crystal structure
of the CYP3A4-metyrapone complex, in which no water
molecules were found within the distance of 10 Å from the
heme iron, although the inhibitor occupies a small portion of
the active site volume and leaves sufficient space for additional
molecules to get into the active site. Such a discrepancy can be
attributed to the fact that the access of water molecules to the
active site may depend on the crystallization procedure. It can
also be argued that, as already indicated by Williams et al., the
analysis of electron density at the active site was not accurate
enough to detect all water molecules in the asymmetric unit.
The solution-phase structure found in this MD study also differs
from the crystal structure in that the inhibitor carbonyl group
forms a hydrogen bond with the side chain of Ser119. This
newly observed hydrogen bond can be related with the high
inhibitory activity of metyrapone against the CYP enzymes.66

As an estimation of dynamic stabilities for the coordination
of metyrapone to the heme iron and for the hydrogen bond
between the inhibitor and Ser119, we have calculated time
evolutions of the associated interatomic distances, and the results
are plotted in Figure 9. It is noted that the distance between the
heme iron and N14 falls under 2.5 Å for 92% of simulation
time with the time average of 2.32 Å, comparing well with the
coordination distance of 2.27 Å in the crystal structure. In the
initial stage of simulation, the hydroxyl moiety of Ser119 resides
at a distance of∼5 Å from the inhibitor carbonyl group as in
the crystal structure. However, a stable hydrogen bond is formed
between the two groups after 10 ps of simulation time and
maintained stable during the entire course of the simulation.
Judging from the observed dynamic stabilities, a direct coor-
dination to the heme iron and the formation of a hydrogen bond
with Ser119 seem to be the significant binding forces that
stabilize the CYP3A4-metyrapone complex in aqueous solu-
tion.

Figure 10 shows a representative MD trajectory snapshot for
progesterone bound in the active site of CYP3A4. One carbonyl
oxygen (O20) of progesterone forms a hydrogen bond with the
side chain hydroxyl group of Ser119, while the other (O3) points
toward the backbone aminocarbonyl group of Arg106. The
terminal methyl group of progesterone is stabilized through
hydrophobic interactions with the side chains of Phe304 and
Ala305, further supporting a role of the latter in the oxidative
degradation of progesterone by CYP3A4.64,65 The steroid
backbone of progesterone forms a stable van der Waals contact
with the side chains of Arg105, Phe108, Phe215, and heme,
with its five-membered ring being directed to the dioxygen
molecule coordinated to the heme iron. The side chain of Ala370
resides in the vicinity of the steroid backbone at a distance of
4-5 Å, also playing a role in the stabilization of progesterone
in the active site of CYP3A4. This is a structural feature
consistent with the previous mutagenesis study, in which a
mutation at residue 370 led to a substantial decrease in the rate

(66) Rossi, M.J. Med. Chem.1983, 26, 1246-1252.

Figure 6. Representative MD trajectory snapshot of CYP3A4 in the resting form, including the solvent molecules found near the active site. The heme iron
is represented by a pink ball. Each dotted line indicates a hydrogen bond.

Figure 7. Time evolutions of the internuclear distances associated with
water ligation to the heme iron (red) and the hydrogen bond between the
water ligand and the backbone of Ala305 (blue).
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of CYP3A4-catalyzed hydroxylation of progesterone.20 In
contrast to the CYP3A4-metyrapone complex, no water
molecules are found around the heme iron in the active site,
which is not surprising for the increased molecular size and
hydrophobicity of progesterone as compared to that of metyrapone
and the presence of dioxygen at the sixth coordination position.
However, a hydrogen bond network of several solvent molecules
resides in the proximity of the substrate at the entrance of the
active site, supporting the possibility that water molecules would
be involved in the catalytic reaction. In this regard, it was
proposed that the ordered water molecules around the active
site should act as proton donors in the oxidative degradation of
the substrates by CYPs.60

Figure 11 shows time dependences of the internuclear
distances associated with the interactions of progesterone in the
active site of CYP3A4. It is noted that the distance between
one carbonyl oxygen of progesterone (O20) and the side chain
hydroxyl group of Ser119 remains within 2.2 Å during the entire
course of the simulation. Judging from such a dynamic stability

of the hydrogen bonds observed in both CYP3A3-metyrapone
and CYP3A4-progesterone complexes, we observe that the
formation of a stable hydrogen bond with Ser119 seems to be
a significant binding force that stabilizes the inhibitor and the
substrate in the active site of CYP3A4. Related with the catalytic
mechanism for the oxidative degradation of progesterone by
CYP3A4, it was proposed that the activated oxygen in the active
site abstracts hydrogen atoms at the C6 and C16 positions,20

leading to the formation of the final hydroxylated major
metabolite. In the structure of the CYP3A4-progesterone
complex in aqueous solution, we note that the C16 atom of
progesterone resides in the vicinity of the dioxygen molecule
coordinated to the heme iron. The associated interatomic
distance between C16 and the O1 atom of dioxygen is
maintained within 3-5 Å for 68% of the simulation time. Thus,
the structural and dynamic features of the CYP3A4-progest-
erone complex found in this solution-phase MD simulation
studies support the catalytic mechanism involving the hydroxy-
lation at the C16 position. In order for the mechanism involving
the oxidation at the C6 position to be supported, we should be
able to find a CYP3A4-progesterone complex in which the
O3 end of the substrate resides near the heme iron in the
calculations. Despite an extensive search of docking solutions
and MD trajectories, however, such a configuration is not
observed. Considering the fact that CYP3A4 may exist in
multiple conformations both in solutions and in microsomal
membranes,67 we believe that a binding mode of progesterone
supporting the hydroxylation at C6 could be found if the
simulations are carried out at much longer time scales than our
current computing power allows. Another possibility is that a
conformationally different X-ray structure of CYP3A4 might
be available in the future, from which the mechanism involving
the hydroxylation at C6 could be supported.

(67) Davydov, D. R.; Halpert, J. R.; Renaud, J. P.; Hui Bon Hoa, G.Biochem.
Biophys. Res. Commun.2003, 312, 121-130.

Figure 8. Representative MD trajectory snapshot for the CYP3A4-metyrapone complex, including the solvent molecules found near the active site. Carbon
atoms of active site residues, heme, and metyrapone are indicated in green, black, and cyan, respectively. Each dotted line indicates a hydrogen bond.

Figure 9. Time evolutions of the interatomic distances associated with
the ligation of metyrapone to the heme iron (blue) and the hydrogen bonding
of metyrapone with Ser119 (red).
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Conclusions

We have investigated the structural and dynamic properties
of ligand-free CYP3A4 and its complexes with the substrate
progesterone and the inhibitor metyrapone based on molecular
dynamics simulations with the newly developed force field
parameters for the heme-thiolate group and its dioxygen adduct.
The calculated dynamic properties indicate that the malleability
of the loop containing the residues 214-216 should be
responsible for the broad substrate specificity of CYP3A4. The
high-amplitude motion of the flexible loop is found to be
damped out in the presence of the inhibitor and the substrate in
the active site. A characteristic feature that discriminates the

structure of the active site in solution from that in the X-ray
crystal structure is the presence of a structural water molecule
from bulk solvent at the sixth coordination position of the heme
iron, forming a stable octahedral coordination geometry. A
significant dynamic stability is observed for the direct coordina-
tion of the structural water molecule and metyrapone to the heme
iron. A hydrogen bond between the side chain of Ser119 and a
carbonyl group is found to be a significant binding force that
stabilizes both the inhibitor and the substrate in the active site
of CYP3A4. The structural and dynamic features of the
CYP3A4-progesterone complex are consistent with the mech-
anism for the oxidative degradation of progesterone involving
the hydroxylation at the C16 position by the reactive oxygen
coordinated to the heme iron.
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Figure 10. Representative MD trajectory snapshot for the CYP3A4-progesterone complex, including the solvent molecules found near the active site.
Carbon atoms of active site residues, heme, and progesterone are indicated in green, black, and cyan, respectively. The dotted line indicates a hydrogen
bond.

Figure 11. Time evolutions of the interatomic distances between HG atom
of Ser119 and O20 atom of progesterone (red), and between O1 atom of
dioxygen and C16 atom of progesterone (blue). See Figures 1 and 10 for
identification of the atoms.
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