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Abstract—Human CYP3A4 catalyzes the 10,11-epoxidation of carbamazepine (CBZ). However, the epoxide is less stable in terms of
potential energy than hydroxides of the six-membered aromatic ring. To clarify the reason why CYP3A4 produces such an energet-
ically unfavorable compound, the mechanism of epoxidation of CBZ by CYP3A4 was investigated by theoretical calculations. The
reaction consisted of two elementary processes in which two C-O bonds were generated stepwise. The rate-determining step was the
first one and the activation energy was 21.3 kcal/mol at the DFT (B3LYP/6-31G™") level. The activation energy level of the first step
of the 10,11-epoxidation was lower than that of the hydroxylation of the aromatic ring. For this reason, 10,11-epoxidation is more
probable than hydroxylation of the aromatic ring, and only 10,11-epoxide is formed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Cytochrome P450 (CYP) exists in most living creatures,
including animals, plants and microorganisms, and
plays an important role in metabolism.!?> The enzymes
contribute to metabolism by oxygenating many kinds
of aromatic and aliphatic substrates, the so-called
monooxygenation reaction. The monooxygenation reac-
tion by CYP is initiated by substrate binding to ferric
P450 followed by spin state conversion.> When an elec-
tron (Ist e¢7) is introduced into the substrate-bound
P450, the heme iron is converted into the reduced form,
Fe?*, and then an O, molecule is incorporated in the
heme pocket. When another electron (2nd e7) is intro-
duced, the O, molecule becomes very reactive and the
substrate will be oxygenated by an insertion of one O
atom into the R—H bond.

There have been many experimental and theoretical
investigations of the monooxygenation mechanism by
CYP.'*> However, most theoretical investigations han-
dled the monooxygenation mechanisms by cytochrome
P450cam (CYP101) and other water-soluble CYPs pro-
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duced by microorganisms.®!® Recently, many experi-
mentally!'2? or theoretically determined structures?? 26
of mammalian microsomal CYPs have been provided,
and detailed structural study of these CYPs has become
possible. Furthermore, these structures are expected to
be utilized for the prediction of the metabolizing site
of a candidate for a novel drug by human CYPs.

We focused on human CYP3A4 in this study. Human
CYP3A4 is a major hepatic and intestinal enzyme and
is one of the most important enzymes for drug metabo-
lism.?” It oxidizes more than half of the medicines that
are metabolized by CYP, especially macrolides, steroids,
and anti-epilepsy medicines.?®? Thus, investigation of
the mechanism of drug metabolism by human CYP3A4
is important and will be helpful for the development of
various types of pharmaceutics in the future.

The enzyme metabolizes carbamazepine (CBZ), an anti-
epilepsy drug. The sole metabolite is 10,11-epoxide
(Scheme 1).28:39:31 However, the epoxide is less stable
in terms of potential energy than hydroxides of the
six-membered aromatic ring; that is, the epoxide has
about 20 kcal/mol larger potential energy than the
hydroxides (Table 1) whose energies were obtained by
the density functional theory (DFT) at the B3LYP/6-
31G™ level using the Gaussian 98 program package.’?
There are four metabolic pathways for CBZ; that is,
epoxidation of the 10,11 double bond of the azepine
ring, hydroxylation of six-membered aromatic rings, di-
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Scheme 1. Metabolic pathway of carbamazepine (CBZ) by CYP3A4. Numbering of atoms of CBZ is according to Ref. 31.

Table 1. Energy difference between 10,11-epoxide and hydroxides of
CBZ

Product Relative energy® (kcal/mol)
Epoxide 10,11 0.0

—18.56
—18.81
—18.74
—21.28
—24.43
—18.87
—18.62
—18.72

Oxidation site®

Hydroxide

O 0 N AW —

#See Scheme 1.
®These energies were obtained by geometry optimization at the
B3LYP/6-31G™ level.

rect N-glucuronidation at the carbamoyl group, and
substitution of the six-membered rings with sulfur-con-
taining groups.’> Though CYPs involve the former
two pathways, CYP3A4 catalyzes only epoxidation
against CBZ. Why does CYP3A4 produce an epoxide,
not a hydroxide? In this study, the mechanism of epox-
idation of CBZ by CYP3A4 was investigated by theoret-
ical calculations. We constructed models for calculation
and drew a potential energy profile of the epoxidation.
Our computational results elucidated the hydroxylation
mechanism and clarified the reason why the epoxidation
occurs easier than the hydroxylation.

2. Results

2.1. Energy-minimized structure of CYP3A4-CBZ
complex

The active site of the energy-minimized structure of
CYP3A4-CBZ complex is shown in Figure 1. An oxy-
gen atom at the distal ligand binding site of compound
I (O1) interacted with the epoxidation site of CBZ.
The distance between Ol and C10 atoms of CBZ was
3.39 A, which is shorter than that between O1 and
Cl11 atoms (4.00 A). The carbonyl oxygen atom of
Phe304 interacted with the nitrogen atom in the carbam-
oyl group of CBZ. This interaction was hydrogen bond;
that is, the distances between O atom of Phe304 and N
and H2 atoms of CBZ were 2.80 A and 1.84 A, respec-
tively. This result suggests that Phe304 is involved in
the epoxidation of CBZ by CYP3A4. To clarify the role

Figure 1. Active site of the enzyme—substrate (CBZ) complex structure
obtained by MM calculations. Numerals are inter-atomic distances in
A

of Phe304, the CBZ epoxidation mechanism in which
Phe304 is involved was investigated by using the DFT
method in the following.

2.2. CBZ epoxidation mechanism by CYP3A4

The model for the elucidation of the epoxidation mech-
anism was constructed as described in Section 5.2.1, and
DFT calculations in both the doublet and quartet states
were performed using the model.

2.2.1. Epoxidation in the doublet state. From the results
of MM calculation, Ol atom is likely to be bound to
C10 atom rather than CI1 atom because the C10-Ol
distance was shorter than the C11-O1 distance. The
C10-O1 bond formation mechanism was therefore
firstly examined. Changes in potential energy, structure,
and spin density distribution are shown in Figures 2(a)
and 3 and Tables 2 and 3, respectively. In the initial
structure (D1), Ol atom interacted with the epoxidation
site of CBZ: C10 and C11 atoms, at distances of 2.89 A
and 3.40 A, respectively. A carbonyl oxygen atom of
Phe304 (O) interacted with a carbamoyl nitrogen atom
of CBZ (NH) by a hydrogen bond (NH-O: 2.83 A,
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Figure 2. Potential energy changes in epoxidation of CBZ by CYP3A4
in the doublet state. (a) First step and (b) second step.

H2-0:1.97 A). Spin density of O1 atom was 0.62, which
suggested a character of a free radical.>* When the C10—
O1 distance was shortened, the potential energy in-
creased and a transition state (TS) structure appeared
(Fig. 3(D2)). The C10-O1 and C11-O1 distances short-
ened at 2.10 A and 2.78 A, respectively, whereas the Fe—
O1 distance lengthened from 1.61 A of the initial struc-
ture to 1.70 A. The C10—-C11 bond slightly lengthened at
1.39 A from the initial structure (1.35 A). Passing the
TS, the C10-O1 distance shortened further and an inter-
mediate structure (D3) was formed, generating a cova-
lent bond of C10-O1 (Fig. 3). In structure (D3), both
the Fe-O1 and the C10-C11 distances further length-
ened to 1.82 A and 1.49 A, respectively, from the TS
(D2). The C11-01 distance was 2.46 A, which implied
an interaction between the two atoms. The NH-O and
H2-O distances were kept to the hydrogen bond dis-
tance through the reaction (Fig. 3 and Table 2). Though
the spin density in structure (D1) was localized at Ol,
heme Fe and Cys442, it moved to the substrate with ad-
vance of the reaction and finally concentrated at the
heme Fe atom and CBZ, especially C11 atom, in struc-

ture (D3) (Table 3). This reaction was the rate-determin-
ing step of the epoxidation of CBZ by CYP3A4 in the
doublet state, which imposed an estimated activation en-
ergy of 13.8 kcal/mol (Fig. 2(a)).

From structure (D3), a covalent bond between Ol and
C11 atoms is formed to complete the epoxidation. Since
O1 atom interacted with Cl1 atom in structure (D3)
(2.46 A), it is expected that the next reaction occurs
smoothly. Changes in potential energy, structure, and
spin density distribution are shown in Figures 2(b) and
3 and Tables 2 and 3, respectively. When the C11-O1
distance shortened, potential energy slightly increased
and the second TS structure (D4) appeared. The C11-
O1 distance was 2,11 A in structure (D4). The Fe-Ol
distance was 1.87 A, indicating that the detachment of
Ol atom from compound I proceeded with the forma-
tion of an epoxide. The C10-O1 and C10-C11 distances
temporarily became the least in structure (D4). Spin
density of Fe atom and CBZ (C11 atom) together de-
creased from the values of structure (D3). Passing the
TS, C11 and Ol atoms were bonded and an epoxide
was formed (Fig. 3(DS5)). The Fe-O1 distance further
lengthened from structure (D4) and became 2.25 A.
The C10-0O1 and C10-Cl11 distances lengthened again.
The NH-O and H2-O distances were kept to the hydro-
gen bond distance through the reaction (Table 2). Spin
density of structure (D5) concentrated at the heme Fe
atom (1.09). The estimated activation energy of this
reaction was 7.8 kcal/mol and the potential energy of
structure (D5) was 7.8 kcal/mol more stable from that
of the initial structure (D1) (Fig. 2).

2.2.2. Epoxidation in the quartet state. The epoxidation
mechanism in the quartet state was analyzed in the same
way as that in the doublet state. Changes in potential en-
ergy, structure, and spin density distribution are shown
in Figures 4 and 5 and Tables 4 and 5, respectively. In
the initial structure (Q1), O1 atom of compound I inter-
acted with the epoxidation site of CBZ: C10 and Cl11
atoms, at distances of 2.88 A and 3.40 A, respectively.
A carbonyl oxygen atom of Phe304 (O) interacted with
a carbamoyl nitrogen atom of CBZ (NH) by a hydrogen
bond (NH-O: 2.83 A, H2-O: 1.97 A). Spin density of
O1 atom was 0.65. In the first TS structure (Q2), the
C10-O1 and C11-Ol distances shortened at 1.98 A
and 2.71 A, respectively, whereas the Fe-O1 distance
lengthened from 1.61 A of the initial structure to
1.67A. The C10-C11 bond slightly lengthened at
1.39 A from the initial structure (1.35 A). In the interme-
diate structure (Q3), a covalent bond of C10-O1 was
formed. Both the Fe-O1 and the C10-C11 distances fur-
ther lengthened to 1.84 A and 1.50 A, respectively, from
the TS (Q2). The C11-O1 distance was 2.47 A, which
suggested an interaction between the two atoms. The
NH-O and H2-O distances were kept to the hydrogen
bond distance through the reaction (Fig. 5, Table 4).
Though spin density in structure (Q1) was also localized
at Ol, heme Fe, and Cys442, it moved to the substrate
with advance of the reaction and finally concentrated
at the heme Fe atom and CBZ, especially C11 atom,
in structure (Q3) (Table 5). Due to a remarkable concen-
tration of spin density to heme Fe, Cys442 had B spin
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Figure 3. Structural changes in epoxidation of CBZ by CYP3A4 in the doublet state.

density in structure (Q3), whereas o spin density located
in the other structures. This reaction was the rate-deter-
mining step, which gave an estimated activation energy
of 22.6 kcal/mol (Fig. 4(a)).

From structure (Q3), when the C11-O1 distance short-
ened, potential energy slightly increased and the second
TS structure (Q4) appeared. The C11-O1 distance was
2.10 A. The Fe-Ol distance was 2.12 A, indicating that
the detachment of O1 atom from compound I proceeded

with the formation of an epoxide. The C10-O1 and
C10-CI11 distances once shortened slightly from struc-
ture (Q3). Spin density of Fe atom and CBZ (C11 atom)
together decreased from the values of structure (Q3)
(Table 5). In the final structure (Q5), the Fe—O1 distance
further lengthened from structure (Q4) and became
2.94 A. The C10-O1 and C10-C11 distances lengthened
again. The NH-O and H2-O distances were kept to the
hydrogen bond distance through the reaction (Fig. 5 and
Table 4). The spin density of structure (Q5) concen-
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Table 2. Changes in inter-atomic distances (in A) upon epoxidation of
CBZ by CYP3A4 in the doublet state

(D1) (D2) (D3) (D4) (D5)

C10-01 2.89 2.10 1.51 1.47 1.55
Cl11-01 3.40 2.78 2.46 2.11 1.57
Fe-O1 1.61 1.70 1.82 1.87 2.25
C10-C11 1.35 1.39 1.49 1.45 1.48
NH-O 2.83 2.76 2.78 2.78 2.78
HI-O 3.03 3.04 3.07 3.08 3.04
H2-O 1.97 1.86 1.88 1.87 1.90

Table 3. Changes in spin density distribution® upon epoxidation of
CBZ by CYP3A4 in the doublet state

(D1) (D2) (D3) (D4) (D95)

0Ol 0.62  —0.08 0.14 0.16  —0.00
Fe 1.43 1.87 2.10 1.92 1.09
Cys442(S-Me) -0.88 —-0.20 -0.22 —-0.20 0.02
Porphine -0.17  -0.15 —-0.14 -0.16 —0.10
CBZ -0.01 044 -0.88 —0.72 0.00

(C10) —0.00 0.08 0.06 0.05 0.00

(C11) -0.00 -0.39 -0.72 —-0.63 —0.00

Phe304-Ala305 0.00 0.00 0.00 0.00 0.00

#Values were obtained by Mulliken population analysis.
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Figure 4. Potential energy changes in epoxidation of CBZ by CYP3A4
in the quartet state. (a) First step and (b) second step.

trated at the heme Fe atom (2.69) and Cys442 (0.36).
The estimated activation energy of this reaction was
6.9 kcal/mol and the potential energy of structure (Q5)
was 9.8 kcal/mol more stable from that of the initial
structure (Q1) (Fig. 4(b)).

3. Discussion

The CBZ 10,11-epoxidation mechanism by CYP3A4 in
which Phe304 is involved was clarified in this study.
CYP3A4 binds CBZ in its active site to cause the
10,11-epoxidation. Phe304 and Ala305, which are lo-
cated at the nearest position from the heme Fe atom,
are important for the reaction. The results of MM calcu-
lation show that these residues hold the substrate stably
(Fig. 1). Thus, the active site of CYP3A4 has sufficient
capacity to accommodate CBZ and has the ability to
set CBZ in an appropriate position to make the 10,11-
epoxidation possible. The epoxidation process is a
two-step reaction, and the rate-determining step is the
first one in both the doublet and the quartet states.
There is almost no difference in the overall structural
changes between the doublet and the quartet cases ex-
cept the Fe-O1 distance in the second elementary step.
The distances between Ol and Fe atoms in the TS are
1.87 A and 2.12 A for the doublet and the quartet states,
respectively, and they are 2.25 A and 2.94 A, respec-
tively, in the final structure (Tables 2 and 4). In spite
of the difference in total spin multiplicity, the spin den-
sity change in the substrate (CBZ), especially C11 atom,
was similar in the doublet and the quartet cases (Tables
3 and 5); that is, the absolute values of spin density in-
creased in the first step, whereas they decreased in the
second step. Hata et al. elucidated the monooxygenetion
mechanism by CYP using the DFT method.3* Although
the reaction in their study was a hydroxylation reaction,
the overall change in spin density is similar to that of the
present CBZ 10,11-epoxidation.

In the following sections, the reaction mechanism will be
discussed in detail.

3.1. One-step epoxidation of CBZ by CYP3A4

The one-step epoxidation of CBZ by CYP3A4 was also
elucidated by theoretical calculations. The results in the
doublet state are shown in Figures 6(a) and 7 and Table
6(a). In the initial structure (D6), CBZ was held by the
carbonyl group of Phe304 by a hydrogen bond (NH-
O: 2.84 A, H2-O: 1.94 A). An oxygen atom of com-
pound I interacted with C10 and Cl1 atoms of CBZ,
whose distances were ca. 2.9 A each. When the distance
between Ol and C10 and that between Ol and C11 was
shortened, a TS structure appeared (D7) at 2.02 A. Both
the C10-Cl11 and Fe-Ol distances lengthened: the for-
mer was 1.35-1.40 A and the latter was 1.61-1.78 A.
After passing the TS, Ol was bound to both C10 and
Cl1 and an epoxide was produced (DS). Both the
C10-C11 and Fe-Ol1 distances lengthened: the former
was 1.40-1.48 A and the latter was 1.78-2.37 A. The
hydrogen bond between CBZ and Phe304 was main-
tained through the reaction. The results in the quartet
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Figure 5. Structural changes in epoxidation of CBZ by CYP3A4 in the quartet state.

Table 4. Changes in inter-atomic distances (in A) upon epoxidation of

CBZ by CYP3A4 in the quartet state

QD Q2 (Q3) (Q4) (Q5)
C10-01 2.88 1.98 1.50 1.48 1.53
Cl11-01 3.40 2.71 2.47 2.10 1.53
Fe-Ol 1.61 1.67 1.84 2.12 2.94
CI10-C11 1.35 1.39 1.50 1.47 1.48
NH-O 2.83 2.77 2.77 2.76 2.77
HI-O 3.03 3.07 3.06 3.06 3.10
H2-O 1.97 1.87 1.88 1.84 1.84

state are shown in Figures 6(b) and 8 and Table 6(b).
The structural changes in the quartet state were similar
to those in the doublet state. A noticeable difference
was the Fe-O distance in the final structure; that is, it
was 2.37 A in the doublet state, whereas it was 3.16 A
in the quartet state. The estimated activation energies
in the doublet and quartet states were 20.0 kcal/mol
and 37.0 kcal/mol, respectively, and were much larger
than those of the rate-determining step of the two-step
reaction (13.8 kcal/mol in the doublet state and
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Table 5. Changes in spin density distribution® upon epoxidation of
CBZ by CYP3A4 in the quartet state

Qh Q) (Q3) Q4 (Q5)

Ol 0.65 0.57 0.23 0.08 0.01
Fe 1.38 1.38 2.19 1.43 2.69
Cys442(S-Me) 0.87 0.70 —0.24 0.58 0.36
Porphine 0.10 0.04 —0.13 0.22 —0.06
CBZ 0.01 0.31 0.95 0.68 —0.00

(C10) 0.00 —0.08 —0.05 —0.04 —0.00

(C11) 0.01 0.29 0.75 0.56 —0.00

Phe304-Ala305  0.00 0.00 0.00 0.00 0.00

#Values were obtained by Mulliken population analysis.
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Figure 6. Potential energy changes upon one-step epoxidation of CBZ
by CYP3A4 in the (a) doublet and (b) quartet states.

22.6 kcal/mol in the quartet state). Thus, it can be con-
cluded that the CBZ epoxidation by CYP3A4 proceeds
in a two-step process.

3.2. Potential energy change in the epoxidation of CBZ by
CYP3A4

As shown in Section 2, the estimated activation energies
of the CBZ epoxidation by CYP3A4 in the doublet and

quartet states are 13.8 kcal/mol and 22.6 kcal/mol,
respectively. Filatov et al. proposed the TSR mechanism
in which a potential energy crossing between the high-
spin (quartet) and the low-spin (doublet) states occurs,
and a low-spin state structure is produced in the sub-
strate oxidation of P450 ferryl complex.?>#7 A potential
energy diagram is presented in Figure 9 to summarize
our results in both the doublet and quartet states and
to examine the possibility of spin-state crossing. The
quartet state is more stable than the doublet state in
the initial structure, whereas the doublet state becomes
more stable in the transition state of the first elementary
step and the intermediate: that is, this suggests that spin-
state crossing occurred during the reaction. According
to Filatov’s results, the quartet state was slightly more
stable than the doublet one in the reactant,*® but the
doublet state was more stable in the product. Although
our results showed that the quartet state was stable in
both the reactant (Q1) and the product (Q5), our results
agree with theirs in the existence of spin-state crossing.
With the consideration of this spin-state crossing, the
estimated activation energy in the rate-limiting step
was concluded to be 15.1 kcal/mol (Fig. 9). This value
is similar to that obtained in a previous study.>* In order
to examine the dependence of the computational accu-
racy on the selection of the basis set, DFT calculations
with a higher-order basis set (6-31G™) were performed
on the stationary points and the energies were compared
in the same way. The activation energy obtained in the
additional calculation was estimated to be 21.3 kcal/
mol.

3.3. Potential energy change for the hydroxylation of
CBZ by CYP3A4

Not only 10,11-epoxidation but also hydroxylation of
the aromatic ring occurs in the metabolic pathways on
CBZ.33 Thus, CYP catalyzes the hydroxylation of the
substrate. Then, does not hydroxylation of CBZ by
CYP3A4 occur? The possibility was elucidated by theo-
retical calculation. The CYP-catalyzed oxygenation of
aromatic compounds generates an epoxide intermediate
in the early step.! According to the results of theoretical
calculations so far and this study, the epoxidation is a
two-step reaction and the rate-determining step should
be the first one. For this reason, the activation energies
for the first step were calculated in the same way as that
in the case of 10,11-epoxidation. In the active site of
CYP3A4, CBZ can be set in a proper position to be
hydroxylated and to interact with Phe304. Considering
the distance between Ol atom and a carbon atom of
the aromatic ring and the interaction with Phe304, C8
and C9 atoms were regarded to be attacked in hydroxyl-
ation. Then, CYP3A4-CBZ complexes were constructed
in the same way as that described in Section 5 and the
potential energy profiles were obtained in the same
way as that described in Section 2.

The potential energy and structure changes in the C9 at-
tack case are shown in Figures 10(a) and 11 and Table
7(a). In the case of C8, they are shown in Figures
10(b) and 12 and Table 7(b). The structural changes in
the quartet state were similar to those in the doublet
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Figure 7. Structural changes upon one-step epoxidation of CBZ by CYP3A4 in the doublet state.

state. For this reason, figures and tables of the quartet
state are shown in Supplementary material (Figs. S1-
S3 and Table S1). In both the cases, the O1-C9 (or
C8) distances shortened with maintenance of the hydro-
gen bond between Phe304 and CBZ (Table 7 and S1)
and the epoxide intermediate was formed after passing
the TS structure. The activation energies were ca.
20 kcal/mol. Considering the spin-state crossing and
employing the higher-order basis set (6-31G™") (Section
3.2), the activation energies for the C9 and C8 attack
cases were estimated to be 26.9 kcal/mol and 27.0 kcal/
mol, respectively. These activation energies were higher
than that for 10,11-epoxidation, which was estimated
to be 21.3 kcal/mol. These results suggest that 10,11-
epoxidation is more likely to occur than the hydroxyl-
ation of the aromatic ring in the oxygenation of CBZ
by CYP3A4. Although the hydroxides of the aromatic
ring are more stable in potential energy than the

10,11-epoxide, 10,11-epoxidation proceeds quickly com-
pared with hydroxylation of the aromatic ring because
the activation energy for the first step of 10,11-epoxida-
tion is smaller than that of hydroxylation. For this rea-
son, CBZ 10,11-epoxide is the sole product in the
metabolism of CBZ by CYP3A4.

4. Conclusion

The 10,11-epoxidation mechanism of CBZ by CYP3A4
in which Phe304 is involved was clarified by the theoret-
ical calculations. The reaction consists of two elemen-
tary processes and the rate-determining step is the first
one: that is, the C-O bond formation. In the active site
of CYP3A4, CBZ keeps a hydrogen bond with Phe304
and stays in an appropriate position for the 10,11-epox-
idation due to the interaction between the epoxidation
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Figure 8. Structural changes upon one-step epoxidation of CBZ by CYP3A4 in the quartet state.

site and oxygen atom of compound I. During the reac-
tion, a hydrogen bond between CBZ and Phe304 is
maintained. The activation energy level of the first step
of 10,11-epoxidation is lower than that of hydroxylation
of the aromatic ring. For this reason, 10,11-epoxidation
is more likely to occur than the hydroxylation of the
aromatic ring and only 10,11-epoxide is formed,
although 10,11-epoxide has a disadvantage in potential
energy.

5. Experimental
5.1. Molecular mechanics calculations
First, molecular mechanics (MM) calculations were per-
formed to obtain the structure of CYP3A4-CBZ com-

plex upon epoxidation because such a crystal structure
has not been determined yet.

5.1.1. Construction of the enzyme-substrate complex. A
few years ago, some X-ray crystallographic coordi-
nates of CYP3A4 were disclosed by two groups. Wil-
liams et al. determined a substrate-free form and a
substrate (metyrapone or progesterone)-bound form,'?
whereas Yano et al. determined only a substrate-free
form.'® However, the latter has higher resolution
and less missing residues than the former. Recently,
Ekroos and Sjogren disclosed a large substrate (keto-
conazole or erythromycin)-bound form of CYP3A4
and showed that the protein underwent dramatic con-
formational changes upon ligand binding.?° CBZ is
not large enough to cause such conformational
changes. Moreover, they argued that both metyapone
and progesterone are small and may not induce the
conformational changes.”® Accordingly, the structure
determined by Yano et al. (pdbcode: 1TQN) was used
for our investigation of the epoxidation mechanism by
CYP3A4.
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Table 6. Changes in inter-atomic distances (in A) upon one-step
epoxidation of CBZ by CYP3A4 in the (a) doublet and (b) quartet
states

(D6) (D7) (D8)

(@)
C10-01 2.90 2.02 1.55
C11-01 2.88 2.02 1.56
Fe-Ol 1.61 1.78 2.37
C10-C11 1.35 1.40 1.48
NH-O 2.84 2.73 2.73
H1-0 3.14 2.97 2.90
H2-0 1.94 1.87 1.91
(Q0) Q7 (Q8)

®)
C10-01 3.00 2.03 1.52
Cl11-01 2.98 2.03 1.53
Fe-Ol 1.61 1.75 3.16
C10-Cl11 1.35 1.39 1.49
NH-O 2.84 2.76 2.75
HI-O 3.17 3.09 2.93
H2-0 1.91 1.84 1.91

Potential Energy (kcal/mol)

-10

-15

Figure 9. Potential energy diagram on the epoxidation of CBZ by
CYP3A4. Numerals in parentheses are relative energies calculated by
the DFT method (B3LYP/6-31G™™).

When CYP3A4 epoxidizes a substrate, the enzyme
should keep the substrate in an area where the reaction
occurs. CBZ can be held by a hydrogen bond because of
its carbamoyl side chain. Moreover, according to the X-
ray structure, the active site of CYP3A4 has enough
space for accommodating CBZ. In this study, Phe304
and Ala305 were selected to hold CBZ because these res-
idues were located at the nearest positions from a heme
Fe atom. Phe304 plays an important role in the sub-
strate oxidation of CYP3A4 as shown by the results of
a site-directed mutagenesis.*®

The model for the MM calculations was constructed in
the following way. First, an acetyl group and a NHCH;
group were attached to the N-terminus of His28 and
Ser286 and the C-terminus of Ser281 and Thr499,
respectively, to terminate the missing part of the en-
zyme. In the monooxygenation reaction by CYP, O-O

A [ —————————— 1ttt
201
3
= D11)
§, 15 P {on)
>
(=]
5
& 104
-.g 21.5 kcal/mol
@
L s 14.2 keal/mol
(D9) ! l
30 25 20 15
C9-01 (A)
D s o)
E 20
©
=
> 15 (D14)
S P s s N
w
S 101 24.8 kcal/mol
=
g
& 13.9 keal/mol
51 l
51012 ‘ 7
3.0 25 2.0 1.5

c8-01 (A

Figure 10. Potential energy changes in the first elementary step for the
epoxide intermediate formation in the hydroxylation of (a) C9 and (b)
C8 of CBZ by CYP3A4 in the doublet state.

bond cleavage of the O, molecule at the distal side of
heme should occur after the introduction of the 2nd
e . The intermediates are, however, not able to be ob-
served in experiments because this reaction proceeds
very quickly. Accordingly, the detailed mechanism of
the substrate monooxygenation reaction in CYP is still
unclear.! The monooxygenation reaction mechanism
by CYP has been investigated on the basis of the idea
that the reaction consists of two sequential processes:
generation of a radical species [FeO]'" (compound I)
[first step] and monooxygenation of the substrate [sec-
ond step] (Scheme 2). Hence, the resting state of heme
was changed into compound I, that is, the distance be-
tween a heme Fe atom and an oxygen atom at the distal
side of heme shrank from 2.06 to 1.73 A.>* Then, CBZ
was docked in the active site of CYP3A4 manually,
forming a hydrogen bond between the nitrogen atom
of the carbamoyl group of CBZ and the carbonyl oxy-
gen atom of Phe304 with its epoxidation site (C10—
C11 double bond) interacting with the oxygen atom of
compound 1.
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(D10)

11

C10
C9

Figure 11. Structural changes in the first elementary step for the epoxide intermediate formation in the hydroxylation of C9 of CBZ by CYP3A4 in

the doublet state.

Table 7. Changes in inter-atomic distances (in A) of the first
elementary step for the epoxide intermediate formation in the
hydroxylation of (a) C9 and (b) C8 of CBZ by CYP3A4 in the
doublet state

(DY) (D10) (DI11)
(a)
C9-01 2.80 1.86 1.50
Fe-Ol 1.61 171 1.84
NH-O 278 274 2.73
HI-O 3.16 3.19 3.17
H2-0 1.85 1.78 1.78
(D12) (D13) (D14)
(b)
C8-01 3.08 1.88 1.50
Fe Ol 1.61 1.70 1.81
NH-O 2.87 274 273
HI1-O 3.30 3.28 3.26
H2-0 1.89 1.74 1.74

5.1.2. Computational details. The computational pro-
gram used for MM calculations was AMBER 6.4
Parm94.dat was utilized as the force field parameter file,
whereas the all-atom force field parameter file in AM-
BER 4.1°° was utilized for heme.

Point charges on compound I and CBZ for the MM calcu-
lation were determined using the RESP module’!->? in-
cluded in the AMBER 6 program package. The
electrostatic potential (ESP) at the points selected accord-
ing to the Merz—Shigh—Kollman scheme> for use in the
RESP module was calculated at the HF/6-31G™ level of
theory. Compound I model for the ESP and RESP calcu-
lations was constructed by extracting Asn441, compound
I-bound Cys442 and Ile443 from the model described in
Section 5.1.1 and by replacing Asnd41 and Ile443 with
an acetyl group and an NHCH; group, respectively.
The CBZ model for the ESP and RESP calculations was
obtained by geometry optimization at the HF/6-31G™ le-
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(D13)

Figure 12. Structural changes in the first elementary step for the epoxide intermediate formation in the hydroxylation of C8 of CBZ by CYP3A4 in
the doublet state.
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Scheme 2. Substrate epoxidation by cytochrome P450.

vel. The spin multiplicities were doublet for compound I3*

structures were 0 e. The computational program used for
and singlet for CBZ. The total atomic charges for both the

the ESP and optimization calculations was Gaussian 98.32
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For point charges on other residues, the standard AM-
BER residue database was utilized.

To construct the model for the MM calculation, about
6000 TIP3P water molecules> were generated around
the CYP3A4-CBZ complex, as described in the previous
section, by using solvateShell command of the xalLEaP
module included in the AMBER 6 program package.*
The thickness of the layer of water molecules was
11 A. Then, the whole system except for compound I-
bound Cys442, acetyl group and NHCH; group was
fully energy-minimized by the steepest descent method
(6000 steps) followed by the conjugate gradient method
(3000 steps) of the Sander-classic module. Judging from
the potential energy of the whole system, the model
structure was confirmed to be completely minimized un-
der the calculation steps shown above. In the energy-
minimization process, the cutoff distance was 12 A.
The SHAKE constraint,> where all of the bonds are
kept at equilibrium distances, was not used. The results
are shown in Figure 1.

5.2. Quantum mechanics calculation using the DFT
method

Using the CYP3A4-CBZ complex structure obtained by
the above-mentioned method, the process of epoxida-
tion by CYP3A4 was investigated in detail by means
of the DFT method.

5.2.1. Construction of models for calculation. Phe304,
Ala305, compound I-bound Cys442 and CBZ, which
are thought to be directly involved in the epoxidation
process, were extracted to construct the models for the
DFT study. CBZ is a substrate and interacts with the pep-
tide bond between Phe304 and Ala305 (Fig. 1). Com-
pound I is necessary for the reaction because it has an
oxygen atom involving in the monooxygenation reaction.
The thiolate anion of Cys442 is the fifth ligand of heme.
The atoms shown by balls in Figure 1 were further ex-
tracted from Phe304, Ala305, and Cys442, and nitrogen
and Cg atoms of Phe304, carbonyl carbon and Cg atoms
of Ala305, and C, atom of Cys442 shown by green balls
in Figure 1 were all replaced with hydrogen atoms. The
protoporphyrin IX part of heme was changed into por-
phine. The number of atoms is 85 [H34C39N;O3SFe]
and the total atomic charge is 0 e. The constructed models
are shown in Figures 3, 5, 7, 8, 11, and 12 and in Figures
S2 and S3 in Supplementary material.

5.2.2. Computational details. The electronic structures of
the model compounds were solved by using the DFT
method. The basis set used was 3-21G™". The exchange
functional was Becke’s three-parameter functional,>®
and the correlation functional was Lee—Yang—Parr’s
formula.>’

Results of studies on the epoxidation mechanism by com-
pound I have been published. Gross et al.>® proposed a
classification of the intermediates in the epoxidation of al-
kenes into four species; that is, metallacycle,>*-%° charge-
transfer,°! electron-transfer,®? and radical complexes.’®3
de Visser et al. argued that the radical complex is most

compatible with experimental results and elucidated a
mechanism of the epoxidation of ethane via a radical com-
plex by DFT calculations.3® The results of our study also
supported the epoxidation mechanism via a radical com-
plex, which consists of two sequential processes: (1) single
C-O bond formation (radical complex formation) and (2)
ring closure to produce the epoxide. The structures at the
minima on the potential energy hypersurface were ob-
tained in the DFT calculation. The atoms marked by
asterisks (six atoms) in Figure 3(D1) were fixed in the
structure obtained by the MM calculation (Fig. 1). The
other atoms were allowed to move. Potential energy pro-
files were obtained by changing the distances shown in
horizontal axes of Figures 2, 4, 6, and 10 and of Figures
S1 in Supplementary material. The computational pro-
gram used was Gaussian 98.32

The mechanism of monooxygenation from compound I
has been analyzed in two spin states: doublet and quar-
tet states. In our previous work,** the doublet state was
adopted to investigate the mechanism because the po-
tential energy of the low-spin state (*A,,) structure
was 2.4 kcal/mol lower than that of the high-spin state
(*A,). This result agrees with the results obtained by
Harris et al. (3 kcal/mol).®* Yoshizawa et al. investigated
the alkane hydroxylation by compound I at both the
doublet and quartet states and also showed that the po-
tential energy of compound I in the doublet state was
more stable than that of the compound in the quartet
state, although the energy difference was very small
(0.1 kcal/mol).%>% On the other hand, the results ob-
tained by Filatov et al. indicated that the doublet state
was slightly higher in energy than the quartet state.*?
They proposed a two-state reactivity (TSR) mechanism;
that is, in the hydroxylation of the substrate by P-450
ferryl complex, a spin-state crossing occurs between
the high-spin (quartet) and the low-spin (doublet) states,
and a low-spin state structure is produced.®>*’ In this
study, calculations were performed at both spin states
to compare the potential energy and the structure differ-
ences between the two spin states.

Since the active site in a protein is not isolated but is en-
closed by many molecules or residues, the inclusion of
the effect of the dielectric constant seems important
when attempting to reproduce the environment inside
a protein through theoretical approaches. In our previ-
ous work,>* geometry optimizations were performed
for the stable and transition states on the reaction path,
setting the dielectric constant of the surroundings to
20.57-8 The self-consistent reaction field (SCRF) method
using the polarized continuum model (PCM) of Tomasi
and coworkers® 7% was used for computations. How-
ever, no significant differences were observed between
the results obtained in vacuum and those obtained using
a dielectric constant of 20. Hence, SCRF method was
not adopted in this study.
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