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Abstract Human cytochrome P450 (CYP) 2B6 activates
the anticancer prodrug cyclophosphamide (CPA) by 4-
hydroxylation. In contrast, the same enzyme catalyzes
N-deethylation of a structural isomer, the prodrug ifosfa-
mide (IFA), thus causing severe adverse drug effects. To
model the molecular interactions leading to a switch in
regioselectivity, the structure of CYP2B6 was modeled
based on the structure of rabbit CYP2CS5. We modeled
the missing 22-residue loop in CYP2CS5 between helices
F and G (the F-G loop), which is not resolved in the X-
ray structure, by molecular dynamics (MD) simulations
using a simulated annealing protocol. The modeled con-
formation of the loop was validated by unconstrained
MD simulations of the complete enzymes (CYP2CS5 and
CYP2B6) in water for 70 and 120 ps, respectively. The
simulations were stable and led to a backbone r.m.s. de-
viation of 1.7 A between the two CYPs.

The shape of the substrate binding site of CYP2B6
was further analyzed. It consists of three well-defined
hydrophobic binding pockets adjacent to the catalytic
heme. Size, shape and hydrophobicity of these pockets
were compared to the shapes of the two structurally iso-
meric substrates. In their preferred orientation in the
binding site, both substrates fill all three binding pockets
without repulsive interactions. The distance to the heme
iron is short enough for 4-hydroxylation and N-deethyla-
tion to occur for CPA and IFA, respectively. However, if
the substrates are docked in the non-preferred orientation
(such that 4-hydroxylation and N-deethylation would oc-
cur for IFA and CPA, respectively), one pocket is left
empty, and clashes were observed between the substrates
and the enzyme.

Electronic supplementary material to this paper can
be obtained by using the Springer Link server located at
http://dx.doi.org/10.1007/s00894-002-0104-y.
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Introduction

The cytochrome P450 enzymes (CYPs) are a superfami-
ly of hemoproteins involved in the metabolic biotrans-
formation of a variety of endogenous compounds, such
as steroids and prostaglandins, and exogenous com-
pounds, such as drugs and carcinogens. [1] More than 20
distinct forms of mammalian liver P450s [2] have al-
ready been characterized. Individual CYPs exhibit
unique substrate specificity, regio- and stereoselectivity,
and most of them play a role in the oxidative metabolism
of drugs.

Human CYP2B6 metabolizes about 3% of drugs in
clinical use. [3] It catalyzes the metabolism of two
widely used anticancer prodrugs, cyclophosphamide
(CPA) and its structural isomer ifosfamide (IFA). [4]
These compounds can be metabolized via two alterna-
tive pathways. 4-Hydroxylation corresponds to a drug
activation pathway yielding an active alkylating species,
while N-dechloroethylation generates inactive, neuro-
toxic metabolites. The regioselectivity of CYP2B6 has
been studied experimentally. [4] With CPA as a sub-
strate CYP2B6 catalyzes primarily 4-hydroxylation,
whereas with IFA N-dechloroethylation is preferred. For
CPA, TFA, and other drugs metabolized by CYP2B6,
knowledge of the regioselectivity can be valuable to
avoid metabolic pathways that lead to severe adverse
drug effects.

To understand the experimental findings and predict
substrate specificity of CYP2B6, it is necessary to know
the three-dimensional structure of this enzyme. Several
structures of bacterial CYPs are available. However, on-
ly one crystal structure of a mammalian CYP, CYP2C5
from rabbit, [5] has been solved to date. Due to the high
sequence similarity between CYP2C5 and CYP2B6, a
homology model based on the crystal structure of
CYP2CS5 can be helpful in the absence of an experimen-
tal structure of CYP2B6. However, the crystal structure
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of CYP2CS lacks the residues 212 to 222 of the F-G
loop. This loop is similar to the corresponding loop in
CYP2B6. Therefore, prior to homology modeling of
CYP2B6, the structure of this missing loop must be
modeled. Peterson et al. [6] report that the F—-G loop
plays a role for membrane-association of the enzyme by
forming part of a hydrophobic surface. It is also known
from the crystal structures of the bacterial CYP BM-3
that the F—G loop region is involved in the opening mo-
tion of a substrate-access channel leading from the sur-
face of the protein to the active site. [7]

The difficulty in modeling of the F-G loop arises be-
cause the corresponding loops in all known structures of
the bacterial enzymes, which are not membrane-associat-
ed, are shorter and therefore do not provide good tem-
plates. In this study, we applied MD simulations with
simulated annealing to obtain a structure for the missing
F-G loop in CYP2C5. Unconstrained MD simulations in
water served as a criterion for evaluating the stability of
the modeled structure. This is a very sensitive test for the
quality of a structure, as a protein structure denatures in
totally unconstrained MD simulation if it is not folded
into its native state. [8] The completed CYP2CS5 struc-
ture then served as a template for generating a model of
CYP2B6, which was used to investigate the regioselec-
tivity of CYP2B6.

Methods
Hard- and software

Molecular dynamics (MD) simulations and energy mini-
mizations were carried out on a PC (AMD Athlon,
1.33 GHz) with OS linux Mandrake 8.0 using the Amber
6.0 [9] suite of programs. Substrate building and geome-
try optimization were performed with InsightIl (Accelrys
Inc., San Diego, Calif.) implemented on Silicon Graph-
ics workstations (Octane2, Irix 6.5). For visualization of
structures and trajectories the SwissPdb Viewer 3.7 (b2)
[10] and VMD1.6.1, [11] respectively, were used.

Structures and sequences

The X-ray structures of CYP2CS and CYP BM-3 in the
substrate-bound and unbound states were taken from the

Fig. 1 Structural alignment between CYP2C5 and CYP BM-3 in
the F-G loop region. The structure segment of CYP2C5, which is
not resolved, is shown in red. The residues underlined in red form
a one-turn helix in the MD simulations. Green residues in the se-
quence of CYP BM-3 belong to the closed conformation, blue and
violet residues belong to the open conformation of CYP BM-3,
and blue residues were used twice

2C5

BM-3 LCGENYRFNSFYRDQPH-PEFITSMVRALDEAMNK
F-Helix

Brookhaven Protein Data Bank (PDB) [12] with the
PDB codes 1DT6, [5] 1FAG [7] and 1BU7, [13] respec-
tively. The sequence of recombinant CYP2CS5, which
was engineered for solubility by removing the N-termi-
nal membrane anchor, was taken from the PDB entry
1DT6. The sequence of CYP2B6 was obtained from
Swiss-Prot [14] with the accession number P20813.

MD simulations

All systems were minimized prior to simulation using
the steepest descent method followed by the conjugate
gradient method. MD simulations were carried out with
a time step of 1 fs up to 300 K and 0.5 fs for tempera-
tures over 300 K. SHAKE [15] was applied to all bonds
involving H-atoms. For simulations in water, a truncated
octahedral box of TIP3P water molecules was built
around the structure, and simulations were run with the
particle mesh Ewald method. [16] Solvated systems were
heated with constant volume, and coupled to a tempera-
ture bath with a coupling constant of 0.05 ps. In the sub-
sequent equilibration phase, the conditions were changed
to constant pressure and the coupling constants were in-
creased gradually. The production phase was then run
with temperature and pressure coupling constants of
0.8 ps and 1.0 ps, respectively.

F-G loop modeling
Starting structure for F-G loop

A starting structure was built for residues 208 to 226 of
CYP2CS. This segment contains residues 212 to 222 of
the F-G loop, which have not been resolved experimen-
tally, and the residues with B-factors between 86 and
100 AZ adjacent to the missing structure part.

The F-G loop of CYP2CS has an insertion of four res-
idues compared to CYP BM-3, as shown in the structural
alignment (Fig. 1). To accommodate the additional four
residues, structural information from two different con-
formations of CYP BM-3 was combined. In the closed
conformation the F-helix and the F-G loop are more ex-
tended, while the open conformation has a more compact
F-G loop region. Four residues of the contracted F-helix
of CYP BM-3 in the N-terminal region were used twice
and combined with a fragment of the F-G loop in the ex-
tended CYP BM-3 structure (Fig. 1). In the C-terminal
region, two residues of CYP BM-3 in the open conforma-
tion were used as the F-G loop reaches out further to the
side in this conformation, which gives the constructed
loop room to expand. The amino acid sequence of this
patchwork structure was mutated to the corresponding se-
quence of the F—G loop in CYP2CS5. Two turns of the ad-

ICSVIFHNRFDYKDEEFLKIMESTHENVELLGT PULOQVYNNFPALLDYFPGIHKTLLKNADYTKNFIMEKVKEHQKL 236
LORANPDDPAYDENKRQFQEDTKVMNDTL.VDKITADRKAS 226

G-Helix



jacent helices F and G from the PDB structure of
CYP2CS5 (residues 201 to 206 and 228 to 233) were add-
ed as anchor regions on either end of the constructed
loop. The initial structure was energy minimized. During
the minimization and all simulations of the structure the
anchor regions were constrained in position with a har-
monic force constant of 150 kcal mol-! A-2,

Simulated annealing of F-G loop fragment

Simulated annealing was performed in vacuum. The
structure fragment was heated stepwise to 500, 600 and
700 K allowing 100 ps for each 100 K step. From each
temperature step the structure was cooled down slowly,
allowing 20 ps for every 10 K step and applying a loose
temperature coupling with a coupling constant of 0.5 ps.
To compare the potential energies, the three resulting
structures were cooled down to 10 K, equilibrated at
10 K for 10 ps, and the average energies were calculated.

For the structure, which was cooled down from
700 K, an average structure was calculated after heating
it to 300 K, equilibrating it at this temperature for 20 ps
and averaging the structures of the trajectory over the
last 10 ps.

Simulated annealing of F-G loop fragment inserted
in CYP2C5

Simulated annealing with the modeled loop inserted in
CYP2CS5 was performed with constraints applied to the
backbone of residues 1 to 206 and 228 to 489. Heating
and cooling were carried out as for the structure frag-
ment.

Simulations of the initial model

The complete structure model of CYP2CS5 was heated to
300 K in water over 5 ps with constraints applied to all
backbone atoms followed by 5 ps of simulation where
only the residues 207 to 227 of the F-G loop were free to
move. Then all constraints were gradually removed over
a period of 10 ps, decreasing the force constant from 150
to 0 kcal mol-! A-2. Subsequently, the system was equili-
brated with free backbone for 20 ps, and a production
phase of 30 ps followed.

Homology modeling and MD simulation of CYP2B6

The sequences of CYP2C5 and CYP2B6 were aligned
with ClustalX. [17] Using this alignment a model of
CYP2B6 was generated by Swiss-Model [10, 18] based
on the completed CYP2CS5 structure. The heme group
was copied from the PDB structure of CYP2CS into the
CYP2B6 model.

Parameters for all atoms were taken from the Amber
force field, [19] for the heme group as published previ-
ously. [20]

’ /

Fig. 2 Position of preferred hydroxylation/N-deethylation by
CYP2B6 [4] is indicated by arrows. Binding pockets A, B and C
are depicted schematically. a Cyclophosphamide (CPA), R-enanti-
omer. b Ifosfamide (IFA), S-enantiomer

The generated CYP2B6 structure model was heated
and equilibrated as described for CYP2CS5. The produc-
tion period was 100 ps.

Docking

The substrates were geometry optimized with the semi-
empirical program MOPAC(MNDO) as implemented in
InsightIl and docked manually into the active site of
CYP2B6. The S-enantiomer of IFA (Fig. 2) was used as
suggested by the experimental data. [21] For CPA no ex-
perimental data on the stereochemistry are available.
Therefore, the R-enantiomer (Fig. 2) was used, which re-
sults from S-IFA by changing the position of one chloro-
ethyl side chain. Each substrate was docked in two orien-
tations:

1. CPA was placed for hydroxylation at the C4 ring car-
bon. The ring was placed in pocket A (Ala298,
Thr392, Leu363, Phe206) with a C4-Fe distance of
4.8 A. Then the molecule was rotated such that one
chloroethyl side chain was located in pocket B
(Phe297, Phells, Ser294, Ilel14). Finally the posi-
tion of the second chloroethyl side chain was adjusted
to reach into pocket C (Ile209, Val477, Leu2l6,
Val367).

2. For N-deethylation of CPA the N2 chloroethyl side
chain, which is in a position equivalent to the N2
chloroethyl side chain in S-IFA, was placed in pocket
A with a distance of 5.9 A between the carbon atom
neighboring N2 and the heme iron atom. A closer dis-
tance would have caused clashes of the other chloro-
ethyl side chain with the heme group. Then the ring
was placed in pocket B. With these two pockets filled,
the possible orientations of the second chloroethyl
side chain are limited. It cannot be placed in pocket C
and points towards the side chain of Val367.

3. For N-deethylation of IFA, the N2 chloroethyl side
chain was chosen in accordance with the experimental
data. [21] This side chain was placed in pocket A
with a distance of 5.0 A between the carbon atom
neighboring N2 and the heme iron atom. Then the
molecule was rotated such that the ring was located in
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pocket B. Finally the N3 chloroethyl side chain was
adjusted to reach into pocket C.

4. TFA was placed for hydroxylation at the C4 ring car-
bon. The ring was placed in pocket A with a C4-Fe
distance of 4.9 A Then the molecule was rotated such
that the N3 chloroethyl side chain was located in
pocket B. With these two moieties bound to pockets
A and B the N2 chloroethyl side chain points toward
Val367 and cannot be adjusted to occupy pocket C.

Results
F-G loop modeling

A starting structure was built for residues 208 to 226 of
CYP2CS, which is based on the structures of CYP BM-3
in the open and closed conformation and includes parts
of the F- and G-helices of CYP2CS5 as anchor regions.
During minimization of this initial structure, the helical
structure element from CYP BM-3 at the N-terminal
end of the F-G loop unfolded (Fig. 3). The structure
was relaxed by a simulation in water at 300 K over
1.5 ns. Immediately after heating to 300 K a right-hand-
ed one-turn helix was formed comprising the residues
Trp212, Leu213, GIn214 and Val215. This one-turn he-
lix stayed stable. Starting from this conformation, loop1
(Fig. 3), a larger conformational space was explored by
simulated annealing in vacuum to find other stable

structures. Loopl was heated to 500, 600 and 700 K
where the helix turn was completely unfolded, then each
high temperature structure was slowly cooled down to
300 K, and the energies of the resulting three structures
were calculated. The structure which was cooled down
from 700 K, loop2 (Fig. 3), is about 70 kcal mol-! lower
in energy than loop! and is the most favorable confor-
mation. While loopl and loop2 both contain a right-
handed one-turn helix, its position and orientation differ.
To account for the influence of the whole protein, espe-
cially the N-terminal 3-sheet region opposite to the F-G
loop, on the conformation of the F-G loop, the simulat-
ed annealing in vacuum was repeated with loop2 insert-
ed into the PDB structure of CYP2CS5. Again only the
F-G loop was allowed to move. During heating a con-
siderable movement of the loop toward the N-terminal
[-sheets was observed. The isolated loop conformation
loop3 (Fig. 3) is higher in energy than loop2. However,
in the protein it remained stable in subsequent uncon-
strained MD simulations in water, whereas loop2 did
not give a stable CYP2C5 model.

Modeling of CYP2B6

The model of CYP2B6 was generated based on the se-
quence alignment with CYP2CS5 shown in Fig. 4. The
minimized CYP2B6 model has identical backbone coor-
dinates with the experimental structure of CYP2C5 ex-

Fig. 3 Overview of the MD
simulations performed for
modeling the F-G loop in
CYPZCS and energies of t.he k. MD-simulation in
displayed loop structures in ites
vacuum. Starting structure: hel- | ,
ices from crystal structure of T »
CYP2C5 are shown in yellow,
structure segments from CYP
BM-3 in the open conformation B -
in red, and from CYP BM-3 in minimized 5y
the closed conformation in starting structure & loopl -205 kcal mol™!
green
simulated annealing
in vaccum
simulated
annealing of
whole protein
in vacuum
&
loop3 -239 kceal mol ! loop2 -271 keal mol~!
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Fig. 4 Sequence alignment be- CLUSTAL X (1.5b) multiple sequence alignment
tween CYP2B6 and the solu-
ble, recombinant form of
CYP2C5. The insertion in 25  mmmmmmmmmmmmm e MAKKTSSKGKLPPGPTPFPIIGNILQIDAKDISKSLTKFSE 41
CYP2B6 is colored red, and the ~ 2B6 MELSVLLFLALLTGLLLLLVQRHPNTHDRLPPGPRPLPLLGNLLQMDRRGLLKSFLRFRE 60
segments of CYP2CS5 without 4 .. e s skkkkk Kekeaskkakkaek o . KKke oK K
experimental structure are
shown in blue 2c5  CYGPVFTVYLGMKPTVVLHGYEAVKEALVDLGEEFAGRGSVPILEKVSKGLGIAFSNAKT 101
2B6  KYGDVFTVHLGPRPVVMLCGVEAIREALVDKAEAFSGRGKIAMVDPFFRGYGVIFANGNR 120
&k ****:** :*_*:* & **::‘k‘k*** .* *:**i’."::: z :* *: *:*.;
2c5  WKEMRRFSLMTLRNFGMGKRSIEDRIQEEARCLVEELRKTNASPCDPTFILGCAPCNVIC 161
2B6  WKVLRRFSVITMRDFGMGKRSVEERIQEEAQCLIEELRKSKGALMDPTFLFQSITANIIC 18
* % :**i*: *:*:*******:*:******:**:***i*::.: ****:: .i:i*
2c5  SVIFHNRFDYKDEEFLKLMESLHENVELLGTPWLQVYNNFPALLDYFPGIHKTLLKNADY 221
2B6 SIVFGKRFHYQDQEFLKMLNLFYQTFSLISSVFGQLFELFSGFLKYFPGAHRQVYKNLQE 240
*::* '*i * * d*ododok . mEce  EEE __: H .:: !“ 'ir ¥ ¥ d N * ] * % .
2c5  IKNFIMEKVKEHQKLLDVNNPRDFIDCFLIKMEQENN---LEFTLESLVIAVSDLFGAGT 278
2B6  INAYIGHSVEKHRETLDPSAPKDLIDTYLLHMEKEKSNAHSEFSHONLNLNTLSLFFAGT 300
*: :’k ."k::*:: * % *:*:** :*::**:*:. **: :.* H e '** * k%
2¢5  ETTSTTLRYSLLLLLKHPEVAARVQEEIERVIGRHRSPCMQDRSRMPYTDAVIHEIQRFI 338
2B6 ETTSTTLRYGFLLMLKYPHVAERVYREIEQVIGPHRPPELHDRAKMPYTEAVIYEIQRFS 360
**i*i*i*t':**:**:*-i* * % -***:*** **-* ::**::****:***:****i
2c5  DLLPTNLPHAVTRDVRFRNYFIPKGTDIITSLTSVLHDEKAFPNPKVFDPGHFLDESGNF 38
2B6  DLLPMGVPHIVTQHTSFRGYIIPKDTEVFLILSTALHDPHYFEKPDAFNPDHFLDANGAL 420
LR B & 3 .:iir **:__ **_*:iii.*::: *::_*** : * :*__*:*_**** _i H
2c5  KKSDYFMPFSAGKRMCVGEGLARMELFLFLTSILONFKLQSLVEPKDLDITAVVNGFVSV 458
2B6  KKTEAFIPFSLGKRICLGEGIARAELFLFFTTILONEFSMASPVAPEDIDLTPQECGVGKI 480
**:: *:*** ***:*:***:** *\i{***:*:*****': * & *:*:*:*. *. 5%
2c5  PPSYQLCFIPIHHHH 473
2B6  PPTYQIRFLPR---- 491
* H * % : * : *
cept for the modeled F-G loop and the H-I loop, which ZBG RMBD vahics
differ in length by three amino acids (Fig. 4). The
CYP2B6 model was heated to 300 K in water with con- Le
strained backbone. After removing the constraints, Le
100 ps of unconstrained MD simulation followed. The o
root mean square deviation (RMSD) values of the back- £ 12
bone atom positions between trajectory structures and £ !
the minimized CYP2B6 structure were calculated. They = s
rapidly increased to 1.1 A within the first 10 ps, then in- 08
creased slowly to 1.5-1.7 A over a period of 100 ps 04
(Fig. 5). .
The F-G loop of CYP2B6 contains mainly hydropho- 0
. . . . . 0 0 40 6l B0 100 120
bic residues with bulky side chains such as phenylala- time in ps

nine and leucine. In this model, (Fig. 6) the N-terminal
residues of the F-G loop are buried in the protein block-
ing the putative substrate access channel with their side
chains. The hydrophobic residues of the C-terminal half
of the F-G loop form a hydrophobic patch on the protein
surface together with the N-terminal (B-strand region.
The active site above the heme group is located in the
core of the protein and is not in contact with the F-G
loop.

Fig. 5 Root mean square deviation (RMSD) between the back-
bone atoms of CYP2B6 model and the minimized CYP2B6 model
after heating and releasing the backbone

Geometry of the binding site

The residues of the binding site form three main pockets
(Fig. 7). Pocket A, the “heme pocket”, is formed by the
side chains of Ala298, Thr302, Leu363 and Phe206. This
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Putative
substrate entry

-terminus

Fig. 6 Homology model of CYP2B6. Hydrophobic side chains of
the F-G loop are shown in green, the heme group and the insertion
in the H-I loop are marked in orange.

Fig. 7 Active site of CYP2B6 with docked substrates. Amino acid
side chains are colored (pocket A: orange; pocket B: blue; pocket
C: violet). The position in the substrates where reaction can occur
is indicated by the arrows. a CPA in a position for C4 hydroxylat-
ion. b CPA in a position for N-deethylation. ¢ IFA in a position for
N-deethylation. d IFA in a position for C4 hydroxylation
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pocket encloses the heme iron from all sides except one.
The substrate moiety, where hydroxylation occurs, can
only reach the heme iron if it enters this pocket. In addi-
tion two more pockets further away from the heme iron
can be identified in the binding cavity. A narrow pocket
B, the “side pocket”, is formed by Ser294 and Ile114 and
the two opposing side chains of Phe297 and Phell5, and
a pocket C, the “roof pocket”, is located between 11209,
Val477, Leu216 and Val367 and builds the ceiling of the
binding cavity at a level further above the heme plane.

Docking

Cyclophosphamide (CPA) and ifosfamide (IFA) (Fig. 2)
were placed into the active site of CYP2B6.

Both substrates consist of an identical ring moiety and
two chloroethyl side chains, but the position of one chlo-
roethyl side chain differs and results in a different geom-
etry of the substrates. In CPA, the two chloroethyl side
chains are bound to nitrogen N2, which is located axial
to the ring plane, and build a fork (Fig. 7a and b). In IFA,
the second chloroethyl side chain is bound to the ring ni-
trogen N3, and is located equatorial to the ring plane
(Fig. 7c and d). Both substrates were placed in two ori-
entations, for C4 ring hydroxylation and N-deethylation.
For each substrate we searched for the orientation where
all three pockets in the binding cavity were filled by the
substrate moieties (Table 1).

An appropriate orientation for C4 hydroxylation of
CPA is shown in Fig. 7a. The ring moiety binds to pock-
et A with the C4 atom above the heme iron. This places

He209

lle2eg, Val77

Leu2l6
leluﬁ

Thr302
"y




Table 1 Binding pockets A, B and C occupied by the substrate
moieties of CPA and IFA in both orientations: all pockets are oc-
cupied in the preferred orientation of the substrates (C4-hydroxy-
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lation for CPA, N-demethylation for IFA), one pocket remains
empty in the non-preferred orientation

Pocket A
Ala298, Thr302, Leu363, Phe206

Pocket B
Ser294, Ile114, Phe297, Phell5

Pocket C
[1e209, Val477, Leu216, Val367

CPA C4-hydroxylation
CPA N-demethylation
IFA N-demethylation
CPA C4-hydroxylation

Ring moiety
Chloroethyl side chain
Chloroethyl side chain
Ring moiety

Chloroethyl side chain

Second chloroethyl side chain

Ring moiety Empty
Ring moiety Second chloroethyl side chain
Chloroethyl side chain Empty

one chloroethyl side chain in pocket B, and the second
chloroethyl side chain points upwards into pocket C such
that the substrate optimally fills the available space in
the binding cavity, preventing unfavorable contacts. In
contrast, if one of the chloroethyl side chains of CPA is
placed in pocket A for N-deethylation to occur, the ring
moiety is locked in pocket B, and the second chloroethyl
side chain is forced to adopt a position close to the heme
plane, where space is limited by the side chain of Val367
(Fig. 7b). In this orientation, the distance between the
chlorine atom of CPA and the methyl group of Val367 is
only 1.7 A (Fig. 7b).

If IFA is docked analogously for N-deethylation, the
second chloroethyl side chain adopts an ideal position to
reach into pocket C, as it is situated on the ring nitrogen
atom pointing upwards (Fig. 7c). However, with the ring
moiety of IFA placed in pocket A for C4 hydroxylation
and one chloroethyl side chain in pocket B, the second
chloroethyl side chain cannot reach up into pocket C but
instead clashes with Val367 in the lower level of the
binding cavity (Fig. 7d). In this position the distance be-
tween the chlorine atom of IFA and the methyl group of
Val367 is only 2 A. (Fig. 7d).

Discussion
F-G loop modeling

In the structure of CYP2C5 a 19-residue segment of the
F-G loop was modeled. Generally the limit for reliable
loop structure prediction by ab initio and database search
techniques is five residues. [22] To overcome this prob-
lem, we used an approach that relies on molecular dy-
namics (MD) simulations with simulated annealing. This
method was described previously by Fiser et al. [22] as
part of an automated modeling technique. However, it
was only applied to loops of up to 14 residues. During
the MD simulations, the position of the whole loop un-
derwent considerable changes. However, the one-turn
helix comprising Trp, Leu, Gln and Val always formed.
The pattern of a one-turn helix in the N-terminal region
of the F-G loop also appears in the corresponding loop
of the bacterial CYP51 (PDB code 1E9X [23]), which
has a length of 14 residues. Here, the one-turn helix
comprises the four residues Leu, Ala, Tyr and Val. In
contrast, the helical structure taken from the CYP BM-3

structure, which was used for the starting structure, un-
folded at the N-terminal end of the F—-G loop after mini-
mization and did not reappear later. This is in accordance
with the low resolution X-ray structure of CYP2CS5 [5]
in this region, which also does not show a helix.

The conformation of a loop is also influenced by the
rest of the protein as a segment can adopt different con-
formations in different proteins. [22] Therefore, simulat-
ed annealing of the loop was performed in the protein
environment. Indeed, the conformation changed and the
loop moved toward the N-terminal 3-sheet domain. As
suggested by the low resolution of the X-ray structure,
[5] the loop is flexible in this region and possibly takes
on different conformations, especially in solution, where
the location of the loop is not limited by spatial con-
straints in the crystal lattice. Therefore, the modeled loop
conformation represents one of several different alterna-
tives.

CYP2B6 model

The high sequence identity of 48% with CYP2B6 makes
CYP2CS an appropriate template for modeling CYP2B6.
The stability of the constructed CYP2B6 model was as-
sessed by 100 ps of unconstrained MD simulation in wa-
ter. Unconstrained MD simulations in water are a sensi-
tive tool to measure stability. When an automatically
modeled loop was used, unconstrained MD simulations
in water caused an unfolding of the whole protein after
only 10 ps (data not shown). In contrast, the model of
CYP2B6 described here changed by 1.1 A within this
critical time. The low RMSD of less than 1.7 A of the
equilibrated model indicates that the CYP2B6 structure
only shows small differences to the structure of
CYP2CS5. This is in accordance with the expected value
of 1.4 A given by the correlation between sequence iden-
tity and RMSD. [24]

The structure of CYP2B6 shows the expected features
of mammalian CYPs. [5] The F-G loop and the N-termi-
nal domain contain predominantly hydrophobic amino
acids, suggesting insertion of this region in the mem-
brane. Furthermore, it is remarkable that the F-G loop of
CYP2B6 contains a large number of bulky hydrophobic
residues. This is similar in some other mammalian CYP
enzymes like CYP2C5 and CYP2EI, but there are also
examples like CYP2A6 and CYP2D6 that show a small-
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er number of bulky hydrophobic residues in the F-G
loop. As postulated for the mammalian CYP7A1, [25]
these residues might play a structural role for the protein
by preventing it from being inserted too deeply into the
membrane. It is also conceivable that these residues con-
tribute to substrate recognition, [25] as hydrophobic resi-
dues, especially phenylalanine and leucine, dominate in
the F-G loop as well as in the binding site.

The F-G loop is located at the surface of the protein
and its conformation does not influence the geometry of
the active site, which is in the interior. One can assume
that the active site of CYP2B6 can be modeled reliably
as the structure of CYP2CS is very well resolved in the
region around the heme, [26] thus providing a good tem-
plate.

Docking

The shape of the binding site explains the regioselectivi-
ty of CYP2B6 towards the substrates CPA and IFA. It
has been experimentally observed that the difference in
the position of one chloroethyl side chain leads to in-
verse regioselectivity [4] in the active site of CYP2B6.
By manual shape fitting it could be shown why this dif-
ference between the two structural isomers has an effect
on the orientations of the substrates in the binding cavity.
Fitting the shapes of substrates and binding site assumes
that steric repulsions for substrate moieties are minimal
if they bind to well-defined binding pockets. Three pock-
ets were analyzed, a “heme pocket” A, which the sub-
strate moiety to be hydroxylated has to enter, a “side
pocket” B and a “roof pocket” C. For both substrates all
three pockets could be filled without any clashes for the
orientation leading to the experimentally observed prod-
uct, while for the non-preferred orientation pocket C
could not be filled and instead unfavorable contacts with
Val363 occurred. This study represents the first docking
results for CPA and IFA using a CYP2B6 model based
on a mammalian CYP. In an earlier study [27] a structur-
al model of CYP2B6 constructed from the coordinates of
CYP BM-3 was used. CYP BM-3 is more distantly relat-
ed to CYP2B6, and no explanation for the experimental-
ly observed regioselectivity was given. Recently a model
of CYP2B6 based on the crystal structure of CYP2C5
was reported. [28] In this study QSAR analysis was
combined with homology modeling to predict the K,
values of a number of substrates but did not include the
two drugs CPA and IFA.

Our complete model of CYP2B6, which is stable in
unconstrained MD simulations in water, can be used for
further docking studies and for generating homology
models of other CYP Family 2 enzymes.

Conclusion

The missing F-G loop in the X-ray structure of cyto-
chrome P450 CYP2C5 was modeled by a simulated an-

nealing approach. The completed 2C5 structure was then
used as a template to model the structure of the homolo-
gous human CYP2B6. Both structures were stable during
molecular dynamics simulations in water. As the se-
quences of CYP2C5 and CYP2B6 are similar to other
mammalian CYPs of Family 2, they can be further used
as templates for homology modeling.

The model was further validated by studying the in-
teraction of two substrates, CPA and IFA, with the bind-
ing site of CYP2B6. The experimentally observed regio-
selectivity could be explained by size, hydrophobicity,
and spatial arrangement of three distinct binding pock-
ets. Thus, a limited number of residues were identified as
major structural determinants of regioselectivity.

Supplementary material

The coordinates of the model of CYP 2B6 (average
structure of MD trajectory, energy minimized) are avail-
able as supplementary material.
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