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The ligand-binding characteristics of rat and human CYP2D isoforms, i.e., rat CYP2D1—-4 and
human CYP2D6, were investigated by measuring 1Cso values of 11 known CYP2D6 ligands
using 7-methoxy-4-(aminomethyl)coumarin (MAMC) as substrate. Like CYP2D6, all rat CYP2D
isozymes catalyzed the O-demethylation of MAMC with K, and Vmax Values ranging between
78 and 145 uM and 0.048 and 1.122 min™1, respectively. To rationalize observed differences in
the experimentally determined 1Cso values, homology models of the CYP2D isoforms were
constructed. A homology model of CYP2D6 was generated on the basis of crystallized rabbit
CYP2C5 and was validated on its ability to reproduce binding orientations corresponding to
metabolic profiles of the substrates and to remain stable during unrestrained molecular
dynamics simulations at 300 K. Twenty-two active site residues, sharing up to 59% sequence
identity, were identified in the CYP2D binding pockets and included CYP2D6 residues Phel20,
Glu216, and Asp301. Electrostatic potential calculations displayed large differences in the
negative charge of the CYP2D active sites, which was consistent with observed differences in
absolute 1Cso values. MD studies on the binding mode of sparteine, quinidine, and quinine in
CYP2D2 and CYP2D6 furthermore concurred well with experimentally determined I1Cs values
and metabolic profiles. The current study thus provides new insights into differences in the

active site topology of the investigated CYP2D isoforms.

Introduction

Human cytochrome P450 2D6 (CYP2D6) is one of the
most important phase | enzymes involved in the me-
tabolism of therapeutic drugs. Within the P450 super-
family, this enzyme is second to CYP3A4 in the number
of drugs it biotransforms, holding a share of 20% versus
50% in the case of CYP3A4. Another feature that has
significantly contributed to the large interest CYP2D6
has obtained concerns its polymorphic nature.?23 To date,
more than 70 different alleles have been identified.* The
effects of these polymorphic genes range from a complete
loss of functional protein to an increase in enzyme
activity. Differences in substrate specificity may also
arise. As a result, drug treatment in polymorphic
individuals may cause adverse effects or a lack of drug
efficacy.® To anticipate and prevent the occurrence of
undesired effects resulting from drug therapies, an
understanding of the ligand-binding specificity of
CYP2D6 is needed. To acquire such understanding,
knowledge of the active site topology and the effects of
mutations on ligand binding is indispensable.

Initially, substrate and ligand-binding specificities
concerning CYP2D isoforms were predominantly inves-
tigated by means of metabolism and binding studies in
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liver microsomes. The rat frequently served as an
animal model for predicting drug toxicity and disposi-
tion in humans and is still frequently used for this
purpose today. Regarded as a model for the “poor
metabolizer” phenotype is the female Dark Agouti rat,
which lacks the ability to metabolize selective CYP2D6
substrates such as debrisoquine and dextromethor-
phan.®” With successful cloning and expression tech-
niques, metabolism and inhibition studies have been
performed with heterologously expressed CYP2D iso-
zymes. The heterologous expression of CYP2D6 also
prompted a range of other studies, which greatly
facilitated the investigation of its active site topology
and binding specificity. They include site-directed muta-
genesis studies on key residues of CYP2D6 involved in
ligand binding, e.g., Asp301,% and the development of
high-throughput screening techniques for rapid identi-
fication of new ligands.®1° On the theoretical level,
molecular modeling has been applied to study human
CYP2D6. The combined efforts have led to a general
perception of the CYP2D6 active site (reviewed by Ekins
et al.'1): the basic nitrogen atom of ligands generally
interacts with a negatively charged residue located in
the I helix (Asp301) or F helix (Glu216), and the
aromatic moiety of ligands interacts with a phenylala-
nine (Phe481 or Phe483) located in the fifth S-sheet. In
total, six structural elements or substrate recognition
sites (SRSs) can be identified that contain ligand-
binding residues.!?
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Figure 1. Chemical structure of the investigated ligands: (1) codeine; (2) debrisoquine; (3) dextromethorphan; (4) diMMAMC,;
(5) MAMC,; (6) nortriptyline; (7) phenformine; (8) b- or R-propranolol; (9) L- or S-propranolol; (10) sparteine; (11) quinine; (12)
qguinidine. All compounds except the inhibitors 11 and 12 are substrates of CYP2D6. The corresponding site(s) of oxidation are
indicated with (an) arrow(s). Dashed arrows indicate minor metabolic routes of CYP2D6. Numbers in the ring systems of 2 and

6—10 correspond to atom-numbering.

In contrast to humans, for which only one isoform
(CYP2D6) has been identified, the rat contains six
CYP2D isozymes: CYP2D1-5 and CYP2D18. Immuno-
blotting studies have demonstrated hepatic expression
of CYP2D1, -2D2, -2D4, and -2D5, but not CYP2D3, in
various rat strains.® CYP2D18 is believed to be the rat
brain variant of CYP2D4.13 The rat and human CYP2D
isoforms share a high sequence identity (>70%). Nev-
ertheless, significant differences in binding and (regi-
oselectivity of) metabolism have been observed between
these CYP2D isoforms.%714-16 For example, R-mianserin
was N-oxidated by only CYP2D1 while 8-hydroxylation
was performed by all investigated isoforms.14

Strongly homologous proteins can be perceived as a
single isoform with a set of point mutations and may
be used advantageously for increasing the knowledge
and understanding of active site topologies. Here,
the differences in binding specificities between rat
CYP2D1—4 and human CYP2D6 were investigated. I1Cs
values of 11 structurally diverse compounds (Figure 1),
known to competitively bind to CYP2D6, were deter-
mined for the five individual isoforms. The fluorescent

probe 7-methoxy-4-(aminomethyl)coumarin’ (MAMC
(5)) was selected as a substrate, since it was expected
that this compound was likely to have a similar affinity
for the different isozymes because of its small size. The
observed differences were rationalized by homology
modeling and molecular dynamics (MD) studies on the
CYP2D isoforms. A homology model of CYP2D6 was
generated first using the recently crystallized rabbit
CYP2C5 structure!® as the template. The current study
provides new knowledge on human and rat CYP2D
active site topologies and elucidates which rat CYP2D
isoforms are of dominating importance regarding ligand
binding.

Materials and Methods

Chemicals. 7-Methoxy-4-(aminomethyl)coumarin (MAMC
(5)), 7-hydroxy-4-(aminomethyl)coumarin (HAMC), and N,N-
dimethyl-7-methoxy-4-(aminomethyl)coumarin (diMMAMC (4))
were synthesized as described previously.'”*® Glucose 6-phos-
phate dehydrogenase and NADPH were from Boehringer
(Mannheim, Germany) and Applichem (Darmstadt, Germany),
respectively. Quinine (11) was purchased from Fluka (Zwijn-
drecht, The Netherlands), whereas p- and L-propranolol (8, 9)
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were from ICI (Macclesfield, U.K.). All other chemicals were
obtained from Sigma Chemical Co. (St Louis, MO).

Microsomal Protein. Rat CYP2D isozymes were expressed
in Saccharomyces cerivisiae as described previously,*6 resulting
in P450 content of 2.5 nmol/mL CYP2D1, 0.25 nmol/mL
CYP2D2, 0.36 nmol/mL CYP2D3, and 3.9 nmol/mL CYP2D4.
The microsomes contained an optimized amount of coexpressed
yeast cytochrome P450 reductase such that addition of rat
NADPH cytochrome P450 reductase had no effect on catalytic
activity.'® Human CYP2D6 (2 nmol/mL; catalog no. P171),
containing human NADPH cytochrome P450 reductase, was
obtained from GENTEST Corp. (Woburn, MA). The reductase
activity was 160 nmol/(min x mg of protein). None of the
microsomes contained cytochrome b5 or a P450 other than the
heterologously expressed CYP2D isoform. All P450 was in the
form of holoprotein. Further details have been described by
Wan et al.’® and Penman et al.?°

MAMC Metabolism by Rat CYP2D Isoforms. The me-
tabolism of MAMC (5) by the different rat CYP2D isoforms
and its time dependency were investigated by incubating 100
uM of MAMC at 37 °C in a 100 mM phosphate buffer, pH 7.4,
containing microsomal protein and a NADPH-regenerating
system (see below). Samples of 80 uL were drawn at intervals
of 5 min for 30 min and added to 10 uL of 35% perchloric acid.
After removal of the protein by centrifugation at 4000g for 20
min, metabolite identification and quantification were achieved
by HPLC analysis as described below.

Enzyme Kinetics of MAMC O-Demethylation by Rat
CYP2D Isoforms. The kinetic studies on rat CYP2D-mediated
O-demethylation of MAMC (5) were performed in a 100 mM
phosphate buffer, pH 7.4, using a final volume of 80 uL.
Isozyme concentrations of 52.0, 3.1, 3.6, and 21.9 nM were used
for respectively CYP2D1, -2D2, -2D3, and -2D4. Compound 5
was preincubated for 5 min at 37 °C in a final concentration
range of 40—200 «M. The reaction was started by the addition
of a preincubated NADPH-regeneration system, resulting in
final concentrations of 1.3 mM NADPH, 3.3 mM glucose
6-phosphate, 3.3 mM MgCl,, and 0.4 units/mL glucose 6-phos-
phate dehydrogenase. The reaction was stopped by the addi-
tion of 10 uL of 35% perchloric acid after 20 min (15 min in
the case of CYP2D4). The samples were subsequently centri-
fuged at 4000g for 20 min, and 40 uL of supernatant was
analyzed by means of HPLC as described below. Because of
lower sensitivity, analysis could not be performed by means
of a microplate reader.

Competition Studies. The competition studies with rat
CYP2D isozymes were performed in the presence or absence
of various concentrations of inhibitor, using MAMC (5) as a
substrate. A final concentration of 100 M was used for 5, since
this approximated its K value for all CYP2D isoforms. The
incubations were furthermore carried out using the conditions
described above.

In the case of CYP2D6, competition studies were performed
using the microplate reader assay described previously.®
Compound 5 was incubated in a final concentration of 10 M,
in the presence or absence of various concentrations of inhibi-
tors. A CYP2D6 concentration of 1 nM was used.

HPLC Analyses. Chromatographic separation of 5 and its
metabolite, HAMC, was achieved with an HPLC system
consisting of model 300 and model 480 pumps (Gynkotek,
Germering, Germany), two ChromSpher C18 columns (5 um
particles, 4.6 mm x 10 cm; Chrompack, Bergen op Zoom, The
Netherlands), a Triathlon autosampler (Spark Holland, Em-
men, The Netherlands), and a model 821-FP fluorescence
detector (Separations B.V., The Netherlands). As eluent, a
mixture of 15% methanol, 1% triethylamine, and 84% H;0,
adjusted to pH 3 using 70% perchloric acid, was used at a flow
rate of 0.4 mL/min. To increase the fluorescent yield of the
metabolite, the eluent was mixed postcolumn with a 0.1 M
Tris-HCI solution, pH 9.0, at a flow rate of 0.4 mL/min.
Detection was at an excitation wavelength of 370 nm (band-
width 18 nm) and an emission wavelength of 470 nm (band-
width 18 nm). A calibration curve of HAMC was used for
guantification purposes.
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Kinetics Analysis. Ky, and Vimax parameters, as well as 1Csg
values, were determined by using the nonlinear least-squares
fitting method for one site binding and one site competition,
respectively, as implemented in Prism 2.0.%

Model Building. The primary sequences of the rat and
human CYP2D isozymes were obtained from the sequence
retrieval system (SRS), accessible from the EMBL Internet
site.?? The Swiss protein accession numbers are P10633
(CYP2D1), P10634 (CYP2D2), P12938 (CYP2D3), P13108
(CYP2D4), and P10635 (CYP2D6). The crystal structure of
rabbit CYP2C5'8 (PDB identifier 1DT6) was downloaded from
the Brookhaven Protein Databank (PDB).2* The CYP2D
sequences were manually aligned with that of rabbit CYP2C5,
using the homology module of Insightll,?* which was imple-
mented on a Silicon Graphics Octane R12000 (Silicon Graphics
Inc.). Initially, a homology model was only made for CYP2D6
because this model could be validated on the basis of the large
amount of experimental data available (see below). One-
hundred models of the human isozyme were generated with
the restraint-based comparative modeling program Modeller
4.0.%° These models primarily differed in the conformation of
part of the B/C loop and the F/G loop, since the former region
possessed the largest insertions with respect to CYP2C5 and
the latter region was lacking in the crystal structure. The four
models with the best loop conformations and stereochemical
parameters, as determined by visual inspection and PRO-
CHECK,?¢ were used for further validation and selection.

The final model of CYP2D6, resulting from the various
validation steps (see below), was used as the template for
modeling the rat CYP2D isoforms. The side chains of CYP2D6
were mutated to that of the corresponding rat enzyme using
the homology module of Insightll,?* after which a minimization
was carried out with Amber 6.0%7 as described below.

Model Refinement and Validation. The first validation
of the CYP2D6 models was achieved by establishing which of
the four models was most able to accommodate the substrate
codeine (1) in the orientation found by NMR spin-relaxation
studies.?® To this end, all four conformations of 1 were
manually docked in the CYP2D6 active site using Insightl1?*
in such a way that the methoxy group was directed toward
the heme moiety while the basic nitrogen atom was directed
toward either Asp301 or Glu216. The structures were mini-
mized with 20 000 steps with Amber 6.0,%” using the steepest
descent method during the first 10 000 steps followed by the
conjugate gradient minimizer. Simulated annealing was per-
formed on the resulting structures by quickly heating the
system to 600 K in 5 ps. The system was maintained at this
temperature for 20 ps, after which it was gradually cooled to
0 K over 25 ps. During both the minimization and simulated
annealing, a harmonic restraint (k = 1.0 kcal mol~* A~2) was
applied on the protein Co trace, and a cutoff of 9 A and a
dielectric constant of 1 were used. During the simulated
annealing, distance restraints were also applied on the un-
ambiguously defined proton—Fe distances reported by Modi
et al.,®8 using a force of 50 kcal mol-* A2,

Rigid Docking of Ligands. The CYP2D6 model found to
be the most capable of satisfying the distance restraints for
codeine (1), as deduced from spin-relaxation studies, was used
for rigid docking studies on the 11 ligands investigated (Figure
1). This not only served the purpose of identifying interaction
residues but was also used as a second validation step; binding
orientations that are consistent with the known metabolic
profiles of ligands should possess energetically favorable
interaction energies. As a criterion for metabolism, a maximum
distance of 5 A between the site of oxidation, i.e., the carbon
atom at which proton abstraction takes place, and the heme
Fe atom (r(ox—Fe)) was used. The binding of quinine (11) and
quinidine (12) could not be subjected to this validation, since
these inhibitors are not metabolized by CYP2D6. Rigid docking
studies with all CYP2D isoforms were performed with SACRD
(simulated annealing with constrained rigid docking),?® which
uses a simulated annealing protocol and the cvff force field.
The rigid protein model was defined by a 30 A grid with grid
points separated by 0.333 A. The ligand was rigidly docked
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into the active site pocket, which was defined by the center of
the grid (chosen as CS of CYP2D6 residue 305), at high
temperature. By gradual lowering of the temperature, the
ligand adopted a low-energy binding orientation. To account
for flexibility, different conformations of the ligand and protein
structure were taken into account. In the case of the ligands,
only conformers with energies less than 10 kcal/mol above that
of the global minimum were docked. In the case of the protein,
all sterically accessible rotamer combinations (rotamer library
implemented in Insight1124) of residues 301, 216, and 483 were
taken into account.

Dynamics. Molecular dynamics (MD) was performed on the
CYP2D homology models for two purposes. The first is to
examine whether the models were stable during dynamics.
This was established by measuring the root mean square (rms)
of the protein Ca trace of each MD frame compared to that of
the starting structure. The second is to optimize the binding
mode of a selected set of ligands resulting from the rigid
docking procedure in order to rationalize the observed differ-
ences in 1Cso values between CYP2D isoforms. All calculations
were carried out with Amber 6.0,%” using a dielectric constant
of 1.0 and a cutoff of 9 A. The system was solvated by a water
shell of 9 A, amounting to approximately 2000 water mol-
ecules, and neutralized with one to four sodium atoms using
the Xleap routines implemented in Amber 6.0.2” A minimiza-
tion was subsequently performed as described above, after
which 200 ps of unrestrained MD simulation followed. In the
first 30 ps, the system was heated linearly from 10 to 300 K
and was kept at this temperature for the remaining 170 ps.

Structure Generation and Charge Calculations of
Ligands. Initial structures of the ligands studied were either
obtained from the Cambridge Structural Database (CSD)%® or
generated with the Builder module of Insightll.2* Subsequent
minimization of the structures was performed with Discover
implemented in Insightll,?* using the cvff force field. Low-
energy conformers of each structure were calculated by
performing a Monte Carlo simulation using the cvff force field
with the program CONF.3! Atomic charges of the ligands were
calculated in two different ways. For the rigid docking
procedure with SACRD,?® atomic charges were obtained by
performing an AM1 single-point calculation with the Mopac/
Ampac module implemented in Insightl1.2* Atomic charges to
be used in the Amber 6.0?” MD runs were essentially derived
by electrostatic potential fitting as described by Cieplak et al.3?
for the AMBER force field. In short, electrostatic potentials
were calculated for the four minimum energy geometries
covering the broadest range of the conformational space of each
ligand at the Connolly surface at 1.4, 1.6, 1.8, and 2.0 times
the van der Waals radius using GAMESS US® and the SV
6-31G* basis set. The multiconformational restraint electro-
static potential (RESP) fitting procedure343> was utilized to
obtain atomic charges.

Electrostatic Potential Calculations. To rationalize the
difference in overall binding affinity of the CYP2D isozymes
for the studied ligands, the electrostatic potential of the
enzymes were calculated with the DelPhi package®3” imple-
mented in Insightl12* using the continuum dielectric approach
to solve the Poisson—Boltzmann equation by the finite differ-
ence method. Partial charges of the cvff force field for the
enzymes at pH 7.4 were used. A constant ionic strength of
0.145 M was applied, as well as a dielectric constant of 4 for
the protein and 80 for the solvent environment.

Results

Enzyme Kinetics of MAMC Metabolism by Rat
CYP2D Isoforms. Investigation of MAMC (5) metabo-
lism mediated by rat CYP2D isozymes, singly expressed
in Saccharomyces cerivisiae, by HPLC showed that all
four isoforms catalyzed only the O-dealkylation of the
substrate to HAMC. Metabolite formation was found to
be linear for 20 min in the cases of CYP2D1, -2D2, and
-2D3. CYP2D4-mediated O-dealkylation of 5 was linear
for 15 min only.
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Table 1. Apparent Kinetic Parameters of MAMC (5)
O-Dealkylation Mediated by Rat CYP2D1—4 Expressed in
Saccharomyces cerivisiae, and Human CYP2D6 Expressed in a
Human Lymphoblastoid Cell Line?

Km Vmax Vmax/Km
enzyme (uM) (min-1) (1073 min~YuM)
CYP2D1 145 + 41 0.048 + 0.006 0.331 +£0.135
CYP2D2 78 £6 0.895 + 0.045 11.47 £ 1.45
CYP2D3 96 + 12 0.760 £ 0.050 7.92 £1.50
CYP2D4 80 £+ 10 1.122 +0.048 14.03 + 2.36
CYP2D6P 115+1.3 281+0.14 244 + 39

a Measurements are shown as the mean + SD (n = 3). ® Deter-
mined previously by Venhorst et al.*®

The O-dealkylation of 5 exhibited Michaelis—Menten
kinetics for all four rat CYP2D isozymes. The isoforms
were found to have comparable K, values ranging
between 78 and 145 uM (Table 1). The Vmax values of
the CYP2D isozymes for this reaction were also the
same order of magnitude with the exception of CYP2D1
(Table 1). The latter displayed a notably lower maximal
rate of O-dealkylation of 5 with a Vnax value of 0.048 +
0.006 min~! and correspondingly had the lowest intrin-
sic clearance (Vmax/Km). CYP2D6 has previously been
shown to O-dealkylate 5 with low Ky and high Vmax
values of 11.5 + 1.3 uM and 2.81 + 0.14 min1,
respectively.1®

Competition Studies. Table 2 lists the I1Csy values
of 11 investigated CYP2D6 model substrates and inhibi-
tors toward the rat and human CYP2D isoforms. When
the CYP2D2 and -2D6 inhibition data are examined, it
is striking that their 1Cso values are generally much
lower than those of CYP2D1, -2D3, and -2D4. When the
rat CYP2D inhibition data were correlated linearly with
that of human CYP2D6 (excluding quinidine (12)), a
significant correlation (R?2 = 0.739; leave-one-out valida-
tion, 0.692 < R? < 0.805) between the 1Csq values of
the compounds investigated was only obtained for
CYP2D2. A significant correlation furthermore existed
between rat isoforms CYP2D3 and -2D4 (R? = 0.756;
leave-one-out validation, 0.664 < R2? < 0.834). All other
R? values were smaller than 0.454. Interestingly,
sparteine (10) and phenformine (7) did not inhibit
CYP2D1-mediated O-demethylation of 5. Instead, a
potentiation was observed. At an inhibitor concentration
of 1 mM, HAMC formation was increased 3-fold and
5-fold in the presence of 10 and 7, respectively.

A very notable difference between human CYP2D6
and the rat CYP2D isoforms was observed when com-
paring their respective affinities for the inhibitors
quinine (11) and quinidine (12). Of these compounds,
CYP2D1 and CYP2D6 displayed the lowest 1Csq value
toward 12. The difference in ICsp value between 11 and
12 was only about 2-fold in the case of CYP2D1, but 12
had a 184-fold lower ICsp value than 11 in the case of
CYP2D6. The other CYP2D isozymes were inhibited to
the largest extent by 11. The isomers b- and L-propra-
nolol (8, 9) displayed similar 1Csy values toward all
CYP2D isoforms investigated with the exception of rat
CYP2D1 where the p-isomer displayed a 3-fold higher
affinity. Sparteine (10) and codeine (1) generally exerted
a low inhibitory potency on the CYP2D isoforms.
Compound 1 was the weakest inhibitor in the case of
all isoforms except CYP2D2. For the latter, however,
only diMMAMC (4) showed an even lower inhibitory
potency. CYP2D2 furthermore displayed a relatively low
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Table 2. 1Csp Values of Compounds for MAMC (5) O-Dealkylation Mediated by Rat and Human CYP2D Isozymes (n = 2, Measured

on Separate Days)?

ligand ICso (uM) CYP2D1  ICsg (uM) CYP2D2  ICsp (uM) CYP2D3  ICso (uM) CYP2D4  ICs (uM) CYP2D6

1 codeine 1320 + 192 238+ 34 4089 =+ 560 2216 + 119 104 + 27

2 debrisoquine 529 + 96 107 + 3 1754 + 105 747 £ 50 23.8+3.2

3 dextromethorphan 264 + 17 56+0.1 18.6 + 0.5 136 +£ 31 1.8+04

4 diMMAMC 329 + 112 307 +£3 862 + 34 1178 + 543 74.2 £ 15.6

6 nortriptyline 204 £ 15 1.9+0.3 142+ 0.1 19.3+0.1 23+0.2

7 phenformine 454 £ 8.5 1927 + 204 833 + 86 27.0+£5.0

8 D-propranolol 182 + 25 0.42 £0.22 155 + 16 117 + 38 1.9+0.7

9 L-propranolol 571+ 16 0.35+0.25 172 £3 133 £ 15 1.4+05

10 sparteine 72+£27 2146 + 307 1487 + 23 66.4 +£17.6
11 quinine 465+ 7.6 0.094 + 0.009 12.0+ 0.2 1.7+04 0.61 + 0.05
12 quinidine 199+19 28+0.7 269 +4.4 472+ 134 0.0033 + 0.0010

a Rat CYP2D1 to CYP2D4 was expressed in Saccharomyces cerivisiae, and human CYP2D6 was expressed in a human lymphoblastoid
cell line. I1Csp values of phenformine (7) and sparteine (10) could not be determined for CYP2D1 because these compounds had a stimulatory

effect on HAMC formation.

ICs0 value for 10 when compared to the other isozymes.
The CYP2D6 model substrates debrisoquine (2) and
dextromethorphan (3) generally possessed an interme-
diate to low inhibitory potency.

The CYP2D6 Homology Model. Figure 2 displays
the sequence alignment of CYP2D6 (and the investi-
gated rat CYP2D isoforms) with rabbit CYP2C5,'8 which
was used as the template for constructing the homology
model. The final model possessed good stereochemical
quality, as determined by PROCHECK,% with the
backbone ® and W dihedral angles of 98% of the
residues located within the generously allowed regions
(68% core) of the Ramachandran plot. The CYP2C5
template structure also had 98% of its residues located
in the generously allowed regions, with 71% of the
residues in the core of the Ramachandran plot. The final
model was well able to accommodate codeine (1) in the
conformation determined by NMR spin-relaxation stud-
ies,?8 as shown in Table 3. Moreover, this orientation
corresponded to an energetically favorable binding
mode, since 1 formed a hydrogen bond with Glu216
(Figure 3). Other prominent interaction residues in-
cluded Phel20, providing m-stacking interaction, and
Phe483, providing van der Waals interaction (Figure 3).

Automated and therefore unbiased rigid docking
studies with SACRD? revealed that the CYP2D6 ho-
mology model was able to accommodate all 10 sub-
strates in the binding mode(s) corresponding with their
reported metabolic route(s) (Table 4 and Figure 1). The
known sites of oxidation were directed toward the heme
iron and are located within 5 A of this atom. The fact
that these binding modes, with the exception of nortrip-
tyline (6), included the docking orientation with the
highest interaction energy further supported the valid-
ity of the model. In the case of 6, the docking orientation
listed in Table 4 had the second highest interaction
energy. The energetically most favored binding mode
corresponded to aromatic 7-hydroxylation (Figure 1).

As shown in Table 4, all CYP2D6 substrates except
sparteine (10) had an interaction with either Glu216
or Asp301. Some substrates, e.g., propranolol (8, 9),
appeared to hydrogen-bond exclusively to one of these
negatively charged residues. Debrisoquine (2), dex-
tromethorphan (3), MAMC (5), and phenformine (7),
however, appeared to use both Glu216 and Asp301 as
alternative anchors for their basic nitrogen atoms. In
the case of 2, the rigid docking study suggested that the
different phenolic products, constituting 64% of total

Table 3. Ability of the CYP2D6 Homology Model To
Accommodate Codeine (1) in the Binding Mode Determined by
Experimental Spin-Relaxation Studies?

HsC—0 o OH
r(H—Fe) CYP2D6 r(H—Fe)
atom model (A) experimental (A)
C1H 7.6 75+ 0.2
C2H 5.1 50+£0.1
C5H 8.9 9.1+0.1
C6H 10.0 10.0 £ 0.2
C7H 9.7 9.3+ 0.3
C8H 10.6 10.2 £ 0.2
C9H 11.4 11.2+0.2
C15HaP 9.2 9.3+0.1
C15HbP 10.6 10.8 £ 0.2
~N—CH3P 12.3 12.1+£0.2
~O—CH3P 3.6 3.1+£0.1

a Reference 28. The distances between the protons of 1 and the
iron atom of the CYP2D6 heme group obtained after simulated
annealing of the ligand—enzyme complex with distance restraints
are listed, as well as those reported by Modi et al.2 Numbering of
the protons is according to the C atom numbers. P Not included
in the distance restraints.
metabolite formation,3® arise from virtually the same
binding mode. In this light, the designation of 4-hy-
droxylation as the major metabolic route appears mis-
guided. A feature common to all observed binding modes
was the involvement of Phel20, equivalent to Alal113
in CYP2CS5, in z-stacking with aromatic moieties of the
ligands. Residues 11e106, Leu213, Ala305, Val308,
Val370, Val374, and Phe483 were generally involved in
hydrophobic interactions (see also Table 5). Another
interesting observation resulting from the rigid docking
experiments was that a single rotamer of Asp301 was
observed in the favored binding orientations. In this
conformation, the carboxylate group of Asp301 hydrogen-
bonds with the backbone nitrogen atoms of Val119 and
Phel20, thus stabilizing the B/C loop.

In additional studies on the binding mode of a selected
set of ligands, MD simulation was carried out to further
optimize the ligand—enzyme interactions. On the basis
of Table 4, all CYP2D—ligand complexes possessing a
ligand binding energy within 15 kcal/mol of the highest
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A bl-1
P_lDT6 ———————————————————————————————————— KDISKSLTKFSECYEP TVYLGMKP
CYP2D1 MELLNGTGLWSMATFTVIFILLVDLMHRRHRWTSRY|geixd SNMPYSLYKLQHRYEDVIRSLOKGWEKP
CYP2D2 MGLLIGDDLWAVVIFTAIFLLLVDLVHRHEKFWTAHY)gdeiyd ENMPYSLYKLRSRYEDVIRSLOTAWEKP
CYP2D3 MELLAGTGLWFMAIFTVIFILLVDLMHRRQRWTSRY|@Xeid CNMPYSMYKLONRYeDVIRSLOMGWEP
CYP2D4 MRMPTGSELWPIAIFTIIFLLLVDLMHRRQRWTSRY|3gers ONMPAGFQKLRCRFEDLIASLOLAFES
CYP2D6 -—-MGLEALVPLAVIVAIFLLLVDLMHRRORWAARY|SEIYTIZTIY ONTPYCFDQLRRRFEDVIESLOLAWTP
bl-2 B
P_1DT6 TiVLHGYEHV LGIEFHGRGSVPILEKVS ————— KGLEETAFSN-AK
CYPZ2D1 IVNRLE EAY HGIADTHWDRPPVPIFKCL-GVKPR-S ILASYGP
CYP2D2 VvVINGLK Fan YGIDTWDRPLLPIYNHL-GYGNK-S LAPYGP
CYP2D3 VI VINGLK Fin CGIRDTHRDRPEMPIFQHI-GYGHK-A LAPYGP
CYP2D4 VgVLNGLPHL El YSIWDTRDRPPLHFNDQS-GFGPR-S VLARYGP
CYP2D6 V VLNGLAEV El HGRDTRDRPPVPITQIL-GFGPR-S FLARYGP
E F
P_1DT6 cleciNaicRv I FaN KEEEFLKLMESLHENVELLGTP——wlqunnfpal———
CYP2D1 KHLCNVIHSIIFARI EBPYLIRMVKLVEESLTEVS--GFIPEVLNTFPALLR-
CYP2D2 SKHVSNVI'SIVYARI EiPFFNRMLKTLKESFGEDT——GFMAEVLNAIPILLQ—
CYP2D3 KHVQ¢VIHSIIYARI GGPDFIKVLKILKESMGEQT——GLFPEVLNMFPVLLR-
CYP2D4 KEWCRHAYMARILLEACI PRFIRLLDLLKDTLEEES--GFLPMLLNVFPMLLH-
CYP2D6 KRV SRmARSIT TCGRI DEPRFLRLLDLRQEGLKEES——GFLREVLNAVPVLLH—
G H I
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CYPZ2D1 —-——— LADKVFQGQKTFMALLDNLL TTWRPAQPINLTDAIRFAEVEKAKGNPESSIFNDENIERM TEXe M
CYP2D2 —_——— LPGKVFPKLNSFIALVDEMLIIMHKESWEPAQPIINDMTDAIRAEMOKAKGNPESSIFNDENIBRL
CYP2D3 —_— LADKVFPGQKTFLTMVDNLV' KETWRPDOPINDLTDAINIAETEKAKGNPESSIgNDANIRRL
CYP2D4 - LLGKVFSGKKAFVAMLDELL EVTWIEPAQPI LTDAIPRAEVEKAKGNPESSIgNDENIRRV
CYP2D6 - LAGKVLRFQEKAFLTQLDELL RMTWEPAQPIADTL. TEAIPEAFMEKAKGNPESSIGNDENIER T Sk

J J! K be-1 bl-4 b2-1 b2-2
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CYP2D3 FEKR-—---
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Figure 2. Alignment of the sequences of the investigated rat and human CYP2D isozymes with that of the crystallized rabbit
CYP2C5 PDB structure 1DT6 used as input for the comparative modeling program Modeller. Gray bars indicate secondary structure
elements. a-Helices and -sheets respectively indicated by a capital and the character “b” are named and numbered in analogy
to Hasemann et al.%¢ Invariant residues are shown in black boxes, whereas conserved substitutions are indicated by a colon.
Residues that were mutated in the crystallized CYP2C5 structure®® are underlined, and small characters indicate residues that

were missing from the 3D structure.

interaction energy observed for that ligand were further

investigated.

CYP2D Active Site Topologies. MD studies on the
binding of MAMC (5) in the CYP2D6 model demon-



80 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 1

Venhorst et al.

Table 4. Results of Rigid Docking of the Investigated CYP2D6 Substrates in the Active Site of the CYP2D6 Homology Model?

oxidation
substrate site r(ox—Fe) (A) 9E (kcal/mol) residue

1 codeine ~0OCH3 5.0 0 Glu216

2 debrisoquine aromaticP 4.5 0 Glu216 + Asp301
4-position 3.9 13 Asp301

3 dextromethorphan ~0OCH3 4.7 0 Asp301°¢

4 diMMAMC ~0OCH3s 4.1 0 Asp301

5 MAMC ~0OCH3; 3.7 0 Glu216d

6 nortriptyline E-10-position 4.1 9 Glu216

7 phenformine 4-position 4.0 0 Glu216 + Asp301

8 p-propranolol 5-position 4.1 0 Glu216
4-position 5.0 2 Glu216

9 L-propranolol 5-position 4.5 0 Glu216
4-position 5.0 4 Glu216

10 sparteine 5-position 4.8 0
2-position 5.0 1

a Listed are the site of oxidation (Figure 1), the distance between the oxidation site of the substrate and the heme iron atom (r(ox—Fe)),
the difference in interaction energy (JE) between the listed orientation and the one displaying the highest interaction energy as calculated
with the cvff force field, and the residue interacting with the basic nitrogen moiety of the substrate. See text and Table 5 for other
ligand-binding residues. P The binding modes corresponding to aromatic hydroxylation at different positions varied only slightly in
orientation and subsequently had comparable binding energies. ¢ A hydrogen bond with Glu216 was also observed for another orientation
with 9E < 15 kcal/mol. ¢ A hydrogen bond with Asp301 was also observed for another orientation with 9E < 15 kcal/mol.

Table 5. Active Site Residues of Human and Rat CYP2D Isoforms and Rabbit CYP2C5 Whose Side Chains Are Involved in Ligand

Binding?
residue residue residue residue residue residue residue residue
SRS number® CYP2D1 CYP2D2 CYP2D3 CYP2D4/18 CYP2D5 CYP2D6 CYP2C5
1 103 Pro Leu Glu Pro Pro Pro Ser
105 Pro Pro Pro His Pro Pro Pro
106 lle lle lle Phe lle lle lle
112 Val Tyr Tyr Phe Val Phe Ser
120 lle Val Val Val Val Phe Ala
121 Leu Leu Leu Leu Phe Leu Phe
2 213 Leu Phe Met Leu Leu Leu Val
216 Val Asp Gln Glu Val Glu Leu
217 Ser Thr Thr Ser Ser Ser Ser¢
3 243 Gly Lys Gly Gly Gly Phe Asn
244 GIn Leu GIn Lys GIn GIn Ala
4 301 Asp Asp Asp Asp Asp Asp Asp
304 Thr Met Gly Met Thr Ser Gly
305 Ala Ala Ala Ala Ala Ala Ala
308 Val Val Val Val Val Val Glu
309 Thr Thr Thr Thr Thr Thr Thr
5 369 lle lle lle lle lle lle Leu
370 Ala Val Val Leu Ala Val Leu
374 Leu lle Leu Val Leu Val Leu
375 Pro Pro Pro Pro Pro Thr Thr
6 483 Phe Leu Phe Ala lle Phe Phe
484 Pro Pro Leu Leu Ser Leu Val

a The interaction residues were determined by rigid docking studies on 12 substrates and inhibitors (Figure 1) in the binding pocket
of CYP2D6. Residues shown in bold are invariant in all investigated enzymes. ? Residue numbering is that of CYP2D6. ¢ Mutated to Gly

in the crystallized CYP2C5 structure.®®

strated that the homology model was stable (Figure 4)
and that 5 maintained an orientation enabling O-
demethylation (average r(ox—Fe) = 4.5 A over the last
100 ps). The CYP2D6 homology model thus performed
satisfactorily on all validation steps applied and was
therefore used as the template to construct models of
CYP2D1, -2D2, -2D3, and -2D4. Rigid docking studies
of 5 followed by 200 ps of MD simulation showed that
these models were also stable and corresponded to the
experimentally observed O-dealkylation of 5. Final rms
values and average r(ox—Fe) distances were all below
1.8 and 4.7 A, respectively. The amino acid residue
favored in binding the basic nitrogen of 5 was Asp301
(throughout the manuscript, residue numbering is ac-
cording to the homologous residue in CYP2DG6) for all
rat isoforms except CYP2D2. In the case of CYP2D2,
Asp216 (Table 5) acted as charge partner.

Table 5 lists the active site residues of human
CYP2D6 and rat CYP2D1—4, as deduced from the rigid
docking studies. The analogous residues in CYP2D5 and
-2D18 have also been included. CYP2D4 and -2D18 were
found to differ in the identity of only four residues, none
of which were located in the CYP2D active site. When
the active site residues of the human and rat CYP2D
isoforms listed in Table 5 are examined, it is striking
how few residues in the models are completely con-
served. Only five of the 22 residues are invariant in all
human and rat CYP2D isozymes, of which four are
located in the I helix (SRS 4). Correspondingly, sequence
identities between CYP2D isoforms were much lower
for the active site residues than for the overall sequences
(Table 6) except between CYP2D4 and -2D18. The most
notable differences in active site residues of the homol-
ogy models between human and rat isoforms involved
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Figure 3. Obtained binding orientation of codeine (1) in the
active site of CYP2D6 after simulated annealing with distance
restraints applied on the distance between the uniquely
defined protons of 1 and the Fe atom of the porphyrine ring of
the enzyme, as observed by Modi et al. (see Table 3).28 In the
observed binding mode, 1 forms a hydrogen bond with Glu216.
Asp301 was not involved in binding the basic nitrogen atom
of 1 but instead hydrogen-bonded with the backbone nitrogen
atoms of residues 119 and 120. The two phenylalanine residues
located in the CYP2D6 active site provided either 7—x stacking
(Phel20) or van der Waals (Phe483) interactions.

2.0
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Figure 4. The rms values (A) of the protein Ca. trace of the
CYP2D6—MAMC complex compared to the starting structure,
plotted for each frame (0.5 ps) of the MD run.

residues 120 and 216. As described above, residue 120
constitutes a phenylalanine in CYP2D6 and provides
m-stacking interactions with ligands. In all rat isoforms,
residue 120 is nonaromatic and therefore only capable
of contributing to ligand binding affinities by van der
Waals interactions. The rigid docking studies with
CYP2D6 identified Glu216 as a key ligand-binding
residue forming hydrogen bonds with several substrates.
In the cases of CYP2D1/5 and -2D3, a valine and
glutamine, respectively, are located at this position.
These are unable to form a salt bridge with the basic
nitrogen of ligands. The glutamine residue in CYP2D3
is capable of forming a weaker hydrogen bond interac-
tion.

Calculation of electrostatic potentials of the CYP2D
active sites demonstrated large differences as shown in
Figure 5. CYP2D6 and -2D2 displayed a distinctly
negative electrostatic potential in and around their
binding pocket. The active site of CYP2D1, however, was
found to be largely neutral in electrostatic potential.
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Table 6. Sequence Identities (%) of Rat and Human CYP2D
Isoforms and Rabbit CYP2C52

L= =]

2 A a 2 8 a 8 g

s o4 (%] %] [ [ o4 (%]

[=} =™ =™ o o a. =9 (=9

> > > =) = pw = -

] ] ] J | [ ] [
CYP2D1 73 79 72 9 72 7 39
CYP2D2 | 45 7 BT 73T 41
CYP2D3 | 59 59 75 79 75 74
cYPp4 | 50 41 45 73 99 77 39
CYP2D5 | 82 41 55 50 737 39 |
CYP2DI8| 50 41 45 100 S0 77 9 |
CYP2D6 | 59 41 55 9 50 59 40
CYP2C5 | 41 27 4l 27 4l 7

a Both the overall sequence identity (upper triangle) and that
of the active site residues listed in Table 5 (lower triangle) are
given.

CYP2D3 and -2D4 displayed large areas of both neutral
and negative electrostatic potential.

MD Simulations of the Binding Mode of Quini-
dine, Quinine, and Sparteine in Rat CYP2D2 and
Human CYP2D6. Marked differences were observed
in the 1Csp values of quinidine (12), quinine (11), and
sparteine (10) toward CYP2D2 and CYP2D6. The cor-
responding binding modes of these compounds after
rigid docking were therefore further investigated by MD
simulations. All complexes were stable and had a final
rms value below 1.9 A. Parts A and B of Figure 6 display
the observed favored binding mode of 12 in CYP2D2 and
-2D6. In the orientation observed for CYP2D6, the basic
nitrogen of 12 formed a hydrogen bond with Asp301,
and its hydroxyl group hydrogen-bonded with the
backbone carbonyl of Ser304. Simultaneously, the quin-
oline nitrogen was located directly above the heme iron
atom (average N—Fe distance over the last 100 ps of
4.1 A), donating its lone pair. z-Stacking interaction was
observed with Phel120 of CYP2D6. Because of the more
bulky residues surrounding Asp301 in CYP2D2 (Val120
and Met304; Table 5), the quinoline nitrogen of 12 was
unable to approach the heme iron atom closely while
maintaining a strong interaction with Asp301. As a
result, the average distance between the quinoline
nitrogen and Fe over the last 100 ps was 5.1 A, whereas
the nitrogen lone pair did not point toward the Fe atom.
Compound 12, however, was able to form a hydrogen
bond with the backbone carbonyl of Met304, analogous
to that observed for Ser304 of CYP2D6.

As for 12, modeling studies suggested the involvement
of Asp301 in binding the basic nitrogen of quinine (11)
in CYP2D6 (Figure 6D). Because of the inverted chiral
centers, however, 11 adjusted its binding mode such
that the hydroxyl group of this stereoisomer displayed
a hydrogen bond with the backbone carbonyl group of
Asp301. The quinoline nitrogen was unable to donate
its lone pair to the heme iron atom. This observation
was also made for the binding mode of 11 in CYP2D2
(Figure 6C), although the average N—Fe distance during
the last 100 ps of MD was somewhat smaller (5.1 vs
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Figure 5. Electrostatic potentials of the active sites of (A) CYP2D1, (B) CYP2D2, (C) CYP2D3, (D) CYP2D4, and (E) CYP2D6.
Red, blue, and white respectively indicate negative, positive, and neutral electrostatic potentials. The electrostatic potential surfaces
correspond to the orientation of the active site shown in (F), with the heme group forming the bottom of the active site.

5.6 A) and the quinoline nitrogen lone pair was directed
toward the heme iron atom. In contrast to CYP2D6,
Asp216 was involved in anchoring the basic nitrogen of
11 in the CYP2D2 model. Additionally, Thr217 hydrogen-
bonded with the protonated moiety of 11. The hydroxyl
group of 11 displayed a hydrogen bond with the back-
bone carbonyl of Met304 of CYP2D2.

In the preferred binding mode of sparteine (10) in
CYP2D2 and -2D6 (parts E and F of Figure 6), a
hydrogen bond with an active site residue was not
observed. Compound 10 can adopt two conformations
under physiological conditions3® in which the compound
has also been crystallized.?° One of these contains an
internal hydrogen bond, and it was this conformation
that was found to be most favorable in binding to the
active site of both CYP2D2 and -2D6. As shown in parts
E and F of Figure 6, the binding orientation differed
significantly in the two isozymes, although both orienta-
tions corresponded to metabolism at the C2 position
(Figure 1), as also observed experimentally.3%40 The

average r(ox—Fe) was 4.8 A for CYP2D6 and 4.9 A for
CYP2D2.

Discussion

In this study the ligand-binding specificities and
active site topologies of rat and human CYP2D isoforms,
i.e.,, rat CYP2D1—4 and human CYP2D6, were inves-
tigated. To this end, the enzyme kinetics of O-demethy-
lation of the substrate MAMC (5) was investigated for
all CYP2D isoforms. Subsequently, 1Cso values of 11
structurally diverse ligands were determined experi-
mentally (Table 1) and homology models of all five
proteins were generated for rationalization purposes.
Until now, homology modeling of CYP2D members has
been limited to CYP2D6.11

Correlation studies for the experimentally determined
ICso values showed that rat CYP2D2 resembled the
human isoform CYP2D6 the most in terms of ligand-
binding specificity. This is surprising because CYP2D2
displayed the lowest identity with CYP2D6 in both the
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Figure 6. Observed binding mode resulting from MD simulation of (A) quinidine (12) in CYP2D2, (B) 12 in CYP2D6, (C) quinine
(11) in CYP2D2, (D) 11 in CYP2D6, (E) sparteine (10) in CYP2D2, (F) 10 in CYP2D6. The heme iron atom is shown in CPK and
is magenta. The heme group, ligand, and side chains (blue) are shown in stick form. The residue numbers of the various side

chains are listed as well.

overall sequence (71%; Table 6) and active site residues
(41%,; Table 6). The generally lower 1Cs, values observed
for CYP2D2 compared to the other three rat CYP2D
isozymes investigated indicate a dominating role for this
isoform in ligand binding. This is supported by the 30-
to 40-fold lower hepatic expression level of CYP2D2 in
the female Dark Agouti rat, a model for the CYP2D6
poor metabolizer phenotype, compared to Sprague—
Dawley or Wistar rats. CYP2D1 and -2D4 hepatic
expression levels were higher in the female Dark Agouti
than in Sprague—Dawley or Wistar rats, suggesting
that these enzymes are not essential for CYP2D activity
in the rat.%” The hepatic expression of CYP2D5 in Dark
Agouti rats, its absence in Wistar rats, and the high
sequence identity with CYP2D1 all appear to also
exclude CYP2D5 as an important drug-metabolizing rat
CYP2D isoform. Interestingly, the current competition
studies revealed an increase in CYP2D1-mediated me-
tabolism of 5 in the presence of both phenformine (7)
and sparteine (10). This potentiation is likely indicative
of cooperative binding, which so far has only been
reported for human CYP3A4.4142

The current CYP2D6 model was based on the crystal-
lized CYP2CS5 structure, which is the first mammalian
CYP with resolved 3D structure.® Given the higher
sequence identity of CYP2D isoforms with CYP2C5 (39—
41%) compared with bacterial P450s (15—20%), the
current homology model should present a significant
improvement over previous ones. This is supported by
the fact that this is the first CYP2D6 model that has
been successfully subjected to MD simulation and
demonstrated to be stable (Figure 4). The previously
modeled CYP2D6 structures were either based on a
single bacterial P450 (P450 cam;*3 P450 BM3**) or based
on several P450 structures (P450s BM3, CAM, and
terp?845-47). The use of different templates not only
results in differences in the relative position of active
site residues. In combination with shifts in the align-
ment, the identity of active site residues may also differ.
Phel20 and Glu216, reported here as key interaction
residues, are not located in the active site of several
previously reported CYP2D6 models.?47 Moreover,
Phe481, and not Phe483, has been identified as the SRS
6 key interaction residue in the model by de Groot et
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al.“6 The use of different templates may explain the
difference in binding orientation of codeine (1) in the
current CYP2D6 model and that by Modi et al.28 In the
current model, Glu216 interacts with the basic nitrogen
of 1, whereas in the latter model Asp301 fulfills this
role.

The current identification of Glu216,*8 Asp301,84°
Val374,%° and Phe483%! as active site residues is ex-
perimentally supported by respective mutation studies
on CYP2D6. Metabolism studies on four substrates with
a CYP2D6 Ser304Ala mutant showed that this residue
did not play a key role in substrate binding because this
mutation had only a small effect on Ky, values of the
investigated substrates and did not influence the 1Csg
values of quinine (11) and quinidine (12) toward
CYP2D6.52 On the basis of the current CYP2D6 homol-
ogy model, it is not surprising that the Ser304Ala
mutation had little effect, since only CS of Ser304
displayed contact with ligands. Its hydroxyl group
hydrogen-bonded with the carbonyl oxygen of Ala300.
On the basis of the present rat CYP2D2 homology
model, an effect on substrate binding would be expected
by a Ser304Met mutation because the side chain of this
residue was directed toward the CYP2D2 active site.

The current modeling studies suggested that Asp301
has a 2-fold function. Apart from interacting with the
basic nitrogen atoms of ligands (Table 4), it additionally
appeared to stabilize the B/C loop by hydrogen-bonding
to the backbone nitrogens of residues 119 and 120. This
interaction was also observed for the analogous residues
in the CYP2C5 crystal structure.'® The importance of
Asp301 in stabilizing protein structures is further
supported by the observation that human CYP2C
enzymes also contain this residue,>® whereas CYP2C
enzymes are not recognized to favor the binding of basic
ligands. The recent mutation studies on Asp301 in
CYP2D6 by Hanna et al. also indicated a structural role
for this residue.*®

When human CYP2D6 is compared with the rat
CYP2D isoforms, one of the most striking features is
the variation in the residue at position 216, which was
found to be a valine (CYP2D1/5), aspartate (CYP2D2),
glutamine (CYP2D3), or glutamate (CYP2D4/6/18) (Table
5). The absence of any hydrogen-bonding capacity in this
F helix residue in CYP2D1 may explain why a correla-
tion between CYP2D1 and CYP2D6 was not even
observed in the trend of ICsy values. Intuitively, it is
tempting to correlate the lack of a strong hydrogen bond
acceptor in the F helix with the higher 1Csy values
observed for CYP2D1 and CYP2D3 compared to CYP2D2.
This, however, does not explain the overall high ICs
values observed for CYP2D4, which possesses a gluta-
mate at position 216. The differences in absolute 1Csg
values could be further rationalized by the electrostatic
potential of the respective CYP2D active sites. Whereas
both CYP2D2 and -2D6 displayed an active site surface
with a clear negative electrostatic potential overall,
CYP2D1, -2D3, and -2D4 showed large surface areas
that were neutral (Figure 5). It thus appears that the
electrostatic potential of the active site significantly
affects the overall binding affinity of ligands, as also
described by Wade et al.,>* by influencing the tightness
of ligand binding in the active site and/or by long-range
attraction.

Venhorst et al.

MD studies showed that in both the active site of
CYP2D2 and -2D6 quinidine (12) was able to form a
strong hydrogen bond between its basic nitrogen and
Asp301 while its hydroxyl group interacted with the
carbonyl group of residue 304 (parts A and B of Figure
6). Unique to the binding mode in CYP2D6, however,
was the interaction of the quinoline nitrogen with the
heme iron atom. This heme ligation may explain the
large difference (>800-fold) in ICso value for 12 between
CYP2D2 and -2D6 (Table 2). The difference in 1Cs value
between these two isozymes for quinine (11) was less
extreme than observed for 12. Correspondingly, the
higher inhibitory potency of 11 in CYP2D2 (~6-fold)
may be rationalized by the observed additional hydrogen
bond between its basic nitrogen and Thr217. Although
the most favored binding mode, as deduced from MD
studies, located the competitive inhibitors 11 and 12 in
proximity to the heme group in CYP2D2 and -2D6, it
should be noted that this is not necessarily the case for
all competitive inhibitors or all P450s. Binding to the
substrate access channel may additionally be possible,
as are multiple binding modes. To establish whether the
former binding mode is a favorable one, however,
requires accurate simulation of the opening and closing
of the substrate access channel. This is currently not
possible for homology models. In contrast to 11 and 12,
sparteine (10) was found to be unable to form a
hydrogen bond with either residue 301 (an aspartate)
or 216 (an aspartate or glutamate) in the active sites of
CYP2D2 and -2D6. Instead, 10 contained an internal
hydrogen bond (parts E and F of Figure 6). Because of
the absence of specific interactions such as z-stacking
and hydrogen bonds, the difference in 1Csy value be-
tween CYP2D2 and -2D6 for 10 is likely to be due to
differences in van der Waals interactions. Indeed, 10
showed close van der Waals contacts, especially with
CYP2D2 residues Met304 and 1le374 (Figure 6E).
Shielding of negatively charged residues may addition-
ally play a role. In CYP2D2, Asp216 was found to adopt
a conformation in which it formed a salt bridge with
Lys243. In CYP2D6, Glu216 does not have a positively
charged residue in the vicinity to counteract its negative
charge.

In conclusion, the use of rabbit CYP2C5 as a new
mammalian structural template for modeling human
CYP2D6 has resulted in an improved homology model,
which is stable during MD simulation and corroborates
available data from metabolism, mutation, and spec-
troscopic studies. With the novel CYP2D6-derived rat
CYP2D1—-4 homology models, observed differences in
ICs0 values toward 11 CYP2D6 ligands could be ratio-
nalized. The electrostatic potential of the CYP2D1-4
and CYP2D6 active sites was found to dictate overall
binding affinities toward ligands, whereas differences
in 1Csp values of individual ligands could be rationalized
by differences in binding modes and active site residues.
The latter notably included CYP2D6 residues 120, 216,
217, 301, 304, 374, and 483. CYP2D2 was found to be
the most important rat isoform in terms of ligand
binding. CYP2D2 was also the rat isoform, which
resembled human CYP2D6 the most in ligand ICsg
values. Nevertheless, CYP2D2 shared the lowest se-
guence identity in active site residues with CYP2D6 of
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all rat CYP2D isoforms investigated. Sequence identity
alone is therefore not a valid basis for data extrapola-
tion.
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