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A combined protein and pharmacophore model for cytochrome P450 2C9 (CYP2C9) has been
derived using various computational chemistry techniques. A combination of pharmacophore
modeling (using 31 metabolic pathways for 27 substrates), protein modeling (using the rabbit
CYP2C5/3 crystal structure), and molecular orbital calculations was used to derive a model
that incorporated steric, electronic, and chemical stability properties. The initial pharmacophore
model (based on a subset of 17 metabolic pathways for 16 substrates) and the protein model
used to construct the combined model were derived independently and showed a large degree
of complementarity. The combined model is in agreement with experimental results concerning
the substrates used to derive the model and with site-directed mutagenesis data available for
CYP2C9. The model has been successfully used to predict the metabolism of substrates not
used to construct the model, of which four examples are discussed in detail. The model has
also been successful in explaining the differences in substrate specificity between CYP2C9

and CYP2C19.

Introduction

Cytochromes P450 (P450s) constitute a large super-
family of heme-containing enzymes capable of oxidizing
and reducing a variety of substrates of both endogenous
and exogenous origin. Theoretical models that can
predict the possible involvement of P450s in the me-
tabolism of drugs or drug candidates are important tools
for use in drug discovery and development. An overview
of recently derived models for cytochromes P450 can be
found in several recent reviews.1?

CYP2C9 was identified as one of the most important
P450s involved in human drug metabolism,® thus
highlighting the obvious advantage of predictive models
for this enzyme. To determine the nature of the protein
sites responsible for the interaction with the substrates
in the pharmacophore models, a three-dimensional
representation of the entire active site of CYP2C9 is
required. Homology modeling has been used to develop
models of P450s for which sequence information is
available, but X-ray structures are sparse. These models
have to be verified by either X-ray structures or sup-
ported by SDM (site-directed mutagenesis) experi-
ments.* An increasing number of crystal structures of
soluble bacterial P450s is becoming available, e.g.,
CYP101 (P450cam),5 10 CYP102 (P450gm3),1112 CYP105
(P450sca2),*®* CYP107A (P450¢rr),4'> and CYP108
(P450¢erp),'® as well as the structures of the soluble
eukaryotic CYP55 (P450,,) from Fusarium oxy-
sporum?’”18 and CYP119 from the Archaeon Sulfolobus
solfataricus.’® More recently, the first mammalian solu-
bilized P450 structure (rabbit CYP2C5/320) has been
resolved.
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In the literature, several homology models for eu-
karyotic P450s based on the crystal structure of CYP101,
CYP102, or a combination of CYP101, CYP102, and
CYP108 have been reported. Until the release of the
CYP2C5/3 X-ray structure, CYP102 was considered to
provide the most useful structural information for
homology studies on eukaryotic P450s, since this well-
characterized bacterial enzyme belongs to the class |1
P450s!! to which many eukaryotic P450s belong.

A variety of three-dimensional representations of the
active site of CYP2C9 have been constructed using
various modeling techniques and reported in the litera-
ture. Pharmacophore models have been developed pre-
dicting either a hydrogen-bond donor atom?! or an
“anionic site” in the substrate.?223 A CoMFA (compara-
tive molecular field analysis) model indicated that the
active site contains a lipophilic binding site and at least
one positively charged site (and possibly a second
one).2425 Recently this model was refined and the
interacting amino acids were proposed to be Phe!!4,
Arg'%, and possibly Asp?®’ (via a water molecule).?6
Ligand-based models derived using Catalyst?” and PLS
(partial least squares)—MS-WHIM (molecular surface-
weighted holistic molecular)?® 3D- and 4D-QSARs (quan-
titative structure—activity relationships) showed at
least one hydrophobic site and one hydrogen-bond
acceptor in the active site of CYP2C9.2° Homology
models have been constructed on the basis of the crystal
structures of either CYP1013% or CYP102.31-34

Recently, we have derived a combined model for
CYP2D6% based on the combination of a homology
model constructed using the crystal structures of
CYP101, CYP102, and CYP108, a pharmacophore model,
and MO (molecular orbital) calculations on the sub-
strates, metabolic intermediates, and products.

In this work, we have constructed a three-dimensional
model for CYP2C9 and its substrates, based on a
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combination of (a) a homology model constructed using
the crystal structures of CYP2C5 and CYP102, (b) a
pharmacophore model, and (c) MO calculations on the
substrates, metabolic intermediates, and products. This
model will enable us to rationalize and predict sites of
CYP2C9-mediated metabolism as described for CYP2D6
previously.3536

As in the aforementioned CYP2D6 model, this com-
bined methodology offers a better understanding of the
CYP2C9 active site and its interactions with substrates
than each of these approaches in isolation, since it takes
into account the most reactive sites in the substrate as
well as the conformational and stereochemical con-
straints imposed by the protein active site. The inde-
pendent generation of the pharmacophore and protein
models offers the opportunity to compare and contrast
as well as “cross-validate” both approaches. Further-
more, when using the model for predictions of the
metabolism catalyzed by CYP2C9 of compounds for
which information on the actual site of oxidation is not
available, the MO calculations indicate the electronically
most likely sites of oxidation, which are used to guide
inclusion of these compounds in the combined model.

Computational Methods

Construction of the Initial Pharmacophore Model for
Substrates of CYP2C9. The initial model is based on 16
structurally diverse substrates (17 metabolic pathways) known
to be metabolized by human CYP2C9 and on their sites of
oxidation (see Figure 1 and Table 1). After construction of the
substrates, a conformational search and energy minimization
was performed3’ using Spartan.®® The rigid substrate 58C80
(1) was selected as the template. Each substrate from the
initial set of substrates (Figure 1a) was then overlaid onto 1,
matching the site of oxidation and potential hydrogen-bond
donating/accepting groups or hydrophobic/aromatic moieties
of the substrates using the “MULTIFIT” method in SYBYL.%°
Antipyrine (3) was added as a separate template for smaller
molecules.

Construction of a Homology Model for CYP2C9. The
recently published crystal structure of CYP2C5/3?° was used
as the template for the homology model. However, the B'-
region in this crystal structure displays some very large
temperature factors, and some amino acids possess unrealistic
side chain orientations. Therefore, the B'-helical region of the
crystal structure of CYP102 (2hpd.pdb, chain A) was used
as template for the CYP2C9 B'-region.*® The consensus homol-
ogy modeling program Modeler‘*#? (as implemented in
Quanta974%) has been applied using the alignment shown in
Figure 2.

A set of 20 models was produced, and the best model was
selected on the basis of a Procheck** analysis of stereochemical
quality and a visual inspection in Quanta974 to assess (a) the
location of the iron relative to the heme moiety, (b) the
orientation of the amino acids involved in hydrogen bonds with
the heme propionate moieties, and (c) the location of amino
acids that have been identified by site-directed mutagenesis.*> 5!

Molecular Orbital (MO) Calculations on CYP2C9 Sub-
strates. As described previously®® for each of the substrates
(Figure 1), a conformational search followed by an energy
minimization was performed®” using the AM1 method®? in
Spartan.®® Starting from the lowest energy conformation of the
molecule, all likely radicals, hydroxylated products, and the
radical cation were generated and their geometries opti-
mized.3” For each substrate, the chemically most likely prod-
ucts were compared with the experimentally observed meta-
bolic products. The MO calculations are more important when
predictions based on the model are made (Figure 1c) because
in the absence of experimental information, the MO results
for the various possible products are used to identify the most
likely sites of oxidation.
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After combination of the pharmacophore and homology
models and minimization of the substrates in the presence of
the protein (see below), a similar AM1 geometry optimization
was performed on the geometry of the substrate resulting from
this minimization in the protein (after which the fit with the
active site was reassessed).

Combination of the Initial Pharmacophore and Ho-
mology Models for CYP2C9, Extension of the Pharma-
cophore Model, and Predictions Using the Combined
Model. The derived CYP2C9 pharmacophore model (using
substrates 1—16, Figure 1a) was oriented in the active site of
the CYP2C9 protein model®® using SYBYL3® without changing
the orientations of the substrates relative to each other. The
substrates were oriented with the site of oxidation approxi-
mately 3.0—3.5 A above the iron atom of the heme, with the
plane of the heme roughly perpendicular to the semiplanar
region of the pharmacophore model, the acidic group/hydrogen-
bond acceptor group oriented toward the side chain of Arg®s,
and the aromatic parts of the molecules oriented such that an
interaction with Phe*’® was possible while avoiding steric
clashes with the other amino acids lining the interior of the
active site. The pharmacophore model fitted well in the protein
model even though the two models were derived indepen-
dently.

In the next step each individual substrate was energy-
minimized within the active site using the SYBYL? force field.
The entire protein and the substrate were allowed to minimize
with one distance constraint and an additional oxygen atom
bound to the iron (Figure 3)> to ensure that known heme—
substrate interactions were included. After the optimization
within the protein, the substrates were again optimized using
AML1 to ensure that the docked conformations were in a local
energy minimum, and then they were reinserted into the
model. None of the docked conformations were more than 5
kcal/mol above the calculated global energy minimum (see
Table 1).

A second set of 11 substrates (14 metabolic pathways,
increasing the structural diversity of the set of substrates
further, Figure 1b) was added to the pharmacophore after
combination of the initial pharmacophore with the protein
model, taking into account the influence of Arg'®® and Phe*’®
(see below). To facilitate the addition of new molecules, a
MOLCAD surface® was generated for the active-site region
(Figure 4). This same method was used for the test set of
compounds (Figure 1c).

Results and Discussion

General. Unlike CYP2DG6, the interactions between
protein and substrate seem to be less strictly defined.
Whereas CYP2D6 relies on a very specific interaction
between a basic nitrogen atom present in the substrate
and Asp®%l and on an aromatic interaction in all
compounds that are hydroxylated or O-demethylated,3®
CYP2C9 metabolizes a more diverse range of compounds
(e.g., aromatic compounds such as benzo[a]pyrene (4),
acidic compounds such as diclofenac (9), basic com-
pounds such as fluoxetine, and polar compounds such
as phenytoin (21)). As a consequence, not all potential
interaction sites within the protein are used by all
substrates. The compounds generally possess a hydro-
phobic region (often an aromatic ring) 5.6—9.8 A from
the site of oxidation, while a variety of substrates
contain a hydrogen-bond acceptor group 5—10 A from
the site of oxidation.

Homology Model. One of the key prerequisites for
homology modeling is the accuracy of the sequence
alignment. Although the sequence similarity between
the P450 families is low,%® the structural similarity of
all significant secondary structural elements is con-
served across the available bacterial structures. It is
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Figure 1. Structures and sites of metabolism. (a) Substrates used for initial pharmacophore are the following: 58C807* (1),
alprazolam?™ (2), antipyrine (3), benzo[a]pyrene’ (4), cannabinol™ (5), clozapine (6), dapsone’” (7), diazepam™ (8), diclofenac®
(9), (S)-flurbiprofen™ (10), mestranol® (11), (S)-naproxen®! (12), phenobarbital® (13), piroxicam?® (14), torsemide® (15), and zileuton?*
(16). (b) Substrates used to extend the pharmacophore after combination with the protein model are the following: ametryne®:
(17), cyclophosphamide® (18), hexobarbital®” (19), mefenemic acid® (20), phenytoin (leading to (S)-hydroxy product and (R)-hydroxy
product)3348897 (21), progesterone®® (22), sulfamethoxazole™ (23), suprofen® (24), tenoxicam? (25), tolbutamide®9° (26), and warfarin
(in closed coumarin hemiketal form (27a) and closed chromone hemiketal form (27b)?%). (c) Test substrates are the following:
bosentan®2% (28), DBF% (dibenzylfluorescein, 29), MFC®* (7-methoxy-4(trifluoromethyl)coumarin, 30), and sildenafil®>% (31). Gray
arrows indicate known sites of metabolism (N-oxidation and S-oxidation) not used in the model.
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Table 1. Substrates and Metabolic Pathways Used To Construct and Test the Model

AE (AM1) distance oxidation
pathway (kcal/maol) site to dummy? (A) ref

1 t-butyl hydroxylation 0.0 1.86 71

2 methyl hydroxylation 0.0 1.69 72

3 methyl hydroxylation 0.0 1.63 73

4 7,8-epoxide formation +0.07 1.85 74
9,10-epoxide formation 0.0 1.96

5 benzylic hydroxylation +0.09P 1.67 75

6 N-demethylation +3.72 1.75 76

7 N-oxidation 0.0 191 77

8 N-demethylation 0.0 1.75 78

9 aromatic hydroxylation 0.0 2.00 3

(S)-10 aromatic hydroxylation +0.18 1.82 79

11 O-demethylation +0.01 1.73 80

(S)-12 O-demethylation +0.28 1.75 81

13 aromatic hydroxylation 0.0 1.89 82

14 aromatic hydroxylation 0.0 1.82 3

15 benzylic hydroxylation 0.0¢ 1.83 83

(R)-16 aromatic hydroxylation 0.0 181 84

17 i-propyl hydroxylation +0.01 2.25 85

18 ring opening 0.0 1.76 86

(S)-19 ring hydroxylation +0.01 1.97 87

20 benzylic hydroxylation 0.0 1.73 3

21d aromatic hydroxylation (pro-S) +1.85 0.0 3,34,88
aromatic hydroxylation (pro-R) +1.83 0.0

22 methyl hydroxylation 0.0 1.79 89

23 N-oxidation 0.0 1.76 77
methyl hydroxylation 0.0 1.81

(S)-24 ring hydroxylation 0.0 2.00 3

25 aromatic hydroxylation 0.0 1.81 3

26 benzylic hydroxylation +0.01 1.81 3,90,91

(S,5)-27a¢ aromatic hydroxylation (6-OH) 0.0 1.96 3,25
aromatic hydroxylation (7-OH) 0.0 1.93

(S,R)-27a aromatic hydroxylation (6-OH) +1.19 1.93 3,25
aromatic hydroxylation (7-OH) +1.19 1.70

(S,S)-27b® aromatic hydroxylation (6-OH) +0.02 1.78 3,25
aromatic hydroxylation (7-OH) +0.01 1.89

(S,R)—27b¢ aromatic hydroxylation (6-OH) +1.05 1.86 3,25
aromatic hydroxylation (7-OH) 0.0 1.95

28 t-butyl hydroxylation +1.44 1.83 92, 93
O-demethylation +0.32 2.09

29 O-debenzylation +0.56 1.84 94

30 O-demethylation 0.0 1.73 94

31 N-demethylation +0.01 1.80 95, 96

a After optimization in the presence of protein. Distance was constrained at 1.75 A during calculation.54 b 5.97 kcal/mol before modifying
clashing side chain orientation. ¢ 4.97 kcal/mol before modifying clashing side chain orientation. ¢ Metabolism of (S)-product dominates
over (R)-product 43:1,3497 but both major and minor pathways fit within model, as can be expected from a binding model. ¢ The open form
of (S)-warfarin can form four closed-form enantiomers. Each of these forms has been taken into consideration. Some forms can directly
interact with Phe'!* (e.g., conformations leading to (S,R)-27b 6-hydroxylation and (S,S)-27a 7-hydroxylation), while other enantiomers
are interacting with Arg'%, which is influenced by the orientation of the Phe!* side chain.

believed that this structural homology is also conserved
in the membrane-bound mammalian P450s.5758 The
rabbit CYP2C5/3 crystal structure?® showed that this
belief is realistic. However, a few regions, most notably
the region between the B and C helices, are diverse in
terms of both structure and sequence across the bacte-
rial P450 crystal structures and are not well defined in
the rabbit CYP2C5/3 crystal structure,?’ which indicates
that modeling of such regions is challenging. Therefore,
the B’-loop region of CYP102'! was used as a template
for the CYP2C9 model instead of the rabbit CYP2C5/3
structure?® (see Figure 2). Quality checks were per-
formed on the resulting model using criteria as de-
scribed in Computational Methods.

Creation of Initial Pharmacophore and Protein
Models and Combination of These Models. A set
of 16 substrates (Figure la) was used to construct a
pharmacophore model using the site of oxidation, a
hydrogen-bond acceptor site, and an aromatic region to
superimpose the molecules. 58C80 (1) and antipyrine
(3) were used as template molecules. Insertion of the

initial pharmacophore model (Figure 1a) into the protein
model did not result in steric clashes between substrates
and protein. Because the two models were derived
independently, this was interpreted as a validation of
both the pharmacophore and the protein model.

The combination of the pharmacophore model with
the homology model indicated two amino acids impor-
tant for binding the substrates. When present, the acidic
or hydrogen-bond acceptor group forms an interaction
with Arg!%, while the aromatic moieties within the
substrates form an aromatic stacking interaction with
Phe?’6, Both Arg!®® and Phe*’® have some conforma-
tional freedom, which allows interactions with hydrogen-
bond acceptor groups and hydrophobic regions at vari-
ous distances from the site of oxidation within the
substrates. Not all substrates interact with both of
these amino acids. This is in line with the previously
proposed multiple binding sites within certain P450s
(including CYP2C9) resulting in simultaneous binding

of two (different) substrates within the CYP2C9 active
site.2559.60
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Figure 2. Sequence alignment between CYP2C5, CYP102 (B'-region only), and CYP2C9 used to construct the protein model.*
Identical regions are shown with gray background. Amino acids that are different in the active site between CYP2C9 and CYP2C19

are shown in bold.
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Figure 3. Active-site geometry used for the calculations,
showing the dummy oxygen atom used.

Minimization of each individual substrate contribut-
ing to this initial pharmacophore within the protein®
induced only minor changes to the overall pharmacoph-
ore model (see distances in Table 1). When these
substrates were subsequently submitted to an AM1
geometry optimization (starting from the orientation
resulting from the geometry optimization in the pres-
ence of the protein), there were again only very minor

changes in substrate geometry. This indicates that the
conformations in the protein are low-energy conforma-
tions and not a result of protein-imposed steric restric-
tions. It was still possible to incorporate all substrates
within the active-site region of the homology model, and
the energy differences between these AM1-optimized
geometries and the AM1 energies for the global mini-
mum were generally less than 5 kcal/mol (Table 1). An
example of a docked substrate (1) within the protein is
shown in Figure 5.

The pharmacophore was extended with a second set
of known CYP2C9 substrates (Figure 1b), taking into
account the environment of the protein as described
above. All substrates could be incorporated into the
pharmacophore in low-energy conformations, which
after optimization within the protein and subsequent
AM1 minimization (without protein present) were no
more than 5 kcal/mol higher in energy than the calcu-
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Figure 4. MOLCAD surface® generated within the active site
of the protein model, showing the pharmacophore model
contained within the protein model, localized over the heme
moiety. Surface is color-coded by hydrogen-bonding potential
(blue, hydrogen-bond acceptor in protein; red, hydrogen-bond
donor in protein).

58CE0

Figure 5. 58C80 (1) within the active site of the CYP2C9
protein model. Only a few amino acids are shown. A hydrogen
bond is formed between Arg'® and the carbonyl moiety of 1,
while an aromatic interaction between Phe*’¢ and the aromatic
ring of 1 stabilizes this binding conformation. Phe* is shown
for reference.

lated global minimum structures, and movement of the
substrates within the active site was small (Table 1).
The same amino acids were involved in binding the
substrates. When present, the acidic or hydrogen-bond
acceptor groups form interactions with Arg!, while the
aromatic moieties of the substrates form an aromatic
stacking interaction with Phe*’. Although the original
set of substrates (Figure la) did not contain large
compounds that reached the Val'*—Phe!4 region, the
second set of substrates (Figure 1b) contained warfarin
either in the ring-closed coumarin hemiketal form (27a)
or in the ring-closed chromone hemiketal form (27b).25
Both these forms can interact directly with Val'® and/
or Phel!* (amino acids shown by SDM to be involved in
binding of warfarin*®). For example, Phe!!“ can stabilize
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binding orientations resulting in (S,R)-27b 6-hydroxy-
lation and (S,S)-27a 7-hydroxylation. However, Phe!!4
is partially shielded from interactions with other sub-
strates within the CYP2C9 active site by the side chain
of Argl%. Therefore, our model suggests that the role
of Phel* might not, as previously*® suggested, be to
directly interact with substrates, but it could influence
the orientation of side chains of other amino acids (in
this case Arg'%®) responsible for interactions with sub-
strates. This concept was recently suggested by Tsao
et al. to explain (S)-mephenytoin 4'-hydroxylation.5!
Predictions. In the case of predictions based on the
model (Figure 1c), the MO results for the various
possible products were used to guide the modeling,
thereby increasing the importance of these MO calcula-
tions. Although the sites of metabolism for these com-
pounds were available in the literature, this information
was not taken into account at the start of the experi-
ment; therefore, all potential orientations leading to
metabolism at various sites within the molecule were
docked. In most cases, only one or two sites of metabo-
lism could be accommodated within the active site in a
low-energy conformation (see Table 1). All experimen-
tally observed metabolites were predicted correctly by
the model. MO calculations alone were not expected to
reliably predict the metabolic site of oxidation, since
oxidation next to either a nitrogen or oxygen atom is
generally favored in the absence of a catalyst or protein.
As was the case for CYP2D6,35:36 the site of metabolism
in CYP2C9 is mainly dependent on steric factors instead
of the electronic factors calculated using MO techniques.

Mutants and Site-Directed Mutagenesis in the
Literature. The allelic variant that has Cys!# instead
of Arg!# results in impaired metabolism of (S)-warfarin
by CYP2C9.%° This amino acid is on the surface of the
protein, and it has been suggested that it disrupts a
reductase contact point.32 The allelic variant Leu3%°
(instead of 11e3%9) responsible for a lower Vpmax for the
metabolism of (S)-warfarin and tolbutamide®! is also not
in direct contact with the active-site region. The influ-
ence of various amino acids on the metabolism of
CYP2C9 substrates has previously been examined using
SDM. Initially, efforts were directed at mutating specific
amino acids in CYP2C19 in order to obtain CYP2C9
metabolic efficiency for various substrates or the other
way around. CYP2C9 mutations of 11, Pro?2°, and
Thr22! to the equivalent residues in CYP2C19 (His®,
Ser?20, and Pro??1) conferred omeprazole activity onto
CYP2C9.%6 The amino acid mutations that confer high
affinity to CYP2C19 for sulfaphenazole binding and the
ability to metabolize warfarin were found to be Asn?86
to Ser?8 and 11e2%° to Asn?® (the CYP2C9 equivalents).*”
The same mutations conferred diclofenac and ibuprofen
activity to CYP2C19.8 These residues are not part of
the active site but are part of the I-helix interacting with
the B'-region and are probably involved in the stabiliza-
tion of these regions relative to each other in a way
similar to the hydrophobic interactions that stabilize the
CYP101 fold.%?

Mutagenesis experiments guided by homology model-
ing and CoMFA analysis indicate that Phel!* but not
Phell0 is consistent with the observed metabolic varia-
tion and is together with Val'!3 involved in hydrophobic
interactions with substrates.#® However, as described
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above, this might not be caused by a direct interaction
with warfarin, but by influencing the orientation of
Arg1%, although a direct interaction can be formed with
certain substrates.

Mutagenesis in the region of Arg!% indicates that this
region is not an important anionic binding site.>® Muta-
tion of Arg®” has an influence on diclofenac metabolism,
but this amino acid is not predicted to be in the active
site by either homology modeling using CYP102 or the
CYP2C5/3 crystal structure itself.2950 Mutation of Argl8
to alanine reduces the formation of 4'-hydroxydiclofenac
100-fold compared with CYP2C9 wild type and is
another potential anionic binding site, although in a
recent homology model based on the crystal structure
of bacterial CYP102, Argl® is not in the active site.50
However, in the currently described model for CYP2C9,
Argl%8 is an essential part of the CYP2C9 active site.
Recent SDM experiments designed to confer (S)-me-
phenytoin activity onto CYP2C9 suggested that this
activity is caused by amino acids that influence the
packing of structural elements or influence the sub-
strate access channel rather than altering the active site
directly (His% in the B'-region, Pro?2® and Thr?2! in the
F—G-loop, and Asn286, Ala2%2, and Leu?®® in the I-helix,
none of which are in direct contact with (S)-mepheny-
toin).51 A similar role has now been proposed for Phell4
(see above).

Literature Models for CYP2C9. A variety of models
for CYP2C9 have been described in the literature,
including protein models, pharmacophore models, and
CoMFA/QSAR based models.

Protein Models. The first protein models for
CYP2C9%031 were based on the crystal structures of
either CYP101 or CYP102. A similar homology model
(based on CYP102) incorporated all known SDM results
and antibody recognition information but was quite
different from the previous and later CYP2C9 models
and suggested Lys’” as an amino acid involved in sub-
strate recognition (located in the substrate access chan-
nel) and 11e%, Phe!®, and Ser3%® as being involved in
substrate binding.32 A CYP2C9 homology model3* based
on CYP101, CYP102, CYP107A, and CYP108 suggested
that steric restrictions were more important than elec-
trostatic interactions and highlighted Arg%® and Arg®’
as key cationic residues with minor binding contribu-
tions from Prol%, Leul®? Asn20?2, Gly?%, Asp3%, and
Phe*7s,

Another homology model of CYP2C9, based on
CYP101, CYP102, and CYP107A, was constructed for
use with a CoMFA model (see below) and suggested that
Phe!® and Phe!'* might be involved in aromatic binding
interactions and that Arg%and Asp2°% might be respon-
sible for electrostatic interactions.?%

A homology model based on the bacterial CYP102
crystal structure (used to explain the SDM results for
Phe%’, Phel%, and Phel%; see above)*®® was recently
followed by the first homology model for CYP2C9 based
on the crystal structure of CYP2C5/3.5% The latter model
suggested a role for Vall13, Phell4, Leu?0l, Asp204, [1e205,
Asp2%3, Ala29, Leu3%2, Leu3%®, and Phe?’® in interacting
with various inhibitors.®® A 3D-QSAR model was in-
serted into the latter CYP2C5/3 based homology model
(see below). Another set of homology models for CYP2C9
and CYP2C19, based on CYP2C5/3, was constructed to
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examine and explain the amino acid residues respon-
sible for conferring (S)-mephenytoin 4'-hydroxylation
activity onto CYP2C9.5! This suggested that the selec-
tive metabolism of (S)-mephenytoin over (R)-mepheny-
toin was caused by amino acids that influence the
packing of structural elements or influence the sub-
strate access channel instead of altering the active site
directly.5!

Because of the high-sequence homology between
CYP2C9 and CYP2C5/3, models based on CYP2C5/3 will
be more reliable than models based on bacterial crystal
structures. The three protein models based on the
CYP2C5/3 crystal structure (the currently described
model and the models by Afzelius et al.®® and Tsao et
al.’h) differ in the alignment used to construct the
protein models and the software used to derive the
models. While the protein model described here focuses
on a combination of a homology model with an imbedded
pharmacophore model to predict the potential sites of
metabolism in CYP2C9 substrates, the model by Afze-
lius et al.®3 combines a homology model with 3D-QSAR
to predict the Kj's for CYP2C9 inhibitors.

Pharmacophore Models. The first pharmacophore
model of CYP2C9 suggested a hydrogen-bond donor or
acceptor within the active site.%* This model was up-
dated by overlaying eight substrates and one inhibitor,
using phenytoin as the template molecule and ensuring
that sites of metabolism and the hydrogen-bond donor
heteroatoms were superimposed.?! A second pharma-
cophore model was based on 10 compounds, using
phenytoin and warfarin as templates, and was sup-
ported by data for 10 additional tienilic acid analogues.??
This model superimposed the substrates using their
sites of oxidation and brought all anionic heteroatoms
in the substrates within 3.5—4.8 A of a (hypothetical)
cationic interaction site within the CYP2C9 protein.??
The orientations of the anionic heteroatoms differed
between substrates, and therefore, a hydrogen bond to
the protein was suggested to be unlikely and a purely
cation—anion interaction was presumed instead. This
model was updated, leading to the inclusion of a
hydrophobic zone between the hydroxylation site and
the cationic site on the protein.?® Evidence for the
importance of an anionic site in the substrates was
recently strengthened by site-directed mutagenesis
experiments highlighting the importance of arginine
residues within the CYP2C9 active site.5°

The currently derived pharmacophore is suggested to
interact with Arg!% for several compounds. This is in
line with the work by Ridderstrém et al.,>® which
suggested that Arg'% is one of the important amino
acids in the CYP2C9 active site. Comparison of the
current pharmacophore with the pharmacophore de-
rived by Mancy et al.?223 suggests that Arg'% is the
cationic site in the latter model.

CoMFA/QSAR Based Models. One QSAR model for
CYP2C9 overlaid 27 compounds by aligning phenyl
rings, benzylic carbon atoms, and attached hydrogen
atoms within the molecules but not the sites of oxida-
tion. 9(S),11(R)-Cyclocoumarol was used as a template,
while the model assumed the presence of an aromatic
binding region and a sterically forbidden region.?* This
CoMFA model predicted two cationic enzyme binding
sites and an aromatic region as important features,
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Figure 6. Charge distribution around the proposed substrate
access channel in (a) CYP2C9 and (b) CYP2C19. The figure
was generated using GRASP,% with the surface potential
ranging from —15 (red) to +15 (blue) kcal/mol. The ap-
proximate location of the entrance of the access channel as
described in bacterial crystal structures is indicated by a circle.
The orientation shown here is similar to that used by Lude-
mann et al. describing various pathways in CYP101 and
CYP102.5268.69

together with a steric region near the site of metabolism
(possibly the I-helix). This model was refined with 14
additional compounds with starting geometries derived
from calculations within a homology model of CYP2C9,26
suggesting that Phel1® and Phe!'* might be involved in
aromatic interactions and that Arg'%and Asp?°3 could
be responsible for electrostatic interactions.2® The initial
model predicted the Kj's of 13 of the 14 compounds
correctly, and inclusion of these extra compounds did
not change this model appreciably.

3D- and 4D-QSAR models for CYP2C92° have been
constructed using Catalyst?” and PLS MS-WHIM28
using three different data sets. All models had at least
one hydrophobic region and one hydrogen-bond acceptor,
similar to the results obtained for the CoMFA models
described above.?426

The CYP102-based homology model*® was recently
updated to a new model®3 based on the crystal structure
of CYP2C5/320 and extended with a 3D-QSAR model for
CYP2C9 inhibitors including conformers selected using
this updated CYP2C9 model. The resulting model was
capable of predicting the Kj's of eight compounds not
used to derive the model to within 0.5 log units.53

Comparison with CYP2C19. The differences be-
tween CYP2C9 and CYP2C19 are relatively small
(95.7% homology®® with only 43 out of 490 amino acids
differing, of which 18 are conservative changes; see
Table 2 in Lewis et al.??). In the active-site region, only
three conservative amino acid differences are present
between these two enzymes (Leu?%®, Val?%2, and Leu36?
in CYP2C9 (highlighted in Figure 2) are replaced by
Val2%8, Ala2%2, and 11e362 in CYP2C19%6). This makes the
differences in substrate specificity difficult to explain
between these two 2C-family members (e.g., CYP2C19
does not metabolize acidic substrates®). When the
entrances of the substrate access channels of CYP2C9
and CYP2C19 are compared (Figure 6), it is obvious that
the proposed entrance of the CYP2C19 access channel

de Groot et al.

between the F—G loop and the B'-region is more
negatively charged and would therefore repel negatively
charged substrates. This entrance channel has been
described for CYP101,5 CYP102,11.67 and CYP2C5/320
and was described as pathway 2 by Ludemann et al. as
found by thermal motion pathway analysis,®® various
molecular dynamics (MD) techniques,626869 and adia-
batic mapping of MD trajectories.?® Although acidic
substrates can be accommodated within the active site
of CYP2C19, these substrates will not easily reach the
active site because of the repulsion at the entrance of
the substrate access channel. This argument not only
is supported by SDM data (see above) but also is
supported by the recent crystal structure of CYP51 for
Mycobacterium tuberculosis,” in which the amino acids
responsible for azole resistance are located in the
substrate access channel and not in the active site.

Summary and Conclusions

This paper describes the first combined model com-
prising a pharmacophore for a diverse set of substrates
of CYP2C9 within a homology model based on a mam-
malian crystal structure.2® A combined model has the
advantages of both types of models and results in a well-
defined model that will take into account not only the
chemical reactivities and the similarities between the
various substrates but also the steric and electronic
properties of the surrounding enzyme.

Our model identifies Arg%8, Phe!l4, and Phe*’® as key
residues responsible for substrate binding and substrate
selectivity. Argl®® and Phe*’® are suggested to be
involved in binding interactions with various substrates
through polar and hydrophobic interactions, respec-
tively. The suggestion that Argl® is a key residue in
binding polar and acidic substrates is in line with the
SDM results from Ridderstrom et al.>® Phe*’® was also
suggested as a residue responsible for hydrophobic
interactions in earlier homology models.3463 Phell4, a
residue that influences warfarin binding,*° is suggested
to influence the orientation of Argl°8, thereby influenc-
ing the binding of warfarin (a concept recently used to
explain (S)-mephenytoin 4'-hydroxylation3?), although
a direct interaction can be formed with certain sub-
strates.

Molecular orbital calculations can identify the chemi-
cally most likely intermediates and products based on
internal energies. However, the steric and electronic
influences of the protein, which distinguish the cata-
lyzed reaction from the chemical reaction, are ignored.
For the prediction of the possible metabolism of newly
designed compounds, these calculations are very useful
in indicating the most reactive parts of the compound
and indicate possible sites of metabolism. Our model
successfully predicted the sites of metabolism in CYP2C9
substrates not used to derive the combined model.

Comparison of charge distributions on the surfaces
and the active sites of CYP2C9 and CYP2C19 homology
models suggest that although acidic substrates can be
accommodated within the active site of CYP2C19, these
substrates will not easily reach the active site because
of the repulsion at the entrance of the substrate access
channel, when compared with CYP2C9.
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