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Introduction

The cytochrome P450s are a superfamily of hemo-
protein enzymes which are responsible for the oxidative
metabolism of a wide variety of xenobiotic compounds
such as drugs and carcinogens, and endogenous com-
pounds such as steroids, prostaglandins, and fatty acids
[1, 2]. The types and amounts of P450s within a tissue
are regulated by numerous factors including age, sex,
nutrition, and exposure to certain P450 inducers. The
individual P450 forms exhibit unique and overlapping
substrate-metabolizing profiles that reflect the identity/
similarity and orientation of amino acid residues in the
substrate-binding site. In addition to a substrate-bind-
ing region that is P450 specific, mammalian P450s have
other domains which correspond to functionalities that
are common across P450s, e.g., recognition of redox

partners such as NADPH cytochrome P450 reductase
and cytochrome b5, and a membrane-binding domain
which anchors P450 to the endoplasmic reticulum.
Although the substrate specificities of many mammalian
P450s have been characterized, the structural basis of
substrate recognition is unclear, since an experimentally
determined three-dimensional P450 structure has not
been reported. In its absence, structural models for a
number of P450s have been constructed based on the
known structures of bacterial P450s [3–6]. The basic
premise of P450 homology modeling is that the mam-
malian P450s share a basic three-dimensional structure
with these bacterial P450s. Certain highly conserved
regions are indeed found upon multiple sequence align-
ments of the P450 superfamily, especially within a fam-
ily or subfamily, and secondary structural segments
observed in bacterial P450s are also predicted to occur
in mammalian P450s on the basis of secondary-struc-
ture prediction methods [7–14].* Corresponding author.
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The known structures of the bacterial P450s have thus
been used as templates for constructing mammalian
P450 models. P450cam was the first P450 whose struc-
ture was solved, and the early homology models were
based on its structure. For example, a model of the
human P450 3A4 active site was made by replacing
selected P450cam residues with those of P450 3A4 [15].
As additional P450 crystal structures were reported,
subsequent models were based on one or more of these
templates. While some modeling studies focused solely
on the substrate-binding site, most efforts were directed
toward generating homology models of the entire P450.
Since this entails mapping the one-dimensional se-
quence of the target onto the three-dimensional struc-
ture of the template, the most challenging aspect of
P450 modeling arises from the low sequence similarity
(identity �28%) between the mammalian P450 targets
and the bacterial P450 templates.
The major objective in homology modeling is to provide
a structural rationale for the observed substrate specific-
ities of individual P450s. A map of the active site
residues that govern substrate binding and orientation
in the major drug-metabolizing human P450s could
guide the design of new drugs that are specifically
targeted by a given P450. The availability of a series of
P450 models would also help in predicting the target
P450s of new drugs, and would be an invaluable screen-
ing tool for identifying potential drug-drug interactions
early in the drug development process. In addition to
drug discovery, models can also be used to identify
P450 inhibitors and chemoprevention agents for P450-
associated cancers and diseases.
Several reviews on P450 modeling have recently ap-
peared which present the computational methodologies
and summarize previously published work [16–19].
Rather than present a comprehensive summary of the
literature, this review instead presents the major con-
cepts of homology modeling, as specifically applied to
the P450s. Selected examples are presented to illustrate
the various approaches taken in constructing a P450
model. The inherent limitations of using bacterial P450s
as templates for mammalian P450s are discussed. Fi-
nally the all-important question of model validation is
addressed.

Diversity of P450s

The number of distinct P450 isoforms identified thus far
is �750 [20]. These are classified into families, of which
about 40 have been thus far identified, whose members
have �40% amino acid sequence identity. A family is
in turn comprised of subfamilies whose members have
�55% sequence identity. The various P450s exhibit
unique and overlapping substrate-metabolizing profiles

that reflect the identity/similarity and orientation of
amino acid residues in the substrate-binding site. In
addition to differences in sequence, P450s are also
classified according to their interaction with a redox
partner during catalysis. Thus class I P450s (bacterial
and mitochondrial) interact with an FAD-containing
reductase and iron-sulfur protein, while class II P450s
(microsomal) interact with an FAD- and FMN-contain-
ing reductase. P450s also differ in membrane attach-
ment. While the bacterial P450s are soluble, mammalian
microsomal P450s are attached to the endoplasmic
reticulum but are not intrinsic membrane proteins.

Overview of bacterial P450 structure

The structures of four bacterial P450s have been solved.
These are P450cam [3], P450BM-3 [4], P450terp [5], and
P450eryF [6]. A ribbon diagram which represents the
major structural features of these P450s is presented in
figure 1. These P450s exhibit conserved structural fea-
tures such as a four-bundle helical core consisting of
helices D, E, I, and L [14, 19]. A secondary structure
dichotomy is evident, with a helix domain-rich (right
side) and a region containing � sheets (left side), with
the heme wedged between these domains. Most appar-
ent is a rather conserved core region surrounding the
heme, which includes helices I and L and the residues
containing the heme-binding Cys. Moving outward
from the heme are the conserved D, E, J, and K helices,
as well as other regions which are conserved to a lesser
degree.

Homology modeling

The basic premise of homology modeling is that the
target P450 sufficiently resembles a bacterial P450 to
justify use of the latter as a template. Four steps are
involved in constructing a three-dimensional target
protein structure from a known structural template: (i)
amino acid sequence alignment, (ii) assignment of back-
bone coordinates for the target protein, (iii) determina-
tion of local sidechain conformation, and (iv) structure
refinement through energy minimization and molecular
dynamics. Computational and/or experimental criteria
are then applied to validate the model. A schematic for
this process is shown in figure 2 and will be discussed
stepwise.

Sequence alignment

Sequence alignment of the target and template P450
sequences is the most crucial step in construction of a
homology model. The first decision is choice of tem-
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plate. Early modeling work was performed using the
sole available structure, that of P450cam. In this man-
ner, substrate recognition site regions were suggested
for ten mammalian P450s in family II based on their
alignment with the P450cam sequence [10]. These re-
gions are still used in guiding model development.
As more P450 crystal structures were solved, additional
templates became available. Before extrapolating from
these structures to construct a mammalian P450 model,
it is instructive to consider how well the bacterial struc-
tures may be inferred from each other on the basis of
sequence alignment. The sequence similarity among the
crystallized P450s is low and the identity between any
two is less than 20% [21]. As a result, automated se-
quence alignment for these P450s results in misalign-
ment of some secondary structure elements [14, 19].

This is a sobering initial observation which underscores
the limitations of depending solely on automated align-
ment algorithms, and the necessity of introducing addi-
tional information into the alignment process.
P450BM-3 is most often the P450 of choice when using
a single P450 as template since (i) it exhibits �20%
sequence similarity with mammalian microsomal P450s
and (ii) as a class II P450 it is the only one that interacts
with NADPH cytochrome P450 reductase during the
catalytic cycle. Furthermore, the crystal structure of this
P450 with its palmitic acid substrate [22] may be the
preferred template for modeling substrate-bound mam-
malian P450s [23], provided that substrate-induced con-
formational changes are borne in mind. Thus
P450BM-3 was used as a sole template to model P450s
1A [24, 25], 2A6 [26], 2B [27, 28], 2B6 [29], 2E1 [30, 31],

Figure 1. Structural representation of bacterial P450s. A composite structure was composed from the known structures of P450s cam,
BM-3, terp, and eryF, using QUANTA software (Molecular Simulations, San Diego, Calif.). Major helices are identified by letter, the
heme is red, and the heme iron-Cys bond is shown in yellow. The conserved core is primarily composed of helices D, E, I, and L and
the region that contains the heme-binding Cys (behind heme, back side of P450). The substrate-binding region is on the heme face
toward the front of the P450 and includes helices B�, F, and G.
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Figure 2. Schematic of homology modeling process, whereby one-dimensional sequence information from the target is converted to a
three-dimensional structure. This is accomplished by mapping the target sequence onto the template structure via a sequence alignment
that is guided by aligning the known helices on the template with the predicted helices of the target. Corresponding target and template
helices are coded in the same color.

3A4 [32], 4A [33], P450c17 [34], prostacyclin synthase
[35], and thromboxane A2 synthase [36].
Sequence alignment algorithms are dependent on ad-
justable parameters whose input values determine the
sequence similarity, placement of gaps, and the ultimate
alignment. The automated alignment is often manually
adjusted based on factors such as the predicted sec-
ondary structure profile of the target P450. This ensures
that predicted helices in the target align with known
helices in the template, and eliminates any gaps within
these helices. From this overview of the alignment of
single target and single template sequences, one can
gather that the process has a degree of subjectivity,
which ultimately translates into some ambiguity in the
resulting model.
This ambiguity can be somewhat reduced by incorpo-
rating information from multiple sequence alignments.

Thus models based on alignments with multiple bacte-
rial P450 templates were constructed for aromatase [37],
P450 2D6 [38], and P450 2B1 [39]. Conversely, multiple
sequences from P450s related to the target P450 may be
aligned with the template sequence(s). Thus sequences
from the P450 superfamily were used to model several
P450s [40] and aromatase [37], while sequences from the
same P450 family were used to model P450s in family II
[23] as well as P450s 2A6 [26], 2D6 [38], 2E1 [31], and
2B1 [28]. Alignment of sequences of the same P450
from different species was used to construct models of
P450 1A2 [25] and P450c17 [34]. Such incorporation of
sequence information from related P450s within a fam-
ily or subfamily optimizes the sequence alignment be-
tween the template and target sequences and eliminates
unreasonable gaps that occur when only the single
template is used. Utilizing sequences within a superfam-
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ily, whose members are more distantly related than
those within a family, results in a more reliable align-
ment for regions that are conserved across all P450s, but
a poorer alignment for the more variable regions that
may be more family specific.
The reliability of the automated alignment is enhanced
by manual adjustments which are based on additional
information that relates sequence to structure. The im-
portance of this step is evident from the observation
that automated alignment results in misalignment of the
known helices of the crystallized P450s [14]. It is there-
fore not surprising that alignment of target and tem-
plate P450s should require some manual adjustment.
This is usually accomplished using secondary-structure
predictions of the target P450, as implemented with one
of several algorithms. One such method is the PHD
method [41, 42] which has proven more successful than
approaches based solely on statistical methods. This
approach generates a secondary structure by comparing
the sequence of the target protein of unknown structure
to a database of sequences with known structure, in
conjunction with a neural network technique. Sec-
ondary-structure predictions of the target and related
P450s are often used to identify consensus positions for
the major structural elements, and the alignment ad-
justed to optimize the coincidence of these regions with
the corresponding structures in the template(s). Experi-
mental data are also sometimes incorporated into the
alignment decision-making process. For example, when
a site-directed mutant exhibits altered or reduced activ-
ity, the mutated residue is often presumed to be in the
substrate-binding site [17, 39].
When it is possible to generate more than one reason-
able alignment and it is difficult to choose among them,
alternative structures may be constructed and com-
pared. For example, two P450 2B1 models were com-
pared in which an inserted loop was positioned between
the D-E helices, or the F-G helices [43]. Site-directed
mutagenesis studies of this P450 identified several criti-
cal residues which were presumed to be present in the
active site. Since only the latter model included these
critical residues in the active site, it was chosen as more
appropriate. A representative alignment for human
P450 2B1 with P450BM-3 is shown in figure 3 [28]. This
was derived via an alignment using several family II
P450s. On the basis of secondary-structure prediction by
the PHD method, minor adjustments in the automated
alignment, such as an insertion between the F and G
helices, were required to ensure integrity of helices.

Construction of backbone coordinates for the target
protein
With the proposed alignment in hand, the target se-
quence is projected onto the backbone of the template

P450. The template can be a single P450 or a weighted
average of the backbone coordinates of the crystallized
P450s, as was done for P450s 2B1 [39] and 3A4 [44]. A
more selective approach is to identify individually the
higher-homology regions between the target sequence
and each crystal template, and utilize a combination of
coordinates from three or four crystal structures to
reconstruct a new template. This approach was taken to
model P450 2D6 [38] and 2B4 [45]. Construction of the
target backbone is straightforward in regions where the
alignment yields a direct one-to-one mapping of target
onto template residue. The problems occur in modeling
those regions for which there are no template atoms,
such as gaps and the extended amino terminus. The
latter region is thought to be a membrane anchor in
mammalian P450s, but is not present in the soluble
bacterial P450s. However, the structural uncertainty of
this region is not critical since it is not involved in
substrate recognition, which is the primary focus in
P450 modeling studies.
Another major difficulty is generation of coordinates for
insertions. Strictly speaking, since there is no template
for these residues, structure prediction for the inserted
residues is a problem in protein folding rather than
homology modeling. The simplest approach is to merely
apply an extended structure as an initial guess. Another
approach is to search a structural database for a frag-
ment whose sequence is similar to that of the insertion,
and to base the initial insertion structure on the frag-
ment structure. The inserted region is then subjected to
energy minimization and molecular dynamics to search
for a conformationally acceptable structure, as was per-
formed with modeling P450s 2B1 [43] and 1A2 [25]. Of
course, the ambiguity in the coordinate assignments of
these residues depends on the size of the insertion. The
accessible conformational space of smaller insertions is
limited and nearby residues will be minimally perturbed.
In contrast, the wider conformational space of larger
insertions can result in more extensive structural pertur-
bations.

Local sidechain conformation
During construction of the target backbone, the replace-
ment of sidechain residues often results in unfavorable
interactions such as steric overlaps between atoms. Re-
laxing these bad sidechain contacts minimally requires
repositioning sidechain atoms while fixing the back-
bone, to seek a local energy minimum. Subsequent
release of the backbone constraints allows further
changes in sidechain conformation as well as adjust-
ments in the backbone. When these procedures cannot
relax a local conformation from a high energy state, the
original alignment may require adjustment. More
refined techniques have also been applied to the prob-
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lem of optimizing sidechain conformation along with
the associated backbone structure. For example, in
modeling P450s 2B4 [45] and 4A11 [46], the repulsive
interaction energy of each residue with the rest of the
protein was evaluated to identify local regions with

questionable structures. Subsequent adjustment of the
alignment and/or local structures resulted in a lower
repulsion energy and improved models.
These conformational changes are performed by any of
several software packages that employ molecular me-

Figure 3. Optimal sequence alignment between human P450 2B1 and P450BM-3. These alignments were derived using sequences of
family II P450s. Regions that align with the highest significance are shown in uppercase letters. Helices are denoted by letters beneath
the sequence. Helical residues presented in P450BM-3 or predicted in P450 2B1 are shown in bold. The heme iron-binding cysteine is
denoted with an asterisk.
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chanics to change atom positions and thus minimize
energy. Since these programs differ in their energy ex-
pressions, force field parameters, and algorithms, the
structural output may be somewhat software depen-
dent. However, a comparison of P450 1A2 modeling
using the two programs QUANTA (Molecular Simula-
tions, San Diego, Calif.) and LOOK (Molecular Appli-
cations Group, Palo Alto, Calif.) yielded similar initial
active site structures [25]. This comparison suggests that
the differences among these packages is not critical, at
least in generating an initial homology model.

Structure refinement
After generating initial backbone and sidechain confor-
mations, the entire structure is energy minimized. Since
global energy minimization only finds a nearby energy
minimum for a given initial structure, molecular dy-
namic techniques are used to seek more energetically
favorable structures by sampling a range of conforma-
tional space [25, 28, 37, 45, 46]. To accomplish this, the
minimum energy structure, which pertains to a temper-
ature of absolute zero, is first perturbed by introducing
kinetic energy to heat the system to a higher tempera-
ture (such as 600 K) for a short time (up to 5 ps). The
system is then equilibrated over a longer time period
(40–200 ps) while maintaining a constant system energy
near the desired temperature. Structural snapshots are
taken at regular intervals during this equilibration, and
either the final structure or an average of several struc-
tures observed near the end of the dynamics run is
energy minimized. This structure may be subjected to
another cycle of molecular dynamics to probe addi-
tional conformational space [25, 28]. The total energy is
monitored during these molecular simulations, as a
constant value indicates a stable structure in which the
system is reasonably equilibrated and suited for analysis
of P450-ligand interactions.
The molecular dynamics refines the initial structure to
achieve a lower energy state. Thus, while the initial
homology modeling steps yield a target structure based
on the template coordinates, molecular dynamics is an
extension of homology modeling that essentially ad-
dresses a protein-folding problem: how to use the initial
structure of the target as a starting point to search for
an energetically reasonable structure which is suitable
for analyses of P450-substrate interactions and/or other
structure-function questions. As previously mentioned,
the low amino acid sequence similarity between the
target mammalian P450s and the template bacterial
P450s (�28%) decreases confidence in the initial
model. Sequence identities of at least 30% are generally
required to generate homology models although the
threshold is lowered by considering multiple sequences
within families [47]. We must also keep in mind that

some mammalian P450s, such as P450 3A4, recognize a
broad array of structurally dissimilar substrates and
their active sites are thus probably not well represented
by the classical lock-and-key model. Instead, conforma-
tional heterogeneity of P450 has been invoked as an
explanation for broad substrate recognition, which
derives from either the coexistence of multiple discrete
conformational states [48] or, perhaps, a spectrum of
conformations as is found in myoglobin [49]. In either
event, molecular dynamics, which searches through a
range of conformational space, is a critical step for not
only evaluating the robustness of a proposed structure,
but also for increasing modeling accuracy.
Another point to consider is protein hydration, which
has not been performed in most P450 homology model-
ing studies. In addition to bound waters at the protein
surface, internal water molecules often stabilize local
regions by hydrogen bonding to the protein backbone
or sidechains. A basic hydration approach entails soak-
ing the P450 in a larger water sphere, as was done for
P450 2B1 [39]. However, diffusion of these external
waters to the protein interior via molecular dynamics,
would require a long and often inaccessible equilibra-
tion time. This problem was approached with an al-
gorithm that introduces internal waters by optimizing
local hydrogen-bonding and steric interactions [45, 46].
Addition of structural waters to the active site is espe-
cially appropriate when the substrate-free P450 is mod-
eled, as this region would otherwise be perturbed by
interactions among the surrounding residues. However,
one must exercise caution when inserting internal wa-
ters, as their incorrect placement would restrict read-
justments of their local environments during energy
minimization and molecular dynamics.
A representative homology model for P450 2B1 [28] is
shown in figure 4 along with the P450BM-3 template
structure. Although, as expected, the target P450 resem-
bles the template, differences are observed in some
regions. For example, P450 2B1 exhibits a large inser-
tion (18 residues) between the F and G helices relative
to the P450BM-3 template, and a shortening of the G
helix. Such differences are not surprising in view of the
sequence differences between the two P450s. In addi-
tion, the bacterial P450 structure was obtained in the
crystalline state, and crystal lattice forces at the protein
surface might alter its structure. In contrast, the model
structure was obtained in the absence of these forces,
after the structural adjustments which followed molecu-
lar dynamics.
The large F-G insertion is often observed for mam-
malian P450s and this region has been proposed to
interact with the membrane and possibly serves as a
conduit for the entrance of hydrophobic substrates
from the membrane to the adjacent substrate-binding
site [19]. Figure 5 shows the P450 2B1 model from the
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Figure 4. Structures of P450 2B1 target and P450BM-3 template.

perspective of membrane orientation. In this structure,
a number of basic residues appear on the P450 surface
adjacent to the membrane, and would be capable of
electrostatic contacts with membrane phospho groups
[28]. This view shows that three proximate hydrophobic
regions are projected from the protein surface: the F-G
loop, the N-terminal segment and a region before helix
A. These regions may thus be inserted into the mem-
brane to constitute a membrane-binding domain. Such
a role for the pre-helix A region is supported by experi-
ments with peptides corresponding to this segment in
thromboxane A2 synthase, which indicated that this
region interacts with the membrane [50]. In addition,
X-ray diffraction of liposome multilayers associated
with P450 2B4 indicate that a large part of the molecule
is embedded in the membrane [51], and studies of the
interaction of this P450 with lipid monolayers also show
that regions other than the N terminus bind the mem-
brane [52]. Thus, although P450s are usually repre-
sented with the bulk as cytoplasmic and only the N
terminus inserted into the membrane, these recent ex-
perimental results indicate that additional regions inter-
act with the membrane, and suggest that the
representation in figure 5 is more accurate than the
common pictorials.

Model validation

The completed model is subjected to various computa-
tional tests to evaluate its ‘health,’ i.e., whether its

structure is reasonable from the perspective of protein
conformation. Such an assessment entails determining
whether the backbone and sidechain conformations are
energetically permissible and consistent with those ob-
served in other proteins. Finally, the model is validated
(i) computationally, by docking known substrates or
inhibitors into the active site to evaluate its consistency
with the known substrate/inhibitor specificity and
stereoselectivity of the P450, and/or (ii) experimentally,
by evaluating the effect of predicted active-site muta-
tions on substrate binding or by other methods that
assess whether particular residues are localized in their
predicted region.
Model validation requires development of a rationale
for the known substrate/inhibitor specificity of a P450.
Indeed, most studies show docking of at least one
substrate to complementary active-site residues. For
example, the proposed mode of steroid docking into a
P450 2B1 model explained the site specificity and
stereoselectivity of hydroxylation [39]. Specificity pre-
diction can also be assessed by docking several sub-
strates or inhibitors, and evaluating whether the model
explains their relative activities or inhibitory potencies
[25, 28]. This computational validation approach offers
the advantage that, unlike site-directed mutagenesis, the
protein structure is not modified. Instead, the interac-
tions of small molecules with active-site residues are
evaluated, based on the number of hydrogen bonds,
electrostatic interactions, and hydrophobic interactions.
For a valid model, the degree of interaction for a set of
substrates or inhibitors should agree with the relative
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preferences of a P450 for these compounds. However,
ligand docking is a challenging process that begins with
selecting the best initial conformation and orientation
for the docked ligand. A reactive substrate atom may
simply be positioned near the catalytic heme-iron cen-
ter, or in a position similar to that of the corresponding
atom in a known crystal structure of a substrate-P450
complex. For example, since P450 2B1 primarily hy-
droxylates testosterone at the reactive C-16 position, the
initial position of this atom relative to heme was similar
to that of the C-5 of camphor in the crystal structure of
P450cam [28].
A problem with the above procedures is that it assumes
a rigid protein framework, whereas protein dynamics
offers the potential for the active site to adopt a range
of conformations, some of which may be more energet-
ically favorable in the presence of a substrate. Indeed,
the crystal structure of P450BM-3 shows a dimer with

distinct structural differences between the two compo-
nent molecules [4]. The substrate metabolism profiles of
some P450s include several stereospecific reactions for
the same substrate, as well as activity towards a wide
array of structurally dissimilar substrates (e.g., 3A4),
suggesting that a typical lock-and-key model may not
always be appropriate. Significant changes in the active
site upon substrate binding are evidenced by compari-
son of the substrate-free and substrate-bound P450BM-
3 crystal structures [22], and substrate mobility in the
active site [53, 54]. These observations obviously reflect
some degree of flexibility in the substrate orientation
and/or active-site conformation.
To better account for ligand and active-site flexibility,
several ligand orientations can be evaluated [25, 28, 37].
For example, three orientations of substrate or inhibitor
that were rotated 120° were docked into the active site
to construct three substrate/inhibitor-P450 complexes

Figure 5. Putative interaction between P450 2B1 and membrane. An �-carbon trace of the P450 model is shown along with several
membrane phospholipid molecules (red). Part of the F-G loop, pre-A helix region and N-terminal region comprise a putative
membrane-binding domain; these are shown in brown. The substrate benzphetamine (yellow) is shown in the binding pocket. The heme
is shown in red, and the I and L helices (bright green) are denoted to better orient the viewer to this structure.
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Figure 6. Predicted active site of the P450 1A2 complex with galangin. The flavonoid inhibitor galangin is shown in the active site. The
protein backbone is shown along with hydrophobic or hydrogen-bonding sidechains within the substrate-binding pocket.

which were subsequently refined by energy minimiza-
tion and molecular dynamics. [25, 28]. The structure of
the complex with the strongest interaction between the
ligand and the active site was used for subsequent
substrate/inhibitor specificity analyses. Consideration of
more substrate conformations will accordingly increase
the chance of approaching the native interaction. How-
ever, since computation of additional docking configu-
rations has the penalty of increased computational time,
a practical balance must be sought between number of
configurations and available computer resources. An
example of inhibitor docking for model validation is
shown in figure 6 for the predicted interaction of the
flavonoid galangin with the human P450 1A2 active site

[25]. This inhibitor interacts with active site residues via
three hydrogen bonds and hydrophobic bonding. Two
related flavonoids were likewise assessed and less exten-
sive interactions were observed. The strength of the
predicted interactions of these three compounds with
the P450 1A2 active site was found to correspond to
their experimental inhibitory potencies. In addition, a
recent random mutagenesis study of this P450 [55]
showed that E225 and F226 mutants significantly
changed the catalytic activity, which is consistent with
their positioning in the substrate-binding pocket (fig. 6).
The model is further consistent with the results of a rat
P450 1A2 photolabeling study [56] in which the sub-
strate analog 4-aminobiphenyl was found to label a
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peptide that included residues corresponding to L219
and V220, which appear in the predicted active site.
Site-directed mutagenesis is often used as a tool to
validate and refine models that explain metabolism dif-
ferences between wild-type and mutant P450s. This is
exemplified by the V367A and V367L mutants of P450
2B1 [39], in which the former conferred androgen 6�-
hydroxylase activity and the latter not only abolished
this activity but also decreased androstenedione 16�-
hydroxylase activity.
Direct methods to determine the positioning of particu-
lar residues are also possible, but such studies are not
common. In a nuclear magnetic resonance (NMR)
study of P450 2D6, the distances between substrate
protons and the heme iron were measured, and used as
a constraint in model development [57]. Consistent with
previous predictions, the active site of the proposed
model contained an acidic residue. Another study uti-
lized a peptide corresponding to the P450 surface region
that was predicted to interact with cytochrome b5 [58].
When added to a mixture of these proteins, this peptide
inhibited the protein-protein interaction, in accordance
with the proposed structural model.

Concluding remarks and perspectives

The objectives of molecular modeling of mammalian
P450s are to gain a structure-based understanding of
P450 action which can be used to interpret existing
experimental results and guide future research. From
the biochemistry/biophysics perspective, P450 modeling
provides a molecular structural basis to help elucidate
the substrate/inhibitor specificities of individual P450s.
From the enzymological viewpoint, modeling can be
applied to explain P450 catalytic mechanisms such as
aromatase catalyzed hydroxylation and aromatization
steps [37]. P450 structural models can be applied to
elucidate the basic mechanism of P450-mediated drug
biotransformation, and explain clinically important
drug toxicities and drug-drug interactions. Models
could serve to guide the design of new drugs with
desired metabolic and/or inhibition profiles. This is an
important issue in the drug discovery arena where prior
knowledge of biotransformation pathways of drugs un-
der discovery/development would help predict the risk
of drug-drug interactions. This is especially true if a
drug is primarily metabolized by a polymorphic P450
that results in a metabolic deficiency, where models may
also be applied to explain the structural basis of a
polymorphism associated with a metabolic defect.
The pharmacological utility of P450 modeling is the
discovery of specific inhibitors of individual P450s
which may be used for chemoprevention of P450-associ-
ated cancers and diseases. Computational screening of
structural databases for small molecules that bind

P450cam has been used to identify new compounds that
bind this P450 [59]. A validated mammalian P450
model should likewise successfully identify new sub-
strate/inhibitor compounds.
Molecular modeling has been widely used to elucidate
structure-function relationships, especially in ligand-re-
ceptor interaction for de novo inhibitor design. Al-
though this review covers modeling of a receptor
structure, a complementary quantitative structure-activ-
ity relationship approach can be used that is based on
the structures of known substrates and/or inhibitors.
For example, a pharmacophore-based approach was
used to identify the functional chemical groups on small
molecules which bind P450s 2D6 [60] and 3A4 [61].
Since these molecules bind the P450 active site, knowl-
edge of the pharmacophore allows one to infer comple-
mentary structural information about the P450 active
site. The major difference between protein- and ligand-
based pharmacophore modeling is that the latter can
generate new lead compounds without any knowledge
of the P450 structure, and is useful if the only objective
is discovery of these compounds. However, the coupling
of a pharmacophore model with a protein homology
model of P450 2D6 [62, 63] offers a most powerful
approach that incorporates data from both P450 struc-
ture and metabolism, providing a combined model that
satisfies the constraints of both active site structure and
the substrate site reactivity, and holds great potential
for predicting P450-mediated drug metabolism.
Computational improvements in modeling, the
availability of new P450 crystal structures and improved
validation strategies for newly proposed models will
undoubtedly improve the accuracy of structure predic-
tion and allow more accurate prediction of the metabo-
lizing and inhibitory profiles of major human P450s.
Site-directed mutagenesis has been employed as a pow-
erful tool to identify functionally significant residues
involved in substrate binding, and has aided develop-
ment of some P450 models. Analyzing the interactions
of different inhibitors with invariant residues in the
P450 active site offers another approach to probe P450
active-site structure. Such model validation offers the
advantage that a constant, native protein sequence is
retained. Experimental data may be applied to con-
strain model development. For example, NMR-derived
distances between the heme iron and codeine substrate
protons were used in generating a P450 2D6 model [57].
The primary objective in many modeling studies is to
provide a molecular rationale for the observed substrate
specificity profiles of individual P450s. We would like to
know why a particular P450 prefers one substrate over
another as well as the basis for its stereoselectivity.
Conversely, why is a given substrate metabolized by one
P450 rather than another? Although current P450 mod-



R. Dai, M. R. Pincus and F. K. Friedman Molecular modeling of P450s498

els provide an explanation for some substrate specific-
ities, a wider range of substrates per P450 needs to be
evaluated. Modeling studies typically show how a
known substrate docks into an active site, but the
question as to whether a non-substrate is also capable
of similarly binding this region is usually not addressed.
A critique of the modeling arena would suggest the
more rigorous validation criterion that the model be
able to rationalize not only why a given molecule is a
substrate, but also why other molecules are not sub-
strates. This suggests that future modeling efforts ad-
dress not only the ‘why’ but also the ‘why not’ aspect of
substrate docking.
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