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ABSTRACT: A novel application of modeling and docking approaches involving ensembles of homology
models is used to understand structural bases underlying subtle catalytic differences between related
cytochromes P450 (CYPs). Mammalian CYP1A1s and fish CYP1As are orthologous enzymes with similar
substrate preferences. With some substrates (3,3′,4,4′-tetrachlorobiphenyl, TCB) oxidation rates differ by
orders of magnitude, while others (e.g., benzo[a]pyrene; B[a]P) are oxidized at similar rates but with
somewhat differing regiospecificity. These two environmental chemical substrates (TCB and B[a]P) as
well as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were docked to multiple models of rat, human, scup,
and/or killifish CYP1As, based on multiple templates, retaining multiple poses from each model, giving
ensembles of docked poses for each species. With TCB, more poses were observed closer to the heme in
ensembles of rat or human CYP1A1 than of killifish CYP1A. Analysis of interacting residues suggested
that differences in TCB pose distributions are due primarily to Leu387 and Val230 in killifish CYP1A.
In silico mutations L387V and V230G enabled TCB to dock closer to the heme in killifish CYP1A.
Mutating additional interacting residues (Ala127, Thr233, Asn317, and Tyr386) of killifish CYP1A to
the corresponding residues of human CYP1A1 resulted in TCB pose distributions nearly identical with
those of human CYP1A1. Docking of TCDD to sets of consensus models of killifish, rat, and human
CYP1As showed species differences similar to those with TCB, but with further structural constraints
possibly contributing to slower oxidation of TCDD. Docking B[a]P to sets of consensus models of the
human and fish CYP1As yielded frequencies of substrate orientations correlating with known regiospeci-
ficities for metabolism of B[a]P by these enzymes. The results demonstrate the utility of this ensemble
modeling method, which can account for uncertainty inherent in homology modeling and docking by
producing statistical distributions of ligand positions.

Cytochrome P450 (CYP)1 enzymes occur in all phyla and
metabolize many endogenous and exogenous compounds,
including steroids, fatty acids, plant natural products, and
various pollutants. Despite their great diversity, major

features of CYP tertiary architecture are conserved, and there
is in general a common mechanism involving dioxygen
reduction, scission, and fixation into an organic molecule.
However, CYPs in different gene families and subfamilies
exhibit highly distinct profiles of substrate specificity,
conferred by structural differences affecting substrate binding
and access to the active center of the enzymes. The structural
basis for the metabolic diversity and selectivity exhibited
by P450s is not fully understood.

In humans and other vertebrates, members of the CYP1A
subfamily oxidize many drugs and toxic environmental
chemicals including procarcinogens (1, 2). Mammalian
CYP1A1s and fish CYP1As are orthologous enzymes with
similar substrate preferences. However, these mammalian and
fish enzymes metabolize some substrates at similar rates
while other substrates are metabolized at vastly different rates
(3). Here we examine the binding of environmental chemical
substrates to CYP1A orthologs in different taxa (CYP1A1
in human and rat and CYP1A in killifish,Fundulus hetero-
clitus, and scup,Stenotomus chrysops), to identify structural
determinants associated with differences in substrate me-
tabolism.
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Since no X-ray structures were available for the CYP1A
proteins, our analysis is based on docking of substrates to
homology models, but we tried to reduce the potential errors
of these types of calculations by adopting an “ensemble
modeling” approach. The approach involves constructing a
large number of homology models (e.g., by using different
templates and generating a variety of loop and side chain
conformations) and then repeatedly docking the substrate to
each of the models, resulting in a large ensemble of docked
poses. Ensemble modeling has two major advantages over
restricting consideration to a single homology model and to
a single ligand position. First, the sequence similarity to
template proteins and the predictions of the binding site
structure generally do not provide enough information to
select a unique docked pose, and with ensemble modeling
we can avoid making somewhat arbitrary decisions. In fact,
the different docked poses in the ensemble are equivalent to
each other in the sense that they all satisfy the known
constraints and, in view of their good docking scores, have
calculated binding energies below a reasonable threshold.
Second, the distribution of poses in the ensemble provides a
measure of variability, reflecting the uncertainty of homology
modeling and docking results in the particular application.

Three common environmental chemicals were selected for
docking to the ensemble models, two planar halogenated
aromatic hydrocarbons, 3,3′,4,4′-tetrachlorobiphenyl (TCB)
and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and a poly-
cyclic aromatic hydrocarbon, benzo[a]pyrene (B[a]P). All
three are potent agonists for the aryl hydrocarbon receptor
and induce and are substrates for CYP1As. B[a]P is a well-
known carcinogen, and TCB and TCDD elicit various
toxicities, including developmental defects (4-6). These
chemicals also show differences in their metabolism between
fish and mammals that suggest them as good candidates for
analysis by ensemble modeling. The chlorinated substrate
TCB, a key example, binds tightly to but is metabolized
slowly by both mammalian and fish CYP1As. Chlorinated
substrates tend to be less readily oxidized, due to the electron
withdrawal by the chlorine substituents. However, the
maximal rates of TCB oxidation by fish CYP1As (<1 pmol/
(min/nmol) CYP1A) are orders of magnitude slower than

oxidation by rat CYP1A1 (50-100 pmol/(min/nmol)
CYP1A1) (3, 7). These same CYP1As oxidize nonchlori-
nated substrates at similar rates. Thus, the different TCB
oxidation rates are presumed to reflect architectural differ-
ences between the fish and mammalian proteins.

If docking to ensemble models can explain the species
differences in TCB metabolism, it would support the
ensemble approach for assessing relative capacity of CYP1A
homologues for metabolism of compounds for which less
information is available. As with TCB, the metabolism of
TCDD appears to be catalyzed by CYP1As, and especially
CYP1A1s in mammals. Rates measured in some species are
extraordinarily slow (8), although there are few studies and
little direct information comparing rates of TCDD metabo-
lism. Thus, we examined the docking of TCDD to the
CYP1As. B[a]P, the third substrate considered here, is one
of the substrates metabolized at similar, rapid rates by fish
CYP1As and mammalian CYP1A1s (9-16). However, the
fish and mammalian enzymes exhibit slightly different
regiospecificities for oxidation of B[a]P. This differing
regiospecificity is most notable at the 4,5-position (the
K-region), which is oxidized by mammals but sparingly or
not detectably oxidized by fish CYP1As (9, 11, 12, 15). We
addressed whether docking of B[a]P to ensemble models
would show differences consistent with these differing
regiospecificities.

METHODS

Alignment for Homology Model Construction.No X-ray
crystal structures were available for any CYP1A when these
studies were done. Thus, the relevant CYP1A sequences were
aligned with the following mammalian CYP structures:
rabbit CYP2C5 apo-structure (1DT6) and ligand-bound
structures (1N6B and 1NR6); human CYP2C9 apo-structure
(1OG2) and bound structure (1OG5); and the bound structure
of human CYP2C8 (1PQ2). Although the crystal structure
of the unbound CYP2B4 (1PO5) was also available, it reveals
a large open cleft that extends from the protein surface
directly to the heme iron. Thus, the structure differs
significantly from the others, and we did not use it as a
template. Other CYP2 structures were not available when
these studies were done.

The sequence-structure alignments were carried out using
the Consensus server developed in our laboratory (17). The
server aligns the target and template sequences using five
of the best sequence alignment algorithms and then derives
a weighted consensus of the five generated alignments,
accounting for additional structural constraints (17). The
results identify the regions on which the alignment is reliable
and is likely to yield substantial structural similarity. The
consensus alignment was slightly adjusted manually; a gap
was moved from the middle of the F-helix to the F-G loop.
The alignment in the C-terminal region was weak because
the sequences there are less conserved. The alignments were
further refined by generating alternate alignments, building
models based on those alignments, calculating their energies,
and selecting the alignment corresponding to the lowest
energy. Our final alignment is shown in Figure 2 and
energetically was the most favorable of any CYP1A align-
ment examined.

Homology Modeling.The program Modeller (version 7)
(18) was used to generate 40 homology models for the

FIGURE 1: Chemical structures showing the carbon position
numbering of (a) 3,3′,4,4′-tetrachlorobiphenyl (TCB), (b) 2,3,7,8-
tetrachloro-dibenzo-p-dioxin (TCDD), and (c) benzo[a]pyrene
(B[a]P).
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CYP1A(1) in each of the four species, using each of the six
template structures listed above, resulting in 240 models for
each species. Another set of 40 models was generated for
each CYP using all six templates simultaneously. The all-
template-based set of models will be referred to here as the
consensus model set. Default parameters in Modeller were
applied using the CHARMM force field, choosing the most
extensive loop modeling available, and excluding water
molecules and any ions that were part of any of the templates
with the exception of the heme and heme iron. No further
refinement was done prior to ligand docking. The core
structures of the models generated were very similar,
including a significant fraction of core side chains.

Substrate Docking.Docking analysis with TCB involved
all of the 280 structures for each protein. With TCDD and
B[a]P, docking was to the consensus model set. ICM version
3.0.25c (19) was used for docking substrates into the models,

with default parameters and initial side chain optimization,
treating all hydrogen atoms explicitly. Atomic partial charges
for the three substrates were calculated by QUANTA using
charge-template assignment methods. The charges for the
heme were set separately using the values from Goller and
Clark (20). Charges on all other receptor atoms were set to
default in ICM. A local minimization was done in order to
remove van der Waals clashes. ICM performs flexible ligand
docking via global optimization of the energy function with
a Monte Carlo minimization procedure (19). The energy
terms include the internal energy of the ligand based on the
ECEPP/3 force field, van der Waals, hydrogen-bonding,
electrostatic, and hydrophobic ligand-receptor interaction
terms.

The binding site was defined approximately on the basis
of interacting residue data, conservatively deduced from
sequence alignment to bound crystal structures of 2C5, 2C9,

FIGURE 2: The alignment of CYP1A (killifish), CYP1A (scup), CYP1A1 (human), CYP1A1 (rat), CYP2C5 (rabbit), CYP2C9 (human),
and CYP2C8 (human) sequences. The membrane-bound N-terminal segment has been truncated from all the above sequences since it is not
present in any of the crystal structures. The fish sequences (killifish, FHet 1A, Accession AAD01809; scup, SChr 1A, Accession Q92116)
start at residue 45 and the mammal (human, HSap 1A1, Accession NP_000490; rat, RRat 1A1, Accession NP_036672) at residue 40.
Boxed residues were those frequently found to interact with bound substrates, while yellow bold residues were those subjected to in silico
mutagenesis.
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and BM-3 (21-23). The search area was defined as a cube
including but not restricted to the following residues: 230,
233, 318, 322, 326, 386, 387, and 391 for the killifish
CYP1A; 225, 228, 313, 317, 321, 381, 382, and 386 for the
human CYP 1A1; and 229, 232, 317, 321, 325, 385, 386
and 390 for rat CYP1A1. Heme was also specified as part
of the substrate-binding pocket.

For each of the 40 models, the five docked ligand
conformations with the lowest free energy were retained,
resulting in 200 conformations for each template, and a total
of 1400 conformations for each substrate docked to each
species’ CYP1A. The distances from the nearest carbon (or
oxidizable bond position) to the oxygen on the heme iron
(the ferryl oxygen) were determined in all conformations.

Cluster Analysis.The most favored cluster in the distribu-
tion of TCB poses was identified using a method similar to
the one described by Gatchell et al. (24). Briefly, for every
docked pose, the number of ligand neighbors within a
threshold root mean squared deviation (rmsd) was deter-
mined. The pose with the maximum number of neighbors,
or the center of the most populated cluster, was identified
as the most favored pose or conformation. Selection of the
rmsd threshold is dependent on the distribution of poses.
Details of the clustering algorithm have been previously
published (25).

Single conformations or poses disconnected from the rest
of the ensemble were considered as unlikely conformations
and hence were identified and removed using a modification
of the rmsd based clustering method. In this context, two
conformations are defined to be in the same cluster if they
are within a certain automatically determined threshold rmsd
from each other or are bridged by another conformation that
lies within the threshold rmsd from the first two. In this type
of clustering, no cutoff radius is set, and thus it allows for
elongated clusters if members are close enough to one
another.

Identification of Interacting Residues.Physical interactions
of the docked substrates with amino acid residues were
assessed based on a simple physical proximity metric. The
numbers of ligand contacts within a distance threshold of 5
Å were counted for each residue. This was done for all-
template-based composite models as well as for single-
template based models. For each set of single-template based
models, the observed interactions for each TCB pose were
summed and the residues with high numbers of interactions
were identified.

In Silico Mutagenesis.In silico mutagenesis was carried
out in order to examine the involvement of specific residues
in contributing to any docking differences observed with
TCB for the different species. The approach was to identify
the residues which, when mutated, would shift the docking
distribution of the killifish CYP1A to that of human
CYP1A1.

Candidate residues were first identified based simply on
the interaction analysis described above. Corresponding
interacting residues that differed between killifish CYP1A
and human CYP1A1 were the initial candidate residues
suspected to be responsible for the differences in distribu-
tions. In order to identify more candidates for mutagenesis,
human TCB conformations were superposed onto killifish
CYP1A models and vice versa, and residues causing steric
overlap were identified. Residues that were found to be

interacting with these cross-superposed distributions were
also considered as candidates for mutagenesis. The binding
of TCB was studied in 26 different sets of killifish CYP1A
mutants. As above, 40 consensus models were generated for
each mutant. Each candidate residue was first examined
individually, and then multiple residues were mutated and
examined. TCB pose distribution functions were generated
for each mutant. The modeling procedure was the same used
for the wild-type CYP models.

Docking analysis was done initially to address the
hypotheses concerning TCB, as described above. Docking
of TCDD and BaP was also performed using the same
procedure and parameters as in the case of TCB.

Benzo[a]pyrene Docking. For B[a]P analysis, the first steps
were the same. Clustering was used to identify the most
probable binding modes. Clusters of B[a]P occurred both
closer to and further from the heme. Analyses focused only
on the closer poses, as outlying conformations were not
considered to be productive orientations. In silico mutagen-
esis was not performed, as the objectives in B[a]P docking
were simply to determine the efficacy of ensemble modeling
to identify binding modes that correspond to the regiospeci-
ficity inferred from metabolite formation observed in ex-
perimental studies in vitro.

Calculation of B[a]P Conformation Frequencies. The
maximum distance between the B[a]P molecule and the heme
ferryl oxygen for oxygenation to occur is unknown but is
likely to be less than 4 Å (26-28). Therefore only the B[a]P
conformations with at least one carbon within 4 Å from the
ferryl oxygen were assumed to be productive conformations
and were considered in our analysis. To avoid conformations
that have high energies, an additional cutoff of the calculated
binding energy of 0 kcal/mol was used for selecting the
productive conformations. Binding energies were calculated
for the top 200 B[a]P conformations using ICM with
solvation, van der Waals, electrostatic, and entropy terms.

For each conformation, we assumed that only the carbon
atoms or carbon-carbon bonds that were within the 4 Å
distance were candidates for oxygenation. The 1-2, 2-3,
4-5, 7-8, 8-9, 9-10, and 11-12 bond carbons and the
6-carbon on the B[a]P molecule (Figure 1) are sites where
oxygen attack is theoretically possible. The relative frequen-
cies of oxygenation at these sites were estimated based on
the ratios of their numbers observed in productive conforma-
tions. The number of times each of the candidate positions
was within 4 Å from the heme ferryl oxygen was counted.
Whenever two candidate sites in the same B[a]P conforma-
tion were observed to be within 4 Å from the ferryl oxygen,
the counts of both were incremented by half each, and for
three sites, by one-third each, and so on. The ratios of these
adjusted counts were calculated for each set of CYP1A
models. We note that in these calculations we studied the
correlations between B[a]P pose distributions and metabolite
frequencies, although the latter may also depend on the
reactivities of the different bonds in B[a]P.

RESULTS

Analysis of TCB Binding. Initially, we focused on the
analysis of TCB binding to killifish, rat, and human CYP1A
orthologs, because of the marked differences in rates of TCB
oxidation. Several sets of homology models (40 models in
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each) of killifish CYP1A, rat CYP1A1, and human CYP1A1
were built. Each model set was based on a different template,
or on the consensus model (see Methods). Docking with
ICM produced 20 conformations for each model, of which
the top five were used in our analyses. This yielded 200
statistically equivalent conformations of TCB for each
template, or a total of 1400 poses for each CYP.

The heme provides the base of the binding site for organic
substrates in CYP1As, with the I-helix forming one side of
the site (20, 29). The distance from a carbon (or an oxidizable
bond) on a conformation either to the heme iron or to the
ferryl oxygen can indicate the potential for oxidation.
Because the ferryl oxygen is transferred to the substrate, we
used the distance to the ferryl oxygen as an important
parameter in our investigations.

In vitro and in vivo metabolite data indicate that the 4-
and 5-carbons are the major sites of oxidation on TCB (7,
30); these were the carbons that docked closest to the ferryl
oxygen (FeO) in our models. We have calculated distances
not only to the nearest oxidizable carbon but also to the
nearest oxidizable bond, assuming that the attack of the iron-
oxo on theπ system would lead to addition across the nearest
carbon-carbon bond, with possible formation of aσ-complex
at one or the other of the carbon atoms (31, 32). Various
NMR investigations have calculated distances between
substrate and the heme iron to be variously 6.2 Å (28), 3.3-
4.4 Å (26), and 4.7-4.9 Å (33). These measurements assume
certain Fe spin-state parameters and additionally are likely
to be CYP isoform-specific. Previous modeling investigations
of CYP1A isoforms have variously used 3.0 (34, 35), 5.0
(35), and 4.0 Å (27) as substrate-iron oxo distances, and
thus we have used 4.0 Å as a reasonable distance in our
calculations. We used 1.9 Å as a reasonable estimate of the
Fe-O bond length (36). Variation of the Fe-O bond length
between 1.7 and 2.1 Å did not significantly change our
calculated pose distribution functions (data not shown).

Figure 3 shows histograms of the distances between the
ferryl oxygen and the nearest oxidizable site (oxidizable
carbon-carbon bond center), for the 200 TCB docked poses
in the 40 models of killifish CYP1A and rat and human
CYP1A1, based on each of the six different templates. It is
clear that the distributions depend heavily on the template
employed in the homology modeling. Nevertheless, the
results consistently show that TCB docks with more con-
formations within the 4 Å distance from the FeO in the
mammalian CYP1A1 models than in the killifish CYP1A.
The difference in distributions is greatest between the rat
and killifish proteins, while in human CYP1A1 the docking
of TCB shows a profile intermediate between the rat and
killifish distributions. Student’st-tests assuming unequal
variances confirmed that the mean distances from FeO to
substrate for fish and mammalian orthologs differ signifi-
cantly, withp-values typically less than 10-5.

A histogram of the docked TCB poses derived from the
consensus model set based on all six templates together
(Figure 4A) also shows that more conformations dock deeper
in the mammalian CYP1A1s than in the killifish CYP1A.
Figure 4B shows the same results, but in the form of
distribution functions rather than a histogram. Displaying the
data this way indicates even more clearly that the TCB pose
distributions are distinct between killifish, human, and rat
orthologs. The pose distribution for human CYP1A1 is

midway between those of rat CYP1A1 and killifish CYP1A
distributions.

It is important to note at this point that the differences in
rates of TCB metabolism essentially reflect differences in
Vmax between the CYP1As of the three species. Experimental
studies of TCB metabolism often do not measureKm, since
the substrate concentration is high enough to consider the
enzymes saturated (e.g., ref 7). Using the energy-type scoring
function values from the docking, we could estimate the
relative binding free energies and hence the relativeKm

values for the different orthologs. On the basis of our
preliminary results, however, these do not seem to signifi-
cantly differ between the species considered. Since theKm

values have little or no relevance to the observed rates, they
are not discussed further in the paper. In contrast, as the
estimation ofVmax reflects the metabolism rate, we assume
that the ferryl oxygen-nearest oxidizable site distances
measure the frequency of a substrate’s occurrence within a
productive distance from the FeO in the different CYP1As
and thus correlate with differences inVmax.

Most Probable Binding Modes of TCB. For each set of
killifish and human models, clustering of the 200 TCB

FIGURE 3: Histograms of distances between the ferryl oxygen and
the nearest oxidizable position on the TCB: (A) CYP2C5 1DT6-
based models; (B) CYP2C5 1N6B-based models; (C) CYP2C9
1OG5-based models; (D) CYP2C9 1OG2-based models; (E)
CYP2C5 1NR6-based models; (F) CYP2C8 1PQ2-based models.
Plotted are the results for the five highest scoring TCB poses for
each of the 40 killifish CYP1A, rat CYP1A1, and human CYP1A1
models based on different templates. The templates are indicated
by their four-letter PDB (Protein Data Bank) codes.DFeO) distance
from the calculated ferryl oxygen position to the center of the 4-5
bond; see text.
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conformations yielded the most favored TCB pose for that
set (24). The “most probable pose” as used here is defined
as the center of the most populated cluster, i.e., the pose
with the maximum number of neighbors. The clustering
radius is a function of the distribution of ligand poses and is
calculated for each set of docked conformations as described
previously (25). When there are a large number of poses
with similar energies, we assume that the true global energy
minimum is the one that is broad, i.e., contains the largest
number of conformational neighbors (37). Such sites are
expected to be both accessible to the ligand and provide some
conformational freedom, thereby increasing the available
entropy (37). Accordingly, several studies show that, in
docking calculations, the most populated clusters of the
docked ligand conformations are better predictors of the
native state than the usual approach of selecting the lowest
free energy cluster (25, 38).

The centers of the most populated TCB clusters were in
the same location and orientation for both human and killifish
CYP1As. Also noteworthy here is that these clusters

superimpose reasonably well with the positions of the
inhibitor ligands observed in the mammalian crystal struc-
tures of CYP2C5 and CYP2C9s1N6B, 1NR6 and 1R9O
(illustrated with diclofenac in Supplemental Figure 1). TCB
is located next to the I-helix, inclined from the plane of the
heme toward the perpendicular. The phenyl ring further from
the heme is close to the F- and G-helices. The 4 and 5
carbons that are the dominant sites of TCB oxidation (e.g.,
(7)) were about 4.5 Å from the ferryl oxygen. We emphasize
that the most frequent conformation is not necessarily the
conformation nearest to the ferryl oxygen, and may not be
even productive. In fact, some cocrystallized ligands such
as warfarin in CYP2C9 are known to bind too far from the
heme for oxidation to occur (22). While the data in Figure
4 show maximum ligand densities at the same distance from
the heme in the various CYPs, the pose distributions differ
considerably, and in the mammalian species, these are shifted
toward the heme.

Residues Determining Access. Residues interacting with
various conformations of TCB were determined by counting
the number of interactions observed with the docked TCB
conformations. Residues that scored high on all sets of
models are listed in Table 1 and include 16 residues in
addition to the 8 that were used to define the binding pocket.
Of the 24 residues interacting with TCB, 22 occur within
the six substrate recognition sites (SRSs) corresponding to
those described by Gotoh (39) (Table 1); the remaining two
residues were adjacent to SRS2. Interacting residues occur
around the productive TCB conformations near the heme as
well as around the more distant poses. The first and one of
the most prominent interacting residues in human CYP1A1
identified by our analyses was Val 382. Szklarz and
coresearchers have recently studied the human CYP1A1,
using both modeling and experimental approaches (34, 40-
42). From their mutagenesis studies, they reported Val 382
in human CYP1A1 to be a key residue interacting with

FIGURE 4: Distribution of distances between the ferryl oxygen and
the nearest oxidizable position on the TCB based on the simulta-
neous use of all templates. Plotted are the results for the five highest
scoring TCB conformations for each of the 40 killifish CYP1A,
rat CYP1A1, and human CYP1A1 consensus models based on the
simultaneous use of all templates 1PQ2, 1OG5, 1NR6, 1N6B,
1OG2, and 1DT6. (A) Histogram of distances. (B) Cumulative
distribution functions of the distances for the respective model sets.
They-axis shows the fraction (f) of poses below the corresponding
distance of the heme ferryl oxygen to the center of the 4-5 bond
(DFeO) on thex-axis. Note: Distance on thex-axis is in angstroms
(Å).

FIGURE 5: The most probable binding conformation of TCB in
human CYP1A1 models. This is defined as the center of the most
populated cluster, i.e., the pose with the maximum number of
neighbors. Note that this does not necessarily correspond to a
productive orientation.
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alkoxy-resorufin substrates (41). Liu and colleagues also
reported residues Ser122, Asn221, and Leu312 as important
residues (42), which we also identified in our interaction
analyses.

Closer to the C-terminus, in SRS 6, Leu502 and Thr503
in killifish CYP1A (Leu496 and Thr497 in human CYP1A1)
were frequently found to interact with the ligand. Earlier
mutagenesis studies by Cvrk and Strobel indicated that these
residues were involved in substrate binding inside the active
site of CYP1A1 (43, 44). Corresponding residues in BM-3,
CYP2C9, CYP2D6, and CYP2E1 have also been suggested
to have a role in substrate specificity (21, 45-47). The
Leu502 and Thr503 (Leu496 and Thr497 in human CYP1A1)
residues are in a turn that forms a part of the wall of the
binding cavity near the heme.

Other residues that appeared very important in TCB-
protein interactions were Asp325 (human Asp320) and the
highly conserved Ala322 (human Ala317). Although the
Asp325 is not strictly conserved throughout the CYP1A
subfamily, an acidic residue usually occupies this position.
Mutagenesis studies by Yanagita et al. (1997) found that the
corresponding residue in rat CYP1A2 is highly important in
O2 activation (48). Among other conserved residues, a set
of phenylalanine residues (Phe at 117, 128, 229, 256, and
263 in killifish CYP1A, corresponding to Phe at 112, 123,
224, 251, and 258 in human 1A1) was consistently found to
be interacting with the TCB conformations across different
sets of models.

In addition to docking on average further from the heme
in killifish CYP1A, TCB also displayed a lower density of
conformations in the intermediate distance range between
the more distant and closer clusters of conformations (Figure
4), relative to the human CYP1A1 models. When the TCB
conformations from this intermediate region in human
CYP1A1 were superposed on killifish CYP1A, we did not

observe any obvious steric obstructions that could impede
TCB binding. However, based on in silico mutagenesis
studies (see below), a stretch of residues from 226 to 233
on the F-helix in killifish CYP1A appears to make binding
less favorable at the intermediate distance range, while the
corresponding residues (221-228) in human 1A1 do not.
Six of these eight residues differ between the two species,
with the conserved residues killifish Phe229 and Val232
(human Phe224 and Val227) occurring in the middle of the
stretch. The sparseness of the intermediate distance confor-
mations of TCB is consistent with the idea that the movement
of the molecule into the closer, productive positions may be
more restricted in killifish CYP1A than in the human protein
(Figure 4B). The residue differences (killifish/human) of
V230/G225, Y386/F381, and L387/V382 were identified as
potential contributors to the difference between these two
species in accessibility of TCB to the active sites and were
further tested with in silico mutagenesis.

In Silico Mutagenesis and TCB Docking.In silico mu-
tagenesis experiments were carried out, in which binding site
residues in fish CYP1A were changed to the corresponding
human CYP1A1 residues, to determine if this could alter
the docking results with the fish enzyme to match those of
the human enzyme. Our aim was to examine the contribution
of specific residues to the differences in pose distributions
between killifish and human enzymes, as well as to test our
method for its sensitivity in capturing the effect of mutations
one at a time. Proceeding step-by-step, a total of 26 different
sets of mutants were constructed. Among these, a few yielded
TCB pose distributions distinctly closer to those of human
CYP1A1 models as discussed below.

Residues to mutate were identified by superposing the
docked ligand conformations in human CYP1A1 models onto
the killifish CYP1A models. This cross-superposition resulted
in serious van der Waals clashes between some TCB
conformations and the binding cavity residues in the killifish
CYP1A models. Most of the steric clashes were the result
of differing side chain conformations. However, poses closer
to the heme frequently were found to be overlapping with
Leu387 and Val230 residues, which corresponded to the
smaller Val382 and Gly230 in the human CYP1A1 models.
Thus, L387V was chosen as the first mutation to test in the
killifish enzyme.

A marked change in docking pattern was observed in the
L387V mutant, which showed TCB more frequently docking
closer to heme (<3.5 Å) (Figure 6A). V230G, the next
single-residue mutant that was tested, resulted in a smaller
change in docking frequency within 3.5 Å of heme, while
the remaining pattern remained the same. Other single
mutants were tested, of which A127S, T233V, and N317L
displayed minor changes in pattern. Alone, a Y386F mutation
did not result in any significant change in docking within
3.5 Å, although this mutation might be expected to create
additional space in the binding site. All the single mutants
produced a change at distances between 5 and 7 Å (Figure
6A), and N317L converged the killifish docking profile to
the human profile between these distances.

On the basis of the single mutant results, we constructed
a double mutant of killifish CYP1A with the mutations
V230G and L387V. Upon docking of TCB to this double
mutant, we observed a greater shift in the pose distribution
toward that of human CYP1A1. Thus, mutatingV230 and

Table 1: Residues Frequently Found To Interact with Docked TCB
Conformations in Killifish and Human CYP1A Models

human
CYP1A1

killifish
CYP1A SRS location

secondary
structures

in vitro mutagenesis
available? (ref)

F112 F117 SRS 1 helix B′ (42)
I115 I120 SRS 1 helix B′
S122b A127a SRS 1
F123 F128 SRS 1
N221b A226a SRS 2 helix F (42)
N222 E227a SRS 2 helix F
N223b D228a SRS 2
F224 F229 SRS 2
G225 V230a SRS 2 (42)
E226 Q231a adj. to SRS 2
V228b T233a adj. to SRS 2
N255 N260 SRS 3 helix G
F258 F263 SRS 3 helix G
L312b N317a SRS 4 helix I (42)
D313 D318 SRS 4 helix I
G316 G321 SRS 4 helix I
A317 A322 SRS 4 helix I
D320 D325 SRS 4 helix I (48)
T321 T326 SRS 4 helix I (48)
F381 Y386a SRS 5
V382 L387a SRS 5 sheet 3 (41, 42)
I386 I391 SRS 5 sheet 3
L496 L502 SRS 6 sheet 5
T497 T503 SRS 6 sheet 5

a Residues mutated in silico.b Differ from corresponding residues
in rat CYP1A1.
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L387 to the smaller residues of the human CYP1A1 clears
some of the space deep in the binding cavity of the killifish
CYP1A near the heme, and the TCB pose distributions at
distances less than 4 Å from the FeO become more similar
(Figure 6B).

Our intention was, if possible, to look for the minimal set
of mutations required to converge the pose distributions in
the two enzymes completely. Therefore, we continued to add
mutations to the killifish double mutant with mutations
V230G and L387V that had shifted the docking pattern
toward that of the human enzyme. T233V, Y386F, A127S,
and N317L were separately added to the double mutant. The
most “pattern-shifted” triple-mutant was identified, and the
remaining mutations were again added and tested. Similarly,
four-mutant and five-mutant models were tested (Figure 6B).
The five-mutant with mutations A127S, T233V, V230G,

N317L, and L387V resulted in almost identical TCB pose
distributions in the killifish and human enzymes up to a
FeO-oxidizable site distance of 4.1 Å. Interestingly, Y386F
was observed to shift the docking pattern considerably on
addition to the successful (in terms of similarity to human
enzyme) four mutant with the mutations A127S, T233V,
V230G, and L387V. It also caused a discernible change when
added to the five-mutant model with the mutations A127S,
T233V, V230G, N317L, and L387V. The mutant with the
mutations A127S, T233V, V230G, N317L, Y386F, and
L387V thus was the most successful six-mutant model we
tested, resulting in similar pose distributions now up to 6 Å
(Figure 6B). These six mutations (A127S, V230G, T233V,
N317L, Y386F, and L387V) which we found sufficient to
achieve similarity in substrate docking to 6 Å between the
human and fish enzymes agree with experimental mutagen-
esis studies identifying these as important residues in
substrate binding to CYP1A (26, 56-58).

Only some of the residues around Phe229 on the F-helix
(discussed above) were among the six residues requiring
mutation. Even so, we altered the remaining residues
(A226N, E227N, D228N, and Q231E) around the conserved
Phe229. As one would expect, this converged the fish and
human docking profiles even closer, making them nearly
identical over the full range of distances (Supplemental
Figure 2). Mutating these residues separately as single
mutants had no consistent discernible effect. Two other
mutations N121S and N264Y did not have any noticeable
effect on the docking pattern at all.

Analysis of TCDD Binding. The results with docking of
TCDD to the consensus set of models showed species
differences in docking similar to those with TCB. We
observed a tendency to dock further from the heme in fish
CYP1A than in mammalian CYP1A1s. The deepest TCDD
poses docked almost 1 Å closer to the heme in rat and human
CYP1As than in killifish CYP1A. However, a noteworthy
difference between the TCDD and TCB results is that fewer
TCDD conformations were found at 4 Å or closer to the
ferryl oxygen in any set of models. In the case of rat
CYP1A1, out of the 200 TCDD poses considered, 39.5%
were within 4 Å of theferryl oxygen, while for human 1A1
it was 28% and for killifish it was 13.5%. Only 7.5%, 3.5%,
and 0.5% of poses were within 3.5 Å for the rat, human,
and killifish proteins, respectively (Figure 7). By comparison,
TCB docked with 17%, 12%, and 3% of conformations
within 3.5 Å for rat, human, and killifish proteins, respec-
tively. This difference is likely due to the fact that TCDD is
bulkier and less flexible than TCB. The lack of conforma-
tional flexibility further limits the possible diversity of
docking conformations. In all three CYPs most of the TCDD
conformations clustered tightly at a similar distance, indicat-
ing low mobility of TCDD inside the binding pocket.

The pose distributions observed here suggest that TCDD
would be metabolized more slowly than TCB by any of the
CYP1A enzymes and that oxidation by human CYP1A1
would be even slower than by rat CYP1A1. This prediction
is consistent with differences in the slow phase elimination
of TCDD in vivo; in humans the TCDD half-life is about 8
years (49), while in rat the elimination half-life is on the
order of weeks (50). However, we note that this study is
restricted to the analysis of differences in substrate binding,
whereas a full understanding of the contribution of the

FIGURE 6: Cumulative distribution functions of the distances
between the ferryl oxygen and the center of the nearest oxidizable
position on TCB for in silico CYP1A mutants. The 200 highest
scoring TCB conformations based on the consensus all-template-
based models for various in silico mutants of the killifish CYP1A
in relation to wild-type human CYP1A1. They-axis shows the
fraction of conformations (f) below the corresponding ferryl-to-
oxidizable bond distance (DFeO) on thex-axis. (A) Single mutations
to killifish models including A127S, V230G, T233V, N317L,
Y386F, L387V. (B) Multiple mutations to killifish models, including
the two mutation (V230G, L387V), five mutation (A127S, V230G,
T233V, N317L, L387V), and six mutation (A127S, V230G, T233V,
N317L, Y386F, L387V) models. Other mutation model cumulative
distribution functions are in the Supporting Information. Note:
Distance on thex-axis is in angstroms (Å).
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frequency of productive poses to the relative oxidation rate
would require consideration of the relative reactivities of sites
where oxidation might occur.

Modeling Metabolite Distributions of B[a]P. The correla-
tion of TCB docking results with experimental data encour-
aged us to apply the consensus set of models to another case,
albeit in a somewhat different manner. Thus, we examined
whether docking of a planar polycyclic aromatic hydrocarbon
such as B[a]P to ensemble models would yield distributions
of conformations that agree with experimentally determined
regiospecific patterns of oxidation. While numerous sites of
oxidation are theoretically possible, studies over several
decades have shown that the primary sites of oxidation are
the 7-8 position and the 9-10 position, the 3-carbon, and
to a lesser extent the 4-5 position and other sites (see Figure
1 and Table 2).

Benzo[a]pyrene was docked to the same sets of killifish
and human CYP1A consensus models used for TCB and
TCDD. We also docked B[a]P to similar sets of models of
scup CYP1A. Metabolism of B[a]P by CYP1As initially
forms arene oxides, which could involve attack at specific
carbons or, as mentioned above, may occur by attack on the
aromaticπ molecular orbitals (31, 32). Thus we determined
the frequencies with which each carbon atom, as well as the
center of each C-C bond, was oriented within 4 Å of the
ferryl oxygen.

The most favored binding modes were identified using
clustering of conformations (Figure 8). The relative frequen-
cies of theoretically possible oxidative attack sites (either
carbons or bond centers) were estimated based on the ratios
of the number of times each of the candidate sites was within
4 Å of the ferryl oxygen. Whenever multiple candidate sites
on the same B[a]P docking conformation were observed to
be within 4 Å from the ferryl oxygen, the counts of all sites
were fractionally incremented assuming equal probability of
oxidation at each site. The ratios of these adjusted counts
were calculated for all models of each species’ CYP1A.

The fractional proportions of each carbon (and each bond)
occurring within 4 Å of the FeO areillustrated in Figure 9.
The docking shows that in the human and the two fish species

CYP1As, B[a]P is oriented principally so that the benzo ring
(positions 7-8-9-10) and carbons 1, 2, and 3 account for
the majority of possible productive orientations. Initially, we
assumed the site of oxidation is determined by the orientation
of the ligand, i.e., that carbons (or bonds) nearest the ferryl
oxygen would be favored to undergo oxidation, without
consideration of bond reactivities. However, the reactivity
of some bonds, e.g., the 8,9-bond, are energetically highly
unfavorable (51). Thus, while the 8,9-bond was more
frequently observed within 4 Å, only the benzo-ring products
at the 7,8- and 9,10-carbons were calculated (Tables 2 and
3). In the human enzyme, the 11,12- and the 4,5-carbons
showed occasional productive orientations, but these carbons
did not occur within 4 Å in either fish species CYP1A.

Comparison with Metabolite Data.In our effort to discern
a pattern of B[a]P docking to the ensemble models, we
focused first on human CYP1A1, for which there is a wealth
of data on the metabolite profiles of expressed CYPs. The
results obtained by docking B[a]P to our ensemble human
CYP1A1 models are given in Table 2, together with in vitro
metabolite data. For reliable comparisons, we considered in
vitro metabolite data for human CYP1A1 from studies in
which contribution of other CYPs to B[a]P oxidation was
minimal, epoxide hydrolase activity sufficient to obviate
rearrangement to analytically less well-resolved hydroxy
derivatives, and in which conditions of assay and chromato-
graphic resolution were optimal for detection of metabolites.
We averaged data from five studies of human CYP1A1 (10-
14). Data for oxidation at the 4,5-, 7,8-, and 9,10-positions
and at the 3-carbon are expressed as the percent of total
oxidation. Estimates of quinone formation are included,
although autooxidation of phenolic derivatives can lead to
quinones, and assay conditions can influence the extent of
quinone formation, e.g., (52), which complicates comparisons
between in vitro and in silico results for B[a]P quinones.

There is good correspondence between the relative abun-
dances of most orientations of B[a]P in the in silico ensemble
model docking results for human CYP1A1 and the experi-
mentally measured abundances averaged in Table 2. An
exception appears between metabolite data and the docking
results for 3-carbon oxidation. The reason for this difference
with the human enzyme is not understood. Docking of B[a]P
to ensemble models of the killifish and scup CYP1As showed
that the relative frequencies at which the 7-8 and 9-10
positions and the 3-carbon occurred within putative produc-
tive distances were similar to the relative abundances of in
vitro metabolites observed with these fish CYP1As (Table
3 and Figure 9). As noted above, product formation at the
8,9 position is calculated to be highly unfavorable (51). Thus,
docked poses with the 8,9-position in a productive orientation
were evenly divided between the 7,8 and 9,10 positions
(Tables 2 and 3). The 4-5 position was not observed in
productive orientation in either the killifish or scup CYP1A
(Table 3), in agreement with experimental results (15, 16).
Interestingly, the 11,12-carbons also did not occur in
proximity to the FeO in silico in either killifish or scup
CYP1A. In contrast, the 11,12-position was observed within
a putative productive distance in human CYP1A1, although
at low occurrence rates (0.3%). In vitro formation of 6,12-
dione, which might derive from 12-hydroxy-B[a]P or from
initial oxidation at C-6, typically is not seen among metabo-
lites generated by fish tissue microsomes (16), but it is

FIGURE 7: Distribution of distances between the ferryl oxygen and
the nearest oxidizable position on TCDD in the five highest scoring
TCDD conformations for each of the 40 killifish CYP1A, rat
CYP1A1, and human CYP1A1 consensus models based on the
simultaneous use of all templates 1PQ2, 1OG5, 1NR6, 1N6B,
1OG2, and 1DT6. Note: Distance on thex-axis is in angstroms (Å).

Biochemistry Ensemble Modeling of CYP1A OrthologsI



observed with human CYP1A1 (14). The 6-position did not
dock in productive orientation in either the human or fish
models.

DISCUSSION

Computational Studies of Cytochromes P450.A number
of studies have used computational methods to build
structural models and to analyze the binding of substrates
to P450s (see, e.g., refs 34, 47, and 53-55) and as reviewed
elsewhere (56). Early attempts to build mammalian CYP
structures based on bacterial templates had mixed outcomes,
as the 15-20% sequence identity limits the accuracy of such
calculations. Homology modeling of mammalian CYPs
became much more feasible with the availability of mam-
malian templates (45-47, 55, 57, 58), particularly when
applied to CYP Family 2 or 3 enzymes. The best homology
models require sequence identities on the order of 30%;

killifish CYP1A and CYP2C5 are 33% identical, excluding
the N-terminal hydrophobic sequences. With the high degree
of structural conservation among CYPs, this level of identity
should be acceptable for our purposes. Furthermore, the
sequences of fish CYP1As and mammalian CYP1A1s share
55-59% identity (without the N-terminal segments), and at
this level of sequence identity, it is highly likely that the
backbone structure of the two enzymes is mostly conserved
(with the possible exceptions of loops on the surface). Thus,
comparing models of these orthologous enzymes using the
same templates would be valid.

The docking of substrates to homology models is also a
challenging problem. In fact, even when an X-ray structure
of the protein is available, finding the native or a near-native
bound position of a ligand by docking methods is successful
only in some 65-70% of cases (56, 59, 60). Two different
problems limit the accuracy of docking results. First, docking

Table 2: Observed and Calculated Benzo[a]pyrene Metabolite Distributions in Percentages of Total Metabolites for Human CYP1A1

7,8 position 9,10 position 4,5 position 3-OH oxidation otherb (quinones) refs

observeda 22.9( 8.1 26.1( 8.9 2.3( 1.7 34.5( 11.3 17.0( 9.9 (10-14)
in silico docking 30.4c 30.7c 1.4 18.6d 18.9e this study
a Observed distributions are means( standard deviations calculated from the data in references, combining the observed 9-OH and 9,10 diol

products. Only data obtained under similar experimental conditions (B[a]P concentrations 10-40 µM; incubation time 10-30 min; coexpressed
epoxide hydrolase) were combined, to reduce the sources of variation in product profiles.b Principally quinones (1,6-, 3,6-, and 6,12-quinone)
resulting from secondary oxidation (see text).c The formation of an 8,9-epoxide is strongly energetically disfavored, and thus the frequency of
heme-proximal orientation of the 8,9-bond, was split between the 7,8- and 9,10-position frequencies (see text).d 3-OH oxidation refers to the
orientation of the 2,3-bond within 4 Å of theferryl oxygen.e Positioning of the 1,2 and 11,12 bonds nearest the ferryl oxygen.

FIGURE 8: The top four cluster centers of the 200 B[a]P conformations (most probable B[a]P poses) in fish CYP1A consensus all-template-
based models shown in order from top left (1, 2, 3, 4). The poses are ordered in terms of their probability based on clustering (see text).
In human CYP1A1 consensus all-template-based models, the same poses are observed as most probable clusters but in a 3, 4, 2, 1 order
in probability. Note that even in the most probable poses the first two orientations in fish are the wider end (1-2-3 carbons) of the B[a]P
molecule whereas the first two orientation in human are of the narrow (benzo) end (7-8-9-10 carbons).
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is aimed at finding the conformation of the complex with
the minimum free energy, but the free energy functions used
are of limited accuracy due to the difficulties of calculating
the effects of solvation and entropy change. Although the
approximate scoring functions aim to preserve the native
energy landscape in order to correctly identify the native
binding mode, there are generally “false positives”, i.e.,
docked conformations with low free energy but far from the
native. It is now becoming generally recognized that minima
with a large region of attraction are better predictors of the
native state than deep but narrow minima (25).

A second problem in docking is that the current methods
either assume a rigid protein structure (e.g., DOCK (61, 62)
and AutoDock (63)), or allow only for limited side chain
flexibility (e.g., FlexX (64), ICM (65), GOLD (66), and Glide
(67)). The reason for this approximation is the extraordinary
increase in computational complexity when including all
degrees of freedom of a protein in a modeling study. Due to
the rigid body assumption, docking results may become very
unreliable when ligand-bound and unbound structures of the
protein substantially differ, or the resolution of the X-ray
structure is low (68).

Since the accuracy of homology models is at best
comparable to those of low-resolution X-ray structures, the
analysis of P450s by docking substrates to homology models
is a nontrivial computational problem, and the standard
modeling approaches do not provide information on the
inherent uncertainty of the results. In contrast, by generating

a large set of homology models and an entire ensemble of
docked poses rather than a single docked structure, our
ensemble modeling characterizes how the various uncertain-
ties affect the final model, i.e., the predicted position of the
ligand bound to a CYP. Considering a pose distribution, the
method converts the single calculated position problem into
a statistical problem of docked conformations, implying that
hypotheses can be tested using statistical methods. In
particular, comparing substrate positions in the various
CYP1As becomes the problem of determining whether the
two samples are derived from the same or different distribu-
tions.

We note that the ensemble modeling approach is supported
by the currently accepted view that proteins in solution do
not exist in a single minimum energy static conformation
but are in fact in dynamic equilibrium among low energy
conformational substates (69). The best description of protein
structure then is that of a conformational ensemble of slightly
different structures coexisting in a low-energy region of the
free energy surface. The binding process can be thought of
as the selection of particular substates from the conforma-
tional ensemble that best complement the shape of a specific
ligand, possibly followed by an induced fit. Considering
multiple conformational states is particularly important for
the analysis of those CYPs with broad substrate specificity,
presumed due largely to the high plasticity of their binding
sites.

Analysis of CYP1A Substrate Binding.On the basis of the
relative rates of TCB metabolism as compared to rates of
ethoxyresorufin and B[a]P metabolism, Schlezinger et al. (3)
suggested that the architecture of fish CYP1As differs from
the mammalian CYP1A1s, such that the access of haloge-
nated ligands such as TCB into the active center of the fish
enzymes is restricted to a greater degree than in the
mammalian orthologs. A difference in the shape and chemi-
cal properties affecting substrate access or mobility in the
active site also was suggested by regiospecificities for
oxidation of B[a]P, which are modestly yet consistently
different between mammalian and fish CYP1As (15). The
suggested species differences in CYP1A active site structure
was the chief driver for selecting these CYP1As for modeling
and docking studies, to elucidate structural features possibly
causing the differences in metabolism of such substrates.

Using the multiple-homology-model, multiple-ligand-
conformation approach, we examined binding of three
substrates, TCB, TCDD, and B[a]P. Initially we examined
the differences in binding of TCB to killifish and two
mammalian CYP1As. In the human and rat CYP1A1 models
TCB poses occur closer to the heme more frequently than
that seen in killifish CYP1A. The TCB distribution in the
fish CYP1A also occurred less frequently at intermediate
positions. Results were similar for model sets based on single
templates or on a consensus model; the utility of a consensus
model has been reported recently also by Baudry et al. (70).
The differences between the TCB distributions in the
mammalian and fish CYP1As, showing less frequent putative
productive conformations in the fish enzyme, agree with the
experimental data that show a much slower oxidation of TCB
by fish than by mammalian enzymes (3).

We also studied the residues interacting with TCB. Among
the 24 residues identified as interacting with TCB were
several that had been shown to be important for substrate

FIGURE 9: The modeled distribution of frequencies of B[a]P
oxidizable position approaching the ferryl oxygen based on
consensus all-templated-based CYP1A(1) models. The area of each
circle is proportional to the scaled distribution of either the
oxidizable bond or the carbon atom approach to less that 4 Å from
the ferryl oxygen position. An energy filter was applied to the
docking distributions to remove energetically unfavorable positions.
Data for human CYP1A1 oxidizable bond (a) and carbon atom (b)
positions and fish CYP1A oxidizable bond and carbon atom
positions for killifish (c, d) and scup (e, f), respectively.
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binding in experimental mutagenesis studies of human
CYP1A1 (41, 42). We performed in silico mutagenesis
experiments, mutating binding site residues that interact with
TCB in killifish CYP1A to the corresponding human
CYP1A1 residues, in order to identify residues that may be
responsible for the different TCB distributions in the killifish
and human enzymes. Several sets of mutant models of
killifish CYP1A were constructed, and a small number of
mutations yielded TCB distribution profiles remarkably
similar to those obtained with the human CYP1A1 models.
The results indicate that the slower metabolism of TCB by
fish than by mammalian CYP1As could be due to a relatively
small number (5 or 6) of amino acid differences. The residues
we identified include several that are in good agreement with
those identified in the mutagenesis studies by Szklarz and
co-workers (34, 41, 42).

The mutations required to converge the killifish and human
docking profiles indicate that the observed differences in
binding are due not only to steric factors. In general, a
hydrophobic environment, particularly around the TCB
phenyl ring furthest from the heme in the most favored
conformation (Figure 5), appears to encourage binding of
TCB close to the heme and in the correct orientation. The
Phe229 region on the F-helix forms part of this neighborhood
around the distal phenyl ring. We propose that the observed
large difference in metabolic rates of TCB in killifish and
human species is (in part) due to the difference in binding
depth of TCB into the active site, including constrictions in
the middle region of the fish CYP1A binding site that restrict
ingress to the region close to the heme. This observation
supports the prediction based on species differences in
catalytic rates with TCB that the architecture of fish CYP1As
would constrain productive binding of TCB more than in
mammalian CYP1A1 (6).

Applying the ensemble modeling approach to examine the
binding of TCDD gave results similar to those with TCB.
That is, the frequency with which TCDD occurred in the
preferred (most commonly occupied) position in the different
species CYP1As was in the same order as with TCB, i.e.,
rat > human> killifish. However, the preferred position
for TCDD was found to be somewhat farther from the heme
than the preferred position for TCB, and in each species the
frequency of poses near the heme was substantially less than
with TCB. Assuming the frequency of occurrence of a
productive pose relates to the frequency of substrate oxida-
tion, our results predict a slower rate of metabolism of TCDD
than TCB, by each species. The docking results showing less
frequent “productive” poses in human than in rat CYP1A1
in general agree with experimental data indicating that TCDD
is metabolized more slowly by human than by rat (71-73).

However, there are limited experimental data on TCDD
metabolism, and testing the predictions from our docking
results will be important.

The application of ensemble modeling to B[a]P is par-
ticularly challenging because the molecule is oxidized at
multiple sites, which is subject to a variety of influences.
Overall, the ensemble method yielded fractional distributions
of sites on B[a]P, similar to in vitro results on the regiospeci-
ficity of B[ a]P metabolism (Tables 2 and 3). Perhaps most
notable for the purposes here were the species differences
in possible productive docking of the 4,5- and the 11,12-
positions, which occurred in human models but not in the
fish models. The species differences in the 4,5-oxidation (K-
region oxidation) predicted in silico conform to experimental
observations that there is little or no K-region metabolism
by fish, while K-region oxidation by mammalian CYP1A1
is routinely detected (9, 11-16). Similarly, experimental data
suggest little or no metabolism at the 11,12-position by fish
enzymes (16). These differences in docking and metabolism
of B[a]P suggest that the binding site is less open in fish
CYP1As than in mammalian CYP1A1, as was indicated in
the results with TCB.

Such application of docking to homology models by
correlating the numbers of docked conformations to experi-
mentally observed metabolite ratios is novel and has not, to
our knowledge, been applied to study any enzyme system
previously. Interestingly, as this study was being completed,
Ericksen and Sklarz (2005) reported B[a]P metabolite
profiles and in silico docking results for human CYP1A1,
using a single homology model and molecular dynamics
(MD) to assess the proportion of orientations of each of the
12 susceptible carbons within 4 Å of theferryl oxygen (40).
Overall, their results obtained with MD are similar to ours.
However, due to the large number of homology models, our
analysis is less dependent on assumptions and hence yields
more objective results.

With substrates having multiple sites where oxidation can
occur, the bond reactivities may be very important. It was
initially intriguing to us that the docked conformations of
B[a]P in all three species were similar in having the 8,9-
carbons (or the 8,9-bond) closer to the ferryl oxygen more
frequently than either the 7,8- or the 9,10-positions. However,
as noted earlier, the lack of an 8,9-epoxide can be explained
by considering respective bond energies. Chiang et al. (2001)
calculated million-fold higher relative rates of formation for
7,8- and 9,10-epoxides versus 8,9-epoxide from the energet-
ics of product (epoxide) formation (51). The highly unfavor-
able formation energy could explain why the B[a]P-8,9-
epoxide has never been observed, despite modeling results
(Figure 9) that indicate that the 8-9 position is more often

Table 3: Observed and Calculated Benzo[a]pyrene Metabolite Distributions in Percentages of Total Metabolites for Fish CYP1A

7,8 position 9,10 position 4,5 position 3-OH oxidation otherb (quinones) refs

killifish observeda 20 24 0 29 27 (15)
in silico docking 18.0c 20.5c 0 30.7d 30.7e this study
scup observeda 30.5( 3.5 28.5( 4.9 0 20( 8.5 21( 8.5 (15, 16)
in silico docking 26.4c 23.1c 0 25.2d 25.2e this study
a Observed distributions are means( standard deviations calculated from the data in references, combining the observed 9-OH and 9,10 diol

products.b Principally quinones (1,6-, 3,6-, and 6,12-quinone) resulting from secondary oxidation (see text).c The formation of an 8,9-epoxide is
strongly energetically disfavored, and thus the frequency of the heme-proximal orientation of the 8,9-bond was split between the 7,8- and 9,10-
position frequencies (see text).d 3-OH oxidation refer to the orientation of the 2,3-bond within 4 Å of theferryl oxygen.e Positioning of the 1,2
bond nearest the ferryl oxygen. Some of this product may lead to 2,3 epoxide and thus contribute to 3-OH oxidation.
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in a productive orientation than the 7,8- or the 9,10-positions.
Redistribution of the actual product formation over the
neighboring 7,8 and 9,10 positions may occur rapidly due
to small repositioning of the substrate by vibration and
rotation within the active site or the B[a]P may exit and re-
enter the binding site in a different orientation. A combination
of the statistical docking procedure outlined here and
quantum mechanical calculations may be required to fully
resolve the issue of product distribution when there are large
variations in product energy (56).

The methodology of docking to multiple homology models
and considering large numbers of docked conformations is
novel in its application to CYPs and marks a departure from
previous modeling studies on these enzymes, summarized
recently (56). No manual adjustments of position or orienta-
tion were done before or after docking. By consideration of
large numbers of models, the method takes into consideration
the uncertainties inherent in modeling. Using multiple ligand
conformations for each model as opposed to a single top
conformation reduces reliance on ranking and thus on
docking score calculations. Smaller ensembles of models
were used in one study, to identify the binding orientation
of codeine to CYP2D6 (74). Our studies indicate that the
ensemble approach we describe can yield docking results
that relate to known functional differences among ortholo-
gous enzymes. With appropriate modifications, our ensemble
modeling approach could be used broadly to investigate
substrate specificity and differences therein of related CYPs
and to make reliable and testable predictions for certain
compounds.

SUPPORTING INFORMATION AVAILABLE

Figures showing the most probable binding conformation
of TCB in human CYP1A1 models, with the position of
diclofenac (yellow) in the X-ray crystal structure of CYP2C5
(1NR6) superposed onto the CYP1A1 model (Figure S1),
and the cumulative distribution functions of the docking
distances for the 10 mutation in silico CYP1A model (Figure
S2). This material is available free of charge via the Internet
at http://pubs.acs.org.
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