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Abstract
A computational study was undertaken to understand the nature of binding and the structural features
that play a significant role in the binding of arylacetylene molecules to cytochrome P450 enzymes
1A1, 1A2, 2A6 and 2B1. Nine polycyclic arylacetylenes determined to be mechanism-based P450
enzyme inhibitors were studied. The lack of polar substituents in these compounds causes them to
be incapable of hydrogen bonding to the polar protein residues. The four P450 enzymes of interest
all have phenylalanine residues in the binding pocket for potential π–π interactions with the aromatic
rings of the inhibitors. The inhibition potency of these arylacetylenes toward P450s 1A1 and 2B1
showed a dependence on the proximity of the inhibitor’s triple bond to the prosthetic heme Fe of the
enzyme. In P450 enzyme 1A2, the inhibitor’s potency showed more dependence on the π–π
interactions of the inhibitor’s ring systems with the phenylalanine residues of the protein; with
proximity of inhibitor triple bond to the heme Fe weighing in as the second most important factor.
The results suggest that maximizing the π–π interactions with phenylalanine residues in the binding
pocket and optimum proximity of the acetylene moiety to the heme Fe will provide for a substantial
increase in the potency of the polyaromatic hydrocarbon mechanism-based inhibitors. A fine balance
of these two aspects of binding coupled with attention to supplementing hydrophobic interactions
could address potency and selectivity issues for these inhibitors.

Introduction
Cytochrome P450 enzymes constitute a large superfamily of heme proteins known to catalyze
oxidation reactions of an expansive array of endogenous and exogenous compounds including
drugs, sterols, fatty acids, carcinogens, vitamins and steroids (1–3). There are 57 known human
P450 enzymes, including a few pseudogenes which are classified into families (sequence
identity >40%) and subfamilies (sequence identity ≥55%), (see
http://drnelson.utmem.edu/CytochromeP450.html). Some of these enzymes are
polymorphically expressed, resulting in different metabolic activity that could influence the
overall toxic effect, including carcinogenesis induced by environmental chemicals (4). The
P450 enzymes 1A1, 1A2, 2A6, and 2B1 have been shown to oxidize polycyclic aromatic
hydrocarbons to produce carcinogenic agents that can bind to DNA causing cancer (5–8).
Targeting these enzymes for inhibition with small molecules offers new avenues in cancer
prevention and therapy (9). Many acetylenic compounds are shown to irreversibly inactivate
P450 enzymes by time-dependent destruction of heme via alkylation (6,10–15). Ortiz de
Montellano and coworkers have established the mechanism involving the formation of an
intermediate by P450-dependent oxidation of acetylenic moiety followed by covalent binding
of the unstable intermediate to a heme nitrogen (16,17).
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In our present study, we show that arylacetylenes, such as, 1-ethynylpyrene (1EP), 1-(1-
propynyl)pyrene (1MEP), 4-(1-propynyl)pyrene (4-MEP), 1-(1-butynyl)pyrene (1-EEP), 2-
ethynylphenanthrene (2-EPhen), 3-ethynylphenanthrene (3-EPhen), 9-ethynylphenanthrene
(9-EPhen), 2-(1-propynyl)phenanthrene (2-MEPhen), and 9-(1-propynyl)phenanthrene (9-
MEPhen) act as mechanism-based inhibitors of P450s 1A1 and 1A2, with many of them
additionally inhibiting P450 2B1. None of these compounds showed significant inhibition of
P450 2A6. The unique aspect of these compounds is the lack of any polar structural moiety
capable of hydrogen bonding with polar protein residues. Our goal was to understand the
structural basis of the interactions that these molecules have with the P450 enzymes 1A1, 1A2,
and 2B1 through molecular modeling studies. We were also intrigued by the fact that none of
these compounds inhibited P450 2A6. Reported X-ray crystal structures were utilized for the
enzymes 1A2 and 2A6, while homology models were built for P450s 1A1 and 2B1. Docking
studies of the arylacetylenes with the four P450 enzymes 1A1, 1A2, 2A6 and 2B1 were
performed and the results were analyzed to obtain the consensus binding posture for each of
the molecules of interest. Better understanding of the molecular nature of binding interactions
will direct us in the design of more effective and selective inhibitors for these P450 enzymes.

Methods
Assays

Rat CYP2B1 supersomes (rat CYP2B1 + P450 reductase + cytochrome b5), and human
CYP1A1, 1A2, and 2A6 supersomes (human CYP enzymes + P450 reductase) were purchased
from B.D. Biosciences Corporation (Woburn, MA, USA). All other chemicals were purchased
from Sigma Aldrich Company (Milwaukee, WI).

The P450 1A1, 1A2, and 2B1 dependent activities were assayed in 7-alkoxyresorufin
dealkylation assays using ethoxyresorufin, methoxyresorufin, and pentoxyresorufin
fluorescent substrates, respectively (18). P450 2A6 dependent 7-hydroxylation of coumarin
was used in a similar assay with minor differences as described below for measuring 2A6
activity (19,20).

7-Ethoxyresorufin O-deethylation (EROD), 7-methoxyresorufin O-
demethylation (MROD), 7-pentoxyresorufin O-depentylation (PROD), and
Coumarin 7-Hydroxylation Assays—Potassium phosphate buffer (1750 μL of a 0.1 M
solution, pH 7.6) was placed in a 1.0 cm quartz cuvette, and 10 μL of a 1.0 M MgCl2 solution,
15 μL of a 1.0 mM corresponding resorufin or coumarin substrate solution in Me2SO (DMSO),
10 μL of the microsomal P450 protein, and 15 μL of an inhibitor in DMSO were added. For
the controls, 15 μL of pure DMSO was added in place of the inhibitor solution. The reaction
was initiated by the addition of 200 μL of a NADPH regenerating solution. The regenerating
solution was prepared by combining 797 μL of a 0.10 M potassium phosphate buffer solution
(pH 7.6), 67 μL of a 15 mM NADP+ solution in buffer, 67 μL of a 67.5 mM glucose 6-phosphate
solution in buffer, and 67 μL of a 45 mM MgCl2 solution, and incubating the mixture for 5
minutes at 37°C before the addition of 3 units of glucose 6-phosphate dehydrogenase/mL and
a final 5 minute incubation at 37°C. The final assay volume was 2.0 mL. The production of 7-
hydroxyresorufin anion was monitored by a spectrofluorimeter (OLIS DM 45
Spectrofluorimetry System) at 530 nm excitation and 585 nm emission, with a slit width of 2
nm. The production of 7-hydroxycoumarin was monitored at 338 nm excitation and 458 nm
emission, with a slit width of 2 nm. The reactions were performed at 37°C. For each inhibitor,
a number of assay runs were performed using varying inhibitor concentrations.

Data Analysis (14)—The data obtained from these assays were analyzed by a computer
analysis method of the reaction progress curve in the presence of various inhibitor
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concentrations and in the absence of the inhibitor as the control run. Results are tabulated in
Table 1. A second order curve describing product formation with respect to reaction time in
seconds was obtained for each inhibitor concentration and the control. The Microsoft Excel
Program was used to fit the data (Fluorescence intensity vs. Time) obtaining the parameters of
the best-fit second order curves (y=ax2+bx+c). Using the parameters (Coefficient b in the
second order equation is enzymatic activity) obtained from the above, activities were calculated
using first order derivatives. Dixon plots were used (by plotting the reciprocals of enzymatic
activity (1/v) vs. inhibitor concentrations [I]) in order to determine IC50 values (x-intercepts)
for the inhibitors.

Pre-incubation Assays in the Presence and Absence of NADPH—To confirm
mechanism-based inhibition, pre-incubation assays were performed as follows. All assay
solution components had the same concentrations as in the above assays. For pre-incubation
assays in the presence of NADPH, potassium phosphate buffer (1550 μL of a 0.1 M solution,
pH 7.6) was placed in a 1.0 cm quartz cuvette followed by 10 μL of a 1.0 M MgCl2 solution,
10 μL of the microsomal P450 protein, 15 μL of an inhibitor in DMSO (for the control, 15
μL of pure DMSO was added in the place of the inhibitor solution), and 200 μL of a NADPH
regenerating solution. The assay mixture was incubated for five minutes at 37°C, before
reaction initiation by the addition of 200 μL of buffer and 15 μL of the corresponding substrate
solution. The final assay volume was 2.0 mL. The production of 7-hydroxyresorufin anion was
monitored at 530 nm excitation and 585 nm emission. The production of 7-hydroxycoumarin
was monitored at 338 nm excitation and 458 nm emission. The reactions were performed at
37°C. For each inhibitor, a number of assay runs were performed using varying inhibitor
concentrations. For the pre-incubation assays in the absence of NADPH, potassium phosphate
buffer (1750 μL of a 0.1 M solution, pH 7.6) was placed in a 1.0 cm quartz cuvette followed
by 10 μL of a 1.0 M MgCl2 solution, 10 μL of the microsomal P450 protein, and 15 μL of an
inhibitor in DMSO (for the control, 15 μL of pure DMSO was added in the place of the inhibitor
solution). The assay mixture was incubated for five minutes at 37°C, before reaction initiation
by the addition of 200 μL of the NADPH regenerating solution and 15 μL of the corresponding
substrate solution. The final assay volume was 2.0 mL. The production of P450-dependent
reaction products were monitored as previously described (10). The reactions were performed
at 37°C. For each inhibitor, a number of assay runs were performed using varying inhibitor
concentrations.

Protein Crystal Structures and Homology Modeling of P450s 1A1 and 2B1
All of our in silico studies were carried out using the Molecular Operating Environment (MOE)
Program (Chemical Computing Group, Montreal, Canada). The coordinates of the template
P450 enzymes 1A2 (PDB ID: 2HI4) and 2A6 (PDB ID: 1Z10) were taken from the Protein
Data Bank (http://www.rcsb.org). Oxygen atoms representing water were removed and
hydrogen atoms were added to the template proteins using Amber99 force field.

A homology model of P450 1A1 (Figure 1A) was built based on the protein crystal structure
of P450 1A2 (2HI4) taken from the Protein Data Bank using the MOE-Homology program
(Tripos SYBYL which was used for building 2B1 homology model lacked access to some
modules at the time of 1A1 homology modeling and hence MOE was used). The target
sequence of human P450 1A1 was obtained from the SwissProt database (21) (P04798). Target
sequence was aligned with the sequence of 2HI4 using MOE’s multiple sequence and structural
alignment algorithm (22) with the structural alignment tool enabled and the blosum62
substitution matrix. The three-dimensional model building of P450 1A1 was performed using
the MOE homology program based on a segment matching procedure and a best intermediate
algorithm with the option to refine each individual structure enabled. Ten intermediate models
were generated and the final model was taken as the cartesian average of all the intermediate
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models. The heme residue was positioned using the same coordinates as in the template and
the complex model was energy minimized. The minimized homology model was validated
with PROCHECK(23) and ProsaII (24).

A homology model of P450 2B1 (Figure 1B) was built based on the protein crystal structures
of P450 2B4 (1SUO- mammalian and 2BDM- microsomal) using the molecular modeling
package SYBYL (version 7.1, Tripos, St. Louis, MO). The sequence of rat P450 2B1 was used
as the target which was obtained from the SwissProt database (21) (P00176). The sequence
identity was 73%. The homology model of P450 2B1 was built using Composer in the
Biopolymer module of SYBYL. Conformations of loop sequences were automatically
generated by the program. The heme residue was positioned using the same coordinates as in
the template. Hydrogen atoms were added to the structure and the initial model was refined by
energy minimization by the steepest descent method followed by the conjugate gradient method
until the root mean square gradient of the potential energy was <0.05 kcal.mol−1A−1. The
minimized homology model was validated with PROCHECK and ProsaII.

Binding Modes by Docking Simulation
The structures of the 9 molecules used in this study are given in Figure 2. The 3D structures
of the molecules were built using the Tripos SYBYL 7.3 Program. Initial geometric
optimizations of the ligands were carried out using the standard MMFF94 force field, with a
0.001 kcal/mol energy gradient convergence criterion and a distance-dependent dielectric
constant employing Gasteiger and Marsili charges. Additional geometric optimizations were
performed using the semi-empirical method molecular orbital package (MOPAC). The
compounds were docked into the binding pockets of P450 enzymes using three programs,
GOLD (Cambridge Crystallographic Data Centre), MOE and FlexX (Tripos). The consensus
binding postures of the inhibitors were obtained by visual inspection of the docking simulations
and their docking scores. The docked complexes were then minimized in three steps using
MOE Energy Minimize application. Amber ff99 was used for standard residues of the protein
and partial charges were calculated as required for this force field. The non-standard forcefield
parameters for heme and the cysteine-iron bond were taken from the literature (25). MOE
Energy minimization consists of finding a set of atomic coordinates that correspond to a local
minimum of the molecular energy function (we used the potential energy model) by applying
large scale non-linear optimization techniques to calculate a conformation (near to the starting
geometry) for which the forces on the atoms are zero(26). MOE uses a success of three methods
to effect an energy minimization: Steepest Descent (SD), Conjugate Gradient (SG) and
Truncated Newton (TN) controlled by the root mean square (RMS) gradient of energy falling
below 0.1 kcal A−1. In addition, atoms may be fixed during the calculation. First, hydrogen
atom positions were relaxed by holding other atoms fixed. This was followed by allowing all
side chain atoms to relax while holding the backbone atoms fixed. Finally, the entire structure
was relaxed until root mean square (RMS) gradient of energy was less than 0.1 kcal A−1.
Through all of the minimization steps, the planar structure of the heme residue was fixed. The
distances between the external carbon of the inhibitor’s triple bonds and the heme Fe were
determined. The centroids of the phenyl rings of the phenylalanine residues and those of the
inhibitor molecules were calculated using the Scientific Vector Language (SVL) module of
MOE.

Results and Discussion
Cytochrome P450s 1A1, 1A2, 2A6 and 2B1 are known to metabolize xenobiotics and
ubiquitous environmental carcinogens such as polycyclic aromatic hydrocarbons. Known X-
ray crystal structures of P450s 1A2 (PDB ID: 2HI4) (27) and 2A6 (PDB ID: 1Z10) (28) were
used in this study. P450s 1A1 (human) and 1A2 (human) show high sequence identity with
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73% alignment score. P450s 2B4 (mammalian) and 2B1 (rat) also show high sequence identity
with 70% alignment score. Based on the sequence identities of 1A1 with 1A2, and 2B1 with
2B4; homology models for P450s 1A1 and 2B1 were built using the X-ray structures 2HI4.pdb
(human) (for 1A2) and 1SUO.pdb (mammalian) and 2BDM.pdb (microsomal) (for 2B1)
respectively, as templates. The homology models of P450 1A1 and 2B1 are shown in Figure
1. P450 enzymes share a common overall fold and topology with twelve helices A-L and four
β-sheets 1–4, despite less than 20% sequence identity across the gene superfamily. The binding
site is defined by the helices E, I, J, K, and L as well as portions of β-sheet 1. The prosthetic
heme group is confined between the distal I helix and proximal L helix and bound to the
adjacent cysteine in the loop containing the P450 signature amino acid sequence FxxGx(H/R)
xCxG. The absolutely conserved cysteine is the proximal or “fifth” ligand to the heme iron
(29). The nine inhibitors (Figure 2) used in this study are unique in that they all have 3–4 fused
benzene ring systems (polycyclic aromatic hydrocarbons- PAHs), incorporated with an
acetylenic moiety in order to achieve mechanistic inhibition of P450 enzymes while lacking
any polar group capable of hydrogen bonding with protein residues. The inhibition data for the
nine inhibitors measured using human P450 enzymes 1A1, 1A2, and 2A6, and rat enzyme 2B1
are given in Table 1.

The binding sites of the four P450s of interest were studied to understand the nature of the
residues defining the site (Table 2). Aromatic residues were of great interest to us as these
residues would interact favorably with the PAH rings of our inhibitors through π–π interactions.
Among the four P450 enzymes in our study, P450 1A2 was found to have the largest binding
pocket, and P450 2B1 was found to have the smallest binding pocket. All of these enzymes
have phenylalanine residues in their binding pockets, with many clustered together (highlighted
in bold in Table 2 and shown in Figure 3), capable of making π–π interactions with aromatic
rings of the ligand.

Docking studies were carried out using three different docking programs, GOLD, MOE and
FlexX. We were greatly interested in the binding orientation of the molecules that exhibited
significant inhibition (i.e., IC50 <10 μM) of the P450 enzymes 1A1, 1A2 and 2B1. Figure 4
depicts the binding of 1EP to P450s 1A1, 1A2 and 2B1 as an example. Two aspects of the
ligand docking postures were considered. As the present inhibitors are mechanism-based
inhibitors, the position of the triple bond with respect to the Fe atom of the prosthetic heme
group of the P450 enzyme is crucial in the oxidation of the triple bond. The distance between
the Fe atom of the heme residue and the external carbon of the triple bond was the first aspect
for consideration in our docking studies. The second aspect was the effective π stacking of the
inhibitors with the various aromatic rings of phenylalanine residues in the active site. The
docking results revealed that all of the inhibitors in our study have π–π interactions with the
phenylalanine residues in the binding pocket. The distances between the centroids of
phenylalanine residue’s aromatic rings and the nearest aromatic ring of the ligands were
calculated. The distances between the docked ligands and the heme-Fe and phenylalanine
aromatic rings for the P450 enzymes 1A1, 1A2, and 2B1 are given in Tables 3A, 3B and 3C
respectively.

It has been shown that terminal acetylenes are metabolized by cytochrome P450 to form a
reactive ketene intermediate by a 1,2-hydrogen shift. The ketene intermediate may react with
the P450 heme moiety becoming covalently bound to heme nitrogen resulting in a time-
dependent destruction of the heme chromophore leading to loss of P450 enzymatic activity
(16,30,31). The putative ketene intermediate can also react with nucleophilic residues of the
protein resulting in covalent binding to the protein with concomitant loss of P450 enzymatic
activity (10,32,33). Alternatively, excess ketene generated in the active site of the enzyme may
react with water to form a carboxylic acid metabolite (16,30). These mechanistic studies
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indicate the relevance of proximity of the acetylenic moiety of the inhibitors to the heme Fe
atom which is the first aspect of our study.

Interactions between aromatic moieties also known as π–π interactions are important forces in
molecular recognition, and play an important role in controlling the conformations and
substrate binding properties of nucleic acids and proteins. The geometry preferences and
energetic forces of these interactions have been widely studied in recent years (34,35). Hunter
and coworkers have shown that edge-to-face type orientations and offset stacked orientations
are electrostatically attractive geometries while face-to-face and edge-to-edge orientations are
unfavorable (36–38). Observations in proteins support the presence of such favorable
geometries (37).

The binding pocket of cytochrome P450 1A1 incorporates four phenylalanine residues at
positions 123, 224, 258 and 384. Three of them (Phe123, Phe224, and Phe258) showed
favorable interactions with the ligand molecules. The distance between aromatic rings of
phenylalanine residues in the native enzyme was 6.0 Å (Phe123-Phe224), 7.7 Å (Phe224-
Phe258) and 11.5 Å (Phe123-Phe258). The docked molecules exhibited edge to face
interactions with Phe123 and offset stacked interactions with Phe224 and Phe258. The distance
between the external carbon of the triple bond and the heme Fe (Table 3A) showed a direct
linear correlation with inhibitory activity (Figure 5A). The molecule 1MEP with the closest
triple bond to the heme Fe (4.6 Å) showed the most inhibition with an IC50 of 0.02 μM while
the molecule 9MEPhen with the farthest triple bond from the heme Fe (11.9 Å) showed the
least inhibition with an IC50 of 2.26 μM. The distance between the ligands and centroids of
aromatic rings of phenylalanine residues ranged from 4.7 to 5.5 Å for Phe123, 3.7 to 4.9 Å for
Phe224, and 3.1 to 7.3 Å for Phe258 (Table 3A). Even though the aromatic rings of
phenylalanine residues had π–π interactions with the ligand molecules, they did not show any
clear correlation to the activity profile. It is clear that the cytochrome P450 1A1 inhibition
potency of these molecules depends on the distance of the triple bond from the heme Fe. The
π stacking of the polycyclic aromatic core of the molecules with the aromatic rings of
phenylalanine residues did not contribute to the differences in the potency of these inhibitors.
The terminal methyl substituted aryl acetylenes (1MEP and 2MEPhen) showed higher
inhibition potency due to many favorable interactions with the protein such as shorter distance
of the triple bond to the heme Fe, effective offset π stacking distance with Phe224 and Phe258,
and the additional fact that the methyl group fits perfectly in the hydrophobic region of the
pocket defined by amino acid residues Val382 and Ile386 (Figure 6A).

The active site of cytochrome P450 1A2 depicts the presence of five phenylalanine residues
Phe125, Phe226, Phe256, Phe260 and Phe319. The aromatic rings of Phe125, Phe226, Phe256
and Phe260 were clustered together in the binding pocket with the rings pointing inwards,
whereas the Phe319 aromatic ring pointed outwards. Hence the contribution to π stacking with
the inhibitors could be seen only from the first four phenylalanine residues. The distances
between these aromatic rings in the native 1A2 enzyme is 5.9 Å for Phe125-Phe226, 6.5 Å for
Phe226-Phe256, 5.8 Å for Phe256-260 and 6.9 Å for Phe226-Phe260. The distance between
the external carbon of the ligand molecules and the heme Fe ranged between 4.3 Å and 14.6
Å (Table 3B). This distance did not show any clear relationship with the variation in inhibitory
activity of the molecules. The distances between the centroids of the aromatic rings of the
phenylalanine residues and the ligands were 5.3–7.9 Å for Phe125, 3.2–4.2 Å for Phe226, 5.7–
8.7 Å for Phe256 and 4.2–5.6 Å for Phe260 (Table 3B). The variation in the ligand-
phenylalanine aromatic ring distance was minimal for Phe125 and Phe226, implying that even
though it can be a positive factor towards effective binding, it does not account for the
differences in inhibition potency. Distances between the ligand and the phenylalanines Phe256
and Phe260 indeed show a linear relationship to their inhibition potency (Figure 5B). The data
points that did not fit in the linear relationship for Phe256 and Phe260 had shorter distances to
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the heme Fe atom which factored into the increase in potency. These results show that a good
π–π interaction of the ligand with all four of the phenylalanines increases the inhibition potency
of these molecules towards P450 enzyme 1A2. This when combined with a shorter distance of
the triple bond from the heme Fe should result in higher inhibition potency. 1MEP showed the
highest potency among the ligands as its triple bond was one of the closest to the heme Fe, it
had favorable π–π interactions with the phenylalanine residues lining the pocket, and the methyl
group was positioned in the hydrophobic region of the pocket defined by protein residues
Leu382, Ile386 and Leu497 (Figure 6B).

The binding pocket of P450 2B1 was the smallest of all the P450 enzymes studied. It had two
phenylalanine residues Phe115 and Phe297. Phe297 made an edge-to-face interaction with the
inhibitors whereas Phe115 made an edge-to-edge π interaction with the inhibitors. The
distances between the centroid of the aromatic rings of phenylalanine residues and the nearest
aromatic ring of the inhibitors ranged from 4.5–5.2 Å for Phe297, and 6.1–7.3 Å for Phe115
(Table 3C). The distance between the heme Fe and the ligand external carbon of the triple bond
varied from 3.2 Å to 11 Å and showed a linear correlation to the inhibition potency (Figure
5C). The inhibitors did not show significant difference in their π stacking interactions with the
phenylalanine residues. The molecule 1EP showed the highest inhibition which could be
attributed to its triple bond being closest to heme Fe atom (3.2 Å).

The binding pocket of P450 enzyme 2A6 consists of many phenylalanine residues (Phe107,
Phe11, Phe118, Phe209 and Phe480) that could potentially interact favorably with the
inhibitors. However, the shape of the binding pocket and the orientation of many of the
phenylalanine residues in the binding pocket cause distortion in the planar inhibitors when
docked in the binding pockets. This is a highly unfavorable situation which is reflected by the
absence of inhibitory activity of these ligands towards cytochrome P450 2A6.

Conclusion
The polyaromatic hydrocarbon inhibitors studied here do not have any polar substituents
capable of hydrogen bonding with the polar residues of P450s 1A1, 1A2, 2A6 and 2B1. The
binding pockets of all four target P450 enzymes contain aromatic residues that can form π–π
interactions with the aromatic rings of the inhibitors. In P450s 1A1 and 2B1, the distance
between the triple bond and the heme Fe is a crucial factor in determining the potency of the
inhibitor. In P450 enzyme 1A2, the π–π interactions with the four phenylalanine residues play
a more dominating role in determining the potency of the inhibitors. Further more favorable
positioning of the hydrophobic groups of the inhibitor’s side chains positioned in the
hydrophobic region of the binding pocket further increases the potency of inhibition. Through
these studies, we have gained valuable insight into the factors governing the potency of the
inhibition of cytochrome P450s 1A1, 1A2, 2A6 and 2B1 by polyaromatic hydrocarbons. This
knowledge will help us in designing inhibitors with increased potency and selectivity for these
enzymes.
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Abbreviations

1EP 1-ethynylpyrene

1MEP 1-(1-propynyl)pyrene

4-MEP 4-(1-propynyl)pyrene
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1-EEP 1-(1-butynyl)pyrene

2-EPhen 2-ethynylphenanthrene

3-EPhen 3-ethynylphenanthrene

9-EPhen 9-ethynylphenanthrene

2-MEPhen 2-(1-propynyl)phenanthrene

9-MEPhen 9-(1-propynyl)phenanthrene

EROD 7-Ethoxyresorufin O-deethylation

MROD 7-methoxyresorufin O-demethylation

PROD 7-pentoxyresorufin O-depentylation

MOE Molecular Operating Environment

MOPAC Molecular Orbital Package

SD Steepest Descent

SG Conjugate Gradient

TN Truncated Newton

RMS Root Mean Square

SVL Scientific Vector Language
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Figure 1.
3D structures of P450s 1A1 (A) and 2B1 (B) obtained from homology modeling. The protein
is shown as a ribbon model and the Heme residue is depicted as stick model.
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Figure 2.
Structures of arylacetylene inhibitors used for the study
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Figure 3.
Depicts binding pockets of P450 enzymes 1A1 (A), 1A2 (B), 2A6 (C) and 2B1 (D) with heme
and Phenylalanine residues as stick models showing Gaussian contact molecular surfaces in
green dots.
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Figure 4.
Illustrates the π–π interactions between the protein and the ligand and the proximity of the
triple bond to the heme Fe atom for the representative molecule 1EP docked in the binding
pockets of P45 enzymes 1A1 (A), 1A2 (B) and 2B1 (C). The residues and inhibitor are shown
as stick models.
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Figure 5.
(A), (B), and (C) Relationship between the inhibitor concentration and Heme-C distance for
P450 enzymes 1A1, 1A2 and 2B1; (D), (E), and (F) Relationship between the inhibitor
concentration and distance between centroids of aromatic rings of Phenylalanine residues and
inhibitor for P450 enzymes 1A1, 1A2 and 2B1.
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Figure 6.
(A) Represents binding modes of most potent inhibitors 1MEP and 2EPHEN for P450 enzyme
1A1; (B) represents binding modes of most potent inhibitor 1MEP for P450 enzyme 1A2. All
interacting residues and the inhibitors are shown as stick models.
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Table 1

Inhibition data in supersomes for arylacetylenes measured using human P450 enzymes (1A1, 1A2, 2A6) and rat
P450 enzyme (2B1).

Compound

IC50 (μM)

1A1 1A2 2B1 2A6

1-EEP 0.72 0.43 >10 >10

1-EP 0.18 0.32 0.04 >10

1-MEP 0.02 0.06 0.83 >10

4-MEP 0.37 0.45 2.26 >10

2-Ephen 0.61 0.34 0.17 >10

3-Ephen 1.03 0.28 0.48 >10

9-Ephen 0.62 0.4 0.07 >10

2-MEPhen 0.16 0.6 >10 >10

9-MEPhen 2.63 0.67 >10 >10
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Table 2

Properties of the P450 enzyme binding pocket

Protein Binding cavity Volume Å3* Phenylalanine residues that define the proposed binding cavity

1A1 82 Phe123, Phe224, Phe258, Phe384

1A2 129 Phe125, Phe226, Phe256, Phe260, Phe319

2A6 64 Phe107, Phe111, Phe118, Phe209, Phe480

2B1 41 Phe115, Phe297

*
Tripos SYBYL (SiteID Pockets) was used to identify the binding cavity by initiating grid-based algorithm for locating pockets. This works well for

finding narrow and/or solvent inaccessible pockets. The volume of the binding cavity is also given by this algorithm.
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