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Abstract
Eleven polycyclic aromatic hydrocarbons (PAHs) and 14 acetylenic PAHs and biphenyls were used
to analyze interactions with cytochrome P450 (P450) 1B1 in inhibiting catalytic activity, using 7-
ethoxyresorufin O-deethylation (EROD) as a model reaction. Most of the chemicals examined were
direct inhibitors of P450 1B1 except for 4-(1-propynyl)biphenyl, a mechanism-based inhibitor. In
the case of direct inhibition of EROD activity {15 of 24 chemicals, e.g. benzo[a]pyrene, 1-(1-
propynyl)pyrene, and 3-(1-propynyl)phenanthrene}, restoration of the EROD activity occurred with
increasing incubation time, and kinetic analysis showed that EROD Km values were higher with these
inhibitors at initial stages of incubation but became lower with increasing incubation time. With the
other 9 chemicals, the Km values for P450 1B1-mediated EROD increased during the incubations.
Acetylenic inhibitors, but not the 11 PAHs, induced reverse type I spectral changes with P450 1B1
and the low dissociation constants (Ks) suggested a role for such interaction in the inhibition of
catalytic activity. Studies of quenching of P450 1B1-derived fluorescence with inhibitors
demonstrated that acetylenic inhibitors and PAHs interacted rapidly with P450 1B1, with Kd values
<10 μM. However, studies of quenching of inhibitor-derived fluorescence with P450 1B1 showed
these interactions to be different, i.e. B[a]P interacted with P450 1B1 more slowly. Molecular docking
of P450 1B1, based on P450 1A2 crystal structure, suggested that there are clear differences in the
interaction of PAH inhibitors with P450 1B1 and 1A2 and that these differences may explain why
PAH inhibitors inhibit P450 1 enzymes by different mechanisms. The results suggest that P450 1B1
interacts with synthetic polycyclic aromatic acetylenes and PAHs in different ways, depending on
the chemicals, and that these differences in interactions may explain how these chemicals inhibit
P450 activities by different mechanisms.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs)1 are ubiquitous environmental carcinogens and
induce toxicity and carcinogenesis when they are activated by xenobiotic-metabolizing
enzymes such as P450, epoxide hydrolase, and aldoketoreductase (1-3). P450s 1A1 and 1B1
catalyze oxidation of PAHs to toxic and carcinogenic products and the levels of expression
and catalytic function of these P450 enzymes may be important in explaining why there are
individual differences in responses towards PAHs (4). Polymorphisms of P450 genes and the
induction and inhibition of P450 proteins by numerous environmental chemicals have been
considered to be the factors that cause individual differences in catalytic functions of these
P450 enzymes (2,3,5). Indeed, there are numerous reports showing that genetic polymorphisms
of P450s 1A1 and 1B1 genes affect the incidence of tumor formation in humans, although other
studies do not support these results (2,5-7). P450s 1A1 and 1B1 have been shown to be induced
in vivo by chemical inducers, (e.g. polyhalogenated biphenyls, dibenzofurans and dioxins), and
PAHs, and inhibited in vitro by many types of chemicals, {e.g. resveratrol, rhapontigenin,
synthetic organoselenium compounds such as 1,2-, 1,3- and 1,4-phenylenebis(methylene)
selenocyanate, and synthetic acetylenic PAHs such as 1-ethynylpyrene (1EP), 2-ethynylpyrene
(2EP), 1-(1-propynyl)pyrene (1PP), 2-ethynylphenanthrene (2EPh), 2-(1-propynyl)
phenanthrene (2PPh), and 4-(1-propynyl)biphenyl (4Pbi)} (1,2,8-14).

We have recently shown that many PAHs, e.g. benzo[a]pyrene (B[a]P), benz[a]anthracene (B
[a]A), and 5-methylchrysene (5MeCh), are potent inhibitors of human P450s 1A1, 1A2, and
1B1 in vitro and that the IC50 values obtained with these PAHs are similar to potent known
inhibitors, e.g. several synthetic acetylenic chemicals and α-naphthoflavone (15). These results
are of interest because humans are exposed to mixtures of environmental PAHs through foods
and atmosphere and these PAHs have both activities as active carcinogens through metabolism
by P450s and as chemoprevention agents by inhibiting P450s themselves (3,16-18). Recently
we reported that P450s 1A1, 1A2, and 1B1 are inhibited by PAHs and other chemical inhibitors
through different mechanisms, e.g. 1PP and 1EP inhibit P450 1A1 in a mechanism-based
manner, while they act as direct inhibitors of P450 1B1 (19). P450 1A2 is also found to be
inhibited by B[a]P and the related chemicals by a mechanism-based manner, while these
chemicals directly inhibit P450s 1A1 and 1B1 (19).

In this study, we examined how these chemical inhibitors interact with P450 1B1 by monitoring
the inhibition of 7-ethoxyresorufin O-deethylation (EROD) as a model reaction. Chemical
inhibitors studied included 11 PAHs and 14 synthetic acetylenic PAHs and biphenyls. Three
methods were used to study the interactions between inhibitors and P450 1B1: i) spectral
interaction of inhibitors with P450 1B1, ii) quenching of P450 1B1-derived fluorescence
emission with inhibitors, and iii) quenching of inhibitor-derived fluorescence emission with
P450 1B1. A model for the interaction of these chemical inhibitors with P450 1B1 binding
sites is proposed.

1Abbreviations: B[a]A, benz[a]anthracene; B[b]FA, benzo[b]fluoranthene; B[j]FA, benzo[j]fluoranthene; B[a]P, benzo[a]pyrene; B[e]
P, benzo[e]pyrene; DB[a,j]Ac, dibenz[a,j]acridine; DMBA, 7,12-dimethylbenz[a]anthracene; 4Ebi, 4-ethynylbiphenyl; 2EN, 2-
ethynylnaphthalene; 1EP, 1-ethynylpyrene; 2EP, 2-ethynylpyrene; 4EP, 4-ethynylpyrene; 2EPh, 2-ethynylphenanthrene, 3EPh, 3-
ethynylphenanthrene; 9-EPh, 9-ethynylphenanthrene; EROD, 7-ethoxyresorufin O-deethylation; FA, fluoranthene; 3MC, 3-
methylcholanthrene; 5MeCh, 5-methylchrysene; PAHs, polycyclic aromatic hydrocarbons; 4Pbi, 4-(1-propynyl)biphenyl; 1PP, 1-(1-
propynyl)pyrene; 2-PPh, 2-(1-propynyl)phenanthrene; 3-PPh, 3-(1-propynyl)phenanthrene, 9PPh, 9-(1-propynyl)phenanthrene; 1VP, 1-
vinylpyrene.
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Experimental Procedures
Chemicals

Acetylenic PAHs and biphenyls, including 1EP, 2EP, 4-ethynylpyrene (4EP), 1-vinylpyrene
(1VP), 1PP, 2EPh, 3-ethynylphenanthrene (3EPh), 9-ethynylphenanthrene (9EPh), 2PPh, 3-
(1-propynyl)phenanthrene (3PPh), 9-(1-propynyl)phenanthrene (9PPh), 2-ethynylnaphthalene
(2EN), 4-ethynylbiphenyl (4Ebi), and 4Pbi were synthesized as described previously (13,14).
B[a]A, chrysene, 5-methylchrysene (5MeCh), 7,12-dimethylbenz[a]anthracene (DMBA), B
[a]P, benzo[e]pyrene (B[e]P), dibenz[a,j]acridine (DB[a,j]Ac), 3-methylcholanthrene (3MC),
fluoranthene (FA), benzo[b]fluoranthene (B[b]FA), and benzo[j]fluoranthene (B[j]FA) were
obtained from Sigma Chemical Co. (St. Louis, MO) or Kanto Kagaku Co. (Tokyo). 7-
Ethoxyresorufin and resorufin were purchased from Sigma. Other chemicals and reagents used
in this study were obtained from the sources described previously or were of the highest
qualities commercially available (15,19).

Enzymes
Bacterial “bicistronic” P450 1A1, 1A2, and 1B1 systems were prepared as described (15,19).
To facilitate expression and purification of P450s, six histidine residues were introduced at the
position before the termination codon (12). The plasmids for the expression of P450s 1A1,
1A2, or 1B1 plus human NADPH-P450 reductase (using a single promoter) were introduced
into Escherichia coli DH5α cells by a heat shock procedure, and the transformants were
selected in Luria-Bertani medium containing 100 μg ampicillin/mL. Bacterial membranes were
prepared and suspended in 10 mM Tris-HCl buffer (pH 7.4) containing 1.0 mM EDTA and
20% glycerol (v/v) (20).

For purification of P450 enzymes, the bacterial membranes were solubilized in 0.10 M
potassium phosphate buffer (pH 7.4) containing 20% glycerol (v/v), 0.5 M NaCl, 10 mM β-
mercaptoethanol, 0.5% sodium cholate (w/v), 1% Triton N-101 (w/v), and 30 μM α-
naphthoflavone. The solubilized membranes were centrifuged, the supernatant was applied to
a nickel-nitrilotriacetic acid column (Qiagen), and the P450 proteins were purified by the
method as described by Chun et al. (12).

Enzyme Assays
Most of the EROD assays were done at 37 °C, unless stated otherwise. Standard reaction
mixtures (1.5 mL) contained recombinant P450 1B1 (3.3 nM), P450 1A1 (5 nM), or P450 1A2
(100 nM) plus NADPH (0.83 μM) and 7-ethoxyresorufin (4 μM). Reactions were initiated by
adding NADPH, and product (resorufin) formation was monitored directly in a Hitachi F-4500
spectrofluorometer using an excitation wavelength of 571 nm and an emission wavelength of
585 nm (15,19). All of the PAH inhibitors and 7-ethoxyresorufin were dissolved in (CH3)2SO
and added directly to the incubation mixtures; the final concentration of organic solvent in the
mixture was <0.4% (v/v).

Metabolism-dependent inhibition of P450s by chemicals was determined as described
previously (19), except that incubation was conducted at 37 °C instead of 25 °C, with mixing,
and the P450 1B1 concentration used was 3.3 nM not 50 nM. P450s were mixed with 0.10 M
potassium phosphate buffer (pH 7.4) containing chemical inhibitors and 7-ethoxyresorufin in
a cuvette in a spectrofluormeter, with mixing, at 37 °C. The reaction was started with NADPH
and the increase in resorufin formation was monitored directly for 0-30 min. Metabolism-
dependent changes in inhibition of P450 by chemicals was determined using the pseudo-first-
order time-dependent losses of EROD activity, essentially according to the methods described
previously (19). Briefly, semi-log plots of the percent relative activity (activities with versus
without inhibitors) were determined and the losses of activities were calculated from initial
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linear decreases in activities per min. The Ki values were estimated using GraphPad Prism
software (GraphPad Software, San Diego, CA).

Spectral Binding Titrations
Purified P450 1B1 was diluted to 1 μM in 0.10 M potassium phosphate buffer (pH 7.4) and
divided into two cuvettes. Spectra were recorded with subsequent additions of PAHs in a Jasco
V-550 spectrophotometer. The difference in absorbance between the wavelength maximum
(414-416 nm) and minimum (383-387 nm) was plotted versus the substrate concentration.
Spectral dissociation constants (Ks) were estimated using GraphPad Prism software (GraphPad
Software, San Diego, CA).

Quenching of P450 1B1 Fluorescence with PAHs
Purified P450 1B1 was diluted in 100 mM potassium phosphate buffer (pH 7.4) to a
concentration of 1.0 μM and the (tryptophan) fluorescence intensity was measured between
280 and 400 nm (excitation wavelength at 295 nm). Binding of PAHs by P450 was monitored
by detecting decreases in fluorescence intensity after the addition of different concentrations
of PAHs. The apparent half-lives of quenching due to the interactions of inhibitors with P450
1B1 were estimated using Curve Fitting of New Cricket Graph III. Binding constants (Kd) were
estimated using GraphPad Prism software (GraphPad Software, San Diego, CA).

Quenching of PAH Fluorescence with P450 1B1
Seven acetylenic PAHs (1EP, 2EP, 4EP, 1VP, 1PP, 2EPh, and 2PPh) and eight PAHs
(chrysene, 5MeCh, B[a]P, B[e]P, DB[a,j]Ac, 3MC, FA, and B[b]FA) have detectable
fluorescence emission at 10 nM concentrations that allow determination of interaction with
P450 1B1. These inhibitors were diluted in 100 mM potassium phosphate buffer (pH 7.4)
containing 20% glycerol (v/v) and the fluorescence intensities were measured (at various
excitation/emission wavelengths, as described in Figure 8, vide infra). Quenching of
fluorescence emission was measured after addition of P450 1B1. The apparent half-lives and
binding constants (Kd) were estimated by nonlinear regression analysis using the program
KaleidaGraph (Synergy Software, Reading, PA).

Other Assays
P450 and protein concentrations were estimated by the methods described previously (21,
22).

Docking Simulation of PAHs into a Homology Model of P450 1B1 Based on P450 1A2
Structure

The crystal structure of P450 1A2 sequence has recently been reported (23). The human P450
1B1 primary sequence was aligned with human P450 1A2 (Protein Data Bank code 2HI4) in
the MOE software (ver. 2007.09, Chemical Computing Group, Montreal, Canada) for
modeling of a three-dimensional structure (24,25). Prior to docking, the energy of the P450
1B1 structure was minimized using the CHARM22 force field. Docking simulation was carried
out for PAH binding to the homology model of P450 1B1 using the MMFF94x force field
distributed in the MOE Dock software. Twenty solutions were generated for each docking
experiment and ranked according to total interaction energy (S value).

Results
Inhibition of P450 1B1-Dependent EROD Activities by PAHs

In this study, we used EROD for the model reaction in the study of inhibition of P450 1A1,
1A2, and 1B1 by various PAH inhibitors, since the assay is simple and the only product is
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resorufin, which can be readily monitored by continuous fluorescent measurements. Using this
assay method, we have recently shown that several PAH compounds inhibit P450 1A1- and
1B1-dependent EROD activities by different mechanisms, i.e. the mechanism-based inhibition
and the direct inhibition (19). For example, 1EP and 1PP inhibit P450 1A1 in a mechanism-
based manner but inhibit P450 1B1 directly. The term “mechanism-based inhibitor” indicates
a competitive inhibitor that is converted to an irreversible inhibitor at the active site of the
enzyme, in a time- and cofactor-dependent matter. A direct inhibitor is one that acts by simple
competitive inhibition (14,19).

In order to understand the basis of these differences in mechanisms of inhibition, we have
performed further using 11 PAHs and 14 synthetic acetylenic PAHs and biphenyls (Figure 1).
For the measurement of EROD activities, slightly different incubation conditions were used
in these studies, compared to previous ones (19), (the incubation temperature used was 37 °C
instead of 25 °C and the P450 1B1 concentration used was 3.3 not 50 nM).

We first determined the inhibitory effects of B[a]P on EROD activities catalyzed by 3.3, 13,
and 50 nM P450 1B1 in incubations at 37 °C (Figure 2). EROD activities were initially inhibited
by 25, 50, and 100 nM B[a]P in a concentration-dependent manner, with more significant
inhibition at lower P450 1B1 concentrations (Figures 2A and 2D). However, the EROD activity
was tended to restore with increasing incubation time, and such trends were more significant
at lower concentrations of P450 1B1 (Figures 2A, 2B, and 2C). The semi-log plots of the
percent relative activity (activities with versus without inhibitors) clearly showed that B[a]P
directly inhibited P450 1B1 activities and the activities were tended to restore with increasing
the incubation time, which was more apparent at lower concentrations of P450 1B1. These
results were somewhat surprising in that our previous studies showed that B[a]P inhibited P450
1B1 directly and the activities were not restored when B[a]P was incubated with 50 nM P450
1B1 at 25 °C (19).

All of the PAH inhibitors used, except for 4Pbi, were direct inhibitors of P450 1B1, and with
these (1EP, 1PP, 4EP, 1VP, 3EPh, 2PPh, 3PPh, B[a]A, B[a]P, B[e]P, B[b]FA, B[j]FA, 5MeCh,
DMBA, and DB[a,j]Ac) the EROD activity was restored with increasing incubation time (at
37 °C) (Table 1). IC50 values for the inhibition of P450 1B1-dependent EROD activities by
these inhibitors (except for 4Pbi) were calculated and compared after a pre-incubation time of
5 s (the IC50 of 4Pbi, a mechanism-based inhibitor, was determined after 6 min of incubation
time). Of 11 PAHs examined, B[a]A, 5MeCh, B[a]P, B[e]P, DB[a,j]Ac, 3MC, FA, B[b]FA,
and B[j]FA inhibited P450 1B1 with IC50 values < 50 nM (Table 1). The IC50 values for
chrysene and DMBA were 92 nM and 300 nM, respectively. 1EP, 1PP, and 3PPh inhibited
P450 1B1 with IC50 values < 50 nM, while 2EP, 4EP, 1VP, 2EPh, 3EPh, 9EPh, 2PPh, and
9PPh inhibited with IC50 values between 80 and 250 nM. 2EN, 4Ebi, and 4Pbi were not potent
inhibitors of P450 1B1, with IC50 values of 190, 3.3, and 17 μM, respectively.

Three inhibitors, B[a]P, 1PP, and 3PPh, were then compared in their abilities to inhibit P450s
1A1 and 1B1, incubating at 37 °C for 30 min (Figure 3). Inhibition of P450 1A2 by B[a]P is
also included in Figure 3. B[a]P directly inhibited P450 1A1 (Figure 3A) and the semi-log
plots of the percent relative activity showed little change in inhibition of P450 1A1 throughout
the incubation time, indicating no association with the transformation of B[a]P in the inhibition
process (Figure 3H). In contrast, 1PP and 3PPh only weakly inhibited P450 1A1 in the first
phase of incubation but the inhibition significantly increased with incubation time, indicating
that products of these chemicals generated by P450 1A1 are involved in the inhibition (Figures
3B, 3C, 3I, and 3J). P450 1A2 was directly inhibited by low concentration of B[a]P, but the
inhibition was increased with time at higher B[a]P concentrations (Figures 3D and 3K). P450
1A2 was also inhibited by 1PP and 3PPh by a mechanism-based manner in this assay condition
(data not shown).
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On the other hand, three inhibitors—B[a]P, 1PP, and 3PPh—directly inhibited P450 1B1 at
the first part of the incubation and catalytic activity increased with increasing incubation time
(Figures 3E, 3F, 3G, 3L, 3M, and 3N). Semi-log plots of the percent relative activity clearly
showed that the inhibited EROD activities were restored with incubation time, indicating that
the oxidation of B[a]P, 1PP, and 3PPh by P450 1B1 might be involved in the recovery of the
inhibition of EROD activities (Figures 3L, 3M, and 3N).

The effects of B[a]P, 1PP, and 3PPh on EROD activities catalyzed by P450s 1A1 and 1B1
were examined over an incubation period of 6 min (Tables 2 and 3). Substrate (7-
ethoxyresorufin) concentrations used were 0.35, 0.7, 1.4, 2.8, 4.2, and 5.6 μM. EROD Km and
kcat values for P450 1A1 in the absence of inhibitors were ~0.1 μM and 60-70 nmol product
formed/min/nmol P450, respectively (Table 2). The Km values for P450 1A1-dependent EROD
increased in a concentration-dependent manner with 25, 37, and 50 nM B[a]P. B[a]P caused
slight decreases in kcat values. 1PP (66 nM) and 3PPh (333 nM) increased the Km values of
P450 1A1 by 8- to 9-fold at initial incubation time, and these increased with increasing the
incubation time; the fold increases in Km values at 360 s with 1PP and 3PPh were 10-fold and
25-fold, respectively. The kcat values were decreased with 1PP and 3PPh, being more apparent
with 1PP.

The effects of B[a]P, 1PP, and 3PPh on the Km and kcat values of EROD activities catalyzed
by P450 1B1 were determined (Table 3). The EROD Km and kcat values of P450 1B1 were
0.45-0.65 μM and ~ 30 nmol product formed/min/nmol P450 following 6 min incubation time.
B[a]P (concentrations of 5 and 10 nM) increased Km values by 1.5-fold and 2.0-fold,
respectively, during the first 15 s and then until 60 s of incubation time and then decreased
Km with increasing the incubation time until 6 min. The kcat values in the presence of B[a]P
were first decreased to one-fifth of the control values and, then increased with increasing the
incubation time. The effects of 1PP (66 nM) and 3PPh (33 nM) on Km values were more
significant that those with B[a]P; the fold increases with 1PP and 3PPh at 15 s were 6.8 and
2.3, respectively. It is also interesting to note that the increased Km values seen with 1PP and
3PPh tended to decrease with increasing incubation time, and the Km value with 3PPh (33 nM)
at 6 min of incubation was one-third of the control value. In these cases, the kcat values were
first decreased by one-fifth with 66 nM 1PP and 33 nM 3PPh and then increased with increasing
incubation time; the kcat values after 6 min of incubation time were 44% and 56%, respectively,
of the controls.

Spectral Interaction of PAHs with P450 1B1
Synthetic acetylenic PAHs, such as 3EPh, induced “reverse type I” spectral changes with P450
1B1, having peak absorbance at 416, 530, and 566 nm and a trough at 383 nm in the difference
spectra (Figure 4). Such spectral changes were not seen with P450 1A1 or 1A2 (data not shown).
Other PAHs (including 11 PAHs) did not show any apparent spectral changes with P450 1A1,
1A2, or 1B1 (at 1 μM P450 and 5 μM PAH concentrations); higher concentrations of these
PAHs precluded spectral analysis with P450s.

All of the acetylenic inhibitors used induced reverse Type I spectral interaction with P450 1B1,
and Ks and ΔAmax values were calculated (Table 4). The peak wavelengths were between 414
and 416 nm and the trough wavelengths between 383 and 387 nm. In most cases, Ks values
were determined to be 2-5 μM (except 4EP, 2EN, 4Ebi, and 4Pbi, which were 15, 7.6, and 12
μM, respectively (see Table 1); ΔAmax/Ks ratios were lower with these four chemicals).

Quenching of P450 1B1 Fluorescence by PAHs
P450 1B1 shows fluorescence emission at around 331-335 nm (when excited at 295 nm), which
could be quenched by B[a]P, presumably reflecting binding of B[a]P to P450 1B1 (Figure 5A)
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(26). The apparent half-lives of the quenching due to interactions of B[a]P, 1PP, and B[b]FA
with P450 1B1 were determined to be <0.05 s in these cases, although the real numbers must
be determined with stopped-flow measurements (Figure 5B). The apparent Kd values for the
interaction of these three inhibitors with P450 1B1 were estimated to be 1.0 (± 0.2), 1.9 (± 0.4),
and 1.1 (± 0.1) μM, respectively (Figure 5C). All of the chemical inhibitors used in this study
were found to interact with P450 1B1, except 2EN, 4Ebi, and 4Pbi which could not be used in
the assay because of their spectral properties. The Kd values of the interaction of P450 1B1
were <2.5 μM with 1EP, 1PP, 2EP, 4EP, 1VP, 9EPh, 9PPh, B[a]A, B[a]P, FA, B[b]FA, B[j]
FA, 5MeCh, and DB[a,j]Ac (Table 5). The Kd values were <10 μM when other inhibitors were
used (2EPh, 3EPh, 2PPh, 3PPh, B[e]P, chrysene, DMBA, and 3MC).

In preliminary studies 1PP, 1VP, B[a]P, FA, and B[b]FA also interacted with P450 1A1 and
1A2 in this quenching assay with Kd values ~ 10 μM (data not shown).

Quenching of Fluorescence Emission from Inhibitors with P450 1B1
The interactions with P450 1B1 were analyzed using quenching of inhibitor-derived
fluorescence (Figure 6). B[a]P had two emission peaks at 406 and 429 nm (excitation at 290
nm), and both were quenched by the addition of P450 1B1 (Figure 6A). The half-maximal
times to decrease B[a]P emission (with 2.5, 5, and 10 nM B[a]P) were estimated to be 33, 15,
and 7.5 s, respectively (Figure 6B). Quenching of B[a]P fluorescence was dependent on the
concentration of P450 1B1 and was more significant at lower B[a]P concentrations (Figure
6C).

Fluorescence quenching was also seen with 1EP and DB[a,j]Ac, as well as B[a]P, in the
presence of P450s 1A1 and 1B1, but to a lesser extent with P450 1A1 than 1B1 (Figure 7). No
interactions between P450 1A2 and 1EP, B[a]P, and DB[a,j]Ac were detected under these
assay conditions (Figure 7).

Eight PAHs (chrysene, 5MeCh, B[a]P, B[e]P, DB[a,j]Ac, 3MC, FA, and B[b]FA) and seven
acetylenic inhibitors (1EP, 2EP, 4EP, 1VP, 1PP, 2EPh, and 2PPh) were tested for the
interaction with P450 1B1 using inhibitor-derived fluorescence assays (Figure 8). The other
inhibitors could not be tested because these chemicals had weak fluorescence intensities that
could not be used to determine the interactions with P450 1B1.

Among the eight PAHs examined, only B[a]P and DB[a,j]Ac (at 10 nM concentrations) were
found to interact with P450 1B1, with Kd values of 11 and 14 nM, respectively, and others
were not (Figure 8, upper parts of figure). In contrast, all seven acetylenic PAHs interacted
with P450 1B1 under these assay conditions (Figure 8, lower parts of figure). The Kd values
for these acetylenic inhibitors were all between 1.9 and 18 nM.

Docking of PAHs in a model of P450 1B1, which is based on P450 1A2 crystal structure
Human P450 1A2 crystal structure (23) allows a homology model of the P450 1B1 protein to
be generated using the MOE program. The top-rank docking-model of B[a]P, 1PP, 3PPh, B
[b]FA, and DB[a,j]Ac were adopted. The reaction energies for above 5 compounds in the
docking models were inversely correlated with their IC50 values for P450 1B1 (shown in Table
1) significantly (r = - 0.93, p = 0.02) and with their Kd values (shown in Table 5) not quite
significantly (r = - 0.81, p = 0.09). In the models of B[a]P, B[b]FA, and DB[a,j]Ac, the aromatic
hydrocarbons apparently orientated to the center of the heme (Figure 9) in an appropriated
manner. In contrast, acetylenic 1PP and 3PPh seemed to be flexibly adopted an orientation
suitable for either ring-oxidation or acetylene-epoxidation for P450 1B1.

Similar analysis was carried out using P450 1A2 (Figure 10). B[a]P adopted to P450 1A2 in
other orientation than P450 1B1; The carbons at 8 or 9 positions of B[a]P were easy to approach
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to the iron of heme in P450 1A2 (Figure 10A). Acetylenic 1PP and 3PPh adopted one
orientation for acetylene-epoxidation for P450 1A2 (Figures 10B and 10C).

Discussion
Our results show that 11 PAHs and 14 (synthetic) acetylenic PAHs and biphenyls inhibit human
P450 1B1 activity by different mechanisms. Among the chemicals examined, only 4Pbi appears
to be a mechanism-based inhibitor of P450 1B1, in that P450 1B1-dependent EROD activity
was inhibited more by 4Pbi with increasing incubation time (19). For the direct inhibitors,
Km values with 2EP, 2EPh, 9EPh, 9PPh, 2EN, and 4Ebi increased throughout the incubation
period. On the other hand, 1EP, 4EP, 1VP, 1PP, 3EPh, 2PPh, 3PPh, B[a]A, 5MeCh, DMBA,
B[a]P, B[e]P, DB[a,j]Ac, B[b]FA, and B[j]FA inhibited EROD activities catalyzed by P450
1B1 in the initial steps of incubations, but the activities tended to recover with continuing
incubation time. The results suggest that these chemicals are direct inhibitors of P450 1B1 but
are oxidized by P450 1B1 to products that lose the ability to inhibit P450 1B1 or possibly to
products that enhance P450 1B1 enzyme activity. The latter possibility has some support in
that P450 1B1 EROD Km values increased with these chemicals at the first step of the
incubation, while the Km values decreased with increasing incubation time. However, the
catalytic efficiency (kcat/Km) never really exceeded that of the control. It is also interesting to
note that the P450 1B1 EROD kcat values of activities were first decreased to ~ one-fifth of the
control activities by B[a]P, 1PP, and 3PPh but tended to increase with increasing incubation
time. The results suggest that the inhibitors directly inhibit P450 1B1 but are readily oxidized
by P450 1B1 to non-inhibitory products or to products that enhance the P450 1B1 activity.

As reported previously (19), B[a]P is a direct inhibitor of P450 1A1; the P450 1A1 EROD
Km value was increased in a concentration-dependent manner, with slight decreases in kcat. On
the other hand, 1PP and 3PPh were mechanism-based inhibitors, i.e. these inhibitors increased
the Km values by ~8-fold at the initial step of incubation time and then decreased catalytic
efficiency more with increasing incubation time. Interestingly, these two inhibitors produced
decreased kcat values with increasing incubation time, indicating either direct mechanism-
based inactivation occurs or products are formed that are more potent inhibitors of P450 1A1
than the parent compounds. Acetylenic compounds, such as 1EP and 1PP, have been shown
to be activated by P450 enzymes to reactive products that bind covalently to a heme nitrogen
or nucleophilic moieties of the enzymes, thus leading inhibition of P450 catalytic activities
(27). Our previous and present results showed that both P450 1A1 and 1A2, but not P450 1B1,
activate several acetylenic chemicals to products that were more inhibitory towards these P450s
than the parent compounds (15,19).

Fourteen acetylenic polycyclics induced reverse type I spectral changes with P450 1B1 (peak
wavelength at 414 to 416 nm and trough wavelength at 383 to 387 nm). Ks values obtained
with P450 1B1 were <5 μM, except for 2EN, 4Ebi, and 4Pbi, where inhibition activities of
P450 1B1 were relatively modest (IC50 values of > 2 μM). Compounds that induce “type II”
spectral changes with P450s have been shown to interact with the cytochrome at the heme iron
and, thus are able to inhibit P450 activities (28). However, the compounds considered here do
not have any moieties that would be expected to interact with the iron atom. The reverse type
I spectra results form the fact that the isolated P450 1B1 is originally partially in the high-spin
configuration (Figure 4A), as shown previously (27), and the addition of ligands drives the
equilibrium to low spin (Figure 4A), presumably with the association of H2O as a sixth ligand
to the heme iron atom.

Our current studies showed that 11 PAHs did not induce spectral changes with P450 1B1
although these chemicals inhibit P450 1B1 activity very strongly. Mechanisms underlying
inhibition of P450 1B1 by these PAHs might be different from those of the acetylenic inhibitors.
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However, most of the PAH inhibitors used in this work interacted with P450 1B1, as judged
by quenching of the tryptophan fluorescence at 331 nm (excitation wavelength at 295 nm)
(26). The rapid binding (<0.05 s) of PAH inhibitors to P450 1B1 was suggested in this study,
although the real times must be examined with stopped-flow measurements. Indeed, the
substrate testosterone has been reported to bind to P450 3A4 at rates of ~0.025 s by stopped-
flow work (26). Human P450 1B1 contains seven tryptophans (among 543 amino acid residues)
and these tryptophans are not located near apparent substrate binding sites. Trp341 is located
in the I helix and Trp425 is in the K’ helix, which may be involved in other types of interactions
(e.g. access channels or hinge regions). The results indicate that acetylenic inhibitors are able
to interact both with the heme iron and tryptophan residue(s) of P450 1B1 and the 11 PAHs
bind only to the latter.

Imai and his associates have reported that B[a]P and several other PAHs form an equimolar
complex with rabbit P450 1A2 at a single binding site, by measuring in vitro fluorescence
quenching of PAHs and appearance of CD bands and that the binding might be specific for
P450 1A2, because neither rabbit P450 2B1 nor albumin formed such complexes with PAHs
(30). This P450 enzyme was first isolated from liver microsomes of 3MC-treated rabbits as a
3MC complex in vivo, and it has been suggested that 3MC was bound specifically to the heme-
containing domain of P450 1A2 (31). Fluorescence-emission techniques have also been applied
to the studies of interaction of B[a]P with rat P450s by Marcus et al. (32), who showed that
specific quenching of B[a]P fluorescence occurs with P450 1A1, but not with P450 1A2, 2A1,
2B1, 2E1, and 2C11 and that a change in spin state of rat P450 1A1 with B[a]P correlates with
the interaction.

Our PAH fluorescence quenching assays indicated that two PAHs, B[a]P and DB[a,j]Ac, can
interact with human P450 1B1 to form equimolar complexes, but interactions with P450 1B1
were not found with other PAHs, including chrysene, 5MeCh, B[e]P, 3MC, FA, and B[b]FA.
The binding of B[a]P to P450 1B1 was apparently not very rapid under these assay conditions,
i.e. the t1/2 values for quenching (of 2.5, 5.0, and 10 nM B[a]P fluorescence with 10 nM P450
1B1) were determined to be 33, 15, and 7.5 s, respectively. The interaction between rabbit
P450 1A2 and B[a]P has also been reported to be slow, because the fluorescence spectra is
measured after incubating at 25°C for more than 30 min to complete the binding (30).
Interestingly, the fluorescence of each of several acetylenic PAHs (e.g., 1EP, 2EP, 4EP, 1VP,
1PP, 2EPh, and 2PPh) which could be determined in this assay system were quenched by P450
1B1 with different Kd values between 1.9 and 18 nM. Again, interaction of these acetylenic
PAHs with P450 1B1 was slow, indicating the differences in the binding sites determined with
spectral titrations experiments and two fluorescence quenching assays.

In this study, we constructed a homology modelling of P450 1B1, which is based on a crystal
structure of P450 1A2 reported recently (23). Comparison of molecular docking of P450 1B1
and 1A2 with PAH inhibitors suggested that there were clear differences in interacting 1PP
and 3PPh with these P450s; the aromatic positions of these chemicals dock with prosthetic
group of P450 1B1 heme, while the acetylenic chain of 1PP and 3PPh lie near at P450 1A2
heme. These results support the view that P450 1A2 (and P450 1A1) can oxidize 1PP and 3PPh
to reactive side-chain epoxides that inhibit these P450 activities (27) and that P450 1B1
metabolizes these inhibitors to oxidative products at aromatic position that loose activity to
inhibit P450 1B1 or to restore the P450 1B1 activity. The docking simulation also revealed
differently fitted orientations of B[a]P in the substrate pockets of P450 1A2 and 1B1 (Figures
9 and 10). Carbon positions at 7, 8, 9, and 10 of B[a]P were easy to approach to P450 1A2
heme iron, but this was not the case in P450 1B1 presumably because of a larger substrate
pocket in P450 1B1 than P450 1A2. These results and findings would be collectively relevant
to different preferable substrates among P450 1B1 and 1A forms (33). Accordingly, P450 1B1
is able to genotoxically activate the relatively large fjord-type of PAHs among chemically
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diverse procarcinogens in comparison with P450 1A forms for bay-region-type of PAHs (1,
3,4,33).

Urban atmosphere, diesel exhaust particles, tobacco smoke condensates, and broiled foods
contain many types of carcinogens, and PAHs have been recognized to be the major ones (2,
3,34,). Complex mixtures of PAHs and other chemicals have been studied to determine if these
mixtures cause increased or decreased capacities to form PAH-DNA adducts in vitro and tumor
formation in vivo, as compared with single chemical. The results reported to date are complex;
in some cases, the carcinogenic activities and DNA-binding capacities are additive but in other
cases decreased when compared with individual carcinogens (16,17,35,36). Since most of the
PAHs require metabolic activation by P450s (and other enzymes) to exert their carcinogenic
potentials, the nature of enzyme inhibitors in the mixtures has been studied extensively (14,
15,19,37). Courter et al. have recently reported that components in urban dust particulate alter
PAH-induced carcinogenesis by inhibiting P450 1A1 and 1B1 (18).

In conclusion, present results showed that there are different binding sites in P450 1B1
molecule for a variety of PAHs and acetylenic PAHs and biphenyls. Comparison of the results
of spectral titration and of quenching of P450 1B1-derived and inhibitor-supported
fluorescence indicated that PAHs and acetylenic PAHs and biphenyls interacted with P450
1B1 at different sites in causing inhibition of catalytic activity. Molecular docking studies
showed that there are clear differences in interaction of selected PAH inhibitors, such as B[a]
P, 1PP, and 3PPh, with active sites of P450 1B1 and P450 1A2, and these results supported
that these P450 enzymes can form different metabolites of these PAH inhibitors, thus causing
different mechanisms for inhibition of these P450 enzymes.
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Figure 1.
Chemical structures of PAH inhibitors used in this study.
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Figure 2.
Dependence of inhibition of P450 1B1-supported EROD activity by B[a]P on incubation time.
P450 1B1, at concentrations of 3.3 nM (parts A and D), 13 nM (parts B and E), and 50 nM
(parts C and F) was used without B[a]P (closed circles in parts A, B, and C, ●), 25 nM B[a]P
(open circles, ○), 50 nM B[a]P (open triangles, Δ), and 100 nM B[a]P (open squares, □).
Reactions were done at 37 °C. Formation of resorufin was monitored as a function of incubation
time in parts A, B, and C, and the effects of B[a]P were determined as log10 (% activity
remaining) in parts D, E, and F.
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Figure 3.
Inhibition of P450 1A1- (parts A, B, C, H, I, and J), P450 1A2- (parts D and K), and P450 1B1-
(parts E, F, G, L, M, and N) dependent EROD activity by B[a]P (parts A, D, E, H, K, and L),
1PP (parts B, F, I, and M), and 3PPh (parts C, G, J, and N). Experiments were done at 37°C.
In parts A through G, formation of resorufin was plotted with increasing incubation time and
the squares (□)) in the figures indicate activity without inhibitors. In parts H to N, EROD
activities were presented as log10 (% activity remaining). Concentrations of B[a]P used were
42, 83, 166, and 333 nM for both P450 1A1 (parts A and H) and 1B1 (parts E and L) and 5.2,
10, 21, 42, 83, 166, and 333 nM for P450 1A2 (parts D and K). Concentrations of 1PP were
8.3, 33, 88, 444, and 1300 nM for P450 1A1 (parts B and I), and 17, 25, 33, 66, 133, and 266
nM for P450 1B1 (parts F and M). Concentrations of 3PPh were 170, 330, 670, and 1300 nM
for P450 1A1 (parts C and J), and 16, 33, 66, 130, 270, 333, and 500 nM for P450 1B1 (parts
G and N). All of the traces in the figures are indicated from top to bottom, with increasing
concentrations of inhibitors.
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Figure 4.
Spectral interaction of 3EPh with human P450 1B1. 3EPh (at concentrations of 0 μM (a), 2
μM (b), 4 μM (c), and 10 μM (d)) was added to 2 μM P450 1B1 in 0.10 M potassium phosphate
buffer (pH 7.4) containing 20% glycerol (v/v) and the absolute (A) and difference (B) spectra
were recorded between 300 and 700 nm.
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Figure 5.
Binding of PAHs to P450 1B1 as studied by fluorescence quenching. (A) Quenching of
tryptophan fluorescence of P450 1B1 with different concentrations of B[a]P. (B) Kinetics of
interaction of B[a]P, 1PP, and B[b]FA. (C) Dependence of binding to P450 1B1 on
concentration of B[a]P, 1PP, and B[b]FA. Incubation mixtures contained 1.0 μM P450 1B1 in
100 mM potassium phosphate buffer and varying concentrations of inhibitors, and the
fluorescence emission was determined between 280 nm and 400 nm in part A and at 331 nm
in parts B and C (excitation wavelength of 295 nm). The half maximal time (t1/2) for the
fluorescence quenching was <0.05 s for all of the cases at 8 μM each of B[a]P, 1PP, and B[b]
FA, based on a Curve Fitting of New Cricket Graph III. The reactions were carried at 25 °C.
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Figure 6.
Binding of B[a]P to P450 1B1 as determined by fluorescence quenching of B[a]P with
increasing concentrations of P450 1B1. (A) Varying concentrations of P450 1B1 were added
to a cuvette containing 100 mM potassium phosphate buffer (pH 7.4), 20% glycerol (v/v), and
10 nM B[a]P, and the fluorescence quenching was determined with an excitation wavelength
of 290 nm and emission wavelengthes of 360 and 480 nm. (B) Fluorescence quenching of B
[a]P with 2.5, 5.0, and 10 nM P450 1B1 was monitored using an emission wavelength of 406
nM. The half lives for quenching were estimated as described in Materials and Methods. (C)
Interaction of P450 1B1 with B[a]P was assayed at different concentrations of the enzyme and
the inhibitor. The temperature was 25 °C.
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Figure 7.
Binding of 1EP (part A), B[a]P (part B), and DB[a,j]Ac (part C) with P450 1A1 (open
circles,○), P450 1A2 (closed circles, ●), and P450 1B1 (closed squares, ■). Experimental details
are as in the legend to Figure 6, except that excitation and emission wavelengthes were set at
277 and 406 nm for 1EP and at 285 and 440 nm for DB[a,j]Ac, respectively. The enzyme and
inhibitor concentrations used were 10 nM and the temperature was 25 °C.
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Figure 8.
Binding of different inhibitors to P450 1B1. P450 1B1 (0-30 nM) was mixed (at 25 °C) with
inhibitors (at 10 nM) and the fluorescent quenching was determined at the excitation and
emission wavelengths indicated at the tops of the figures. Kd values were estimated (quadratic
equations) and are indicated in the figures.
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Figure 9. Docking simulation of PAHs into a homology model of P450 1B1
(A) B[a]P, (B) 1PP, (C) 3PPh, (D) B[b]FA, and (E) DB[a,j]Ac were adopted an orientation
for a model of P450 1B1 with interaction energies (S values) of 64.8, 60.0, 48.0, 82.6, and
74.5, respectively.
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Figure 10. Docking simulation of PAHs into a reported structure of P450 1A2
(A) B[a]P, (B) 1PP, and (C) 3PPh were adopted an orientation with interaction energies (S
values) of 54.8, 38.5, and 30.4, respectively.
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Table 4

Spectral interaction of polycyclic aromatic inhibitors with human P450 1B1
spectral interactions with P450 1B1

wavelengths (peak/trough) Ks (μM) ΔAmax (ΔA~416-A~383)ΔAmax / Ks
1EP 416/383 2.9 ± 1.0 0. 049 ± 0.008 0.017
2EP 416/387 3.4 ± 0.5 0.071 ± 0.005 0.021
4EP 416/383 4.0 ± 0.9 0.052 ± 0.006 0.013
1VP 416/383 4.3 ± 0.5 0.092 ± 0.006 0.021
1PP 416/383 2.7 ± 0.4 0. 042 ± 0.003 0.016

2EPh 414/383 4.2 ± 1.3 0.080 ± 0.013 0.020
3EPh 414/383 3.0 ± 0.4 0.071 ± 0.004 0.024
9EPh 415/383 3.6 ± 1.0 0.071 ± 0.010 0.020
2PPh 415/383 2.2 ± 0.1 0.067 ± 0.001 0.030
3PPh 415/383 3.1 ± 0.4 0.060 ± 0.004 0.019
9PPh 416/383 3.2 ± 0.3 0.049 ± 0.002 0.015
2EN 415/383 15 ± 8 0.049 ± 0.038 0.003
4Ebi 416/383 7.6 ± 1.2 0.023 ± 0.002 0.003
4Pbi 415/386 12 ± 5 0.074 ± 0.022 0.005
Spectral interaction was determined in a system containing 1 μM P450 1B1 and 6-8 concentrations of PAH inhibitors in 100 mM potassium phosphate
buffer (pH 7.4). The Ks values were calculated with hyperbolic or quadratic equations as appropriate with GraphPad Prism software (GraphPad Software,
San Diego, CA). Results are presented as means ± S.E.
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