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ABSTRACT: The inactivations of P450 2B4 and the T302A mutant of 2B4 bytert-butyl acetylene (tBA)
and the inactivation of 2B4 T302A bytert-butyl 1-methyl-2-propynyl ether (tBMP) have been investigated.
tBA and tBMP inactivated both enzymes in a mechanism-based manner with the losses in enzymatic
activity corresponding closely to losses in P450 heme. HPLC and ESI-LC-MS analysis detected two
different tBA- or tBMP-modified heme products with masses of 661 and 705 Da, respectively. Interestingly,
the inactivations of the P450s 2B4 by tBA and tBMP were partially reversible by dialysis, and the tBA-
or tBMP-modified heme products could only be observed with ESI-LC-MS/MS when the inactivated
samples were acidified prior to analysis, indicating a requirement for protons in the formation of stable
heme adducts in both the wild-type and mutant 2B4 enzymes. Results of studies using artificial oxidants
to support enzyme inactivation suggest that the oxenoid-iron activated oxygen species is preferentially
utilized during the inactivation of the P450s 2B4 by tBA. These results argue against the use of a peroxo-
iron species by P450 2B4 T302A. Molecular dynamics studies of wild-type P450 2B4 reveal that contiguous
hydrogen bond networks, including structural waters, link a conserved glutamate (E301) to the distal
oxygen of the peroxo-heme species via threonine 302. Interestingly, models of 2B4 T302A reveal that a
compensatory, ordered hydrogen bond network forms despite the removal of T302. These results indicate
that while T302 may play a role in proton delivery in the formation of the oxenoid-iron complex and in
the stabilization of acetylene heme adducts in 2B4, it is not essential for proton delivery given the presence
of E301 in the binding site.

The cytochromes P4501 constitute a superfamily of heme-
thiolate enzymes involved in the metabolism of numerous
endogenous and exogenous substrates (1, 2). The P450
catalytic cycle involves a rich set of redox and acid-base
chemistries wherein a sequential two-electron reduction of
molecular oxygen induces proton additions to generate
reactive oxygen intermediate(s) and water (3). Although
generally considered to be a detoxification process, these
reactions can also produce metabolic products that have a
higher toxicity and/or carcinogenicity than the parent com-
pound (4, 5). In the case of mechanism-based inactivators,
catalysis produces a highly reactive intermediate capable of
inactivating the P450 through three distinct mechanisms: (1)
N-alkylation of the heme moiety, (2) covalent modification

of the apoprotein, and (3) cross-linking of the heme to the
apoprotein (6).

Information about the active site architecture of P450
enzymes and the critical amino acid residues in the active
site that are involved in substrate binding and catalysis has
come primarily from site-directed mutagenesis studies (7,
8) and from the crystal structures of bacterial and mammalian
P450s (9-15). Such studies have revealed that polar and/or
acidic amino acids in conjunction with ordered waters play
a vital role in both stabilizing oxy intermediates in the P450
enzymatic cycle and determining the efficacy and nature of
the proton transport crucial to the formation of the active
species responsible for monoxygenase activity.

Mechanism-based inactivators that bind covalently to
amino acid side chains have been used to identify peptides
or amino acid residues in the active site that are involved in
the metabolism of substrate. Studies with the P450 2B rat
and rabbit enzymes using the acetylenic inactivators 2-ethy-
nylnaphthalene (2EN) and 9-ethynylphenanthrene have been
successful in identifying such critical residues (16-19).
2-Ethynylnaphthalene was found to inactivate P450s 2B1 and
2B4 in a mechanism-based manner through covalent modi-
fication of the apoproteins by a reactive ketene intermediate
that bound to the threonine 302-containing I helix of the
enzymes. Further studies with a P450 2B4 T302A mutant
demonstrated that the rate of inactivation and covalent
binding were greatly decreased in this enzyme, although the
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mutant was functionally able to metabolize 2EN to its ketene
product (20). These results suggest the involvement of this
highly conserved threonine residue in the P450 inactivation
event. Additionally, acetylenic mechanism-based inactivators
that label the heme moiety have been used to investigate
more mechanistic aspects of P450 metabolic reactions
including substrate positioning and orientation over the heme
plane and the accessibility of the heme pyrrole rings to
adduction by reactive intermediates (21-25).

Increasing experimental evidence suggests that the highly
conserved threonine residue in P450 2B4 (T303 in P450 2E1,
T302 in P450 2B4, and T252 in P450cam) may be involved
in a proton delivery network to the P450 active site (26-
30). In P450 catalysis, reduction of molecular oxygen
involves a progressive transition from a peroxo-iron activated
oxygen species to a hydroperoxo-iron and finally to an
oxenoid-iron complex. In addition to the generally accepted
oxenoid-iron complex, Vaz and co-workers have demon-
strated that the peroxo- and hydroperoxo-iron species are
also competent oxidants and, depending on the particular
substrate or P450 isozyme involved, any of the three species
may serve as the primary oxidant in P450-catalyzed reactions
(31). For instance, when comparing P450s 2B4 and 2B4
T302A, Vaz et al. demonstrated that there was a disruption
in proton transfer leading to the oxenoid-iron species in the
T302 mutant of the enzyme which resulted in a loss in the
hydroxylation reactions in this enzyme and the preferential
formation and utilization of a peroxo-iron intermediate in
P450 substrate oxygenation (29). In contrast, the wild-type
2B4 enzyme preferentially utilized the oxenoid-iron species,
suggesting a role for the conserved threonine in proton
delivery to the 2B4 active site.

Recently, we have described the mechanism-based inac-
tivation of P450s 2E1 and 2E1 T303A by the small acetylene,
tBA (32). The structure of this acetylenic inactivator is shown
in Figure 1. Interestingly, in contrast to the tBA-inactivated
wild-type enzyme, the losses in the activity, the P450 reduced
CO spectrum, and the native P450 heme of the tBA-
inactivated T303A mutant were reversible with dialysis (32,
33). The irreversible formation of covalent heme adducts
observed with the tBA-inactivated wild-type enzyme could
be mimicked with the T303A mutant if the inactivated
samples were acidified with 0.1% TFA, suggesting that an
exogenous source of protons was necessary for the formation
of stable heme adducts in the mutant enzyme (33). Together,
these data suggested an important role for the highly
conserved threonine 303 as a participant in a proton relay
network to the active site of P450 2E1.

In addition, we have previously characterized a larger
acetylene, tBMP (Figure 1), as a mechanism-based inacti-
vator of P450 2B4 (34) and P450s 2E1 and 2E1 T303A (32).
When the kinetics of inactivation of these enzymes by tBMP

were compared, the larger acetylenic compound proved to
be a far better inactivator of P450 2B4 than the P450s 2E1
in terms of theKI, kinact, andt1/2 values. The inactivations of
the P450s 2E1 by tBMP were primarily due to covalent
modification of the P450 heme by tBMP-reactive intermedi-
ates. ESI-LC-MS and MS/MS analysis of the tBMP adducts
showed that both had masses of 705 Da, consistent with the
mass of an iron-depleted heme plus the masses of a tBMP
molecule and one oxygen atom. Most importantly, the
inactivations of the P450s 2E1 by tBMP were completely
irreversible by extensive dialysis (32). Similar to the tBMP-
inactivated P450s 2E1, losses in the P450 reduced CO
spectrum of tBMP-inactivated P450 2B4 corresponded to
losses in native heme and the concomitant appearance of
two tBMP heme adducts withm/z values of 705 Da.
However, P450 2B4 samples inactivated by tBMP displayed
a greater loss in enzymatic activity than could be accounted
for by the reduced CO spectral or heme loss (34). These
observations suggest that the inactivation of the wild-type
P450 2B4 by tBMP is mediated through a combination of
heme and protein modification, although a protein adduct
was not detected through LC-MS analysis. In contrast to the
P450s 2E1, inactivation of P450 2B4 by tBMP was partially
reversible with overnight dialysis (34).

The use of mechanism-based inactivators that modify the
heme prosthetic moiety of P450s where critical mutations
of residues in the O2 binding cleft have been made can
provide a sensitive probe of local structure and dynamics of
polar/acidic residues and associated waters crucial to the
formation and transformation of the P450 activated oxygen
species. In the absence of detailed cryogenic crystallographic
structural information of mammalian P450s in their active
intermediate and precursor states, inferences from such
mutational studies provide essential data to glean structural
information regarding transient intermediates and mechanism
in mammalian P450s. In an attempt to further elucidate the
role of the conserved threonine 302 residue in P450-catalyzed
reactions and the influence of small changes in inactivator
structure on metabolism by P450s, we have investigated and
compared the inactivation of P450 2B4 and its T302A mutant
by tBA and the larger tBMP. In contrast to what has
previously been reported with the aligned T303 residue in
P450 2E1 (33), our data on the reversible inactivation of
P450s 2B4 and 2B4 T302A by tBA and tBMP indicate that
the conserved T302 residue is not involved in the delivery
of protons required to form stable acetylene heme products
nor is the residue critical for the observed reversibility. In
contrast to P450 2E1, the P450 2B4 active site is shown to
be considerably larger with critical residues located at
distances further away from the heme moiety allowing for
the observed reversibility with tBA and tBMP in both the
wild-type and T302A mutant P450s. Critical residues, such
as a conserved glutamate 301, in the P450s 2B4 contribute
to a hydrogen bond network in the enzyme active sites that
may be operational even without the conserved T302 residue
in the mutant enzyme.

EXPERIMENTAL PROCEDURES

Materials. tBA and tBMP were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Dilauroyl-L-R-phosphati-
dylcholine (DLPC), NADPH, catalase, Sephadex G-50
matrix, and BSA were purchased from Sigma Chemical Co.

FIGURE 1: Structures oftert-butyl acetylene (tBA) andtert-butyl
1-methyl-2-propynyl ether (tBMP).
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(St. Louis, MO). 7-Ethoxy-4-(trifluoromethyl)coumarin (7-
EFC) was obtained from Molecular Probes, Inc. (Eugene,
OR). HPLC-grade acetonitrile was from Fisher (Pittsburgh,
PA), and trifluoroacetic acid (TFA) was from Pierce (Rock-
ford, IL).

Enzymes.The cDNAs for rabbit P450s 2B4 and 2B4
T302A (generously provided by L. Waskell, Veteran Affairs
Health Service, Ann Arbor, MI, and M. J. Coon, The
University of Michigan, Ann Arbor, MI, respectively) were
expressed inEscherichia colicells. Expression and purifica-
tion of the proteins were carried out according to published
methods (35, 36). NADPH-P450 reductase was purified
after expression inE. coliTopp3 cells as previously described
by Hanna et al. (36).

Enzyme ActiVity Assays.Purified rabbit cytochrome P450s
2B4 and 2B4 T302A were reconstituted with reductase and
lipid for 45 min at 4 °C. Primary incubation mixtures
contained 1 nmol of P450, 2 nmol of reductase, 166µg of
DLPC, 2000 units of catalase, tBA, or tBMP (in 1µL of
CH3OH/mL), and 1.2 mM NADPH in 50 mM potassium
phosphate buffer (pH 7.4) for a total reaction volume of 1
mL. Methanol was added to the control samples instead of
tBA or tBMP. At the indicated times, 25µL of the P450
primary reaction mixture was transferred into 975µL of a
secondary reaction mixture containing 100µM 7-EFC, 0.2
mM NADPH, and 40µg of BSA/mL in 50 mM potassium
phosphate buffer (pH 7.4). Samples were incubated for 10
min at 30°C in a shaking water bath, and enzyme activity
was terminated by the addition of 334µL of acetonitrile.
Activity was assessed spectrofluorometrically by measuring
the extent ofO-deethylation of 7-EFC to 7-HFC on an SLM-
Aminco Model SPF-500C spectrofluorometer with excitation
at 410 nm and emission at 510 nm (37).

Spectrophotometric Quantitation.P450s 2B4 and 2B4
T302A were reconstituted and inactivated as described above
for enzymatic activity. One hundred microliter aliquots of
control and tBA-inactivated P450 2B4 and 2B4 T302A or
tBMP-inactivated 2B4 T302A primary reaction mixtures
were removed and diluted with 900µL of ice-cold 50 mM
potassium phosphate buffer (pH 7.7), containing 40%
glycerol and 0.6% Tergitol NP-40. The samples were gently
bubbled with carbon monoxide for approximately 90 s, and
the spectrum was recorded from 400 to 500 nm on a DW2
UV/vis spectrophotometer (SLM Aminco, Urbana, IL)
equipped with an OLIS spectroscopy operating system (On-
Line Instrument Systems, Inc., Bogart, GA). Dithionite was
added, and the P450 reduced CO spectrum was recorded (38).
The maximal absorbance at 450 nm was used to quantitate
P450 heme.

HPLC Analysis.P450s 2B4 and 2B4 T302A were recon-
stituted and inactivated as described above for enzymatic
activity. P450s 2B4 and 2B4 T302A and reductase from
control and tBA- or tBMP-inactivated samples were sepa-
rated by HPLC on a 250× 4.60 mm Phenomenex reverse-
phase C4 column (solvent A, 0.1% TFA and H2O; solvent
B, 95% acetonitrile and 0.1% TFA). The flow rate was 1
mL/min, and a linear gradient of 40% B to 100% B over 45
min was used. The elution of proteins and heme was
monitored using diode array detection.

IrreVersibility of InactiVation.P450s 2B4 and 2B4 T302A
were reconstituted as described above for enzymatic activity.
Control samples and samples containing tBA-inactivated

P450 2B4 and 2B4 T302A or tBMP-inactivated 2B4 T302A
(0.5 mL) were dialyzed overnight at 4°C against 2× 500
mL of 50 mM potassium phosphate buffer (pH 7.4),
containing 20% glycerol, to determine whether the inactiva-
tion, P450 reduced CO spectral losses, and losses in native
heme were reversible. After dialysis, samples were recon-
stituted with lipid and in some cases fresh reductase. Samples
were assayed concurrently for 7-EFCO-deethylation activity,
reduced CO spectrum, and heme content both prior to and
after overnight dialysis.

ESI-LC-MS/MS.P450s 2B4 and 2B4 T302A were recon-
stituted and inactivated as described above for enzymatic
activity. Primary incubation mixtures contained 0.4 nmol of
P450 2B4 or P450 2B4 T302A, 0.8 nmol of reductase, and
30 µg of DLPC. Both non- and preacidified (0.1% TFA)
control samples incubated with tBA or tBMP in the absence
of NADPH as well as tBA-inactivated P450 2B4 and 2B4
T302A or tBMP-inactivated 2B4 T302A samples were
resolved on a 150× 2.00 mm Phenomenex reverse-phase
C4 column under nonacidic solvent conditions (solvent A,
H2O; solvent B, acetonitrile) equilibrated with 40% B at a
flow rate of 0.3 mL/min. Heme components were eluted
using a linear gradient to 100% B over 25 min. MS/MS
analysis of the tBA- or tBMP-modified heme products (m/z
of 661 or 705 Da) was performed on a Thermoquest LCQ
ion trap mass spectrometer with 1.0m/z isolation width and
35% collision energy.

Alternate Oxidant-Supported ActiVity and InactiVation.
Assay conditions were optimized to support 7-EFC enzy-
matic activity prior to proceeding with the inactivation
studies. P450s 2B4 and 2B4 T302A were incubated with
lipid for 45 min at 4 °C. Primary incubation mixtures
contained 1 nmol of P450, 166µg of DLPC, tBA (in 1µL
of CH3OH/mL), and 1 mM hydrogen peroxide or 10µM
cumene hydroperoxide in 50 mM potassium phosphate buffer
(pH 7.4) for a total reaction volume of 1 mL. Methanol or
the appropriate alternate oxidant was added to the control
samples instead of tBA. At the indicated times, 25µL of
the P450 primary reaction mixture was transferred into 975
µL of a secondary reaction mixture containing 100µM
7-EFC, 40µg of BSA/mL, and 1 mM hydrogen peroxide or
10 µM cumene hydroperoxide in 50 mM potassium phos-
phate buffer (pH 7.4). Samples were incubated for 10 min
at 30°C in a shaking water bath, and enzyme activity was
terminated by the addition of 334µL of acetonitrile. Activity
was assessed spectrofluorometrically by measuring the extent
of O-deethylation of 7-EFC to 7-HFC as described previously
in Experimental Procedures. HPLC and diode array analysis
were used to detect the formation of tBA adducts to the
hemes of P450s 2B4 and 2B4 T302A in the alternate oxidant-
supported system.

Construction and Assessment of Models of P450 2B4 and
P450 2B4 T302A.Models of the P450s 2B4 in the peroxo-
and oxyferryl heme states were prepared on the basis of the
recent crystal structure of inhibitor-bound P450 2B4 as well
as recent models of P450 2B4 based on the 2C isozymes.
Models of the peroxo and oxyferryl heme P450s were
prepared in the XLEAP module of AMBER employing both
the coordinates of the crystal structure (13) and model P450
2B4 coordinates (39). Standard AMBER6 parametrization
was employed (40) in addition to peroxo- and oxyferryl heme
parametrization based on unrestricted nonlocal density
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functional theoretical calculations employing a B3LYP
functional and an Fe(LACVP**)/N,O,S,C(6-31G**) basis set
description (41). The heme intermediate atomic charges were
fitted to the computed molecular electrostatic potential
surface of a full protoporphyrin IX model using a restrained
RESP fitting procedure at the fully optimized geometries.

Models of P450 2B4 (39) have been reported that contain
detailed descriptions of the methods of construction and
critical model assessment including energetic and geometric
criteria. Critical model assessments involving comparison
with high-quality crystal structures to detect steric/geo-
metrical violations as well as examination of the quality of
the predicted fold commensurate with sequence via Prosa
scoring were performed (42). In addition, stringent tests were
applied in that the models were used to predict quantitative
binding affinities (39) and metabolism (41, 43) of marker
substrates.

Briefly described, models of 2B4 in the present work were
constructed by pairwise sequence alignments with 2C
isozymes, backbone coordinate transfer between template and
target in structurally conserved regions, annealing with
energetic and topological constraints were used in regions
apart from the structurally conserved regions using both
Sali’s Modeler (44) and thermal annealing through con-
strained molecular dynamics using AMBER (40). Following
backbone construction, SCWRL rotamer libraries (45, 46)
were used to construct initial side chain orientations for
residues not conserved between target and template se-
quences, and side chain (coordinate) copying was used for
those side chains of residues conserved between target and
template. An exception was made in the region of the
residues of the I and J helix known to be associated with
residues around the O2 binding cleft. Despite the presence
of a high conservation of residues in the 2C enzymes, some
structural variability exists in the 2C5 structures in the
positioning of the E277 residue. Given the plasticity in this
region apparent in the 2C5 structures, rotamer libraries were
used to “predict” the lowest energy configurations of amino
acids in the 2B4 O2 binding cleft. Unlike models of 2E1
developed in an equivalent manner, multiple rotameric states
of 2B4 E301 were found to be possible with the lowest
energy configurations of E301 exposed in the substrate
binding site cavity. The initial model of 2B4 was then energy-
structure minimized, and structural water positions were
added via a previously reported procedure (47). The model
is then energy minimized for 4000 steps, followed by
equilibration for 600-1000 ps with harmonic constraints
gradually removed in the process. As described previously,
the largest structural shifts, side chain reorientations, and
hydrogen bond pattern generation occur in the first 200 ps
of such equilibration, with energetic changes substantially
diminished by 600 ps (41). The model is then re-energy
minimized for 4000 steps and subjected to a battery of
geometric [Prostat and Procheck (48)] and energetic [ProsaII
(42)] assessments verifying its quality compared to high-
quality crystal structures as well as establishing the adequacy
of its native fold consistent with sequence.

Ligand Construction and Parametrization.tBA and tBMP
were initially constructed in MOLDEN. The ligand charges
were derived from B3LYP DFT computations by RESP (49)
charge fitting to the ligand molecular electrostatic potential
surfaces at the DFT optimized geometries. The DFT opti-

mized geometries were imported into the XLEAP module
of AMBER6 (50). AMBER6 van der Waals parameters were
employed for both substrates in AMBER energy minimiza-
tion and dynamics studies.

Autodock Energy-Based Docking.Autodock3 (51) was
used to identify alternative binding configurations of tBA
and tBMP in the models of P450 2B4 and 2B4 T302A using
an oxyferryl and peroxo representation of the heme based
on both the 2B4 crystal structure and previous homology
models. Low-energy docked configurations were sought,
employing the Larmarkian Genetic algorithm in Autodock
given its robust results independent of the initial ligand
configuration. Multiple low-energy configurations were
detected over a 5-10 kcal/mol window using this approach.
Docking was performed using a (120× 120 × 120) point
grid and at two different grid-map spacings: (1) 0.375 Å
and (2) 0.1 Å spacing. In general, the results were consistent
for docked configurations in the heme/substrate binding
region. The lowest energy docked configurations from the
fine grid docking were then extracted for distance/configu-
ration analysis and as initial ligand/CYP2B4 configurations
for subsequent MD simulations using AMBER6 in an all-
hydrogen representation to examine the dynamic stability of
such configurations relative to the binding site amino acids.

AMBER Molecular Dynamics.Molecular dynamics simu-
lations were performed on the basis of initial Autodock3 low-
energy docked configurations with the heme in either the
oxyferryl or peroxo forms. The purpose of performing the
dynamics studies was to verify the dynamic temporal stability
of such docked complexes including bound inactivator,
modeled protein, and structural waters and to examine the
time-dependent interactions of the substrate relative the
oxyferryl center. In addition, we compared the nature of the
hydrogen bond networks present in the enzyme active site,
including a network thought to involve the O2 binding cleft
conserved threonine, bound waters, and a nearby conserved
acidic glutamate residue thought to possibly play a role in
the proton transport chain involved in formation of the
oxyferryl heme species from the reduced dioxygen heme
species.

Initial MD equilibrations of the wild-type 2B4 and 2B4
T302A bound ligand configurations were conducted using
a 12 Å potential truncation, a radial screened (D ) r)
dielectric model, and a 1 fsintegration time step employing
NVT dynamics. Four hundred picosecond dynamics simula-
tions of P450-substrate dynamics were conducted at 300 K
and included all protein and modeled structural waters in
addition to the inactivators. After gleaning initial behavior
from these approximate radial-dielectric simulations, simula-
tions were conducted employing full protein solvation in a
box of water of initial dimensions 80 Å× 68 Å × 74 Å at
constant pressure and 300 K. Following 200 ps of equilibra-
tion, short production dynamics runs of 200 ps length were
performed. All simulations were executed using the SANDER
module of AMBER6 on the Cray T3E at the Pittsburgh
Supercomputer Center.

RESULTS

InactiVation of P450s 2B4 and 2B4 T302A.The kinetics
for the inactivation of P450 2B4 and the T302A mutant of
2B4 by tBA were studied by measuring the loss in 7-EFC
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O-deethylation activity. P450 2B4 in the reconstituted system
was inactivated by tBA in a time- and concentration-
dependent manner (Figure 2). In the absence of NADPH,
there was no significant loss in the activity of the enzyme
with tBA (data not shown). As can be observed in Figure 2,
the inactivation followed pseudo-first order kinetics. The
apparent kinetic constants were determined from a double
reciprocal plot of the inverse of the initial rates of inactivation
as a function of the reciprocal of the tBA concentration (data
not shown) and are summarized in Table 1. The maximal
rate of inactivation (kinact) of P450 2B4 by tBA was 0.23
min-1, the concentration of tBA required for half-maximal
inactivation (KI) was approximately 75µM, and the half-
time for inactivation (t1/2) was 3 min. The T302A mutant of
2B4 was also inactivated by tBA in a time-, concentration-,
and NADPH-dependent manner (data not shown). For
comparison, the apparent kinetic constants for the inactivation
of P450 2B4 T302A by tBA are shown in Table 1. The
concentration of tBA required for half-maximal inactivation
of the T302A mutant was similar to that of the wild-type
enzyme (approximately 20µM). Likewise, the maximal rate
of inactivation of the T302A mutant by tBA (0.09 min-1)
and the half-time for inactivation (8 min) were comparable
to the inactivation of the wild-type enzyme. Moreover, if
the efficiency of the inactivator is calculated by dividing the
kinact by theKI, similar values are obtained, indicating that
there is no significant difference in the efficiency of the
inactivations of the two 2B4 P450s by tBA.

Previous studies in our laboratory have characterized tBMP
as a mechanism-based inactivator of P450 2B4 (34). To
examine the role of the conserved threonine 302 residue in

the inactivation event, we have also determined the kinetics
of inactivation of P450 2B4 T302A by tBMP. The concen-
tration of tBMP required for half-maximal inactivation (KI)
was approximately 3µM, and the half-time for inactivation
(t1/2) was 3 min (data not shown). These apparent kinetic
constants are similar for what has been previously described
for tBMP inactivation of the wild-type P450 2B4 (34).

Spectrophotometric Quantitation.The effect of tBA in-
activation on the P450 reduced CO complex formation of
P450s 2B4 and 2B4 T302A was examined. The data in Table
2 show that the inactivation of wild-type P450 2B4 by tBA
resulted in significant losses in enzymatic activity (30( 4%
activity remaining) that were accompanied by simultaneous
decreases in the P450 CO spectrum (51( 9% reduced CO
spectrum remaining). When the T302A mutant of 2B4 was
inactivated by tBA, 52( 4% of the enzymatic activity
remained following inactivation. However, in contrast to the
wild-type enzyme, the tBA-inactivated T302A mutant was
still able to form a P450 reduced CO complex (93( 5%
remaining). As the tBA-inactivated T302A mutant demon-
strates time-, concentration-, and NADPH-dependent loss in
enzymatic activity, the ability of this sample to form a
reduced CO complex suggested that the inactivator was
bound primarily either to the apoprotein or to the P450 heme
in such a way that CO was still able to bind.

HPLC Analysis of P450s 2B4 and 2B4 T302A.P450s 2B4
and 2B4 T302A were inactivated by tBA and analyzed to
determine the amount of native heme remaining after
inactivation and to determine whether heme-acetylene ad-
ducts could be detected. The amount of heme remaining in
the tBA-inactivated P450 2B4 and 2B4 T302A samples was
measured using HPLC with diode array detection. Table 2
shows that for the inactivation of P450 2B4 by tBA, the
percentage loss in enzymatic activity correlated with the
percentage decrease in the P450 reduced CO complex and
the loss in native heme detected using HPLC. Interestingly,
inactivation of the T302A mutant by tBA resulted in a
significant loss in enzymatic activity (52( 4% remaining)

FIGURE 2: Time- and concentration-dependent loss of P450 2B4
7-EFC O-deethylation activity following incubation with tBA and
NADPH. At the indicated time points, samples were removed from
the primary reaction mixture and assayed for 7-EFC activity. The
concentrations of tBA were (9) 0, (0) 33, (b) 67, (O) 167, and
([) 333 µM. The data shown represent the mean and standard
deviation from three to five separate experiments. For some data
points, the deviation was smaller than the size of the symbol.

Table 1: Kinetic Constants for the Inactivation of P450s 2B4 by
tBAa

sample KI (µM) kinact(min-1) t1/2 (min)

P450 2B4 75 0.23 3.0
P450 2B4 T302A 20 0.09 8.0
a Assay conditions were as described in Experimental Procedures.

Table 2: Partial Restoration in the Activity, P450 Reduced CO
Spectrum, and Native Heme of tBA-Inactivated P450s 2B4
Following Dialysisa

% heme
remaining% activity

remaining

% P450
reduced

CO spectrum
remaining A B C

P450 2B4
(before dialysis)

30 ( 4 51( 9 34 5 23

P450 2B4
(after dialysis)

55 ( 7 76( 7 62 ND 2

P450 2B4 T302A
(before dialysis)

52 ( 4 93( 5 42 10 10

P450 2B4 T302A
(after dialysis)

74 ( 2 81( 10 73 ND 2

a Assay conditions were as described in Experimental Procedures.
Enzymatic activity, reduced CO complex formation, and P450 heme
were measured before and after dialysis. The value obtained for the
noninactivated sample in each condition was assigned 100% and the
numbers shown were calculated as percent of control activity, P450
reduced CO spectrum, and P450 heme remaining, respectively. The
data shown represent the mean and standard deviation from three to
five separate experiments, except for the heme studies in which the
data shown are an average of values obtained from two independent
experiments each done in duplicate. Spectrophotometric quantitation
was used to determine the reduced CO spectrum.
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that was not accompanied by a loss in the P450 reduced CO
spectrum (93( 5% remaining). Although the tBA-
inactivated T302A mutant sample was still able to form a
reduced CO complex, losses in the enzymatic activity and
in the native P450 heme were comparable. These observa-
tions suggest that the metabolism of tBA by P450s 2B4 and
2B4 T302A leads to the formation of tBA reactive interme-
diates that modify the P450 heme and subsequently inactivate
these enzymes. Figure 3 shows the HPLC profile at 405 nm
of P450 2B4 incubated with tBA and NADPH. In addition
to the native heme eluting at approximately 21 min (A), two
additional peaks (B and C) were observed eluting at
approximately 25 and 27 min, respectively. The tBA-
inactivated 2B4 enzyme exhibited about 5 times more of peak
C than peak B. Only peak A, corresponding to the unmodi-
fied heme, was observed in control incubations where the
P450 was incubated with tBA in the absence of NADPH
(data not shown). The diode array spectra of the native heme
and the tBA-modified hemes (peaks B and C) were similar
with the exception of a small shift toward longer wavelengths
for the modified hemes, consistent with the formation of
N-alkylated heme products (data not shown). Inactivation
of the 2B4 T302A mutant by tBA also resulted in the
formation of two tBA adducts to the P450 heme with
retention times similar to those of the adducts generated with
the tBA-inactivated wild-type enzyme (data not shown).
Interestingly, the ratio of the two tBA adducts was 1:1 in
the T302A samples, suggesting an alteration in the structure
of the active site of the mutant enzyme that changed the
specificity of heme adduct formation.

Previous studies from our laboratory have reported on the
mechanism for the inactivation of P450 2B4 by tBMP (34).
Inactivation of the wild-type enzyme by tBMP resulted in
an approximate 81( 4% loss in enzymatic activity, which
was accompanied by a 32( 5% loss in the P450 reduced
CO spectrum and a 49( 10% loss in native heme. Although
a protein adduct was not detected with LC-MS analysis, the
difference between the loss in catalytic activity and the loss
in native heme suggested that the inactivation of wild-type
2B4 by tBMP may be due to modification of both the heme
and apoprotein. To investigate the role of the conserved
threonine 302 residue in the inactivation event, we character-
ized the mechanism for the inactivation of the T302A mutant
of P450 2B4 by tBMP. Losses in enzymatic activity (50(

3%) corresponded to losses in native heme (58( 6%),
suggesting that tBMP modification of the P450 heme was
the primary mechanism leading to inactivation of the T302A
mutant. The HPLC profile at 405 nm of P450 2B4 T302A
incubated with tBMP and NADPH showed the elution of
native heme at approximately 21 min (A) and two additional
peaks (B and C) at approximately 26 and 28 min, respectively
(data not shown). In comparison to the tBA-inactivated
T302A enzyme, the later elution times observed for the B
and C adducts presumably correspond to the larger tBMP
molecule being adducted to the P450 heme. The tBMP-
inactivated 2B4 T302A enzyme generated about 5 times
more of peak B than peak C. Only peak A, corresponding
to the unmodified heme, was observed in control incubations
where the P450 was incubated with tBMP in the absence of
NADPH (data not shown). The diode array spectra of peaks
B and C from the tBMP-inactivated samples were similar
to the spectrum of the native heme, supporting the suggestion
that both peaks are tBMP-modified heme products.

IrreVersibility of the InactiVation of P450 2B4 and 2B4
T302A.The inactivation of P450 2E1 T303A by tBA was
previously shown to be completely reversible (restoration
of activity and the reduced CO spectrum to 100%) with an
overnight dialysis (32). Control and tBA-inactivated P450
2B4 and 2B4 T302A samples were dialyzed extensively to
determine whether the inactivation by tBA was reversible
(Table 2). Additionally, the samples were tested before and
after dialysis to determine whether losses in native heme and
the P450 reduced CO spectrum could be reversed. Interest-
ingly, both the inactivation and the losses in native heme of
the tBA-inactivated P450s were partially reversible. Ap-
proximately 20% of the P450 2B4 and 2B4 T302A activity
and 30% of the native heme could be recovered following
an overnight dialysis (Table 2). In addition, dialysis caused
a significant decrease in both of the tBA heme adducts for
the tBA-inactivated P450 2B4 and T302A samples. In the
tBA-inactivated wild-type samples, a restoration of ap-
proximately 20% of the reduced CO spectrum was also
observed. No significant change in the reduced CO spectrum
was observed for the tBA-inactivated T302A mutant. Ad-
dition of fresh reductase to the dialyzed samples did not affect
the loss in activity (data not shown), indicating that the
inactivation is due to modification of the P450 enzymes and
not the reductase.

Approximately 10-20% reversal in the inactivation of
P450 2B4 by tBMP following overnight dialysis or spin
column gel filtration has been reported (34). Here, we report
that tBMP inactivation of the T302A mutant was also
partially reversible with overnight dialysis. Losses in activity,
the reduced CO spectrum, and native heme were restored
by approximately 20-30% following an overnight dialysis.
Dialysis also resulted in a reduction in adduct C with a
concurrent recovery of native heme for the tBMP-inactivated
T302A samples (data not shown). Interestingly, adduct B
was stable to overnight dialysis, suggesting that the primary
source for the recovery of native heme was the degradation
of adduct C. The stability of B adduct to dialysis is unique
in that both the B and C adducts in the tBA-inactivated P450
samples were significantly reduced following an overnight
dialysis. The internal oxygen atom within the larger tBMP
molecule may provide a surface for hydrogen bonding with
nearby residues in the 2B4 T302A active site. It is possible

FIGURE 3: HPLC heme analysis of P450 2B4 inactivated by tBA
in the presence of NADPH. The unmodified heme peak (A) elutes
at 21 min, and the two heme adducts (B and C) elute at
approximately 25 and 27 min, respectively.
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that these interactions would lead to stabilization of adduct
B in the active site, whereas adduct C would not experience
these stabilizing interactions. Interestingly, the recovery of
native heme in tBMP-inactivated wild-type 2B4 samples
correlated only with a loss in the amount of adduct B; the
second tBMP adduct was completely stable to overnight
dialysis (34). The difference in the ratios of adduct B and C
and the apparent differences in the stabilities of the adducts
to dialysis with the tBMP-inactivated P450s 2B4 suggest that
there has been an alteration in the active site architecture of
the T302A mutant that has shifted key residues involved in
stabilization of the tBMP reactive intermediate.

ESI-LC-MS/MS Analysis of Acetylene-InactiVated P450s
2B4 and 2B4 T302A under Nonacidic SolVent Conditions.
Protons were previously shown to be required in the
formation of stable acetylene adducts to the heme of P450
2E1 T303A but not in the wild-type P450 2E1 enzyme during
inactivation by tBA (33). To determine whether our HPLC
and ESI-LC-MS denaturing solvent conditions might be
contributing to the formation and/or reversibility of the heme
adducts in the tBA-inactivated 2B4 and 2B4 T302A samples,
control and inactivated samples were analyzed by ESI-LC-
MS/MS under nonacidic solvent conditions (water, aceto-
nitrile) rather than the standard conditions with TFA routinely
used in our studies. ESI-LC-MS/MS analysis of the tBA-
inactivated P450 2B4 and 2B4 T302A samples under
nonacidic solvent conditions resulted in a loss of the 661
Da masses associated with adducts B and C. Upon the
addition of 0.1% TFA to the inactivated samples, the two
tBA adducts withm/z values of 661 Da were observed. The
data for adduct C are presented in Table 3. Similar results
were observed for adduct B (data not shown). The tBA-
modified heme products were only seen in acidified samples
from tBA-inactivated P450s 2B4 and not in samples incu-
bated with tBA in the absence of NADPH (data not shown).
When the adduct peaks with the 661 Da masses were
subjected to MS/MS analysis, the adducts fragmented into
ions corresponding to a tBA molecule with an inserted
oxygen atom at the internal carbon of the acetylenic group.
The resultant ion fragmentation pattern for adduct C of tBA-
inactivated P450 2B4 is shown in Figure 4. Table 3 shows

that similar results were obtained for adduct C in tBA-
inactivated T302A samples. As shown in the inset of Figure
4, the terminal carbon of the acetylenic group is attached to
the heme moiety at one of the pyrrole nitrogens. The
structures of adducts B and C, as determined by MS/MS
analysis, are analogous to the structure reported by Dexter
and Hager for the reversible adduction of allylbenzene to
the heme of chloroperoxidase (52, 53). However, the exact
locations of the tBA adducts on the P450 heme could not
be determined from our MS/MS analyses. The requirement
for acidic protons to form the tBA adducts to the heme of
both the wild-type and T302A mutant enzymes suggests that
the T302 residue, although considered to be the functional
equivalent of T303 in P450 2E1, may be not be playing the
same role in proton donation to the enzyme active site or in
the observed reversibility, as has previously been reported
for 2E1 (33).

Similar to the tBA-inactivated P450s, ESI-LC-MS/MS
analysis of tBMP-inactivated P450 2B4 T302A samples
under nonacidic solvent conditions resulted in an absence
of the 705 Da masses for adducts B and C. Upon the addition
of 0.1% TFA to the inactivated samples, the two tBMP
adducts withm/z values of 705 Da were observed. When
the peaks exhibiting the 705 Da masses were subjected to
MS/MS analysis, the two adducts displayed ion fragmenta-
tion patterns corresponding to a tBMP-adducted heme with
an oxygen atom inserted at the internal carbon of the
acetylenic group. The MS/MS spectral data, the ion frag-
mentation pattern, and the proposed structure for adduct C
of tBMP-inactivated P450 2B4 T302A are shown in Figure
5 and the inset. This fragmentation pattern is similar to what
has been previously reported for tBMP-inactivated P450 2B4
(34).

Alternate Oxidant-Supported ActiVity and InactiVation.A
variety of artificial oxidants can replace the requirement for
NADPH and molecular oxygen in P450 catalysis and have
been utilized to support the formation of distinct oxidant
species in the P450 catalytic cycle (54-56). As hydrogen
peroxide and cumene hydroperoxide preferentially form the
peroxo- and oxenoid-iron species, respectively, we examined
the ability of these artificial oxidants to support the 7-EFC

Table 3: ESI-LC-MS/MS Analysis of Adduct C from
tBA-Inactivated P450s 2B4 and 2B4 T302A under Nonacidic
Solvent Conditionsa

adduct C

parent
ion (m/z) MS/MS ion fragments (m/z)

P450 2B4 T302A+ tBA N/O N/O N/O N/O
P450 2B4 T302A+ tBA

(preacidified)
661.2 604.2 576.3 562.3

P450 2B4+ tBA N/O N/O N/O N/O
P450 2B4+ tBA

(preacidified)
661.5 604.4 576.4 562.3

a P450s 2B4 and 2B4 T302A were reconstituted with reductase and
lipid as described in Experimental Procedures. Control and tBA-
inactivated P450 sample components were resolved by reverse-phase
chromatography under nonacidic solvent conditions (water, acetonitrile).
In some cases, 0.1% TFA was added to preacidify the sample prior to
injection. MS/MS analysis of the tBA-modified heme products (m/z of
661 Da) was performed with 1.0m/z isolation width and 35% collision
energy. The values shown are representative of data obtained from three
independent experiments. N/O indicates that no tBA-modified heme
products or ion fragments were observed.

FIGURE 4: ESI-LC-MS/MS analysis of a preacidified tBA-
inactivated P450 2B4 sample separated under nonacidic solvent
conditions. P450 2B4 was incubated with tBA and NADPH and
acidified with 0.1% TFA prior to injection onto the mass spec-
trometer. The main panel shows the resulting MS/MS data from
the second tBA-modified heme product (adduct C), which has an
overall mass-to-charge ratio of 661 Da. The inset illustrates the
proposed sites of fragmentation of this adduct based on the ion
fragmentation pattern observed under the MS/MS conditions.
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O-deethylation activity of P450s 2B4 and 2B4 T302A as
well as the inactivation of these enzymes by tBA in a
reductase- and NADPH-free system. The optimal concentra-
tions of hydrogen peroxide and cumene hydroperoxide
required to support the P450 activity were found to be 1
mM and 10µM, respectively. Therefore, these concentrations
were used in subsequent experiments to determine if the two
artificial oxidants could support the inactivation of the P450s
2B4 by acetylenic inactivators. Table 4 shows that hydrogen
peroxide, which favors the formation of a peroxo-iron oxygen
intermediate, was not able to support the inactivation of either
the wild-type or T302A mutant enzymes by tBA. However,
the formation of an iron-oxo intermediate through the
alternate oxidant cumene hydroperoxide was able to support
the inactivation of both P450s by tBA. HPLC and diode array
analysis demonstrated that the mechanism of inactivation was
primarily through the formation of tBA adducts to the P450
hemes (Table 4 and data not shown).

Variability of ConserVed Acidic Residues Important in the
Proton Transport Chain.The lack of a substantial effect of
the T302A mutation on the formation of either reversible or
irreversible heme adducts can be interpreted in terms of
structural models of P450 2B4 in the peroxo and oxyferryl
heme forms based on the mammalian crystal structures of
2B4 (12, 13) and models of P450 2B4 (39) based on 2C
isozymes (15, 57). An examination of both the current crystal
structures of the open/resting state (12) and the closed/
inhibitor-bound (13) forms of P450 2B4, as well as models
of 2B4 (39, 43) developed prior to the recent report of crystal
structures, has shed light on the importance of E301 and its
plausible role in anchoring and stabilizing the proton transfer
network essential for the formation of the oxenoid-iron-
activated oxygen species.

The models of P450 2B4 have been validated by subjecting
them to a battery of geometric/topological and energetic tests,
as well as the prediction of substrate and inhibitor binding
affinities (39). The latter tests bolster confidence in the utility
of comparative models, developed from moderate sequence
identity templates to predict substrate binding free energies
and the geometric determinants of competitive metabolism
from multiple sites in a substrate. Perhaps the most sensitive
test of such models, however, is their scrutiny by direct
comparison with the crystal structure results once they are
available.

Figure 6, panel A, shows the superimposed binding site
structure of the recently reported inhibitor-bound crystal
structure of P450 2B4 with a model previously reported for
P450 2B4 based on P450 2C9. The disposition of the residues
in the binding site that form contacts with the inhibitors in
this study are in reasonable agreement, while the RMS
deviation in the backbone coordinates of the model and the
crystal structure is 1.7 Å. Prosa normalizedz-scores are
perhaps a more evenhanded manner of assessing the quality
of the model or crystal structure fold commensurate with
sequence, in that the meaning of an RMSD is strongly
dependent on the length of the protein (58). The normalized
z-score for the 2B4 crystal structure is 0.82, while the score
of the model based on the 2C9 template is 0.86. The
normalizedz-scores of the model and crystal structure are
of comparable quality and the other geometric measures in
the form of bond, angle, and dihedrals are found to be on
par. Indeed, the distribution of docked inactivators in both
the model and crystallographic based 2B4 structures is very
similar and quite distinct from that of the docking distribution
for 2E1 (Harris, Blobaum, and Hollenberg, in preparation).

Most germane to the theme of this work is the prediction
in the model that the lowest energy configuration of E301
has exposure to the substrate/inhibitor binding site. Examina-
tion of Figure 6, panel A (structure in red), reveals the model
P450 2B4 to have E301 in a conformation quite analogous
to that found in the crystal structure (green).

Energy-Based Docking: Probes of Differential ActiVe Site
Architecture/Dimensions.In Figure 6, panels B and C show
selected results of energy-based docking of tBA and tBMP
into wild-type P450 2B4 relevant to the mechanism-based
inactivation of this enzyme. No significant/interpretable
differences were noted for docking into a model of T302A
other than changes in the tBMPtert-butyl contacts with the
A302. Notably in all cases, low-energy docked configurations
exist with the central acetylenic carbon of the inactivator

FIGURE 5: ESI-LC-MS/MS analysis of a preacidified tBMP-
inactivated P450 2B4 T302A sample separated under nonacidic
solvent conditions. P450 2B4 T302A was incubated with tBMP
and NADPH and acidified with 0.1% TFA prior to injection onto
the mass spectrometer. The main panel shows the resulting MS/
MS data from the second tBMP-modified heme product (adduct
C), which has an overall mass-to-charge ratio of 705 Da. The inset
illustrates the proposed sites of fragmentation of this adduct based
on the ion fragmentation pattern observed under the MS/MS
conditions.

Table 4: Effect of the Alternate Oxidants Hydrogen Peroxide and
Cumene Hydroperoxide on the Inactivation of P450s 2B4 by tBAa

% activity remaining

HP-supported
inactivation

CH-supported
inactivation

type of
adduct

P450 2B4 92 26 heme
P450 2B4 T302A 98 33 heme

a Assay conditions were as described in Experimental Procedures.
P450s 2B4 and 2B4 T302A were incubated with DLPC in the absence
of reductase. The alternate oxidants, hydrogen peroxide (HP) or cumene
hydroperoxide (CH), were used to support the enzymatic activity of
the P450s and their inactivation by tBA in a NADPH-free system. The
values shown are the average from two separate experiments in which
the results differed by less than 5%. The value obtained for the
noninactivated sample in each condition was assigned 100%, and the
numbers shown were calculated as percent of control activity remaining.
The 100% control values for enzymatic activity supported by HP and
CH were 0.2 and 1.0 pmol of 7-HFC min-1 (pmol of P450)-1,
respectively, for P450s 2B4 and 2B4 T302A. The rate of CH-supported
activity was similar to the rate of NADPH-supported activity in the
reconstituted system. The formation of tBA heme adducts was detected
by HPLC and diode array analysis as described in Experiment
Procedures.
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proximate to the active oxygen species. This is precisely the
configuration, indicated in ongoing density functional theo-
retical investigations, that is required for initiation of suicide
inhibition of the heme by sequential oxygen insertion to the

acetylenic center followed by addition of the terminal
“acetylenic” radical center to the heme nitrogen to form an
N-alkylated heme product. The energy-based docking results
are consistent with the mass spectral results in that the
mutations certainly do not significantly disfavor the binding
of the inactivators proximate to the active oxygen species.
While docking energy scores, as a general rule, do not give
good estimates of binding free energies, the nearly equivalent
docking results for the mutant and wild-type 2B4 enzymes
are not in discord with the similarKI values reported in Table
1 in this work. These results indicate that there are
insignificant changes inKI of tBA and tBMP due to mutation
of the highly conserved threonine in the O2 binding pocket.
Rather, it is plausible that the mutations more directly impact
the efficiency of formation of the active oxygen intermediates
involved in the inactivation chemistry by modulating proton
transfer steps in the activation of those oxygen intermediates
crucial for metabolism.

T302A Mutational Effect on the Hydrogen Bond Networks
Connecting E301 and the Peroxo Heme.Figure 7 shows
snapshots extracted from dynamics of tBA bound to wild-
type P450 2B4 and the T302A mutant of 2B4 based on both
the recent P450 2B4 crystal structure and models of 2B4
based on P450 2C9. Figure 7, panel A, traces the hydrogen
bond network connectivity involving two waters that directly
“connect” the glutamate carboxylate with T302 that directly
hydrogen bonds to the distal oxygen of the heme-bound
peroxo species. Panel B shows a nearly identical result is
recovered from simulations based on the model P450 2B4,
including modeled structural waters based on 2C9 (39). The
simulation results have significance in that such networks,
when stable, facilitate proton transfer to the distal oxygen
of the peroxo heme, an essential feature for activation to
form the oxyferryl species. After initial construction of the
model of the peroxo heme for P450 2B4 based on either the
2B4 ferric heme crystal structure or a 2C9 template, no
contiguous hydrogen bond network exists. Yet, after a short
equilibration, structural waters “move into place” to form a
stable network connecting E301 and the peroxo heme. A
temporally stable hydrogen bond network connecting acidic
or polar residues to the distal oxygen is required to form the
oxenoid-iron complex from the peroxo heme (59, 60).

Figure 7, panel C, shows the 20 and 100 ps snapshots
during a short 200 ps simulation of a model of P450 2B4
T302A based on the 2B4 crystal structure. Notably a robust
hydrogen bond network forms, linking E301 and the peroxo
heme despite the absence of a T302 polar side chain to orient,
stabilize, and directly participate in the putative proton
transfer network. While polar amino acids reduce the
effective barrier for proton transfer in active oxygen forma-
tion, the presence of a charged glutamate residue anchoring
a network likely facilitates the initial proton transfer events,
even in the absence of a supporting role of T302.

These initial modeling studies support the conclusions
drawn from the mass spectral assignments regarding the lack
of a T302 mutational dependence of tBA/tBMP binding and
inactivation of the heme in 2B4. The modeling results suggest
the rationale behind this is twofold: (1) there is partial
exposure of glutamate 301 to the P450 2B4 binding site due
to the preferred E301 conformations and these conformations
have some plasticity, and (2) the binding site is sufficiently
large to allow entry of structural waters into positions

FIGURE 6: (A) Superposition of a previously reported model of
P450 2B4 based on P450 2C9 (39) with the 4-(4-chlorophenyl)-
imidazole inhibitor bound structure of P450 2B4 (13). Here,
glutamate 301 (E301) is seen to have partial exposure in the model
to the substrate/inhibitor binding site. The model has good
agreement with respect to the general disposition and conformation
of binding site residues contacting the acetylenic inactivators. (B,
C) Docked lowest energy configurations of the acetylenic inacti-
vators, tBA (panel B) and tBMP (panel C), in the P450 2B4 crystal
structure modeled in the oxyferryl heme form. Threonine 302
(T302) is depicted in green in both panels. No significant differences
in low-energy docked distributions were found in models of the
2B4 T302A mutant. Note that the central acetylenic carbons interact
closely with the oxyferryl center, the configuration prerequisite for
the initial oxygen addition to the unsaturated linkage.
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previously occupied by the T302 polar hydroxyl. Such water-
entry-substitution motifs for Tf A mutations are not
uncommon in P450s and other enzymes, with the major
variability in P450s being the degree to which the new
network, including new water(s), stabilizes the new water
occupancy (61, 62). Work in progress indicates a different
scenario arises in the small 2E1 binding site, illustrating the
effects of mutations on such hydrogen bond networks are
both P450 isoform and even substrate dependent.

DISCUSSION

Previous studies using acetylenic compounds as mecha-
nism-based inactivators of P450s 2B4 and 2E1 and the
threonine to alanine mutants of these enzymes (2B4 T302A
and 2E1 T303A) have suggested the involvement of this

highly conserved threonine residue in the inactivation of these
P450s (16-19). Likewise, the reversible inactivation of P450
2E1 T303A by tBA has previously suggested a role for this
residue in proton donation to the active site of P450 2E1
(33). To further investigate the role of the conserved
threonine residue in P450 metabolic reactions and proton
delivery, tBA was investigated as a mechanism-based
inactivator of P450s 2B4 and 2B4 T302A. Since tBMP has
been previously characterized as a mechanism-based inac-
tivator of P450s 2E1 and 2E1 T303A (32) and of P450 2B4
(34), we also investigated the ability of this compound to
act as an inactivator of the T302A mutant of P450 2B4.

The two acetylenes, tBA and tBMP, were found to
inactivate the P450s 2B4 in a time-, concentration-, and
NADPH-dependent manner withKI values in the micromolar
range (Table 1 and data not shown). The maximal rate of
inactivation,kinact, and the half-time for inactivation,t1/2, were
similar for tBA inactivation of P450 2B4 and the T302A
mutant and for tBMP inactivation of P450 2B4 T302A. If
the efficiency of the inactivator is calculated by a ratio of
kinact/KI, the resultant values are comparable to one another,
suggesting that tBA is an efficient inactivator of both 2B4
P450s. In related studies, 3,3-dimethyl-1-butene, the olefin
analogue of tBA, was also tested for its ability to inactivate
the P450s 2B4 in a mechanism-based manner (data not
shown). As the olefin analogue was unable to inactivate the
P450s, it appears that the acetylenic functional group of tBA
is required for inactivation. When P450s 2B4 and 2B4
T302A were incubated with tBA or tBMP and NADPH, the
losses in enzymatic activity correlated with losses in native
heme as detected by HPLC with diode array analysis (Table
2 and data not shown). The inactivations of P450s 2B4 and
2B4 T302A by tBA and P450 2B4 T302A by tBMP were
primarily due to the formation of two different tBA or tBMP
heme adducts (B and C) with masses of 661 and 705 Da,
respectively. The masses of the acetylene adducts (661 and
705 Da) corresponded to those expected for an iron-depleted
heme, an acetylene reactive intermediate, and one oxygen
atom. Interestingly, the ratios of adduct B to C differed
significantly between tBA-inactivated P450 2B4 and 2B4
T302A samples (Table 3) and may reflect the relative
accessibility of the different pyrrole rings in the P450 active
site to the reactive intermediate. As the ratios of the two
adducts also differed between tBA- and tBMP-inactivated
T302A samples (data not shown), the structure of the
inactivator may also influence the site of adduction and
possibly the reversibility of inactivation. Current studies are
underway in our laboratory to further investigate this
phenomenon.

The mechanism-based inactivation of P450 2B4 by tBMP
results in the formation of two tBMP adducts to the P450
heme as detected by HPLC with diode array analysis and
the possible formation of a tBMP adduct to the apoprotein
(34). LC-MS/MS and proton NMR analysis suggested that
the tBMP heme adducts (B and C) result fromN-alkylation
of the A and D pyrrole rings of the P450 heme (34). Since
the tBMP adducts of P450 2B4 T302A are similar in their
retention times and MS/MS spectral patterns when compared
to those formed with the wild-type enzyme, it is likely that
these adducts are also on the A and D pyrrole rings. The
location of these adducts on the A and D rings is in
agreement with the studies of Ortiz de Montellano and co-

FIGURE 7: Proton delivery networks in P450s 2B4. (A) Panel A
depicts a 200 ps configuration of tBA and O2 binding cleft residues
surrounding the peroxo-iron species in the tBA-bound P450 2B4
based on the 2B4 crystal structure. A contiguous hydrogen bond
network exists connecting the E301 acidic side chain to the distal
atom of the peroxo-iron species. In the case of wild-type P450 2B4
simulations, this connectivity occurs via T302. The oxygen of T302
is highlighted in green to emphasize its position in the network.
T302 directly hydrogen bonds to the distal oxygen of the peroxo
species. (B) Panel B shows that an analogous hydrogen bond
network forms after 200 ps in a model of P450 2B4 based on P450
2C9 with bound (docked) tBA. Here, two hydrogen-bonded waters
are shown intervening between the E301 carboxylate and the T302
hydroxyl, which then in turn hydrogen bonds directly to the distal
oxygen of the peroxo heme. (C) Panel C depicts results at 20 and
100 ps in a 200 ps simulation of a model of the 2B4 T302A mutant
based on the 2B4 crystal structure. Waters partially compensate
for the T302A mutation by forming a network that is capable of
efficient proton delivery. This relay network of protons is essential
for the formation of the oxenoid-iron species, which is required
for initiation of the inactivation reaction in 2B4. The tBA inhibitor
has been removed from this depiction to facilitate visualization of
the underlying hydrogen bond networks. The presence of the
charged E301 residue and the distal oxygens of the peroxo heme
serve to order the local waters, essential to completion of the proton
delivery network, and appear to adequately compensate for the
T302A mutation.
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workers on the accessibility of these positions on the pyrrole
rings for adduct formation in the reactions of P450 2E1 with
phenyldiazene, (2-naphthyl)hydrazine, andp-biphenylhydra-
zine (63).

We have previously reported the reversible inactivation
of P450 2E1 T303A by tBA (32). Partial reversibility was
also seen with P450 2B4 that had been inactivated by tBMP
(34). To further investigate the role of the conserved T302
residue in the 2B and 2E families of P450s and the influence
of the structure of the inactivator in the reversibility, we
tested whether the inactivations of P450s 2B4 by tBA and
P450 2B4 T302A by tBMP were reversible. Interestingly,
we found that the losses in enzymatic activity, the P450
reduced CO spectrum, and the native P450 heme could be
restored by approximately 20-30% following extensive
dialysis of the tBA- or tBMP-inactivated samples (Table 2
and data not shown). Similar results were obtained with P450
2B4 isolated from rabbit liver (data not shown). In com-
parison to the tBA-inactivated P450 2E1 T303A samples that
restored their losses in activity and the reduced CO spectrum
to 100% (32), the acetylene-inactivated 2B4 and 2B4 T302A
samples were only partially reversible (20-30% restoration).
These data indicate a possible difference in the mechanism
of reversibility between P450 2E1 T303A and the 2B4 P450s.

The formation of stable heme adducts following the
inactivation of P450 2E1 T303A by tBA was previously
shown to be dependent upon the addition of an external
source of protons to the enzyme, such as those provided by
a strong acid (33). However, the tBA-inactivated wild-type
2E1 enzyme was able to form stable adducts in the absence
of an external proton supply, suggesting a role for the T303
in the donation of protons to the active site (33). In contrast
to what was previously observed with tBA-inactivated P450
2E1, preacidification of both the tBA-inactivated wild-type
2B4 and 2B4 T302A samples was required in order to
observe the two tBA adducts under nonacidic LC-MS/MS
conditions (Table 3). Similarly, the tBMP-inactivated P450
2B4 T302A mutant required the addition of acid to generate
stable heme adducts. Therefore, a source of protons or
preacidification is required in both the wild-type and T302A
mutant samples in order to detect stable acetylene heme
adducts. These data suggest that, unlike the T303 residue in
P450 2E1, the T302 residue in P450 2B4 is not involved in
the delivery of protons required to form the tBA or tBMP
heme products. Although a lack of acetylene heme adduct
formation in the absence of protons indicates that proton
delivery to the tBA- or tBMP-heme complex is inefficient
in the 2B4 P450s, it does not preclude the T302 residue from
participating in the positioning of crucial waters in the
enzyme active site or from donating protons to the activated
oxygen species during enzyme catalysis.

We have recently reported that a bridged intermediate
between the heme iron, the oxygen-inserted tBA, and one
pyrrole nitrogen of the heme moiety was responsible for the
reversible loss in the enzymatic activity of the 2E1 T303A
mutant (64). This intermediate could be detected spectrally
at 485 nm and had two possible fates: (1) the formation of
the intermediate was reversible, or (2) in the presence of
exogenously supplied protons (similar to the native proton
transfer pathway involving T303 in the parent 2E1 enzyme)
the intermediate could modify the P450 heme byN-
alkylation. In the presence of protons, cleavage of the

intermediate leads to the formation of a stable, inactive, tBA-
labeled heme product. The preacidification of our samples
through the addition of TFA may have allowed for the
directed delivery of protons to occur via an alternate pathway
within the active site of the T303A mutant; a greater access
of water molecules to the T303A active site may restore
proton transfer. Our MS/MS spectral data and the absence
of any spectral intermediate at 485 nm in the tBA-inactivated
2B4 and 2B4 T302A samples (data not shown) support our
conclusions that a role for T302 in the mechanism of
reversibility and in the delivery of protons to the acetylene-
iron complex is absent in P450 2B4.

Crystal structure determinations of several bacterial P450s
show that the highly conserved threonine residue is located
in the I helix near the proposed oxygen binding pocket and
that it is within hydrogen-bonding distance to the peroxo-
iron oxidant species (9-11). In support of the proposed role
of this residue in a proton delivery network, the rates of
camphor hydroxylation by P450cam (26, 27) and fatty acid
hydroxylation by BM-3 (65) were significantly diminished
when this residue was mutated to an alanine. Makris and
Sligar proposed that in the absence of the threonine hydroxyl
group at position 252 in P450cam, the second proton could
not be transferred to the reduced dioxygen complex and,
therefore, the oxyferryl intermediate required for hydroxy-
lation could not be generated (66, 67). Vaz et al. have
demonstrated that the threonine 302 to alanine mutant of
P450 2B4 primarily uses the peroxo heme complex as the
oxidant species for insertion of oxygen into substrates,
whereas the wild-type 2B4 utilizes the classic oxenoid-iron
species (29). On the basis of these observations, we
investigated the inactivation of P450s 2B4 and 2B4 T302A
by tBA in a reductase- and NADPH-free system. Since
artificial oxidants have previously been shown to support
the metabolism of various substrates by P450s and the
inactivation of P450s by different compounds (54-56), we
tested the ability of hydrogen peroxide and cumene hydro-
peroxide to act as artificial oxidants in our system. Hydrogen
peroxide preferentially forms the peroxo-iron oxidant species
whereas the oxenoid-iron species is generated by cumene
hydroperoxide. We found that cumene hydroperoxide could
support the activities of P450s 2B4 and 2B4 T302A as well
as their inactivation by tBA (Table 4). The inactivation of
P450 2B4 and the T302A mutant of 2B4 by tBA in the
cumene hydroperoxide-supported system was shown to occur
primarily through the formation of tBA adducts to the P450
hemes. Although hydrogen peroxide supported the 7-EFC
O-deethylation activity of the 2B4 P450s, inactivation of
these enzymes by tBA was not observed. These data suggest
that the oxenoid-iron species is the primary oxidant involved
in the inactivation of the 2B4 P450s by tBA in the alternate
oxidant-supported system and that, unlike what is observed
with P450 2E1 T303A in the same system, there does not
appear to be a disruption in proton delivery to the active
site of the T302A mutant of 2B4. While Vaz and Coon
reported the use of a peroxo heme species for the oxygenation
of substrate and a role for T302 in proton delivery (29), our
data in the surrogate oxidant system suggest that the 2B4
T302A enzyme does not utilize the peroxo heme complex
during inactivation by tBA. Since the wild-type and mutant
2B4 enzymes appear to utilize the oxenoid-iron species
during inactivation by tBA, it appears that the conserved
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T302 residue may not contribute to the delivery of protons
to the activated oxygen species in the artificial oxidant
system. Although surrogate oxidants may not directly
compare to a system containing reductase and NADPH, these
data are consistent with our MS/MS spectral data and
computational data which suggest a lack of involvement of
the conserved T302 in tBA-dependent inactivation, proton
delivery to the acetylene-heme complex, and reversibility.

Computational studies of tBA and tBMP inactivation based
on models of P450s 2B4 and 2B4 T302A indicate numerous
low-energy bound inhibitor configurations proximate to the
active oxygen species. The energy-based docked configura-
tions observed were, in fact, effective reactant configurations
for oxygen insertion, as evident from quantum chemical
investigations in progress (Harris, Blobaum, and Hollenberg,
in preparation), which suggest close approaches of the
unsaturated bond are required for initiation of the rate-
determining oxygen insertion step following the formation
of the oxenoid-iron species. The docked configurations were
found to be dynamically stable. In short, exploratory mo-
lecular dynamics simulations indicated temporally preferred
orientations commensurate with the initial docking results.
The greater access over the A and D pyrrole rings in the
2B4 model is consistent with the results suggested by
experiment thatN-alkyl adduction takes place via these heme
ring components.

Glutamate 301 (E301) in 2B4 was found to have signifi-
cant “residence” times in the substrate/inhibitor/heme binding
site with some plasticity in orientation. As a consequence
of this glutamate disposition, the hydrogen bond networks
in both the wild-type 2B4 and T302A enzymes would allow
facile proton transfer directly from the E301, via intervening
binding site waters to the heme-bound peroxo species without
an intervening T302. MD equilibration of models of 2B4
T302A starting from initial coordinates without a contiguous
network between E301 and the heme-bound peroxo led to
configurations in which structural waters “moved in” to
effectively substitute for the missing T302 linkage. Both the
exposure of the E301 in the substrate/inhibitor binding site
and the size of the cavity lead to compensatory proton
transfer networks being established despite the T302A
mutation in the case of the tBA-bound system. Studies in
progress indicate that the stability of such compensatory
networks involving positioning of new waters to form proton
networks may be substrate dependent. The present results,
however, are consistent with the minimal modulation in
binding, inactivation, and stabilization of the suicide substrate
interactions with tBA and tBMP due to the T302A mutation
and suggest a plausible rationale for the very minor perturba-
tion in 2B4.

It is evident from the results presented here that the relative
size and architecture of the enzyme active site play an
influential role in the inactivation of P450s 2E and 2B by
small acetylenes and that these differences contribute to the
reversibility of inactivation. Likewise, our results also
indicate that distinct differences in inactivator structure
influence the type of adduct that is formed as well as the
accessibility of the heme pyrrole rings for adduct formation
in acetylene-mediated P450 inactivation events. Continued
refinement and computational studies based on models of
the wild-type and mutant P450s 2E1 and 2B4, along with
work based on the new crystal structures of 2B4 with

acetylene inactivators docked in the active sites, will aid in
the interpretation of our results and will facilitate our
understanding of the differences observed between P450s
2E1 and 2B4 and between the mechanism-based inactivations
of these proteins by tBA and tBMP.
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