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Cytochromes P450 (P450s) are a superfamily of heme mono-
oxygenases responsible for the oxidation of numerous endogen-

ous compounds, pharmaceuticals, xenobiotics, and environmental
toxins. Inhibition of these enzymes can affect the pharmacoki-
netics of therapeutics and result in adverse drug�drug interac-
tions. However, mechanism-based inactivation (MBI) of P450s
presents even more serious problems. During their natural
catalytic cycle, P450s can sometimes create reactive intermedi-
ates that irreversibly modify components of the protein necessary
for catalysis, such as the heme or active site residues, thus
rendering the enzyme unable to function.1 This may lead to
the buildup of other substrates of the conjugated P450, ultimately
resulting in toxicity. However, MBI may also be used during
therapeutic treatments when specifically designed inactivators
target enzymes involved in disease progression.

Interesting mechanistic insights into P450 function have been
derived from several studies of MBI of P450s 2B.2�5 This
subfamily, which includes rat 2B1, rabbit 2B4, human 2B6, and

dog 2B11, is known to be inactivated by a variety of agents including
organosulfur compounds, arylamines, acetylenes, and furanocou-
marins.1 Among these classes of compounds, acetylenes are
perhaps the most highly studied. 17-R-Ethynylestradiol,3 5-phen-
yl-1-pentyne,6 9-ethynylphenanthrene,7 2-ethynylnaphthalene,8

7-ethynylcoumarin,9 tert-butyl-1-methyl-2-propynyl ether,10,11

and tert-butylphenylacetylene (tBPA)11�13 have all been used to
probe the topology of the active site cavity or the catalyticmechanism
of P450s. Each of these compounds covalently modifies either the
heme moiety or Thr 302 of P450s 2B.14

Thr 302 lies on the I helix along the backside of the active site
cavity and is highly conserved across many P450 families (although
the residue number changes based on sequence). High-resolution
crystal structures of the bacterial P450cam�dioxygen complex have
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ABSTRACT: A combined structural and computational anal-
ysis of rabbit cytochrome P450 2B4 covalently bound to the
mechanism-based inactivator tert-butylphenylacetylene (tBPA)
has yielded insight into how the enzyme retains partial activity.
Since conjugation to tBPA modifies a highly conserved active
site residue, the residual activity of tBPA-labeled 2B4 observed
in previous studies was puzzling. Here we describe the first
crystal structures of a modified mammalian P450, which show
an oxygenated metabolite of tBPA conjugated to Thr 302 of
helix I. These results are consistent with previous studies that
identified Thr 302 as the site of conjugation. In each structure,
the core of 2B4 remains unchanged, but the arrangement of
plastic regions differs. This results in one structure that is compact and closed. In this conformation, tBPA points toward helix B0,
making a 31� angle with the heme plane. This conformation is in agreement with previously performed in silico experiments.
However, dimerization of 2B4 in the other structure, which is caused by movement of the B/C loop and helices F through G, alters
the position of tBPA. In this case, tBPA lies almost parallel to the heme plane due to the presence of helix F0 of the oppositemonomer
entering the active site to stabilize the dimer. However, docking experiments using this open form show that tBPA is able to rotate
upward to give testosterone and 7-ethoxy-4-trifluoromethylcoumarin access to the heme, which could explain the previously
observed partial activity.
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identified a hydrogen-bonding network that includes the Thr 252
(equivalent to Thr 302) hydroxyl, molecular oxygen, and two
active site water molecules.15,16 Furthermore, residual enzymatic
activity of the P450cam T252A15 and 2B4 T302A17 mutants and
the methoxy-modified Thr 252 variant of P450cam

18 indicates that
the specific role of this threonine residue is to serve as a hydrogen
bond acceptor to stabilize a hydroperoxy intermediate during the
catalytic cycle. Additionally, mutational studies in human 2E1 have
indicated that this threonine residue is important in determining
the orientation of ligands in the active site cavity.19

Recently, interest in the effects of tBPA modification of
P450s 2B as mechanistic probes has been increasing. A proposed
mechanism suggests that an oxygenated ketene metabolite of
tBPA is conjugated to Thr 302 through nucleophilic attack by the
hydroxyl moiety of Thr 302 to create an ester bond (Figure 1).12,13

Previous studies have shown that stoichiometric covalent mod-
ification of Thr 302 in 2B4 by tBPA results in a predominantly low-
spin state of the enzyme with decreased polarity of the heme
pocket.13,20 Additionally, this modification reduces catalytic activ-
ity toward benzphetamine, 7-ethoxy-4-trifluorocoumarin (7-EFC)
and testosterone by 79, 70, and 90.4%, respectively.13 Based on
UV�vis and stopped-flow spectroscopy, the authors conclude that
the binding of benzphetamine to the active site of tBPA-conju-
gated 2B4 is impaired, which is also supported by a separate
resonance Raman study.20 However, the partial enzymatic activity
implies that substrates are still able to access the heme and despite
modification of a highly conserved active site residue, the enzyme
is still catalytically competent. To further investigate these results,
Zhang et al. utilized molecular docking to probe the orientation of
tBPA in the 2B4 active site.13 tBPA was found to bind above the
plane of the heme with the terminal alkyne carbon 3.65 Å from
Thr 302.

Despite this growing wealth of experimental data, several
questions remained unanswered. First, in silico docking methods
can only predict tBPA positions based on the conformation of
the starting model and do not take into account changes to the
protein backbone. Furthermore, unoxidized tBPA was used for
docking and not the proposed oxygenated metabolite or esterti-
fied conjugate. It was unclear how the Thr 302-tBPA conjugate
would orient itself in the active site and if the modification would
affect the tertiary structure of 2B4. Other questions also remained
about the volume of the active site void once the enzyme was
modified, which presumably was still large enough to accommo-
date some substrates for catalysis. It was also unknownhowneither
tBPA binding near the heme nor the additional, albeit hindered,
binding of benzphetamine did not affect the spin state of 2B4.13,20

To answer these questions, we turned to X-ray crystallography and

deuterium exchange mass spectrometry (DXMS) to determine
and analyze the first structures of a modified mammalian P450,
the 2B4-tBPA adduct. Additionally, we utilized ligand docking to
propose methods by which the modified enzyme is still able to
retain partial catalytic activity.

’MATERIALS AND METHODS

Materials. 5-Cyclohexylpentyl-D-maltoside (Cymal-5) was
from Anatrace (Maumee, OH). CM-sepharose resin was from
Bio-Rad Laboratories (Hercules, CA). C41(DE3) cells were from
Avidis (Saint Beauzire, France). Nickel�nitrilotriacetic acid (Ni-
NTA) affinity resin, dilauroylphosphatidylcholine (DLPC), cata-
lase, NADPH, and tBPA were from Sigma-Aldrich Inc. (St. Louis,
MO). Trifluoroacetic acid (TFA) was from Pierce Chemicals
(Rockford, IL). IndexHT and PEGRx 1 high throughput crystal
screening kits were from Hampton Research (Alisa Viejo, CA).
The synthesis of the facial amphiphile 3R,7R,12R-tris[(β-D-mal-
topyranosyl)ethyloxy]cholane (232-chol) was performed essen-
tially according to a previous method.21

Overexpression and Purification of 2B4, NADPH-Depen-
dent Cytochrome P450 Reductase, and Cytochrome b5.
CYP2B4dH (H226Y), an N-terminal truncated form of CYP2B4
with an internal mutation and C-terminal His-tag (from hereon
referred to as 2B4), was overexpressed in Escherichia coli C41-
(DE3) cells and purified with a Ni-NTA affinity column followed
by a CM-sepharose cation exchange column as described pre-
viously.22 NADPH-dependent cytochrome P450 reductase (CPR)
and cytochrome b5 (b5) were overexpressed and purified as de-
scribed previously.23

Preparations of tBPA-Modified 2B4 for Crystallization.
Chemical modification of 2B4 by tBPA was achieved in a re-
constituted system under steady-state turnover conditions. In a
typical reaction, 2B4 (1 μmol), CPR (0.5 μmol), and b5 (3 μmol)
were reconstituted in the presence of DLPC (60 μmol) for
60min at 4 �C. Themixture was then diluted from approximately
50�80 to 250 mL with 50 mM potassium phosphate (pH 7.4 at
4 �C). tBPA and catalase were added into the solution at final
concentrations of 20 μM and 300 units/mL, respectively. Be-
cause of the large volume (∼250mL), the solution was incubated
at 30 �C for 10 min to reach thermal equilibrium. The reaction
was then initiated by the addition of 1 mM NADPH. It was esti-
mated that the reaction to covalently modify 2B4 by tBPA should
reach completion in ∼20 min based on a t1/2 of 2.8 min as pre-
viously reported.13 Therefore, the reaction mixture was placed in
ice-cold water bath after a 20 min incubation at 30 �C, and an
aliquot (20 μL) of the reaction mixture was used to confirm the
chemical modification.
Analyses of tBPA-Modified 2B4 by ESI-LC/MS. Covalent

modification of 2B4 by tBPA was confirmed by analysis of the
protein mass of 2B4, as the covalent modification led to an
increase in the mass of 2B4 by 174 Da as previously reported.13

The proteinmass of the tBPA-modified 2B4 was determined on a
LCQ ion-trap mass spectrometer (ThermoScientific, Waltham,
MA) as previously described.13 The aliquot of 20 μL of the
reaction mixture was applied to a reverse-phase C3 column (2�
150 mm, 5 μm) (Agilent Technologies, Santa Clara, CA). 2B4
was separated from the other reaction components with a binary
solvent system consisting of 0.1% (v/v) TFA in water (solvent A)
and 0.1% (v/v) TFA in acetonitrile (solvent B) using the
following gradient: 30% B for 5 min, linearly increased to 90%
B in 20 min, and held at 90% B for 30 min. The flow rate was

Figure 1. Proposed mechanism for tBPA modification of 2B4. During
catalytic turnover, tBPA is oxygenated to create a ketene intermediate.
Nucleophilic attack by the hydroxyl group of Thr 302 forms an ester
bond between 2B4 and the inhibitor. Selected bonds (red lines) indicate
points of rotation to allow tBPA to change conformation once bound to
the enzyme.
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0.25 mL min�1. The molecular masses of the control and tBPA-
modified 2B4 were determined by deconvolution of the apo
protein charge envelopes using the Bioworks software (Thermo
Scientific, Waltham, MA).
Once the stoichiometric chemical modification of 2B4 was

confirmed (Supporting Information Figure S1), 0.5 M NaCl and
4.8 mM Cymal-5 were added into the ice-cold reaction mixture
to completely terminate the reaction. The tBPA-modified 2B4
was then purified to homogeneity from the reaction as described
previously.22 The purified tBPA-modified 2B4 was then stored
on ice to be used for crystallization.
Crystallization and Data Collection. The tBPA-modified

protein was diluted to 437 μM in 50 mM potassium phosphate
(pH 7.4 at 4 �C), 500 mMNaCl, 500 mM sucrose, 1 mM EDTA,
and 0.2 mM DTT. Cymal-5 and 232-chol were added to this
solution to final concentrations of 4.8 mM and 0.028% (w/v),
respectively. Initial crystallization attempts in the absence of
232-chol did not produce any crystals of 2B4-tBPA. The protein
and detergents were allowed to equilibrate for ∼20 min before
mixing with crystallization reagents.
For the open crystal structure, screening was performed by

sitting drop vapor diffusion using the PEGRx 1 high throughput
kit by mixing equal volumes of protein solution and well solu-
tion. Drops were equilibrated against the well solutions at 18 �C.
Crystals suitable for X-ray diffraction appeared over the course of
∼3 weeks in drops containing 0.1 M HEPES (pH 7.5) and 12%
(w/v) PEG 3350. Crystals were briefly transferred to a solution
of mother liquor supplemented with 335 mM sucrose before
flash freezing in liquid nitrogen. 150� of data were collected using
1� oscillations and 20 s exposures at 100 K on a Quantum CCD
detector (Area Detector Systems Corp., Poway, CA) at BL 11-1
of the Stanford Synchrotron Radiation Lightsource (SSRL)
(Stanford, CA). The data were processed to 3.0 Å using
iMOSFLM24 and SCALA.25

Screening, crystal incubation, and cryoprotection for the
closed structure crystals were done essentially as above, sub-
stituting the IndexHT kit for PEGRx 1. Crystals suitable for X-ray
diffraction appeared over the course of 1 month and grew in 0.1
Mmagnesium formate dihydrate and 15% (w/v) PEG 3350. 90�
of data were collected using 1� oscillations and 20 s exposures on
the same detector as above. The data were processed to 3.5 Å
using iMOSFLM24 and SCALA.25

Structure Determination and Refinement. Both tBPA-
conjugated 2B4 structures were determined by molecular re-
placement using the previously determined 2B4�4-(4-chloro-
phenyl)imidazole (4-CPI) complex (PDB ID 1SUO) (with the
inhibitor molecular removed from the coordinates) in Phaser.26

The closed structure solution was found in space group P212121,
containing 52.3% solvent assuming eight molecules per asym-
metric unit. The initial model was first subjected to a simulated
annealing step followed by restrained refinement in PHENIX27

using noncrystallographic symmetry restraints to remove model
bias. Model building was performed in COOT28 using both 2Fo
� Fc and Fo � Fc electron density maps contoured to 1-σ and
3-σ, respectively. The model was modified to fit the electron
density and refined in an iterative manner until a final R-factor of
20.6% and an Rfree of 28.5% were reached. Noncrystallographic
symmetry restraints were slowly released during the refinement
process.
A partial solution was found for the open structure in space

group C121, containing 67.5% solvent assuming four molecules
per asymmetric unit. Despite several attempts to find a complete

solution using various other programs, the solution found in
PHASER containing three molecules was the best (or at least
equivalent to others). On the basis of differences observed
between the initial model and electron density maps, residues
100�120 and 200�230 were deleted prior to modeling and
refinement. Density for the fourth molecule was evident upon
inspection of the electron density maps. This last copy of the
protein was fit manually using the planar density for the heme
group as a guide point. The model containing all four monomers
was modeled and refined as described above until an R-factor of
24.2% and an Rfree of 28.8% were reached. Structure refinement
statistics are summarized in Table 1.
LigandDocking.Docking of 7-EFC and testosterone into the

open structure of tBPA-labeled 2B4 was performed using Auto-
Dock Vina version 1.1.1.29 Residues not modeled into the
experimental electron density were added using COOT,28 and
Cymal-5 and sucrose molecules were removed from the file. Thr
302 was manually linked to tBPA to define the adduct and an
AutoDockTools4 script added all hydrogen atoms to the
protein.30 Gasteiger charges were utilized for small molecules.
Heme charges were modified by a separate script using pre-
viously reported values.31 Using AutoDockTools4, generation of
a flexible receptor file containing Thr 302 and the linked tBPA

Table 1. X-ray Data Collection and Refinement Statistics

Crystal Data

complex open closed

space group C121 P212121
unit cell

a, b, c (Å) 193.9, 153.7, 129.7 134.4, 144.5, 229.3

R, β, γ (deg) 90, 122.2, 90 90, 90, 90

molecules per AU 4 8

Data Collection

X-ray source SSRL BL 11-1 SSRL BL 11-1

wavelength (Å) 0.98 0.98

resolution range (Å) 53.43�3.00 98.42�3.50

total observations 203162 163147

unique observations (F > 0) 63932 51302

completeness (%)a 99.4 (99.4) 90.2 (90.2)

redundancya 3.2 (3.1) 3.2 (3.2)

I/σa 7.5 (1.7) 6.5 (2.2)

Rmerge (%)
a,b 9.2 (58.6) 15.6 (57.7)

Refinement Statistics

R-factor (%)c 24.20 20.58

Rfree (%)
c 28.76 28.49

rms bond lengths (Å) 0.008 0.004

rms bond angles (deg) 1.351 0.889

Number of Atoms

proteind 14020 (101.4) 28357 (74.6)

hemed 172 (76.8) 344 (62.6)

tBPAd 52 (79.1) 104 (62.2)

Cymal-5d 160 (111.6) NA

sucrosed 92 (105.0) NA

waterd NA 8 (43.3)
aValues for the highest resolution shell are in parentheses. b Rmerge =
[∑h∑i|Ih � Ihi|/∑h∑iIhi] where Ih is the mean of Ihi observations of
reflection h. c R-factor and Rfree = ∑ )Fobs| � |Fcalc )/∑|Fobs| � 100 for
95% of the recorded data (R-factor) and 5% of data (Rfree).

dAverage B-
factors (Å2) are in parentheses.
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allowed the adduct to move freely during docking runs; the
remainder of the protein was contained in a rigid receptor file.
The docking experiment for each substrate included 100 events
with a box size of 25 Å � 25 Å � 25 Å centered 10 Å above the
heme iron.
Dynamic Light Scattering (DLS) of tBPA-Modified 2B4.

DLS was used to determine the aggregation state of tBPA-con-
jugated 2B4 in solution. Buffer conditions were 50 mM potassium
phosphate (pH 7.4 at 4 �C), 500 mM NaCl, 20% (v/v) glycerol,
1 mM EDTA, 0.2 mM DTT, and 1 mM Cymal-5. For a positive
control, bacterial cytochrome P450 eryF (P450eryF) was used,
since it is known to be monomeric in solution. DLS experiments
were performed on a Zetasizer Nano-ZS (Malvern Instruments,
Worcestershire, UK) instrument. The results were analyzed
using the Zetasizer software, assuming a viscosity and refractive
index of 20% glycerol and 80% water to approximate the solution
conditions.
Deuterium Exchange Analysis. Optimization of the 2B4

fragmentation conditions for DXMS experiments was previously
completed, and the preparation of deuterated samples and sub-
sequent DXMS analysis was carried out as previously described.32

Briefly, 5 μL of protein sample (190 μM, unlabeled or labeled 2B4)
was combinedwith 15μLof deuteratedCMelution buffer (50mM
potassiumphosphate (pH7.4 at 4 �C), 500mMNaCl, 20%glycerol
(v/v), 1 mMEDTA, 0.2 mMDTT, and 1 mMCymal-5 in D2O).
After incubation at 0 �C for 10, 100, 1000, 10 000, and 100 000 s,
the reaction was quenched by addition of 30 μL of ice-cold quench
solution (1.6M guanidine hydrochloride in 0.8% (v/v) formic acid,
pH 2.2�2.5). The samples were then transferred to ice-cooled
autosampler vials, frozen on dry ice, and stored at�80 �C. Frozen
samples were transferred to the dry ice-containing sample basin
of the cryogenic autosampler module of the DXMS apparatus.
Samples were thawed on ice and immediately passed over a
protease column (66 μL bed volume) filled with porcine pepsin
at a flow rate of 100μLmin�1with 0.05% (v/v) TFA for a 40 s diges-
tion. Proteolytic products were directly collected by a C18 column
(Vydac cat# 218MS5105, W.R. Grace and Co., Columbia, MD)

and then eluted with a linear gradient of 0.046% (v/v) TFA, 6.4%
(v/v) acetonitrile to 0.03% (v/v) TFA, 38.4% (v/v) acetonitrile for
30 min. The column effluent was analyzed on an LCQ Classic
electrospray ion trap-typemass spectrometer (Thermo Finnigan,
Inc., San Jose, CA) and an electrospray Q-TOF mass spectro-
meter (Micromass, Manchester, England), and data acquisition
in either data-dependent tandem mass spectrometric mode or
MS1 profile mode. Determination of pepsin-generated peptides
from the resulting MS/MS data sets was facilitated through the
use of SEQUEST (Thermo Finnigan, Inc., San Jose, CA). This
set of peptides was then further examined by specialized software,
DXMS Explorer (Sierra Analytics Inc., Modesto, CA), and all
data processing was the same as previously described.25 Correc-
tions for back-exchange were determined via the methods of
Zhang and Smith.29

Protein Figures. All protein figures were generated using
PyMOL.33

’RESULTS

Closed 2B4-tBPA Structure. The protein backbone of the
closed tBPA-conjugated 2B4 structure is very similar to those of
the previously determined 2B4 complexes bound to 4-CPI,34

1-(4-chlorophenyl)imidazole (1-CPI),35 ticlopidine, or clopidogrel22

as well as the closed 2B4 ligand free structure,32 with an average
rmsd of 0.62 Å (Supporting Information Figure S2A). In the active
site cavity, a strong tube of electron density was found protruding
from the hydroxyl oxygen (OG1) of Thr 302 (Figure 2A) that is
consistent with the size and shape of the previously proposed
2B4-tBPA conjugate (Figure 1).13 During the labeling of 2B4
with tBPA, an oxygenated metabolite of the inactivator forms an
ester bond with OG1 of Thr 302 (Figure 1). The ligand was
modeled to orient the carbonyl oxygen of the ester toward the
heme iron where it can interact with a water molecule that was
observed in the electron density (Figure 2A). In this orientation,
tBPA points toward the B0 helix, making a 31� angle with respect
to the plane of the heme and a 42� angle with helix I. This

Figure 2. Ribbon and stick diagrams showing the active sites of both tBPA-modified 2B4 conformations. Residues found within 5 Å of tBPA make up
the inactivator binding sites. In gray mesh, unbiased Fo� Fc simulated annealing omit maps contoured at 3-σ surround the Thr302-tBPA conjugates. In
all three panels, the A chain of each structure is shown, which is representative of the other protein chains in the asymmetric unit. (A) The active site of
the closed structure surrounds tBPA with Val 104, Phe 108, Ile 114, Phe 115, Phe 206, Ile 209, Phe 297, Ala 298, Glu 301, Thr 302, and Ile 363. There is
also density for a water molecule, which is also shown. Heme and tBPA are depicted as red and gray sticks, respectively and the protein is colored blue.
(B) Dimerization results in a different active site composition. tBPAmakes contact with Arg 98, Trp121, Ser 294, Ala 298, Thr 302, Ile 363, and Val 367.
From the other monomer, Val 216, Phe 217, Phe 220, Pro 221 also interact with tBPA. Heme and tBPA are colored as in (A) and one-half of the protein
dimer is colored in green, while its symmetrical partner is in yellow. (C) An overlay of the two protein conformations highlights the difference in binding
modes for the Thr 302-tBPA conjugate.
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orientation is in agreement with previously performed in silico
experiments that dock unmetabolized tBPA in the 2B1 and 2B4
active sites.12,13 The amino acid side chains making contact
(defined as those within a 5 Å radius) with tBPA in this orientation
are Val 104, Phe 108, Ile 114, Phe 115, Phe 206, Ile 209, Phe 297,
Ala 298, Thr 302, Ile 363, Val 367, and Val 477 (Figure 2A).
Open 2B4-tBPA Structure. Crystals grown in a second

condition were also analyzed by X-ray diffraction and yielded a
structure different from that of closed tBPA-modified 2B4. Signi-
ficant portions of the protein backbone had to be rebuilt dur-
ing modeling of the second tBPA 2B4 adduct structure due to
differences compared to the molecular replacement solution.
The B/C loop, F-G cassette, C-terminus of helix H, and
N-terminus of helix I of the solution, all corresponding to known
plastic regions,36 did not fit the density of the initial map. Upon
rebuilding to fit the electron density, the protein was found to
dimerize by burying the largely hydrophobic F0 helix of one chain
in the active site of the opposite monomer (Supporting Informa-
tion Figure S2B). similarly to the previously determined 1-phe-
nylbenzylimidazole (1-PBI)37 and bifonazole36 complexes of
2B4. In this conformation, the B/C loop extends upward and
slightly away from the active site. Additionally, after an ∼180�
turnaround in the B/C loop, a longer than usual B0 helix was
observed to span from Pro 106 to Ala 116 before connecting to
the C helix. The C helix was found in a conformation more
similar to the closed structures than to those of the two other
dimerized forms of 2B4. The F-G cassette also differed signifi-
cantly from the initial model. The F helix begins to unwind at Phe
203 and extends toward its dimer pair. Stretching from Phe 212
to Phe 220, the F0 helix of one chain packs against the tBPA
molecule and a small portion of the I helix of the other chain.
Once the F0 helix terminates, the backbone meanders back
toward the G helix. As observed in the other 2B4 dimers, the
G helix is angled upward, away from the I helix, to allow for the
F0 helix of the other monomer to enter the active site cavity.
Furthermore, the H and I helices alter their conformations as
well. The H helix is a half turn shorter than in the closed
structures and turns slightly upward at its C-terminus, rising
toward the I helix. The I helix of this conformation begins at Pro
279 and is one and a half turns longer at its N-terminus than the
closed forms of 2B4. It also bends upward toward the G helix.
As in the closed structure, electron density connected to OG1

of Thr 302 is consistent with the size and shape of the proposed
2B4-tBPA conjugate (Figure 2B). However, in contrast to the
closed structure, there is no evidence in the electron densitymaps
for a water molecule above the plane of the heme. The orienta-
tion of tBPA in the open structure points the inactivator toward
the N-terminus of the C helix, where it lies almost parallel to the
heme plane, but maintains the angle with respect to the I helix
observed in the closed structure. Residues that were found within
5 Å of tBPA are Arg 98, Trp 121, Ser 294, Ala 298, Thr 302, Ile
363, and Val 367. Because of the dimerization, Val 216, Phe 217,
Phe 220, and Pro 221 from the F0 helix of the other monomer
also contact tBPA (Figure 2B).
Several whole or partial Cymal-5 molecules as well as four

sucrose molecules (one per chain) were also observed in the
electron density and modeled.
DLS Reveals That tBPA-Modified 2B4 Is a Monomer.

To determine which conformation observed by X-ray crystal-
lography occurred in solution, DLS was used to determine the
aggregation state of the modified enzyme. DLS results of tBPA-
conjugated 2B4 and P450eryF are summarized in Table 2. The

hydrodynamic radii and molecular weights of the aggregate are
shown in the first two columns. Because of estimations made to
calculate these values, they should be considered approximate.
The third column shows the molecular weights of the monomer
calculated from the amino acid sequence. The ratio of the second
and third columns is shown in the last column to compare the
aggregation states of monomeric P450eryF to tBPA-conjugated
2B4. The ratio of 2B4-tBPA was similar to monomeric P450eryF,
suggesting that the modified 2B4 is also a monomer under these
conditions. Previous results using analytical ultracentrifugation38

have shown that unlabeled 2B4 is monomeric under similar
conditions. Additionally, results from DLS experiments using un-
labeled 2B4 under these monomeric conditions (unpublished
results) were consistent with those observed with tBPA-labeled
enzyme.
Deuterium Incorporation Shows Differential Solvent Ex-

posure uponCovalent Labeling of 2B4.To give further insight
into the conformation of tBPA-modified 2B4 in solution, we used
DXMS, which correlates amide proton�deuterium exchange and
solvent accessibility. Covalent labeling of the protein by tBPA
caused slowing of the deuteration rate across the plastic regions of
the enzyme as seen previously in the enzyme when bound to
4-CPI (Figure 3A).32 The greatest difference in deuteration rates
across the B0- and C-helices for tBPA labeled protein and protein
in the presence of 4-CPI compared to enzyme alone is at 1000 s.
Across the F-G cassette, 2B4 in the presence of 4-CPI shows the
greatest difference in deuteration rates at 10 000 s, but in tBPA
labeled protein the greatest difference is at 1000 s. This difference
in deuteration rates could be explained by the exchange of 4-CPI
between bound and unbound states, while tBPA is covalently
attached to the protein, not forming an “unbound” state. Further-
more, in addition to changes in deuteration rates across the plastic
regions of 2B4, tBPA labeled protein also exhibits slowed deutera-
tion rates across the A0, A, E, H, and I helices, the H/I loop, and β-
strands β1�1, β1�2, β1�3, β1�4, β1�5, β2�1, and β2�2. Further-
more, the changes in deuteration rates between ligand-free and
tBPA-labeled protein appear to be biphasic across time. Labeling
causes immediate slowing across the N- and C-termini, the A0, B0,
C, F, F0, G0, and H helices, the N-terminal end of the G helix, the
C-terminal end of the I helix, and the C/D and H/I Loops
(Figure 3B). These portions of the protein show continued
differences through the 1000 s time point. After that time, the A
and E helices, the C-terminal end of the G helix, and the β-strands
show varying levels of differences in deuteration rates between the
unlabeled and labeled protein conditions (Figure 3C).
Ligand Docking. In order to explore the structural basis for

the previously reported partial activity of tBPA-modified 2B4
toward several substrates,13 we utilized computer aided docking
of 7-EFC or testosterone into the active site of the open structure

Table 2. Analysis of DLS

hydrodynamic

radius

(nm)a

molecular weight

of the aggregate

(kDa)a

molecular weight

of the monomer

(kDa)b ratioc

2B4-tBPA 4.01 86.8 54 1.6

P450eryF 3.60 67.2 45 1.5
aHydrodynamic radii and the calculated molecular weight were deter-
mined assuming a viscosity and refractive index. bThemolecular weights
were calculated using the amino acid sequences of truncated 2B434 and
P450eryF.

46 cThe ratio between the calculated MW of the aggregate and
the theoretical MW of the monomer.
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of 2B4-tBPA. These experiments resulted in multiple complexes
with similar energy between�5.6 and�7.2 kcal mol�1 for 7-EFC
(100modeling events) and between�6.8 and�9.0 kcalmol�1 for
testosterone (99 modeling events). In both cases, a large number
of models showed movement of tBPA away from the heme
regardless of substrate proximity to the heme: 44 for 7-EFC and
52 for testosterone. The substrates were docked within 5 Å of the
heme iron in 17 poses with 7-EFC and 11 poses with testosterone.
For testosterone, the substrate was within 5 Å of the heme iron in
11 poses, andC16was positioned within 5 Å of the heme iron (∼4
Å) in five poses (Figure 4A). C2 was with 5 Å of the heme iron in
three poses (Figure 4B). In the case of 7-EFC, fourmodels showed
O13 within 5 Å of the heme iron (Figure 4C); if the cutoff is
expanded to 6 Å, nine models are included.

’DISCUSSION

Nearly 30 years have elapsed since the first description of
covalent modification of the protein moiety of a P450 by an
inactivator.39 Despite the interest in MBI as a probe of P450
function and the long list of P450 structures available in the PDB,
we now present the first two structures of a mammalian P450
with a bound adduct. The two 2B4 conformations reported here
highlight the pronounced flexibility of P450s 2B, where several
different enzyme conformations have been previously observed
by X-ray crystallography in the presence of a variety of ligands.
This is the first time that two crystal forms of the same
mammalian P450 complex have been reported in two distinct
protein conformations.

Figure 3. Effects of labeling on hydrogen�deuterium exchange of 2B4. (A) Difference in deuteration level of ligand-free 2B4 and tBPA-labeled 2B4 is
shownwith slowing in blue and acceleration in red and darker colors indicating greater magnitude of change, as indicated by the color bar. Each bar under
the primary sequence is divided into rows corresponding to each time point from 10 to 100 000 s (top to bottom). (B) Difference in deuteration levels
after 1000 s mapped onto the closed tBPA-modified 2B4 structure. (C) Difference in deuteration levels after 10 000 s mapped onto closed tBPA-
modified 2B4 structure.

Figure 4. Ribbon and stick depictions of results of ligand docking into the open tBPA-modified 2B4 structure. These experiments show that a flexible
Thr 302-tBPA adduct is able to rotate away from the heme to give testosterone or 7-EFC access to the heme iron. Known points of oxidation were found
within 5 Å of the heme iron in several poses. These were (A) carbon 16 of testosterone in five poses, (B) carbon 2 of testosterone in three poses, and (C)
oxygen 13 of 7-EFC in four poses.
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Comparison of the open (dimeric) and closed (monomeric)
forms of tBPA-modified 2B4 shows that the enzyme retains its
previously observed plasticity34,36,37 in the presence of the
covalent label and reveals movement of tBPA while attached to
Thr 302 in the active site. A previous in silico study utilized
another closed form of 2B4 (the 4-CPI complex) and docked
unmetabolized tBPA that was not linked to Thr 302. Analysis of
those results showed that tBPA binds above the heme plane in
the active site of 2B4 while making contact with several residues
found within a 5 Å radius. These are Ile 101, Val 104, Ile 114, Phe
115, Ile 209, Phe 297, Ala 298, Glu 301, Thr 302, Ile 363, Gly 366,
Val 367, Pro 368, and Val 477.13 Not surprisingly, that analysis
most closely agrees with the results of the closed tBPA-modified
2B4 structure reported here. In the closed crystal structure, tBPA
makes a smaller angle with the heme plane compared to that in
the previous docking study, which yields a slightly different list of
contact residues. Val 104, Phe 108, Ile 114, Phe 115, Phe 206, Ile
209, Phe 297, Ala 298, Glu 301, Thr 302, Ile 363, Val 367, and Val
477 were all found within 5 Å of bound tBPA. The orientation of
tBPA in the closed crystal structure also allows for an interaction
between the carbonyl oxygen and a water molecule bound to the
heme iron. The presence of this water molecule bound to the
heme iron is supported by previously reported low-spin reso-
nance Raman20 and EPR spectra.40

The conformations of the majority of active site residues in
this closed form of 2B4-tBPA are unchanged when compared
with other closed 2B structures. However, there are three
residues that differ. Glu 301, which sometimes points into the
active site (as in the 4-CPI complex), is directed out of the active
site in the tBPA-conjugated structure. This places Glu 301 within
hydrogen bonding distance of His 172, a known interaction
partner. Additionally, a pair of Phe residues (206 and 297) adopts
a conformation where Phe 206 points into the active site, while
Phe 297 points out. This is consistent with the 1-CPI and
clopidogrel structures, but opposite to the three other closed
structures (4-CPI and ticlopidine complexes, and one of the two
ligand-free structures), where Phe 297 points in and Phe 206
points out. The flipping of these Phe residues appears to occur to
accommodate the ligands in the active site. In the case of tBPA,
the “in” orientation of Phe 297 would clash with the tert-butyl
and phenyl groups of the inhibitor.

A comparison of this closed form of 2B4-tBPA with the open
tBPA-labeled 2B4 crystal structure reveals a distinctly altered
protein state. The open form is dimerized as observed in pre-
vious structures of 2B4 bound to the large inhibitors 1-PBI and
bifonazole. Dimerization of 2B4-tBPA leads to significant
changes in the orientation of tBPA and the residues with which
it makes contact in the active site. Val 104, Phe 108, Ile 114, Phe
115, Phe 206, Ile 209, Phe 297, and Val 477 are no longer found
within van der Waals contact distance. Also, the orientation
of the inactivator is such that Arg 98, Trp 121, and Ser 294
are now within contact distance. This dimerization appears
to be unique to the CYP2B subfamily, and its physiological
relevance is currently unknown. However, movement of the
F-G region to create more open structures has also been
observed in bacterial CYP101A1,41CYP101C1,42 andCYP101D2,43

suggesting a mechanism used by a variety of P450s to allow for
substrate access or perhaps to alter the size and shape of the
active site.

To correlate how the two distinct crystal forms of tBPA-
modified 2B4 relate to the behavior of the enzyme in solution, we
utilized DXMS. Recently, deuterium exchange coupled with

mass spectrometry has been used to show that ligand-free 2B4
adopts a predominantly open conformation in solution, while
binding of the small molecule 4-CPI slowed the deuteration rates
of the protein32 across previously defined plastic regions,36 which
translates to a predominantly closed conformation in solution.
Coupled with the DLS results, DXMS experiments show that the
enzyme is monomeric under the conditions of the DXMS
experiment and that the labeled enzyme is primarily a closed
monomer in solution the majority of the time. However, the two
crystal structures suggest an equilibrium exists between the open
and closed forms of the labeled enzyme.

With compact conformations of the B/C loop region and F-G
helical cassette, and the active site residues packing well against
the covalent ligand, the closed form of the labeled enzyme leaves
essentially no room for substrate binding and catalysis (Figure 2A).
Therefore, the open form may be more pertinent to explaining
the previously reported partial enzymatic activity.13 However,
the positioning of the tBPA probe in the active site of this open
form leaves questions about substrate access to the heme. In the
crystal structure of this conformation, tBPA is seen laying flat
against the heme due to the presence of the F0 helix from its
dimer pair (Figure 2B). This would suggest that even when there
is sufficient space for a substrate to bind, no catalysis could occur
because substrates would lack access to the redox center of the
enzyme. However, comparison of the open and closed structures
provide physical evidence that tBPA is able to occupy different
positions in the 2B4 active site (Figure 2C). Furthermore,
docking experiments using the monomer of the open form, in
the absence of its partner’s F0 helix in the active site, show that
free rotation of chemical bonds of the Thr 302-tBPA (Figure 1)
adduct allow for the inactivator to move upward to give both
testosterone (Figure 4A,B) and 7-EFC (Figure 4C) access to the
heme. In these experiments, testosterone was able to orient itself
with carbon 16 or carbon 2 within 5 Å of the heme iron in five and
three poses, respectively. These results are consistent with
previous reports that 2B4 oxidation of testosterone results
primarily in 16R and 2R hydroxylation.44 Additionally, four
poses showed 7-EFC oriented with oxygen 13 within 5 Å of
the heme iron, which is in agreement with the O-de-ethylation
activity of enzymes in P450 families 1, 2, and 3.45 These results
imply that there could exist other conformations of open forms of
2B4-tBPA that would allow other substrates to enter the active
site in the proper orientations, resulting in partial activity.

In conclusion, the crystal structures of tBPA-modified 2B4
provide definitive evidence for the covalent modification of the
highly conserved threonine residue Thr 302 by tBPA during
mechanism-based inactivation. As shown in Figure 2, the OG1
atom of Thr 302 is covalently linked to the terminal carbon of the
acetylenic group via an ester bond. Although a number of pre-
vious studies pointed to Thr 302 as the possible site for chemical
modification by acetylenic compounds, no direct evidence was
provided until recently.13 In particular, these crystal structures
reveal the structural changes that occur upon covalent adduction
of tBPA to Thr 302 and provide insight for the partial activity of
the tBPA-modified 2B4. It seems that the remarkable conforma-
tional plasticity of 2B4 rescues the partial enzyme activity by
allowing substrate entrance in an open conformation. Further-
more, these crystal structures are consistent with the previous
in silico studies for predicting the potency of tBPA; the close
proximity of the terminal carbon of tBPA to both the heme iron
and the hydroxyl oxygen of Thr 302 renders the vulnerability of
Thr 302 for chemical modification. Conversely, this unique
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binding mode can also be explored for rational design of potent
mechanism-based inhibitors by targeting this highly conserved
Thr 302.
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