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ABSTRACT: Structures of human cytochrome P450 2B6 and rabbit cytochrome
P450 2B4 in complex with two molecules of the calcium channel blocker amlodipine
have been determined by X-ray crystallography. The presence of two drug molecules
suggests clear substrate access channels in each P450. According to a previously
established nomenclature, amlodipine molecules were trapped in access pathway 2f in
P450 2B6 and in pathway 2a or 2f in P450 2B4. These pathways overlap for part of the
length and then diverge as they extend toward the protein surface. A previously
described solvent channel was also found in each enzyme. The results indicate that key
residues located on the surface and at the entrance of the substrate access channels in
each of these P450s may play a crucial role in guiding substrate entry. In addition, the
region of P450 2B6 and 2B4 involving helices B′, F, F′, and G′ and part of helix G is
substantially more open in the amlodipine complexes than in the corresponding 4-(4-
chlorophenyl)imidazole complexes. The increased active site volume observed results from the major retraction of helices F, F′,
and B′ and the β4 sheet region located close to the binding cavity to accommodate amlodipine. These structures demonstrate
novel insight into distinct conformational states not observed with previous P450 2B structures and provide clear evidence of the
substrate access channels in two drug-metabolizing P450s. In addition, the structures exhibit the versatility that can be exploited
via in silico studies with other P450 2B6 ligands as large as raloxifene and itraconazole.

Cytochrome P450 (P450) enzymes make up a superfamily
of monooxygenases involved in the metabolism of a vast

array of xenobiotics.1 In addition to their critical role in drug
clearance, these heme-containing enzymes are involved in the
biosynthesis of steroids and prostaglandins and can also oxidize
a wide variety of endogenous fatty acids.2 X-ray crystal
structures and biochemical analysis of cytochromes P450
have led to a wealth of information regarding their substrate
specificity and conformational flexibility.
The anchoring of microsomal P450s into the membrane

occurs primarily via an N-terminal transmembrane segment,
although the enzymes retain membrane binding properties even
upon removal of this domain.3 Our laboratory has used N-
terminally truncated and engineered constructs of P450 2B
enzymes with internal mutations to achieve the increased
solubility, purity, and stability required for biophysical and
structural studies.4 Various techniques such as site-directed
mutagenesis, isothermal titration calorimetry, and deuterium-
exchange mass spectrometry have been employed previously to
characterize the members of the 2B subfamily, primarily rat
P450 2B1 and rabbit P450 2B4.5−7 Additionally, as a result of
its superior solubility compared with those of other 2B

enzymes, P450 2B4 has been an excellent model for X-ray
crystallography. To date, a total of 12 structures of P450 2B4
have been determined. There are six structures that represent
closed conformations of the enzyme in complex with small
imidazole inhibitors, the antiplatelet drugs ticlopidine and
clopidogrel, and the covalently bound mechanism-based
inactivator tert-butylphenylacetylene.8,9 There are also two
distinct ligand-free structures, one open and one closed,7,10 as
well as one expanded11 and three intermediate9,12 conforma-
tions with various inhibitors.
Of the 57 human P450 enzymes identified, P450 2B6

contributes extensively to the metabolism of pharmaceuticals
that include bupropion, efavirenz, propofol, selegiline, and
artemisinin.13 Moreover, human P450 2B6 is known for its
polymorphic nature, with Q172H and K262R representing the
most common amino acid substitutions. Years of research
efforts spent on expression, purification, and crystallization have
recently led to the determination of the structure of a human
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P450 2B6 genetic variant in complex with the nonpharmaceut-
ical ligands 4-(4-chlorophenyl)imidazole (4CPI), 4-benzylpyr-
idine (4BP), and 4-(4-nitrobenzyl)pyridine (4NBP), yielding
details about the rearrangement of active site residues to
accommodate small inhibitors.14,15 However, information about
the conformational behavior of P450 2B4 and 2B6 in the
presence of bulkier ligands and/or clinical drugs has been
lacking. Interestingly, recent structural analysis of bacterial
P450cam revealed distinct conformational states of the protein in
the presence or absence of ligand and demonstrated the role of
certain secondary structural elements in the conformational
changes.16

The substrate access or exit channels that connect the
protein surface to the deeply buried active site have been
defined previously in several P450s using X-ray crystallography
and molecular dynamics (MD) studies. The structure of P450
2C8 revealed channels on either side of helix B′ extending to
the solvent from the buried active site,17 while the P450 2E1
structure described the location of the channel as being
between the B−B′ loop, the β1 sheet system, and beneath
helices F′ and G′.18 However, in the vitamin D 25-hydroxylase
P450 2R1 structure, vitamin D3 enters the active site via a
channel between helices G and I, the B′ helix, and the B−C
loop,19 whereas helices B′ and F and the β1 sheet region form
such an access channel in the cholesterol hydroxylase P450
46A1 structure.20 In addition, the recent structural analysis of
Cyp51 revealed substrate access channels near the F−G loop,
helix A′, and the β4 loop.21 It is noteworthy that MD
simulations of P450 2C9 and P450 3A4 demonstrated opening
and closing of several putative substrate access and exit
channels.22,23 Our understanding of substrate access−egress
channels was advanced substantially by the recent determi-
nation of structures of dual ligand complexes of P450 24A1,
P450 101D2, P450 21A2, and P450 2A13.24−27 The second
ligand molecule was located at a distal site in a channel
extending to the protein surface near the B−B′ loop, β1 sheet,
and F−G loop in P450 24A1; near helices B′ and F/G and the
F−G loop in P450 101D2; between the β1−β2 and β3−β4 loops
and helix F′ in P450 21A2; and close to the β4 sheet system,
above the K′−L loop in P450 2A13. Accordingly, the existing
evidence suggests that the diversity of substrate access channels
results from intrinsic differences in the P450s as well as
structural differences among the substrates.
An intriguing feature of P450 2B enzymes is the ability to

bind ligands of widely diverse size and shape. This may reflect
not only the flexibility of the active site but also the dynamic
nature of the access channel(s). To elucidate how substrates
can gain access to the buried active site in human P450 2B6 and
rabbit P450 2B4 and to determine the conformational flexibility
in the presence of larger drugs, X-ray crystallography studies
were initiated using P450 2B4a in complex with amlodipine
(Figure 1 of the Supporting Information). Amlodipine is a
calcium channel blocker drug used in the treatment of
hypertension and coronary artery disease and has been
previously shown to inhibit human P450 2B6 with high
affinity.28,29 Subsequently, P450 2B6b was crystallized in the
presence of amlodipine. The resulting structures reveal
substrate access channels with two molecules of drug bound
to both the rabbit and human P450 2B enzymes and
demonstrate the movement of the structural elements
important for substrate access and binding.

■ MATERIALS AND METHODS

Materials. Amlodipine besylate was obtained from Sigma-
Aldrich (St. Louis, MO). CHAPS was from Calbiochem (EMD
Chemicals, San Diego, CA). CYMAL-5 (5-cyclohexyl-1-pentyl-
β-D-maltoside) was acquired from Anatrace (Maumee, OH).
Nickel-nitrilotriacetic (Ni2+-NTA) acid affinity resin was from
Thermo Scientific (Rockford, IL). Macroprep CM cation-
exchange resin was received from Bio-Rad Laboratories
(Hercules, CA). Amicon ultrafiltration devices were from
Millipore (Billerica, MA). The pGro7 plasmid was from Takara
Bio (Shiba, Japan). Escherichia coli JM109 and TOPP3 cells
were from Stratagene (La Jolla, CA). Crystal Screen HR2-110
and the Wizard II crystallization screen were from Hampton
Research (Aliso Viejo, CA) and Emerald Biosciences (Seattle,
WA), respectively. 3(R)-Hydroxy-7(R),12(R)-bis(ethyloxy)-
cholane (234-chol) is a custom-made facial amphiphile.30 All
protein figures were created using PyMOL.31 BKchem version
0.13.0 (2009, http://bkchem.zirael.org/index.html) was used
for drawing the chemical structure of amlodipine.

Expression and Purification of Rabbit P450 2B4 and
Human P450 2B6. Cytochrome P450 2B4 was heterologously
expressed as described previously.7 Briefly, an overnight Luria-
Bertani broth culture of E. coli TOPP3 cells containing the
cDNA for 2B4dH(H226Y) in the pKK2B4 plasmid was used to
inoculate Terrific broth in the presence of tetracycline and
ampicillin. Terrific broth cultures were grown until A600 reached
approximately 0.7 at 37 °C. Isopropyl β-D-1-thiogalactopyrano-
side and δ-aminolevulinic acid were added to final concen-
trations of 0.5 and 1 mM, respectively, and protein expression
was induced for 72 h at 30 °C. Cells were harvested by
centrifugation at 4000g and resuspended in 10% of the original
culture volume in buffer containing 20 mM potassium
phosphate (pH 7.4 at 4 °C), 20% (v/v) glycerol, 10 mM 2-
mercaptoethanol (BME), and 0.5 mM phenylmethanesulfonyl
fluoride (PMSF). The cell suspension was treated with
lysozyme (0.3 mg/mL) for 2 h at 4 °C and centrifuged at
8000g. The resulting spheroplasts were then resuspended in 5%
of the original culture volume in buffer containing 500 mM
potassium phosphate (pH 7.4 at 4 °C), 20% (v/v) glycerol, 10
mM BME, and 0.5 mM PMSF and sonicated on ice. The
detergent CHAPS was added to a final concentration of 0.8%
(w/v), and the sample was stirred for 90 min at 4 °C before
being subjected to ultracentrifugation for 45 min at 245000g in
a Beckman Coulter Optima L-80 XP Ultracentrifuge using a Ti
50.2 rotor. The concentration of P450 in the supernatant was
measured using the reduced CO difference spectra.32

Histidine-tagged P450 2B4 was purified using nickel affinity
chromatography in the presence of CHAPS. The protein-
bound Ni2+-NTA column was washed using buffer containing
100 mM potassium phosphate (pH 7.4 at 4 °C), 100 mM
NaCl, 20% (v/v) glycerol, 10 mM BME, 0.5 mM PMSF, 0.5%
CHAPS, and 5 mM histidine. The protein was eluted using the
buffer described above containing 50 mM histidine. The P450-
containing fractions were pooled and quantitated as described
above prior to being diluted in buffer with 5 mM potassium
phosphate (pH 7.4 at 4 °C), 20% (v/v) glycerol, 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.2 mM dithiothreitol
(DTT), 0.5 mM PMSF, and 0.5% (w/v) CHAPS. The protein
was then loaded onto a Macroprep CM column that was
washed using the buffer containing 50 mM potassium
phosphate (pH 7.4 at 4 °C), 20 mM NaCl, 20% (v/v) glycerol,
1 mM EDTA, and 0.2 mM DTT and eluted with the buffer
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described above containing 500 mM NaCl. Protein fractions
containing protein of the highest quality as measured by the
A417/A280 ratios were pooled, and the P450 concentration was
measured using the reduced CO difference spectra.32

Heterologous expression of P450 2B6 was conducted in E.
coli JM109 cells containing the pKK2B6dH (Y226H/K262R)
plasmid. In addition, GroEL/ES chaperones (pGro7 plasmid)
were co-expressed with the pKK2B6 plasmid as described
previously.15,33 The purification protocol was exactly the same
as that described above for P450 2B4 except that 150 μM
amlodipine from a stock solution in DMSO was included in all
the buffers used throughout the purification of P450 2B6.
Crystals of the P450 2B6−amlodipine complex were not
obtained without such inclusion of amlodipine during the
purification procedure.
Crystallization and Data Collection. Two milliliters of

each pooled sample of P450 2B4 and P450 2B6 from the ion-
exchange column was diluted to 18 μM in 50 mM potassium
phosphate (pH 7.4 at 4 °C), 500 mM NaCl, 500 mM sucrose, 1
mM EDTA, and 0.2 mM DTT. Amlodipine was added to a
final concentration of 180 μM. P450 2B4 and P450 2B6 were
concentrated to 550 and 280 μM, respectively, by centrifuga-
tion using 50 kDa molecular mass cutoff Amicon Ultrafiltration
devices. The protein aliquots were again diluted to 18 μM with
the buffer described above containing amlodipine at a
concentration of 180 μM. This process was repeated twice
before each aliquot was concentrated to final concentrations of
550 and 280 μM, respectively. The concentrated protein
samples were supplemented with 4.8 mM CYMAL-5 and
0.077% (w/v) 234-chol15 before crystallization. Crystal screen-
ing for P450 2B4 and P450 2B6 was performed by the sitting
drop vapor diffusion method. Crystals of P450 2B4 were
obtained from the Wizard II screen (Emerald Biosciences) at
18 °C after the protein had been incubated for 7 days at a 1:1
ratio with the precipitant containing 1 M K/Na tartrate, 0.1 M
Tris (pH 7), and 0.2 M Li2SO4.
Crystals of P450 2B6 grew over a period of 1 month after the

protein had been incubated at 18 °C in a 1:1 ratio with the
precipitant containing 0.2 M sodium acetate trihydrate, 0.1 M
Tris-HCl (pH 8.5), and 30% (w/v) PEG4000 using Crystal
Screen HR2-110 from Hampton Research. Crystals of P450
2B4 and P450 2B6 were transferred to mother liquor
containing 20% (v/v) sucrose as a cryoprotectant before
being flash-frozen in liquid nitrogen. Crystallographic data were
collected on each P450 crystal remotely at Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 11-134

(2B4) and 7-134 (2B6) using 1° oscillations over 240 frames
and 20 s exposures using a Marmosaic 325 CCD detector for
the P450 2B4 crystal and a Quantum 315 CCD detector for the
P450 2B6 crystal at 100 K. Crystals of P450 2B4 diffracted to
2.25 Å, while crystals of human P450 2B6 diffracted to 2.8 Å.
Data were integrated using iMOSFLM35 and scaled via SCALA
in CCP4i.36

Structure Determination and Refinement. To deter-
mine the structure of P450 2B4, coordinates of the closed
ligand-free P450 2B4 structure (PDB entry 3MVR) were used
as a search model in the molecular replacement program
Phaser37 in CCP4i. The space group was determined to be
P3121, and Matthews coefficient determination suggested the
presence of one molecule in the asymmetric unit with 67.8%
solvent content. The output model from Phaser was submitted
to rigid body and restrained refinement in REFMAC,38 and
COOT39 was used to further build the model using Fo − Fc and

2Fo − Fc electron density maps contoured at 3σ and 1σ,
respectively. The library description for amlodipine was created
using the PRODRG server.40 Iterative model building and
refinement was continued until the R factor and Rfree stopped
improving. The overall geometry of the structure analyzed by
MOLPROBITY41 ranked in the 98th percentile among
structures of comparable resolution, with no Ramachandran
outliers or bad bond lengths or angles. The final model of the
crystal structure contains protein residues 28−492, with the
terminal histidine residue being a part of the larger C-terminal
His tag. There were 206 water molecules found in the model,
and a single CYMAL-5 detergent molecule was observed in the
hydrophobic pocket near residues Phe202 and Phe296. In
addition, during refinement, two alternate conformations of the
amlodipine chlorophenyl ring were observed in the molecule
ligated to heme. Residue 136, located within the C−D loop
region, which was previously shown to interact with
cytochrome P450 reductase,42 was disordered in the final
model. This was probably due to high mobility and is consistent
with several other P450 2B4 structures. Moreover, density for
residue 48 was missing, as was part of density for the side
chains of R49 and R73, which thus were not modeled.
Coordinates and structure factors were deposited as PDB entry
3TMZ. The refinement statistics for the structure described
above are summarized in Table 1.
The structure of P450 2B6 was determined using the

automated molecular replacement pipeline Balbes.43 The space
group was found to be P212121, containing 52.3% solvent,
assuming two monomers per asymmetric unit. A solution was
determined using the P450 2B6−4CPI structure (PDB entry
3IBD) from the PDB as the search model. The output model
was subjected to a rigid body refinement and a restrained
refinement in REFMAC using the tight noncrystallographic
symmetry options. The water molecules were added manually,
and the iterative process of model building and refinement
yielded the final R factor and Rfree values of 0.24 and 0.29,
respectively. MOLPROBITY41 analysis, which scored the
structure at the 91st percentile among structures of comparable
resolution with no Ramachandran outliers, is presented in
Table 1, along with overall geometry and final refinement
statistics of the structure. The final model of P450 2B6
consisted of residues 28−492 in chain A and chain B as
observed with P450 2B4, and 78 water molecules. Density for
residues 28, 280, and 281 in chain B was poorly defined so they
could not be modeled. The atomic coordinates and structure
factors were deposited as PDB entry 3UA5.

Determination of Substrate Access Channels in P450
2B4 and P450 2B6 and Active Site Cavity Volume
Calculations. The substrate access channels in P450 2B4 and
P450 2B6 were analyzed using CAVER.44 The water, CYMAL-
5, and amlodipine molecules were deleted from the coordinates
of P450 2B4 and P450 2B6 chain A, and the region above the
active site heme iron was chosen as the starting point of access
channel calculation using a 4 Å probe in CAVER. PyMOL31

was used for visualizing the substrate access channels. Active
site cavity volumes of the P450 2B−amlodipine complexes were
calculated using Voidoo,45 and probe-occupied volumes were
determined with a probe radius of 1.40 Å. Because of the
connection between the active site and the substrate access
channel 2f leading to the protein exterior (vide infra), water
molecules were added at the location of the second molecule of
amlodipine to limit the active site to the region surrounding the
first amlodipine.
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Ligand Docking. Docking of amlodipine, raloxifene, and
itraconazole into the amlodipine-bound complexes of 2B4
(PDB entry 3TMZ) and 2B6 (PDB entry 3UA5) was
accomplished by using AutoDock Vina version 1.1.1.46

Residues not modeled into the experimental electron density
were added using COOT, and amlodipine and CYMAL-5
molecules were removed from the file. Experiments were
performed with a rigid receptor molecule, and Gasteiger
charges were utilized for the small molecule. Heme charges
were modified using a separate script to provide previously
reported values.47 The docking experiment included 20 events
with a 70 Å × 70 Å × 70 Å box centered on the heme iron.
Enzyme Inhibition Studies. Rates of O-dealkylation of 7-

ethoxy-4-(trifluoromethyl)coumarin (7-EFC) and 7-methoxy-
4-(trifluoromethyl)coumarin (7-MFC) to the metabolite 7-
hydroxy-4-(trifluoromethyl)coumarin for P450 2B4 and P450
2B6, respectively, were measured using a fluorometric assay. A
reconstituted enzyme system contained P450 2B4 or P450 2B6,
rat cytochrome P450 reductase (CPR), and rat cytochrome b5

48

at a molar ratio of 1:4:2. The reactions were performed in a 100
μL volume containing 50 mM HEPES (pH 7.4), 15 mM
MgCl2, 10 pmol of P450, 40 pmol of CPR, 20 pmol of
cytochrome b5, 50 μM 7-EFC for P450 2B4 or 7-MFC for P450

2B6, and 0−1 mM amlodipine. Reactions were initiated by
adding NADPH after preincubation for 5 min at 37 °C.
Trichloroacetic acid [20% (v/v)] was added to quench the
reaction after incubation for 5 min. In addition, a single reaction
was terminated without the addition of substrate in a control
experiment. An F-2000 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) with a λex at 410 nm and a λem at
500 nm was used to measure the fluorescence, and the IC50
values were determined using the Michaelis−Menten equation
with the scientific package Igor Pro 6.1 (Wavemetrics, Inc.,
Lake Oswego, OR). IC50 values of 2 and 1.6 μM were
determined for inhibition by amlodipine of P450 2B4 and P450
2B6, respectively. These values were similar to the previously
reported values using wild-type P450 2B6.29

■ RESULTS
Structural Analysis of Complexes of P450 2B4 and

P450 2B6 with Amlodipine. Crystal structures of P450 2B4
and P450 2B6 were determined in the presence of amlodipine
at 2.25 and 2.8 Å resolution, respectively. The structures
described here displayed the global P450 fold and similar
overall conformation to each other. Unbiased electron density
for the drug amlodipine (Figure 1A,B and Figure 2 of the
Supporting Information) was clearly observed bound to heme
in P450 2B4 and P450 2B6 via the amine nitrogen atom. In
addition, unbiased electron density for another molecule of
amlodipine near the active site was located close to the first
molecule in both enzymes. The second molecule of amlodipine
in P450 2B6 was found in an orientation different from that in
P450 2B4. Attempts to model the second amlodipine molecule
observed in P450 2B4 in the orientation similar to that of the
second amlodipine in P450 2B6 resulted in the B values
becoming worse. The two P450 2B6 molecules present in the
asymmetric unit are identical to each other with a root-mean-
square deviation (rmsd) of 0.1 Å for the Cα atoms between
chains A and B. The complete structures of P450 2B4 and P450
2B6 are shown in panels C and D of Figure 1, respectively.
Panels A and B of Figure 2 show the residues located within

a 5 Å radius of either amlodipine molecule in P450 2B4 or
P450 2B6. The residues found within that radius around the
heme-bound amlodipine molecule in the active site are located
mainly on the B−C loop and helices F and I in each of these
proteins. The orientation of amlodipine and the majority of the
active site residues are identical in both enzymes (Table 1A of
the Supporting Information), except for residues T300 and
C475 in P450 2B4 and R98 and V104 in P450 2B6, which
move out of the 5 Å radius in the other structure. C475 in P450
2B6 and V104 in P450 2B4 have been shown previously to
interact with ligands in the active site in other 2B
structures.49,50 The F206 and F297 side chains, which were
shown recently to rearrange to accommodate various ligands
within the active site of human P450 2B6,15 were found in the
same orientations observed in the respective P450 2B4 and 2B6
4CPI complexes.
The second molecule of amlodipine was sandwiched

between helices F, F′, A′, and A in both P450 2B4 and P450
2B6, suggesting a secondary binding site for the ligand.
Additionally, as listed in Table 1B of the Supporting
Information, 15 residues in P450 2B4 (Figure 2A) and 17
residues in P450 2B6 (Figure 2B) are within a 5 Å radius of this
amlodipine. In P450 2B4, the chlorophenyl moiety and the
ethyl ester of this secondary amlodipine face helices A and A′,
respectively, while the amine nitrogen orients toward the

Table 1. Data Collection and Refinement Statisticsa

2B4 2B6

ligand amlodipine
crystal space group P3121 P212121
crystal unit cell parameters

a (Å) 92.9 58.0
b (Å) 92.9 78.3
c (Å) 152.7 247.3
α = β (deg) 90 90
γ (deg) 120 90

no. of molecules per asymmetric unit 1 2
Data Collectiona

beamline SSRL 11-1 SSRL 7-1
wavelength (Å) 0.98 0.98
resolution range (Å) 38.93−2.25 82.45−2.80
completeness (%) 96.4 (65.0) 90.4 (82.5)
redundancy 6.2 (3.3) 4.3 (3.2)
Rmerge (%) 4.3 (49.8) 13.1 (60.3)
I/σ 13.6 (1.5) 4.7 (1.3)
no. of unique reflections 36346 25912

Refinement
R factor (%) 19.1 24.2
Rfree (%) 25.1 29.4
rmsd

bond lengths (Å) 0.023 0.012
bond angles (deg) 2.085 1.430

no. of atoms [average B value (Å2) in
parentheses]

protein 3694 (48.3) 7379 (50.8)
heme 43 (33.4) 86 (38.2)
proximal amlodipine 28 (47.06) 28 (48.9)
distal amlodipine 28 (80.2) 28 (67)
water 203 (51.2) 78 (36.34)
detergent 34 (86.3) 0

Ramachandran plot (%)
preferred 96.7 94.7
allowed 3.3 5.3

Values for the highest-resolution shell are in parentheses.
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solvent region near the β1−2 sheet. However, in P450 2B6, the
chlorophenyl group of the secondary amlodipine molecule is
facing the heme-bound amlodipine, with its amine group
extending toward the solvent region between helices A′ and F′
and the ethyl ester located near the β1−2 sheet.
Substrate Access Channels Revealed in Mammalian

P450 2B4 and P450 2B6. The different orientations of the

second amlodipine molecule are not explained readily by
differences in amino acid sequences between the rabbit and
human P450 2B enzymes. Because of the location of this
molecule extending to the protein surface in both enzymes, we
hypothesized that the drug was trapped in a substrate access
channel. Similar channels have been identified previously in
several P450 crystal structures using CAVER.44 Recent
computational studies of P450 2C951,52 explicitly described
such channels using a well-defined nomenclature.53 Using
CAVER, a total of three channels in P450 2B4 and two
channels in P450 2B6 were identified, each running from the
active site to the bulk solvent. In both enzymes, the second
amlodipine molecule is poised to enter the active site via an
entrance pathway that lies among helices A′, A, and F′. Inside
each enzyme, the entrance path for amlodipine is surrounded
by helices B, B′, K, and K′ and the β4 loop system, which guide
the substrate into the active site. Residues L43, M46, R48, K/
R49, F/V212, V/L216, and L219 flank this substrate access
channel.
When compared with the corresponding residues of P450

2C9, the access channel observed in P450 2B4 and P450 2B6
closely resembles channel 2f based on the previously defined
nomenclature (Figure 3A,B and Table 2). Channel 2f, which
was mostly closed during P450 2C9 simulations, clearly opens
in P450 2B6 and P450 2B4 for amlodipine access. In P450 2B6,
the primary amine of the second amlodipine molecule faces the
entrance of channel 2f. However, in P450 2B4, the ethyl ester
group of this drug molecule is located near this entrance. When
compared with the respective P450 2B−4CPI complexes, the
patch of hydrophobic residues near the entrance of the channel
(F/V212, V/L216, L219, and F220 on helix F′ and L43 and
L44 on helix A′) is pushed out significantly, opening the region
by more than 6 Å to allow the bulky amlodipine to enter
(panels C and D of Figure 3, respectively). In addition, residues

Figure 1. Unbiased electron density map (green mesh) of the ligand
and structures of P450 2B4 and P450 2B6 in complex with amlodipine.
Heme is colored red and amlodipine cyan. (A) An unbiased Fo − Fc
omit map calculated prior to adding the ligand in the P450 2B4−
amlodipine complex contoured at 3σ shows the presence of electron
density corresponding to amlodipine above the heme. Density
corresponding to an alternate conformation of the chlorophenyl ring
was also observed. In addition, an unbiased Fo − Fc omit map before
the inclusion of the second amlodipine molecule is also shown. (B) An
unbiased Fo − Fc omit map calculated prior to inclusion of amlodipine
in the P450 2B6 complex contoured at 3σ shows the electron density
above the heme. Such unbiased electron density corresponding to the
presence of another molecule of amlodipine is also shown from chain
B. The density for this second molecule of amlodipine in chain A was
partially disordered in P450 2B6. (C) Ribbon diagram of the P450
2B4−amlodipine structure with labeled α-helices (orange) and β-
sheets and loops (yellow). (D) Ribbon diagram of the P450 2B6−
amlodipine structure (chain B) with labeled α-helices (magenta) and
β-sheets and loops (green).

Figure 2. Stereoview of the active site of P450 2B4 and P450 2B6
structures showing residues located within a 5 Å radius of either
molecule of bound amlodipine. Heme and amlodipine are colored red
and cyan, respectively. (A) Active site residues of P450 2B4 depicted
as orange sticks. (B) Active site residues of P450 2B6 depicted as
magenta sticks.
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L51, Q215, and E218, which protrude into the channel in the
4CPI complexes, move out in the amlodipine complexes.
Interestingly, F365 in P450 2B4 flips by more than 60°
compared with the 4CPI complex to make space for the
chlorophenyl ring of the second amlodipine molecule. This
movement also contributes to opening of channel 2f in P450
2B4. Such a marked movement of residue M365 is not
observed in P450 2B6, mainly because of an alternate
conformation of amlodipine. However, the sulfur side chain
of methionine does move out slightly to accommodate the
methyl ester group of amlodipine.
Further analysis revealed a second substrate access channel in

P450 2B4 between helices B′ and G′ near the β1 sheet system
(Figure 4A). Comparison of the corresponding residues lining
the channel entrance with P450 2C9 indicates that this channel

closely resembles channel 2a according to the nomenclature
(Table 2). Additionally, as seen from comparison of Figures 3A
and 4A, channels 2a and 2f start at the same location and then
diverge as they extend toward the protein surface. In the P450
2B4−4CPI complex, channel 2a is blocked by E218 on helix F′
and R73 on the β1−2 sheet, which protrude into the channel
(Figure 4B). The movement of helix F′ as a result of
amlodipine binding displaces E218 in both P450 2B complexes,
which contributes to branching of channels 2f and 2a in P450
2B4 and P450 2B6. However, channel 2a is blocked in the P450
2B6−amlodipine structure (Figure 4C) because of the
orientation of R73. In P450 2B4, the density for the guanidino
group of R73 is missing, but on the basis of the side chain
carbons that are observed, the group must point away from this
channel toward the solvent. This side chain orientation opens
branched out channel 2a in P450 2B4. The presumed high
mobility of R73 likely allows it to avoid any clash with the
primary amine of amlodipine in P450 2B4. Residues lining the
entrance of this tunnel are R73, K100, A102, and E387 on the
β1 sheet system and S221 on helix G′.

Figure 3. Substrate access channel 2f shown in P450 2B4 and P450
2B6 as computed by CAVER, and the residues located at the channel
entrance. Heme is colored red, and amlodipine and 4CPI molecules
are colored cyan and orange, respectively. Tunnels are labeled
according to the previously defined nomenclature.53 In addition,
residue 365 located further in the substrate access channel is also
shown to represent the marked movement of the side chain. (A)
Channel 2f observed in the P450 2B4−amlodipine complex (magenta)
and the residues (yellow sticks) located at the entrance of the channel.
(B) Substrate access channel 2f found to open in the human P450 2B6
amlodipine complex and the residues (yellow sticks) located at the
channel entrance. (C and D) Corresponding residues in the P450
2B4−4CPI (green sticks) and P450 2B6−4CPI (magenta sticks)
complexes, respectively, that protrude into channel 2f of the P450
2B4−amlodipine (yellow) and P450 2B6−amlodipine (magenta)
complexes.

Table 2. Residues and Secondary Structural Elements Located at the Entrance Channels in P450 2B4 and P450 2B6 Along with
the Corresponding Residues in P450 2C9 Proposed Previously

residues lining the access channels

channel P450 2B4 P450 2B6 P450 2C9 secondary structure

solvent S207, E301, R308, V477 S207, E301, R308, V477 C206, E300, R307, F476 helices E, F, and I, β4
sheet

2f P38, L43, M46, R48, F212, V216, L219,
G222

P38, L43, M46, R48, V212, L216, L219,
G222

P37, I42, I45, I47, I215, N218, P211,
P221

helices F′, G′, A′, and A

2a L70, R73, A102, S221, G222 L70, R73, A102, S221, G222 K69, K72, P101, S220, P221 helices F′ and G′, β1
sheets

Figure 4. Substrate access channel 2a as computed by CAVER. (A)
Access channel 2a observed in the P450 2B4−amlodipine complex and
residues located at the entrance near the protein surface shown as
orange sticks. The primary amine of amlodipine (cyan sticks) is seen
to extend near the entrance of channel 2a. (B) Corresponding residues
in the P450 2B4−4CPI complex that need to move shown as green
sticks near channel 2a of the amlodipine complex. (C) Access channel
2a not observed in P450 2B6 mainly as a result of R73 (yellow sticks),
which projects into the channel entrance. The primary amine tail of
amlodipine (cyan sticks) is now seen to extend at the entrance of
channel 2f.
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The solvent channel, which has been described previously in
several MD simulation and structural studies,24,51,54−57 was
located between helices F and I and the β4 loop region near
helix E. A recent study of P450 2C951 predicted that the solvent
channel is used for metabolite egress because of the polar
residues lining the channel. However, this channel may also be
involved in substrate entry. The residues lining the entrance of
this channel in P450 2B4 and P450 2B6 are listed in Table 2
along with the corresponding residues previously suggested in
P450 2C9. In the P450 2B4−4CPI complex, the side chain of
residue F203 protrudes into the solvent channel, while in the
amlodipine complex, F203 flips ∼90° outward to open this
channel, thus creating a large access pathway for the substrate
or metabolite to possibly enter or egress (Figure 3 of the
Supporting Information). In P450 2B6, residue 203 is a
tyrosine and is observed to move ∼30° compared with the
4CPI complex (Figure 4 of the Supporting Information). Again,
this creates significantly more room for larger ligands.
Additionally, residue E474 in P450 2B6 flips away from the
channel by ∼180°, allowing C475 to be closer to the access
path than in the 4CPI complex. Such displacement of E474 in
P450 2B4 by ∼90° is also observed compared with the
respective P450 2B4−4CPI complex, creating an even larger
space for the solvent channel. The roles of E474 and C475 have
been investigated recently in P450 2B4 and P450 2B6,
respectively, using site-directed mutagenesis. The P450 2B4
E474 mutants exhibited a significant change in binding affinity
with several ligands, while the P450 2B6 C475S mutants
showed altered mechanism-based inactivation by 2-oxo
clopidogrel.50,58

Conformational and Active Site Adaptations of P450
2B4 and P450 2B6 upon Amlodipine Binding. An overlay
of the structure of the P450 2B4−amlodipine complex onto the
open ligand-free structure of the protein10 and the closed
conformation of the 4CPI complex49 is shown in Figure 5A.
The closed 4CPI-bound conformation of P450 2B4 is
essentially identical to the closed ligand-free structure (rmsd
of 0.49 Å) as well as the complexes with the drugs ticlopidine or
clopidogrel (rmsd's of 0.37 and 0.32 Å, respectively). Relative
to these closed P450 2B4 structures, the P450 2B4−amlodipine
complex exhibits a substantial displacement of helices F, F′, G′,
and G, which coordinate as a unit, and of helices A′, A, and B′.
Additionally, the β1−1 and β1−2 sheets were also displaced
considerably. The average rmsd between the structure of the
amlodipine complex and the closed 2B4 structures was 0.66 Å,
with the largest differences resulting from the movement of the
secondary structural elements discussed above. A comparison
with the open ligand-free 2B4 structure reveals changes in the
orientations of helices I and C and the G−H and H−I loops, in
addition to similar differences seen in the closed conformation
structures. In the active site, eight additional residues (R98,
F206, I209, S210, P368, and three glycines at positions 299,
366, and 478) compared with the 4CPI complex of P450 2B4
circumscribe the bulkier amlodipine molecule. Interestingly,
each of these additional contact residues has been shown to
contact ligands in the active site in at least one of the previously
determined ligand-bound structures of P450 2B4.59

When compared to the 4CPI complex, the binding of the
much larger amlodipine results in significant alteration of the
size and topology of the active site (Figure 5B,C), yielding an
active site cavity (605 Å3) that is much larger than that
previously observed in P450 2B4 structures such as the 4CPI
complex (253 Å3).8 This difference results from the location

and orientation of the residues that line the heme-binding
pocket region. Cα displacement by ∼2 Å in the amlodipine
relative to the 4CPI complex was observed for S475, G476, and
V477 located near the β4 sheet region in P450 2B4. In addition,
the backbone of residues I101 and V104 and residues I209 and
S210 on helices B′ and F, respectively, were retracted
considerably by ∼1.5 Å compared with those in the 4CPI
complex. Moreover, the cluster of phenylalanine residues F115,
F206, F297, and F365 exhibited marked side chain adjustments
to accommodate amlodipine, and E301 and F365 rotate out in
the amlodipine complex, further contributing to the enlarged
binding cavity.
While structural studies have revealed a range of P450 2B4

conformations, human P450 2B6 has been crystallized only in
the presence of the small inhibitors 4CPI, 4BP, and 4NBP,
resulting in similar closed protein structures. The conforma-
tional changes observed in the P450 2B6−amlodipine complex
when compared with the previously determined closed
conformation structures described above were more pro-
nounced (average rmsd of 0.88 Å) than in P450 2B4. Binding
of amlodipine to P450 2B6 is accompanied by conformational
shifts of the G−H loop and helices A′, A, B′, F, F′, G′, G, and
H (Figure 6A). Moreover, there were marked differences
between the amlodipine and 4CPI complexes of P450 2B6 near
the C-terminal coil (the β3−3 sheet, helix L′, and the β4−1, β4−2,
and β3−2 region), as compared with the corresponding P450
2B4 structures (Figure 5 of the Supporting Information). The
β4−1 and β4−2 sheets observed in the 4CPI complexes of the
respective P450s are now seen as a continuous loop extending

Figure 5. Overlay of P450 2B4 structures. (A) Superimposed
structures of the P450 2B4−amlodipine complex (yellow), P450
2B4 open ligand-free (PDB entry 1PO5) (pink), and 4CPI (PDB
entry 1SUO)-bound (green) structures with secondary structural
elements that are displaced colored as described above. Ligand
molecules were removed for the sake of clarity. (B and C) Overlay of
residues in sticks lining the active sites of the P450 2B4−amlodipine
(yellow) and P450 2B4−4CPI (green) complexes (these panels are
orthogonal views of the same figure). The cavity volume of the P450
2B4−amlodipine complex (green mesh) is increased significantly upon
movement of active site residues. The cavity volume of the P450 2B4−
4CPI complex is shown as red mesh. Amlodipine and 4-CPI molecules
are colored cyan and blue, respectively.
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to the C-terminal end close to the β3−2 sheet in the amlodipine
complexes of P450 2B4 and P450 2B6.
As shown in panels B and C of Figure 6, the active site of the

P450 2B6−amlodipine complex extends to residues F115,
S210, G299, T300, E301, L362, G366, P368, and G478, which
were not found to be a part of the P450 2B6−4CPI binding
pocket. The calculated volume of the P450 2B6 active site
cavity is 755 Å3 compared with the previously observed volume
for the P450 2B6−4CPI complex of 582 Å3.8 Residues I101,
M103, and V104 on helix B′ and I209 and S210 on helix F in
the P450 2B6−amlodipine complex structure are now shifted
out even more compared with those in the 4CPI complex or
the P450 2B4−amlodipine complex, and this contributes to the
significant increase in the cavity dimensions compared with
those of the other structures. Additionally, movement of
residues 474−477 with the Cα atom of E474 and C475
displaced by as much as ∼3 Å expands the volume of the cavity
to accommodate amlodipine within the active site. Differences
in the cavity volume between the two P450 2B6 complexes also
reflect the movement of phenylalanine side chains as observed
with P450 2B4.
Interestingly, the part of the cavity bounded by residues

T300, E301, and T302 on helix I is actually reduced in volume
in the amlodipine structure compared with the 4CPI complex.
Specifically, the side chain of E301 now protrudes into the
cavity observed in the 4CPI complex. Moreover, as observed
previously in the 4BP complex,15 the side chain of L362 swings
in by 90° toward the active site and directs T302 into the
proximity of the amlodipine molecule.
Differences in Specific Amlodipine Interactions

between P450 2B4 and P450 2B6. An overlay of the
P450 2B4− and P450 2B6−amlodipine structures (Figure 6 of

the Supporting Information) resulted in an rmsd of 0.66 Å and
revealed considerable differences in the C−D loop, H−I loop,
C-terminal loop, and β1−1 and β1−2 sheets, which bulge out
more toward the solvent in the P450 2B4 structure (inset of
Figure 6 of the Supporting Information). The only polar
residue interaction evident between the proteins and
amlodipine within the hydrophobic active site is that with
T302. This side chain in the P450 2B4−amlodipine complex
makes a hydrogen bond with the pyridine nitrogen of
amlodipine, while the polar side chain of T302 interacts with
the ethoxy oxygen of amlodipine within the active site of P450
2B6 (Figure 7A,B of the Supporting Information). Moreover,
the distinct orientation of the second amlodipine in the two
structures revealed interesting differences in polar interactions
with this molecule. In P450 2B4, hydrogen bonding occurs
between the primary amine of this amlodipine molecule, which
extends into substrate access channel 2a, and the carboxylate of
E387 on the β1−3 sheet (Figure 7A of the Supporting
Information). Interestingly, the alternate conformation of this
molecule located in substrate access channel 2f in the P450 2B6
structure now allows the polar side chain of Q215 to hydrogen
bond with the pyridine nitrogen and ethoxy oxygen of the
amlodipine (Figure 7B of the Supporting Information).
However, Q215 and the pyridine nitrogen and ethoxy oxygen
of amlodipine contact a water molecule in the P450 2B4
structure.

Ligand Docking. Computer-aided docking was used to
explore the utility of the amlodipine-bound complexes of P450
2B4 and P450 2B6 in predicting protein−ligand interactions of
larger drugs. First, the methodology was validated by docking
amlodipine, which inhibited P450 2B4 and 2B6 with IC50 values
of 2 and 1.6 μM, respectively. Subsequently, two larger
compounds, the selective estrogen receptor modulator
raloxifene (MW = 473.5 g/mol) and the antifungal agent
itraconazole (MW = 705.5 g/mol), were studied. Both have
been shown previously to be among the most potent inhibitors
of P450 2B6.29 As presented in more detail below, amlodipine
runs produced the largest variations in binding site, and
raloxifene runs produced binding events predominantly in the
active site or substrate access channel 2f. While itraconazole
runs largely produced poses with the imidazole end of the
molecule located in the active site, roughly equal numbers of
poses placed the imidazole or the p-chloro of the dichlor-
ophenyl group closest to the heme iron. Representative poses
of P450 2B6 docking experiments are shown in Figure 7.

Amlodipine. As expected, this molecule adopted multiple
poses in the active site and substrate access channels of both
P450 2B4 and P450 2B6; the energy distributions were roughly
equal for rigid poses (−7.4 to −5.4 kcal mol−1 for P450 2B4
and −7.5 to −5.2 kcal mol−1 for P450 2B6). Docking utilizing
P450 2B4 as a receptor produced a variety of poses of a single
molecule of amlodipine. These were distributed (1) throughout
the active site, (2) partially in the solvent access channel, (3) in
substrate access channels 2a and 2f as in the structure, (4) only
in substrate access channel 2f, or (5) in various locations across
the enzyme’s external surface. With P450 2B6 as the receptor,
most poses were (1) in the active site, (2) solely in channel 2f,
or (3) at the interface of substrate access channels 2a and 2f.
The three-lowest affinity poses were located between the C-
and H-helices on the periphery of the enzyme. In each
experiment, the most populated poses that include the one with
the highest affinity for P450 2B4 and P450 2B6 had the

Figure 6. Overlay of human P450 2B6 structures. (A) P450 2B6
complexed with amlodipine and 4CPI (PDB entry 3IBD) super-
imposed onto each other with differences in secondary structural
elements colored yellow and green, respectively. Amlodipine and 4CPI
were deleted for the sake of clarity. (B and C) Overlay of cavity
volume and residues in sticks lining the active sites of P450 2B6−
amlodipine (yellow) and P450 2B6−4CPI (green) complexes (these
panels are orthogonal views of the same figure). The cavity volume of
the amlodipine complex and the 4CPI complex of P450 2B6 are
shown as brown and red mesh, respectively.
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terminal amine nitrogen oriented toward the heme iron in the
active site (Figure 7A).
Raloxifene. For both P450 2B4 and P450 2B6, all poses

were found in the active site, substrate access channel 2f, or at
the interface of these two regions; docked complexes resulted
in similar energy distributions for the two enzymes in the rigid
docking events (−10.1 to −9.4 kcal mol−1 for P450 2B4 and
−10.8 to −9.5 kcal mol−1 for P450 2B6). For P450 2B4,
raloxifene showed approximately equal preference for the active
site or the substrate access channel interface involving mainly
channel 2f. In contrast, raloxifene was found in the active site of

P450 2B6 in the 18 events with the lowest energy, the junction
of substrate access channels 2a and 2f in one event, and at the
interface of the active site and the substrate access channels in
one event. The majority of the clusters within the active site
had either the hydroxyphenyl group or the thiophene group
closer to the heme. Moreover, the thiophene group was facing
the heme iron in the highest-affinity pose with P450 2B4,
whereas P450 2B6 had the hydroxyphenyl group toward heme
in the highest-affinity orientation (Figure 7B).

Itraconazole. This relatively linear molecule adopted
multiple poses in the active sites and access channels of both
P450 2B4 and P450 2B6, and the energy distributions were
comparable for both enzymes (−10.9 to −8.5 kcal mol−1 for
P450 2B4 and −11.5 to −8.5 kcal mol−1 for P450 2B6). Events
with P450 2B4 as the receptor produced 17 poses with part of
the ligand in the active site and the remainder protruding into
substrate access channel 2f or exiting the solvent access
channel; three poses bridged substrate access channels 2a and
2f and did not enter the active site. Similarly, P450 2B6
produced 17 poses, 16 of which entered the active site and one
of the access channels, while one pose was on the distal face of
the protein. With each of the proteins mentioned above, the
highest-affinity pose of itraconazole in the active site had the
imidazole nitrogen facing the heme iron as shown in Figure 7C.

Spectral Binding Titrations. To confirm the orientation of
the first amlodipine molecule, spectral binding titrations were
performed with both P450 2B4 and P450 2B6. As shown in
Figure 8 of the Supporting Information, amlodipine induced a
type II spectrum in P450 2B4 indicative of an iron−nitrogen
coordinate bond. The spectral dissociation constant (Ks) from
three independent experiments was 2.06 ± 0.37 μM for P450
2B4, which is very similar to the IC50. The maximal percent
conversion to the type II complex was 23 ± 3%. P450 2B6
produced a type II spectral change and a binding affinity upon
addition of amlodipine similar to those of P450 2B4 (data not
shown).

■ DISCUSSION
The first structure of human P450 2B6 in complex with a drug
and the P450 2B4 complex determined by X-ray crystallog-
raphy in this study show the existence of substrate access
channels in these enzymes. The detailed information obtained
advances significantly our mechanistic understanding of how
P450s recognize and bind larger drugs and the conformational
changes that a P450 undergoes in the process. Previous in silico
studies of several mammalian and bacterial P450s, including
P450 2C9, P450 3A4, P450 101A1, and P450 2A6,23,51,60,61

have used MD simulations to predict the presence of a
substrate entrance pathway that connects the active site and the
surface of the protein. Channels 2f and 2a in P450 2C9 have
been suggested on the basis of MD simulations to point toward
the hydrophobic core of the membrane and to be involved in
substrate access, whereas the solvent channel is hypothesized to
be involved in metabolite egress. However, substrate access
channel 2f was found mostly closed in the simulations
performed for P450 2C9 and was thought to facilitate wider
opening of the protein by merging with channel 2a.51 A similar
MD study using the P450 2C9 substrate ibuprofen also
suggested that channels 2f and 2a could be important for
substrate binding, whereas the solvent channel is involved in
metabolite release.52 Our X-ray structures indicate that both
amlodipine molecules could have entered the active site via
channel 2f in human P450 2B6 and rabbit P450 2B4 as well as

Figure 7. Representative pose showing amlodipine (cyan sticks),
raloxifene (green sticks), and itraconazole (orange sticks) docking
using the P450 2B6−amlodipine structure shown as a yellow ribbon.
Heme is shown as red sticks. (A) Docking of amlodipine shows the
amine nitrogen oriented toward the heme iron in the highest-affinity
pose consistent with the X-ray crystal structure. (B) Raloxifene
docking with the hydroxyphenyl oriented toward the heme as the
lowest-energy and highest affinity pose located within the active site in
P450 2B6. (C) Depiction of itraconazole with the imidazole nitrogen
facing the heme in the most populous and highest-affinity poses.
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via the additional channel 2a in P450 2B4. However, the
possibility remains that the first amlodipine molecule enters the
protein via several available channels, with the more distal
amlodipine molecule representing a secondary binding site after
the binding of first amlodipine to the heme. The precise role of
the solvent channel lined with several hydrophilic residues
remains unknown; nevertheless, it is accessible for ligands to
enter or exit from protein exterior. Furthermore, results from
computer-aided docking corroborated structural studies and the
use of these channels for substrate access to fit not only
amlodipine into the active site pocket but also other 2B ligands
as large as raloxifene and itraconazole.
Multiple binding of ligands has been observed previously

with P450 3A4−ketoconazole and P450 2C8−9-cis-retinoic
acid complexes, but the second ligand molecule was confined to
the active site and packed on top of the first molecule near the
heme.17,62 Recent structural analysis of P450 2A13 found two
NNK molecules in a closed conformation of the protein.24

From a structural overlay with the current 2B4−amlodipine
complex (Figure 9 of the Supporting Information), it appears
that the second NNK molecule in P450 2A13 is located right at
the interface of the solvent channel and channel 2a. However,
neither channel 2a nor channel 2f was observed in the dual
ligand complex of P450 2A13 as a result of the closing of
helices F, F′, G′, and G and the β4 sheet system, which
retracted as much as 4 Å compared to the current 2B structures
bound to amlodipine. Clearly, the presence of a solvent
channel, which was also observed in the recent P450 2D6
structure,57 suggests a possible route for the entry of ligand into
these enzymes that is located near the β4 sheets and helix F.
Interestingly, the second molecule of 17α-hydroxyprogesterone
in the P450 21A225 complex is in a perfect overlay with the
second molecule of amlodipine in channel 2a of P450 2B4,
further illustrating the use of different substrate access routes in
various cytochrome P450s.
Interestingly, a CYMAL-5 molecule has been shown to be

located at the interface of channel 2f and the surface of the
protein in several P450 2B4 and P450 2B6 structures
determined previously (Figure 10 of the Supporting
Information).14,15,63 In addition, the P450 2B4−ticlopidine
complex shows a different detergent molecule (232-chol)
located at the 2f channel entrance close to helix F′ where
CYMAL-5 has been observed. This is indicative of a putative
surface recognition site in P450 2B4 and P450 2B6 prior to the
entry of ligand into the protein. Positioning P450 2B4 and
P450 2B6 as described previously with P450 2C952 shows that
channels 2a and 2f are located within the membrane (Figure 8),
and the solvent channel is close to the membrane−water
interface. The residues that interact with CPR in the cytosol are
also shown. This representation mimics the mechanism
previously proposed,23,51 where the substrate molecule,
amlodipine in this case, enters access channel 2f (or 2a for
P450 2B4), and the polar metabolite is then released into the
cytosol via the solvent channel. Moreover, membrane insertion
predictions for P450s 2B4 and 2B6 were made using the
Orientations of Proteins in Membranes server.64 The location
of channel 2f pointing toward the membrane further suggests
that this is the major route for the access of the substrate to
P450 2B4 and P450 2B6. Furthermore, a CYMAL-5 molecule
could also be seen pointing from the membrane into channel 2f
upon similar analysis of the 2B4−ticlopidine complex.
In addition to P450 2C9, channel 2a has been suggested via

MD simulation to be one of the channels used for substrate

access in P450 3A456 and proposed as the main ligand exit
channel in some bacterial P450s.60 The opening of channel 2a
in the P450 2B4−amlodipine complex is caused by the shift of
the R73 side chain. In a protein alignment, R73 of P450 2B4
aligns to K72 of P450 2C9 and R47 of P450 BM3, both of
which are proposed to interact with the substrate and play an
important role in recognition at the substrate access channel
entrance.65,66 The side chain of K72 in P450 2C9 makes a
similar turn at the β1−1 and β1−2 sheets,

67 closing channel 2a,
similar to what is observed in P450 2B6 or the closed
conformations of P450 2B4. In addition, recent structural
analysis of rat mitochondrial P450 24A1 in the presence of
multiple detergent molecules showed that membrane-directed
substrate access channel 2a is the major access route.27

Interestingly, F104 in P450 24A1, which was predicted to be
one of the important residues to line the membrane-accessible
substrate access channel described above, aligns with R73 in
P450 2B4.
The availability of the new P450 2B4−amlodipine complex

allows us to extract considerably more detail from two
previously determined structures containing two or more
molecules of imidazole inhibitors.11,12 An overlay of the
structures of the amlodipine and bifonazole complexes revealed
that the position of a second bifonazole molecule coincides
with the entrance of the 2f channel observed in the current
structure (Figure 11 of the Supporting Information). This
structural evidence is supported by a recent computational
analysis that suggested that channel 2f is used for bifonazole
access in P450 2B4.68 Moreover, superimposing the P450
2B4−amlodipine complex and the triple-ligand occupancy
structure of P450 2B4 with 1-biphenyl-4-methyl-1H-imidazole
(1PBI)12 positions one molecule of 1PBI at the entrance of
channel 2a (Figure 12 of the Supporting Information).
Interestingly, the side chain of R73 bulges out toward the
solvent in the 1PBI complex, further supporting our hypothesis

Figure 8. Cartoon of substrate access and solvent channels in P450
2B4 and P450 2B6 based on the current study with the enzymes
anchored to the membrane via N-terminal residues (adopted from ref
52). Amlodipine molecules (blue and cyan) are shown to enter the
protein via substrate access channel 2a or 2f of rabbit P450 2B4 and
channel 2f of human P450 2B6. The possible exit route for metabolites
via the solvent channel (S) is also shown. Residues of CPR (428−453,
magenta) shown previously42 to bind in the C−D loop region
(residues 134−140) are located at the proximal side of the protein
predicted to lie within the cytosol.
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of a putative substrate recognition residue involved in channel
opening. In addition, the open ligand-free structure of P450
2B4 demonstrated a wide opening of channel 2a to allow
another protein molecule into the active site.69 Thus, although
the markedly open conformations observed due to dimerization
of these previous P450 2B4 structures precluded the precise
determination of substrate access channels, the results are very
consistent with the channels that are now apparent from the
P450 2B4−amlodipine complex.
Recent analysis of P450cam structures16 revealed several

conformational states that contained significant differences in
the locations of helices B′, F, and G and the F−G loop and to
some extent helices C, H, and I, which are close to the substrate
access channel. Furthermore, the amlodipine complexes of
P450 2B4 and P450 2B6 display conformational changes largely
similar to those in P450cam. This is in sharp contrast to earlier
studies using imidazoles or ligand-free P450 2B4, which showed
much more wide-open conformations. In that context, it is
noteworthy that recent MD simulations of several P450s
indicate substrate-induced conformational changes that allow
substrate access without a large opening of the protein.70

Analysis of adaptive changes within the hydrophobic active
sites of P450 2B4 and P450 2B6 reveals the polar interaction of
T302 with the inner amlodipine and distinct polar interactions
of E387 and Q215 with the outer amlodipine in P450 2B4 and
P450 2B6, respectively. In addition, residue E218 on helix F′
located at the intersection of substrate access channels 2a and
2f in P450 2B4 is retracted substantially in both enzymes, now
allowing amlodipine access (Figure 13 of the Supporting
Information). Gating of this entrance by movement of E218
allows hydrogen bonding between E387 or Q215 and
amlodipine. Moreover, E218 aligns structurally with E222 in
P450 2D6, which has been proposed recently as the “bait” for
guiding initial substrate binding or entry and proper orientation
for metabolism.57 Interestingly, the E222A mutant in P450 2D6
has exhibited significantly altered ligand binding,71 and the
corresponding polar residue in P450 3A4 and P450 2C9 is
critical for the productive orientation of the ligand.72,73

In conclusion, the crystal structures of drug-metabolizing
enzymes presented here reveal two amlodipine molecules
bound and show several possible substrate access channels in
human P450 2B6 and rabbit P450 2B4. These structures also
provide valuable insight into how active site topology is altered
to accommodate large and/or multiple drug molecules. In
addition to residues E218 and E387 or Q215 described above,
the residues located at the respective substrate access channel
entrance in human P450 2B6 and rabbit P450 2B4 could be
crucial in substrate recognition, and efforts are underway to
explore the functional role of these residues. Finally, these new
structures of P450 2B6 and 2B4 in a conformation with an
enlarged active site are amenable to the docking of larger drug
molecules as demonstrated here and will serve as important in
silico models for the design of novel drugs. Additional crystal
structures of these enzymes with non-nitrogenous ligands will
help explain how enzymes from different species recognize and
bind the same drug.
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■ ADDITIONAL NOTES
aThe initial P450 2B4 X-ray crystal structure was determined
using a truncated and modified protein containing the wild-type
His226. Because of the formation of a dimer involving
coordination of His226 of each monomer with the heme iron
of the other monomer, subsequent biochemical and crystallog-
raphy work utilized the H226Y mutant. In this work, P450 2B4
will refer to P450 2B4dH(H226Y) unless otherwise stated.
bP450 2B6 stands for an N-terminally truncated and modified
and C-terminally His-tagged form of the cytochrome P450 2B6
genetic variant K262R with an internal Y226H mutation.
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