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ABSTRACT

The biochemical, biophysical, and structural analysis of the
cytochrome P450 2B subfamily of enzymes has provided a
wealth of information regarding conformational plasticity and
substrate recognition. The recent X-ray crystal structure of the
drug-metabolizing P450 2B6 in complex with 4-(4-chlorophe-
nyl)imidazole (4-CPl) yielded the first atomic view of this human
enzyme. However, knowledge of the structural basis of P450
2B6 specificity and inhibition has remained limited. In this
study, structures of P450 2B6 were determined in complex with
the potent inhibitors 4-benzylpyridine (4-BP) and 4-(4-nitroben-
zyl)pyridine (4-NBP). Comparison of the present structures with
the previous P450 2B6-4-CPI complex showed that reorienta-
tion of side chains of the active site residue Phe206 on the
F-helix and Phe297 on the I-helix was necessary to accommo-

date the inhibitors. However, P450 2B6 does not require any
major side chain rearrangement to bind 4-NBP compared with
4-BP, and the enzyme provides no hydrogen-bonding partners
for the polar nitro group of 4-NBP within the hydrophobic active
site. In addition, on the basis of these new structures, substi-
tution of residue 172 with histidine as observed in the single
nucleotide polymorphism Q172H and in P450 2B4 may con-
tribute to a hydrogen bonding network connecting the E- and
I-helices, thereby stabilizing active site residues on the I-helix.
These results provide insight into the role of active site side
chains upon inhibitor binding and indicate that the recognition
of the benzylpyridines in the closed conformation structure of
P450 2B6 is based solely on hydrophobicity, size, and shape.

Introduction

Cytochrome P450 (P450)-dependent monooxygenases are a
superfamily of heme-containing enzymes that metabolize a
wide variety of xenobiotics including many drugs (Johnson
and Stout, 2005). The importance of studies of P450 enzymes
is bolstered by their critical role in steroid and prostaglandin
synthesis in humans. P450 catalysis generally occurs
through the insertion of an atom of molecular oxygen into an
organic ligand, often in a regio- and stereoselective manner.
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However, these enzymes are also known for the remarkable
plasticity that enables them to adapt to and accommodate a
broad range of substrates of different size, shape, and stere-
ochemistry (Domanski and Halpert, 2001a; Gay et al.,
2010a). As elucidated by crystallographic studies, substrate
recognition in P450s is enabled through the repositioning of
active site residues and other conformational changes (Wil-
liams et al., 2000). The structural analysis of rabbit P450 2B4
in complex with the drugs ticlopidine and clopidogrel is a
recent illustration of such side chain rearrangement to ac-
commodate the respective ligands within the active site (Gay
et al., 2010b).

Human P450 2B6 metabolizes a large pool of clinically
important drugs including bupropion, efavirenz, cyclophos-
phamide, selegiline, propofol, and artemisinin (Zanger et al.,
2007). Despite major advances in crystallization and struc-

ABBREVIATIONS: P450, cytochrome P450; P450 2B6, an N-terminally truncated and modified and C-terminally His-tagged form of the cytochrome P450
2B6 genetic variant K262R with an internal mutation at position 226; SNP, single nucleotide polymorphism; 4-CPI, 4-(4-chlorophenyl)imidazole; 4-BP,
4-benzylpyridine; 4-NBP, 4-(4-nitrobenzyl) pyridine; 7-EFC, 7-ethoxy-(4-trifluoromethyl)coumarin; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonic acid; 234-chol, 3R-hydroxy-7R,12R-bis({[2-(tri-methylamino)ethyl]phosphoryllethyloxy)cholane; BME, 2-mercaptoethanol; PMSF, phenylmethyl-
sulfonyl fluoride; DTT, dithiothreitol; PDB, Protein Data Bank; RMSD, root mean square deviation; tBPA, tert-butylphenylacetylene.
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tural biology of human P450 enzymes, direct structural in-
formation on P450 2B6 has remained scant. Moreover, the
polymorphic nature of P450 2B6 results in several variants,
including the most common single nucleotide polymorphisms
(SNPs) Q172H and K262R (Zanger et al., 2007), which lead to
differences in protein levels and/or activity among individual
organisms. Detailed information on P450 2B6 structure-ac-
tivity relationships will be required to understand the mech-
anisms of altered protein function.

Over the past decade, more than 10 structures of P450
2B4, which shares 78% amino acid sequence identity with
P450 2B6, were solved, revealing four different conforma-
tions. These include two distinct ligand-free states of protein,
open and closed, as well as other conformations observed in
complex with various inhibitors and drugs (Gay et al.,
2010a). The crystal structures of the open ligand free form
and two inhibitor-bound complexes were in agreement with
the conformational changes observed in solution in recent
hydrogen-deuterium exchange mass spectrometry experi-
ments (Wilderman et al., 2010). Furthermore, the flexible
regions of 2B4 affected by ligand binding were consistent
between the solution studies and X-ray crystal structures.
Until recently, the structures of rabbit P450 2B4 served as a
template for making homology models and for identifying key
residues in human P450 2B6 (Domanski and Halpert, 2001a;
Kumar et al., 2007). The recently determined crystal struc-
ture of a P450 2B6 genetic variant in complex with 4-(4-
chlorophenyl)imidazole (4-CPI) provided a detailed look at
this human enzyme (Gay et al., 2010c), which allowed for the
comparison of two P450 2B structures from different species.
Here, Y226H and K262R mutations were introduced into the
wild-type P450 2B6 construct with an N-terminal truncation
and modifications. These internal mutations were made on
the basis of years of research efforts to improve the stability,
solubility, and yield of this enzyme, making it amenable for
the high expression levels and purity required for crystalli-
zation (Hanna et al., 2000; Scott et al., 2001; Mitsuda and
Iwasaki, 2006; Kumar et al., 2007).

To further our understanding of structure-function rela-
tionships in P450 2B6 and its role in drug metabolism and
interactions, we solved the crystal structures of P450 2B6 in
complex with the inhibitors 4-benzylpyridine (4-BP) and 4-(4-
nitrobenzyl) pyridine (4-NBP). The in vitro inhibition po-
tency of various pyridine inhibitors and other structurally
unrelated compounds has been determined previously using
7-ethoxy-4-trifluoromethylcoumarin (7-EFC) as the sub-
strate with recombinant wild-type 2B6 and also with human
liver microsomes (Korhonen et al., 2007). From these studies,
4-BP and 4-NBP were proposed as potent and selective P450
2B6 inhibitors of potential use in drug design and develop-
ment (Korhonen et al., 2007). Our study compares the struc-
tures of P450 2B6 complexes with 4-BP, 4-NBP, and 4-CPI
structure, enabling us to analyze specific reorientations of
amino acid side chains to facilitate ligand binding within the
mostly hydrophobic active site.

Materials and Methods

Materials. 4-BP and 4-NBP were from Sigma-Aldrich (St. Louis,
MO). CHAPS was from Calbiochem (San Diego, CA). Cymal-5 (5-
cyclohexyl-1-pentyl-B-D-maltoside) was from Anatrace (Maumee, OH).
Amicon ultrafiltration devices were from Millipore Corporation (Bil-

lerica, MA). The Index HT crystal screen was obtained from Hampton
Research (Aliso Viejo, CA). Nickel-nitrilotriacetic acid affinity resin was
from QIAGEN (Valencia, CA). Macro-Prep CM cation exchange resin
was from Bio-Rad Laboratories (Hercules, CA). The pGro7 plasmid was
acquired from Takara Bio (Shiba, Japan). Escherichia coli JM109 cells
were from Stratagene (La Jolla, CA). 3R-Hydroxy-7R,12R-bis({[2-(tri-
methylamino)ethyl]phosphoryl}ethyloxy)cholane (234-chol) is a custom-
made new facial amphiphile (Zhang et al., 2007). All figures were
created using PyMOL (DeLano, 2002). BKchem version 0.13.0 (2009;
http://bkchem.zirael.org/index.html) was used for drawing the chemical
structures of 4-BP and 4-NBP.

Protein Expression and Purification. Heterologous expres-
sion of P450 2B6 was done similarly to a protocol described previ-
ously (Scott et al., 2001). In brief, an overnight Luria-Bertani broth
culture of E. coli JM109 cells containing the pKK2B6 plasmid was
used to inoculate Terrific broth. GroEL/ES chaperones (pGro7 plas-
mid) were coexpressed with the pKK2B6 plasmid containing the
c¢DNA for 2B6 (Y226H/K262R) in the presence of chloramphenicol
and ampicillin. Terrific broth cultures were grown until Ay, reached
approximately 0.7 at 37°C. Protein expression was induced for 72 h
at 30°C by addition of isopropyl B-D-1-thiogalactopyranoside and
S8-aminolevulinic acid to final concentrations of 0.5 and 1 mM, re-
spectively. Cells were harvested by centrifugation 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
BME, and 0.5 mM PMSF. After treatment with lysozyme (0.2 mg/
ml), the suspension was again collected by centrifugation. The re-
sulting spheroplasts were then resuspended in the 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 were sonicated three times for 45 s
on ice. The detergent CHAPS was then added at a final concentration
of 0.8% (w/v), and the solution was allowed to stir for 90 min at 4°C
before it was subjected to ultracentrifugation for 45 min at 245,000g
in an Optima L-80 XP ultracentrifuge using a Ti 50.2 rotor (Beckman
Coulter, Fullerton, CA). The concentration of P450 in the superna-
tant was measured using the reduced CO difference spectra (Omura
and Sato, 1964).

Nickel affinity chromatography was used for the purification of
histidine-tagged 2B6 performed in the presence of CHAPS. Protein
bound to the nickel-nitrilotriacetic acid column was washed using
buffer containing 100 mM potassium phosphate (pH 7.4 at 4°C), 100
mM NacCl, 20% (v/v) glycerol, 10 mM BME, 0.5 mM PMSF, 0.5%
CHAPS, and 5 mM histidine. The protein was eluted using buffer
containing 10 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 50 mM histidine. The pooled P450-containing fractions were
collected and then loaded onto a Macro-Prep CM column. The column
was washed using the buffer containing 20 mM NaCl, and the pro-
tein was eluted with high-salt buffer containing 50 mM potassium
phosphate (pH 7.4 at 4°C), 500 mM NaCl, 20% (v/v) glycerol, 1 mM
EDTA, and 0.2 mM DTT. Protein fractions containing the highest
A 17/A45, ratios were pooled, and the P450 concentration was mea-
sured using the reduced CO difference spectra (Omura and Sato,
1964).

Crystallization and Data Collection. Two milliliters of the
pooled purified protein (150 uM) was diluted to 18 uM in 50 mM
potassium phosphate, pH 7.4, 500 mM sucrose, 500 mM NaCl, 1 mM
EDTA, and 0.2 mM DTT. This solution was divided into two equal
aliquots, and either 4-BP or 4-NBP was added to a final concentra-
tion of 180 uM. To exchange the glycerol with sucrose, the protein
was concentrated to 275 uM by centrifugation using 50-kDa molec-
ular mass cutoff Amicon ultrafiltration devices. The protein was
again diluted to 18 uM with the above buffer containing the respec-
tive ligand at a concentration of 180 uM. This process was repeated
twice before the individual aliquots of the 2B6-4-BP and 2B6-4-NBP
complexes were concentrated to a final concentration of 275 uM. The
concentrated protein was supplemented with 4.8 mM Cymal-5,
0.028% (w/v) 234-chol, and either 1 mM 4-BP or 1 mM 4-NBP.
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Sitting drop vapor diffusion was used to screen crystal conditions
using the Hampton Research Index HT crystallization screen. Crys-
tals of 2B6-4-BP were obtained at 18°C after 5 days of incubating the
protein in a 1:1 ratio with a solution containing 0.2 M ammonium
acetate, 0.1 M HEPES, pH 7.5, and 20% (w/v) PEG 3350. Crystals of
2B6-4-NBP grew over a period of 7 days in a fashion similar to that
described above using a solution containing 0.15 M DL-malic acid, pH
7.0, and 20% (w/v) PEG 3350. The inclusion of the novel facial
amphiphile 234-chol during crystallization trials helped to achieve
high-quality, well diffracting crystals. Tests of another facial am-
phiphile, 232-chol (Zhang et al., 2007), with the same screen gave
crystals, but they diffracted to poor resolution (>6 A). It is notewor-
thy that our attempts to grow crystals in the absence of facial
amphiphiles yielded either no crystals or crystals that are too small
to diffract, similar to our previous observations in the crystallization
of 2B6-4-CPI (Gay et al., 2010c).

Crystals of 2B6-4-BP were transferred to a solution containing 25
mM potassium phosphate, pH 7.4, 250 mM NaCl, 0.5 mM EDTA, 0.1
mM DTT, 0.1 M ammonium acetate, 50 mM HEPES, 10% (w/v) PEG
3350, 2.4 mM Cymal-5, and 500 mM sucrose for cryoprotection. The
crystals of 2B6-4-NBP were transferred to a cryoprotection solution
similar to that described above, which contained 75 mM DL-malic
acid in place of 0.1 M ammonium acetate and 50 mM HEPES.
Crystals were flash-frozen in liquid nitrogen, and the crystallo-
graphic data were collected remotely at Stanford Synchrotron Radi-
ation Laboratory beamline 11-1 (Soltis et al., 2008) using 0.5° oscil-
lations over 180 frames and 10-s exposures. Crystals of 2B6 in
complex with 4-BP and 4-NBP diffracted to 2.1 and 2.8 A, respec-
tively, and the data were integrated using iMOSFLM (Leslie, 1999)
and scaled via SCALA in CCP4 (Collaborative Computational Proj-
ect and Number 4, 1994) (Table 1).

Structure Determination and Refinement. Structure solu-
tions were suggested using the automated molecular-replacement

TABLE 1

Data collection and refinement statistics
Values for the highest resolution shell are shown in parentheses.

Construct 2B6 (Y226H/K262R)

Ligands 4-BP 4-NBP
Crystal space group P3,21 P3,
Crystal unit cell parameters

a=bhbA 76.8 101.9

c, A 201.3 299.5

a=p"° 90 90

vy, ° 120 120

Molecules per asymmetric unit 1 6
Data collection statistics

Beamline . SSRL 11-1 SSRL 11-1

Wavelength, A . 0.98 0.98

Resolution range, A 50.3-2.1 84.6-2.8

Completeness, % 91.7 (92.4) 88.9(78.6)

Redundancy 4.0 (3.8) 2.6 (2.4)

R orger % 12.4 (43) 6.3 (36)

I/o 4.3 (1.7) 9.6 (2.1)

No. of unique reflections 37,630 76,085
Refinement statistics

R factor, % 19.7 21.8

Rioos % 25.0 25.9
RMSDs i

Bond lengths, A 0.022 0.018

Bond angles, ° 1.87 1.719
No. of atoms

Protein 3711 22,228

Heme 43 258

Ligand 13 56

Waters 250 150

Detergent 18 272

Average B factor, A2 23.4 52.7
Ramachandran plot

Preferred, % 98 95.3

Allowed, % 100 99.8

SSRL, Stanford Synchrotron Radiation Laboratory.
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pipeline BALBES (Long et al., 2008). Clearly defined unbiased elec-
tron density for each of the respective ligands was observed in maps
based on the individual output models from BALBES. Library de-
scriptions for the ligands were created using the PRODRG server
(van Aalten et al., 1996). The Matthews’ coefficient suggested the
presence of one molecule in the asymmetric unit for the 2B6-4-BP
structure and six molecules in the asymmetric unit for the 2B6-4-
NBP structure. The output models from BALBES were further sub-
jected to iterative model building with COOT (Emsley and Cowtan,
2004) using F, — F_ and 2F, — F electron density maps contoured at
30 and 1o, respectively. Water and Cymal-5 molecules were located
and added manually, and REFMAC5 (Murshudov et al., 1997) was
used for a rigid body and a restrained refinement until the comple-
tion of the model (Table 1). The final models were validated using the
program MOLPROBITY (Davis et al., 2004), and the overall geom-
etry ranked in the 94th percentile for the 4-BP complex and 98th
percentile for the 4-NBP complex among structures of comparable
resolution. Atomic coordinates and structure factors for the individ-
ual structures were deposited in the Protein Data Bank (PDB entries
3QOA and 3QUS for the 4-BP and 4-NBP complexes, respectively).

Spectral Studies of 4-BP and 4-NBP Binding to 2B6. Titra-
tions were performed in buffer containing 50 mM potassium phos-
phate, pH 7.4, 500 mM NaCl, 1 mM EDTA, 0.2 mM DTT, and 500
mM sucrose. Inhibitors (4-BP or 4-NBP) were dissolved in acetone,
and the total solvent concentration maintained in the titration ex-
periments was less than 1%. Difference spectra were recorded at
room temperature after the addition of the inhibitor (100 uM stock
concentration) to buffer containing 1 uM P450 in a 1-ml reaction
volume on an S2000 single-channel charge-coupled device rapid
scanning spectrophotometer (Ocean Optics, Inc., Dunedin, FL) using
a 1-cm glass cuvette with a magnetic stirring compartment (Hellma
USA, Plainview, NY) as described previously (Gay et al., 2010b). To
determine the spectral binding constants (Kp,) of these high-affinity
inhibitors, the data were fit to the “tight binding” equation: 2AA =
(A, JEQ)) — [Kp + o]l + [Egl + (Kp + ] + [Eo])* — (4[E LD,
where AA was the difference in absorbance between the maxima and
minima, and [E,| and [,] are total enzyme and total inhibitor con-
centrations, respectively (Segel, 1975).

IC;, Determinations. 7-EFC O-deethylation to the metabolite
7-hydroxy-4-trifluoromethylcoumarin was measured using a fluoro-
metric assay. The reconstituted system contained the following re-
combinant proteins at a molar ratio of 1:4:2: 2B6, rat cytochrome
P450 reductase (Harlow and Halpert, 1997), and rat cytochrome b5
(Holmans et al., 1994). The respective inhibitors were dissolved in
acetone, and the total solvent content was maintained below 1% in
the reaction mixture. Each 100-ul reaction mixture contained 50 mM
HEPES, pH 7.4, 15 mM MgCl,, 10 pmol of P450, 40 pmol of cyto-
chrome P450 reductase, 20 pmol of cytochrome b5, 50 uM 7-EFC, and
0 to 100 uM either 4-BP or 4-NBP. NADPH was added to initiate the
reaction after 5 min of preincubation at 37°C. The reactions were
terminated by adding 20% trichloroacetic acid after 5 min of incuba-
tion. A control experiment was performed by quenching the reaction
in the absence of substrate. Fluorescence was measured using an
F-2000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) with
excitation at 410 nm and emission at 500 nm. The IC;, values were
determined using the tight binding equation with the scientific anal-
ysis package Igor Pro 6.1 (Wavemetrics, Inc., Lake Oswego, OR).

Results

Structure of 2B6 (Y226H/K262R) in Complex with
4-BP. The 2B6-4-BP complex crystallized in the P3,21 space
group with one molecule in the asymmetric unit. The struc-
ture of 2B6-4-BP was determined using BALBES, which used
the structure of the 2B4-clopidogrel complex (Gay et al.,
2010b) as the search model from the PDB database (PDB
code 3ME6). The 2B6-4-BP output model was modified to
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reflect the amino acid differences between the 2B4 and 2B6
sequences. The inhibitor 4-BP with the pyridine nitrogen
bound to the heme iron was clearly defined in an unbiased
electron density map, and the inhibitor was modeled just
before the final rounds of refinement (Fig. 1A). The iterative
process of model building and refinement using COOT and
REFMACS resulted in a final R factor and Ry, of 19.7 and
25.0%, respectively (Table 1). The crystal structure of P450
2B6 bound to 4-BP is shown in Fig. 1B. The protein residues
from Gly28 through the first residue of the C terminus,
engineered 4X His tag (His492) were ordered except for the
stretch from Phel36 to Argl40. Moreover, the mutations
Y226H and K262R, which were introduced for enhanced sol-
ubility and stability, as described previously (Gay et al.,
2010c), were also clearly defined in the electron density. As
observed in the 2B6-4-CPI complex, the polymorphic muta-
tion K262R forms hydrogen bonds with residues Thr255 and
Asp266 to possibly help stabilize the G/H loop. The model
also contains 249 water molecules and two partially occupied
molecules of Cymal-5. The density for the maltose group was
not observed for one Cymal-5 molecule located near Phe220
and Phe223, and the density for only the cyclohexane ring
was observed for the other molecule of Cymal-5 in the hydro-
phobic pocket near residues Leu43, Val212, and Leu216.

Structure of P450 2B6 (Y226H/K262R) in Complex
with 4-NBP. Six molecules in the asymmetric unit were
present in the 2B6-4-NBP structure, which crystallized in
the P3, space group. BALBES selected the 2B6-4-CPI com-
plex (Gay et al., 2010c) as the most closely related structure
from the PDB database (PDB code 3IBD). Unbiased electron
density from REFMACS5 clearly showed that 4-NBP bound to
the heme iron in chain B (Fig. 1C). However, in the other five
copies, 4-NBP displayed varying degrees of disorder with
partial density for the inhibitor. Density for the anionic nitro
group of 4-NBP was not present in chains D and E, and the
density for the nitrobenzyl moiety was missing in chains A
and C. The density for 4-NBP was the poorest in chain F, and
the ligand was not modeled in the active site. Despite these
differences in the degree of order of 4-NBP, the six copies of
the protein were very similar (RMSD of 0.144 A in a Ca
overlay). The crystal structure of 2B6-4-NBP is shown in Fig. 1D.

Overall, residues from Gly28 to His492 were observed in
the final model in chains A, B, C, D, and E, whereas chain F
consisted of residues Gly28 to I1e486. As in the 4-BP struc-
ture, residues from Phel36 to Argl40 were disordered in
each chain of this structure. Of interest, these residues lie
within the C-D loop region of 2B6, which was previously
reported to interact with cytochrome P450 reductase (Bum-

Fig. 1. Electron density maps and
structures of 4-BP and 4-NBP bound
to 2B6. Heme is shown in red, and the
inhibitors 4-BP and 4-NBP are shown
in blue and magenta sticks, respec-
tively. A, an unbiased F —F_ omit map
calculated before inclusion of the in-
hibitor in the 2B6-4-BP structure con-
toured at 30 shows electron density
corresponding to 4-BP above the
heme. B, ribbon diagram of 2B6-4-BP
complex structure. Labeled a-helices
are shown in orange and B-sheets are
shown in cyan. Two partial Cymal-5
detergent molecules are shown in yel-
low sticks. C, a similar F—-F_, omit
map for the 2B6-4-NBP structure
(chain B) contoured at 3o shows elec-
tron density corresponding to 4-NBP
above the heme. D, ribbon diagram of
the 2B6-4-NBP complex (chain B). La-
beled a-helices are shown in orange and
B-sheets are shown in cyan. Two Cy-
mal-5 detergent molecules are shown in
yellow sticks.
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pus and Hollenberg, 2010). Arg262 was observed interacting
with the same residues as in the 2B6-4-BP and 2B6-4-CPI
structures.

Comparison of the 2B6-4-BP and 2B6-4-NBP Struc-
tures. With their predominant a-helical domains aligning
very closely, the closed conformation structures of 2B6 in
complex with 4-BP and with 4-NBP are nearly identical, with
an RMSD of 0.302 A in a Ca overlay. A total of 14 residues,
located mainly on the B/C loop and helices F and I, found
within a 5 A radius of either 4-BP or 4-NBP make up the
active site of the enzyme (Fig. 2A). These include all the
residues previously shown to interact with the ligand in
the 2B6 and 2B4 complexes with 4-CPI (Scott et al., 2004;
Gay et al., 2010c) and additional residues Leu362 in the
2B6-4-BP and Phel08 in the 2B6-4-NBP structures, respec-
tively. The heterocyclic nitrogen of the pyridine ring bound to
heme in the 2B6-4-BP structure rotates by approximately 90°
in the 2B6-4-NBP structure. Moreover, the benzyl group of
4-NBP shifts by approximately 40° to accommodate the ad-
ditional polar nitro group, and this displaces residue Phe108
away from its observed location in the 2B6-4-BP structure
(Fig. 2A). Such positioning of the nitrobenzyl group of 4-NBP
allows for inclusion of an additional active site residue,
Phe108, located within the 5 A radius from the ligand. The
lack of any hydrogen bonding partners to interact with the
nitro group could help explain the poor electron density ob-
served for the nitro and nitrobenzyl groups in chains A, C, D,
E, and F in the 2B6-4-NBP structure. Furthermore, small
movements of residues Phel08, Phell5, Phe206, Phe292,
and Phe297 compared with the 2B6-4-BP structure result in

A
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an increase of active site cavity volume from 279 A3 in 2B6-
4-BP to 344 A3 for 2B6-4-NBP, as calculated by VOIDOO
(Kleywegt and Jones, 1994). The change in cavity volumes
resulted mainly from the movement of the above residues to
accommodate the bulkier 4-NBP ligand in the active site.
However, the side chain of Leu362 in the 2B6-4-BP structure
also protrudes by approximately 90° toward the active site
and pushes Thr302 in close proximity to the pyridine ring of
4-BP (Fig. 2A), which further reduces the active site cavity
volume in the 2B6-4-BP structure.

Comparison with the 2B6-4-CPI Structure. An overlay
of 2B6-pyridine and 2B6-4-CPI structures results in RMSDs
of 0.66 and 0.54 A for the 2B6-4-BP and 2B6-4-NBP struc-
tures, respectively. The differences between the structures of
the 2B6-4-CPI complex and the 2B6-4-BP and 4-NBP com-
plexes result mainly from movement of residues within the
active site to accommodate the different ligands. Phe297 on
the I-helix, which protrudes into the active site in the 2B6-
4-CPI structure, moves away to make space for the kinked
structures of 4-NBP and 4-BP. This forces Phe206 on the
F-helix to move by approximately 90° toward Val477 (Fig.
2B). In the 2B6-pyridine inhibitor complexes, Vall04,
Phell5, and Glu301 are located within a 5 A radius of the
ligand but were found slightly outside of this radius in the
2B6-4-CPI structure. In addition, the side chain of Glu301 in
the 2B6-4-BP and 4-NBP structures flips out of the active site
and contacts a water molecule as seen in the 2B6-4-CPI
structure.

Spectral Binding and Enzyme Inhibition Studies.
Addition of 4-BP and 4-NBP yielded type II difference spectra

Fig. 2. Superimposed structures of 2B6
complexes in stereo view showing active
site residues in sticks found within a 5-A
radius of the ligand. Heme is shown in
red, and 4-BP, 4-NBP, and 4-CPI ligands
are shown in purple, yellow, and cyan,
respectively. A, an overlay of the 2B6-
4-BP (orange) and 2B6-4-NBP (green)
structures showing the binding of 4-BP
and the accommodations near Phe108 re-
quired for binding of the more polar
4-NBP. The residues that comprise the
binding site in both complexes are Ile101,
Vall04, Ile114, Phell5, Phe206, I1e209,
Phe297, Ala298, Glu301, Thr302,
Leu363, Val 367, and Val477. New active
site residues were identified in each struc-
ture: Leu362 for the 2B6-4-BP complex
and PhelO8 for the P450 2B6-4-NBP
complex. B, superposition of the 2B6-
4-BP (orange) and 2B6-4-CPI (yellow)
structures highlighting the differences in
the orientation of active site residues, par-
ticularly the side chains of Ilel01,
Phel15, Phe206, and Phe297.
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with a peak at 423 nm and trough at 411 nm. The tight
binding equation was used to determine the spectral binding
constants for 4-NBP and 4-BP. 2B6 binds both ligands with
comparable K, values of 0.21 and 0.16 uM for 4-BP and
4-NBP, respectively (Table 2). Moreover, the K;, values ob-
tained with this 2B6 (Y226H/K262R) mutant used for crys-
tallization were similar to those determined previously in
wild-type 2B6 (Kumar et al., 2007). The IC;, values for
inhibition of 2B6-catalyzed 7-EFC O-deethylation were 0.18
pM for BP and 0.09 uM for NBP (Table 2), which correspond
well with the previously observed values using wild-type
cDNA-expressed 2B6 (Korhonen et al., 2007).

Discussion

Until recently, crystallographic studies of P450 2B en-
zymes were mainly focused on rabbit 2B4 because of its
optimal solubility and stability during purification and crys-
tallization. A series of crystal structures of 2B4 identified the
active site residues that are involved in substrate recognition
and ligand binding. In the closed structures of 2B4 in com-
plex with 4-CPI and 1-CPI, residues contacting the ligand
include Ilel101, Vall04, Ilel114, Phell5, Phe206, Ile209,
Phe297, Ala298, Glu301, Thr302, Ile362, Val367, and
Val477, which are mainly hydrophobic except for Glu301 and
Thr302 (Scott et al., 2004; Zhao et al., 2007). The correspond-
ing residues in the active site of 2B6 deduced from the 4-CPI
complex were essentially the same, with the only substitu-
tion occurring at residue 363, which is Ile in 2B4 and Leu in
2B6. In addition, the structure of 2B6 in complex with 4-CPI
revealed similarities in the orientations of side chains in-
volved in binding the inhibitor compared with the 2B4—4-
CPI complex. The structures of 2B6 in complex with the
potent and selective inhibitors 4-BP and 4-NBP show rear-
rangement of amino acid side chains, particularly those of

TABLE 2

Determination of K and IC;, values for 2B6 (Y226H/K262R) with 4-
BP and 4-NBP

Ligand Kp IG5
M
4-BP 0.21 =0.09 0.18 = 0.06
|
-~
N
NO,
4-NBP 0.16 = 0.07 0.09 = 0.03

A/

phenylalanine residues within the hydrophobic cavity, with-
out affecting the overall conformation of the protein.

The reorientation of Phe206 and Phe297 side chains, along
with the movement of Phel08, was found to be crucial to
accommodate 4-BP and the bulkier 4-NBP ligand. In the
2B6-4-NBP structure, Phe108 is located within a 5-A radius
of 4-NBP. This residue does not contact ligands in most 2B
crystal structures. However, interactions between Phel08
and covalently bound tert-butylphenylacetylene (tBPA) in
2B4 were observed recently (Gay et al., 2011). Structural
alignment of the active site residues of 2B6-4-NBP with those
in 2B6-4-BP revealed that the side chain of Phe108 in the B/C
loop region sways away from the active site in the 4-NBP
complex to accommodate the nitro moiety of 4-NBP (Fig. 2A).
In the 2B6-4-CPI structure, Phe108 shifts toward the G-helix
to accommodate the movement of Phel15. The benzyl group
of 4-BP points toward residue Phell5 in the active site,
whereas the addition of the nitro group in 4-NBP repositions
this ligand, which points toward Phe108 on the B’-helix. It is
noteworthy that the polarity of the nitro group in 4-NBP did
not result in any major rearrangement of residues, but only
side chain adjustments in the structure including that of
Phel08 located opposite to the I-helix, suggesting that ligand
binding is based solely on hydrophobicity, size, and shape.

Among the other phenylalanine residues in the active site,
Phe206 and Phe297, which were previously shown to be
involved in substrate recognition, adopt conformations simi-
lar to those observed in the 2B4—1-CPI, 2B4-clopidogrel, and
2B4-tBPA structures, in which Phe206 moves into the active
site and Phe297 moves out. In the 4-BP and 4-NBP struc-
tures, this prevents the large aromatic side chains from
clashing with the pyridine inhibitors (Fig. 3). In contrast, in
the 2B6-4-CPI structure and also 2B4—4CPI, 2B4-ticlopi-
dine, and the closed ligand-free 2B4 structures, these two
Phe residues orient themselves in the opposite fashion (Gay

Helix F

Helix |

Fig. 3. Ribbon-and-stick diagram showing the orientation of Phe206 and
Phe297 on the F- and I-helices, respectively, in the P450 2B6 4-CPI and
4-BP structures. The 2B6-4-BP complex is shown in orange with 4-BP in
yellow, and the 2B6-4-CPI structure is shown in green with 4-CPI in
cyan.
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et al., 2010a). Of interest, substitution of Phe304 in P450
3A4, which is equivalent to Phe297 in P450s 2B, with either
alanine or tryptophan has been shown to increase progester-
one hydroxylation (Domanski et al., 1998, 2000). In P450
2B1, which shares 78% sequence identity with 2B6, only
tryptophan substitution yielded a metabolite profile similar
to that of wild-type 2B1, suggesting that an aromatic ring is
required at this location for normal substrate binding (Do-
manski and Halpert, 2001a). The substitution of alanine for
Phe297 in 2B1 also decreased the production of the predom-
inant 7-hexoxycoumarin metabolite [7-(5-hydroxyhexoxy)
coumarin] to half of that seen in the wild type (Domanski and
Halpert, 2001a). Furthermore, a similar study investigated
the role of Phe206 in the 2B1 active site by substituting the
smaller and more flexible leucine residue. This study re-
ported decreased steroid hydroxylation and altered andro-
stenedione and testosterone profiles, with increased proges-
terone oxidation (He et al., 1994). This F206L mutation was
also shown to reduce the rates of alkoxycoumarin O-dealky-
lation compared with that of wild-type 2B1 (Kobayashi et al.,
1998), whereas F206A in 2B4 showed significantly lower
activity toward 7-EFC and thermodynamically unfavorable
ligand binding to 1-CPI than the 2B4 wild-type enzyme (Zhao
et al., 2007).

From the structural alignment of active site residues in
Fig. 2, A and B, it was somewhat surprising to see Leu362
within 5 A of the inhibitor in the active site of the 2B6-4-BP
complex. The side chain of Leu362 flips inward in the active
site and toward the pyridine ring of 4-BP, which now rotates
90° compared with the pyridine of 4-NBP and imidazole ring
of 4-CPI (Fig. 2, A and B). However, this is seen only in the
2B6-4-BP complex, and such movement also pushes residue
Thr302 closer to the ligand than in the other two structures.
In addition, structural alignment of all three 2B6 complexes
revealed that two water molecules now fill the space in the
BP complex otherwise occupied by Leu362 in 2B6-4-CPI and
4-NBP structures. Leu362 has not been observed to interact
with ligands in any of the previously solved 2B4 or 2B6
structures. However, Leu362 was analyzed earlier in 2B1,
and the substitution with either alanine or phenylalanine
caused a dramatic loss in overall activities including steroid
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and 7-alkoxycoumarin oxidation (Domanski et al., 2001b).
Moreover, the corresponding aligned amino acid residue 365
in the closely related P450 2A4 and 2A5 enzymes is impor-
tant for the ability to hydroxylate coumarin, and any mutant
at this position has exhibited altered substrate specificity
(Lindberg and Negishi, 1991).

The active site residue Glu301, with its polar side chain,
contributes to ligand binding in the 2B subfamily as evi-
denced by structural studies. Glu301 in the 2B4-4-CPI
structure protrudes from the I-helix toward 4-CPI, where it
interacts with the free azole nitrogen of the inhibitor (Scott et
al., 2004). In contrast, in the 2B4-1-CPI, 2B4-tBPA (closed),
and 2B4-ticlopidine complexes, the same residue moves out
of the active site and interacts with His172 (Fig. 4A) (Gay et
al., 2010c). In all three 2B6 complexes, Glu301 also flips out
of the active site and interacts with GIn172 (Fig. 4B). In the
2B6-4-BP and 2B6-4-CPI structures, Glu301 also interacts
with trapped water molecules (waters are not resolved in
the 2B6-4-NBP structure) (Fig. 4B). It is noteworthy that the
water molecule interacting with Glu301 also contacts the
nearby Ser304. Of interest, Ser304 is highly conserved
among the 2B subfamily of enzymes (Fig. 5), as well as in
other human P450s including 3A4. Therefore, a hydrogen
bonding network is conserved for the flipped out conforma-
tion of Glu301 that involves direct interaction of Ser304 with
His172 in 2B4 and water-mediated interaction when Gln172
is present in 2B6 (Fig. 4, A and 4). The lack of direct hydrogen
bonding involving Ser304 in 2B6 may weaken the interaction
of the E- and I-helices and influence the orientation of active
site residues on the I-helix. Moreover, residue 172, which is
in close proximity to the active site, is the location of a known
2B6 SNP, resulting in a Q172H substitution (Zanger et al.,
2007). Previous studies involving 2B6 Q172H have shown
decreased catalytic activity for bupropion hydroxylation and
efavirenz metabolism compared with that of the wild type
(Zhang et al., 2011). In addition, in most carriers, Q172H is
associated with another major SNP, K262R, and the Q172H/
K262R variant has shown decreased 2B6 activity and in-
creased plasma concentration of the drug (Desta et al., 2007).

To conclude, the crystal structures of 2B6 in complex with
the potent and selective inhibitors 4-BP and 4-NBP revealed

A

Helix 1 p—

£\

Fig. 4. Ribbon-and-stick representation of structural alignment showing residues 172, 301, and 304 located on helices E and I in 2B4 and 2B6,
respectively. Waters are shown as spheres, and dashed lines indicate hydrogen bonds. A, aligned 2B4 structures in complex with 1-CPI (orange), tBPA
(closed conformation) (green), and ticlopidine (yellow). The hydrogen-bonding network among His172, Glu301, and Ser304 connects helices E and I and
may influence residues in the active site. B, aligned 2B6 structure in complex with 4-CPI (yellow), 4-BP (orange), and 4-NBP (green). A similar
interaction of Ser304 with His172 is not seen because of the substitution of His172 with Gln in 2B6, which may affect the hydrogen-bonding network
connecting the E and I helices that also include residues within the active site.
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1|72 206
|

2Bl 171 FQCITANIICSIVFGERFDYTDRQFLRLLELFYRTFSLLSSFSSQVFEFFSGFLKYF 227
2B4 171 FHSITSNIICSIVFGKRFDYKDPVFLRLLDLFFQSFSLISSFSSQVFELFSGFLKHF 227
2B6 171 FQSITANIICSIVFGKRFHYQDQEFLKMLNLFYQTFSLISSVFGQLFELFSGFLKYF 227
2B11 171 FHSMTANIICSIVFGKRFGYKDPEFLRLMNLFYVSFALISSFSSQMFELFHSFLKYF 227

ARAA, TNV RNRRNNY

Helix E Helix F Helix I Helix G
297 301 3(|)4
| 1

2B1 285 F. PHVAEKVQKEIDQVIGSHRLPTLD 341
2B4 285 F PHVTERVQKEIEQVIGSHRPPALD 341
2B6 285 F. PHVAERVYREIEQVIGPHRPPELH 341
2B11 285 F. PHIAERIYKEIDQVIGPHRLPSLD 341

AARARANNANN RN \

Helix I Helix J Helix J*

Fig. 5. Multiple sequence alignment of the region in P450 2B1, 2B4, 2B6,
and 2B11 showing the location of the SNP at residue 172 on helix E
(magenta) and residues Glu301 and Ser304 on helix I (cyan). The highly
conserved residues Phe206 and Phe297 are shown in red. Secondary
structures, mainly E and I a-helices, as observed from the 2B6 and 2B4
complexes are indicated.

a closed active site comprising amino acid residues that can
vary the conformation of their side chains to allow binding of
diverse ligands. Such structural rearrangement is observed
particularly with the side chains of residues Phe206 and
Phe297 (Fig. 3), which were previously implicated in sub-
strate recognition among other P450s including the 2B sub-
family of enzymes. Moreover, the highly conserved Ser304
may play an important role in substrate binding by forming
a hydrogen-bonding network near the active site. Site-di-
rected mutagenesis with alanine, a non-hydrogen-bonding
residue, may help elucidate the role of Ser304 in substrate
recognition and activity, both in the 2B6 wild type and in the
Q172H variant. Additional crystal structures of 2B6 with
larger ligands will be needed to determine the function of
other residues, including Leu362, not previously observed
within the active site that may contribute to ligand binding
and possibly to observation of more open conformations.
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