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ABSTRACT

Despite the emerging importance of human P450 2B6 in xeno-
biotic metabolism, thorough biochemical and biophysical char-
acterization has been impeded as a result of low expression in
Escherichia coli. Comparison with similar N-terminal truncated
and C-terminal His-tagged constructs (rat P450 2B1dH, rabbit
2B4dH, and dog 2B11dH) revealed that P450 2B6dH showed
the lowest thermal stability, catalytic tolerance to temperature,
and chemical stability against guanidinium chloride-induced
denaturation. Eleven P450 2B6dH mutants were rationally en-
gineered based on sequence comparison with the three other
P450 2B enzymes and the solvent accessibility of residues in
the ligand-free crystal structure of P450 2B4dH. L198M, L264F,
and L390P showed ~3-fold higher expression than P450
2B6dH. L264F alone showed enhanced stability against ther-
mal and chemical denaturation compared with P450 2B6dH

and was characterized further functionally. L264F showed sim-
ilar preferential inhibition by pyridine over imidazole derivatives
as P450 2B6dH. The Leu?®*—Phe substitution did not alter the K
for inhibitors or the substrate benzphetamine, the K,,, for 7-ethoxy-
4-(trifluoromethyl)coumarin, or the benzphetamine metabolite pro-
files. The enhanced stability and monodisperse nature of L264F
made it suitable for isothermal titration calorimetry studies. Inter-
action of 1-benzylimidazole with L264F yielded a clear binding
isotherm with a distinctly different thermodynamic signature from
P450 2B4dH. The inhibitor docked differently in the binding
pocket of a P450 2B6 homology model than in 2B4, highlighting
the different chemistry of the active site of these two enzymes.
Thus, L264F is a good candidate to further explore the unique
structure-function relationships of P450 2B6 using X-ray crystal-
lography and solution thermodynamics.

For decades, cytochromes P450 from the 2B subfamily
have served as a prototype for investigation of the mecha-
nism by which P450s metabolize substrates, especially drugs
and environmental contaminants, of various size, shape, and
polarity. Structure-function relationships of these enzymes
have been studied extensively using chimeragenesis, site-
directed and random mutagenesis, molecular modeling,
X-ray crystallography, and solution biophysics (Domanski
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and Halpert, 2001; Zhao and Halpert, 2007). X-ray structures
of an engineered rabbit P450 2B4dH (N-terminal modified
and C-terminal His-tag) in ligand-free (pdb code 1PO5), 4-(4-
chlorophenyl)imidazole (4-CPI)-bound (pdb code 1SUO), and
bifonazole (BIF)-bound (pdb code 2BDM) forms have pro-
vided structural evidence that the enzyme can undergo large
ligand-induced conformational changes while maintaining
its overall fold (Scott et al., 2003, 2004; Zhao et al., 2006).
Subsequently, solution thermodynamic studies using iso-
thermal titration calorimetry (ITC) with several imidazole
inhibitors of different sizes showed the flexibility of P450 2B4
in accommodating a variety of ligands (Muralidhara et al.,
2006; Muralidhara and Halpert, 2007). These studies provide
important insight into factors that must be considered in
understanding and predicting the binding and metabolism of
drugs by P450 enzymes.

ABBREVIATIONS: Pdb, protein data bank; 4-CPl, 4-(4-chlorophenyl)imidazole; BIF, bifonazole; ITC, isothermal titration calorimetry; 1-Bl,
1-benzylimidazole; 7-EFC, 7-ethoxy-4-(trifluoromethyl)coumarin; TCEP, tris(2-carboxyethyl)phosphine hydrochloride; CYMAL-5, 5-cyclohex-
ylpentyl-B-b-maltoside; GuHCI, guanidinium hydrochloride; 1-Bl, 1-benzylimidazole; LC, liquid chromatography; MS, mass spectrometry; TCEP,
Tris(2-carboxyethyl)phosphine hydrochloride; ITC, isothermal titration calorimetry.
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Human P450 2B6 is expressed at a relatively low level in
liver, comprising 1 to 5% of the total hepatic P450 content
(Guengerich, 2005). Nonetheless, the enzyme has been found
to be a primary or partial catalyst of the metabolism of an
increasing number of important pharmaceuticals including
cyclophosphamide, propofol, promazine, methadone, S-me-
phenytoin, efavirenz, bupropion, imipramine, midazolam, ar-
temisinin, and tamoxifen (Rendic, 2002; Lewis et al., 2004;
Zanger et al., 2007). P450 2B6 also metabolizes environmen-
tal contaminants and mutagens such as aflatoxin B; and
styrene (Nakajima et al., 1994; Code et al., 1997). P450 2B6
is polymorphic, and more than 20 genetic variants have been
identified (Lang et al., 2001; Zanger et al., 2007). The clinical
significance of these polymorphisms is emerging from a
growing number of correlational analyses, in which several
genetic variants of P450 2B6 were found to be linked with
altered metabolism of bupropion (Kirchheiner et al., 2003),
cyclophosphamide (Xie et al., 2003), and efavirenz (Ward
et al., 2003). The most important mutations Q172H and
K262R in variants are associated with altered enzyme
activity (Lang et al., 2004; Zanger et al., 2007). The ability
to predict xenobiotic metabolism and the effects of the
P450 2B6 polymorphism on individual response to medi-
cations and environmental toxicants demands better un-
derstanding of structure-function relationships, especially
using X-ray crystallography and solution biophysics, which
has lagged behind that of other P450 2B species, such as
P450 2B4. In particular, structure-function studies of P450
2B6 have been hindered by its low expression in Esche-
richia coli compared with other P450 2B enzymes (Scott et
al., 2001). Low expression is often accompanied by a high
amount of P420 in the cell extract, leading to difficulty in
purifying the P450 to homogeneity. In addition, low pro-
tein stability confounds both crystallization trials and ITC
studies, which require a large amount of pure and homog-
enous protein samples (10—20 mg for crystallization and
ITC).

Rational engineering has been effectively used to improve
the stability of various proteins such as cyclophilin D (Schlat-
ter et al., 2005), the p53 core domain (Joerger et al., 2004),
and mitogen-activated protein kinase p38a (Patel et al.,
2004), making them amenable for robust biophysical and
structural analysis. The objective of this study was to gain
insight into the basis of the lower expression of P450 2B6 to
enhance expression and stability and allow further investi-
gation of the structure-function relationships by X-ray crys-
tallography and solution biophysical approaches.

Materials and Methods

Materials. 7-Ethoxy-4-(trifluoromethyl)coumarin (7-EFC) was pur-
chased from Invitrogen (Carlsbad, CA). Hydrogen peroxide (H,0,),
NADPH, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 5-cyclo-
hexylpentyl-p-D-maltoside (CYMAL-5), guanidium hydrochloride
(GuHCl), benzphetamine, and all the inhibitors: 4-CPI, BIF, 4-(4-
nitrobenzyl)pyridine, 4-benzylpyridine, 4-phenylimidazole, 1-(2-ben-
zyloxyethyl)imidazole, and 1-benzylimidazole (1-BI) were obtained
from Sigma Chemical Co. (St. Louis, MO). Recombinant NADPH-
cytochrome P450 reductase and cytochrome b5 from rat liver were
expressed in E. coli and prepared as described previously (Harlow
and Halpert, 1997). The molecular chaperone plasmid pGro7, which
expresses GroES/EL (Nakajima et al.,, 1994), was obtained from
TAKARA BIO (Shiba, Japan). Oligonucleotide primers for polymer-

ase chain reaction were obtained from Sigma Genosys (Woodlands,
TX). The QuikChange XL site-directed mutagenesis kit was obtained
from Stratagene (La Jolla, CA). Nickel-nitrilotriacetic acid affinity
resin was purchased from QIAGEN (Valencia, CA), and CM-Sepha-
rose resin was purchased from Bio-Rad Laboratories (Hercules, CA).
All other chemicals were of the highest grade available and were
obtained from standard commercial sources.

Site-directed Mutagenesis. All the site-directed single mutants
were created using P450 2B6dH as the template and appropriate
forward and reverse primers (Table S1, Supplemental Data). To
confirm the desired mutation and verify the absence of unintended
mutations, all constructs were sequenced in the Protein Chemistry
Core Laboratory, University of Texas Medical Branch (Galveston,
TX).

Expression and Purification of P450 2B6dH and Mutants.
In general, P450 2B6dH and mutants were expressed as His-tagged
proteins in E. coli TOPP3 and purified using a Ni-affinity column as
described previously (Scott et al., 2001). For coexpression of P450
2B6dH with chaperone, GroES/EL expressing plasmid (pGro7) and
pKK2B6dH plasmid, which possessed chloramphenicol and ampicil-
lin resistant markers, respectively, were transformed into E. coli
JM109 cells as described recently (Mitsuda and Iwasaki, 2006). The
other procedures for expression were similar to those for expression
in TOPP3 cells, except that additional 25 pug/ml chloramphenicol and
2 mg/ml L-arabinose were supplemented at every step of growth. The
detailed growth and P450 expression conditions in E. coli have been
described earlier (Scott et al., 2001). To measure the expression level
accurately, P450 was expressed in triplicate starting from three
individual colonies in a 40 ml culture. The buffer volume in the
subsequent extraction procedure was 20-25% of the culture volume
as opposed to 5-10% as described earlier (Scott et al., 2001). The
P450 expression in whole cell suspensions was determined by: 1)
centrifuging 5 ml of the culture at 5000 g for 10 min, 2) washing the
pellet in 10 ml of 0.1 M potassium phosphate (KPi), pH 7.4 and 10%
glycerol, 3) re-suspending the pellet in 2.5 ml of the above buffer, and
4) measuring CO-difference spectra using 1 ml of the sample (Jose-
phy and Logan, 2007). Because of high background the measurement
of P450 expression was not sensitive at =100 nmol P450/liter.

P450 2B6dH and L264F for inhibitor binding and isothermal
titration calorimetry (ITC) studies were extracted and purified by
modifying the recently described procedure (Muralidhara et al.,
2006). In brief, the cell extract was loaded onto Ni-NTA resin in the
presence of detergent CYMAL-5. Protein was eluted in a high salt
buffer containing 50 mM KPi, pH 7.4, 500 mM NaCl and 1 mM
TECP, which facilitates subsequent binding to a CM-Sepharose col-
umn. After washing the CM-Sepharose column using low salt buffer,
the protein was eluted using high salt buffer containing 10 mM KPi,
pH 7.4, 500 mM NaCl, 20% glycerol, 1 mM TCEP, and 1 mM EDTA.
Protein was dialyzed twice against the above buffer without glycerol.
The P450 content was measured by reduced CO-difference spectra.
Protein concentrations were determined using the Bradford protein
assay kit (BioRad, Hercules, CA).

Spectral Studies of Ligand Binding. Difference spectra were
recorded using 1 uM P450 on a Shimadzu 2600 spectrophotometer at
25°C as described previously (Muralidhara et al., 2006). In brief,
protein and inhibitor samples were prepared in buffer A (10 mM KPi,
500 mM NaCl, 1 mM EDTA, 1 mM TCEP, and 1 mM CYMAL-5, pH
7.4). The protein sample (3 ml) was divided into two matched quartz
cuvettes, and a baseline was recorded between 350 and 500 nm.
Difference spectra were recorded after the addition of a series of 5-ul
aliquots of inhibitor (100 uwM) or benzphetamine (5 mM) to the
sample cuvette and the same amount of buffer A to the reference
cuvette. The spectral dissociation constants (K,) were obtained by
fitting the data to the equation for “tight binding” 2AA = (AA, ../
[EoD) (Kp + L] + [EoD) + (Kp + (L] + [Ee)? - 4[El[I]))"?) for the
high affinity ligands or to the Hill equation AA = A + AA . [I]"/
(Kp+ ") for the low affinity ligands using KaleidaGraph (Synergy
software), as described earlier (Muralidhara et al., 2007). Benzphet-
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amine binding data were fit to the Michaelis-Menten equation to
derive the K value.

Enzyme Assay. The standard NADPH-dependent assay for
7-EFC O-deethylation was essentially carried out as described pre-
viously (Kumar et al., 2005). Steady-state kinetic analysis of P450
2B6dH and mutants were performed at varying 7-EFC concentra-
tions (0—150 uM). The reconstituted system contained P450 2B6dH,
NADPH-cytochrome P450 reductase, and cytochrome b5 at molar
ratios of 1:4:2. Steady state kinetic parameters were determined by
regression analysis using Sigma Plot (Systat Software, Inc., Point
Richmond, CA). The k., and K, values were determined using the
Michaelis-Menten equation. Each kinetic experiment included P450
2B6dH and mutants in parallel for more accurate comparison of the
data.

Analysis of Benzphetamine Metabolites. Enzyme reconstitu-
tion and analysis of benzphetamine metabolites were performed as
described previously (Kent et al., 2004). In brief, P450 2B6dH and
L264F were reconstituted separately with reductase (2 uM each) at
pH 7.4. Benzphetamine was added to a concentration of 2 mM, and
the reaction was initiated by the addition of 2 mM NADPH. The
reaction was terminated after 30-min incubation at 30°C by adding
8% (w/v) bicarbonate, pH 10. The metabolites were extracted with
ethyl acetate. The extract was acidified with a small amount of acetic
acid and dried under argon. The samples were redissolved in water
and analyzed by electrospray ionization-liquid chromatography
(LC)-mass spectrometry (MS) using a 4000 QTRAP with LC Pack-
ings capillary LC system (Applied Biosystems, Foster City, CA).
Metabolite profiles were monitored using two independent assays
and LC-MS chromatograms using appropriate standards.

Thermal Stability Studies. Inactivation of P450 was monitored
as described previously (Kumar et al., 2006a). The reaction mixture
contained 1 uM protein in 100 mM NaOH-HEPES buffer, pH 7.4.
Thermal inactivation was carried out by measuring a series of ab-
sorbance spectra in the 340- to 700-nm range as a function of tem-
perature between 30 and 70°C with 2.5-5°C intervals and a 3-min
equilibration at each temperature. For inactivation kinetics, the
samples were treated at 45°C, and the spectra (340—-700 nm) were
recorded at different time intervals. Determination of total concen-
tration of the heme protein was done by nonlinear least-squares
approximation of the spectra using a linear combination of spectral
standards of P450 2B4 low-spin, high-spin, and P420 states. All data
treatment and fitting of the titration curves were performed with our
Spectralab software package (Kumar et al., 2006a). Fitting of the
temperature profile and time-dependent inactivation curves was per-
formed by regression analysis using Sigma Plot. The inactivation
profiles were fit to a two-state model to obtain the mid-point of the
thermal transition temperature (7',)) (Kumar et al., 2006a), whereas
a simple pseudo—first-order equation was used to determine the %,
values (Kumar et al., 2006b). Temperature-induced protein denatur-
ation was also followed using tryptophan at A, = 295 nm and A, =
340 nm on a Cary Eclipse spectrofluorometer (multicell Peltier;
Varian, Inc., Palo Alto, CA). The unfolding data points were collected
at every degree between 20°C and 90°C with a 5°C/min scan rate and
a 12-s equilibrium time at each temperature as described previously
(Kumar et al., 2006a). A protein concentration of 5 uM was used in
all the experiments, and the data were fit to a two-state transition to
derive the mid-point of thermal transition (7, ,,,). Because the
process is irreversible, the mid-points are termed apparent.

Catalytic Tolerance to Temperature. The catalytic tolerance
to temperature was studied by incubating enzyme (20 pmol in 20 ul
of dialysis buffer for two assays) at different temperatures (30-70°C)
for 10 min followed by measuring enzyme activity using a 7-EFC
O-deethylation assay as described earlier (Kumar et al., 2006a). The
temperature at which the enzyme retains 50% of the activity (T5,)
was calculated by fitting the data to a two-state model by regression
analysis using Sigma Plot.

GuHCl-Induced P450 Heme Dissociation. P450 heme-dissoci-
ation studies were done using 5 uM protein in 50 mM KP; buffer, pH

Human P450 2B6 with Enhanced Expression and Stability =~ 1193
7.4, and 2 M GuHCI in the same buffer. The proteins were incubated
at various GuHCI concentrations for 1 h at 25°C, and the spectra
were recorded in the 340- to 700-nm range. The differential absor-
bance between 417 and 356 nm was used to calculate the extent of
heme dissociation, and the data were fit to a sigmoidal equation to
obtain the mid-point concentration of GuHCl ([GuHCl],,,) as de-
scribed for P450 Biol (Lawson et al., 2004).

H,0,-Supported P450 Heme Depletion. Determination of the
kinetics of P450 2B6dH heme depletion in the presence of H,O, was
conducted under conditions similar to those described previously for
P450 2B1dH (Kumar et al., 2006a). The reaction was carried out at
25°C in 100 mM NaOH-HEPES buffer, pH 7.4, in a 1-ml semi-micro
spectrophotometric cell with constant stirring using a Shimadzu-
2600 spectrophotometer (Shimadzu, Kyoto, Japan). The reaction
mixture contained 1 uM protein and 60 mM H,0,. Bleaching of the
hemoprotein was followed by measuring a series of absorbance spec-
tra in the 340- to 700-nm range. Each series contained at least 10
spectra. Determination of the total concentration of the heme protein
and data fitting to determine the k%;,,. values were performed as
described under Thermal Stability Studies.

ITC Experiments of 1-BI Binding to P450 2B6dH L264F. ITC
experiments were performed on a VP-ITC instrument interfaced
with a computer for data acquisition and analysis using Origin
software (version 7; OriginLab Corp, Northampton, MA), as de-
scribed previously (Muralidhara et al., 2006). In brief, protein and
ligand samples were preincubated to the required temperature using
a ThermoVac (Microcal LLC) and loaded into the calorimeter cell and
titration syringe, respectively. ITC experiments were done using 50
mM KP; buffer, pH 7.4, containing 500 mM NaCl, 1 mM EDTA, 1
mM TCEP, and 1 mM CYMAL-5. A typical titration schedule in-
cluded addition of 5 ul per injection of 1-BI with 25 injections spaced
at 5-min intervals. The titration cell was continuously stirred at 300
rpm at 15°C. For the first injection only, 2 ul of ligand was added,
and the corresponding data point was deleted from the analysis. The
binding isotherms were best fit to a one-set binding-site model by
Marquardt nonlinear least-square analysis to obtain binding stoichi-
ometry (N), association constant (K,), and thermodynamic parame-
ters of interaction using Origin 7.0 software (Microcal LLC).

Results

Coexpression of 2B6dH with the Chaperone GroEL/ES
and Purification. The low expression of P450 2B6dH (50-75
nM) as a result of rapid inactivation into P420 made it very
difficult to purify the enzyme to homogeneity for biochemical
and biophysical characterization (Scott et al., 2001). Therefore,
effort was made to enhance the expression by coexpressing
P450 2B6dH with the molecular chaperones GroEL/ES, which
yielded a >3-fold enhanced expression. The enzyme was suc-
cessfully purified to >95% enrichment using a modified purifi-
cation procedure as described under Materials and Methods.
The purified P450 2B6dH had: 1) a specific content of ~18 nmol
of P450 per mg of protein, 2) a ratio of Soret absorbance to the
protein band at 280 nm (A,;¢4/Asg,) of 1.6 (Fig. 1A), and 3) a
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Fig. 1. Characterization of purified P450 2B6dH. A, absolute spectrum
(250-700 nm). B, P450 CO difference spectrum (400-500 nm).
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reduced-CO difference spectral maximum at 449 nm with a
minimal shoulder around 420 nm (Fig. 1B). However, the above
modification did not yield P450 2B6dH in large quantity or a
sufficiently homogeneous state for X-ray crystallography or ITC
studies. Therefore, the purified P450 2B6dH was further stud-
ied to investigate the basis of low expression and rapid inacti-
vation into P420 to enhance the expression and stability.

Stability of P450 2B Enzymes. Low P450 expression and
high P420 content are usually associated with low thermal
stability. Therefore, P450 2B1dH, 2B4dH, 2B6dH, and
2B11dH were studied for thermal stability, catalytic toler-
ance to temperature, and susceptibility to GuHCl-induced
denaturation, as described under Materials and Methods.
The results presented in Table 1 (see also Fig. S1 of Supple-
mental Data) show that P450 2B1dH is the most thermally
stable enzyme followed by P450 2B4dH. P450 2B6dH dis-
played the lowest thermal stability. The T, for P450 2B6dH
was ~13 °C lower than the T, of P450 2B1dH. P450 2B11dH
also showed a 10°C lower T, than P450 2B1dH. In the
temperature-dependent protein denaturation monitored by
Trp fluorescence (Fig S1 of Supplemental Data), P450 2B6dH
showed a T, ., of ~3°C less than P450 2B1dH (Table 1).
P450 2B1dH showed the highest catalytic tolerance to tem-
perature followed by P450 2B4dH (Table 1) (see also Fig. S2
of Supplemental Data). The T, of P450 2B6dH was 7.5°C
lower than the T, of P450 2B1dH. The heme-dissociation
assay exhibited 3-fold lower [GuHCl],,, for P450 2B6dH com-
pared with P450 2B1dH (0.41 versus 1.20 M), suggesting that
P450 2B6dH is also less stable against chemical denatur-
ation. Although the relative P450 stability and expression
did not correlate well in the case of P450 2B11dH, the data
suggested that to some extent the lower thermal stability of
P450 2B6dH resulted in lower expression.

Rational Engineering of P450 2B6dH for Enhanced
Expression and Stability. The marked differences in ex-
pression levels and thermal stability of the P450 2B enzymes
provide immediate leads for identification of residues that
may be associated with the lower expression and stability of
P450 2B6dH. P450 2B1dH, 2B4dH, 2B6dH, and 2B11dH
share greater than 75% sequence identity. Residues at 25
positions (58, 82, 103, 119, 129, 130, 154, 193, 197, 198, 212,
213, 214, 262, 264, 271, 284, 326, 341, 350, 354, 373, 374, 390,
and 394) are identical in P450 2B1dH, 2B4dH, and 2B11dH
but different in P450 2B6dH. These residues were mapped
onto the ligand-free structure of P450 2B4dH, and the sol-
vent-accessible surface area of each residue was calculated
using the GETAREA program (Fraczkiewicz and Braun,
1998). Residues at positions 58, 103, 129, 154, 198, 264, 284,
350, 354, 390, and 394 were classified as buried based on the
low solvent-accessible surface area and are shown on a ho-

TABLE 1
Stability of the P450 2B enzymes measured using different methods

mology model of P450 2B6dH (Fig. 2.) On the hypothesis that
some of these residues are associated with low stability
and/or impaired folding of P450 2B6dH, leading to low ex-
pression, we replaced each residue with the corresponding
residue in 2B1dH, 2B4dH, or 2B11dH to create F58L,
M103V, V1291, 1154V, M198L, L264F, S284H, E350D,
Y354H, L390P, and T394S.

Expression and Purification of Engineered P450
2B6dH Mutants. The mutants were first expressed in
TOPP3 cells in a 40-ml culture, and P450 was extracted as
described under Materials and Methods (Table 2). M198L,
L264F, and L390P showed a >3-fold higher expression than
P450 2B6dH in cell extracts. These mutants as well as
Y354H also showed higher expression than P450 2B6dH
when P450 was measured in whole-cell suspension (Table 2).
Therefore, M198L, L264F, Y354H, and L390P were ex-
pressed in the presence of the chaperone GroEL/ES, and
P450 was measured in cell extracts. M198L and L264F
showed ~2-fold higher expression, whereas L390P showed a
>3-fold higher expression than P450 2B6dH. Furthermore,
large-scale expression (>1 liter) in the presence of chaperone
and efficient extraction procedures yielded up to 400 nmol/l
P450 2B6dH and 1000 nmol/l M198L, L264F, and L390P
(data not shown). M198L and L390P showed a specific con-
tent of ~17 nmol/mg of protein and ~10% P420 content,
whereas L264F showed a specific content of 20 nmol of
P450/mg of protein and <1% P420 content.

Steady-State Kinetic Analysis with 7-EFC. Steady-state
kinetic analysis of 7-EFC O-deethylation by M198L, L264F,
and L390P yielded %, values of 1.8, 2.0, and 1.7/min, respec-
tively, compared with 3.0/min of P450 2B6dH. The K, values of
M198L, L264F, and L390P were unaltered compared with P450
2B6dH (36.6, 36.1, and 32.3 versus 30.4 uM).

Stability of P450 2B6dH Mutants. M198L, 1.264F, and
L390P were studied for structural and catalytic stability, and
the results are presented in Fig. 3 and Table 3. L264F
showed ~4°C higher, whereas M198L and L390P showed 2
and 4°C lower T, than P450 2B6dH, respectively (Fig. 3A;
Table 3). Subsequently, the inactivation rate constant of
P450 2B6dH, M198L, L.264F, and L390P was determined at
45°C (Fig. 3B). The k;,, .. for L264F was ~3-fold lower, but for
M198L and L390P 5-fold higher than P450 2B6dH (Table 3).
Likewise, L264F displayed a 1.5°C higher 7\, ,,, than P450
2B6dH (Table 3), further suggesting that L264F is the most
thermally stable P450 2B6dH.

Catalytic tolerance to temperature was also determined for
P450 2B6dH and the mutants. L264F showed ~1°C higher,
whereas M198L and L390P showed >3°C lower T, than
P450 2B6dH (Table 3 and Fig. S3, Supplemental Data).
These results suggest that the improvement in thermal sta-

Standard errors for fit to the respective equations are shown. Results are representative of at least two independent determinations. The variation between the experiments

is =10%.
P450 P450 (HS, LS, P420) Trp Fluorescence Activity Heme Dissociation
T m,app 50 [GuHCl]yj
°C M
2B1dH 61.3 £ 0.2 539 £0.1 52.7 0.3 1.20 = 0.05
2B4dH 58.9+0.3 52.7 0.3 50.8 = 0.4 1.26 = 0.05
2B6dH 48.2 £ 0.2 51.1 £0.1 452 * 04 0.41 = 0.02
2B11dH 514 0.3 N.D. 484 = 0.2 N.D.

N.D,, not determined; HS, high spin; LS, low spin.
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bility of L264F is perhaps caused by a decrease in P450
unfolding rather than a decrease in heme removal. There-
fore, H,0,- and GuHCl-induced heme-dissociation assays
were carried out. L264F showed a negligible decrease,
whereas M198L and L390P showed a ~2-fold increase in
Ripact by HyO4 compared with P450 2B6dH (Table 3 and Fig.
S4, Supplemental Data). Likewise, L264F exhibited a modest
increase, whereas L390P showed a modest decrease in [Gu-
HCI],,, compared with P450 2B6dH (Table 3 and Fig. S5,
Supplemental Data).

Unaltered Functional Properties of L264F. The spec-
tral dissociation constants (K,) of selected imidazole and pyri-
dine derivatives and benzphetamine binding to P450 2B6dH
and L264F were determined (Table 4). Most imidazole and
pyridine derivatives induced type II difference spectra with a
peak around 430 nm and a trough around 400 nm (data not
shown). For the pyridine derivatives, the K, values varied
from 0.07 puM for 4-NBP to 0.53 uM for 4-benzylpyridine.
Likewise, for the imidazole derivatives, K, varied from 0.1

Fig. 2. Homology model of P450 2B6dH based on the crystal structure
of P450 2B4 (pdb code 1SUO). The 11 residues picked for rational
engineering based on the lower accessibility to bulk solvent are
mapped on the structure, and the mutants created are F58L, M103V,
V129L, 1154V, M198L, L264F, S284H, E350D, Y354H, L390P, and
T394S. The molecular graphic was generated using PyMol graphics
(http://pymol.sourceforge.net/).

TABLE 2

Expression of 2B6dH and mutants
Results are the mean *+ standard deviation (n = 3)."

— Chaperone

in TOPP3 Cells + Chaperone in

2B6dH JM103 Cells
Cell Extract Whole Cells Cell Extract
nmol P450/liter
WT 45.3 = 8.3 N.D. 152 £ 9.2
F58L 36.6 = 6.9 N.D. N.Dtmd.
M103V 50.1 = 5.7 N.D. N.Dtmd.
V129L 455 = 2.6 N.D. 141 + 16
1154V 51.3 =21 N.D. N.Dtmd.
M198L 154 = 17 163 = 16 286 = 30
L264F 166 = 32 167 = 21 306 = 12
S284H 28.2 = 12 N.D. N.Dtmd.
E350D 70.5 £ 25 N.D. N.Dtmd.
Y354H 79.4 £ 13 167 = 25 210 = 17
L390P 294 + 27 367 = 54 527 = 29
T394S 69.9 = 13 N.D. N.Dtmd.

N.D., not detectible; N.Dtmd., not determined.
® Data were obtained as a positive control.
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uM for 4-phenylimidazole to 2 uM for 1-BI. Both P450 2B6dH
and L264F showed typical type-I spectra of benzphetamine
binding with K values of 53 and 61 uM, respectively. Rep-
resentative spectra of benzphetamine (Fig. 4B) and 4-CPI
(Fig. 4A) binding are shown. The very similar spectral bind-
ing constants with various inhibitors and benzphetamine
suggested that the Leu?°*—Phe substitution does not per-
turb the active site. Benzphetamine metabolite profiles were
also assayed to study the active site integrity of L264F. As
shown in Fig. 4C, the metabolite profiles of 2B6dH and
L264F were identical, consisting of norbenzphetamine
(226.2) as a major and OH-norbenzphetamine (242.2) and
OH-benzphatamine (256.2) as minor metabolites.
Thermodynamics of 1-BI Binding to L264F. The bind-
ing of 1-BI to L264F was further investigated by ITC to
obtain thermodynamic parameters. Ultracentrifugation ex-
periments showed that P450 2B6dH exists as a mixture of
dimer and higher order oligomers (data not shown). How-
ever, L264F exists as a clear dimer and remains dimeric upon

% P450

30 35 40 45 50 55 60 65

Temperature (°C)

B

100

80
o 60
[Te)
=T
o
=]
= 40
*
20 | A M198L
m  L264F
& L390P
0 T T T T T T
0 5 10 15 20 25 30 35

Time {min)

Fig. 3. A, thermal inactivation of 2B6dH mutants (1 M) monitored by a
decrease in the amount of P450 as a function of temperature, as described
under Materials and Methods. Determination of the total concentration of
the heme protein was done by nonlinear least square approximation of
the spectra by a linear combination of spectral standards of 2B4 low-spin,
high-spin, and P420-states. The data were fit to a two-state transition to
obtain 7',. B, time courses of inactivation of 2B6dH mutants (1 uM) at
45°C monitored as described above. The data were fit to a pseudo-first-
order equation to obtain %;

inact*®
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1-BI binding, which allows a clean interpretation of calori-
metric binding data. Binding of 1-BI induced an unusual
spectrum (Fig. 5, inset a) with no evidence of N-coordination
to the heme iron. In ITC, a good binding isotherm was ob-
tained for 1-BI binding to L264F as shown in Fig. 5. Binding
of 1-BI to L264F was an entropically driven process with
AG = —17.2 kecal/mol, AH = 2.1 kcal/mol, —TAS = 9.2 kcal/
mol, and a 1:1 stoichiometry. In contrast, binding of 1-BI to
P450 2B4dH was an enthalpically driven and exothermic
process, with typical a type-II spectrum and a spectral dis-
sociation constant of 0.06 uM (Muralidhara et at., 2006).

Discussion

The discovery of an increasing number of drugs that are
metabolized by P450 2B6 and of numerous polymorphic vari-
ants with altered function and/or expression has greatly en-
hanced the interest in elucidating its structure-function re-
lationships (Zanger et al., 2007). However, low expression in
E. coli, perhaps as the result of low stability, causes difficulty
in purifying P450 2B6 to homogeneity and in high yield, thus
impeding thorough biochemical and biophysical character-
ization (Scott et al., 2001). In this study, we systematically
investigated the expression and stability of P450 2B6dH and
then used a rational approach to engineered the enzyme for
enhanced expression and/or stability. Among 11 site-directed
mutants, M198L, L264F, and L390P showed >3-fold higher
expression than P450 2B6dH, and L264F displayed a ~4 °C
higher T, and ~3-fold lower %;,,,.. by temperature than P450
2B6dH. The Leu?®*—Phe substitution does not alter signif-
icantly the binding affinity with selected pyridine and imi-
dazole inhibitors or benzphetamine, enzyme activity with
7-EFC, or metabolite profiles with benzphetamine. The mu-
tant also withstands robust stirring conditions and long ex-
perimental time scales (~2 h at 25°C), thus making it possi-
ble to obtain a clear ITC binding isotherm with 1-BI.
Therefore, L264F should be suitable for further structure-
functional studies using, but not limited to, ITC and X-ray
crystallography.

A large number of comparative structural and mutagenesis
studies on other proteins have revealed some general strat-
egies for increasing protein stability. These include increas-
ing the hydrophobic packing in the interior, extending net-
works of salt-bridges and hydrogen bonds, increasing the
extent of secondary structure formation, shortening or
strengthening solvent-exposed loops and termini, and replac-
ing residues responsible for irreversible chemical alterations
of the protein structure (Eijsink et al., 2004). Each of these
general rules may or may not be applied successfully to a

TABLE 3
Stability of P450 2B6dH and mutants measured using different methods

given protein. For example, mutagenesis studies and crystal
structures showed that two aromatic clusters are important
for the thermal stability of the thermophilic P450 119 from
Sulfolobus solfataricus (Nishida and Ortiz de Montellano,
2005). However, the crystal structure of P450 175A1 shows
that aromatic clusters are not present in this thermophilic
P450, suggesting that its thermal stability is achieved
through other mechanisms (Yano et al., 2003). Relatively
little is known about the structural determinants of mamma-
lian P450 stability. An empirical approach to improve protein
stability based on comparison of sequences of homologous
proteins has been employed in proteins such as the DNA
binding domain of human p53 (Nikolova et al., 1998), phytase
(Lehmann et al., 2002), and 3-isopropylmalate dehydroge-
nase (Watanabe et al., 2006). The difference in expression
levels and thermal stability of orthologous P450 2B enzymes
provided an immediate lead for identification of residues that
might be associated with the low expression and/or stability
of P450 2B6dH (Table 1). The residues identified (198, 264,
390) are outside of the active site, and the mechanism by
which mutations enhance expression or stability is unclear.
Prior work has shown that a Met'*®*—Thr substitution as in
the P450 2B6%27 variant caused decreased enzyme activity
(Rotger et al., 2007). It can be speculated that the
Leu?%*—Phe substitution increases the hydrophobicity or
integrity of the H-helix, which in turn makes the protein
more robust. Phe-264 is the first residue in helix H in the 2B4
structure (Scott et al., 2003).

Comparison of the wild-type and mutant 2B enzymes
showed a discordance between expression levels and stabil-
ity. Thus, although M198L and L390P in P450 2B6dH
showed enhanced expression, thermal stability was de-
creased. Furthermore, although P450 2B11dH showed much
higher expression than P450 2B6dH (Scott et al., 2001),
thermal stability of P450 2B11dH was only slightly higher
than P450 2B6dH (Table 1). In contrast, P450 2B1dH and
2B4dH showed higher expression (Scott et al., 2001) as well
as thermal stability than P450 2B6dH (Table 1). It is inter-
esting to note that the protein thermal stability decreases in
the order: rat 2B1 > rabbit 2B4 >> dog 2B11 = human 2B6,
which may be correlated with the time-line of the evolution of
these enzymes/mammals. Xenobiotic-metabolizing human
2B6, which seems to have evolved last among the 2B en-
zymes (Thomas, 2007), is the least stable. The results with
various P450 2B enzymes (Table 1) and 2B6dH and its mu-
tants (Table 3) clearly suggest that there is only a subtle
difference in the protein structural stability (T, .,,). How-
ever, large differences among the enzymes can be seen in
properties that are directly related to the heme (T, activity,

Standard errors for fit to the respective equations are shown. Results are representative of at least two independent determinations. The variation between the experiments

is =10%.
P450 P450 (HS, LS, and P420) Trp Fluorescence Activity (G%Iznoﬂ%/[) Heme Dissociation
T, Einact Tonapr Tso inact (GuHCL]
°C min~! °C °C min~! M
M2B6dH 48.2 = 0.5% 0.034 £ 0.01 51.1 £0.1 452 = 0.3 0.025 £ 0.002 0.41 = 0.02
M198L 46.0 = 0.4 0.125 = 0.01 N.D. 415+ 04 0.050 + 0.003 N.D.
L264F 52.2 £ 0.5 0.013 £ 0.01 526 £ 0.1 46.3 £ 0.2 0.022 + 0.002 0.56 = 0.02
L390P 442 = 05 0.157 = 0.01 51.5 £ 0.2 41.8 = 0.6 0.042 + 0.004 0.30 = 0.03

N.D., Not determined; HS, high spin; LS, low spin
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and H,0,- and GuHCl-dependent heme dissociation). It is
possible that M198L and L390P achieve higher expression by
incorporating heme effectively and forming relatively lower

TABLE 4

Binding of pyridine and imidazole derivatives and benzphetamine to
P450 2B6dH and L264F

Standard errors for fit to the respective equations are shown. The high-affinity
ligands (4-NBP, 4-BP, 4-PI, and 4-CPI) were fit to the tight binding equation,
whereas the low-affinity ligands (BEI, 1-BI, and BP) were fit to the Hill equation, as
described under Materials and Methods. Results are representative of at least two
independent determinations. The variation between the experiments is =10%.
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amounts of apo-protein. Decreased thermal stability of
M198L and L390P could also account for rapid formation of
P420 and/or apo-protein compared with P450 2B6dH and
L264F. In addition, a higher rate of P450 inactivation by
heme depletion was observed in M198L and L390P than
L264F. Comparison of the relative expression, thermal sta-
bility, and the amount of P420 in the P450 2B enzyme sam-
ples, suggests that the lower expression and thermal stabil-
ity of P450 2B6dH may reflect a higher rate of P450
degradation into P420 and heme dissociation.

In contrast, L264F showed enhanced expression as well as

Ligand K increased thermal stability compared with P450 2B6dH.
2B6dH L264F Thus the Leu?®**—Phe substitution may lead to increased
M incorporation of heme and decreased P450 degradation into
4-(4-Nitrobenzyl)pyridine (4-NBP) 0.07+ 003 005 0.03 P420 or apo-protein, as (.ieduced from the fact that the puri-
4-Benzylpyridine (4-BP) 0.53 +0.19  0.62 = 0.20 fied L264F had a negligible amount of P420, whereas P450
i‘&héﬁ’limi%amlg .(4'{1’1) e (4.CPT) 82 - 88‘; 8;2 - 882 2B6dH, M198L, and L390P had 8 to 10% P420. Thermal and
-4~ orophnenyl)imiaazole - . T V. . = U. . . . . .
1-2-(Benzyloxylethyl) imidazole (BEI) ~ 2.06 = 0.26  2.30 = 0.92  H20z-supported inactivation of P450 indicates that the
1-Benzylimidazole (1-BI) 2.76 + 0.14  4.31+ 1.2 Leu?%*—Phe substitution slows down the rate of protein
Benzphetamine (BP) 52.5 £ 6.5  61.1*6.6 unfolding without increasing the accessibility of the heme,
2 Fit to Michaelis-Menten equation to derive K, value. suggesting that this substitution stabilizes the surface do-
004 . — 0.04 0.08 . —
2B6dH
o 0021 - 0.02 o 006 gt
] 2 u
= = &
2 o g 2 004 -
2 S "
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Fig. 4. Characterization of L264F. Typical type-II difference spectra of 4-CPI binding (A) and type-I spectra of benzphetamine binding (B) are shown
for P450 2B6dH and L264F (left two panels). The binding data with 4-CPI (A) were fit to the tight-binding equation (2B6dH or L264F), whereas data
with benzphetamine (B) were fit to the Michaelis-Menten equation, as described under Materials and Methods, to derive the K, values as listed in
Table 4. C, the LC-MS chromatogram of benzphetamine metabolites for the two proteins are shown with the peaks representing a) norbenzphetamine
(mol. wt. = 226.2), b) benzphetamine (mol. wt. = 240.2), ¢) OH-norbenzphetamine (mol. wt. = 242.2), and d) OH-benzphetamine (mol. wt. = 256.2).
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main (consistent with a subtle increase of T, ., by 1.5°C).
An unaltered rate of heme depletion in L264F compared with
P450 2B6dH is also consistent with largely unaffected cata-
lytic tolerance to temperature. Because only 1 of the 11
mutants showed enhanced stability as well as expression
compared with the wild-type, the “rational” approach em-
ployed here seems to have limitations. Therefore, alternate
rational approaches are needed to enhance the stability of
the important human P450 2B6. One such approach could be
identification of the residues that are identical in the more
stable P450 2B1dH and 2B4dH (set 1) and identical in the
less stable 2B6dH and 2B11dH (set 2) but where the residue
in set 1 is different from the residue in set 2.

P450 2B6dH and L264F showed indistinguishable spectral
binding properties with inhibitors, including preference for
pyridine over imidazole derivatives (Table 4), whereas the
opposite was true in the case of P450 2B4dH (Scott et al.,
2004; Muralidhara et al., 2006; data not shown). In particu-
lar, 1-BI binds ~45-fold less tightly to P450 2B6dH than
P450 2B4dH, and the difference spectrum indicates the lack
of N-coordination of 1-BI to the 2B6dH heme iron, as opposed
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Fig. 5. Calorimetric titration profile (upper panel) and the resulting
integrated binding enthalpy data of 1-BI binding to P450 2B6dH L264F
are shown. The data were fit to single-class of binding site model to obtain
thermodynamic parameters. Inset a, difference spectra of 1-BI binding;
inset b, the thermodynamic signatures (AG = open bars, AH = filled bars,
and —TAS = crossed bars) of 1-BI binding between P450 2B4dH (Mu-
ralidhara et al., 2006) and 2B6dH.

to the typical type II spectrum in the case of P450 2B4dH.
Therefore, 1-BI and 4-CPI (positive control) were docked in
the active site of P450 2B6 model (Fig. 6). Although 4-CPI
docked perfectly as one low energy (6.52 kcal/mol) ensemble
similar to the one seen in the 2B4 crystal structure (Zhao et
al., 2006), 1-BI docked in multiple orientations, including the
imidazole nitrogen-coordination with the heme. In the figure,
we have shown the 1-BI docking as a low energy (6.17 kcal/
mol) conformation that is consistent with our solution find-
ings that 1-BI induced a weak and non-type II spectrum. In
this conformation, the benzene ring lies parallel to the heme
(red) plane, and the imidazole nitrogen is pointed away from
the heme iron in 1-BI structure. Although the detailed struc-
tural explanation for this observation is inconclusive, one can
clearly see a big kink in the middle of helix I, which could
potentially put steric constraints on the binding pocket on top
of the heme plane. Between P450 2B4dH and 2B6dH only
two putative active site residues 103 and 363 are distinct.
Therefore, it is highly likely that residues outside of the
active site may contribute to the differences in the relative
binding affinity between the two enzymes. In addition to the
spectral and computational findings, the increased stability
of P450 2B6dH L264F allowed ITC studies of 1-BI binding
that were not possible with 2B6dH itself, which revealed a
very different thermodynamic signature compared with bind-
ing to P450 2B4dH (Muralidhara et al., 2006). In particular,
the weaker binding of 1-BI to 2B6dH L264F is entropically
driven, as opposed to the stronger, enthalpically driven bind-
ing to P450 2B4dH. Highly expressed, stable, and homoge-

Fig. 6. Molecular docking of 1-BI and 4-CPI in the active site of a P450
2B6 homology model. A representative 1-BI and 4-CPI molecule of the
lowest energy ensemble (6.17 and 6.52 kcal/mol, respectively) is shown.
The point grid used for docking is shown on the heme plane. The
mainframe structural loops of the binding pocket are labeled. The
molecular graphic was generated using PyMol graphics (http:/pymol.
sourceforge.net/). Molecular docking was performed using AutoDock ver-
sion 3.05 as described earlier (Muralidhara et al., 2006). In brief, the
4-CPI bound P450 2B4dH structure (pdb code 1suo) was used to model
P450 2B6dH using Modeler (http:/www.rwmodeler.com/). The root-
mean-square deviation before and after the minimization using
nanoscale molecular dynamics was found to be 0.094 and 0.948, respec-
tively. The homology model was energy minimized and a 40 X 40 X
40-point grid placed at the distal end of the heme was used for 1-BI and
4-CPI docking. A total of 10 unique minimum energy ensembles that
exhibited <1 A root-mean-square deviation were ranked, and a represen-
tative docking conformation of the lowest energy is presented.
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nous L264F should prove an invaluable template for further
study using biochemical and biophysical methods, especially
X-ray crystallography and ITC. Questions of interest include
the differences in inhibitor sensitivity compared with P450
2B4 and the structural basis of alterations in P450 2B6
function resulting from single nucleotide polymorphisms out-
side of the active site.
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