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Abstract

In the past three years, major advances in understanding cytochrome P450 2B (CYP2B) structure-
function relationships have been made through determination of multiple ligand-bound and one
ligand-free X-ray crystal structure of CYP2B4 and one ligand-bound X-ray crystal structure of
CYP2B6. These structures have provided insight into the features that provide the high degree of
plasticity of the enzymes. A combination of a phenylalanine cluster that allows for concerted
movement of helices F through G and a conserved set of electrostatic interactions involving
Arg252 facilitates movement of this region to accommodate binding of ligands of various sizes
without perturbing most of the P450 fold. Integrating solution based techniques such as NMR or
deuterium exchange mass spectrometry (DXMS) with computational methods including molecular
docking has provided further insight into enzyme behavior upon ligand binding. In addition,
extended molecular dynamics simulations have provided a link between an open and a closed
conformation of ligand-free CYP2B4 found in crystal structures. Other studies revealed the utility
of rational engineering in improving stability of P450s to facilitate structural studies. The solution
and computational results combined with the X-ray crystal structures yield a comprehensive
picture of how these enzymes adopt different conformations to bind various ligands.
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INTRODUCTION

Cytochrome P450-dependent monooxygenases (P450) are involved in the biotransformation
of a broad range of endogenous and exogenous chemicals including drugs, hormones, and
environmental pollutants [1]. The P450 2B (CYP2B) subfamily of enzymes has served as a
traditional model for investigation of the mechanism of gene expression mediated by drugs
and environmental contaminants and for exploration of the structural plasticity of
mammalian drug metabolizing P450s [2, 3]. CYP2B enzymes catalyze the oxidation of a
broad range of substrates, with preference for angular, medium-sized neutral or basic
compounds [4, 5]. In addition, CYP2B enzymes display a relatively low degree of catalytic
conservation across mammalian species when compared with other P450 subfamilies [6, 7].
The identification of distinct allelic variants of a single rat CYP2B enzyme and of
functionally distinct but highly structurally related CYP2B enzymes in rats and rabbits
followed by sequence comparisons, site-directed mutagenesis, and heterologous expression
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systems allowed for the identification of many of the key residues that dictate ligand
orientation in the active site and contribute to substrate and inhibitor specificity [8-10]. The
structural basis of CYP2B enzyme specificity as investigated by mutagenesis was
summarized previously [3, 11].

In order to elucidate in more depth the structural basis for CYP2B function, many studies
have turned to techniques that can provide atomic level structural detail, which include X-
ray crystallography and NMR. While the traditional application of NMR has been limited by
the large size of P450s, which have in excess of 400 residues, X-ray crystallography has
provided a wealth of information on bacterial and mammalian P450s [12-14]. Although the
first structure of a bacterial P450 was determined in the early 1980s, the first structure of a
mammalian P450 was not solved until 2000 [15, 16]. Later, the structure of CYP2B4 in the
absence of added ligand was determined at 1.6 A, which remains the highest resolution
structure of a mammalian P450 reported to date [17] only equaled by the recently reported
structure of CYP46A1 [18]. In this CYP2B4 structure, the protein formed a dimer in the
crystal through coordination of His226 to the heme iron of the opposite monomer, with each
protein chain displaying an “open” conformation of the enzyme that would allow ligand
access to the active site. The subsequent structure of CYP2B4 complexed with 4-(4-
chlorophenyl)imidazole (4-CPI1) showed the enzyme in a more “closed” conformation than
the previous structure, indicating how the enzyme is able to adjust to bind smaller ligands
[19]. A third structure of CYP2B4 in complex with the antifungal agent bifonazole provided
yet another conformation of the enzyme [20]. This structure suggests that CYP2B4 has the
ability to widen the active site to accommodate very bulky ligands in a manner that differs
from the “open” ligand-free structure. Major conclusions concerning these three structures
were previously discussed elsewhere [3].

Concurrently, solution thermodynamic studies using isothermal titration calorimetry (ITC)
revealed marked differences in thermodynamic binding parameters for CYP2B4 and
imidazole inhibitors of different ring chemistry and side chains [21]. Continued
crystallization efforts yielded another “closed” structure of CYP2B4 when complexed with
an isomer of 4-CPI, 1-(4-chlorophenyl)imidazole (1-CPI). Furthermore, a complex of
CYP2B4 with 1-biphenyl-4-methyl-1H-imidazole (1-PBI) revealed an “intermediate”
conformation and indicated that the F-G cassette moves in concert around a pivot to
accommodate ligand binding [22]. More recently, two structures of CYP2B4 were
determined in the presence of the antiplatelet drugs ticlopidine and clopidogrel [23], which
were the first complexes solved in the presence of a non-imidazole compound. Finally, the
structural analysis of CYP2B4 has come full circle with another ligand-free structure of
CYP2B4 in a “closed” conformation similar to the 4-CPI-complex, rather than the
previously mentioned “open” structure [24]. In the meantime, the first crystal structure of
human CYP2B6 was also determined in the presence of 4-CPI [25]. Interestingly, the
CYP2B4 and CYP2B6 4-CPI structures were more similar to each other than the structures
of the CYP2B4 complexes with 4-CPI or 1-CPI.

In addition to the wealth of information generated through crystallographic studies,
structural knowledge of CYP2B enzymes has also benefitted from other approaches.
Utilizing the heme iron as a paramagnetic center, NMR was employed for the first time with
a CYP2B enzyme to determine the orientation of ticlopidine in the active site, since electron
density maps from the crystal structure were ambiguous with regard to ligand orientation
[23]. Ligand docking and simulated annealing also provided predictive information
concerning the orientation of ticlopidine in the active site of CYP2B4. The results suggest
that ticlopidine orients differently in the active sites of CYP2B4 and CYP2B6. In parallel,
examination of the solution structural behavior of CYP2B4 was made possible through the
first use of deuterium exchange coupled to mass spectrometry (DXMS) applied to a
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mammalian drug metabolizing P450 [24]. The results from these DXMS experiments
indicated that CYP2B4 is in a predominantly open conformation in solution. Molecular
dynamics (MD) simulation showed that the average open conformation of the enzyme in
solution is energetically accessible starting with the “closed” ligand-free structure.

In addition to the approaches already discussed, rational mutagenesis has extended the
knowledge of how CYP2B enzyme structure relates to function. Finally, rational
mutagenesis has identified single point mutants that significantly increase expression levels
of CYP2B6 [26] or CYP2B6 and CYP2B11 and provide increased structural fidelity [27].
This review will cover structural features of CYP2B enzymes revealed by crystal structures,
major findings found through computational and solution structural investigations, and
results of rational protein engineering of CYP2B enzymes.

X-RAY CRYSTAL STRUCTURES OF 2B ENZYMES

With twelve entries deposited in the protein data bank (PDB), CYP2B enzymes show the
most plasticity of any P450 studied by X-ray crystallography. The structures of these
proteins are composed of structurally conserved regions and plastic regions (PR) [3]. The
structurally conserved regions include most of the secondary structural elements involved in
heme binding and those on the proximal side of the enzyme, consistent with their role in
binding of electron transfer partners NADPH-cytochrome P450 reductase and cytochrome
b5. Five plastic regions account for about one third of the protein: PR1 (residues 39-57),
PR2 (residues 101-140), PR3 (residues 177-188), PR4 (residues 203-298), and PR5
(residues 474-480). Comparison of two of these regions, PR2 and PR4, of these structures
allows one to group the structures in four distinct conformations: “open”, “closed”,
“expanded”, and “intermediate” (Fig. 1). The first structure of CYP2B4 was in an “open”
configuration with an apparent means of substrate access to the active site [17]. Binding of
the smaller molecules 1-CPlI, 4-CPlI, ticlopidine, or clopidogrel to CYP2B4 and 4-CPI to
CYP2B6 produces a “closed” conformation similar to other family 2 enzymes [28]. The
large antifungal drug bifonazole produced an “expanded” conformation that was more
spread out than the “open” conformation [20]. Finally, an “intermediate” conformation was
observed in the structure of CYP2B4 complexed with 1-PBI [22]. Table 1 provides a list of
crystal structures of CYP2B enzymes. Whereas the crystallization efforts for the “open”
structure utilized an engineered enzyme with modifications limited to the N-terminal 30
amino acids of the wild-type enzyme sequence [29], subsequent crystallization efforts
utilized protein modified to interrupt dimerization through a H226Y modification [19, 24].

Open Conformation

Structurally, the majority of this CYP2B4 structure resembles previously determined P450
structures [15], but key areas of the enzyme show marked differences. The packing of the
core region, helices E, J, K, and L, is highly conserved. However, an open cleft is seen
consisting of the F-G cassette on one side and the B’/C loop and helix C on the other side
[17]. Interestingly, the cleft is filled by portions of the F-G cassette of the symmetry-related
molecule in the dimer, where H226 forms an intermolecular bond to the heme iron of the
other monomer. These regions form a closed conformation in most P450 structures. For
example, the structure of CYP2C5 bound with 4-methyl-N-methyl-N-(2-phenyl-2H-
pyrazol-3-yl)benzene sulfonamide (DMZ) exhibits a closed conformation where helix B is
stabilized by contacts with helix G residues [30]. The F-G cassette, which forms the ceiling
of the active site in the CYP2C5-DMZ structure, flexes away from the protein core and helix
B’ in the open CYP2B4 structure. This allows a means of direct transfer of substrates from
bulk solvent or the lipid bilayer to the catalytic center of CYP2B4 [17].
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Closed Conformation

The structures with a closed conformation are virtually superimposable, showing less than 1
A root mean square deviation (RMSD) for the Ca overlays using the CYP2B4-4-CPI
complex as a reference structure. Structures included in this group are CYP2B4 without
ligand (3MVR) [24] or in complex with the small molecules 4-CPI (1SUO) [19], 1-CPI
(2Q6N) [31], ticlopidine (3KW4) [23], or clopidogrel (3MES6) [23], as well as a CYP2B6
genetic variant complexed with 4-CPI (31BD) [25]. In this conformation, the enzyme adopts
a relatively compact structure with active site residues identified by site-directed
mutagenesis and by analogy with CYP2CS5 structures forming a closely packed pocket
around the ligand [16, 19, 30]. There is no apparent access or egress channel for the tightly
sequestered ligands. Helix B” and the N-terminal portion of helix | move toward each other,
bringing helix B’ closer to helix G (Fig. 2). The F-G cassette containing helices F through G
moves toward the B1 sheet and interacts with the N-terminal structures, helix B’ and the B’/C
loop, the N-terminus of helix I, and the 34 sheet, capping the active site. Contacts between
helices G and | and helix B’ appear to close the active site, and the F-G cassette provides a
roof for the active site. Differences between the original “open” conformation of the enzyme
and subsequent “closed” structures provided insight into the structural flexibility of the
CYP2B enzymes.

For evaluation, the residues within 5 A of the ligand in the ligand-bound complex are listed
in Table 2. Upon closer comparison, small differences among the closed structures begin to
appear. Of the eleven residues within 5 A of 4-CPI in the CYP2B4-4-CPI complex, six are
within the same distance from the ligand in other structures with a “closed” conformation
(1114, F297, A298, T302, I/L363, V367). In the structures of CYP2B4 complexed with 4-
CPI, 1-CPI and ticlopidine and CYP2B6 complexed with 4-CPI, 1101 is also within the 5 A
cutoff. Additionally, in the structure of CYP2B4 complexed with 1-CPIl and CYP2B6
complexed with 4-CP1 E301 swings out to interact with H172 and a water molecule,
respectively. The Q172H substitution is a naturally occurring polymorphism of CYP2B6,
and differences in how E301 interacts with glutamine versus histidine may provide a clue as
to differences in stability and functionality of the wild-type CYP2B6 with Q172 compared
to the CYP2B6 Q172H variant. Interestingly, E301 interacts with ticlopidine but not
clopidogrel in the respective complexes with CYP2B4.

Other differences in active site residues as defined by those residues within 5 A of 4-CPl in
the CYP2B4-4-CP1 complex, show slight displacement of the following residues away from
the ligand in the respective structures: V104 in the CYP2B6-4-CPI and the CYP2B4-
ticlopidine complexes, F115 in the CYP2B6-4-CPI complex, and V477 in the CYP2B4-1-
CPIl and CYP2B4-clopidogrel complexes. The small difference in orientation of the isomers
of CPI with respect to the heme in the complexes with CYP2B4 explains why V477 is not
within 5 A of 1-CPI. Additionally, F206 and 1209 come into proximity of the ligand in the
CYP2B6-4-CPI complex and in the CYP2B4-1-CPI, CYP2B4-ticlopidine, and CYP2B4-
clopidogrel complexes, and G299 is at the cutoff distance in the CYP2B6-4-CPI complex. In
the CYP2B4-ticlopidine, S210 is in close proximity to the ligand, and S294 is close to
clopidogrel in the complex with CYP2B4; G478 is within the 5 A distance in both these
structures. Clopidogrel also interacts with F108. One may note that some residues included
here are not discussed in previous work; residues with side chains not facing toward the
active site (i.e. - L362) were discarded as not interacting with the ligand. Interestingly, a
subsequent “closed” CYP2B4 ligand-free structure (3MVR) [24] shows that at least two
conformations of CYP2B4 are accessible in solution, and rearrangement of the plastic
regions of the protein can occur in the absence of ligand binding.
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Expanded Conformation

Initial efforts to trap an “intermediate” conformation of CYP2B4 involved crystallization of
the enzyme with the antifungal bifonazole [20]. The resulting complex displayed a further
expanded active site when compared with the “open” conformation. Helices C, E, H, and G
and the N-terminal end of helix | move to accommodate bifonazole binding and relative
protein packing. There is no contact between helix G and residues on the B’/C loop region.
The enzyme does not close around the bound inhibitor. The set of residues within 5 A of the
ligand consists of ten residues in this structure (Table 2), but only four of those residues are
involved in binding both bifonazole and 4-CP1 (A298, E301, T302, 1363). Furthermore,
CYP2B4-bifonazole forms a dimer in which the F-G cassette of one molecule inserts into
the widely open active site cleft of the other monomer, and vice versa. Since this region of
the enzyme is thought to be a membrane-binding motif in microsomal P450s, structural
rearrangement likely occurs in this region upon extraction from the membrane. The greatly
expanded conformation of this complex is likely a product of minimizing water interactions
with the hydrophobic walls of the active site. Further influence on the conformation is
contributed by dimerization of the enzyme in the crystal structure. However, the wide-open
arrangement of the protein should be possible in solution or during interactions with the
membrane.

Intermediate Conformation

The “intermediate” conformation is represented by the structure of CYP2B4 complexed with
1-PBI [22]. Similar to other conformations of ligand-bound enzyme, the CYP2B4-1-PBI
complex retains the overall P450 fold, while molding to the inhibitor molecule. The core of
the fold (the C-terminus of helix A through helix B, helices D and E, the C-terminus of helix
I through helix K, and all the B-sheets) remains relatively unchanged when compared with
other conformations of CYP2B4. Differences between this structure and structures defining
the other conformations of the enzyme again occur in plastic regions of the enzyme [3]. The
B’/C-loop makes a shift toward the F-G cassette and contains two small helices to compact
the structure. In contrast, structures in the “closed” conformation of the enzyme have an
elongated helix B’ that actually enters the active site to close around the small molecule, and
the CYP2B4-bifonazole complex displays a fully elongated B’/C-loop that is extended
toward helix F’ [22]. The active site lid formed by the F-G cassette adopts a conformation
intermediate to those seen in the 4-CPI and bifonazole structures. The ligand interacts with
six residues (A298, T302, 1363, V367, P368, V477) and is in close proximity to five others
(5128, M132, V292, L295, F296) in addition to coordinating to the heme iron. This
represents a hybrid of the residues involved in bifonazole binding and those involved in 4-
CPI binding, with three being common in each structure of CYP2B ligand complexes
(A298, T302, 1363). In addition to the active site interactions with 1-PBI, two other
molecules of 1-PBI appear to fill residual surface pockets in the structure. However, these
extra 1-PBI molecules do not appear to affect the structure, as it is virtually identical to that
obtained at a lower concentration of ligand where only a single 1-PBI molecule is observed.
The CYP2B4-1-PBI complex forms a crystallographic tetramer, with each dimer similar to
the symmetric dimer found in the crystals of CYP2B4-bifonazole complex [20].
Furthermore, each monomer in the tetramer is in roughly the same conformation with an
RMSD of less than 0.2 A.

Structural Plasticity of CYP2B Enzymes

Previous examination of the “open”, “closed”, and “expanded” conformations of CYP2B4
defined plastic regions (PR) of the protein and examined relative reshaping of the molecule
in response to ligand binding [3]. However, further insight into the plasticity of the enzyme
has emerged with subsequent structures. Where PR2 (residues 101-140), PR3 (residues
177-188), and PR4 (residues 203—-298) show concerted movements to convert among the
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various conformations of the enzyme, PR2 (containing helix B’) and PR4 (containing the F-
G cassette) appear to be the most structurally dynamic regions of the protein. PR2 appears to
adjust position to cap the active site in response to ligand size. A portion of PR2 including
the C-terminal end of helix C has been identified in cytochrome b5 and NADPH-
cytochrome P450 reductase binding [32, 33], so plasticity of this area of the protein likely is
central to the mechanism by which P450s bind redox partners [30, 32, 34, 35]. Interestingly,
heme binding is affected by rearrangements in this region, and R98, W121, and R125 make
varying contributions to heme propionate hydrogen bonding in each CYP2B structure.

On the other hand, alignment of the F-G cassette from the CYP2B4-4-CPlI, bifonazole, and
1-PBI complexes shows rearrangement of helix F” in response to extension of that region
into the active site in the bifonazole and 1-PBI complexes. However, the orientation of these
helices relative to each other does not appear to change [22]. This concerted movement
appears to be facilitated by a series of complex rearrangements of ten phenylalanine residues
(F184, F188, F195, F202, F203, F206, F244, F264, F296, F297). Examination of an
alignment of CYP2B enzymes shows that four of these residues are absolutely conserved
(184, 188, 195, 296). Residues 203 and 244 are bulky aromatic amino acids (phenylalanine
or tyrosine) across the entire subfamily. Residues 264 and 297 are phenylalanine across the
majority of the subfamily; however, at position 264, CYP2B6 (leucine), CYP2B9 (tyrosine),
and CYP2B22 (leucine) are different, and at position 297, CYP2B3 has a leucine. Residues
202 and 206 are long chain aliphatic (isoleucine, leucine, methionine) or bulky aromatic
residues. CYP2B12 is the only outlier at these two residues, having valine and serine at
these locations, respectively. Furthermore, examination of the plastic regions in the
CYP2B6-4-CPI complex revealed a highly conserved environment surrounding residue 262
[25]. In both CYP2B4 and the genetic variant of CYP2B6 (K262R), R262 is part of a
hydrogen-bonding network including H252, T255, D263, and D266. Alignment of CYP2B
enzymes indicates that the only divergence in this cluster of residues is K262 in CYP2B6.
Despite the large shifts in orientation of PR4, this network of interactions is maintained in
every CYP2B structure to date [17, 19, 20, 22-25, 31].

The remaining three plastic regions show varying degrees of differences among the crystal
structures. PR1 shows only slight differences in the N-terminal end of the A-helix, but the A
’-helix shifts away from the heme pocket in the “open” ligand-free structure and is
disordered in the bifonazole complex. PR3 exhibits shifts in the C-terminal end of the E-
helix with the intermediate and expanded conformations showing the greatest difference
from the remaining structures. PR5 shows small differences among the conformations with
the region unchanged in each of the structures with a “closed” conformation; this region
shifts toward the A-helix in the “intermediate” conformation and toward the F-G cassette in
the “expanded” conformation. PR5 shifts slightly away from the heme pocket in the “open”
conformation. The spatial shifts seen in these regions are much smaller than those seen in
PR2 and PR4.

SOLUTION AND COMPUTATIONAL METHODS

While X-ray crystal structures provide a wealth of information about structural features of
P450s, they are effectively snapshots of single conformational states. Initial efforts to
decipher solution structural behavior of CYP2B enzymes utilized ITC to monitor energetic
changes in CYP2B4 upon binding of ligands of varying size [3, 21, 31, 36]. To complement
the knowledge gained from ITC and X-ray crystal structures, solution (NMR and DXMS)
and computational (molecular docking and MD simulation) methods were employed to
deepen our understanding of CYP2B solution structural behavior and enzyme plasticity [23,
24].
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Molecular Docking

NMR

Clopidogrel and ticlopidine are mechanism-based inactivators of CYP2B6 [37]. After
showing that these drugs bind to CYP2B4, crystallization efforts were undertaken. The
crystal structure of CYP2B4-clopidogrel complex shows that clopidogrel clearly binds with
the chlorophenyl moiety closest to the heme iron [23]. In contrast, ticlopidine could be
modeled into the active site with either the chlorophenyl moiety or the thiophene portion of
the molecule, where most of the oxidation by CYP2B6 occurs [38], toward the heme iron
(Fig. 3A-B) [23].

Initial docking experiments were undertaken to evaluate the ticlopidine orientations modeled
in the electron density maps of the CYP2B4-ticlopidine complex. Using Autodock4 [39], an
experiment was performed with 100 docking runs where protein side chains were fixed in
place; two clusters of poses were observed. The most populous cluster contained 95 poses
with a mean binding energy of —7.79 kcal/mol. These poses had the chlorophenyl ring
closest to the heme, consistent with the chlorophenyl down orientation observed in the X-ray
crystal structure. The second cluster consisted of the other five poses (binding energies
ranging from —7.77 to —7.76 kcal/mol), where the thiophene ring was closest to the heme
with the chlorophenyl ring above it. Due to bond rotations, this cluster does not correlate
with the thiophene down orientation from the crystal structure. Similar experiments with
CYP2B6 indicated that the thiophene group is likely to be closer to the heme consistent with
the mechanism-based inactivation of CYP2B6 [38].

Ticlopidine binding was further explored by distance-restrained simulated annealing
utilizing the GROMACS software package [40]. The final ten preferred orientations
deduced from the annealing simulation (Fig. 3C) position the chlorophenyl ring closest to
the heme in an orientation consistent with both the X-ray crystal structure chlorophenyl
down orientation and the predominant cluster from Autodock experiments [23].
Interestingly, the conformation of ticlopidine obtained by simulated annealing would allow
for oxidation of the tetrahydropyridine nitrogen by CYP2B4; ongoing experiments indicate
this is the preferred site of oxidation of ticlopidine by CYP2B4 [41].

Traditional protein NMR assigns resonances to each amino acid in a protein, generates
restraints for distances, angles, and orientations, and calculates the structure of the entire
protein. However, utilizing longitudinal (T1) relaxation measurements and existing crystal
structures, NMR may be utilized to monitor ligand interaction with P450s [42—44]. In the
case of CYP2B enzymes, T1 relaxation measurements were used to complement results
obtained from X-ray crystallography [23].

In these NMR experiments, T1 paramagnetic relaxation rates for protons on the
chlorophenyl ring were 71% higher than those on the thiophene group, suggesting that the
molecule is preferentially oriented with chlorophenyl moiety closer to the heme than the
thiophene group. Due to lower binding affinity of CYP2B4 for ticlopidine compared with
previously crystallized imidazole inhibitors, it is “fast exchange” in solution and likely
adopts multiple conformations within the enzyme active site. Recent studies indicate that
both CYP2B4 and CYP2B6 can produce multiple metabolites from ticlopidine, with time
courses that deviate rapidly from linearity and are consistent with mechanism-based
inactivation [41]. Compared with CYP2B6, CYP2B4 catalyzes more N-oxidation and less
oxidation of the thiophene ring. These results emphasize how ligand dynamics affect P450-
ligand complexes.
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Deuterium Exchange Mass Spectrometry

Deuterium exchange mass spectrometry (DXMS) is a solution method used to observe
protein structural dynamics, protein-protein interactions, and protein-ligand interactions
[45-48]. Available crystal structures of CYP2B enzymes indicate a wide range of
conformations in response to ligand binding [3, 22-25, 31], and ligand-free CYP2B4 has
been crystallized in two conformations: “open” [17] and “closed” [24]. However, these
results do not indicate which structure is closer to the solution behavior of the enzyme.
DXMS experiments indicate that CYP2B4 adopts a predominantly open conformation in
solution [24]. Furthermore, amide hydrogens are provided differing solvent protection
depending upon the absence or presence of ligand and the identity of that ligand (Fig. 4).
Peptides covering large portions of PR2 and PR4 showed significant slowing of the H-D
exchange rate in the presence of 4-CP1 when compared with the exchange rate of ligand-free
CYP2B4, consistent with “closed” and “open” structures, respectively. Conversely,
CYP2B4 with and without 1-PBI shows little difference in H-D exchange rate across the
entire protein. This finding indicates that binding of 1-PBI does not increase protection from
amide hydrogen exchange for the plastic regions of the protein in the B//C loop and the F-G
cassette but does not contradict the differences in conformation between the crystal
structures of “open” ligand-free and 1-PBI-bound CYP2B4. While DXMS demonstrates that
the large majority of the protein adopts a more open conformation in the absence of ligand,
averaging across the entire population of protein means that closed conformers representing
minor populations would not be observed with this method.

Molecular Dynamics Simulation

With the demonstration by DXMS that CYP2B4 is predominantly open in solution and
ligand-free crystal structures in two distinct conformations, the question of ease of transition
from across the energy landscape arose. To address this, a molecular dynamics (MD)
simulation was performed for 15 ns to investigate the energetically accessible and preferred
conformations of CYP2B4 [24] using the GROMACS software package [40]. Comparing
the RMSD of the Ca backbone during the MD simulation versus the starting “closed”
ligand-free structure (3MVR) showed rapid equilibration in ~100 ps to a structure differing
from the starting model by an RMSD of 2 A, as reported previously [36]. A slower
equalization representing larger molecular motions followed that steadied in ~ 10 ns with an
RMSD of ~ 4 A and persisted for at least 5 ns. Conformational differences among structures
in the MD simulation became apparent when the starting structure was aligned to the
structure of the enzyme at 15 ns. Notably, the B’/C loop and the F-G cassette were shifted
away from the heme when compared with their initial positions, as seen in comparing the
final MD structure (MDEND) with the initial MD structure, the closed ligand-free crystal
structure (3MVR, closed conformation), the crystal structure of 2B4dH in complex with
bifonazole (2BDM, expanded conformation), the crystal structure of 2B4dH in complex
with 1-PBI (3G5N, intermediate conformation), and the “open” ligand-free crystal structure
(1PO5, open conformation) (Fig. 5A-D). Furthermore, comparison of the structures in the
MD simulation to available crystal structures of CYP2B4 provided a quantitative
comparison of position differences (Fig. 5E). The 4-CPI (1SUO) and 1-CPI (2Q6N) were
most similar to the starting structure (3MVR) with differences in RMSD of less than 1 A.
The average RMSD of the equilibrated ligand-free CYP2B4 structure during the MD
simulation (MDEND) was similar to the RMSD of the CYP2B4 complex with 1-PBI (2.7 A,
3G5N and 3G93). Larger RMSD values were observed for the “open” ligand-free enzyme
(3.16 A, 1PO5) and the bifonazole-bound structure (3.97 A, 2BDM). The MD simulation
shows that a wide range of conformations are energetically accessible to CYP2B4.
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RATIONAL MUTAGENESIS

CYP2B6 and CYP2B11 were subjected to rational engineering efforts to enhance soluble
protein expression and protein stability and to support solution biophysical and X-ray
crystallographic efforts [26, 27]. First, utilization of the GroEL/ES chaperone system for
coexpression of CYP2B6 was employed, which increased yields of CYP2B6 significantly
[26]. Furthermore, a comparison of expression and stability of CYP2B enzymes revealed
eleven locations where the residues were the same in CYP2B1, CYP2B4, and CYP2B11 but
different from those in CYP2B6. The residues in CYP2B6 were mutated to those in the
other three enzymes (F58L, M103V, V129L, 1154V, M198L, L264F, S284H, E350D,
Y354H, L390P, T394S). Steady state kinetic analysis with 7-EFC as a substrate revealed
similar kcat/Km values to wild-type CYP2B6 for each mutant. L264F showed an ~4°C
increase in melting temperature (Tm) compared with wild-type enzyme with a slightly
higher catalytic tolerance to temperature (kinact). This mutant also showed minimal changes
in functional properties of CYP2B6 in the presence of the imidazole inhibitor 4-CPI and the
substrate benzphetamine. The improved stability of CYP2B6 L264F allowed the
performance of ITC experiments using 1-benzylimidazole as the ligand that were not
possible with the wild-type [26].

Subsequently, comparison of the relatively more stable CYP2B1 and CYP2B4 with the
relatively less stable CYP2B6 and CYP2B11 revealed seven locations of interest. At these
positions, the residues were similar/identical in CYP2B1 and CYP2B4 and different from
the residue in CYP2B6 and CYP2B11, which were also similar/identical to each other.
These residues in CYP2B6 and CYP2B11 were mutated to the residue identity found in
CYP2B1 and CYP2B4 (V/181T, V234l, E254A, Y352Q, P334S, 1427M, Q473K); the
L295H mutant, which was beneficial in CYP2B1 [49], was also included. For both CYP2B6
and CYP2B11, P334S showed increased expression levels by ~1.5-fold, and Y325Q and
1427M expressed at approximately the same level as wild-type enzyme. P334S was the only
mutant to exhibit an increased Tm in either CYP2B6 or CYP2B11; this mutant also
decreased the thermal kinact of CYP2B6 and CYP2B11 and provided increased protection
from pressure inactivation for both enzymes. Interestingly, introducing the S334P mutant
into CYP2B1 and CYP2B4 decreased the Tm, increased thermal inactivation, and made the
enzymes more susceptible to pressure inactivation.

PERSPECTIVES

In conclusion, additional high-resolution crystal structures, including two very recent
CYP2B4 structures with a covalent adduct [50], have provided further insight into the
remarkable plasticity of the CYP2B enzymes. The use of solution methods (NMR and
DXMS) and computational methods (molecular docking and MD simulations) extends the
knowledge of how these enzymes bind ligands of different sizes and shapes, providing a
dynamic glimpse of enzyme behavior in addition to the snapshots provided by
crystallography.

Accurate prediction of the metabolism of drug candidates is one of the long-term goals in
the studies of P450s. This is challenging due to the conformational diversity and plasticity of
drug metabolizing P450s. Crystal structures of CYP2B4 have been determined with the
clinically relevant drugs clopidogrel and ticlopidine that are also metabolized by CYP2BS6.
In addition, a CYP2B6 structure in complex with 4-CPI has been solved; however, crystal
structures of CYP2B6 substrate complexes have yet to be solved. With the addition of
enzyme-substrate complexes, the current set of crystal structures and solution structural
information from NMR and DXMS, and accelerated molecular dynamic simulation methods
[51, 52], a good sampling of CYP2B “conformational space” should be available to provide
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a base of knowledge for modeling studies of P450-ligand interactions. Computational
methods utilizing docking and high throughput screening of compound libraries, especially
natural products, would provide further insight into possible clinically relevant substrates
and inhibitors of these enzymes.

Rational mutagenesis guided by sequence comparison of CYP2B enzymes will allow the
study of how non-active site residues modulate substrate specificity and catalytic efficiency.
The highly polymorphic CYP2B6 is an excellent model system for studying the roles of
non-active site residues in structure-function of P450s. Analysis of CYP2B6 polymorphisms
via homology modeling and docking studies with CYP2B substrates and inhibitors will
provide a basic understanding of pharmacological consequences of these amino acid
differences. Additionally, future questions involving structure-function of CYP2B enzymes
likely will require a blend of crystallography, solution, computational, and mutagenesis

techniques.
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Figure 1.

Conformations observed in CYP2B X-ray crystal structures. CYP2B4 forms a compact
structure (A) when bound to the small inhibitors 4-CPI (1SUO), 1-CPI (2Q6N), ticlopidine
(3KW4), or clopidogrel (3MES6). Rearrangement of the B’/C loop and F-G cassette
accommodates the larger inhibitors (B) bifonazole (2BDM) and (C) 1-PBI (3G5N).
Interestingly, the absence of ligand has yielded structures in two conformations: a closed
structure similar to the CYP2B4-4-CPI complex (A) and an open conformation (D). Stick
diagrams show the chemical structures of ligands.
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Figure 2.

Structure of CYP2B4. (A) View of CYP2B4 along helix | showing large open cleft with
elements of the B’-C loop (1) and F-G cassette (2) labeled. (B) Perspective looking down on
heme and active site.
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Figure 3.

Electron density maps and docking results of CYP2B4 and ticlopidine. The Fo-Fc simulated
annealing omit map for ticlopidine contoured at 3o shows two lobes of electron density
above the plane of the heme. Ticlopidine fits this density well either in the thiophene down
(A) or the chlorophenyl down (B) orientation. Molecular docking studies using Autodock4
or simulated annealing in GROMACS4 show that the preferred orientation for CYP2B4
binding of ticlopidine is with the chlorophenyl group toward the heme as represented by the
results of the simulated annealing experiment (C). Modified from originally published
figures in Gay et al. [23] and reproduced with permission from the American Chemical
Society. © the American Chemical Society.
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CYP2B4 behavior in solution upon ligand binding. Time course of deuterium exchange in
the B’-C loop region and the F-G cassette, respectively, of peptides 1 (residues 95-115) and
2 (residues 225-243), which show differences in DXMS exchange. Peptides in the D-E
helices and I-J helices, respectively are illustrated as 3 (residues 155-178) and 4 (residues
313-340). The scale of the axis is the maximum number of exchangeable amides. Modified
from originally published figure in Wilderman et al. [24] and reproduced with permission
from the American Society for Biochemistry and Molecular Biology. © the American

Society for Biochemistry and Molecular Biology.
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Figure 5.

Comparison of results from MD simulation to existing crystal structures of CYP2BA4.
Overlay of the ending structure of the MD simulation (MDEND, dark gray) with A) the
closed ligand-free 2B4dH crystal structure (3MVR, closed conformation, cyan), B) the
crystal structure of 2B4dH with bifonazole (2BDM, expanded conformation, red), C) the
crystal structure of 2B4dH with three molecules of 1-PBI (3G5N, intermediate
conformation, green), or D) the crystal structure of “open” ligand-free 2B4dH (1PO5, open
conformation, yellow). E) RMSD of the Ca backbone of the P450 2B4dH crystal structures
and MD simulation from the closed ligand-free P450 2B4dH structure (3MVR). The
category axis is labeled with the PDB ID of the crystal structure or with MDEND for the
average RMSD between 12 ns and 15 ns of the MD simulation (1SUO, P450 2B4dH with 4-
CPI; 2Q6N, 2B4dH with 1-CPI; 3G5N, P450 2B4dH with three 1-PBI molecules; 3G93,
P450 2B4dH with one 1-PBI molecule; 1PO5, P450 2B4 in the open conformation; 2BDM,
P450 2B4dH with bifonazole). Modified from originally published figure in Wilderman et
al. [24] and reproduced with permission from the American Society for Biochemistry and
Molecular Biology. © the American Society for Biochemistry and Molecular Biology.
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Table 1

Crystal Structures of Mammalian P450 2B Enzymes

Enzyme Ligand PDB Code Cavity volumeT (A3 Reference
CYP2B4  4-CPI 1SUO 253 [19]
CYP2B4 1-CPI 2Q6N 421 [31]
CYP2B4  Ticlopidine  3KW4 276 [23]
CYP2B4 Clopidogrel  3ME6 343 [23]
CYP2B4 3MVR 358 [24]
CYP2B6 4-CPI 3IBD 582 [25]
CYP2B4  1-PBI 3G5N 391 [22]
CYP2B4 1PO5 NAS [17]
CYP2B4 Bifonazole 2BDM 457 [20]

TProbe-occupied cavities were calculated using a 1.4 A probe radius in Voidoo [53].

§Not Applicable - Formation of dimer fills active site.
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