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ABSTRACT: A previous study [Dickmann, L., et al. (2004) Mol. Pharmacol. 65, 842—850] revealed some
unusual properties of the RI08H mutant of cytochrome P450 2C9 (CYP2C9), including elevated thermo-
stability relative to that of CYP2CY, as well as a UV —visible absorbance spectrum that was indicative of
nitrogenous ligation to the heme iron. In our study, size-exclusion chromatography and UV-—visible
absorbance spectroscopy of CYP2C9 R108H monomers demonstrated that nitrogen ligation is indeed
intramolecular. Pulsed electron paramagnetic resonance of CYP2C9 R108H monomers showed that a
histidine is most likely bound to the heme as previously hypothesized. An energy-minimized model of the
R108H mutant maintained a CYP fold, despite substantial movement of several loop regions of the mutant,
and, therefore, represents an extreme example of a closed conformation of the enzyme. Molecular dynamics
(MD) simulations of CYP2C9 were performed to study the range of energetically accessible CYP2C9
conformations. These in silico studies showed that the B—C loop region of CYP2C9 moves away from the
heme to a position resembling the putative open conformation described for rabbit CYP2B4. A model
involving the movement of the B—C loop region and R108 between the open and closed conformations of
CYP2C9 is presented, which helps to explain the enzyme’s ability to regio- and stereospecifically metabolize
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some ligands while allosterically activating others.

Human cytochrome P450 2C9 (CYP2C9) is found primarily in
the liver and metabolizes a wide variety of xenobiotics and
endogenous compounds (/). One of the intrinsic functions of
this enzyme is to epoxidize arachidonic acid, which appears to be
important for vascular homeostasis. CYP2C9 also hydroxylates
numerous xenobiotics, including the oral anticoagulant S-
warfarin, the hydantoin anticonvulsant phenytoin, a wide range
of nonsteroidal anti-inflammatory drugs (NSAIDs),' and even
some polycyclic aromatic hydrocarbons (2). Moreover, CYP2C9
displays atypical steady-state kinetics with several substrates,
which has been interpreted as evidence of multiple-ligand occu-
pancy within the enzyme’s active site (3). Despite the recent avail-
ability of substrate-bound CYP2C9 X-ray crystal structures (4, 5),
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questions persist with regard to how this enzyme can accommo-
date such a broad range of substrates, and possibly even multiple
ligands within the enzyme’s active site (3).

Site-directed mutagenesis of CYP2C9 and X-ray crystal struc-
tures have provided some clues with regard to how drugs and
other ligands might interact with the enzyme. The first X-ray
crystal structure of CYP2C9 [Protein Data Bank (PDB) entry
10G5 (4)] showed S-warfarin bound in a hydrophobic cleft that
was unexpectedly distant from the heme center (4). However, the
CYP2C9 construct had several mutations within the F—G region
of the protein that may have impacted ligand binding (4, 6, 7).
A more recent X-ray crystal structure of CYP2C9 and fluriprofen
(FP) [PDB entry 1R90 (5)] identified R108 as a critical residue
for binding of acidic substrates because the carboxylate of FP was
hydrogen bonded to R108 (5). There were also significant dif-
ferences in overall structure between 10G5 and 1R90, implying
intrinsic conformational flexibility of CYP2C9 (4, 5).

We previously reported unusual spectral characteristics of the
R108H mutant of CYP2C9, wherein the mutant exhibited a red-
shifted Soret absorbance spectrum (4,,, = 424 nm) that is charac-
teristic of heme bound by a nitrogen-containing ligand. One
possible explanation for this trait is an intermolecular interaction
between two CYP2C9 R108H monomers. This scenario was
observed for CYP2B4, which was originally crystallized as a
dimer that forms when the hydrophobic G’ helix of one monomer
inserts into the active site cavity of a second monomer and is
stabilized by a coordinate bond between residue H226 and the
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CYP2B4 heme iron (8). Another possibility is that ligation of
H108 to the heme might proceed intramolecularly within a single
CYP2C9 R108H monomer. Because the R108 residue is only
12 A from the heme iron in the X-ray crystal structure of
CYP2C9 with FP bound, conformational changes caused by
mutating this amino acid might induce another nitrogen-containing
residue, lysine or arginine, to bind to the heme. On the other
hand, R108 is located on the enzyme’s flexible B—C loop, which
may be sufficiently flexible to permit intramolecular histidine
coordination. Indeed, intramolecular histidine coordination
between H72 within the B—C loop of CYP105P1 and the heme
has been observed in the substrate-free X-ray crystal structure of
this bacterial cytochrome P450 (9). Still, for this to occur, the
B—C loop would have to be folded over the heme, potentially
disrupting the secondary structure of the protein. Conversely, if
the secondary structure is not significantly perturbed, then the
R108H mutant could provide valuable insights into the overall
conformational flexibility of CYP2C9.

In this study, the effect of detergents on both the aggregation
state and the UV—visible absorbance spectrum of the R108H
mutant of CYP2C9 was examined to test whether ligation of the
heme occurs inter- or intramolecularly. The residue directly
bound to the heme was then elucidated using the pulsed electron
paramagnetic resonance (EPR) technique, hyperfine sublevel
correlation spectroscopy (HYSCORE). These results were used
to construct an energy-minimized model of the R108H mutant to
determine the conformational changes necessary to accommo-
date this B—C loop mutation and also to ascertain whether the
model maintained a characteristic CYP fold. Finally, the range of
conformations energetically accessible by CYP2C9 was explored
with molecular dynamics (MD) simulations to provide the basis
for a substrate binding model that incorporates open and closed
conformations of the enzyme.

MATERIALS AND METHODS

General Chemicals and Reagents. Oligonucleotide primers,
AccuPrime Pfx DNA polymerase, T4 DNA ligase, and Escherichia
coli MAX Efficiency DH5aF'1Q competent cells were purchased
from Invitrogen (Carlsbad, CA), and restriction endonucleases
were from New England Biolabs (Beverly, MA). Imidazole hydro-
chloride, 1-histidine, isopropyl 5-p-1-thiogalactopyranoside (IPTG),
dithiothreitol, ethylenediaminetetraacetic acid (EDTA)-free pro-
tease inhibitor cocktail, 0-aminolevulinic acid (6-ALA), sodium
dithionite, S-NADPH, and trifluoroacetic acid were obtained
from Sigma Chemical Co. (St. Louis, MO). Nickel-nitrilotriacetic
acid (Ni-NTA) SuperFlow resin was from Qiagen (Valencia, CA),
and CM Sepharose Fast Flow was obtained from Amersham
Biosciences Corp. (Piscataway, NJ). The detergents, Emulgen
911 and 5-cyclohexyl-1-pentyl 5-p-maltoside (CYMAL-5), were
purchased from Kao Corp. (Tokyo, Japan) and Anatrace, Inc.
(Maumee, OH), respectively. HPLC-grade solvents were pur-
chased from Fisher Scientific Co. (Fair Lawn, NJ). All other
supplies were reagent grade or higher.

CYP2CY9 Mutagenesis, Protein Expression, and Purifi-
cation. Wild-type CYP2C9 was modified for high-level expres-
sion in bacteria via deletion of amino acid residues 3—19 (inclusive)
and incorporation of a G25S mutation (4). The R108H mutation
was generated using the overlap extension polymerase chain reac-
tion method and both genes (termed here, CYP2C9 and CYP2C9
R108H) cloned into pCWori (10). Transformed DH5aF'IQ
colonies containing recombinant CYP2C9 constructs were grown
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in 0.5 L of Terrific Broth containing supplements as previously
described (/7). Expression was induced with | mM IPTG and
0.5mM 0-ALA, and flasks were shaken at 160 rpm and 28 °C for
48 h, at which time yields of the protein varied between 800 and
1400 nmol/L. Cultures were harvested by centrifugation at 5000g
for 10 min in a Beckman GS-6R centrifuge (Beckman Coulter,
Brea, CA) at 4 °C, washed in storage buffer [i.e., 50 mM
potassium phosphate (pH 7.4), 20% glycerol, and | mM EDTA],
and stored at —80 °C. CYP2C9 and CYP2C9 R108H cell pellets
were thawed and resuspended in 15 mL of TES buffer [100 mM
Tris-acetate buffer (pH 7.6), 500 mM sucrose, and 0.5 mM
EDTA] per gram of original wet weight of cells. Cells were treated
with 0.3 mg of lysozyme per gram of cells, and the suspension was
diluted 2-fold by the dropwise addition of an equal volume of
chilled H,O and stirred for 30 min. The resulting spheroplasts
were then pelleted by centrifugation at 10000g for 10 min. Next,
the cells were gently homogenized and resuspended in sonication
buffer [S00 mM potassium phosphate (pH 7.4), 20% glycerol,
10 mM f-mercaptoethanol, and EDTA-free protease inhibitor
cocktail]. The resuspension was sonicated with three 30 s pulses
using a sonic demembrator with a cooling period of 2 min
between ice/salt water baths. The sonicated samples were pooled
and centrifuged at 110000g in a Beckman 50 Ti rotor for 1 h at
4 °C using a Beckman L8-70 ultracentrifuge. CYMAL-5 was
added to the supernatant, and the protein was purified sequen-
tially by nickel affinity and cation exchange chromatography as
described in ref 5. The proteins were then concentrated using spin
columns and stored at —80 °C. The final yields of purified
CYP2C9 and CYP2C9 R108H were 70 and 150 nmol/L of cell
culture, respectively. The purities of the enzymes were >95%, as
judged by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE).

Size-Exclusion Chromatography. Size-exclusion chroma-
tography was performed on a Shimadzu VP Series high-performance
liquid chromatography (HPLC) system equipped with a Pharmacia
Superose 6 HR10/300 column and EZStart version 7.2.1. The
flow rate was maintained at 0.5 mL/min with a maximum
allowed pressure of 215 psi. The UV—visible absorbance was
monitored between 200 and 600 nm. CYP2C9 samples were
calibrated against the 670, 158,44, 17, and 1.35 kDa gel filtration
standards (Bio-Rad, Hercules, CA).

UV—Visible Absorbance Spectroscopy. UV—visible ab-
sorbance spectroscopy studies were performed at 25 °C on a Cary
3E absorbance spectrophotometer (Varian Scientific Instruments,
Inc., Lake Forest, CA) or an Olis Modernized Aminco DW-2
instrument (Olis, Inc., Bogart, GA), as previously described
(12—14). All samples were in 100 mM potassium phosphate
(pH 7.4).

Pulsed EPR Spectroscopy. Pulsed EPR experiments were
conducted with an X-band Bruker ESP-380¢ spectrometer
(Bruker-Biospin, Billerica, MA), equipped with an MD-5 di-
electric resonator, and an Oxford Instruments CF935 helium
cryostat and GFS600 Transfer line (Oxford Instruments,
Oxfordshire, U.K.), as previously described (15). HYSCORE
was used in this study to probe the interaction of nearby nuclei
with the heme iron. This is a two-dimensional correlation EPR
pulsed spectroscopy technique that correlates ENDOR frequen-
cies from the same nucleus. The HYSCORE measurements were
performed using a four-pulse sequence, which correlates with
the electron nuclear double resonance (ENDOR) frequencies,
and disperses the spectrum in two dimensions with increased
resolution for small second-order shifts caused by anisotropic
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interactions (/5—19). All HYSCORE spectra were recorded at a
magnetic field of 0.2865 T, a nominal microwave frequency of
9.690 GHz, a 90° microwave pulse length of 16 ns, a separation
t of 296 ns between the first two microwave pulses, and tempera-
tures between 10 and 11 K. There were 256 points measured in
each dimension with an increment of 24 ns between the points.
Additional parameters are given in the figure legends.

The individual HYSCORE spectra were processed identically
in the Bruker Xepr package. Baseline correction by a second-
order polynomial was applied to each slice parallel to the x-axis,
followed by baseline correction by a second-order polynomial on
each slice parallel to the y-axis. The resolution enhancement
windowing function was applied with x-Max = 6120 and x0 =
—4000 in both directions, followed by zero-filling to 1024 points
in both directions and two-dimensional Fourier transformation.
The magnitude was taken to produce the final spectra in Figure 2.

The intensity of each HYSCORE spectrum was different
because of small variations in the sample concentration, EPR
spectrum shape, EPR relaxation times, and number of acquisi-
tions. The intense peaks on the diagonal, which correspond to
protons that are some distance from the heme, were used to
normalize the spectra. The effectiveness of the normalization is
due to the relatively uniform proton density of proteins (20).
Normalized spectra were subtracted from one another to produce
the difference spectra in Figure 3.

EPR Theory. The low-spin iron of the heme in the oxidized
state has a spin quantum number S of '/,. The interaction of this
electron with nearby nuclei shifts the NMR frequencies of these
nuclei by the hyperfine coupling constant (A). The shifted frequen-
cies are commonly known as ENDOR frequencies. For protons
and other nuclei with a nuclear spin quantum number 7 of /5, the
ENDOR frequencies are simply (ignoring second-order effects)

1
VENDOR = VN £ = 4 (1)

2
where vy is the NMR or nuclear Zeeman frequency, which is often
much greater than A, and vgnpor is the ENDOR frequency.

The "N atoms (7 = 1) of the pyrrole rings of the heme and the
imidazole or histidine ligands to the heme are more complicated.
They have a quadrupole moment (a characteristic of nuclei with
I>"),) and typically have 4 > vy. Their ENDOR frequencies
(ignoring second-order effects) are

1 3
VENDOR =§AiVNi§Q (2)

where Q is the quadrupole splitting. Q, and often A, interactions
are anisotropic, meaning that their values depend on the orienta-
tion of the heme, relative to the magnetic field of the EPR spectro-
meter. The anisotropy of A depends on the distance between the
nucleus and the unpaired electron spin of the heme. Moreover,
the anisotropy is very useful for locating protons, which are
normally absent from protein structures determined by X-ray
diffraction. The A4 at any orientation for an axial interaction can
be written in terms of its isotropic part g, (i.e., the isotropic hyper-
fine coupling constant) and its anisotropic part a,(3 cos> @ — 1):

A = a+a(3cos’ H—1) (3)

where a, is the perpendicular hyperfine coupling constant and
0 is the angle between the magnetic field and the unique axis of
the hyperfine interaction. The anisotropic part of the hyperfine
coupling was ascertained indirectly by measuring the second-
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order shifts in the ENDOR frequencies of protons present in the
HYSCORE spectra. These second-order shifts were then sepa-
rated through a simple linear regression into the principal values
of the hyperfine tensor as previously described (15—19).

The distance of the protons from the heme iron was calculated
from the a, using the standard formula for point dipoles.

o = (P%)gcgnﬁef% (4)

dz ) hid

where p is the magnetic permeability of free space, g. and g, are
the electronic and nuclear g factors, respectively, 3. and f,, are the
electronic and nuclear Bohr magnetons, respectively, /zis Planck’s
constant, and r is the electron—nuclear distance. This equation
has already been used in earlier studies to estimate electron—
proton distances in CYP101 (21, 22). The point dipole approxi-
mation is exact for measuring electron—nuclear distances, when
the wave function of the unpaired electron spin does not overlap
with the nucleus, has spherical symmetry, and has a g value that is
isotropic. Our EPR results confirmed previous work on CYP101
(21, 22), showing a small isotropic hyperfine coupling with the
protons of the axial water ligand and little wave function overlap.
Goldfarb and co-workers found that the electron spin was largely
confined to the Fe (IIT) d-orbital shell, which approaches
spherical symmetry (22). The g anisotropy of the system was
~15% (22), which gives a maximum error in the calculated
distance of 5%.

Molecular Dynamics Simulations and Energy Minimi-
zation. MD simulations were performed on the X-ray crystal
structure coordinates of CYP2C9 (PDB entry 1R90) and the
R108H mutant (5), using the MD software package Groningen
MAchine for Chemical Simulation (GROMACS) version
3.3.3 (23—25). Missing residues from the X-ray crystal structure
of CYP2C9 and the R108H mutation were inserted using the
“sculpt” and “mutate” features of the molecular modeling
package Open-Source PyMOL v0.99rev10 (DeLano Scientific
LLC, Palo Alto, CA). The residues and connecting regions were
then locally minimized, using the Dreiding minimization feature
of DS Viewer Pro 6.0 (Accelrys Software Inc., San Diego, CA).
The topology files, used in the energy minimization and MD
simulation, were modified to reflect the cysteinyl and histidine
ligation, respectively [refs (26—28) and Tables S1 and S2 of the
Supporting Information]. Both CYP2C9 and the R108H mutant
structures were immersed in a simulated water box with 120 A
sides and ~70—80000 waters, corresponding to twice the length
of the longest diagonal of the protein, or ~65 A. Both structures
were energy minimized, by the method of steepest descent, to
remove van der Waals contacts between overlapping waters and
the amino acids of the protein. MD simulations were run with
Berendsen temperature and pressure coupling (also known as
“bath”) (29) at a simulated temperature of 300 K, using the
GROMOS 53a6 force field (30, 37) and periodic boundary
conditions in all directions. A derivation of the force field
parameters and charges of the heme with a spherical iron in
the GROMOS 53a6 forced field are described in ref 32. Electro-
statics of the system were measured using the particle-mesh
Ewald method (33). These simulations were performed on an
IBM P655+ supercomputer at the Arctic Regional Super-
computer (Fairbanks, AK). During the MD simulation, the posi-
tion of the protein structures was restrained for 50 ps to allow
the waters to fill in the cavities. Next, MD simulations were
continued for 11.5 ns. Analysis of CYP2C9 and CYP2C9 R108H
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FiGure 1: Effect of 0.5% cholate on the aggregation state and the
UV—visible absorbance spectrum of the R108H mutant. (A) Size-
exclusion chromatogram and (B) absolute absorbance spectrum of
the R108H mutant with (thick black line) and without 0.5% cholate
(thick gray line). The trace of the protein standard that was used for
size-exclusion chromatography is shown as a thin dotted line.

structures was performed using GROMACS and software
written in the Python programming language (versions 2.4 and
2.6). The active site volumes were estimated using DS Viewer Pro
6.0 by taking the difference between the volume of a solvent
accessible surface that excludes the active site (probe radius of 5 A)
and the volume of a solvent accessible surface that includes the
active site (probe radius of 2 A).

RESULTS

Size-Exclusion Chromatography and UV—Visible Absor-
bance Spectroscopy of the CYP2C9 RIOSH Mutant Show
That Heme Ligation Is Intramolecular. To determine if heme
ligation was intermolecular or intramolecular, the CYP2C9
R108H mutant was treated with a variety of detergents to make
the protein monomeric and analyzed by size-exclusion chroma-
tography and UV—visible absorbance spectroscopy. Figure 1A
shows the chromatogram of the CYP2C9 R108H mutant in the
absence and presence of 0.5% cholate versus the chromatogram
of the protein standards. In the absence of 0.5% cholate, the
mutant had a retention time of 28.8 min, which was near that of
the 158 kDa protein standard and showed that CYP2C9 R108H
was primarily a trimer or tetramer. After the addition of 0.5%
cholate, the mutant’s retention time increased to 34.2 min, which
was consistent with that of the 44 kDa protein standard and
showed that the protein was monomeric. Figure 1B shows the
UV—visible absorbance of the heme Soret region (300—600 nm)
of the R108H mutant for the assessment of the effects of
monomerization on the heme absorbance spectrum. If the
absorbance maximum shifted from 424 to 418 nm by cholate,
this would indicate that heme ligation was intermolecular.
Instead, the absorbance maximum remained at 424 nm in the
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FiGure 2: HYSCORE EPR spectra of (A) CYP2C9, (B) the R108H
mutant, and (C) CYP2C9 with 100 mM imidazole. The ENDOR
peaks labeled a—d correspond to protons coupled to the heme iron.
The nitrogen frequency region (<9 MHz) is framed within the
dashed rectangle. The location of a cross-peak indicates the ENDOR
frequencies in different electron spin manifolds. The protein concen-
tration was 200 M for all the samples, and the spin echo-detected
EPR spectra associated with the HYSCORE EPR spectra are found
in Figure S1 of the Supporting Information. The x- and y-axes of
the HYSCORE spectra correspond to the correlated "H ENDOR
frequencies.

presence of 0.5% cholate, so conclusively, heme ligation is
intramolecular.

Pulsed EPR Shows That the RIO8H Heme Iron Is Bound
by a Histidine. Pulsed EPR is a powerful technique for probing
nuclei near paramagnetic centers (34—36). In this study, the
pulsed EPR technique HYSCORE was used to identify the
amino acid residue that was bound to the heme iron in the
CYP2C9 R108H mutant. Figure 2 shows HYSCORE spectra of
CYP2C9 and the R108H mutant. The spectra were recorded at
the magnetic field of the g. EPR peak (i.e., 0.2865 T) with proton
peaks labeled and the nitrogen frequencies shown (<9 MHz)
within the dashed box (21, 22, 37). In the absence of ligands, a set
of proton peaks, labeled a in Figure 2A, were found at 11.68 and
13.23 MHz. The hyperfine couplings of these peaks were as
follows: ¢, = —0.76 £ 0.09 or —2.60 + 0.20 MHz, and ¢, =
3.40 £ 0.20 MHz. The distance from these protons to the heme
iron was 3.03 £ 0.07 A, using a, and eq 4. Flanking this peak
were two peaks, labeled b, with the following hyperfine coupling
constants: gi, = —1.16 £ 0.12 or —4.12 £ 0.05 MHz, and a, =
5.30 £ 0.10 MHz (which corresponds to a proton—heme iron
distance of 2.62 £ 0.02 A). These values are very similar to those
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FiGure 3: HYSCORE difference spectrum of the R108H mutant (A and B) and CYP2C9 with 100 mM imidazole (C and D). The panels on the
left (A and C) and right (B and D) are the positive and negative peaks from the HYSCORE difference spectra, respectively. The labeling is the same
asin Figure 2, except that a dashed oval covers the peaks around 4.39 and 7.85 MHz while a dashed box encloses the ridges, found at £1.91 MHz,

in the nitrogen frequency region from both panels.

reported for the axial water ligand to the Fe(III) in CYP101
(21, 22). Consequently, these peaks were assigned to the protons
of the axial water ligand from CYP2C9. A third set of peaks,
labeled ¢, had the following values: s, = —1.50 £ 0.80 or —0.90 +
1.60 MHz, anda; = 2.50£0.10 MHZ (with a calculated distance
to the heme iron of 3.37 &+ 0.70 A).

The HYSCORE spectrum of the CYP2C9 R108H mutant is
shown in Figure 2B. The hyperfine coupling constants for peak a
in the mutant were as follows: ¢, = —1.18 £ 0.09 or —2.20 +
0.19 MHz, and a; = 3.4 MHz. The calculated distance from the
proton to the heme was 3.04 + 0.07 A, which was similar to
that of peak a of CYP2C9 (Figure 2A). Unlike CYP2C9, there
were no axial water proton peaks in the HYSCORE spectrum,
suggesting that water had been displaced from the heme iron by
some amino acid residue of the mutant. A set of R108H proton
peaks, labeled d, were found near the position of peak ¢ in
CYP2C9 (Figure 2A). The hyperfine couplings of this peak were
as follows: ajso = =1.27+£0.16 MHz,and a; = 2.54+£0.22 MHz.
The calculated distance, using @, was 3.34 + 0.10 A.

Figure 2C shows the HYSCORE spectrum of CYP2C9 in the
presence of 100 mM imidazole for comparison with the HYSCORE
spectrum of the CYP2C9 R108H mutant. The proton peaks from
the axial water ligand were also absent from this spectrum, which
is consistent with the imidazole displacing the bound water.
Peaks a and d were partially overlapping, so they could not be
analyzed individually. The average hyperfine coupling constants
estimated from the combined peaks were as follows: a;;, = —1.68 +
0.16 or =1.00 + 0.30 MHz, and a, = 2.71 £ 0.35 MHz.
A distance of 3.27 & 0.14 A was calculated from «,, and the
peaks were assigned to both the protons on the imidazole ring
and random protons of the protein, because they could not be
assigned individually.

HYSCORE difference spectra are shown in Figure 3 for
comparison of the CYP2C9 R108H mutant and CYP2C9 with
imidazole. The difference spectra were calculated via subtraction

of the HYSCORE spectrum of CYP2C9 without ligands from
the HYSCORE spectra of the CYP2C9 R108H mutant or
CYP2C9 with 100 mM imidazole bound. The left and right
panels show the positive and negative peaks from the HYSCORE
difference spectrum, respectively. The positive peaks and spectral
features in the left panels appear only from CYP2C9 with imidazole
and the mutant, while the negative peaks in the right panels show the
peaks that disappear from the wild type. In both of the left panels
(ie., Figure 3A,C), two peaks were found at (—4.39, 7.85 MHz) and
(—7.85, 4.39 MHz) (dotted oval) from the nitrogen nucleus with an
Az between 5.8 and 6.2 MHz. There were also extended ridges in
these panels at £1.91 MHz (dashed rectangle) with a hyperfine
coupling of +1—2 MHz, which is roughly twice the nuclear Zeeman
frequency of nitrogen (2vy). The negative difference spectra in the
right panels were also similar, demonstrating that both the R108H
mutant and CYP2C9 lack bound axial water proton peaks and
¢ peaks. The positive and negative HYSCORE difference spectra
were virtually identical and conclusively show that the hemes of the
R108H mutant and CYP2C9 with imidazole are both bound by an
imidazole functional group. Therefore, the peaks that appear in the
nitrogen region of panels A and B of Figure 3 (i.e., <9 MHz) were
assigned to the nitrogens of an imidazole ring, and peak d was
assigned to protons on the imidazole ring.

Differences between the X-ray Crystal Structure of
CYP2CY9 and the Energy-Minimized RIOSH Mutant. The
foregoing UV—visible and pulsed EPR spectroscopy results were
consistent with the RI08H mutant maintaining at least some
structural characteristics of a CYP fold. Nevertheless, these
results did not exclude the possibility that the structure was
severely disrupted by the mutation. To probe this possibility
further, an energy-minimized model of the RI08H mutant was
generated with H108 bound to the heme iron to illuminate major
structural differences between CYP2C9 and CYP2C9 R108H.

Figure 4 shows the structural differences between CYP2C9
and the R108H mutant. Panels A and B of Figure 4 are cross
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FiGURE 4: Differences in the energy-minimized structures of
CYP2C9 and the R108H mutant. (A) Cross section of the X-ray
crystal structure of CYP2C9 [PDB entry 1R90 (5)]. (B) Cross section
of the hypothetical model of the R108H mutant, showing binding of
H108 to the heme with secondary structures of highest mobility
colored orange and labeled. (C) a-Carbon backbone root-mean-
square deviation (rmsd) between CYP2C9 (PDB entry 1R90) and
the R108H mutant with the loops and the meander region, which
had the greatest deviations, labeled. For example, the labels B—C,
p1—1/1—-2, and meander correspond to the B—C loop, the f1-1—
£1-2 loop, and the meander region, respectively.

sections of CYP2C9 [PDB entry 1R90 (5)] and the energy-
minimized structure of the RI08H mutant, respectively. In
Figure 4C, the structural rearrangements required to energy
minimize the mutant with the histidine ligated to the heme are
represented as the root-mean-square deviation (rmsd) of the
CYP2C9 a-carbon backbone, as a function of amino acid
number. Overall, the CYP fold of the R108H mutant remained
intact with secondary structure elements largely unperturbed.
The e-nitrogen of H108 in the energy-minimized model was 2.4 A
from the heme iron, while the two flanking protons were 3.5 and
3.7 A distant. The latter values were similar to the distances
calculated from a; (i.e., 3.04 and 3.34 A) that were determined
from HYSCORE. The average rmsd of the a-carbon backbone,

Biochemistry, Vol. 49, No. 40, 2010 8705

between the R108H mutant and CYP2C9, was only 3.1 £ 1.7 A.
The largest deviations were observed in the mobile loop regions
and the N- and C-termini. This correlates well with the X-ray
crystal structure of CYP2C9 that either showed high b factors or
was disordered in those regions (5). Between the two structures,
the F—G loop region showed the greatest deviation of 11 A.The
F—G loop was in direct contact with the $1-1—£1-2 loop, which
was shifted 8 A from CYP2C9 (Figure 4A). Also, there were
shifts, of approximately 7 A, in the nearby G—H loop region.
Moreover, the B—C loop was abutted against helix I and moved
the H—Iloop by 9 A. Some indirect effects in the meander region
and f33-3—[34-1 loops were also noted. These results indicate that
several regions within CYP2C9 are conformationally flexible but
provide limited information about their mobility. To investigate
the intrinsic flexibility of CYP2C9, MD simulations were per-
formed on the enzyme, and the enzyme was compared to the open
and closed conformations of CYP2B4 (8, 38).

Molecular Dynamics Simulations of CYP2C9 Show
That the B—C Loop Region and RI108 Are Mobile. The
MD simulations of CYP2C9 were used to probe its mobility and
to determine the energetically accessible conformations of the
enzyme. Figure 5 shows the results and the analyses of the MD
simulation with a comparison to the CYP2B4 X-ray crystal
structures (8, 38). The rmsd of the a-carbon backbone, during the
MD simulation from the starting structure, is illustrated in
Figure SA. The a-carbon backbone reached equilibrium at
approximately 5 ns. To examine the specific conformational
changes during the MD simulation, the average o-carbon back-
bone rmsd was calculated for each residue, during the 10—11.5 ns
time period of the MD simulation, and compared to that of the
starting structure in Figure 5B. The F—G loop region showed the
largest displacement of 20 A, while the B—C and H—I loop
regions were only displaced ~10 A. Figure 5C shows the B—C
loop regions of CYP2C9 with FP (PDB entry 1R90) and with
warfarin (PDB entry 10GS5) and CYP2C9 alone after the 11.5 ns
MD simulation. In the FP-bound CYP2C9 structure, the dis-
tance between the a-carbon of R108 and the heme iron was 17 A,
with the arginine interacting with FP. The distance between the
a-carbon of R108 and the heme iron increased to 20 A in
warfarin-bound CYP2C9. By 11.5 ns in the MD simulation,
the distance increased further to 22 A. The angle formed between
the heme plane and the R108 a-carbon also increased from 137°
to 151°. With these increases in the distances and angles, the
active site volume progressively increased for these three struc-
tures from approximately 15 to 17 nm?, according to our rough
calculations. Thus, a range of conformations is energetically
accessible for CYP2C9.

There were striking similarities between the results of the
MD simulation of CYP2C9 and the X-ray crystal structures of
CYP2B4 in the closed [PDB entry 1SUO (38)] and putative open
[PDB entry 1POS5 (8)] conformations. Figure 5D illustrates the
backbone a-carbon rmsd per residue between the closed and
open structures. Although they are not identical, CYP2B4 also
exhibited similar large displacements of the B—C, F—G, and
H—Tloop regions. Figure SE shows the active site, and the B—C
loop region of CYP2B4 with F115, in a position similar to that of
R108 in the CYP2C9 structure. In the closed conformation, F115
is in direct contact with the 4-(4-chlorophenyl)imidazole (4-CPI)
that is bound to the CYP2B4 heme. The distance from the
a-carbon to the heme iron, in this conformation, is 12 A. In the
open conformation of CYP2B4, the F115 residue is significantly
displaced from the heme (distance of 23 A) in a manner
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FIGURE 5: MD simulation and analysis of CYP2C9. (A) rmsd of the a-carbon backbone of CYP2C9 during the MD simulation. (B) Average
o-carbon backbone rmsd per residue of CYP2C9 between 10 and 11.5 ns of the M D simulation from the starting structure. The B—C, F—G, and
H—1loop regions with the largest deviations are labeled. (C) Conformation and position of the B—C loop and R108 movement in the CYP2C9
structure with FP bound [PDB entry 1R90O (5)] (green), the warfarin-bound CYP2C9 structure [PDB entry 10OGS5 (4)] (magenta), and the CYP2C9
structure after the 11.5 ns MD simulation (blue). (D) a-Carbon backbone rmsd per residue between CYP2B4 in the putative open conformation
[PDB entry 1POS (8)] and CYP2B4 with 4-(4-chlorophenyl)imidazole [PDB entry 1SUO (38)], with labeling similar to that in panel A.
(E) Conformational and positional differences in the B—C loop region and F115 of CYP2B4 with 4-CPI (green) and in the open conformation (blue).

analogous to how the R108 residue was displaced in the MD
simulation of CYP2C9. Additionally, the active site volume
increased roughly from 14 to 17 nm? in the open conformation.
Overall, the similarities between CYP2C9 and CYP2B4 suggest
that both enzymes can undergo similar conformational transitions.

DISCUSSION

A number of investigations have suggested that conforma-
tional changes in CYPs play an important role in ligand binding
and molecular recognition (e.g., refs (38—41))). In this study, the
conformations of the CYP2C9 R108H mutant, deduced from
energy minimization, the X-ray crystal structures of CYP2C9
(4, 5), and MD simulations of CYP2C9 showed that this enzyme
can assume a wide range of conformations. In the R108H
mutant, the B—C loop was intramolecularly ligated to the heme,
thus representing an extreme example of a closed conformation.
Energy minimization of this mutant showed that the conforma-
tion can be accommodated without disrupting the overall protein
fold of the enzyme, implying that several regions of the protein
are quite flexible. Interestingly, this same conformation is evident
in the ligand-free X-ray crystal structure of bacterial CYP105P1,

which has an analogous residue (i.e., H72) within the B—C loop,
which is bound to the heme iron (9). Representing the opposite
extreme, the B—C loop of CYP2C9 in the MD simulation [PDB
entry 1R90 (5)], and for comparison CYP2B4 X-ray crystal
structures [PDB entries 1SUO (38) and 1POS5 (8)], was shifted
away from the heme and adopted a conformation that resembles
an open conformation of the enzyme. Between these two extremes
were the X-ray crystal structures of CYP2C9 with FP [PDB entry
1R90 (5)] and warfarin bound [PDB entry 10GS (4)], both of
which demonstrated closed, ligand-bound conformations of
CYP2C9.

Several P450 enzymes are believed to undergo open to closed
conformational transitions during ligand binding, including
CYP101 (42), CYP102A1 (43, 44), CYP105P1 (9), CYP2B4
(8, 38, 45, 46), CYP51 (47), CYP2C9 (4, 5), and CYP3A4 (40).
The transition typically occurs around secondary structures near
the F—G loop but may also involve the B—C loop region. The
X-ray crystal structures of CYP2C9 with FP bound [PDB entry
1R90 (5)] and the chimeric X-ray crystal structures of CYP2C9
with warfarin [PDB entry 10GS5 (4)] and ligand-free [PDB entry
10G2 (4)] showed significant conformational differences in the
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Scheme 1: Substrate Binding Model of CYP2C9*
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“(A) Closed and open conformations of CYP2C9. (B) Binding of an acidic substrate to R108 (R) in the open conformation of CYP2C9.
(C) Trapping of the acidic substrate in the closed conformation of CYP2C9. (D) Product formation.

B—C and F—G loop regions. The B—C loop region was a random
coil in 1R90 and an a-helix (i.e., helix B') in both 10G5 and
10G2. The F—G loop regions were disordered in 1R90, while
this region was helical in 10GS5. These differences suggest that
CYP2C9 can undergo conformational transitions similar to those
described for CYP2B4 (5). However, the backbone differences
between 1R90 and the 10GS5 B—C and F—G loop regions were
actually quite modest, with an average o-carbon backbone
displacement of ~2 A compared to the ~10 A displacement
observed for CYP2B4 (5, 8). To test the range of conformations
that CYP2C9 can assume, MD simulations were initially per-
formed with the FP-bound CYP2C9 structure as the putative
closed conformation. The B—C loop region moved more than
20 A from the heme in the absence of FP, which parallels the
enzyme adopting the open conformation seen in the CYP2B4
X-ray crystal structure (8).

A model of substrate binding, based on the range of con-
formational changes that CYP2C9 can assume, is shown in
Scheme 1. Size-exclusion chromatography, HY SCORE spectros-
copy, and energy minimization results provided experimental
support for the closed conformation, whereas the open confor-
mation was deduced from the MD simulations. Therefore, in the
absence of substrates, we propose that the closed and open
structures are energetically accessible conformations of CYP2C9
(Scheme 1A). In the closed conformation, R108 within the B—C
loop is folded over, and relatively close to the heme, as seen in the
X-ray crystal structure of CYP2C9 [PDB entry 1R90 (5)] with
FP bound, or (a more extreme example) the position of H108 in
the CYP2C9 mutant (Figure 4B) or H72 in CYP105P1 (9).
Conversely, in the open conformation, the R108 residue is facing
away from the heme like F115 in the X-ray crystal structure of
CYP2B4 [Figure SE; PDB entry 1POS5 (8)].

Scheme 1B shows acidic substrates binding to CYP2C9 in the
open conformation, through hydrogen bonding to R108 (5). This
residue forms hydrogen bonds to FP in the X-ray crystal
structure of CYP2C9 (5), and an R108F mutation precludes
the metabolism of S-warfarin and diclofenac (6), suggesting that
itis critical for binding. The R108 residue is oriented out into the
bulk solvent after the 10 ns MD simulation (Figure 5C), where it
can readily access substrates. In this position, the drug substrate
is too far from the heme to undergo productive catalysis, so the
B—C loop folds over and “traps” the substrate within the active
site, near the heme (Scheme 1C). The energy-minimized model of
the CYP2C9 R108H mutant suggests that CYP2C9 can form a
closed compact structure that can prevent the release of bound
substrates. We propose that this conformation of the enzyme
resembles the X-ray crystal structure of CYP2C9 with FP bound,
where the drug is “trapped” by a hydrogen bond to R108 and
hydrophobic interactions with residues V113, F114, A297, T301,
and L3066 (5). The importance of several of these hydrophobic
residues in CYP2C enzymes has been revealed in mutagenesis
studies (48, 49). By trapping the substrate, CYP2C9 can then

undergo efficient catalysis to products, which is shown in
Scheme 1D.

This model helps to explain the complex substrate binding
behavior of CYP2C9. Hydrogen bonding of weak acids, to R108
of CYP2C9, provides the enzyme with ligand specificity. The
mobility and flexibility of the B—C loop region permit CYP2C9
to accept a wide range of substrates or even multiple substrates at
the same time. This scenario also helps to explain how the enzyme
can regio- and stereospecifically hydroxylate a substrate like
phenytoin (50) yet possess the flexibility to allosterically activate
the metabolism of other ligands (3).
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Spin echo-detected EPR spectra that were associated with the
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field parameters that were used for the MD simulations and the
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This material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Ortiz de Montellano, P. R. (2004) Cytochrome P450: Structure,
Mechanism, and Biochemistry, 3rd ed., Plenum Publishing, New York.

2. Miners, J. O., and Birkett, D. J. (1998) Cytochrome P4502C9: An
enzyme of major importance in human drug metabolism. itk
lsiEgeal 45, 525-538.

3. Korzekwa, K. R., Krishnamachary, N., Shou, M., Ogai, A., Parise,
R. A., Rettie, A. E., Gonzalez, F. J., and Tracy, T. S. (1998)
Evaluation of atypical cytochrome P450 kinetics with two-substrate
models: Evidence that multiple substrates can simultaneously bind to
cytochrome P450 active sites. st 37, 4137-4147.

4. Williams, P. A., Cosme, J., Ward, A., Angove, H. C., Matak
Vinkovic, D., and Jhoti, H. (2003) Crystal structure of human
cytochrome P450 2C9 with bound warfarin. Ngtug 424, 464-468.

5. Wester, M. R., Yano, J. K., Schoch, G. A., Yang, C., Griffin, K. J.,
Stout, C. D., and Johnson, E. F. (2004) The structure of human
cytochrome P450 2C9 complexed with flurbiprofen at 2.0-A resolu-
tion. pnikinkeiabeid 279, 35630-35637.

6. Dickmann, L. J., Locuson, C. W, Jones, J. P., and Rettie, A. E. (2004)
Differential roles of Arg97, Asp293, and Argl08 in enzyme stability
and substrate specificity of CYP2CY. juiiiii. 65, 842-850.

7. Ridderstrom, M., Masimirembwa, C., Trump-Kallmeyer, S., Ahlefelt,
M., Otter, C., and Andersson, T. B. (2000) Arginines 97 and 108 in
CYP2C9 are important determinants of the catalytic function. Rigeleus

. 270, 983-987.

8. Scott, E. E., He, Y. A., Wester, M. R., White, M. A., Chin, C. C.,

Halpert, J. R., Johnson, E. F., and Stout, C. D. (2003) An open


http://pubs.acs.org/action/showImage?doi=10.1021/bi100911q&iName=master.img-005.jpg&w=326&h=56

8708  Biochemistry, Vol. 49, No. 40, 2010

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

conformation of mammalian cytochrome P450 2B4 at 1.6-A resolu-
tion. ﬁ 100, 13196-13201.

. Xu, L. H., Fushinobu, S., Ikeda, H., Wakagi, T., and Shoun, H. (2009)

Crystal structures of cytochrome P450 105P1 from Streptomyces
avermitilis: Conformational flexibility and histidine ligation state.

dmliigiiad 191, 1211-1219.

. Mosher, C. M., Hummel, M. A., Tracy, T. S., and Rettie, A. E. (2008)

Functional analysis of phenylalanine residues in the active site of
cytochrome P450 2C9. iinshsiiiat <7, 11725-11734.

. Cheesman, M. J., Baer, B. R., Zheng, Y. M., Gillam, E. M., and

Rettie, A. E. (2003) Rabbit CYP4B1 engineered for high-level expres-
sion in Escherichia coli: Ligand stabilization and processing of the
N-terminus and heme prosthetic group. . 416,
17-24.

. Jefcoate, C. R. (1978) Measurement of substrate and inhibitor binding

to microsomal cytochrome P-450 by optical-difference spectroscopy.
. 52,258-279.

. Hildebrandt, A., Remmer, H., and Estabrook, R. W. (1968) Cyto-

chrome P-450 of liver microsomes: One pigment or many. Rigekeid
. 30, 607-612.

. Omura, T., and Sato, R. (1964) The carbon monoxide-binding

pigment of liver microsomes. II. Solubilization, purification, and

properties. pniindislag. 239, 2379-2385.

. Dikanov, S. A., and Bowman, M. K. (1998) Determination of ligand

conformation in reduced [2Fe-2S] ferredoxin from cysteine -proton

hyperfine couplings. IR 3. 18-29.

. Dikanov, S. A., Tyryshkin, A. M., and Bowman, M. K. (2000)

Intensity of cross-peaks in HYSCORE spectra of S = 1/2, 1 = 1/2
spin systems. jninm—"— /44, 228-242.

. Dikanov, S. A., and Bowman, M. K. (1995) Cross-peak lineshape of

two-dimensional ESEEM spectra in disordered S=1/2, I=1/2 spin

systems. | /6, 125-128.

. Maryasov, A. G., and Bowman, M. K. (2004) Hyperfine sublevel

correlation (HYSCORE) spectra for paramagnetic centers with

nuclear spin I = 1 having hyperfine interactions. il
108, 9412-9420.

. Maryasov, A. G., and Bowman, M. K. (2006) Two-dimensional

hyperfine sublevel correlation spectroscopy: Powder features for
S=1/2,1=1 . 179, 120-135.

Stuhrmann, H. B. (1974) Neutron small-angle scattering of biological
macromolecules in solution. I 7. 173-178.
LoBrutto, R., Scholes, C. P., Wagner, G. C., Gunsalus, I. C., and
Debrunner, P. G. (1980) Electron Nuclear Double Resonance of
Ferric Cytochrome P450c v SN, /02, 1167-1170.
Goldfarb, D., Bernardo, M., Thomann, H., Kroneck, P. M. H., and
Ullrich, V. (1996) Study of water binding to low-spin Fe(III) in
cytochrome P450 by pulsed ENDOR and four-pulse ESEEM spectro-
scopies. . 118, 2686-2693.

Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E.,
and Berendsen, H. J. (2005) GROMACS: Fast, flexible, and free.
IS 6. 1701-1718.

Berendsen, H. J. C., van der Spoel, D., and van Drunen, R. (1995)
GROMACS: A message-passing parallel molecular dynamics imple-
mentation. .91, 43-56.

Lindahl, E., Hess, B., and van der Spoel, D. (2001) GROMACS 3.0: A
package for molecular simulation and trajectory analysis. Leddal
Maodel. 7, 306-317.

Autenrieth, F., Tajkhorshid, E., Baudry, J., and Luthey-Schulten, Z.
(2004) Classical force field parameters for the heme prosthetic group
of cytochrome c. i —— 5. 1613-1622.

Oda, A., Yamaotsu, N., and Hirono, S. (2005) New AMBER force
field parameters of heme iron for cytochrome P450s determined by
quantum chemical calculations of simplified models. gl

Chem. 26, 818-826.
Henry, E. R., Levitt, M., and Eaton, W. A. (1985) Molecular

dynamics simulation of photodissociation of carbon monoxide from
hemoglobin. h 82,2034-2038.

Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W., DiNola, A.,
and Haak, J. R. (1984) Molecular dynamics with coupling to an

external bath. gasfessitfesy. 87, 3684-3690.
Oostenbrink, C., Soares, T. A., van der Vegt, N. F., and van

Gunsteren, W. F. (2005) Validation of the 53A6 GROMOS force
field. jn e 34, 273-284.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Roberts et al.

Oostenbrink, C., Villa, A., Mark, A. E., and van Gunsteren, W. F.
(2004) A biomolecular force field based on the free enthalpy of
hydration and solvation: The GROMOS force-field parameter sets
53A5 and 53A6. IR 05, 1656-1676.
van Gunsteren, W. F., Billeter, S. R., Eising, A. A., Hunenberger,
P.H., Kruger, P., Mark, A. E., Scott, W. R. P., and Tironi, I. G. (1996)
Biomolecular Simulation: The GROMOS96 Manual and User Guide,
Verlag der Fachvereine Hochschulverlag AG an der ETH Zurich, Zurich.
Darden, T., York, D., and Pedersen, L. (1993) Particle mesh Ewald:
An N-log(N) method for Ewald sums in large systems. e
98, 10089-10092.
Kevan, L., and Bowman, M. K. (1990) Modern pulsed and continuous-
wave electron spin resonance, Wiley, New York.
Prisner, T., Rohrer, M., and MacMillan, F. (2003) Pulse EPR spectros-
copy: Biological applications. || | NN 5. 279-313.
Bowman, M. K. (2009) Pulsed electron paramagnetic resonance.
In Electron Paramagnetic Resonance: A Practitioners Toolkit
(Brustolon, M., and Giamello, E., Eds.) pp 159—194, John Wiley & Sons,
Hoboken, NJ.
Fann, Y.-C. (1994) ENDOR determination of heme ligation in
chloroperoxidase and comparison with cytochrome P-450.,,.
. 116, 5989-5990.
Scott, E. E., White, M. A., He, Y. A., Johnson, E. F., Stout, C. D., and
Halpert, J. R. (2004) Structure of mammalian cytochrome P450 2B4
complexed with 4-(4-chlorophenyl)imidazole at 1.9 A resolution:
Insight into the range of P450 conformations and coordination of
redox partner binding. gultitlminbeig. 279, 27294-27301.
Roberts, A. G., and Atkins, W. M. (2007) Energetics of heterotropic
cooperativity between a-naphthoflavone and testosterone binding to
CYP3A4. . 463, 89-101.

Ekroos, M., and Sjogren, T. (2006) Structural basis for licand
promiscuity in cytochrome P450 34, [N
103, 13682-13687.
Davydov, D. R., Botchkareva, A. E., Kumar, S., He, Y. Q., and
Halpert, J. R. (2004) An electrostatically driven conformational
transition is involved in the mechanisms of substrate binding and
cooperativity in cytochrome P450eryF. iinksiiias /5. 6475-0485.
Yao, H., McCullough, C. R., Costache, A. D., Pullela, P. K., and Sem,
D. S. (2007) Structural evidence for a functionally relevant second
camphor binding site in P450cam: Model for substrate entry into a
P450 active site. Ruaieius 69, 125-138.
Chang, Y. T., and Loew, G. H. (1999) Molecular dynamics simula-
tions of P450 BM3: Examination of substrate-induced conforma-
tional change. . 16, 1189-1203.
Li, H., and Poulos, T. L. (1997) The structure of the cytochrome
p450BM-3 haem domain complexed with the fatty acid substrate,
palmitoleic acid. jniin—m /. 140-146.
Muralidhara, B. K., Negi, S., Chin, C. C., Braun, W., and Halpert,
J. R. (2006) Conformational flexibility of mammalian cytochrome
P450 2B4 in binding imidazole inhibitors with different ring chemistry
and side chains. Solution thermodynamics and molecular modeling.
. 281, 8051-8061.
Zhao, Y., White, M. A., Muralidhara, B. K., Sun, L., Halpert, J. R.,
and Stout, C. D. (2006) Structure of microsomal cytochrome P450
2B4 complexed with the antifungal drug bifonazole: Insight into P450
conformational plasticity and membrane interaction. gttt
281, 5973-5981.
Podust, L. M., Poulos, T. L., and Waterman, M. R. (2001) Crystal
structure of cytochrome P450 14o-sterol demethylase (CYPS1) from
Mycobacterium tuberculosis in complex with azole inhibitors. 2roc,
. 98, 3068-3073.
Haining, R. L., Jones, J. P., Henne, K. R., Fisher, M. B., Koop, D. R.,
Trager, W. F., and Rettie, A. E. (1999) Enzymatic determinants of the
substrate specificity of CYP2C9: Role of B’-C loop residues in
providing the z-stacking anchor site for warfarin binding. Rigeheiids
sty 38, 3285-3292.
Imai, Y., and Nakamura, M. (1989) Point mutations at threonine-301
modify substrate specificity of rabbit liver microsomal cytochromes

P-450 (laurate (w-1)-hvdroxylase and testosterone 160-hydroxylase).
. 158, 717-722.

Mosher, C. M., Tai, G., and Rettie, A. E. (2009) CYP2C9 amino acid
residues influencing phenytoin turnover and metabolite regio- and
stereochemistry. . 329, 938-944.




