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Abstract
The use of molecular modeling in conjunction with site-directed mutagenesis has extensively been
used to study substrate orientation within cytochrome P450 active sites, and to identify potential
residues involved in positioning and catalytic mechanisms of these substrates. However, because
docking studies utilize static models to simulate dynamic P450 enzymes, the effectiveness of these
studies are highly dependent on accurate enzyme models. This study employed a cytochrome P450
3A4 (CYP3A4) crystal structure (PDB code:1W0E) to predict the sites of metabolism of the
known CYP3A4 substrate raloxifene. In addition, partial charges were incorporated into the P450
heme moiety to investigate the effect of the modified CYP3A4 model on metabolite prediction
with the ligand-docking program Autodock. Dehydrogenation of raloxifene to an electrophilic di-
quinone methide intermediate has been linked to the potent inactivation of CYP3A4. Active site
residues involved in the positioning and/or catalysis of raloxifene supporting dehydrogenation
were identified with the two models, and site-directed mutagenesis studies were conducted to
validate the models. The addition of partial charges to the heme moiety increased accuracy of the
docking studies, increasing the number of conformations predicting dehydrogenation, and
facilitating the identification of substrate/active site residue interactions. Based on the improved
model, the Phe215 residue was hypothesized to play an important role in orienting raloxifene for
dehydrogenation through a combination of electrostatic and steric interactions. Substitution of this
residue with glycine or glutamine significantly decreased dehydrogenation rates without
concurrent changes in the rates of raloxifene oxygenation. Thus, the improved structural model
predicted novel enzyme/substrate interactions that control the selective dehydrogenation of
raloxifene to its protein-binding intermediate.

Cytochrome P450 3A4 (CYP3A4) is the most abundant human P450 found predominately
in the liver and intestine, and is responsible for the metabolism of several endogenous
compounds and a wide variety of xenobiotics compounds, including greater than 50% of
drugs on the market (1). CYP3A4 catalyzes this metabolism by a variety of biochemical
reactions, including hydroxylation, epoxidation, dealkylation, and dehydrogenation
(desaturation) (2,3), with the potential to employ multiple reactions on the same substrate.
Although the majority of CYP3A4-catalyzed reactions produce inactive and nontoxic
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metabolites through the oxygenation of substrates, occasionally the less common
dehydrogenation reaction generates highly reactive electrophiles that can form intracellular
protein or DNA adducts, resulting in toxicities (4-7). Many of these electrophilic
intermediates are so reactive they act as mechanism-based inactivators of the metabolizing
enzyme by alkylating the prosthetic heme or binding to the apoprotein, or both (8). Although
we have a general understanding about how these dehydrogenated products are formed, the
precise mechanisms or factors that direct dehydrogenation versus oxygenation are not well
understood. However, it is believed that steric and electronic parameters of the enzyme's
active site residues facilitate dehydrogenation by positioning the substrate and/or stabilizing
transition-states (9,10). Because CYP3A4 is the major drug metabolizing P450, elucidating
the factors that control CYP3A4-mediated dehydrogenation is crucial to the development of
future drugs, with reduced risks of metabolic activation.

Molecular models are valuable tools to study substrate orientation within the P450 active
site (11-14). However, the predictive power of molecular modeling is highly dependent on
an accurate three-dimensional structure of the target (i.e. crystal structure) (15,16).
Furthermore, the force field parameters of the target are critical to accurate determinations
of the interactions between a compound and its target, and to determine the lowest energy
conformations and orientations of substrates in the target site (17). Unfortunately, until
recently, force field parameters for the full P450 heme moiety have not been published, and
therefore, have been largely ignored in docking studies involving P450s (18). This study
utilized an x-ray crystal structure of CYP3A4 to model the metabolism of raloxifene, a
CYP3A4-mediated dehydrogenated substrate. Furthermore, we investigated the effects of
heme partial charge assignments on the predictive power of our molecular modeling.

Raloxifene presents a useful tool for studying dehydrogenation, because previous studies
have shown that CYP3A4 regiospecifically dehydrogenates raloxifene to a reactive di-
quinone methide, and oxygenates it to a hydroxylated metabolite (Scheme 1) (19-23). Our
recent studies (23) identified an unique pathway (Scheme 1) for the production of the 7-
hydroxy “metabolite” of raloxifene, through binding of the di-quinone methide to a protein
carboxylic acid residue. Hydrolysis of the protein-bound ester by acidic workup liberated 7-
hydroxyraloxifene, which was therefore shown to be an artifact rather than a true metabolite,
formed by P450 turnover. Molecular modeling studies with raloxifene lead to the
identification of several active site residues with the potential to affect substrate orientation
and catalysis. However, alternative CYP3A4 crystal structures used for molecular modeling
can dramatically alter substrate orientations, and predictions of enzyme/substrate
interactions (15). Therefore, site-directed mutagenesis was performed to validate the models
and elucidate the roles of these active site residues in substrate dehydrogenation.

This study demonstrates the need for accurate force field parameters of the P450 active site,
which is improved by the incorporation of representative partial charges on the heme
moiety. The validity of the models was tested by site-directed mutagenesis studies of
substrate/active site residue interactions predicted based on these docking studies. Our
results demonstrate the utility of these combined techniques to evaluate the intricate
interactions between dehydrogenated substrates and P450 enzymes.

Materials and Methods
Materials

Raloxifene, testosterone, 6β-hydroxytestosterone, 11β-hydroxytestosterone, NADPH, and
reduced glutathione were purchase from Sigma-Aldrich (St. Louis, MO). 7-OHRA and 3′-
OHRA synthesized standards (20) were generous gifts from Dr. Judy L. Bolton (University
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of Illinois, Chicago). All other chemicals for synthesis or analysis were of analytical grade
or equivalent and obtained at the highest grade commercially available.

Instrumentation
High-performance liquid chromatography (HPLC) was conducted on an Agilent 1100
system (Agilent Technologies, Inc., Palo Alto, CA) including an autosampler and a diode-
array UV/VIS detector. Chromatography was performed on a Phenomenex Luna 5μ C18
(250 × 4.60 mm) reverse-phase column (Phenomenex Inc., Torrance, CA). For testosterone
metabolite analysis, the mobile phase consisted of solvent A: acetonitrile and solvent B: 1
mM ammonium acetate, with the solvent gradient program set as: 0 min, 10% A; 7 min,
35% A; 14 min, 50% A; 17 min, 55% A; 21 min, 95% A; 24 min, 95% A; and 32 min, 10%
A, with a flow rate of 1 ml/min. Testosterone metabolites were monitored by UV absorption
at 254 nm, and identified by comparison to standards.

LC/MS was conducted using a Thermo LCQ Advantage MAX mass spectrometer, coupled
with an LC system consisting of a Finnegan Surveyor LC pump and Surveyor Autosampler
(Thermo Fisher Scientific, Waltham, MA). ESI with positive ionization was utilized. The
source temperature was set to 250°C, ionization voltage to 5 kV, capillary voltage 45 V, and
sheath gas (N2) flow rate of 50 units. Parameters for MS/MS by CID with helium gas were
as follows: activation amplitude at 35.0%, activation Q at 0.250, activation time at 30 ms
and isolation width of 2 amu. Chromatography was conducted using a Phenomenex Gemini
3μ C6-Phenyl (150 × 2.00 mm) reverse-phase column (Phenomenex Inc., Torrance, CA).
The mobile phase consisted of solvent A: acetonitrile and solvent B: 10% methanol and
0.4% formic acid (v/v/v). For raloxifene analysis, the mobile phase was linear from 5 to
20% solvent A over 40 min, increasing to 95% solvent A over 10 min, with a flow rate of
0.2 ml/min. Identification of raloxifene metabolites was based on [M+H]+ ion peaks as
follows: hydroxyraloxifene 490 m/z; SG-raloxifene 779 m/z; SG-hydroxyraloxifene 795 m/
z; and di-SG-hydroxyraloxifene 550 m/z [M+2H]2+. 7-hydroxyralxoifene and 3′-
hydroxyraloxifene were also identified by comparison of retention times to standards.

Molecular docking
AutoDock 3.05 was obtained from Scripps Research Institute (La Jolla, CA). In AutoDock,
the substrates raloxifene and 2-(4-hydroxy-phenyl)-benzothiophene-6-ol were treated as
flexible ligands by modifying their rotatable torsions, but the CYP3A4 template was
considered to be a rigid receptor. Three-dimensional coordinates of the CYP3A4 structure
1W0E (24) were acquired from the Protein Data Bank, and a second template was created
(hereafter referred to as 1W0E_Modified) by assigning partial charges to the heme moiety of
1W0E. The van der Waals non-bonded parameters for these values were taken from the
AMBER Parm99 force field, so that the heme force field would be compatible with AMBER
protein force fields. The Fe, and all atoms bound to Fe, used the values distributed in the
AMBER package. The non-bonded parameters of heme were not optimized, just the force
constants and the atom charges. The structures of the substrates were built using Chem3D
Ultra10 (CambridgeSoft Corporation, Cambridge, MA), and their energy was minimized
using the molecular mechanics method (MM2), which was then modified by AutoDock-
Tools program (Scripps Research Institute) with the Gasteiger atomic charges assigned and
flexible torsions defined. The templates 1W0E and 1W0E_Modified were initially modified
for docking by manually removing all water molecules. The program does not incorporate
water molecules in the simulations. The polar hydrogens, protonated histidines, de-
protonated aspartic and glutamic acids, Kollman partial charges, and solvation parameters
used default values, assuming a pH of 7.4, with the AutoDockTools options. However, all
residues were checked to guarantee that the program assigned the correct charges to each
ionizable side chain. To define the active site space in which the substrates moved,
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AutoGrid 3.06 (Scripps Research Institute) was performed, which precalculates grids of van
der Waals, hydrogen bonding, electrostatics, torsion, and solvation interactions between the
templates and substrates (25). The van der Waals parameters for the heme iron atom were
manually assigned Rii and epsii values of 1.3 and 0.01, respectively. A grid box with
sufficient space to cover the whole active site of CYP3A4 centered at 60.795, 79.686, and
11.471; with dimensions of 52 × 62 × 68 and a resolution of 0.375 Å in each dimension.
Docking was accomplished on a Dell (Round Rock, TX) Precision 690 workstation with two
64-bit Dual-Core Intel (Santa Clara, CA) Xeon processors and Red Hat (Raleigh, NC)
Enterprise Linux WS4 operating system. The maximum number of energy evaluations (i.e.,
energy calculation of the fit of a ligand conformation) and generations (i.e., new population
of individual ligand conformations) was set at 250,000 and 27,000, respectively. The rates of
gene mutation and crossover rate were set at 0.02 and 0.80, respectively. The rest of the
parameters were set at their default values. AutoDock searched the globally optimized
conformations and orientations using the Lamarckian genetic algorithm (LGA), a hybrid of a
genetic algorithm with an adaptive local search (LC) method (25). One hundred LGA runs
were conducted for each template and docking solutions were groups of conformational
clusters where all-atom root mean square deviations (RMSD) within 2.0 Å of each other
were clustered together, using AutoDockTools. Thus, clusters were grouped together based
on their geometric similarities, not their energy similarities.

CYP3A4 mutant construction
CYP3A4 mutants S119A, F215G, F215Q, and T309V were generated by polymerase-chain
reaction (PCR) using QuikChange® XL site-directed mutagenesis kit (Stratagene, La Jolla,
CA). The CYP3A4 containing construct, pSE3A4His (26), was used as the template, and the
forward and reverse primers are shown in Table 1. All mutant constructs were sequenced to
confirm correct mutations and lack of anomalous mutations (DNA Sequencing and
Genomics Core Facility, University of Utah, Salt Lake City, UT). The pSE3A4His construct
was a generous gift from Dr. James R. Halpert (University of California, San Diego, CA).

Enzyme expression
CYP3A4 and mutants were expressed in Escherichia coli DH5-α cells (Invitrogen, Carlsbad,
CA) and purified as described previously (26). Rat cytochrome P450-oxidoreductase (POR)
construct pOR262, which was a generous gift from Dr. Charles B. Kasper (University of
Wisconsin, Madison, WI), was expressed and purified in JM-109 cells (Stratagene, La Jolla,
CA) as described previously (27). The P450 content was determined by reduced carbon
monoxide difference spectra (28).

Testosterone activity assay
The reconstituted system contained 50 pmol of purified P450, 100 pmol of recombinant
POR, 100 pmol of cytochrome b5 (Invitrogen, Carlsbad, CA), 0.04% sodium cholate, and 20
μg of lipid mix (equal weights of DOPC, DLPC and DLPS). The mixture was gently shaken
at room temperature for 10 min. To the system was added potassium phosphate buffer (50
mM, pH 7.4), GSH (4 mM), MgCl2 (15 mM), and testosterone (25-400 μM) in a final
volume of 500 μl. The mixture was preincubated at 37°C for 5 min, and the reaction was
initiated by the addition of 2 mM NAPDH. The reaction was allowed to proceed for 10 min
at 37°C and then terminated by the addition of 500 μl of ice cold methanol containing 2.5
μM of the internal standard 11β-hydroxytestosterone. The mixtures were vortexed, followed
by centrifugation at 21000 × g for 15 min to remove the protein. The organic components of
the supernatant were concentrated to 100 μl under nitrogen gas for analysis via HPLC. The
amount of 6β-hydroxytestosterone formed at each testosterone concentration was
determined with a standard curve and used for kinetic analysis. Kinetic parameters including
Vmax, the maximal velocity, and Km, the substrate concentration at half-maximal velocity,
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were obtained by a nonlinear least-squares regression fitting of the Michaelis-Menten
equation, V = Vmax × [S]/(Km + [S]), using the “Solver” function from Microsoft Excel 2003
(Microsoft, Redmond, WA). All incubations were done in triplicate (i.e., 3 separate
reconstituted systems).

Raloxifene dehydrogenation assay
The reconstituted system was the same as described above, with the exception that
raloxifene (25 μM) was added to the incubations. The mixture was preincubated at 37°C for
5 min, and the reaction was initiated by the addition of 2 mM NAPDH. The reaction was
allowed to proceed for 10 min at 37°C and then terminated by addition of 100 μl of 60%
trichloroacetic acid (v/v). The mixtures were vortexed, followed by centrifugation at 21000
× g for 15 min to remove the protein. The organic components of the supernatant were
extracted using C-18 Sep-Pak cartridges (Waters, Taunton, MA). The acetonitrile eluate was
concentrated to dryness by evaporation under nitrogen and reconstituted in 10% acetonitrile/
H2O (v/v) for analysis via LC/MS. All incubations were repeated 5 times (i.e., 5 separate
reconstituted systems).

Results
Molecular docking of substrates into 1W0E and 1W0E_Modified

Until recently, the charge state parameters for the heme moiety of P450s had not been
defined, and therefore were set to zero by most docking software. As a result, the heme's
electronic contribution to docking ligands into the active site of P450s was largely
overlooked. To investigate the effects of heme parameters, raloxifene was docked into the
templates 1W0E (with no heme partial charges parameters) and 1W0E_Modified (with
partial charges added to the heme). One hundred docking conformations for each CYP3A4
crystal structure were clustered with a RMSD of 2.0 Å and ranked by the lowest docking
energy for analysis (Figure 1 A&B). Raloxifene is metabolized by CYP3A4 to two primary
metabolites the di-quinone methide and 3′-hydroxyraloxifene (Scheme 1). The di-quinone
methide is a dehydrogenated product, most likely initiated by hydrogen abstraction from the
hydroxyl group on C-6 of the benzothiophene moiety. The other major raloxifene metabolite
is hydroxylated on the C-3′ atom, possibly initiated by hydrogen abstraction from the
hydroxyl group on C-4′ of the phenol or π-bond oxygenation. To score our docking results
for predictions of the sites of metabolism, any conformation where the hydroxyl group on
the benzothiophene moiety was within 5 Å of the heme iron was considered a successful
prediction for raloxifene dehydrogenation. Likewise, any conformation where the phenol's
hydroxyl group was within 5 Å of the heme iron was considered a successful prediction for
raloxifene 3′-hydroxylation. Any conformation that did not meet either criterion was
considered an unsuccessful, or a metabolically “inactive” prediction (Table 2). Out of the
100 docking conformations from the 1W0E template (with no heme charge assignments),
only 10% predicted raloxifene dehydrogenation, 5% predicted raloxifene 3′-hydroxylation,
and 85% predicted metabolic “inactive” states (Figure 2 A&B). The lowest energy cluster
predicted dehydrogenation (Figure 1A). However, this cluster only accounted for two out of
100 conformations. The largest cluster (10 conformations) from this docking study predicted
metabolic “inactive” states. Out of the 100 docking conformations from the
1W0E_Modified template, 24% predicted dehydrogenation, 4% predicted 3′-hydroxylation,
and 72% predicted metabolic “inactive” states (Figure 2 C&D). The lowest energy cluster,
which was also the largest cluster, predicted dehydrogenation (Figure 1B).

The core structure of raloxifene, 2-(4-hydroxy-phenyl)-benzothiophene-6-ol, where
CYP3A4-mediated metabolism is known to take place, was docked into 1W0E_Modified to
determine if there was a preference for one side of the molecule to orient itself toward the
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heme. One hundred docking conformations were clustered with an RMSD of 2.0 Å and
ranked by the lowest docking energy for analysis (Figure 3). Out of 100 conformations, 40%
predicted metabolism on the phenol moiety, 24 % predicted metabolism on the
benzothiophene moiety, and 31% predicted “inactive” states. Furthermore, the first and
second most abundant/lowest energy clusters predicted metabolism at the phenol moiety,
whereas the clusters that predicted metabolism at the benzothiophene moiety had higher
energy (i.e., less favorable).

Identification of Active Site Residues
Raloxifene docked into the 1W0E template only predicted raloxifene dehydrogenation for
10% of all the conformations. Furthermore, the lowest energy cluster, which predicted
dehydrogenation, only accounted for two conformations. Despite the poor results obtained
from docking raloxifene into 1W0E, the conformations that predicted dehydrogenation were
visually analyzed to identify active site residues that were < 5 Å from raloxifene, and that
could potentially position raloxifene for dehydrogenation and/or stabilize transition states. In
several of the conformations, the hydroxyl group on the Thr309 side chain was within
hydrogen bonding distance, approximately 3.0 Å, of the oxygen of the hydroxy-
benzothiophene moiety, indicating that Thr309 could potentially stabilize a transition state
or phenoxy radical intermediate, during raloxifene dehydrogenation (Figure 4A). The
hydroxy group on the Ser119 side chain was within hydrogen bonding distance,
approximately 3.7 Å, of the oxygen of the hydroxy-benzothiophene moiety, indicating that
S119 could potentially stabilize the transition-state, or phenoxy radical intermediate, during
raloxifene dehydrogenation (Figure 4B).

Docking studies with 1W0E_Modified (with heme partial charges) had a dramatic effect,
increasing the prediction of raloxifene dehydrogenation to 24% of all the conformations.
Most remarkable was the increase in the most abundant/lowest energy cluster, which
increased to 11% of all conformations. This cluster alone was visually analyzed to identify
active site residues that could potentially position raloxifene for dehydrogenation and/or
stabilize transition states. Phe215, located in the F-G loop (between the F and F′ helixes),
appeared to play a key role in positioning raloxifene for dehydrogenation (Figure 5). The
steric interactions between raloxifene and the Phe215 residue appear to provide a
hydrophobic pocket where the phenol and 1-(2-phenoxy-ethyl)-piperidine moieties of
raloxifene wrapped around the benzene ring of the phenylalanine side chain. In addition to
the steric interactions, raloxifene's phenol moiety was positioned to enable a π bond T-stack
with the phenylalanine residue. These steric and electronic interactions appeared to position
the benzothiophene moiety of raloxifene towards the heme, supporting the dehydrogenation
pathway.

Construction and expression of CYP3A4 mutants
Molecular docking studies of raloxifene docked into CYP3A4 templates 1W0E and
1W0E_Modified were utilized to identify active site residues that potentially positioned
raloxifene for dehydrogenation. From the 1W0E template, Ser 119 and Thr 309 were
selected for mutation, and from the 1W0E_Modified template, Phe215 was selected for
mutation. Single amino acid mutants S119A, T309V, F215G and F215Q were successfully
introduced, as confirmed by full-length sequence analysis within the P450 cDNA region of
the expression vector pSE3A4His. All mutants were successfully expressed, but with lower
expression levels, S119A (10 nmol/L), T309V (7 nmol/L), F215G (12 nmol/L) and F215Q
(10 nmol/L), than native CYP3A4 (45 nmol/L). The absence of a large 420 nm peak in the
reduced carbon monoxide difference spectra suggested that the decrease in mutant protein
yield was due to a decrease in expression, and not misfolding of the enzymes.
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CYP3A4 mutant testosterone hydroxylation activity
To ensure that the recombinant CYP3A4 mutants were functioning enzymes, they were
incubated with the CYP3A4 model substrate testosterone. Their activities were determined
by monitoring 6β-hydroxytestosterone production, and Km and Vmax were calculated for
each enzyme (Table 3). All of the expressed CYP3A4 enzymes were active, successfully
producing 6β-hydroxytestosterone. Native CYP3A4's Km and Vmax were calculated to be
240 ± 20 μM and 21 ± 4 min-1, respectively. Both the CYP3A4 F215G and F215Q mutant
enzymes demonstrated a lower affinity for testosterone with Km of 370 ± 30 μM and 320 ±
20 μM, and lower maximal enzymatic turnover of testosterone with Vmax of 16 ± 1 min-1

and 17.0 ± 1 min-1, respectively. The T309V mutation resulted in an increase of testosterone
affinity, but decrease in enzymatic turnover, with a Km and Vmax of 110 ± 20 μM and 4.5 ±
0.4 min-1, respectively. The S119A mutation had a slight increase in testosterone affinity
and an increase in enzymatic turnover, with a Km and Vmax of 230 ± 20 μM and 29 ± 1
min-1, respectively.

CYP3A4 mutant raloxifene dehydrogenation activity
To investigate the effects of the single amino acid mutations on dehydrogenation, the P450
mutants were incubated with raloxifene. Due to a lack of standards for the raloxifene/GSH
adducts, the metabolites were estimated with use of an internal standard via LC/MS. All the
CYP3A4 mutants metabolized raloxifene, producing previously identified hydroxylated
raloxifene metabolites and GSH adducts (19,20), with no new metabolites detected.
Surprisingly, despite the changes that the S119A and T309V mutations had on testosterone
activity, neither mutation significantly altered raloxifene metabolism. Both CYP3A4 S119A
and T309V produced the same relative amounts of raloxifene metabolites, with the same
metabolic distribution, as native CYP3A4 (data not shown). The CYP3A4 F215Q mutation
significantly decreased (p < 0.05) formation of 3′-hydroxyraloxifene (3′-OHRA) (30%),
mono-GS-raloxifene (GS-RA) (28%), and di-GS-hydroxyraloxifene (di-GS-OHRA) (22%),
compared to native CYP3A4 (Figure 6). CYP3A4 F215Q had no significant effect on the
production of 7-hydroxyraloxifene (7-OHRA). The CYP3A4 F215G mutation significantly
decreased (p < 0.05) production of GS-RA (40%) and di-GS-OHRA (55%), but had no
significant effect on 7-OHRA or 3′-OHRA formation (Figure 6).

Discussion
Substrate orientation within the active site of P450s is a crucial factor for P450-mediated
metabolism. Therefore, docking studies can be particularly useful to gain selectivity and
steric information on potential compounds, which can be used to predict their sites of
metabolism and possible toxic metabolites. Our previous docking studies with indapamide
and two different CYP3A4 crystal structures (1TQN and 1W0E), demonstrated the
importance of accurate crystal structures to improve docking fidelity (15). While both
CYP3A4 crystal structures accurately predicted major pathways of indapamide metabolism,
accurate predictions of substrate/active site residue interactions could not be determined
because the active site residues of the two structures were different. The 1TQN template
predicted that Arg212 played an important role in positioning indapamide for
dehydrogenation, while 1W0E predicted that Arg212 was not oriented within the active site
and did not interact with indapamide. Only after site-directed mutagenesis studies on the
Arg212 residue was it determined that Arg212 was not necessary for substrate orientation to
facilitate dehydrogenation of indapamide. From these results, and from examining other
CYP3A4 crystal structures, it was concluded that Arg212 is most likely oriented away from
the heme moiety. Therefore, the 1TQN structure did not appear to be an appropriate
template for molecular docking studies, so the 1W0E crystal structure was used for this
study.
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In addition to the importance of a correct structure, the use of accurate force field parameters
is essential for successful molecular docking studies. However, due to a lack of published
heme partial charge parameters, the vast majority of past docking studies with P450s
ignored the electronic contributions of this vital prosthetic group. With newly established
heme force field parameters, we can incorporate their contributions to molecular docking
studies involving P450s. In this study, we utilized the CYP3A4 crystal structure 1W0E, with
and without the addition of heme parameters, to determine if they improved docking results.
When raloxifene was docked into 1W0E (without heme partial charges), the lowest energy
cluster did successfully predict raloxifene dehydrogenation. However, this cluster only
represented 2% of all the conformations. Overall, only 10% of the conformations predicted
raloxifene dehydrogenation. The docking study also successfully predicted raloxifene 3′-
hydroxylation; however, these conformations were much higher in energy, compared to the
dehydrogenation conformations (Figure 1A). The largest cluster from this docking study,
representing 10% of conformations, corresponded to metabolic “inactive” conformations.
Furthermore, 85% of all the conformations represented “inactive” conformations. When
raloxifene was docked into 1W0E_Modified, there was significant improvement in the
prediction of the site of dehydrogenation. The lowest energy cluster, which also represented
the largest cluster of conformations (11%), predicted raloxifene dehydrogenation (Figure
1B). Furthermore, the total number of substrate conformations that predicted
dehydrogenation increased to 24%. Interestingly, successful predictions of raloxifene 3′-
hydroxylation were relatively unchanged at 4%, and again these conformations were higher
in energy than the dehydrogenation conformations. The second largest cluster (10%) still
predicted “inactive” conformations, and overall 75% of the conformations were “inactive.”
Thus, these results demonstrated the importance of accurate heme force field parameters in
molecular docking studies. While 1W0E did successfully predict raloxifene metabolites,
without the benefit of prior in vitro studies, the lack of large clusters with low energy would
not permit confident predictions of raloxifene metabolic pathways with this model. In
contrast, the incorporation of the heme parameters into 1W0E_Modified increased the
successful prediction of raloxifene dehydrogenation from 10 to 24%. Furthermore, while the
largest cluster from 1W0E docking (without heme parameters) predicted “inactive”
conformations, the largest and lowest energy cluster from 1W0E_Modified predicted
raloxifene dehydrogenation. Docking with both models resulted in a large percentage of
inactive conformations. However, this is not unexpected for CYP3A4, due to its relatively
large active site and high degree of flexibility (29-31); one would expect difficulties in
modeling this P450 with a static crystal structure. Even with the large number of “inactive”
conformations, this approach is useful to predict raloxifene metabolites, because the vast
majority of “inactive” conformations have vastly different orientations (greater that RMSD 2
Å), and therefore do not cluster together. The only large cluster of “inactive” conformations
place raloxifene 6.5 Å or greater away from the heme, and in an orientation that would not
produce any known metabolites.

To identify potential active site residues that may position and/or stabilize a transition state,
to facilitate dehydrogenation, raloxifene was docked with the CYP3A4 crystal structure
1W0E (without heme partial charges). This study resulted in very few conformations
predicting dehydrogenation at the benzothiophene moiety. However, the few conformations
that predicted dehydrogenation were visually analyzed to identify potential active site
residues that might interact with raloxifene. In several conformations, the hydroxy group on
the benzothiophene moiety was within hydrogen bonding distance of the hydroxy group on
the Thr309 residue (Figure 4A). This threonine residue is already theorized to play an
important role in the formation of the reduced ferric peroxyl radical intermediate (compound
0) in the P450 catalytic cycle, by donating a hydrogen bond to stabilize the Fe-OO moiety
(32). Therefore, we postulated that Thr309 could also provide a hydrogen bond, and
stabilize the raloxifene dehydrogenation transition-state (i.e., donate a hydrogen bond to the
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phenoxyl radical of the benzothiophene moiety, after removal of a hydrogen atom from the
phenol). In another conformation, the hydroxyl group on the benzothiophene moiety was
within hydrogen bonding distance of the hydroxy group on the Ser119 residue (Figure 4B).
Previous studies have shown that Ser119 may play a vital role in the CYP3A4-mediated
metabolism of progesterone (33) and midazolam (34). Therefore, we postulated that Ser119
might also position raloxifene for dehydrogenation. To investigate the role of Thr309 and
Ser119 in raloxifene metabolism, and thereby validate our docking study of raloxifene, site-
directed mutagenesis was utilized to create CYP3A4 T309V and S1319A mutants. These
mutations where chosen because they have similar steric features, but lack hydroxyl groups
for hydrogen bonding. Based on testosterone activity, the T309V mutation decreased
enzyme efficiency by 55% and the S119A mutation increased the enzyme efficiency by
50%, compared to native enzyme. Despite the effects on testosterone activity, when
CYP3A4 T309V and S119A were incubated with raloxifene, these mutations had no
significant effects on raloxifene metabolism. Therefore, we concluded that Thr309 and
Ser119 do not affect raloxifene orientation, or stabilize transition states. From these results
we also concluded that our model, based on docking raloxifene into 1W0E (without heme
partial charges), was not sufficiently accurate. This was not surprising, given the poor
docking results from the 1W0E template.

Previous studies on CYP3A4-mediated metabolism of raloxifene have shown that it is
metabolized on both the benzothiophene and phenol moieties, located on opposite ends of
the molecule (19,20). To determine if there was preference for either end of the core
structure of raloxifene to orient itself toward the heme moiety of CYP3A4, docking studies
were conducted with a smaller, simplified analog, 2-(4-hydroxy-phenyl)-benzothiophene-6-
ol, and the 1W0E_Modified structure. The results demonstrated that the preferred
orientation of 2-(4-hydroxy-phenyl)-benzothiophene-6-ol in CYP3A4 was with the phenol
moiety pointing toward the heme (Figure 3). This is surprising because previous docking
studies predicted that the preferred raloxifene orientation is with the benzothiophene moiety
pointed toward the heme, and incubations with CYP3A4 have shown metabolism at the
benzothiophene moiety as one of the most abundant CYP3A4-mediated reactions.
Therefore, it was theorized that the piperidine moiety of raloxifene must play an important
role in orienting raloxifene for dehydrogenation at the benzothiophene moiety.

In contrast to the docking study with 1W0E (without heme partial charges), the
1W0E_Modified docking study produced the lowest-energy cluster with the largest
population. Therefore, we utilized this cluster alone to identify potential active site residues
that may position and/or stabilize a transition state, facilitating raloxifene dehydrogenation.
To refine the search, and account for the results for docking the 2-(4-hydroxy-phenyl)-
benzothiophene-6-ol into CYP3A4, close attention was paid to the positioning of the 4-(2-
piperidine-1-ly-ethoxy)-benzaldehyde moiety. By visual analysis, we identified the Phe215
residue as an important for positioning raloxifene for dehydrogenation. In all the
conformations, the phenol and piperidine moieties wrap around the Phe215 residue (Figure
5), orienting raloxifene with the benzothiophene moiety pointed toward the heme. In
addition to the steric effects of Phe215, there also appeared to be π bond T-stacking between
raloxifene's phenol moiety and the phenylalanine benzene ring. Phe215 belongs to a highly-
ordered cluster of seven phenylalanines (Phe108, 213, 215, 220, 241 and 304) in the active
site of CYP3A4, which appears to be a unique feature among all P450s that have been
crystallized. Previous studies have shown that several of these phenylalanines play a role in
substrate cooperativity, regioselectivity, and stereoselectivity (26,34,35). To investigate the
role of Phe215 in raloxifene metabolism, and validate our docking study of raloxifene with
1W0E_Modified, site-directed mutagenesis was utilized to create CYP3A4 F215G and
F215Q mutants. The CYP3A4 F215Q mutant was chosen to eliminate π bond T-stacking
between the residue and the substrate, while keeping a bulky residue for steric interactions.
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The CYP3A4 F215G mutant was chosen to eliminate both the π bond T-stacking and the
steric effects of the residue. The activity of these mutants was determined by metabolism of
the CYP3A4 model substrate testosterone. The CYP3A4 F215G and F215Q mutations
decreased the affinity for testosterone, and decreased substrate turnover, resulting in a
substantial decrease in enzyme efficiency by 50% and 38%, respectively, compared to
native CYP3A4. The enzymes were incubated with raloxifene to investigate the effects of
the F215G and F215Q mutations on dehydrogenation. Because the dehydrogenated product
of raloxifene is too unstable to measure directly (20), the mono-GSH adduct of the reactive
intermediate (GS-RA) was measured to monitor raloxifene dehydrogenation. The CYP3A4
F215Q mutation significantly decreased the production of 3′-OHRA, GS-RA, and di-GS-
OHRA, compared to native CYP3A4 (Figure 6). However, there was no significant effect on
the production of 7-OHRA, which is theorized to be an artifact rather than a P450-catalyzed
oxygenation product, formed by the conjugation of raloxifene di-quinone methide with a
carboxylic acid moiety of CYP3A4 and subsequently released by acid-catalyzed hydrolysis
of the ester to form 7-OHRA (23). The CYP3A4 F215G mutation produced an even more
dramatic decrease in the production of GS-RA and di-GS-OHRA, but had no significant
effect on 7-OHRA or 3′-OHRA (Figure 6). These results clearly demonstrated that the
Phe215 residue plays a substantial role in positioning raloxifene for dehydrogenation. The
F215Q mutation eliminated any possible π bond T-stacking interaction with raloxifene, but
still provided a large residue to position raloxifene by steric interactions. The significant
decrease in GS-RA, resulting from the F215Q mutation, suggested that π bond T-stacking
between the Phe215 and the phenol moiety of raloxifene does play a role in positioning
raloxifene for dehydrogenation. The F215G mutation eliminated both the π bond T-stacking
interaction and the steric interaction that positions raloxifene with the benzothiophene
moiety oriented toward the heme. This mutation had an even more dramatic effect on GS-
RA production, demonstrating that both the steric interaction and electrostatic interaction are
important to position raloxifene for dehydrogenation. Furthermore, while the F215G
mutation decreased GS-RA production (i.e., dehydrogenation) by 40%, it had no significant
effect on 3′-OHRA production (i.e., oxygenation). These results demonstrated that the
F215G mutation specifically decreased raloxifene dehydrogenation, not just overall
raloxifene metabolism. Interestingly, the CYP3A4 mutants and native enzyme produced the
same amount of 7-OHRA. Because 7-OHRA and GS-RA are both formed from the same di-
quinone methide intermediate, one might expect the mutant enzymes to produce less 7-
OHRA. However, a possible explanation for these disparate results is that the site of
carboxyl conjugation, which results in the ester that can be hydrolyzed to release 7-OHRA,
is saturatable. Therefore, only a finite and equal amount of 7-OHRA can be formed from
both the native and mutant enzymes. Another theory is the di-quinone methide has a higher
affinity for thiol groups (i.e., GSH) than carboxyl groups. It is possible that GSH in the
active site (36) could have obscured small changes is ester formation. Therefore, we could
not observe an effect on production of 7-OHRA during the short incubation time period. The
CYP3A4 mutants also decreased di-GS-OHRA production, compared to native CYP3A4.
The di-GS-OHRA adduct may be produced from CYP3A4 oxidation of 3′-OHRA to a
reactive o-quinone or a different quinone methide, which is conjugated by GSH to form GS-
OHRA, and undergoes additional redox cycling or P450-mediated oxidation to form di-GS-
OHRA. We opine that these results can be interpreted to mean that the Phe215 mutation
decreases CYP3A4-mediated oxidation of 3′-OHRA to o-quinone or quinone methide
species, rather than causing decreased formation of 3′-OHRA, followed by GSH
conjugation, redox cycling, and a second GSH conjugation. Additional experiments are
needed to clarify the source and fate of these secondary raloxifene metabolites.

The results of this study demonstrate the current complexities in using molecular modeling
in conjunction with site-directed mutagenesis to study P450-mediated metabolism, but also
exhibit the great potential for continued use and improvement of these combined techniques.
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Docking raloxifene into 1W0E (without heme partial charges) resulted in poor predictions
for raloxifene metabolism. Not surprisingly, mutations based on docking with 1W0E
(S119A and T309V) had no effect on raloxifene dehydrogenation. However, the addition of
partial charges to the heme dramatically increased the accuracy of the predictions of
dehydrogenation when raloxifene was docked into 1W0E_Modified. Analysis of the most
abundant/lowest energy cluster from this study identified the Phe215 residue as an important
component of the enzyme tertiary structure that would interact with raloxifene. Site-directed
mutagenesis experiments with Phe215 clearly demonstrated that Phe215 positions raloxifene
for dehydrogenation, most likely through a combination of π bond T-stacking and steric
interactions. Furthermore, these results validate the 1W0E_Modified model, and
demonstrate the usefulness of molecular modeling in conjunction with site-directed
mutagenesis to study P450-mediated mechanisms.
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Figure 1.
Histograms of energy clusters of 100 conformations generated by docking raloxifene into
(A) 1W0E and (B) 1W0E_Modified using AutoDock 3.0. Conformations generated by
AutoDock were clustered at RMSD = 2 Å, and then plotted by the lowest energy
conformation of each cluster. (*) indicates most abundant/lowest energy cluster predicting
raloxifene dehydrogenation. (#) indicates largest cluster that predicts “inactive”
conformations. (+) indicates conformation that predicts 3′ hydroxylation of raloxifene.
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Figure 2.
Molecular models of raloxifene in the active site of CYP3A4 predicted by AutoDock 3.0.
Raloxifene was docked into 1W0E, with an unmodified heme, or into 1W0E_Modified,
where partial charges were assigned to the heme. A representative conformation from the
largest/lowest energy cluster, predicting dehydrogenation, from docking with 1W0E is
depicted in (A), and from docking with 1W0E_Modified is depicted in (C). The
dehydrogenation orientation of raloxifene is portrayed in (A) and (C), with the hydroxyl
group on C-6 of the benzothiophene moiety oriented toward the heme and close to the Fe. A
representative conformation predicting raloxifene 3′ hydroxylation from docking with 1W0E
is depicted in (B), and from docking with 1W0E_Modified is depicted in (D). 3′
hydroxylation of raloxifene is portrayed in (B) and (D), with the hydroxyl group on C-4′ of
the phenol moiety oriented toward the heme. CYP3A4 is shown in a ribbon format, iron as a
sphere, heme (green for 1W0E and orange for 1W0E_Modified) and raloxifene (yellow) in
color-coded sticks: nitrogen = blue, oxygen = red. Molecular graphics images were
produced using the UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco.
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Figure 3.
Docking of a simplified benzothiophene molecule into the CYP3A4 active site. (A)
Histogram of 100 conformations from docking 2-(4-hydroxy-phenyl)-benzothiophene-6-ol
into 1W0E_Modified (with heme partial charges assigned) using AutoDock 3.0.
Conformations generated by AutoDock were clustered with an RMSD of 2 Å, and plotted by
the lowest energy conformation of each cluster. (*) Indicates clusters with the phenol moiety
oriented toward the heme. (#) Indicates cluster with the benzothiophene moiety oriented
toward the heme. Unmarked clusters have “inactive” conformations. (B) A representative
conformation from the most abundant/lowest energy cluster of 2-(4-hydroxy-phenyl)-
benzothiophene-6-ol, which predicts that the phenol moiety is oriented toward the heme.
CYP3A4 is shown in a ribbon format, iron as a sphere, heme modified with partial charges
(orange) and docking 2-(4-hydroxy-phenyl)-benzothiophene-6-ol (yellow) in color-coded
sticks: nitrogen = blue, oxygen = red. Molecular graphics images were produced using the
UCSF Chimera package from the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco.
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Figure 4.
Molecular models of raloxifene in the active site of 1W0E (without heme partial charges)
predicted by AutoDock 3.0. (A) A conformation predicting dehydrogenation of raloxifene,
where the active site Thr309 residue (cyan) is in position to donate a hydrogen bond to the
oxygen of the hydroxyl group on the benzothiophene moiety of raloxifene. (B) A
conformation predicting dehydrogenation of raloxifene, where the active site Ser119 residue
(magenta) is in position to donate a hydrogen bond to the oxygen of the hydroxyl group on
the benzothiophene moiety of raloxifene. CYP3A4 is shown in a ribbon format, iron as a
sphere, heme without partial charges (green) and docking raloxifene (yellow) in color-coded
sticks: nitrogen = blue, oxygen = red. Molecular graphics images were produced using the
UCSF Chimera package from the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco.
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Figure 5.
Molecular models of raloxifene in the active site of 1W0E_Modified (with partial charges
assigned to the heme) predicted by AutoDock 3.0. A representative conformation from the
largest/lowest energy cluster predicting the dehydrogenation of raloxifene. The active site
Phe215 residue (magenta) is in position to orient raloxifene by steric interactions and π bond
T-stacking between raloxifene's phenol moiety and Phe215's benzene ring. CYP3A4 is
shown in a ribbon format, iron as a sphere, heme with partial charges (orange) and docking
raloxifene (yellow) in color-coded sticks: nitrogen = blue, oxygen = red. Molecular graphics
images were produced using the UCSF Chimera package from the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco.
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Figure 6.
Native CYP3A4, CYP3A4F215Q, and CYP3A4F215G production of raloxifene
metabolites. The relative amounts of metabolites were estimated with an internal standard
and concentration is expressed in arbitrary units (AU). Mutations of Phe215 reduced
raloxifene dehydrogenation, demonstrated by the decreased production of GS-RA, the GSH
adduct of the dehydrogenated product. (*) Indicates a significant difference (p < 0.05, n = 5)
compared to native CYP3A4.
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Scheme 1.
Primary metabolites of CYP3A4-mediated metabolism of raloxifene
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Table 1

Primers used for generation of CYP3A4 mutants. Mutated nucleotides are highlighted.

Mutant Primers

S119A 5′-gatttatgaaaagtgccatcgctatagctgaggatgaagag-3′

5′-ctcttcatcctcagctatagcgatggcacttttcataaatc-3′

T309V 5′-ttatctttatttttgctggctatgaagtcacgagcagtgttctct-3′

5′-agagaacactgctcgtgacttcatagccagcaaaaataaagataa-3′

F215G 5′-gaacaccaagaagcttttaagatttgatggtttggatccattctttctctcaataac-3′

5′-gttattgagagaaagaatggatccaaaccatcaaatcttaaaagcttcttggtgttc-3′

F215Q 5′-tttgtggagaacaccaagaagcttttaagatttgatcaattggatccattctttctct-3′

5′-agagaaagaatggatccaattgatcaaatcttaaaagcttcttggtgttctccacaaa-3′
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Table 2

Percentage of accurate raloxifene metabolite predictions (out of 100 conformations) from docking raloxifene
into CYP3A4

Template Dehydrogenation 3′ Hydroxylation Inactive

1W0E 10% 5% 85%

1W0E_Modified 24% 4% 72%
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Table 3

Kinetic constants for 6β-hydroxylation of testosterone by CYP3A4 and mutants

Enzyme Km (μM) Vmax (nmol/min/nmol) Vmax/Km

WT 240 ± 20 21 ± 4 0.086

S119A 230 ± 20 29 ± 1 0.13

T309V 110 ± 20 4.5 ± 0.4 0.040

F215G 370 ± 30 16 ± 1 0.043

F215Q 320 ± 20 17 ± 01 0.053
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