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Cytochrome P450 enzymes play key roles in the metabolism of
the majority of drugs. Improved models for prediction of likely
metabolites will contribute to drug development. In this work,
two possible metabolic routes (aromatic carbon oxidation and
O-demethylation) of dextromethorphan are compared using mole-
cular dynamics (MD) simulations and density functional theory
(DFT). The DFTresults on a small active sitemodel suggest that both
reactions might occur competitively. Docking and MD studies of
dextromethorphan in the active site of P450 2D6 show that the
dextromethorphan is located close to heme oxygen in a geometry
apparently consistent with competitive metabolism. In contrast,
calculations of the reaction path in a large protein model [using
a hybrid quantum mechanical–molecular mechanics (QM/MM)
method] show a very strong preference for O-demethylation, in
accordance with experimental results. The aromatic carbon oxida-
tion reaction is predicted to have a high activation energy, due to
the active site preventing formation of a favorable transition-state
structure. Hence, the QM/MM calculations demonstrate a crucial
role of many active site residues in determining reactivity of dex-
tromethorphan in P450 2D6. Beyond substrate binding orientation
and reactivity of Compound I, successful metabolite predictions
must take into account the detailed mechanism of oxidation in
the protein. These results demonstrate the potential of QM/MM
methods to investigate specificity in drug metabolism.

Cytochrome P450 enzymes (P450s) form one of the most
powerful defense mechanisms of living organisms: They pro-

tect against xenobiotics via an oxidative pathway, which in most
instances leads to a less harmful and more soluble product with
faster excretion. The same mechanism is involved in the metabo-
lism of most drugs and alters the pharmacological activity of
many drugs. As a consequence, P450-mediated transformations
of drug candidates are of crucial importance in the pharmaceu-
tical industry. The roles of P450s are manifold. Oxidation by
P450s can lead to toxic products, but, on the other hand, local
activation of, e.g., anticancer prodrugs by P450s to lethal intra-
cellular toxins at the site of the tumor is an important strategy
(1). Drug compounds can induce P450 expression but can also
inhibit them in various ways (2–4). The metabolic clearance of
most drugs depends on P450s, and they have been implicated
in a large number of drug–drug interactions (5, 6), which can re-
sult in fatalities (7, 8). Interactions of drug candidates with P450s
must be taken into account during the drug discovery process if
the expensive and time-consuming development of active com-
pounds with hidden toxic effects is to be avoided.

It is increasingly recognized that methods capable of predicting
P450 oxidative activity for a given substrate, and also the predo-
minant site(s) of metabolism, could contribute significantly to
drug development. There are many aspects to this problem, in-
cluding isoform selectivity (i.e., which P450 isoform will contri-
bute most to oxidation of a given substrate), chemoselectivity
(which functional groups will undergo oxidation most readily),
and regioselectivity (which part of a drug molecule will be
oxidized). The first of these matters is determined largely by

the relative abundance of the different isoforms (e.g., many drugs
are oxidized by the 3A4 isoform, partly because it is very abun-
dant), by the binding affinity of the substrate in the active site,
and by distribution and P450 induction effects. Many techniques
have been put forward to predict chemo- and regioselectivity,
including traditional quantitative structure-activity relationship
(QSAR) (9, 10) as well as three-dimensional QSAR models
(10, 11), construction of pharmacophore models for individual
isoforms (12), substrate docking approaches using either crystal
structures or homology models of the relevant enzyme (13),
ab initio or density functional theory (DFT) calculations of reac-
tion barriers and/or electronic properties (14), and rule-based
methods (15). It is likely that a combination of methods will be
required in general; hybrid quantum mechanical–molecular
mechanics (QM/MM) methods, which allow modeling of specific
effects of the protein on reactivity, have advanced to the stage
where they can potentially make an important contribution (16).

QSAR and pharmacophore approaches rely heavily on
observed reactivity data and can give excellent results, provided
sufficient relevant data for molecules closely related to the sub-
strate of interest is available (9–12). However, they lack general
predictive power and do not provide extensive insight into the
atomic-level factors leading to selectivity. Methods based on
docking are able to predict the likely binding mode of a substrate
in the active site of the enzyme and to predict the likely places of
metabolism based on proximity to the heme site (13), but do not
themselves account for the intrinsic reactivity of the substrate. It
has been recently shown that it may be necessary to dock ligands
into a set of protein structures in order to obtain good results,
because small differences in the enzyme structure may lead to
very different docking results (17). Rule-based methods rely upon
a human-annotated library of biotransformation reactions
described as generic rules that are used to predict the metabolic
fate of a query compound (15). They are fast, but in most cases
they predict a large number of possible metabolites despite the
fact that in most cases only a few are formed experimentally.
Important techniques are available that combine data from dock-
ing orientation and functional group reactivity for the prediction
of metabolism, with good success in many cases (18).

QM (quantum mechanical, electronic structure) methods are
computationally demanding, and are thus limited to studies of
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relatively small molecular models, but are potentially highly
accurate and can provide detailed insight into intrinsic reactivity.
QM calculations on models of P450 reactions have given results
that often correlate reasonably well with experimental observa-
tion (14, 19, 20). However, because the size of models that can
feasibly be treated is limited, they may not account for important
steric factors and binding preferences. QM/MM calculations
offer the potential to do this, because larger and more extensive
models can be treated, and a number of studies of issues relating
to mechanisms and selectivity have started to appear (16, 21–23).
However such studies remain very challenging.

Here we report a QM/MM study of the factors accounting
for selectivity in oxidation of a drug molecule by a human cyto-
chrome P450 enzyme. These calculations are time-consuming, so
it is not yet possible to study large numbers of species in a large
range of isoforms. The system we have focused on is oxidation
of the cough suppressant drug dextromethorphan by P450
2D6. This isoform of P450s has attracted much interest in recent
years because it is the second most important drug-metabolizing
enzyme in man and is highly polymorphic. The home page of the
Human Cytochrome P450 Allele Nomenclature Committee
(http://www.imm.ki.se/cypalleles/cyp2d6.htm) lists more than 70
alleles of P450 2D6 with activities for substrate metabolism ran-
ging from several times that of the wild-type enzyme to almost
zero (24, 25). It has been implicated in many drug–drug interac-
tions, and therefore there is a significant effort in preclinical drug
discovery to ensure that drug candidates are neither metabolites
nor inhibitors of P450 2D6 (26). Dextromethorphan has fre-
quently been used as a probe drug in clinical studies of metabo-
lism, and there is abundant data available on its metabolites. It is
O-demethylated by P450 2D6 (27), although N-demethylation
can also occur at high substrate concentration or with other iso-
forms, and with mutation of active site residues other products
have also been observed (28) Aromatic oxidation of dextro-
methorphan in P450s is never observed, although this is a major
metabolic route for other methoxyaromatic rings (e.g., anisole)
(29–31) (Scheme 1).

According to experimental and computational evidence, the
major part of the large variety of reactions catalyzed by P450 en-
zymes all involve the same active species, a high-valent iron-oxo
derivative of the active site heme group, known as Compound I
(14, 32). Its ground state has three unpaired electrons, two in
Fe–O π� orbitals, and one in a π-orbital of the porphyrin. Due to
the weak coupling between the Fe–O based and porphyrin orbi-
tals, the energy difference between the resulting quartet (4A2u)
and open-shell doublet (4A2u) states of Compound I is very small,
giving rise to two-state reactivity of P450 enzymes (14).

The aim of the present work was to investigate the reasons
why P450 aromatic carbon oxidation of dextromethorphan is
not observed, despite the fact that it occurs with other anisole
derivatives. Previous QM/MM studies of cytochrome P450s have
concentrated on the metabolism of model compounds such as
propene (22, 33), cyclohexene (22), or benzene (21), or on cam-
phor metabolism by the bacterial P450cam enzyme (34). These
studies gave important insights into the effect of enzyme envir-
onment on the mechanism of metabolism, but due to the small
size of the ligands, specific interactions between the ligands and
protein residues are not crucial determinants of reactivity. Here,
we have studied and compared the mechanism of O-demethyla-
tion and aromatic carbon oxidation of dextromethorphan.

The O-demethylation reaction is a stepwise process, with the
highest barrier due to hydrogen atom abstraction from the methyl
group to the oxo group of Compound I. This is followed by fast
rebound, in which the −OCH2 radical species forms a carbon–
oxygen bond with the iron-hydroxo species (35, 36). The resulting
ferric complex of the hemiacetal derivative of the substrate dis-
sociates from the enzyme and is hydrolyzed to form formaldehyde

and a phenolic product. We focus here only on the key hydrogen
atom abstraction step.

Aromatic carbon oxidation is another typical reaction cata-
lyzed by P450s, which in a multistep process may lead to various
products, including phenols, ketones, or epoxides. Although
several mechanisms have been proposed, including direct forma-
tion of arene epoxides (37), recent experimental (38, 39) and
computational (40) evidence favors the addition-rearrangement
mechanism. According to this mechanism, the first and rate-
determining step of the reaction is the addition of the oxo group
of Compound I to the aromatic ring forming a tetrahedral inter-
mediate (σ-complex), which can undergo rearrangement reac-
tions to yield phenols, ketones, or epoxides.

Computational Details
QMCalculations.All calculations were carried out using the B3LYP
functional with the Jaguar 6.0 program package (41). Geometry
optimizations and frequency calculations in the gas phase were
carried out using an unrestricted ansatz with the LACVP** basis
set. Barrier heights were calculated from single point calculations
on the optimized geometries performed using a larger basis set,
referred to here as BS I, which includes the LACV3P basis on
iron and the 6–311++G(d,p) basis on other atoms. The barrier
heights were corrected for zero-point energy.

Molecular Dynamics (MD) Simulations. The initial structure used in
the simulations was constructed on the basis of the crystallo-
graphic structure of P450 2D6 (42) obtained from the Protein
Data Bank (PDB code 2F9Q). The CHARMM27 force field (43)
and the CHARMM package version c27b2 (44) were used in all
MM minimizations and MD simulations, with Compound I para-
meters for the heme group (45). For dextromethorphan, standard
CHARMM27 parameters were used, extended with parameters
for the ether group (SI Appendix) (46). All MM minimizations
were performed by using 1,500 steps of steepest descent and
1,500 steps of adopted basis Newton–Raphson. A 13-Å cutoff
for nonbonded interactions was used for all MM energy minimi-

Scheme 1. Metabolic routes of aromatic ethers. (A) Metabolic products of
anisole in rat29 (plain arrow) and rabbit31 (dotted arrow). (B) Major metabo-
lite of dextromethorphan by human P450 2D6. Bold arrows indicate major
products.
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zations and MD simulations. A time step of 1 fs was used in all
MD simulations, and SHAKE restraints were applied for X–H
bonds. For stochastic boundary MD simulations, the system was
divided into a buffer region (atoms between 21 and 25 Å from the
heme iron) treated by Langevin dynamics and a reaction region
(atoms in a 21-Å sphere centered on the heme iron) treated
by full Newtonian MD. Friction coefficients of 62 and 250 ps−1,
respectively, were applied to water oxygen atoms and protein
heavy atoms in the buffer region. Protein atoms within the buffer
region were also restrained harmonically to their minimized
positions. The buffer restraints were dependent on the distance
from the center of the system, increasing toward the boundary
according to a protocol used previously (47).

MD Simulations: System Setup.Different starting structures for the
MD simulations were generated manually by placing the dextro-
methorphan molecule in the active site of the enzyme in five dif-
ferent positions. Then, hydrogen atoms were added to the initial
enzyme/substrate complexes, and their positions were optimized.
Histidine protonation states were assigned according to the local
environment, as in our previous work (45). The protein was trun-
cated to a 25-Å sphere centered on the heme iron. Charged
residues at the surface were neutralized to avoid unrealistic
effects due to protein truncation and insufficient screening of
charges by solvent. For glutamate, aspartate, lysine, and arginine
residues near the surface, neutral “patch” residues, with the same
geometry but modified atomic charges, were used. This resulted
in a net charge of þ1 for the P450 2D6 model. The structures
were solvated within a 30-Å box with 8,000 preequilibrated water
molecules, represented by the TIP3P model [as implemented in
CHARMM (44)], centered on the heme iron. The added water
was then equilibrated by stochastic boundary MD at 300 K over
20 ps with respect to the substrate-bound enzyme structure and
minimized. Water molecules more than 25 Å from the heme iron
were removed. Then, all atoms were minimized, followed by sto-
chastic boundary MD simulation of the whole system. All systems
were heated to 300 K over 60 ps. Subsequent MD equilibrations
at 300 K were carried out over 2 ns.

QM/MM Calculations. Starting structures were taken from the MD
simulations described above and were first extensively MM mini-
mized. For hydrogen abstraction, starting structures were chosen
that could serve as a favorable reactant complex for the reaction
to occur; i.e., with a short hydrogen ferryl-oxygen distance, and
favorable Fe–O–H angle (between 110–130°) and almost linear
O–H–C angle. For aromatic carbon oxidation, based upon our
previous results for benzene (21), the starting structures were
chosen with short C–O distances and favorable Fe–O–C angles
(between 110–130°). The QM region comprised the heme group
without substituents on the porphyrin ring, the SCH2 group of the
cysteinyl ligand, and the benzene molecule. The Jaguar 6.0 soft-
ware (41) was used with the standard UB3LYP density functional.
In the case of the hydrogen abstraction reaction, most of the
calculations were carried out in the quartet state (one profile
was calculated in the doublet state), because the QM calculations
indicated that the energetics in the two spin states are similar.
Conversely, based on previous work (48) and our QM calcula-
tions here, only the doublet state was used for aromatic carbon
oxidation. The QM/MM adiabatic mapping energy profiles used
the LACVP* basis set (and the Los Alamos effective core poten-
tial on Fe). Single point QM/MM energy calculations were then
carried out at the B3LYP/BSI-CHARMM27 QM/MM level. The
results include a correction for zero-point energy derived from
the QM calculations above. The reaction coordinate used in
adiabatic mapping was the distance between the ferryl oxygen
and the abstracted hydrogen atom or the aromatic carbon.
Reactant complexes were minimized without restraints.

The TINKER MM code (49) with the CHARMM27 all-atom
force field was used for the treatment of the MM part of the sys-
tem. All atoms within a sphere of 20 Å centered on the heme iron
were free to move. Atoms beyond this distance were fixed. Input
and output from the Jaguar and Tinker codes were coupled by
our own set of routines (QoMMMa) (50), which was also used
to optimize the positions of the QM atoms. The MM charges
are included in the QM Hamiltonian. The valences of the cova-
lent bonds at the QM/MM boundary were satisfied by using
hydrogen “link” atoms (51). MM charges on the atom replaced
by the link atom, as well as those on atoms directly bonded to this
atom, were set to zero to avoid nonphysical effects, while retain-
ing overall integer charge.

Topology file and (additional) CHARMM22 parameters for
dextromethorphan, Cartesian coordinates and total energies of
all stationary points located in the QM-only calculations, and
Cartesian coordinates of QM atoms from QM/MM minima
and TSs are provided in the SI Appendix.

Results and Discussions
QM Calculations. The relative barrier heights for Compound I
hydrogen atom abstraction and addition to the aromatic ring will
determine product selectivity for oxidation of anisole derivatives.
We started by locating the corresponding transition states (TSs)
using B3LYP calculations for a small model system (Table 1), in
which anisole was used to represent dextromethorphan, and an
unsubstituted heme ring with a ferryl oxygen and a hydrogenosul-
fide ligand represented P450 Compound I. The TSs for hydrogen
abstraction from the methoxy group of anisole, and for addition
to the ortho-position, were optimized on both the quartet and
doublet potential energy surfaces (PESs) (Fig. 1 and Table 1).
Hydrogen abstraction has a similar barrier on the quartet and
doublet PESs (ΔE‡ ¼ 11.1 and 9.8 kcal∕mol), whereas aromatic
carbon oxidation has a lower barrier on the doublet surface
(ΔE‡ ¼ 14.2 kcal∕mol). These results are in line with previous
B3LYP studies on hydrogen abstraction from a methoxy group
(19) and on aromatic hydroxylation of anisole in the para-position
(48). The barrier found here for ortho-oxidation of anisole is very
similar to the published result for the para-position (12.6 kcal∕
mol). The key conclusion here is that, although the QM calcula-
tions predict hydrogen abstraction to be slightly favored, they also
show both pathways to have roughly similar barrier heights, con-
sistent with experimental observations whereby both oxidation
processes are observed in P450 oxidation of anisole derivatives
(29–31). The QM calculations on small models therefore suggest
that dextromethorphan could undergo aromatic oxidation, yet
this is not observed in P450 2D6.

MD Simulations and QM/MM Calculations We used the protonated
form of dextromethorphan in our simulations, because the pre-
sence of a basic nitrogen is one of the most important pharma-
cophores of P450 2D6 substrates (25). The choice of initial
structure for the MD is important, because the 2-ns timescale
is sufficient to sample a representative sample of structures sur-
rounding the initial docking pose, but it is not long enough to
sample radically different substrate binding modes such as those

Table 1. QM barriers (kcal∕mol, including correction for zero-point
energy) to hydrogen abstraction and C2 aromatic carbon oxidation
in the doublet and quartet spin states at the B3LYP/LACVP** and
B3LYP/BSI levels of theory

Hydrogen abstraction
Aromatic carbon

oxidation

LACVP** BSI LACVP** BSI

Quartet 12.4 11.1 17.2 15.9
Doublet 12.0 9.8 15.3 14.2
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that would be needed to allow N-demethylation. It has been
shown that interaction between the Glu216 or Asp301 residues
and the protonated amine is very important for many substrates,
as mutation of these residues alters the regioselectivity of the en-
zyme (52). There are two stereoisomers of the N-protonated
compound, both of which can easily be docked in the active site.
The pose found here for isomer A involves a salt bridge between
the protonated nitrogen and Glu216, whereas for the other iso-
mer (B), the pose involves interaction with Asp301 (see Fig. S1).
In both cases, the aromatic ring of dextromethorphan is oriented
to form π–π interactions with Phe120. Other favorable docking
poses without the salt bridge with Glu216 or Asp301 were found
and may play a role in accounting for selectivity when these
residues are mutated (28), but they were not considered further
here. Note that because the MD simulations are not long enough
to sample the binding mode with the N-methyl group close to the
heme ferryl, it is not practical in this study to address the selec-
tivity for O- vs. N-demethylation (53).

In the MD simulations starting from the favored pose of iso-
mer A, both the methoxy group and the C2 aromatic carbon re-
mained close to the ferryl oxygen, and the salt bridge with Glu216
was preserved. In the MD simulation starting from the favored
pose of stereoisomer B, the proximity to the ferryl group was less
well maintained (see Fig. S2). Because gas-phase calculations at
the B3LYP/6-31G* level indicate that stereoisomer A is more
stable by 3 kcal∕mol, further calculations considered this form
only. The close interaction between the ferryl oxygen and the
methoxy group and the C2 aromatic carbon, combined with the
QM calculations showing similar barriers to oxidation of both
groups, suggest that oxidation of both positionsmight be expected.

QM/MM calculations provide an efficient way to model the
reaction while including in the calculations a large number of
solvent and protein atoms. Although similar results for barrier
heights might well be obtained by carrying out QM-only calcula-

tions with a much expanded QM model, such calculations would
be significantly more computationally expensive, and it is not
feasible to study systems remotely as large as our QM/MM mod-
els here. We have shown previously (33) that it is important to
preselect starting structures for QM/MM calculations in order
to obtain reasonable reaction barriers, especially when fairly
loosely bound substrates are involved, as in this case. The differ-
ent structures may be in rapid equilibrium, as shown by the MD
simulations, but some of them may not be connected to a low
energy barrier through a continuous reaction path. We therefore
extracted from the MD simulations three snapshots, each corre-
sponding to a priori favorable structures for hydrogen abstraction
and aromatic carbon oxidation, based on similarity to the known
TS structures derived from QM calculations. Many such suitable
structures for both reactions were sampled throughout the MD
simulation, showing that selecting suitable geometries does not
create a significant bias to the free energy of activation. In the
case of hydrogen abstraction, we selected structures within the
MD simulation with a short ferryl oxygen to hydrogen distance,
and a near-linear ferryl oxygen—hydrogen—carbon arrange-
ment, and an Fe–O–H angle near 120°. For aromatic oxidation,
the key parameter is the O–C distance, and this was found to be
between 3 and 4 Å throughout the MD (see Fig. S3); we picked
starting structures toward the lower end of this range.

The QM/MM energy profiles for hydrogen abstraction and
aromatic carbon oxidation are shown in Fig. S4. Considering
O-demethylation first, the TS energies for the hydrogen abstrac-
tion step calculated starting from the three snapshots chosen are
all similar, at 18.2, 19.0, and 19.7 kcal∕mol (including a correc-
tion for zero-point energy), at the B3LYP/BS I QM/MM level.
A single doublet QM/MM profile at the same level of theory
was also calculated, yielding, as in the QM calculations, a similar
value (17.0 kcal∕mol) to the quartet barrier. The basis set effect is
small (as in the QM-only calculations): The values obtained with
the smaller basis set (used for optimization), LACVP*, are quite
similar at 20.8, 21.8, and 21.1 kcal∕mol.

These QM/MM barriers for hydrogen abstraction are signifi-
cantly higher than that obtained in the gas phase at the same
QM level (11.1 kcal∕mol), while still consistent with reasonably
efficient turnover. In the gas phase we calculated the barrier
with respect to the separated fragments, whereas in the QM/
MM calculations the barrier is obtained relative to the reactant
complex, in which there is a weak attractive interaction between
the substrate and the heme group. This probably accounts for a
small part of the difference. More significant, however is the fact
that the structures are more constrained in the QM/MM calcula-
tions (because of interactions at the active site). This means that
the ideal TS geometry cannot be achieved within the enzyme,
leading to a higher barrier. Similar effects have been found in
previous comparisons between QM and QM/MM studies of
P450 oxidation (21, 33).

The structures of the TSs in the three QM/MM profiles for
hydrogen abstraction were very similar. Important features of
the lowest energy abstraction TS are shown in Fig. 1. Comparison
with the gas-phase calculations for hydrogen abstraction shows
that the benzene rings of anisole and dextromethorphan are dif-
ferently oriented in the QM and QM/MMTSs. In the QMTS, the
most favorable orientation for reaction can be attained because
there is no steric hindrance for the movement of any of the atoms.
In the enzyme environment, which is included in the QM/MM
calculations, the topology of the active site cavity, hydrogen bond,
and steric interactions limit the movement of the substrate in the
active site; these prevent it from attaining the most favorable
position for reaction. Apart from the orientation of the aromatic
ring with respect to the porphyrin ring, the structure of the TSs
are very similar in the QM and QM/MM calculations (see
Table S1).

Fig. 1. Calculated TS structures and activation energies (at the B3LYP/BSI//
B3LYP/LACVP** level, including ZPE) in QM and QM/MM calculations
for quartet state hydrogen abstraction from the O-methyl group of dextro-
methorphan and doublet state C2 aromatic hydroxylation. The angle
between the best-fit planes for the aromatic ring and the heme group is
shown for the aromatic oxidation TS structures.
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We now consider the aromatic oxidation TSs. Previous QM
and QM/MM studies on the aromatic hydroxylation of benzene
by P450 2C9 indicated that there are two favorable pathways for
the initial oxygen addition step corresponding to two different
orientations of the benzene ring with respect to the heme group
(21, 40, 48). The benzene ring can approach in a “side-on” way, in
which the plane of the benzene ring is approximately at right an-
gles to the plane of the heme group, or “face-on,” in which the
two planes are roughly parallel. The QM results here correspond
to the face-on mode. For dextromethorphan, the docking and
MD here showed that only the side-on approach of the methoxy
aromatic ring is feasible, at least if one wishes to maintain the
hydrogen-bond interaction between the protonated amine group
and the acidic Glu216 or Asp301 residues. From the three start-
ing geometries picked from the MD simulation, the QM/MM
barriers for sigma complex formation are similar to one another,
at 32.9, 33.5, and 36.7 kcal∕mol, and are much larger than both
the QM value (14.2 kcal∕mol) for the same reaction and the QM/
MM values for methoxy hydrogen atom abstraction. These results
depend only weakly on the basis set.

These results indicate that in cytochrome P450 2D6, aromatic
carbon oxidation of dextromethorphan is strongly disfavored.
This agrees with experiment, in that the corresponding metabo-
lite is not observed (27). In order to explain the large difference
between the QM and QM/MM activation energies, we studied in
detail the QM and QM/MM TS structures. The three QM/MM
TS structures are very similar, but significantly different from the
QM (gas-phase) TS (Fig. 1 and Table S1). The typical QM/MM
TS structure shown in Fig. 1 has a shorter O–C and longer Fe–O
distance than the QM TS and is hence much more product-like.
Another significant difference is the orientation of the phenyl
ring of dextromethorphan with respect to the porphyrin ring.
The angles between the best-fit planes through the heavy atoms
of the porphyrin ring and the heavy atoms of the phenyl ring for
both cases are shown in Fig. 1. The QM value is slightly under 60°,
indicating that the substrate “bends over” the ferryl group, and is
similar to the values obtained previously for TSs for side-on ad-
dition of Compound I to benzene (21). This structure presumably
optimizes electronic and steric interactions in the TS. The QM/
MM TS structures are very different: The corresponding angle is
close to 95°, so that the aromatic ring bends away from the ferryl
group. This is energetically much less favorable, probably both for
steric and electronic reasons. This will destabilize the resulting
tetrahedral adduct also, thereby accounting both for the high
energy of the TS, and its product-like character.

Fig. 2. shows the orientation of dextromethorphan in the active
site cavity of P450 2D6 as derived from MD simulations. This
orientation is favored by hydrogen bonding to Glu216 and steric
interactions with the amino acid residues around the cavity.
Dextromethorphan interacts with Phe120 on one side of the cav-
ity, and Ser304, Ala305, Val308, and Thr 309 on the other side.
Although these interactions do not much constrain the motion of
the methoxy group, and hence do not impede O-demethylation,
they do prevent adoption of the favored orientation for addition
to the aromatic ring, hence the very high energies for the aro-
matic ring addition TSs.

Conclusions
QM/MM calculations demonstrate a crucial role of the protein
in determining reactivity of dextromethorphan in P450 2D6,
and (in contrast to MD simulations, docking, and QMmodel cal-
culations) explain the experimentally observed lack of aromatic
hydroxylation. The QM (small model) results on a model P450
Compound I species and the model substrate anisole suggest
that both reactions might occur competitively, and indeed some
anisole derivatives undergo both types of oxidation with P450
enzymes. The puzzle has been why aromatic carbon oxidation
is not observed for dextromethorphan in P450 2D6. Docking of

dextromethorphan into the active site of P450 2D6, and MD si-
mulations, suggest that both reactions could be viable, based on
the fact that both of the putative reacting sites in the substrate can
approach the Compound I ferryl oxygen atom quite readily, and
with approximately the correct orientation. In contrast, QM/MM
calculations show a very strong preference for O-demethylation,
with the aromatic carbon oxidation reaction predicted to have a
high activation energy, consistent with experiment. Aromatic
oxidation is strongly disfavored in the protein because interac-
tions at the active site prevent the aromatic ring of dextromethor-
phan from attaining the preferred TS structure. This has the
effect of significantly increasing the barrier relative to the ideal
gas-phase geometry. The barrier for hydrogen abstraction (the
first step of O-demethylation) is also increased from that in the
gas phase, for similar reasons, but is significantly lower and is con-
sistent with the experimentally observed reactivity. These QM/
MM calculations, exploring oxidation selectivity for a drug com-
pound in a human drug-processing isoform of P450, show that
the active site environment plays an important role not only in
controlling access of the substrate to the active site, but also in
modulating its reactivity.

It is worth noting that sampling of additional QM/MM reac-
tion paths, or calculation of a potential of mean force (54) (e.g.,
by umbrella sampling MD simulations, which are not feasible at
present with DFT QM/MM methods for P450 enzymes) might
change the results slightly. In particular, the very large aromatic
oxidation barrier obtained here would probably be somewhat re-
duced. However, the structural argument based on Figs. 1 and 2
provides strong support for a high aromatic oxidation barrier, and
the conclusion whereby the latter is significantly higher than the
barrier for hydrogen abstraction should not change. Hence, the
present observations should be sound in qualitative terms.

These results show that some important selectivity effects are
unlikely to be captured by current simple methods to predict me-
tabolites in P450 oxidation. Many methods explicitly or implicitly
account for the following two important factors: (i) relative
intrinsic reactivity of different sites in the compound [which
can be probed computationally by QM model studies (14)]
and (ii) proximity of the different sites to the heme iron in the
preferred docking/binding mode of the compound in the active

Fig. 2. Binding orientation of dextromethorphan in the active site of P450
2D6 as derived from QM/MMminimization. The protonated amine in dextro-
methorphan interacts with Glu216, whereas residues Ser304, Ala305, Val308,
and Thr 309 border the cavity from the right.
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site of a given P450 isoform (which can be assessed using docking
methods or MD simulations). This reactivity/accessibility para-
digm, although often successful, neglects the fact that while a
site may be close to the heme iron, active site constraints may
prevent it from reacting easily with Compound I. This factor
is rarely a major consideration for enzyme catalysis with a natural
substrate, because evolution of efficient reaction will ensure that
substrate in the active site is able to reach the TS. Prevention of
formation of a favorable TS structure by active site constraints
does, however, appear to be crucial in understanding of reactivity
of dextromethorphan in P450 2D6. It may also be a significant
factor in metabolism of other xenobiotics (e.g., drugs) and
could be important in understanding reactivity of designed or

engineered P450 catalysts. We propose that models for metabo-
lite predictions could be improved by including a third criterion
aimed at assessing likely reactivity of the docked structure. One
way to achieve this might be to seek to identify a low energy
docking pose for the relevant oxidation TS, based on knowledge
of TS structure. Models of reactive TSs could be based on QM/
MM studies of P450 reactivity (14), and should be very useful for
this purpose.
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