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’ INTRODUCTION

Aromatic hydroxylation is a biologically important reaction,
which is efficiently catalyzed by a variety of cytochrome P450
(CYP) enzymes.1�4 This reaction is essential in the bioactivity
of many drugs that contain aromatic rings as well as in the
generation of brain neurotransmitters.5,6 CYP2D65�8 is one of
the most alluring of the P450 enzymes as it is involved in brain
chemistry and in the metabolism of almost one-third of all
drugs on the market today.1�4 In the brain, CYP2D6 takes
part in the wake�sleep cycle when serotonin is regenerated
from melatonin.9�11 It also synthesizes dopamine12,13 (3 in
Scheme 1) directly from tyramine or in two consecutive steps
from 4-methoxy-phenethylamine (1), which first gets demethy-
lated to the dopamine precursor tyramine (2), which in turn
appears to undergo aromatic hydroxylation to thereby yield
dopamine.

The active P450 species, believed to be involved in most
hydroxylation reactions, is the π�cation radical ferryl-oxo com-
pound named compound I (Cpd I).3,4,14�19 In the traditional
mechanism,1�4,20�24 shown in Scheme 2a, aromatic hydroxylation
starts with the insertion of the iron-oxo of Cpd I into the aromatic
ring to form the Meisenheimer-complex intermediate in the rate-
limiting step. In the following step, the ipso-position proton will be
transferred to the ipso-oxo atom, for example, by an initial transfer to
the porphyrin nitrogen, from where it shifts to the ipso-oxo atom in
the so-called proton shuttle mechanism.20

However, although CYP2D6 can perform many different
reaction types and accepts many different substrates,5,6 its active

site has special characteristics that may inhibit certain types of
reactions, such as arene hydroxylation via the mechanism de-
scribed in Scheme 2a. Specifically, Glu216 and/or Asp301 that
are located in the pocket over the heme25 can hold the NH3

þ tail
of tyramine by salt bridges and may thereby contribute indirectly
to inhibition of the direct oxygenation of the ortho position (see
later). Moreover, the protein residues possess oriented electric
fields26,27 that may bring about new mechanisms, which are
otherwise unfavorable. As shall be shown herein by means of
hybrid QM/MM calculations, this is precisely the case in the ring
hydroxylation of tyramine, wherein the enzyme disfavors the
traditional Meisenheimer-complex mechanism but prefers the
mechanism shown in Scheme 2b, whereby Cpd I abstracts the
hydrogen of the hydroxyl group and continues by a ring�π
radical rebound. Indeed, as will be demonstrated, this mechanism

Scheme 1. Stepwise Dopamine Formation
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ABSTRACT: Dopamine can be generated from tyramine via
arene hydroxylation catalyzed by a cytochrome P450 enzyme
(CYP2D6). Our quantum mechanical/molecular mechanical
(QM/MM) results reveal the decisive impact of the protein in
selecting the ‘best’ reaction mechanism. Instead of the tradi-
tional Meisenheimer-complex mechanism, the study reveals a
mechanism involving an initial hydrogen atom transfer from the
phenolic hydroxyl group of the tyramine to the iron-oxo of the
compound I (Cpd I), followed by a ring�π radical rebound that
eventually leads to dopamine by keto�enol rearrangement.
Thismechanism is not viable in the gas phase since theO�Hbond activation byCpd I is endothermic and the process does not form
a stable intermediate. By contrast, the in-protein reaction has a low barrier and is exothermic. It is shown that the local electric field of
the protein environment serves as a template that stabilizes the intermediate of the H-abstraction step and thereby mediates the
catalysis of dopamine formation at a lower energy cost. Furthermore, it is shown that external electric fields can either catalyze or
inhibit the process depending on their directionality.
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is impossible in the gas phase for the protonated tyramine
(charged HN3

þ tail) and is made possible only due to the local
electric field of the protein that acts as a charge template for this
mechanism. This is the first such demonstration for amechanistic
directive of a P450 enzyme.

’METHODS

QM-Only Calculations. All our QM-only calculations are per-
formed with density functional theory carried out with Gaussian 03.28

Following previous studies,29�32 Cpd I of cytochrome P450 was
modeled using a porphine macrocycle without side chains and with a
thiolate ligand (Fe4þO2�(C20N4H12)

�(SH)�). The spin-unrestricted
UB3LYP33�35 was employed using two basis sets: (a) LACVP(Fe)/
6-31G(rest), so-called B1, to optimize the transition states and the
minima without symmetry constraints, and (b) a larger basis set,
TZVP36 on all atoms, denoted B2 for single-point energy calculations.
Stable species (minima) were shown to possess only positive vibrational
frequencies, while transition states were ascertained to exhibit only one
mode with an imaginary frequency. Bulk polarity effects mimicking the
protein environment were evaluated with the polarizable continuum
model (PCM) solvation model using a nonpolar solvent (chloro-
benzene, ε = 5.62), and in a polar nonenzymatic environment, an
aqueous medium (water, ε = 78.39) was used. The solvation cavity was
created using the Pauling radii.
QM/MM Procedure. The QM/MM method has been extensively

reviewed elsewhere,37 and theQM/MMprocedure used herein has been
applied before;18 therefore, only essential features are outlined below.

The tyramine substrate most likely has a protonated amino group
under biological conditions.13 The positive charge of the tyramine’s
amino group is essential for binding correctly in the active site of
CYP2D6,38,39 and the neutral tyramine has been observed to act as an
inhibitor.12,13 Therefore, only the protonated tyramine was considered
for the QM/MM study.

During the QM/MM calculations, the QM subsystem consists of 86
atoms (see Model B in Figure 5) and involves: (i) the entire tyramine,
(ii) the porphyrin without peripheral substituents and with an axial
cysteine ligand, and (iii) the side chain of Asp301 residue, which forms a
salt bridge with the charged amino tail of tyramine. In the water-assisted
keto�enol conversion of dopamine the water molecules were added
manually into the active site, thus resembling the QM-only calculations,
followed by a QM/MM geometry optimization.
Setup of the Model System. Only one monomer from the X-ray

structure (PDB code: 2F9Q)25 was used, corresponding to the protein
chain A in which the first eight amino acids (residues 34�41) were
omitted in the calculations due to some missing segments. The removed
segment of the protein is far away from the active site and has no
influence on the present reaction. All other missing atoms and residues
were directly added with the Swiss PDBViewer.40 The protonation state
of the amino acids was determined with the PROPKA41 program in
combination with visual inspection. The only amino acid that was altered
from the normal protonation state was His376, which we judged to be
protonated since it had typical hydrogen-bond distances at both nitro-
gen atoms. The neutral His can have a proton either at ε or δ positions of
the imidazole ring, and these tautomers can only be determined by visual
inspection. The following histidines were protonated at δ position
(His167, His232, His324, His352, His361, His416, His419, His426,
His463, and His478) and at ε position (His94, His258, and His477).
After all hydrogens had been added, the structure was optimized during
2400 steps of steepest descent using the CHARMM42 program.

The force field parameters for the heme have been described else-
where;18 the charges used on the ferryl-oxo moiety areQFe =þ0.63 and
QO = �0.36. The initial topology file of the tyramine substrate was
generated using Insight II 2000 (from Accelrys, San Diego), and the
force field parameters were taken from the known amino acids tyrosine
(phenol ring) and lysine (protonated amino tail) with a total charge ofþ1.
The substrate was then manually modeled in a position resembling poses
for other molecules, such as 5-methoxy-tryptamine, which also has a basic

Scheme 2. Aromatic Hydroxylation Mechanisms of Tyramine by Cpd Ia

aWhile (a) represents the traditional Meisenheimer-complex mechanism, and (b) is the QM/MM-based mechanism found herein.



7979 dx.doi.org/10.1021/ja201665x |J. Am. Chem. Soc. 2011, 133, 7977–7984

Journal of the American Chemical Society ARTICLE

amino group. The substrate remained in this position during the entire 3 ns
of molecular dynamic (MD) simulation time (see Figure 2 and Figures
S2�S4 in Supporting Information).

The Insight II software was used to add a 16 Å thick water layer. The
inner 8 Å layer of water molecules was equilibrated (3 ps at 300 K) while
keeping the remaining system fixed. Subsequently, more water molecules
could be added, and this procedure was repeated three times until the system
was saturated with water molecules. The so obtained QM/MM system
consisted of 27 658 atoms.The resulting structurewas then relaxed by a series
of energy minimizations and MD simulations using the CHARMM force
field as implemented in theCHARMMprogram. A 3 nsMD simulationwith
a time step of 1 fs was performed, during which the coordinates of the heme
and the outer 8 Å layer of solvent water were kept fixed.

The QM part was treated with the unrestricted hybrid density
functional UB3LYP,33�35 and the rest of the protein and water
molecules were treated with MM using the CHARMM2243 force field
through DL_POLY.44 The basis set labeled B1 for the QM part during
geometry optimization is the double-ζ LACVP basis set with a small-
core ECP45 on the iron atom and the 6-31G basis set on all other atoms
(S, N, C, O, H). The energies of the B1 geometries were then refined
with a larger basis set TZVP36 on all atoms, labeled B2. The QM/MM
calculations were done with the ChemShell interface software,46 where-
by the QM part was handled by Turbomole47 and the MM part by
DL_POLY.44 The QM region interacts with the rest of the MM system
by electrostatic and Lennard-Jones interactions without any cutoff. The
electronic embedded scheme was used to account for the polarization
effect of the QM part induced by the protein. The dangling bond at the
QM—MM boundary was capped by a hydrogen link atom, and
corrective terms were added by the charge-shift method.48�50

The QM/MMgeometry optimization includes the substrate, the QM
part of the Cpd I, 42 amino acid residues surrounding the substrate and
heme, and 9 water molecules; for details see Table S1 in the Supporting
Information. Geometry optimizations were performed with the HDLC
optimizer.51 All minima were fully optimized without symmetry re-
straints. The transition states were determined as the highest point on
the potential energy surface along the reaction coordinates, which were
scanned with a small increment of 0.02 Å near the transition states. To
ascertain a continuous energy profile of the reaction, the coordinates
were scanned repeatedly forward and backward until convergence for
each reaction step. All the scans at the QM(B1)/MM level are collected
in the Supporting Information document.
Empirical Dispersion Correction. To correct the B3LYP en-

ergies for dispersion, we used the DFT-D3 program to calculate the
empirical dispersion correction (B3LYP-D).52 As shown by Lonsdale
et al,53 dispersion correction has a large barrier lowering effect.
Deciphering the Effect of the Protein Residue on the

Mechanism. To understand the final QM/MM stabilization on the
mechanism in Scheme 2b, we calculated the QM system embedded in
MM point charges and compared the energy with the QM/MM value.
This involved a series of calculations, whereby we admitted MM residue
charges in increasing radius around the QM system, until convergence.
It was found that the inclusion of MM residue charges within 3 Å from
the substrate converged to reproduce closely the reaction energy in
the crucial step of the mechanism in Scheme 2b. Since the point charge
calculation does not involve any van der Waals and/or exchange
repulsion interactions, the convergence of the reaction energy to the
QM/MM value is an indication that these factors make only a minor
contribution. Application of PCM or conductor-like screening models
(COSMO) instead of these MM residue charges did not reproduce the
effect. We recall that in many previous calculations,17,18 the use of
COSMO mimicked well the bulk polarity of the protein (see Table S6
in the Supporting Information document), and as such, the failure
to reproduce the effect herein indicates that we are concerned with
directional electric field effect.

External Electric Field (EEF). In view of the local field effect of the
protein on the mechanism, we also attempted to explore the effects of an
EEF on the mechanism. Following previous studies,27a we focused on
EEFs directed along the Fe�O axis (defined as the z axis). These fields
were created by adding point charges on two parallel circular plates on
each side of the enzyme.27a The plates were oriented perpendicular to
the Fe�O bond of Cpd I and positioned 46.8 Å from the Fe. The two
plates contain 7082 point charges, each with an absolute magnitude of
0.01 e per point. These parameter settings of the charged plates (92.4 Å
radius and 46.8 Å distance to Fe) produced a uniform EEF of FZ = (
0.0025 au in the active site. This EEF is significantly smaller than the
intrinsic electric field of the protein.27b

’RESULTS

Aromatic Oxidation. Initially we studied the direct aromatic
hydroxylationmechanism of tyramine in Scheme 2a. However, as
shown in Figure 1, the QM/MM calculated activation energy for
direct oxygen insertion is high, 27.6 kcal mol�1. This barrier is ca.
7�9 kcal mol�1 higher than other typical aromatic hydroxyla-
tion/oxidation reactions, e.g., 18.1�21.0 kcal mol�1 in
CYP2C924 or 15�18 kcal mol�1 in the gas phase.20�23 There-
fore, we looked for a mechanistic alternative that can account for
a more facile dopamine formation. One of these alternatives was
based on a recent observation that an ammonium group inten-
sifies the acidity of the para OH group,54 which becomes as acidic
as a carboxylic group. We therefore started with a tyramine
wherein the hydroxyl group was deprotonated to the phenoxide
form of tyramine. The QM/MM calculations showed that the
phenoxide transfers an electron to the porphyrin hole of Cpd I,
and the reduced Cpd I was then inserted into the ring of the
delocalized radical, see Figure 1. Although this mechanism has a
low initial energy barrier, the follow-up step had a high barrier.
More importantly, this mechanism was eventually ruled out since
we could not identify any residue in the active site that is capable
of deprotonating the hydroxyl group of tyramine.
Hydrogen abstraction (H-abstraction) from phenols is a

known reaction for Cpd I species in heme and nonheme enzymes
and synthetic models.55�59 The phenolic H-abstraction is one of
the main reactions of horseradish peroxidase (HRP) Cpd I with
phenols.55 Furthermore, since our group has previously shown60

Figure 1. Oxygen insertion into tyramine (dashed red line) and into the
phenoxide anion of tyramine (solid black line). Distances are in Å, and
the relative energies were obtained with B3LYP/B2/MM out of
parentheses and B3LYP-D/B2/MM in parentheses (D is dispersion
correction). Spin densities on oxygen (O) and iron (Fe) are given at the
transition state as well as the charge transferred (QCT) from the tyramine
to the porphyrin.
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that ethanol dehydrogenation by CYP2E1 may well be initialized
by such a step, we decided to explore this mechanism for the
reaction of CYP2D6 with tyramine, as schematically shown
above in Scheme 2b. Indeed, our MD simulations showed that
the hydrogen bond between the oxo ligand of the Cpd I and the
hydroxyl group of the tyramine is sustained during the 3 ns
simulation time (see Figure S2 in Supporting Information). The
substrate position is also retained during the simulation with the
positively charged ammonium group positioned clamped be-
tween the Glu216 and Asp301, as shown in Figure 2 (see Figures
S3 and S4 in Supporting Information).
Starting from the conformation in Figure 2, we calculated the

phenolic H-abstraction reaction, and the profile is shown in
Figure 3. Clearly, Cpd I is indeed a potent hydrogen-atom
abstractor toward the phenolic O�H. The H-abstraction barrier
in Figure 3 from reactant (RC) is only 10.4 (9.7) kcal mol�1

(ZPE corrections are not included and would lower the energy
barrier even more, by approximately 3�4 kcal mol�1), and the
intermediate (IM1) formed is relatively stable, with exothermi-
city of �10.8 (�9.7) kcal mol�1.
The follow-up step in Figure 3 is the rebound of the phenoxy

radical onto the iron�hydroxo complex, compound II (Cpd II),
via the ortho position of the ring, to form the keto tautomer of
dopamine. As can be seen in Figure 3, the barrier for the
π�rebound step is 19.0 (14.0) kcal mol�1, which is ca. 9 kcal
mol�1 lower than the barrier for the traditional Meisenheimer-
complex formation mechanism in Figure 1. In addition the
rebound barrier from the IM1 is smaller than the reverse
hydrogen-transfer barrier, which will prevent unwanted back-
ward reaction.
Water Assisted Keto�Enol Conversion of Dopamine. The

keto�dopamine intermediate formed after rebound (Figure 3) is
stable, and the shuttle mechanism,20,22 transferring a proton to
the porphyrin, has a very large barrier (more than 30 kcal mol�1,
see Table S4 in the Supporting Information) and is therefore
ruled out. Directly transferring the proton from themeta position
to the ketonic para oxygen is energetically very unfavorable as can
be seen from Figure 4a (barrier >50 kcal mol�1). Our group has
noted previously11,61 that water molecules can facilitate these
‘forbidden’ proton shift reactions. The question is whether this
water-assisted mechanism occurs in the enzymatic pocket or on
the surface where water molecules are abundant.
In fact, as shown in Figure 4b, the substrate is not actually

bonded to the heme (the distance between Fe and O is 3 Å), and
as such, the keto substrate may exit the pocket and be converted

to dopamine on the surface. However, to avoid any bias, we
investigated herein a water-assisted keto�enol transformation
for both enzymatic and nonenzymatic reactions.
The nonenzymatic reactions were investigated using gas phase

B1-optimized geometries and B2//B1 energy correction as well
as solvation correction with water as a solvent. The in-protein
reaction was studied with QM/MM. Figure 4a shows the dif-
ferent energies for one or two water-assisted proton transfers. In
both environments, two water molecules are needed to make the
keto�enol transformation feasible. The transition structures for
the two water molecules assisted proton transfer in the gas phase
and in the enzyme are similar (see Figure 4b).
One question remains regarding the in-protein process: While

two water molecules do fit in the active site of our QM/MM
model, can these water molecules enter the active site? Previous
docking and MD studies62 showed that during oxidation water
molecules could easily move into the active site. However,
during a 1 nsMD on the structure with two water molecules (see
Figure 4b), the two water molecules left the active site. Therefore
our results tentatively disfavor an enzymatic process and suggest
that the keto�enol transformation most likely occurs on the
protein surface where water is more abundant.

’DISCUSSION

Our study reveals that aromatic hydroxylation via the usual
Meisenheimer-complex mechanism is inhibited, and the protein
prefers a mechanism via an initial H-abstraction from an adjacent
hydroxyl group followed by a π-rebound mechanism to form the
keto�enol intermediate. The activation energy for phenolic�
H-abstraction by Cpd I is low, and the rate limiting step is the
π-rebound with a barrier of 19.0 (14.0 with dispersion correc-
tion) kcal mol�1. The key role of the phenol hydroxyl group vis-
�a-vis the high barrier of the Meisenheimer-complex mechanism
may account for the findings12,13 that the O-methylated substrate,
4-methoxy-phenethylamine, undergoes initial O-demethylation
prior to aromatic hydroxylation (see Scheme 1). Therefore, it is
important to understand the manners whereby the protein inhibits
one reaction mechanism and promotes the other.
HowDoes the Protein Inhibit theMeisenheimer-Complex

Mechanism? The high QM/MM barrier for the Meisenheimer-
complex mechanism in Figure 1 is gauged relative to the reactant

Figure 2. The substrate position including the two residues Glu216 and
Asp301 in the QM/MM model (left) and after 3 ns of MD simulation
(right). Note that the hydrogen bond FedO 3 3 3HO�tyramine is
retained. The used force field charges for the ferryl-oxo are QFe =
þ0.63 and QO = �0.36.

Figure 3. The H-abstraction/rebound mechanism of tyramine conver-
sion to dopamine. Key properties of the transition states are noted:
selected bond distances (Å), spin densities (F) on oxygen (O) and iron
(Fe), and the charge transferred (QCT) from the tyramine to the
porphyrin. Energies out of parentheses correspond to B3LYP/B2/
MM values, while those in parentheses include dispersion (D) correc-
tion (B3LYP-D/B2/MM).
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cluster (RC). We verified that the corresponding gas-phase
barrier is also large (29.8 kcal mol�1) due to a very large stabiliza-
tion (16.5 kcal mol�1) of the corresponding RC between the
protonated tyramine and Cpd I. Repeating the gas-phase calcula-
tions with the tyramine having a deprotonated tail (CH2CH2

NH2) showed a “normal” aromatic hydroxylation barrier
(20.9 kcal mol�1) and verified that the large barrier of the
protonated tyramine is mostly due to the RC stabilization
because of electrostatic interactions between the protonated
tyramine and the heme. We note that the unprotonated form
of tyramine functions as an inhibitor for CYP2D6,12,13 presum-
ably by forming the corresponding Fe�NH2 complex, whereas
the protonated tail of tyramine is required for substrate binding
within the protein. Thus, the tyramine binding mechanism (via
Glu216 and Asp301) that requires a protonated tail causes also a
large stabilization of the Cpd I/tyramine cluster and thereby
raises the barrier for the Meisenheimer-complex mechanism.

Local Field of the Protein Directs the Preferred Reaction
Mechanism. By contrast to the inhibition of the Meisenheimer-
complex mechanism, our findings show that CYP2D6 easily
activates the phenolic O�H bond of protonated tyramine and
leads to a stable intermediate, IM1, that proceeds to aromatic
ring hydroxylation. Figure 5 (models A vs D) reveals the crucial
role of the protein. Thus, as shown in Figure 5 model-A, the gas-
phase H-abstraction of the bare protonated tyramine by Cpd I is
an endothermic reaction that does not lead to a stable inter-
mediate (see also Figure S5 in Supporting Information). By
contrast, as shown in model D, the protein environment stabi-
lizes the intermediate, IM1, by as much as 25 kcal mol�1

compared with the gas phase and makes the H-abstraction
reaction exothermic. Clearly, therefore, the CYP2D6 protein
must be the root cause of the stability of the IM1 intermediate
and for generating a corresponding low-energy transition state
(Figure 2).

Figure 4. (a) A schematic representation of the ketofenol rearrangement process under different conditions, with numbers 1�5 referring to the
respective transition states. The graph shows the influence of water molecules on the nonenzymatic and the enzymatic rearrangement barriers (kcal
mol�1). The enzymatic environment is calculated using QM/MM, and for the nonenzymatic environment, a continuummodel (PCM) of water is used.
In the enzymatic process the organic molecule is coordinated to the ferric iron of the heme. All energies were obtained with the B2 basis set, and values in
parentheses include ZPE corrections. (b) The transition state for the enzymatic process, which involves two water molecules.

Figure 5. Relative stabilities (B2 data in kcal mol�1) of the H-abstraction intermediate (IM1) in different environments: (A) QM-only with charged
tyramine, (B) QM-only including Asp301, (C) QM-only including Asp301 and Glu216, (D) QM/MM calculation of the whole protein. Values outside
of the parentheses refer to the relative QM energy including polarization fromMM point charges, and values within the parentheses refer to the relative
QM/MM energy.
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To identify which residues in the active site contribute to this
remarkable stabilization of the IM1, we performed gas-phase
calculations on two QM-only systems, one model included
Asp301 (model B in Figure 5) and another model included both
Asp301 and Glu216 (model C in Figure 5). Including Asp301 in
our QM model stabilizes the IM1 by 9.6 kcal mol�1 compared
with model A. Approximately half (4.3 kcal mol�1) of the
stabilization can be assigned to a decrease in phenolic O�H
bond dissociation energy caused by Asp301. In model C the
second nearest polar residue Glu216 was included and stabilized
the IM1 with additionally 6.6 kcal mol�1. Thus, the two charged
residues Asp301 and Glu216 close to the reaction center and
which bind the tyramine are responsible for stabilizing the IM1
by 16.2 kcal mol�1 of the total 25 kcal mol�1 in QM/MM. But
what is the cause of the remaining 8�9 kcal mol�1 of QM/MM
stabilization (in Figure 5D)? Adding other charged residues
further away, up to 10 Å, from the reaction center was not
helpful, and in fact, they destabilized IM1 (Table S6 in Support-
ing Information). Therefore, it was clear that in addition to
Asp301 and Glu216, the stability of IM1 must be influenced by
the polarizing field of the neutral residues in the proximity of the
reaction center. As such, we performed a calculation wherein the
MM charges of all the residues within a radius of 3 Å around the
reaction center (thus forming a local protein MM environment)
were included in theQM calculation. This calculation led to an IM1
energy of�16.0 kcalmol�1, which is within 3.3 kcalmol�1 from the
actual QM energy when all MM point charges are included (see
energy value out of parentheses in Model D, Figure 5). The energy
difference of 3.3 kcal mol�1 can be ascribed to van der Waals and
exchange repulsion interactions in the actual cavity.
Electrostatic Effect is Not Due to Simple Bulk Polarity.

Using a continuum model (COSMO or PCM using ε = 5.62) to
approximate an enzymatic bulk polarity on model B cannot at all
reproduce the stabilization of IM1 (see Table S6 in Supporting
Information). Clearly therefore, the protein effect found in the
aboveQMcalculation, including embeddedMMpoint charges in
the 3 Å vicinity of the substrate, which accounts for the QM/MM
results, reflects the directional local electric field of the protein
(which is roughly oriented in CYP2D6 along the bisector of the
Fe�O axis and the porphine plane).27b This is the manner by
which the protein controls and directs the desired mechanism,
which is otherwise disfavored energetically and exemplifies the
importance of electrostatic interaction in enzyme catalysis.26

Furthermore, since the intermediate is sensitive to the local
oriented polarization field of the protein, it is entirely conceivable
that the mechanism can be tinkered with, also by the application
of an oriented external electric field (EEF).27a,c Indeed, an EEF
oriented along the Fe�O bond with a local field strength of
0.0025 au was found sufficient to modulate the reaction barriers
of the two steps in Figure 3 (see Table S7 in the Supporting
Information for the EEF on each reaction step). Thus, using
a positive EEF oriented from Fe to O and with a strength of
F = þ0.0025 au lowered the H-abstraction barrier by 3.4 kcal
mol�1, while the rebound barrier was raised to 21.9 kcal mol�1

compared with the field-free reaction. Conversely, flipping the
EEF direction to F = �0.0025 au reduced the H-abstraction
barrier by 0.4 kcal mol�1, and the rebound barrier was lowered to
15.0 kcal mol�1, thus enhancing dopamine formation. As such,
much like in the above effect of the native protein, here too, a
positively oriented EEF stabilizes IM1 and hence lowers the
H-abstraction barrier but raises the rebound barrier. Interest-
ingly, flipping the EEF to the opposite direction has an optimal

effect: It keeps theH-abstraction barrier almost unchanged, while
at the same time it lowers the rebound barrier.
The discussion above exemplifies the importance of the local

electric field of the protein environment and shows its decisive
role in determining the nature of the reaction mechanism. Thus,
it is the local field of the protein that makes the H-abstraction
step exothermic (see Figure 3) by stabilizing the intermediate
relative to the reactant, and as such, it preferentially selects a
nonclassical aromatic hydroxylation mechanism. Using a small
external electric field with an opposite direction offers an
opportunity to optimize the rate of dopamine production.
Experimental Evidence for Phenol Activation in Related

Aromatic Hydroxylation Reactions. Indeed, oxidation of phe-
nols via hydrogen atom transfer of the hydroxyl group2,3,55�59,63�67

has been proposed for oxidation of para-substituted phenols
to quinones63,64 and for oxidation of estradiol and estrone.65

Furthermore, it has also been suggested that the initial step in
the formation of the morphine precursor salutaridine is the
H-abstraction from the phenolic hydroxyl group.66

Some of the more compelling experimental evidence for
phenolic H-abstraction mechanism as the one proposed in
Scheme 2b are the following:
(i) For quite a few P450 isoforms, including CYP2D6, the

presence of a phenolic group was found to be crucial for
the hydroxylation of estrone, estradiol,67 and para-
substuted phenols.64 When the OH group was replaced
by amethoxy group, the aromatic hydroxylation reaction
either diminished or did not take place, unless it was
demethylated.67 The fact that not all P450s behaved like
this (exceptions were CYP1A2 and 2B6) is interesting
and further suggests that the protein plays a dominant
role in the choice of the phenolic H-abstraction mechan-
ism over the traditional Meisenheimer mechanism.

(ii) When para-substituted phenols were incubated with rat
liver P450 in the presence of 18O2 the para-substituent X
(X = NO2, CN, CH2OH, COCH3, COPh, F, Cl, and Br)
was eliminated, and in its place one 18O was incorporated
in the final quinone.64

(iii) The formation of a phenoxyl radical intermediate, as a
result of hydrogen atom abstraction from the phenolic
group, has been verified in the case of paracetamol68

hydroxylation by HRP using ESR detection. It was
shown that the failure to detect the phenoxy radical
during the reaction with P450 was due to the reduction
of the radical by the reducing agents, such as NADPH.

Thus, whenever the aromatic molecule has a hydroxyl group
and the hydroxylation takes place at para or ortho positions
relative to the hydroxyl group, the phenol-activation mechanism
is likely to compete favorably with the direct aromatic hydro-
xylation via the Meisenheimer mechanism. Such likely examples
are the biosynthesis of catecholamines,6 e.g., octopamine to nor-
epinephrine and synephrine to epinephrine. Ideally, the mecha-
nism proposed herein for tyramine, with a rate-determining
π-radical rebound, could have been experimentally verified by
phenoxy radical detection, but in view of the role of reducing
components,68 this may not succeed. Another probe would be to
replace the phenolic hydrogen atom with deuterium, while using
18O2. In such a case, we may tentatively expect to find an 18O�D
group at the hydroxylation site, provided the deuterium is not
completely exchanged and washed into the water environment.
Finally, substituting the ortho position of tyramine with deute-
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rium would lead to NIH shift2,3 (migration of the deuterium
to adjacent ring position) if the mechanism proceeds via the
Meisenheimer-complex but not so if it proceeds via the phenolic
H-abstraction mechanism.64

’CONCLUSIONS

The present study reveals that the reaction mechanism by
which CYP2D6 transforms tyramine into dopamine involves
initially a phenolic H-abstraction by Cpd I followed by a
phenoxyl radical ring rebound thereby forming a keto inter-
mediate, IM1 (Figure 3). Subsequently, the dopamine is formed
by a keto�enol rearrangement via a proton relay mechanism
assisted by two water molecules (Figure 4).

This mechanism is entirely concocted by the protein. Thus,
the preference of the protein for the protonated tyramine raises
the barrier for direct aromatic hydroxylation, while the local electric
field of the active site facilitates the H-abstraction/phenoxyl
rebound mechanism. In the gas phase, the H-abstraction is
endothermic, and there is no transition state (TS) or IM1
minimum, whereas in the protein, a TS with a low barrier is
found and an IM1 intermediate is formed in an exothermic reaction.
Successive calculations of the naked IM1 species in the presence of
the MM charges of the protein residues show that the entire
stabilization effect is achieved by the local protein environment,
within a radius of 3 Å from the substrate and the iron-oxo.
Simple bulk polarity (using a continuum model, COSMO)
cannot account for this stabilization effect. It is the oriented
local electric field of the active site that stabilizes the inter-
mediate and makes the mechanistic choice. It follows that the
protein acts as a charge template whose electric field stabilizes
the intermediate, thereby enabling the mechanism. Interest-
ingly, using a small external electric field with an opposite
direction to the native field offers an opportunity to optimize
the rate of dopamine production. These findings are important
for understanding the role and the function of enzymes. The
role of electrostatic catalysis was discussed in the pioneering
studies of Warshel.26

The QM/MM computed activation energy for the H-ab-
straction/phenoxyl rebound mechanism is low, much lower
than the barriers for the traditional Meisenheimer-complex
mechanism of aromatic hydroxylations.20�24 It is therefore
possible that this is a general reaction mechanism of drugs,
neurotransmitters, and hormones, whenever the aromatic mo-
lecule has a hydroxyl group near the site of oxidation. Our
results together with previously reported proposals2,3,55�59

support that oxidation of phenols proceeds via an initial
H-abstraction from a phenolic hydroxyl.
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