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Dopamine hydroxylation by the copper−superoxo, −hydroperoxo, and −oxo species of dopamine â-monooxygenase
(DBM) is investigated using theoretical calculations to identify the active species in its reaction and to reveal the
key functions of the surrounding amino acid residues in substrate binding. A 3D model of rat DBM is constructed
by homology modeling using the crystal structure of peptidylglycine R-hydroxylating monooxygenase (PHM) with
a high sequence identity of 30% as a template. In the constructed 3D model, the CuA site in domain 1 is coordinated
by three histidine residues, His265, His266, and His336, while the CuB site in domain 2 is coordinated by two
histidine residues, His415 and His417, and by a methionine residue, Met490. The three Glu268, Glu369, and
Tyr494 residues are suggested to play an important role in the substrate binding at the active site of DBM to
enable the stereospecific hydrogen-atom abstraction. Quantum mechanical/molecular mechanical (QM/MM)
calculations are performed to determine the structure of the copper−superoxo, −hydroperoxo, and −oxo species
in the whole-enzyme model with about 4700 atoms. The reactivity of the three oxidants is evaluated in terms of
density-functional-theory calculations with small models extracted from the QM region of the whole-enzyme model.

1. Introduction

Dopamineâ-monooxygenase (DBM; EC 1.14.17.1) cata-
lyzes the hydroxylation of dopamine to norepinephrine
concomitant with the reductive cleavage of dioxygen (Scheme
1).1-8 One oxygen atom of dioxygen is inserted into the
benzylic position of dopamine while the other one is
converted to water. Two exogenous electrons required for
the monooxygenase reaction are provided by ascorbic acid
(vitamin C).

The enzyme contains two essential copper atoms/subunit.9-11

The two copper atoms should be at least 4 Å apart because

no spin coupling is detected by EPR measurements in the
resting enzyme and the product complex.12,13 Moreover,
EXAFS experiments failed to detect backscattering between
the copper centers.14 For these reasons, a tightly bound
dinuclear structure, as observed in other copper enzymes such
as tyrosinase and hemocyanin,15,16 is not involved in the* Author to whom correspondence should be addressed. E-mail:
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catalysis of DBM. The two copper centers have been
proposed to perform different functions in the reaction cycle
of the enzyme. One site (CuA) is involved in ascorbate
binding and the electron transfer from ascorbate to the second
site (CuB). This second copper center is widely believed to
work as the active site for substrate binding and hydroxy-
lation.9

It is generally accepted that the hydroxylation of dopamine
by DBM involves a hydrogen-atom abstraction step, as
indicated by a large kinetic isotope effect ofkH/kD ) 10.9.17

The radical character of the reaction intermediate is con-
firmed by a negative Hammett reaction constantF value of
-1.5 for the C-H bond activation step.18 Several unstable
species produced in the oxygen-activation process indicated
in Scheme 2 have been proposed for the active species
responsible for the hydrogen-atom abstraction. However, to
the best of our knowledge there is no consensus on the
identity of the active species of the DBM reaction. In earlier
studies,13,18 a Cu(II)-hydroperoxo species generated by the
protonation of a Cu(I)-superoxo species was believed to
cleave the C-H bond in the initial step of catalysis. In
general, oxo species play an important role in C-H bond
activation by iron-dependent enzymes such as P450s, but
the cleavage of the O-O bond of the Cu(II)-hydroperoxo
species prior to substrate activation is not feasible because
of the high redox potential for Cu(II)f Cu(III).18 The kinetic
studies of dopamine hydroxylation by DBM revealed that
the reduction of the copper centers by ascorbic acid is
completed prior to oxygen binding and activation, which
would deny the possibility of additional reduction of the high-
valent Cu atom to assist the production of the Cu(III)-oxo
species.19 Moreover, the Cu(I) form of DBM is reported to
promote oxygen activation and dopamine hydroxylation
without external reductants.13

Tian et al.20 proposed a new oxo-mediated radical mech-
anism that is consistent with the results of the kinetic studies.
In their mechanism the Cu(II)-hydroperoxo species abstracts
a hydrogen atom from a nearby tyrosine residue to produce
a Cu(III)-oxo species, a tyrosyl radical, and a water
molecule. The produced Cu(III)-oxo species abstracts a
hydrogen atom from the benzylic position of dopamine with
the formation of a radical intermediate. Finally norepineph-
rine is produced by the recombination of the radical
intermediate and is released from the CuB center. Observed
18O kinetic isotope effects with several substrate analogues
indicate that cleavage of the O-O bond should occur prior
to the hydrogen-atom abstraction, which support this mecha-
nistic proposal.20

Recently, the Cu(II)-superoxo species was proposed to
be responsible for the C-H bond activation in the DBM
reaction.21 The Cu(II)-superoxo species is produced by
dioxygen binding to the CuB center in the resting Cu(I) state.
This mechanism involves an initial hydrogen-atom abstrac-
tion from the benzylic position of dopamine, followed by
the recombination between the substrate radical and the
resultant Cu(II)-hydroperoxo species to form norepineph-
rine. In this mechanism electron transfer from the CuA center
occurs after the C-H bond activation in contrast to other
mechanisms. Evans et al.21 demonstrated that a molar ratio
of O2 consumption to product formation is 1:1 not only for
highly reactive substrates but also for weakly reactive
substrates. A mechanism in which the reductive activation
of dioxygen precedes the C-H bond cleavage cannot explain
such a tight coupling of oxygen and substrate consumption
because either peroxide or superoxide leaks into the solvent
from the reactive oxygen intermediate with extended lifetime.

DBM is similar in many respects to peptidylglycine
R-hydroxylating monooxygenase (PHM; EC 1.14.17.3),22 the
X-ray structure of which was solved at 1.85 Å resolution.23,24

These enzymes are both involved in the biosynthesis of
neurotransmitters and catalyze a very important reaction in
the biological pathways related to the central and peripheral
nervous systems of mammals.25 PHM also contains two
copper atoms and requires dioxygen and ascorbate for C-H
bond activation, which is considered to proceed via hydrogen-
atom abstraction. Although the structure of DBM has not
yet been determined, the sequence of DBM is approximately
30% identical with that of PHM.26 Homology modeling can
provide a useful three-dimensional model for a target protein
from a related protein with known crystal structure (tem-
plate).27 Prigge et al.28 constructed a 3D model of DBM using
the structure of PHM as a template and predicted the position
of the important amino acid residues related to substrate
binding and catalysis.

In this study we performed quantum mechanical/molecular
mechanical (QM/MM) calculations to obtain better informa-
tion about structural and catalytic interactions between the
active species and substrate in the protein environment using
whole-enzyme models of the copper-superoxo,-hydro-
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peroxo, and-oxo species of DBM. We also revealed the
energetics for the C-H bond cleavage and oxygen rebound
process using a small model extracted from the QM region
of the QM/MM optimized structure. This study would open
a new horizon in our understanding of the structure and the
catalytic mechanism that remain unclear, due to the lack of
crystal structure.

2. Method of Calculation

Since the three-dimensional structure of DBM is not yet available,
homology modeling techniques were used to build model structure
of this enzyme. Many successful applications of homology modeling
in mechanistic studies have been reported in the literature, and
several reviews are available.29-32 The amino acid sequences of
DBM and PHM were obtained from SwissProt DataBank.33 We
constructed a 3D model of rat DBM using the crystal structure
coordinates of PHM (pdbcode 1OPM) from the homology-modeling
program available at http://www.cbs.dtu.dk/services/CPHmodels.34

The sequence identity between DBM and PHM is 29.5%. No water
molecules were included in this model since no information about
water molecules is obtained from homology modeling. The
constructed 3D model of DBM was refined with the QM/MM
methodology. To make the whole-enzyme model for QM/MM
calculations, missing hydrogen atoms were added and then initial
MM minimization was performed while the QM region was fixed.
Ionization states were used for all charged residues and tautomeric
states of histidine residues were determined by analysis of their
environment. This model with about 4700 atoms was used as an
initial structure for QM/MM calculations with the two-layer
ONIOM (IMOMM) method35 implemented in the Gaussian 03
program.36 In these calculations, a specified region around the active
center was calculated with a QM method, while the rest of the

protein was treated at an MM level. The QM region can describe
the essential bond-breaking and bond-making processes in the
enzyme, while the MM region can promote interactions with the
QM region through partial charges and van der Waals forces of
atoms in the MM region. No cutoffs were used for the nonbonding
MM and QM/MM interactions. At the QM/MM border, atoms in
the MM region bound to an atom in the QM region were replaced
by hydrogen atoms in the QM-level part of the QM/MM calculation.
Figure 1 shows an optimized structure of the DBM model and the
all atoms in the QM region. The copper ion is coordinated by the
side chain of three amino acid residues, His415, His417, and
Met490. The QM region includes a dopamine molecule and
truncated models of these three amino acids (57 atoms for the Cu-
(III) -oxo species). QM calculations were performed with the
B3LYP method, which consists of the Slater exchange, the Hartree-
Fock exchange, the exchange functional of Becke,37 the correlation
functional of Lee, Yang, and Parr (LYP),38 and the correlation
functional of Vosko, Wilk, and Nusair.39 We used the triple-ú-
valence (TZV) basis set40 for the CuB atom, the D95* basis set41

for superoxo, hydroperoxo, and oxo ligands and the atoms that
directly coordinates to the CuB atom, and the D95 basis set for the
rest of the atoms. The method of choice for MM calculations is
the Amber force field (Amber96).42

We also investigated the energy profiles for the C-H bond
cleavage and oxygen rebound process in the DBM reaction using
a small model extracted from the QM region of the QM/MM
optimized structure. All the geometries for the reaction species and
transition states were fully optimized without symmetry constraint
at the B3LYP/6-31G*43 level of theory. After geometry optimiza-
tions, we carried out single-point calculations at the B3LYP/TZV
level (B3LYP/TZV//B3LYP/6-31G*). The spin-unrestricted version
of the B3LYP (UB3LYP) method was applied to singlet states when
the reaction species are reasonably considered to have an open-
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Figure 1. DBM model with 4700 atoms. The QM region includes CuB,
dopamine, and truncated models of His415, His417, and Met490.
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shell-singlet electronic configuration. We performed systematic
vibrational analyses at the B3LYP/6-31G* level of theory to confirm
that an optimized geometry corresponds to a transition state that
has only one imaginary frequency or a local minimum that has no
imaginary frequency. We took zero-point-energy corrections into
account in calculating the energetics of the reaction pathways.

3. Results and Discussion

This paper is organized as follows. We start with discus-
sion of the catalytic roles of the amino acid residues at the
active site of DBM on the basis of QM/MM optimized 3D
models. In section 3-1, hydrogen-bond interactions at the
substrate-binding site are investigated to address how the
pro-R hydrogen atom is stereospecifically abstracted in the
DBM reaction. In section 3-2, the QM/MM optimized
geometries and the electronic structures of the Cu(II)-
superoxo, Cu(II)-hydroperoxo, and Cu(III)-oxo species are
analyzed in detail. Finally, we evaluate the reactivity of the
Cu(II)-superoxo species and the Cu(III)-oxo species using
small models extracted from the QM region of the QM/MM
model. The calculated energy profile suggests that the Cu-
(II)-surperoxo species is a good mediator for dopamine
hydroxylation. The high oxidation power of the Cu(III)-
oxo species enables the benzylic C-H bond activation with
a low barrier of 3.8 kcal/mol, which indicates that the Cu-
(III) -oxo species is also responsible for dopamine hydroxy-
lation if this unstable species is effectively produced at the
active site of DBM.

3-1. Substrate Binding Site of DBM.DBM and PHM
are type II copper-containing monooxygenase from secretory
granules, requiring ascorbate and molecular oxygen. Both
enzymatic reactions are characterized by significant deute-
rium isotope effects inVmax, presence of a radical intermedi-
ate, and high stereospecificity of hydrogen-atom abstraction.7

These similarities can be explained by the high sequence
identity of 30% between these enzymes. An alignment of
sequences of rat DBM and PHM is shown in Figure 2. The
sequence similarity in the catalytic core of these enzymes
suggests that the two proteins would have evolved from a
common precursor. The X-ray structure of PHM22 can

provide us with useful information on how the hydrogen-
atom abstraction stereospecifically occurs in dopamine
hydroxylation by DBM.

As shown in Figure 1, the constructed 3D model of DBM
is composed of two domains like in PHM.23 The structure
of the catalytic core in the 3D model is nearly identical with
that of a previous study.28 Figure 3 shows that domain 1
involves CuA coordinated byδ-nitrogen of three histidine
residues, His265, His266, and His336 (His107, His108,
His172 in PHM), while domain 2 involves CuB coordinated
by ε-nitrogen of two histidine residues, His415 and His417
(His242 and His244 in PHM), and by a methionine sulfur
of Met490 (Met314 in PHM). The coordination states of the
Cu sites that are predicted by homology modeling are
consistent with spectroscopic measurements14,44-48 that in-
dicate the Cu sites to contain two or three N atoms (histidine)
and one S atom (methionine). There is a cleft that is fully
accessible to solvent and links the two copper sites, which
are about 10 Å apart. Figures 2 and 3 clearly show that the
important active-site amino acid residues of DBM and PHM
are highly conserved and therefore these enzymes are very
similar in their structures of catalytic cores, as Prigge et al.
reported.28 We manually placed a dopamine molecule into
the active site of DBM positioning the reactiveâ-carbon of
dopamine at the same position as the reactiveR-carbon of a
peptidylglycine molecule bound to PHM. This 3D model of
DBM shows that the substrate is anchored by a complex
hydrogen-bonding network with surrounding amino acid
residues, Glu268, Glu369, and Tyr494. The Tyr494 residue,
which is conserved in all DBM sequences, would play an
important role in the enzymatic reaction via the hydrogen-
bonding interaction with the amino group of dopamine as
the Tyr318 residue in PHM forms a hydrogen bond with
the substrate glycine. The Glu268 residue is also hydrogen-
bonded to the amino group of dopamine. This glutamic acid
is conserved in all DBM sequences but is replaced in PHM
with leucine that cannot interact with the substrate. Instead
of the leucine residue, the Arg240 in PHM is tightly bonded
to the substrate in a way similar to that for Glu268 in our
DBM model. The Glu369 residue corresponds to the Leu206
residue in PHM that is unlikely to be important in substrate
recognition. However, the Glu369 residue prevents the
formation of a fictitious hydrogen bond between the His415
residue and the hydroxyl group of dopamine, as discussed
below. These hydrogen-bonding networks make thepro-R
hydrogen atom come into close contact with the active site
of DBM for the stereospecific hydrogen abstraction.

3-2. Geometric and Electronic Structure of Active
Oxidants of DBM. Figure 4 shows QM/MM optimized
structures of three putative oxidants for the hydroxylation
of dopamine, the Cu(II)-superoxo, Cu(II)-hydroperoxo, and
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Figure 2. Alignment of the catalytic core of rat DBM and PHM. The
position of gaps are marked with a hyphen. A “+” sign indicates amino
acid residues with similar biochemical characteristics.
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Cu(III)-oxo species. Table 1 summarizes computed atomic
charges and spin densities for these species. Thepro-R
hydrogen atom to be abstracted is on the same side as the
active site involving these oxidants, while thepro-Shydrogen
atom is positioned in a different direction and far from the
active site. This structural feature enables the stereospecific
hydrogen abstraction from dopamine.

3-2-1. Cu(II)-Superoxo Species.There is a debate with
respect to the electronic structure of Cu(II)-superoxo
species. Chen et al.49 elucidated the electronic structure of a

side-on Cu(II)-superoxo complex, Cu(O2)[HB(3-R-5-
iPrpz)3], using spectroscopic characterization and density-
functional-theory calculations. A measured magnetic moment
of the complex indicated that the Cu(II)-superoxo complex
has a diamagnetic singlet ground state and a triplet state lying
4.3 kcal/mol above. Their BP86 and B3LYP calculations
demonstrated that the Cu(II)-superoxo complex involves a
highly covalent interaction between Cu and the superoxide

(49) Chen, P.; Root, D. E.; Campochiaro, C.; Fujisawa, K.; Solomon, E. I.
J. Am. Chem. Soc.2003, 125, 466.

Figure 3. Substrate binding site in PHM and DBM: (A) constructed 3D model of the DBM substrate-binding site; (B) X-ray structure of the PHM binding
site. Units are in Å.

Figure 4. Optimized structures of three putative oxidants for the hydroxylation of dopamine by DBM: (A) end-on Cu(II)-superoxo species; (B) Cu-
(II)-hydroperoxo species; (C) Cu(III)-oxo species.
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ligand and that the significant covalency leads to a closed-
shell singlet state. This view is a little different from the
other one that the nonmagnetic property of the Cu(II)-
superoxo complex is ascribed to the antiferromagnetic
coupling between the two units of spin in the Cu atom and
the superoxoide ligand.21

In this study we examined the complex electronic structure
of the Cu(II)-superoxo species in the protein environment
of DBM using the QM/MM method. QM/MM calculations
were performed for two kinds of Cu(II)-superoxo species,
a side-on species and an end-on species. Table 2 lists
calculated QM/MM energies of the Cu(II)-superoxo species
in the closed-shell singlet, antiferromagnetically coupled
singlet, and triplet states. The present QM/MM optimization
finds a minimum only for the end-on species in the triplet
and antiferromagnetically coupled singlet state. In the closed-
shell singlet state, the side-on Cu(II)-superoxo species with
an η2-binding mode was calculated to be lower in energy
than the end-on Cu(II)-superoxo species with anη1-binding
mode by 6.8 kcal/mol, as Chen et al. reported.49 However,
our QM/MM calculations estimated that the end-on Cu(II)-
superoxo species in the antiferromagnetically coupled singlet
state is 10.7 kcal/mol lower than the side-on Cu(II)-superoxo
species in the closed-shell singlet state. As shown in Table
2, all DFT functionals predicted the end-on Cu(II)-superoxo
species in the antiferromagnetically coupled singlet state to
be lowest in energy in the singlet state. Recently, Prigge et
al.24 determined the structure of PHM with bound peptide
and oxygen molecule. The X-ray structure showed that the
oxygen molecule binds to one of the copper atoms in the
enzyme with an end-on mode, which is in good agreement
with our calculational result. The relative energies between
these electronic structures of the Cu(II)-superoxo species
are very sensitive to the choice of functional.50 For example,
B3LYP calculations estimated the triplet state to lie 5.5 kcal/

mol below the antiferromagnetically coupled singlet state.
However, at the BLYP/6-311G**//B3LYP/(TZV and D95)
level of theory the triplet state was computed to lie 0.3 kcal/
mol above the antiferromagnetically coupled singlet state.
This is because hybrid density functional theory methods
tend to overestimate the stability of high-spin states with
increasing amount of the Hartree-Fock exchange (0% for
BLYP and 20% for B3LYP).51 In this study we focus on
the singlet potential energy surface to reveal the energy
profile for dopamine hydroxylation because EPR measure-
ments12,13 failed to detect any paramagnetic species in the
DBM reaction. One must remember that the singlet and
triplet potential energy surfaces are closely lying in the initial
stages of dopamine hydroxylation by the Cu(II)-superoxo
species of DBM. The spin density in the triplet state was
calculated to be 0.2 on the Cu atom and 1.7 on the superoxo
ligand. These unpaired electrons are antiferromagnetically
coupled in the ground singlet state at the B3LYP level of
theory, 0.3 on the Cu atom and-0.4 on the superoxo ligand.
As mentioned above, thepro-Rhydrogen atom is on the same
side as the superoxo ligand. In the optimized QM/MM
structure of the end-on Cu(II)-superoxo species, the distance
from the Cu atom to the proximal oxygen atom is 1.967 Å
and to the distal oxygen atom is 2.671 Å in the antiferro-
magnetically coupled singlet state. The two oxygen atoms
are 2.578 and 2.842 Å from thepro-Rhydrogen atom to be
abstracted. A rotation of the distal oxygen atom by 108.8°
around the Cu-O bond places the distal oxygen atom 1.569
Å from the pro-R hydrogen atom. The geometrical layout
permits a significant interaction between the distal oxygen
atom and the hydrogen atom to trigger the stereospecific
H-atom abstraction.24

3-2-2. Cu(II)-Hydroperoxo Species.Early mechanistic
studies13,18of DBM suggested that the Cu(II)-hydroperoxo
species is an oxidant powerful enough to abstract a hydrogen
atom from a benzylic C-H bond of dopamine. The hydrogen-
atom abstraction is driven from the large difference in bond
dissociation energy between a benzylic C-H bond (85 kcal/
mol) and the O-H bond of product water (119 kcal/mol).18

Indeed, our calculations demonstrate that the hydrogen
abstraction process by the Cu(II)-hydroperoxo species is
only 4.2 kcal/mol endothermic. As discussed below, the
hydrogen-abstraction process by the Cu(II)-superoxo spe-
cies, which is the most leading candidate for the active
species of dopamine hydroxylation by DBM, is endothermic
by 13.9 kcal/mol. However, a simple potential energy surface
scan of the process using successive single-point calculations
shows that the activation barrier for the hydrogen abstraction
by the Cu(II)-hydroperoxo species is more than 40 kcal/
mol. Chen and Solomon52 also reported a high barrier of 37
kcal/mol for the hydrogen-atom abstraction from formyl-
glycine, a substrate model in the PHM reaction. Recent DFT
studies demonstrated poor oxidation power of the iron-

(50) Swart, M.; Groenhof, A. R.; Ehlers, A. W.; Lammertsma, K.J. Phys.
Chem. A2004, 108, 5479.

(51) Paulsen, H.; Duelund, L.; Winkler, H.; Toftlund, H.; Trautwein, A.
X. Inorg. Chem.2001, 40, 2201.

(52) Chen, P.; Solomon, E. I.J. Am. Chem. Soc.2004, 126, 4991.

Table 1. Calculated Mulliken Charges and Spin Densities for the CuB
Site and Its Ligands of the Cu(II)-Superoxo and Cu(II)-Hydroperoxo
and Cu(III)-Oxo Speciesa

oxosuperoxo
antiferro

hydroperoxo
doublet singlet triplet

Cu 0.9 (0.3) 0.8 (0.3) 1.0 (0.4) 1.0 (0.5)
O2, OOH, O -0.2 (-0.4) -0.3 (0.6) -0.5 (-0.6) -0.4 (1.3)
His415 0.1 (0.0) 0.1 (0.0) 0.1 (0.0) 0.1 (0.1)
His417 0.1 (0.0) 0.1 (0.0) 0.2 (0.0) 0.1 (0.0)
Met490 0.2 (0.1) 0.1 (0.1) 0.2 (0.0) 0.2 (0.1)

a The values in parentheses are spin densities.

Table 2. Calculated QM/MM Energies of the Cu(II)-Superoxo
Species of DBM for Different Functionals (Units in kcal/mol)

triplet
(end-on)

antiferro
(end-on)

closed
(end-on)

closed
(side-on)

B3LYP(TZV,D95) 0.0 5.5 23.0 16.2

Single-Point Energiesa

B3LYP 0.0 3.6 22.2 12.0
B3PW91 0.0 4.0 23.4 12.5
BLYP 0.0 -0.3 30.4 3.85
BP86 0.0 3.6 14.8 6.9
PBE 0.0 3.6 32.4 7.8

a Single-point energies using the 6-311G** basis set at the B3LYP/(TZV
and D95) optimized geometry.
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hydroperoxo species of P450 to catalyze olefin epoxida-
tion.53,54The hydrogen abstraction with an activation barrier
of 40 kcal/mol is not likely to take place under physiological
conditions. Thus, we can tentatively rule out the Cu(II)-
hydroperoxo species as an active oxidant responsible for the
hydrogen abstraction from dopamine.

The Cu(II)-hydroperoxo species is considered to be a
precursor of the Cu(III)-oxo species that is discussed in
section 3-2-3 in detail. Tian et al.20 proposed that a key
tyrosine residue near the active site plays an important role
in the homolytic cleavage of the O-O bond of the Cu(II)-
hydroperoxo species to generate the Cu(III)-oxo species and
a tyrosyl radical. However, the QM/MM optimized structure
of the Cu(II)-hydroperoxo species disagrees with this
proposal. In their mechanism of the O-O bond activation,
the distal oxygen of a hydroperoxo group abstracts a
hydrogen atom from the OH group of a tyrosine residue,
but the distal oxygen of the Cu(II)-hydroperoxo species is
very far from the nearest tyrosine residue, Tyr494 in the QM/
MM structure (5.448 Å). The hydroperoxo group strongly
interacts with the amino group of dopamine via a hydrogen
bond of 1.506 Å, and thus, the interaction between the
hydroperoxo group and Tyr494 is negligible. Recent muta-
tional studies55 demonstrated that the reactivity of a Y318F
mutant of PHM remains unchanged from the wild-type
enzyme, which implies that the Tyr494 residue in rat DBM
corresponding to the Tyr318 residue in PHM is not essential
in the catalysis of DBM. The mechanism of the O-O bond
activation process should be reconsidered if the Cu(III)-
oxo species is really responsible for the C-H bond activation
in the DBM reaction.

3-2-3. Cu(III) -Oxo (Cu(II) -O•) Species.As discussed
above, the participation of the Cu(III)-oxo species in the
DBM reaction is not proved and the mechanism of its
production is unknown so far. So we examined the inherent
reactivity of the Cu(III)-oxo species of DBM to look at the
possibility of the oxo-mediated C-H bond activation of
dopamine from a theoretical point of view. Kitajima and co-
workers56,57 reported that a Cu(III)-oxo species is formed
by the cleavage of the O-O bond of aµ-peroxo binuclear
complex [Cu[HB(3,5-Me2pz)3]] 2(O2) and that cyclohexene
is oxidized to 2-cyclohexen-1-ol and 2-cyclohexe-1-on by
the Cu(III)-oxo species under anaerobic conditions. A
labeling experiment demonstrated that the incorporated
oxygen atom in the products comes from exogenous dioxy-
gen but not from the peroxo complex. The proposed
mechanism of the catalysis begins with a hydrogen abstrac-
tion from cyclohexene by the Cu(III)-oxo species, followed
by free radical chain oxidations.

In previous studies our group has systematically investi-
gated the reaction pathway and energetics for the methane-

to-methanol conversion by first-row transition-metal oxide
ions (MO+) using B3LYP calculations, where M is Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, and Cu.58 The DFT calculations
predicted that the reactivity of the MO+ complexes to
methane’s C-H bond increases with an decrease in the bond
dissociation energy of MO+. Since the oxygen-donating
power is a function of the M-O bond strength and length,
this result is reasonable. A calculated Cu-O bond length of
1.758 Å is longer than those of the other MO+ complexes,
and a calculated bond dissociation energy is only 37.6 kcal/
mol in the triplet state. These features suggest that the
reactivity of CuO+ to alkane is rather high. The experimental
and theoretical results lead us to expect that the Cu(III)-
oxo species in the DBM reaction is a good mediator for the
hydrogen-atom abstraction from dopamine.

There are two closely lying spin states in the Cu(III)-
oxo species, triplet and singlet states, which correspond
respectively to the ferromagnetic and antiferromagnetic
coupling of unpaired electrons on the Cu atom and the oxo
ligand. B3LYP calculations predicted the triplet state to lie
6.5 kcal/mol below the singlet state. The spin densities of
the Cu atom and the oxo ligand were calculated to be 0.5
(0.4) and 1.3 (-0.6) in the triplet (singlet) state, respectively.
Therefore, this copper-oxygen species is reasonably viewed
as a resonance hybrid between Cu(III)-O2- and Cu(II)-
O•. Although this result can lead us to identify this species
to be Cu(II)-O•, here we tentatively assign it as Cu(III)-
oxo. Our QM/MM optimized geometry of the Cu(III)-oxo
species has a Cu-O bond of 1.779 (1.788) Å in the triplet
(singlet) state. The long Cu-O bond distance tells us that
the Cu(III)-oxo species should have a good oxygen-donating
power.

3-3. QM Model Calculations on Dopamine Hydroxy-
lation by DBM. In this section, we discuss the reaction
mechanism of dopamine hydroxylation by DBM. We used
a simplified model extracted from the QM/MM geometries
to gain an insight into the intrinsic reactivity of the two
candidates of active species, the Cu(II)-superoxo species and
the Cu(III)-oxo species. The QM/MM optimized structure
of the 3D model clearly shows that the protein environment
of DBM is essential to fix the substrate in the proper position
at the active site in order to ensure the stereospecific
hydrogen abstraction. Such interactions between the active
site and surrounding amino acid residues cannot be taken
into account in conventional quantum mechanical calcula-
tions “in gas phase”. We expect that these QM calculations
should give rough energy profiles for dopamine hydroxyla-
tion by DBM and would become a useful reference for
further theoretical work in near future using QM/MM
methods in evaluating the protein environmental effects on
the DBM reaction.

3-3-1. Dopamine Hydroxylation by the Cu(II)-Super-
oxo Species of DBM.Chen and Solomon52 reported a
detailed potential-energy profile for the hydroxylation of
formylglycine by PHM using a side-on Cu(II)-superoxo
complex. Their Cu(II)-superoxo complex is close to our

(53) Ogliaro, F.; de Visser, S. P.; Cohen, S.; Sharma, P. K.; Shaik, S.J.
Am. Chem. Soc.2002, 124, 2806.

(54) Kamachi, T.; Shiota, Y.; Ohta, T.; Yoshizawa, K.Bull. Chem. Soc.
Jpn.2003, 76, 721.

(55) Francisco, W. A.; Blackburn, N. J.; Klinman, J. P.Biochemistry2003,
42, 1813.

(56) Kitajima, N.; Koda, T.; Iwata, Y.; Moro-oka, Y.J. Am. Chem. Soc.
1990, 112, 8833.

(57) Kitajima, N.; Moro-oka, Y.Chem. ReV. 1994, 94, 737. (58) Shiota, Y.; Yoshizawa, K.J. Am. Chem. Soc.2000, 122, 12317.
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model but is a little different in the electronic structure and
O2 binding mode. They estimated the activation energy of
hydrogen-atom abstraction from the substrate to be about
14 kcal/mol considering several intermediate points from
reactant to product at the B3LYP/TZV//B3LYP/LanL2DZ
level of theory. After the hydrogen atom abstraction,
formylglycine radical recombines with the OH group of the
resultant Cu(II)-OOH species to lead to the formation of
the Cu(III)-oxo species and product alcohol. The computed
bond dissociation energy of the C-H bond of formylglycine
is 83.5 kcal/mol, the value of which is nearly identical with
that of dopamine. The calculated general profiles of the
energies and the key geometries for dopamine hydroxylation
by our Cu(II)-superoxo model of DBM are in good
agreement with those obtained in their study.52

Figure 5 shows a computed potential-energy profile for
dopamine hydroxylation by the Cu(II)-superoxo species in
the antiferromagnetically coupled singlet state. Calculated
atomic charges and spin densities for the reaction species
are listed in Table 3. In the initial stage of the reaction, the
substrate comes into contact with the Cu(II)-superoxo
species to form a reactant complex (R-so). The optimized
geometry of the reactant complex is quite different from that
of the active site of the QM/MM model because the substrate
easily rotates and the amino group of the substrate interacts
with the superoxo ligand via a relatively strong hydrogen
bond. A hydroxyl group of dopamine is also hydrogen-

bonded to the imidazole ligand that corresponds to His415
in the 3D model of DBM. In the QM/MM optimized
structure, surrounding amino acid residues, Glu268, Tyr494,
and Glu369, are strongly hydrogen-bonded to the hydroxyl
and amino groups of the substrate, which controls the
position of the substrate for the stereospecific hydrogen
abstraction. The fictitious hydrogen bonds in the small model
affect the structure and energy of the reactant complex. The
distance between thepro-Rhydrogen and the superoxo ligand
is significantly changed, 2.390 Å in the QM/MM geometry
and 5.029 Å in the QM model in the antiferromagnetically
coupled singlet state. We performed single-point calculations
at several points, in which we cleaved the hydrogen bonds
and arranged the substrate to form a weak interaction between
the superoxo ligand and thepro-Rhydrogen to be abstracted.
The reactant complex is estimated to be about 5 kcal/mol
stabilized by the presence of the hydrogen bonds.

Figure 5. Energy profile (in kcal/mol) for dopamine hydroxylation by the Cu(II)-superoxo species of DBM in the antiferromagnetically coupled singlet
state. Optimized parameters are also shown in Å.

Table 3. Calculated Mulliken Charges and Spin Densities for the CuB
Site and Its Ligands for the Optimized Geometries in Dopamine
Hydroxylation by the Cu(II)-Superoxo Species of DBM in the
Antiferromagnetically Coupled Singlet Statea

Cu O2
-, OOH His415 His417 Met490

R-so 0.7 (0.6) -0.4 (-0.7) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0)
TS1-so 0.7 (0.5) -0.3 (0.0) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0)
I-so 0.8 (0.6) -0.4 (0.3) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0)
TS2-so 0.7 (0.6) -0.6 (-0.1) 0.2 (0.0) 0.2 (0.1) 0.2 (0.1)
P-so 0.7 (0.6) -0.7 (-0.8) 0.2 (0.0) 0.2 (0.1) 0.3 (0.1)

a The values in parentheses are spin densities.
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The transition state for the hydrogen-atom abstraction by
the Cu(II)-superoxo model (TS1-so) in Figure 5 has an
O-H bond of 1.210 Å and a C-H bond of 1.371 Å in the
antiferromagnetically coupled singlet state. The transition
state has only one imaginary frequency mode of 1816i cm-1,
which corresponds to the stretching mode of the C-H and
O-H bonds. A calculated activation energy for the hydrogen-
atom abstraction is 16.9 kcal/mol relative toR-so. This is a
reasonable value for the activation barrier required for the
C-H bond activation processes in enzymatic reactions,∼20
kcal/mol for camphor hydroxylation by P450.59,60 These
results suggest that the Cu(II)-superoxo species can activate
a benzylic C-H bond of dopamine under physiological
conditions. The activation barrier forTS1-sois 3 kcal/mol
higher than the corresponding barrier for the homolytic
cleavage of a C-H bond of formylglycine by the Cu(II)-
superoxo species of PHM.52 One reason for the high
activation barrier ofTS1-so is that there is an additional
stabilization energy in the reactant complex of the present
system, due to the artificial hydrogen-bonding interactions
between the substrate and the Cu(II)-superoxo species
discussed above. The activation barrier would be reduced
when the protein environment is taken into account.

The energy of radical intermediateI-so is 2.1 kcal/mol
relative to the dissociation limit. The calculated spin density
of the carbon radical center of the substrate radical is-0.9,
which confirms the radical character of the intermediate
indicated by the negative Hammett reaction constantF
value.18 In the next step the O-O bond ofI-so is homolyti-
cally cleaved and the OH group is transferred to the carbon
radical center of the substrate radical to form a product
complex (P-so) via TS2-so. This OH group transfer is a
highly exothermic reaction with∆E ) -35.3 kcal/mol, and
the activation energy for the OH group transfer is 9.7 kcal/
mol relative toI-so. The potential energy ofTS2-sois 6.7
kcal/mol higher than that ofTS1-so, which is inconsistent
with the observed large kinetic isotope effect that indicates
the involvement of hydrogen-atom transfer in the rate-
determining step in the overall reaction.17 This discrepancy
may be resolved when we consider protein environment that
would play an important role in the DBM reaction using
QM/MM calculations. The produced Cu(III)-oxo complex
is an unstable intermediate with a Cu-O bond of 1.807 Å.
This unstable species is reduced via a long-range electron-
transfer process between the CuA and CuB sites.

The small model calculations revealed that the overall
reaction of dopamine hydroxylation by DBM is highly
exothermic, and the transition states involved are relatively
low-lying. However, such conventional calculations have
difficulty in controlling the position of substrate in contrast
to the QM/MM calculation that can reproduce hydrogen-
bonding interactions between the substrate and surrounding
amino acid residues at the active site of DBM. These results
suggest that the Cu(II)-superoxo species can promote the
hydrogen abstraction from the benzylic position of dopamine

under physiological conditions although the protein envi-
ronmental effects should be considered to gain more detailed
energetics for the reaction and to explain the high stereospe-
cific oxidation by DBM.

3-3-2. Dopamine Hydroxylation by the Cu(III)-Oxo
Species of DBM.Let us next look at the reaction mechanism
and energetics for dopamine hydroxylation by the Cu(III)-
oxo species. We assumed that the hydroxylation reaction
occurs in a two-step manner along the lines that the oxygen
rebound mechanism suggests. Figure 6 shows a computed
energy diagram and optimized geometries of the reaction
intermediates and the transition states for dopamine hydroxy-
lation by the Cu(III)-oxo species of DBM in the triplet and
singlet states. We carried out open-shell singlet calculations
along the reaction pathways with the UB3LYP method
because the potential energy of the Cu(III)-oxo species in
the closed-shell singlet state is 14.2 kcal/mol higher than
that in the antiferromagnetically coupled singlet state.

The reactant complexR-oxohas a hydrogen bond of 2.185
and 2.173 Å between a hydroxyl group of the substrate and
an imidazole ligand in the triplet and singlet states, respec-
tively, as seen inR-so. On the other hand, the amino group
of dopamine is not hydrogen-bonded to the oxo ligand and,
thus, thepro-Rhydrogen atom is accessible to the oxo ligand
in R-oxo. The distance of 3.133 (3.543) Å between thepro-R
hydrogen and the oxo ligand is much longer than 2.610
(2.498) Å in the QM/MM optimized geometry in the triplet
(singlet) state. The activation energies for the hydrogen
abstraction from dopamine were calculated to be only 0.8
and 3.8 kcal/mol in the triplet and singlet states, respectively.
Thus, the Cu(III)-oxo species reasonably promotes the
benzylic C-H bond activation via the transition stateTS1-
oxo with an exothermal energy of nearly 20 kcal/mol.TS1-
oxo has an OH bond of 1.328 (1.378) Å and a C-H bond
of 1.243 (1.201) Å in the triplet (singlet) state; these bond
distances as well as the linear O-H-C arrangement are
reasonable for this electronic process. The transition vector
with a frequency of 1227i (535i) cm-1 in the triplet (singlet)
state shows that this transition state is responsible for the
hydrogen-abstraction process. The hydroxyl group of dopa-
mine is still hydrogen-bonded to the imidazole ligand inTS1-
oxo, and thus, the effect of the hydrogen bond on the
activation barrier height is considered to be small in contrast
to TS1-so, in which two hydrogen bonds are cleaved. The
calculated activation barriers are rather smaller than that by
the Cu(II)-superoxo species, which indicates that the Cu-
(III) -oxo species has a stronger oxidation ability. The triplet
and singlet spin states of the resultant radical intermediate
I-oxo are close in energy because the unpaired electron on
the carbon radical center, which determines its spin state,
has almost no magnetic interaction with the hydroxyl ligand
of the copper complex.

The second half of the hydroxylation reaction is the
rebound step, in which the recombination of the substrate
radical and the hydroxyl ligand occurs to lead to the
formation of the product complexP-oxo. The activation
barrier heights for the transition state for the rebound step
TS2-oxowere calculated to be 51.4 and 6.5 kcal/mol in the

(59) Kamachi, T.; Yoshizawa, K.J. Am. Chem. Soc.2003, 125, 4652.
(60) Scho¨neboom, J. C.; Cohen, S.; Lin, H.; Shaik, S.; Thiel, W.J. Am.

Chem. Soc.2004, 126, 4017.
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triplet and singlet states, respectively. The high barrier on
the triplet potential energy surface can be rationalized by
looking at the electronic configuration of the copper atom.
In the rebound process the spin density on the copper atom
changes as 0.7f 1.2 f 1.6 in the triplet state and 0.7f
0.5f 0.0 in the singlet state, as listed in Table 4. The change
in the spin density arises from the reduction of the copper
atom from charge+2 to +1. The ground state of Cu(I) ion
is well-known to have a closed-shell 3d10 configuration, and
the triplet 3d94s1 excited state is 66 kcal/mol higher than
the ground state.61 Thus, the reason for the high activation
barrier of3TS2-oxo is that the transition state must involve

the Cu(I) atom with an unstable 3d94s1 configuration.I-oxo
and P-oxo have different spin multiplicities in the ground
states, and thus, the reaction pathways should involve a spin-
inversion electronic process near a crossing region between
the triplet and singlet potential energy surfaces. Our calcula-
tions suggest that this should occur prior toTS2-oxo. The
computed potential energy diagram for dopamine hydroxy-
lation by the Cu(III)-oxo species shows that the so-called
two-state reactivity62 is operative in the first half of the
reaction and the rebound step proceeds only on the singlet
potential energy surface. The overall reaction is 46.6 kcal/

(61) Moore, C. E. Atomic Energy LeVels; U.S. National Bureau of
Standards: Washington, DC, 1949; circular 467.

(62) (a) Shaik, S.; Danovich, D.; Fiedler, A.; Schro¨der, D.; Schwarz, H.
HelV. Chim. Acta1995, 78, 1393. (b) Schro¨der, D.; Shaik, S.; Schwarz,
H. Acc. Chem. Res.2000, 33, 139.

Figure 6. Energy profiles (in kcal/mol) for dopamine hydroxylation by the Cu(III)-oxo species of DBM in the triplet (antiferromagnetically coupled
singlet) state. Optimized parameters are also shown in Å.

Table 4. Calculated Mulliken Charges and Spin Densities for the CuB Site and Its Ligands for the Optimized Geometries in Dopamine Hydroxylation
by the Cu(III)-Oxo Species of DBM in the Triplet and Antiferromagnetically Coupled Singlet Statesa

Cu O, OH His415 His417 Met490

triplet 3R-oxo 0.7 (0.6) -0.4 (1.1) 0.2 (0.0) 0.2 (0.1) 0.3 (0.1)
3TS1-oxo 0.7 (0.6) -0.6 (0.8) 0.2 (0.0) 0.2 (0.1) 0.2 (0.1)
3I-oxo 0.7 (0.7) -0.4 (0.1) 0.2 (0.0) 0.2 (0.1) 0.2 (0.1)
3TS2-oxo 0.5 (1.2) -0.3 (0.0) 0.2 (0.1) 0.2 (0.1) 0.1 (0.3)
3P-oxo 0.3 (1.6) -0.3 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1)

singlet 1R-oxo 0.7 (0.6) -0.5 (-0.8) 0.2 (0.0) 0.2 (0.1) 0.3 (0.1)
1TS1-oxo 0.7 (0.6) -0.6 (-0.4) 0.2 (0.0) 0.2 (0.1) 0.2 (0.1)
1I-oxo 0.7 (0.7) -0.4 (0.1) 0.2 (0.0) 0.2 (0.1) 0.2 (0.1)
1TS2-oxo 0.7 (0.5) -0.4 (0.2) 0.2 (0.0) 0.2 (0.0) 0.1 (0.0)
1P-oxo 0.4 (0.0) -0.2 (0.0) 0.2 (0.0) 0.1 (0.0) 0.2 (0.0)

a The values in parentheses are spin densities.
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mol exothermic with spin inversion from the triplet state to
the singlet state.

The calculated energy diagram demonstrates that dopa-
mine hydroxylation by the Cu(III)-oxo species is a down-
hill process toward the product direction with low activa-
tion barriers. Thus, the Cu(III)-oxo species is likely to be a
very good mediator for this electronic process. Chen and
Solomon52 reported that the production of the Cu(III)-oxo
species is not feasible because the homolytic cleavage of
the O-O bond of the Cu(II)-hydroperoxo species is
calculated to be very endothermic. However, we cannot
completely rule out the oxo-mediated dopamine hydroxyla-
tion in the DBM reaction at this stage if we take protein
environmental effects into account.

4. Conclusions

This study addresses the geometrical and electronic
structures of the copper-superoxo,-hydroperoxo, and-oxo
species and their potential reactivity as an oxidant in the
protein environment of dopamineâ-monooxygenase (DBM).
Homology modeling gave us a useful 3D model of DBM
from a crystal structure of PHM with a high sequence identity
of 30%. The constructed 3D structure of DBM described
important functions of the active-site amino acid residues
that remain unclear because of the lack of X-ray structure.
The CuA site in domain 1 is coordinated by three histidine
residues, His265, His266, and His336, while the CuB site
in domain 2 is coordinated by two histidine residues, His415
and His417, and by a methionine residue, Met490. The
substrate is anchored by hydrogen-bonding interactions with
Glu268, Glu369, and Tyr494 in the proper position to enable
the observed high stereospecific hydrogen abstraction.
Quantum mechanical/molecular mechanical (QM/MM) cal-

culations reasonably described the complex interactions
between the Cu atom and activated oxygen species in the
whole-enzyme model with about 4700 atoms. We also
revealed the energy profiles for dopamine hydroxylation by
the copper-superoxo and-oxo species using small models
of these oxidant extracted from the QM region of the QM/
MM model. Optimized structures of the oxidants in these
simple calculations are different from those in the QM/MM
model because the optimized structures are seriously per-
turbed by some fictitious hydrogen-bonding interactions.
These hydrogen bonds are found to affect the energetics of
the reaction to some extent. Now we are undertaking further
QM/MM calculations to evaluate detailed activation energies
for the hydrogen-atom abstraction and the rebound processes.
A calculated activation barrier of a hydrogen atom abstraction
by the Cu(II)-superoxo species is 16.9 kcal/mol, and the
overall reaction from dopamine to norepinephrine is 18.9
kcal/mol exothermic. This result suggests that the Cu(II)-
superoxo species is a good mediator for dopamine hydroxy-
lation under physiological conditions. Our calculational
results show that the Cu(III)-oxo species has stronger
oxidation power that is enough to promote the hydrogen
abstraction with a low activation barrier of 3.8 kcal/mol. If
the unstable Cu(III)-oxo species is effectively formed at
the active site of DBM, the Cu(III)-oxo species would
participate in the DBM reaction.
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