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Mechanisms of dopamine hydroxylation by the Cu(ll)—superoxo species and the Cu(lll)—oxo species of dopamine
B-monooxygenase (DBM) are discussed using QM/MM calculations for a whole-enzyme model of 4700 atoms. A
calculated activation barrier for the hydrogen-atom abstraction by the Cu(ll)—superoxo species is 23.1 kcal/mol,
while that of the Cu(lll)—oxo, which can be viewed as Cu(ll)—0, is 5.4 kcal/mol. Energies of the optimized radical
intermediate in the superoxo- and oxo-mediated pathways are 18.4 and —14.2 kcal/mol, relative to the corresponding
reactant complexes, respectively. These results demonstrate that the Cu(lI)—oxo species can better mediate dopamine
hydroxylation in the protein environment of DBM. The side chains of three amino acid residues (His415, His417,
and Met490) coordinate to the Cug atom, one of the copper sites in the catalytic core that plays a role for the
catalytic function. The hydrogen-bonding network between dopamine and the three amino acid residues (Glu268,
Glu369, and Tyr494) plays an essential role in substrate binding and the stereospecific hydroxylation of dopamine
to norepinephrine. The dopamine hydroxylation by the Cu(lll)—oxo species is a downhill and lower-barrier process
toward the product direction with the aid of the protein environment of DBM. This enzyme is likely to use the high
reactivity of the Cu(lll)—oxo species to activate the benzylic C—H bond of dopamine; the enzymatic reaction can
be explained by the so-called oxygen rebound mechanism.

1. Introduction Scheme 1
DopamingB-monooxygenase (DBM; EC 1.14.17.1) cata- Mo g NH, HO
lyzes the transformation of dopamine and dioxygen into j@A/ %»
norepinephrine and water, as shown in Scherfi¢ These
two molecules are important neurotransmitters; dopamine
depresses blood pressure, while norepinephrine raises blood
pressuré:Battersby et al! demonstrated from the analysis hydrogen atom of the benzylic postion of dopamine is
of deuterium and tritium isotope effects that the pro-R stereospecifically abstracted in the course of this enzymatic
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Scheme 2 DBM is similar in many respects to peptidylglycine
Culln Culla Culla a-hydroxylating monooxygenase (PHM; EC 1.14.17%3he
2¢ [ 02 |: ET X-ray structure of which was solved at 1.85 A resolutié??
u(lls Culls Culilg—0-0- PHM also contains two copper atoms, LCand Cu,
Oxidized state Reduced state Cu(lly-superoxo separgteq by a solyent pocket at a di;tanpe of 11 A. The
(Resting state) Cu, site is responsible for ascorbate binding and electron
Culli Culihn Culin transfer, while the Gusite is involved in the hydrogen-atom
H* [ He E +HO abstraction from thex-carbon of the C-terminal glycine
u()g-0-Or ” Cullljg-0-0-H Cullihg—0 concomitant with the reductive cleavage of dioxygen. These
c Cu(lliy—oxo or similarities can derive from the high amino acid identity of
u(l)-superoxo Cu(ll)-hydroperoxo Cu(ll)-0+ . . . . . .
30% in the catalytic coré® which is a piece of evidence for

_ _ the close evolutionary relationship between the two enzymes.
failed to detect backscattering between the copper centersRecently, geometric and electronic features of the active sites
in contrast to hemocyanin and tyrosind$& in which the of both the Cy and Cu centers in PHM were character-
two copper atoms are antiferromagnetically coupled. The two jzeq30 Chen and Solomd proposed a mechanism for the
copper atoms of DBM are not chemlcglly ngvalent and hydroxylation of formylglycine by a side-on Cu(Hsuper-
are considered to perform different functions in the catalysis. oxo species of PHM using density functional theory (DFT)
One copper site of DBM (Gy) plays an important role in  cajculations. The activation barrier for the hydrogen-atom
the binding of ascorbate and the electron transfer from gpstraction by the Cu(if)hydroperoxo species was calcu-

ascorbate to the other copper site gLwvhich functions as  |ated to be 37 kcal/mol, while that by the CugHyuperoxo
the active site for the substrate binding and the oxygen gpecies was calculated to be 14 kcal/mol.

insertion into substrat¥;2021 EXAFS measuremerifs?223

. . . SR In a previous pap€e® we reported reaction features of the
indicated that Cuis coordinated by three histidine ligands

i ) copper-superoxo, -hydroperoxo, and -oxo species. Since the
to_ the_ DBM backbone, V\_/he.reas £is coordinated by two X-ray structure of DBM has not yet been successfully
histidines and one methionine. determined, we constructed a whole-enzyme model of DBM
A proposed mechanism for-€D bond activation in DBM  on the basis of the crystal structure of PHM using homology-
is shown in Scheme 2. At ﬁrSt, ascorbate reduces both Coppermode”ng techniques_ Then we performed quantum mechan-
atoms to produce a noncoupled CQ)(l)e, which is stable  jcal/molecular mechanical (QM/MM) calculations to refine
in the absence of substrate on a second time $tale. the structure involving complex hydrogen-bonding interac-
Dioxygen is incorporated into the Cuglyite to give a Cu-  tions between the three kinds of active oxygen species and
(I) —superoxo species, followed by an electron transfer from supstrate in the catalytic core. DFT calculations using small-
Cua to Cug, resulting in a Cu(ly-superoxo species. A Cu-  cluster models extracted from the QM region showed that
(I —hydroperoxo species is next formed by the protonation the copper-superoxo, -hydroperoxo, and -oxo species can
of the Cu(l}-superoxo speci€s:1** Finally the Cu(ll}- abstract a hydrogen atom at the benzylic position of
hydroperoxo species abstracts a hydrogen atom from a keydopamine with activation energies of 17, 40, and 4 kcal/
tyrosine residue near the active site of DBM to produce a mol, respectively. The result leads us to conclude that the
Cu(ll)—oxo species, a water molecule, and a tyrosyl oxo species should mediate the catalytic function of DBM.
radical?® This proposal is in good agreement wittd kinetic ~ However, optimized structures of these oxidants in the small-
isotope effects with several substrate analogues whichcluster model calculations are somewhat different from those
indicate that the cleavage of the-@ bond to takes place in the whole-enzyme calculations in that the small-cluster
prior to the hydrogen-atom abstraction from dopamine. model structures are seriously perturbed by fictitious hydrogen-
Although mononuclear Cu(lltyoxo species have not yet bonding interactions that are not seen in the QM/MM
been captured experimentally, its formation can be promotedoptimized structures. Since the hydrogen bond should
by the production of a water molecule. However, the significantly affect the energetic profile, in the present study
geometries and energies of these species along the reactioge try to better understand the enzymatic processes of the
pathway have not yet been determined. copper-superoxo and -oxo species using whole-enzyme QM/
MM calculations and look at how the protein environment
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Figure 1. QM/MM optimized whole-enzyme DBM models with 4700 atoms.

the copper-hydroperoxo species because its reactivity is notMM method. The QM region describes the essential bond-cleavage

sufficient for the G-H bond activatior$1:32

2. Method of Calculation

We obtained the amino acid sequences of DBM and PHM from
SwissProt DataBank the sequence identity between DBM and
PHM is 29.5%. A three-dimensional model of rat DBM was
constructed with the crystal structure coordinates of PHM (Protein
Databank 10PM) from the modeling program available at http://
www.cbs.dtu.dk/services/CPHmodelslo make a whole-enzyme
model for the QM/MM calculations, missing hydrogen atoms were
added, and then initial MM minimization was performed while the
QM region was fixed. MerzKollman electrostatic potential
charge® taken from small-cluster model calculations were used
as the point charges of the QM region for initial MM optimization.

and -formation processes in the enzyme, while the MM region
promotes interactions with the QM region through partial charges
and van der Waals forces of atoms in the MM region. Here we
chose the Cglatom, the superoxo and oxo ligands, substrate, and
neighboring amino acid residues (His415, His417, and Met490) as
the QM region. 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 region of the QM/MM calculation. QM calcula-
tions were performed with the B3LYP DFT method, which consists
of the Slater exchange, the Hartrdeéock exchange, the exchange
functional of Becke®® the correlation functional of Lee, Yang, and
Parr (LYP)3 and the correlation functional of Vosko, Wilk, and
Nusair®® We used the triplé-valence (TZV) basis s&tfor the

Cug atom, the D95* basis sBtfor the superoxo and oxo ligands
and the atoms that directly coordinate to theg@tiom, and the

The obtained model with about 4700 atoms was used as an initial D95 basis set for other atoms. The method of choice for MM

structure for the QM/MM calculations with the two-layer ONIOM
(IMOMM) method?® implemented in the Gaussian 03 progrém.

calculations is the Amber96 force fietélFigure 1 shows optimized
structures for the whole-enzyme models of Cu{Buperoxo and

A specified region around the active center was calculated with & ¢y (j11y—oxo (or Cu(ll)-0).

QM method, while the rest of the protein was calculated with an
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These structures were obtained with optimization convergence
critera of 4.5x 107 hartree per bohr for the gradient of energy
and 3.0x 104 hartree per bohr for the root-mean-square gradient
of energy.

3. Results and Discussion

3.1. Overview of the Small-Cluster Model Calculations.
Let us first look at reaction profiles for dopamine hydroxy-
lation that we obtained previousfyusing a small-cluster
model that mimics the coordination sphere of the active site
before discussing the protein environmental effects on the
overall reaction profiles using a whole-enzyme model. Figure
2 shows essential features of the calculated geometries for
the reactant, product, intermediates, and transition states for
dopamine hydroxylation using a small cluster that models
the Cu(ll}-superoxo species in the antiferromagnetically
coupled singlet state. In the initial stages of the reaction, a
dopamine molecule is bound to the Cu{tBuperoxo species

(38) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ.
Chem. Phys1993 98, 5648.
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(40) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(41) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Physl994 100, 5829.

(42) Dunning, T. H.; Hay, P. J. IModern Theoretical Chemistrchaefer,
H. F., lll, Ed.; Plenum: New York, 1976; Vol. 3, p 1.

(43) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.,
Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
Kollman, P. A.J. Am. Chem. Sod.995 117, 5179.
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Cu(Il)-superoxo

H-atom abstraction

0O-0 bond cleavage

¥ OH L >OoH] # HoN OH
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R-0xo0 TS1-0x0 loxo TS2-0x0 P-oxo

Figure 2. Mechanisms for dopamine hydroxylation mediated by the Cuflliperoxo and Cu(llyoxo species of DBM based on small-model calculations.
Note that a fictitious hydrogen-bonding interaction is formed between an imidazole ligand and substrate. Activation energies in are givéoriaskpeca

mole.

to form the reactant complexR(-s0). The binding energy

rebound step is 31.0 kcal/mol higher than that for the

for R—so was predicted to be 11.8 kcal/mol, but it was hydrogen-atom abstraction on the triplet potential surface.
overestimated because of the fictitious hydrogen-bonding If we assume that the reaction occurs only on the triplet
interaction between the OH group of dopamine and an potential energy surface, this result might be inconsistent with
imidazole ligand that is not observed in the whole-enzyme observed large kinetic isotope effeétsyhich suggest the

QM/MM calculations, as seen later in this paper. A calculated involvement of hydrogen-atom transfer in the rate-determin-

activation barrier for the hydrogen-atom abstraction via the
first transition state TS1—so) is 16.9 kcal/mol when
measured fronR—so. The substrate radical in the resultant
radical intermediate | -s0) recombines with the distal
oxygen of the hydroperoxo ligand to form the product
complex P—s0 via the second transition state for the
rebound processTG2—s0). The barrier height fol S2—so

is 9.7 kcal/mol when it is measured framsa The release

of norepinephrine froniP—so leads to the final product.

In dopamine hydroxylation mediated by the Cu(tbxo
species, which can also be viewed as Cu{0), a dopamine
molecule comes into contact with the Cu(tyxo species
to form the reactant compleR(-o0x0), as shown in Figure
2. The binding energies f&—oxo in the triplet and singlet

ing step. Detailed calculations suggest thabxo andP—oxo
have different spin multiplicities in their lower-energy states
and that the reaction should involve a spin-inversion
electronic process near the crossing region between the
triplet and singlet potential energy surfaces. Spinbit
coupling plays an important role in spin-inversion electronic
processes in transition-metal-mediated reactions and spin-
crossover phenomeri&a Assuming that the spin inversion
takes place from the triplet state to the singlet state in the
vicinity of 1—oxo, the overall reaction by the Cu(lHoxo
species is highly exothermic, and the transition states
involved are low-lying; therefore this reaction should easily
take place. The small-cluster model calculations that neglect
protein-environmental effects are useful as the first step

states were Ca'cu'ated to be 8.3 and 8.8 kca|/mo|, respec_tOWard our Understanding of the enzymatic function of DBM.

tively. The triplet state lies 4.6 kcal/mol below the singlet
state in the Cu(lll}-oxo species. The pro-R hydrogen atom
of dopamine is abstracted by the oxo ligand of the CuflII)
0X0 species via the first transition stafeS(l—oxo) to lead

to the radical intermediatd { oxo). The activation energy
for this process is only 3.8 (0.8) kcal/mol in the triplet
(singlet) state. From now on, we list the energy values for

3.2. Key Amino Acid Residues in the Catalytic Core.
Since the small-model calculations include the fictitious
hydrogen-bonding interactions that can lead to an erroneous
energy profile for the reaction, let us look at important amino
acid residues at the active site. The constructed whole-
enzyme model of DBM is composed of two domains. Figure
1 shows that domain 1 involves gwcoordinated by the

the singlet state in parentheses next to the correspondingd-hitrogen of three histidine residues (His265, His266, and

values for the triplet state. This low barrier height indicates
that the Cu(lll}>-oxo species has rather high reactivity toward
dopamine compared to the CufH3uperoxo species. The
calculated activation energy for the recombination of the
substrate radicall{S2—oxa) is 51.4 and 6.5 kcal/mol in the
triplet and singlet states, respectivelyS2—oxo for the

(44) Miller, S. M.; Klinman, J. PBiochemistry1l983 22, 3091.

(45) (a) Fiedler, A.; Schider, D.; Shaik, S.; Schwarz, H. Am. Chem.
Soc. 1994 116, 10734. (b) Shaik, S.; Danovich, D.; Fiedler, A,
Schraler, D.; Schwarz, HHelv. Chim. Acta1995 78, 1393. (c)
Schrader, D.; Shaik, S.; Schwarz, tAcc. Chem. Re200Q 33, 139.

(46) (a) Shiota, Y.; Yoshizawa, Kl. Chem. Phys2003 118 5872. (b)
Kondo, M.; Yoshizawa, KChem. Phys. Let2003 372 519.
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Figure 3. Computed energetic and structural changes in the hydrogen-atom abstraction by the<bpgfpxo species in the antiferromagnetically coupled

singlet state. Bond distances in units of angstroms.

His336), while domain 2 involves Gucoordinated by the
e-nitrogen of two histidine residues (His415 and His417) and
by a methionine sulfur of Met490. The coordination spheres
of the Cu sites predicted by the homology modeling are
consistent with spectroscopic measuremgéit€indicating
that the Cu sites contain two or three histidine N atoms and
one methionine S atom. There is a cleft that is fully accessible
to solvent which links the two copper sites; they are about
10 A apart. The amino acid residues at the computed active
site of DBM and the observed active site of PHM are in
good agreemerit. We placed a dopamine molecule at the
active site of DBM, positioning the reactiye-carbon of
dopamine at the same position as the reacthaarbon of a
peptidylglycine molecule bound to PHM. This whole-enzyme
model of DBM shows that a complex hydrogen-bonding
network with surrounding amino acid residues (Glu268,
Glu369, and Tyr494) anchors the substrate. The Tyr494
residue that is conserved in all DBM sequences plays 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 it is replaced in PHM
with leucine that cannot interact with substrate. Instead of
the leucine residue, the Arg240 in PHM is tightly bonded to
substrate in a manner similar to that of Glu268 in the DBM
model. The Glu369 residue prevents the formation of the
fictitious hydrogen bond between the His415 residue and
the hydroxyl group of dopamine in the small-cluster model
calculations. These hydrogen-bonding networks make the
pro-R hydrogen atom come into close contact with the active
site of DBM for the stereospecific hydrogen-atom abstraction.
3.3. Reactivity of the Cu(ll)—Superoxo Species in the
Protein Environment. In a previous studi we looked at
the structure of the Cu(l)superoxo species in the protein
environment of DBM using the QM/MM method. Dioxygen
can bind into the vacant coordination site of the catalytic
core in an end-on or side-on manner, depending on level of
theory used. The QM/MM optimizations located both side-
on and end-on Cu(ltysuperoxo species in the closed-shell
singlet state, but we found the energy minimum only for
the end-on Cu(lh-superoxo species in the antiferromag-

(47) Prigge, S. T.; Mains, R. E.; Eipper, B. A.; Amzel, L. I@ell. Mol.
Life Sci.200Q 57, 1236.
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Table 1. Calculated Mulliken Charges and Spin Densities of
Dopamine, the Cu Atom, and Its Ligands for Dopamine Hydroxylation
by the Cu(lly-Superoxo Speciés

R—so TSt-so I—so
Cu 0.9 (0.3) 0.8(0.2) 0.9 (0.3)
O, —0.2(=0.4) —0.2(0.4) —0.3(0.5)
His415 0.1 (0.0) 0.1(0.0) 0.1 (0.0)
His417 0.1 (0.0) 0.1 (0.0) 0.1 (0.0)
Met490 0.2 (0.0) 0.1(0.0) 0.1(0.1)
dopamine 0.0 (0.0) 0.110.6) 0.0 ¢1.0)

aValues in parentheses are spin densities.

netically coupled singlet state. This end-on species is 10.7
(17.5) kcal/mol lower than the side-on (end-on) Cufll)
superoxo species in the closed-shell singlet state. This result
is fully consistent with the recent X-ray structural analysis
of PHM, in which dioxygen is bound to @un an end-on
mode?8 Figure 3 shows optimized geometries of the reaction
species for the hydrogen-atom abstraction by the Cu(ll)
superoxo species in the protein environment.

Calculated atomic charges and spin densities are listed in
Table 1. In the QM/MM optimized structure of the end-on
Cu(ll)—superoxo species, the spin densities on the Cu atom
and the superoxo ligand are 0.3 anf.4, respectively, which
confirms that the net diamagnetism of the Cufi$uperoxo
complex is attributed to the antiferromagnetic coupling
between the two units of spin on the Cu atom and the
superoxo ligand. The bond distances of - (distal),
Cu—O0 (proximal), and G-O are 2.671, 1.967, and 1.276 A,
respectively. This @O bond length is typical of superoxo
ligands of about 1.3 A. A rotation of the distal oxygen atom
by 108.8 around the CtO bond places the distal oxygen
atom to be located 1.569 A from the pro-R hydrogen atom.
This geometrical arrangement can induce a significant
interaction between the distal oxygen atom and the hydrogen
atom to be abstracted, which triggers the stereospecific
hydrogen-atom abstractiG.

Table 2 lists a computed energy profile for the hydrogen-
atom abstraction by the Cu(Hsuperoxo species of DBM
in the antiferromagnetically coupled singlet state in the
protein environment as a function of the distance between
the distal oxygen atom and the pro-R hydrogen atom. We
obtained the energies of intermediate points using partial
optimizations under the constraint of the-@& bond. The
relative energies of these points are increased by the
shortening of the ©H bond, and the total profile reaches a
maximum value of 23.1 kcal/mol at the-€H bond distance
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Table 2. Geometries and Energies of Selected Points3,1along the hydrogen atom once abstracted by the superoxo ligand easily
- At;’mSAbS"aCt'O” Process by the Cugijuperoxo Species in the comes back to the substrate radical to form dopamine again
t Stat _ ) L
noe? > because of the high relative energy bfso, which is
inconsistent with the experimental faildfdo observe the
12 8 4 5 6 ! 8 reformation of dopamine from enzyme-bound intermediate
C-H 1099 1307 1.343 1363 1387 1441 1472 2240 or product. For these reasons, we think that the hydroxylation
O-H 2842 1260 1.240 1230 1220 1.200 1.190 0.984 : O
of dopamine by the Cu(ltysuperoxo species is not favorable.
energy 00 228 230 231 230 230 228 184 7. o
A The O-H dist _ rained duri o ontimization. Al 3.4. Reactivity of the Cu(lll)—Oxo Species in the
e IStance IS constraine uring a geometry optimization. H : : H H
distances and energies are in angstroms and kilocalories per moIe,FJrOte‘In Environment. PreVIOUSIy_We studied the Converslon
respectively. Points 1 and 8 are fully optimized structures. of methane to methanol by the first-row M@omplexes in
_ . _ ~ detail;®in which M is Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and
of 1.230 A. This maximum point corresponds to the transition Cu. General profiles of the energy diagrams for the reactions
state for the hydrogen-atom abstractionRS{—so). This indicated that methane hydroxylation efficiently takes places
process is accompanied by the activation of theHbond with the late MO™ complexes (M= Fe, Ni, and Cu). A
of dopamine and the ©0 bond of the superoxo ligand; the  calculated Ct+O bond length of 1.758 A is rather long in
C—H and OG-0 bonds of the transition state were calculated Comparison to those of the other Maomp|exeS, and
to be 1.363 and 1.346 A, respectively. Af@61-so is therefore, this species can be viewed as a Gu(¥)species.
passed, the shortening of the—@ bond results in the  The methane hydroxylation by the Ci@omplex is highly
formation of the radical intermediate{sq). The C-H bond exothermic ¢50.0 kcal/mol) as a result of the spin crossover
distance varies from 1.099 to 2.240 A and the®bond  from the triplet state to the singlet state. From these results,

from 2.842 to 0.984 A in the course of the hydrogen-atom e expect that the possible Cu(Hpxo (or Cu(ll)-0O)
abstraction, while the CuN and Cu-S bonds remain almost  gpecies at the catalytic active site of DBM should make a
unchanged. The relative energy of the fully optimized radical good mediator for dopamine hydroxylation. A computed
intermediate is 18.4 kcal/mol when measured from the c,—o binding energy for DBM is 41.2 kcal/mol, which is
reactant complex. The calculated spin density on the substratqarger than the 37.6 kcal/mol value for the bare CuO
radical is—1.0, which confirms the radical character of the complex, because of the surrounding amino acid residues.

intermediate indicated by the negative Hammett reaction The triplet and singlet potential energy surfaces of dopam-

constant,, value? : . : !
The hydrogen-bonding interactions between dopamine and!ne hydroxylation by the Cu(llty oxo species are close lying

the important amino acid residues (Glu268, Glu369, and in energy in the initial stages of the reaction. The QM/MM
T r494§ are retained throuahout the hvdro er;-atom at;Strac_calculations tell us that the energy separation between the
Y . . 9 , ydrogen- two spin states is increased because of the histidine and
tion. These interactions tightly fix the dopamine molecule methionine ligands: the around triplet state lies 6.5 kcal/
and the produced dopamine radical at the substrate-binding ganas, gr P L
site. For example, the distance between the Cu atom andmoI below the singlet state in the QM/MM calculations. The

) o . . . spins on the Cu atom and the oxo ligand are arranged in
the 3-carbon of dopamine remains essentially unchanged in . . . . .
this process: 5.117 A for the Cu(Hjuperoxo species, 4.906 ferromagnetic and antiferromagnetic manners in the triplet
A for TS1—s0, and 5.113 A forl—sa On the other ’hand and singlet states, respectively. The spin density of the Cu-
the substrate easily rotates and directly interacts with the(m()j:r? X0 §p((ejC|es_t|_s he?:ﬂly CI:oca![lzed og :Ee CuCI)_ mo:jety
superoxo ligand and imidazole ligands via a relatively strong andhe spin densities of the L.u atom and the oxo figand are

hydrogen bond in the previous small-cluster model calcula- 0.5 (0'4) and 1.3 £0.6) !n the triplet (singlet) state,
tions3? The distance between the Cu atom andghearbon respectively. Therefore this coppesxygen species can

of dopamine was significantly changed by these fictitious reasonably be viewed .as a resonance hybrid .between Cu-
hydrogen-bonding interactions: 6.572 A for the Cufl) (Il) ~oxo and C_Zu(ll)—O. The Qu(lll)—oxo species, Cu
superoxo species, 4.731 A fd@iS1—so and 5.185 A for O(oxo), CU_N(_H'S415)' C_UF_N(H'SM?)’ and CerS(Met490)
I—sa Thus, the surrounding amino acid residues in the bond lengths in the optimized structure are 1.779 (1'.788),
hydrogen-atom abstraction control the orientation of the 2:115 (2.136), 1.986 (1.972), and 2.441 (2.432) Ain the
dopamine molecule, and therefore the energetics from thelfPIet (singlet) state, respectively. The long €0 bond
previous small-cluster model calculations should be reevalu- distance implies that the high reactivity of the Cu(tixo

ated. A calculated activation energy for this step in the protein SPECIES is retained in the protein environment.

environment of DBM is 23.1 kcal/mol, which is 6.2 kcal/ ~ Figure 4 shows the optimized geometries of the intermedi-
mol higher than that from the small-cluster model. These ates R—oxo and|—ox0) and transition statesT§1—oxo
results demonstrate that the inclusion of the hydrogen- and TS2—oxo) for the hydrogen-atom abstraction and the
bonding interactions between substrate and the surrounding€bound step in the protein environment of DBM. This
amino acid residues is essential for a better description ofreaction is an extension of the so-called oxygen rebound
the hydrogen-atom abstraction in the protein environment.
This activation barrier is rather high compared to the (48) (a) Yoshizawa, K.; Shiota, Y.; Yamabe, Chem—Eur. J. 1997 3,
activation barrier of 5.4 kcal/mol in the oxo-mediated }égg'l(zt’&;gjh'(zc")"‘g’ﬂ;ofg’ PRV VU s
pathway, as discussed later in this work. Moreover, the 122, 12317.

point
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Figure 4. Computed energetic changes in the hydrogen-atom abstraction
and the oxygen rebound step by the CufHbxo species. Bond distances
in units of ansgtoms.

Table 3. Calculated Mulliken Charges and Spin Densities of
Dopamine, the Cu Atom, and Its Ligands for Dopamine Hydroxylation
by the Cu(lll-Oxo Species

R—oxo TS1-oxo |—oxo P—oxo
triplet singlet triplet triplet singlet
Cu 1.0(0.5) 1.0(0.4) 1.0(0.4) 1.0(0.5) 0.7(0.0)
O -0.4(1.3) —0.5(-0.6) —0.6 (1.0) —0.4 (0.4) —0.2(0.0)
His415 0.1(0.1) 0.1(0.0) 0.1(0.0) 0.1(0.0) 0.1(0.0)
His417 0.1(0.0) 0.2(0.0) 0.1(0.0) 0.1(0.0) 0.1(0.0)
Met490 0.2(0.1) 0.2(0.0) 0.2(0.1) 0.1(0.1) 0.1(0.0
dopamine  0.0(0.0) 0.0(0.0) 0.3(0.4) 0.0(1.0) 0.2(0.0)

aValues in parentheses are spin densities.

mechanisrif to a copper-based monooxygenase. Table 3 lists
computed atomic charges and spin densities of these reactio
species. To determine the energy of thekCbond activation
process by the Cu(llyoxo species, we defined several
intermediate steps from the Cu(Hpxo species (the first
point) to | —oxo (the last point) using partial optimizations
with the constraint of the benzylic-€H bond of dopamine.

Table 4 lists key geometrical features and energies of eight
selected points along the reaction coordinate for the hydrogen-

atom abstraction in the triplet state. A calculated activation
energy for this step is 5.4 kcal/mol, which is as high as that
in the small-cluster mod& without protein environment.

The transition state for this hydrogen-atom abstraction has

an O—H bond length of of 1.382 A and a-€H bond of

length of 1.200 A; these bond distances as well as the linear

O—H-C array are nearly identical to those of the corre-
spondingTS1-oxoin the small-cluster model. Thus, in the
oxo-mediated reaction, the protein environment does not
significantly affect the activation barrier and the key

parameters of the transition state in contrast to those for the

(49) (a) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E,;
Evans, B. JJ. Am. Chem. S0d.981, 103 2884. (b) Groves, J. .
Chem. Educ1985 62, 928.
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Table 4. Geometries and Energies of Selected Points3,lalong the
H-Atom Abstraction Process by the Cu(HPxo Species in the Triplet
State

point
1 2 3 4 5 6 7 8
C—H 1.097 1.1886 1.19¢¢ 1.20¢¢ 1.21¢ 1.26G¢ 1.30G 2.091
O—-H 2530 1.636 1458 1.382 1.305 1.196 1.147 0.976
energy 0.0 4.8 5.3 5.4 4.7 3.3 16 —-14.2

a2The C-H distance is constrained during a geometry optimization. All
distances and energies are in angstroms and kilocalories per mole,
respectively. Points 1 and 8 are fully optimized structures.

superoxo-mediated hydrogen-atom abstraction. This result
is rationalized by looking at the hydrogen bonds between
dopamine and the small-cluster models in the hydrogen-atom
abstraction. In the oxo-mediated pathway, the orientation of
dopamine remains almost unchanged in the course of the
hydrogen-atom abstraction, while in the superoxo-mediated
pathway, the orientation of dopamine is significantly changed
becaus e of the fictitious hydrogen-bonding interacton.
However, in the whole-enzyme models, dopamine is tightly
fixed in a proper position by the surrounding hydrogen-
bonding network in both cases, and thus the incorrect
energetics of the small-cluster model calculations for the Cu-
(II) —superoxo species are improved in the whole-enzyme
model. We therefore should take the hydrogen-bonding
interactions between the substrate and surrounding amino
acid residues into consideration for a better description of
enzymatic reactions in general.

The second half of the reaction starts from the resultant
radical intermediaté—oxo. A computed energy of—oxo
in the triplet state is-14.2 kcal/mol relative to the reactant
complex. The carbon radical center of this intermediate
weakly interacts with the OH ligand at a distance of 2.091
A. The spin densities of the Cu atom and dopamine radical
were calculated to be 0.5 and 1.0, respectively. QM/MM
calculations demonstrate that the subsequent recombination

bt thedopamine radical requires a high activation energy of

38.8 kcal/mol on the triplet potential energy surface because
of a change in the electronic configuration of the copper atom
(i.e., the reduction of the copper atom freh2 to +1). The
ground state of the Cu(l) atom is well-known to have a
closed-shell ¥ configuration, and the triplef’s! excited state

is 66 kcal/mol higher than the singlet ground stat&hus,

the reason for the high activation barrier on the triplet surface
is that the transition state involves the unstalfi& donfig-
uration of the Cu(l) atom. On the other hand, we cannot
locate any radical intermediate on the singlet potential energy
surface because of the low-lying transition state, which
suggests that the product complex is formed in a barrierless
fashion after the hydrogen-atom abstraction on the singlet
potential energy surface. We scanned the singlet potential
energy surface of the rebound step along theédCoordinate
(points 2-7), as listed in Table 5. The release of the
constraint of the €0 bond distance at point 7 leads to the
product complex at point 8. These results demonstrate that

(50) Moore, C. E.Atomic Energy Leels U. S. National Bureau of
Standards: Washington, DC, 1949; Circular 467.
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Table 5. Geometries and Energies of Selected Points3,1along the Rebound Process by the CufliDxo Species in the Singlet State

point
10 2 3 4 5 6 7 8
c-0O 3.010 2.908 2.80G 2.70G 2.600 2.500 2450 1.462
Cu-O 1.804 1.848 1.858 1.871 1.885 1.902 1.910 3.148
energy —14.2 —17.6 —18.6 —19.5 —20.3 —21.3 —21.7 —60.6

aThe C-0O distance is constrained during a geometry optimization. All distances and energies are in angstroms and kilocalories per mole, respectively.
Points 1 and 8 are fully optimized structuréd/alues for the triplet state on the assumption of spin crossover to the singlet surface.

there is no substantial barrier for the rebound step on the!© the stereospecific hydroxylation of dopamine. The side

singlet potential energy surface. Similar trends were found chain of three amino acid residues (His415, His417, and
in the rebound step of alkane hydroxylation by compound | M&t490) coordinates to the guatom as ligands. The
(an iron-oxo species) of P458:52In the triplet state of the ~ Nydrogen-bonding network between dopamine and three

QM/MM-optimized structure of—oxo, the distance between ~@mino acid residues (Glu268, Glu369, and Tyr494) plays
the oxygen atom of the hydroxo ligand and the carbon radical @n essential role in substrate binding and the stereospecific
center is 3.010 A. This is a typical value in the initial distance hydroxylation of dopamine to norepinephrine. The activation
for the rebound process. For example, the@distance in ~ barrier for the hydrogen-atom abstraction by the Cell)
the radical intermediate for camphor hydroxylation by Superoxo speciesis 23.1 kcal/mol, while that of the Cuglll)
compound | of P450 is 3.187 and 3.304 A in the quartet and 0X0 species is only 5.4 kcal/mol. The relative energies of
doublet states, respectivé®On the other hand, the oxygen the optimized radical intermediates in the superoxo- and oxo-
atom of the hydroxo ligand is far from the carbon radical mediated pathways are 18.4 and4.2 kcal/mol relative to
center in the small-cluster model, the distance being 4.557the corresponding reactant complexes, respectively. These
and 4.567 A in the singlet and triplet states, respectively. results tell us that the Cu(ljoxo species has a higher
The carbon radical center of the substrate radical easily oxidizing power in the protein environment of DBM. The
moves apart from the OH ligand to form a relatively strong QM/MM optimized structure of the radical intermediate in
bond between the OH ligand and a hydrogen atom of the the oxo-mediated pathway shows the key amino acid residues
o-carbon in the small-cluster model; the bond distance is to fix the substrate radical in a proper position for the
2.662 and 2.655 A in the triplet and doublet states, subsequent recombination process at a distance of 3.010 A
respectively. This new hydrogen bond overrides the weak between the oxygen atom of the hydroxo ligand and the
interaction between the OH ligand and the carbon radical carbon radical center in the triplet state. A high activation
center that triggers the barrierless recombination. Theseenergy is required for the recombination of dopamine radical
results indicate that the surrounding amino acid residueson the triplet potential energy surface, whereas the radical
(Glu369, Glu268, and Tyr494) play an essential role not only intermediate barrierlessly collapses into the product complex
in the hydrogen-atom abstraction but also in the rebound on the singlet potential energy surface. Thus, the reaction
process. Thus, we expect that a spin inversion can take placgathway should involve a spin-inversion electronic process
when the radical intermediate goes down the slope of the near the radical intermediate between the triplet and singlet
barrierless potential energy surface in the prOtEin environ- potentia| energy surfaces. The Stereospeciﬁc dopamine
ment. The overall reaction is 60.6 kcal/mol exothermic with hydroxylation by the Cu(lI-oxo species is a downhill and
the spin inversion from the triplet state to the singlet state. |ower-barrier process toward the product direction with the
aid of the protein environment of DBM. We therefore
conclude that this enzyme is likely to use the high reactivity
We have studied the mechanisms of dopamine hydroxy- of the Cu(lll)~oxo species to activate the benzylic-8
lation by the Cu(ll)-superoxo species and the Cu(tixo bond of dopamine; the enzymatic reaction is an example of

species of dopaming-monooxygenase (DBM) using QM/  the oxygen rebound mechanism.
MM calculations. The whole-enzyme model of DBM con-
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