-
yd
=y

O, activation by binuclear Cu sites: Noncoupled versus
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Binuclear Cu proteins play vital roles in O, binding and activation in biology and can be classified into coupled and noncoupled binu-
clear sites based on the magnetic interaction between the two Cu centers. Coupled binuclear Cu proteins include hemocyanin, tyrosi-
nase, and catechol oxidase. These proteins have two Cu centers strongly magnetically coupled through direct bridging ligands that
provide a mechanism for the 2-electron reduction of O, to a u-n2:n? side-on peroxide bridged Cu'';(0%7) species. This side-on bridged
peroxo-Cul) species is activated for electrophilic attack on the phenolic ring of substrates. Noncoupled binuclear Cu proteins include
peptidylglycine a-hydroxylating monooxygenase and dopamine B-monooxygenase. These proteins have binuclear Cu active sites
that are distant, that exhibit no exchange interaction, and that activate O at a single Cu center to generate a reactive Cu''/O; spe-
cies for H-atom abstraction from the C-H bond of substrates. O, intermediates in the coupled binuclear Cu enzymes can be trapped

and studied spectroscopically. Possible intermediates in noncoupled binuclear Cu proteins can be defined through correlation to
mononuclear Cu'/O, model complexes. The different intermediates in these two classes of binuclear Cu proteins exhibit different
reactivities that correlate with their different electronic structures and exchange coupling interactions between the binuclear Cu
centers. These studies provide insight into the role of exchange coupling between the Cu centers in their reaction mechanisms.

iological Cu centers play impor-
tant roles in O, binding, activa-
tion, and reduction to H>O (1).
Hemocyanin (Hc), tyrosinase
(Tyr), and catechol oxidase (CO) are
well studied systems and contain similar
binuclear Cu active sites in which the
two Cu centers are close in distance
(=3.6 A) with strong magnetic interac-
tions (1, 2). The binuclear Cu center in
Hc reversibly binds O,, whereas the
binuclear Cu active sites in Tyr and CO
activate O, for substrate hydroxylation/
oxidation. Upon O; binding, these binu-
clear Cu proteins generate the same
Cu5(037) peroxide intermediate, where
the O3~ binds in a p-n*n? side-on
bridging fashion providing a direct or-
bital overlap pathway for the 2-electron
(e™) reduction of O, to peroxide (3).
This side-on Cu%'(03") species has been
extensively characterized, both in model
systems and trapped protein intermedi-
ates, and exhibits characteristic spectral
features, including an intense charge
transfer (CT) transition at ~350 nm (e
~ 20,000 M~!-cm™1) in its absorption
spectrum and a very low vo_o vibra-
tional frequency (=750 cm™!) in its res-
onance Raman (rR) spectrum (1, 2).
These spectral features result from the
side-on bound peroxide % orbital
charge donation and the o* backbond-
ing interactions with the Cu'l d,._,»
orbitals [Fig. 1 4, % donor, lowest un-
occupied molecular orbital (LUMO),
and B, o* acceptor, highest occupied
molecular orbital (HOMO)]. These
Cul-peroxide bonding interactions lead
to a large energy splitting between the
LUMO and HOMO of the side-on
Cu3'(037) species and the strong antifer-
romagnetic coupling between its two
Cu'! centers. In Tyr, the large peroxide
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Fig. 1. FMO of the side-on Cu3(03") species. (A
and B) Contour plots of the LUMO (A) and HOMO
(B) of the side-on Cul(0%") species showing perox-
ide 7% donation and o* backbonding interactions
with the Cu" dy2—2 orbitals. (C) Frontier molecular
orbitals of the phenyl HOMO and side-on Cub(037)
LUMO showing the orbital overlap for electrophilic
attack.

my to Cu charge donation results in sig-
nificant peroxide character in the
LUMO (Fig. 1A4), which activates the
side-on Cuj (03") species for electro-
philic attack at the phenolic ring of the
substrate, leading to its hydroxylation
(Fig. 1C). The o* backbonding interac-
tion (in Fig. 1B) weakens the O-O
bond, facilitating its cleavage.

Based on the strong magnetic exchange
interaction between the Cu centers [quan-
titated by the exchange coupling constant
J (H = —2JS+'S,)], He, Tyr, and CO have
been classified as coupled binuclear Cu
proteins (1). In contrast, noncoupled binu-

clear Cu proteins have two structurally
inequivalent Cu centers largely separated
in space (=11 A) with no direct bridging
ligand and no observable magnetic inter-
action (4-6). This class of binuclear Cu
proteins includes peptidylglycine a-
hydroxylating monooxygenase (PHM) and
dopamine B-monooxygenase (DSM), both
of which catalyze substrate C-H bond hy-
droxylation (a Gly backbone C-H bond in
PHM or a dopamine benzylic C-H bond
in DBM) in a stereo- and regiospecific
fashion by means of an H-atom abstrac-
tion mechanism (4). This C-H bond
H-atom abstraction is performed by a re-
active mononuclear Cu''/O, species at the
Cuy site [alternatively labeled Cug (6)].
The other Cuy site [alternatively labeled
Cua (6)] provides an additional electron
through long-range electron transfer (ET)
to the Cuy site. Because the two Cu cen-
ters in PHM and DBM showed no elec-
tronic coupling (i.e., noncoupled), the
mechanism for this intramolecular
long-range ET was not clear. A superox-
ide-channeling mechanism (7) and a sub-
strate-facilitated ET mechanism (8, 9)
were proposed to account for this
inter-Cu ET process.

In contrast to the well studied side-on
Cul'(037) species in coupled binuclear
proteins, the nature of the reactive
mononuclear Cu''/O, species in PHM
and DBM was unclear. Structural infor-
mation from crystallographic (6, 8) and
EXAFS (extended x-ray absorption fine
structure) studies (10-12), combined
with recent advances in spectroscopic
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Fig. 2.
oxidized (C) and reduced (D) Cuy site.

characterization coupled with density
functional theory (DFT) calculations,
have defined geometric and electronic
structural models of the resting oxidized
and reduced Cuy and Cuy sites (Fig. 2)
(13). In correlation to detailed spectro-
scopic and electronic structure studies
of related model complexes (14, 15),
DFT calculations have been used to
evaluate two possible mononuclear
Cu'/O; species proposed to be the in-
termediates in the H-atom abstraction
reactivity in PHM and DM (16) a
2-¢~ reduced Cull—-OOH species and an
1-e~ reduced Cuy—superoxide species.
These studies generated a reasonable
reaction coordinate for the H-atom ab-
straction reaction in PHM and DBM
1nV01v1ng the mononuclear Cup-super-
0X0 spemes The Cuyj—superoxo inter-
mediate is consistent with and further
supported by recent kinetic studies on
DBM (17). These studies on the non-
coupled binuclear Cu enzymes PHM
and DBM reveal a very different reac-
tion mechanism from that of the cou-
pled binuclear Cu proteins and define
important contributions from the differ-
ences in exchange coupling to variation
in Oy activation by binuclear Cu
enzymes.

Electronic Structure Descriptions of
Possible Mononuclear Culy,/0,
Intermediates: Frontier Molecular
Orbitals (FMOs) for H-atom Abstraction

Spectroscopic studies combined with
DFT calculations can provide detailed
electronic structure descriptions of
Cu,—O; species (1). Electronic structure
descriptions provide insight into relative
chemical reactivities (18), for which the
energies, molecular orbital coefficients,

Geometry-optimized structures of resting oxidized (A) and reduced (B) Cuy site and resting

and overlaps of FMOs (i.e., low-energy
unoccupied and high-energy occupied
molecular orbitals, particularly the
LUMO and HOMO) play important
roles in activating specific reaction coor-
dinates and can be obtained from DFT
calculations (1). In this section, we de-
scribe the acceIptor FMOs of the Cuy—
OOH and Cuj—superoxo species at the
Cuy site in PHM, extended from spec-
troscopic results on well defined model
complexes and consider their relative
activation for H-atom abstraction.

The Cu}-OOH Intermediate. The spectro-
scopically calibrated and DFT optlmlzed
structure of the putative Cup—OOH in-
termediate has a square pyramldal ge-
ometry with the OOH™ bound in an
end-on fashion (Fig. 34) (13). The low-
est energy acceptor orbital of CuM
OOH for H-atom abstraction is the
spin-down LUMO, which is a Cu
d-based orbital (=61% Cu character)
with low OOH™ 7}y character (=19%)
because of a Cu—~OOH pseudo-o bond-
ing interaction that is not very covalent
(Fig. 3B). The OOH ™ 7}y component of
this spin-down LUMO is highly polar-
ized toward the Cu with a limited coef-
ficient (2%) on the remote oxygen
atom, indicating that the spin-down
LUMO is, in fact, not a good acceptor
orbital for H-atom abstraction. Another
possible H-atom abstraction acceptor
orbital, the OOH™ ¢* orbital, is =3 eV
(1 eV = 1.602 X 1071 J) higher in en-
ergy than the spin-down LUMO and has
a large coefficient on the O, moiety
(53%, Fig. 3C). However, the o™* orbital
is similarly polarized toward the Cu, re-
sulting in a much lower molecular or-
bital coefficient on the remote oxygen
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atom (13%). This polarization is mainly
due to the effect of protonation and is
generally observed for Cu!! bound
OOH"™ (13, 14, 19), giving rise to a
strengthened O-O bond.

This increased O-O bond strength is
best probed experimentally by rR spec-
troscopy, where the vo_o frequency and
its 180 isotope shift can be used (along
with the Cu—O modes) to determine the
O-0 force constant koo by means of a
normal coordinate analysis. Fig. 3D gives
the rR spectra of a related mononuclear
model complex, L3Cu"-OOH [where L3
is hydrotris(3-tert-butyl-5-isopropyl-1-
pyrazolyl)borate] (14). The vo_o vibration
of L3Cu™~OOH occurs at 843 cm™! and
shifts to 799 cm~! upon 30 labeling.
These rR data give a koo for L3Cu''-
OOH of 3.51 mdyne/A (1 dyne = 10
wN), which i Is hlgher than those of unpro-
tonated Cul—O3 species (Table 1, row
E), reflecting the strengthened O- O bond
from protonation-induced polarization.
The facts that the o™ orbital has a low
coefficient on the remote oxygen atom
because of polarization and is high in en-
ergy indicate that it is also an ineffective
pathway for H-atom abstraction. There-
fore, the electronic structure description
of the putative Cuy—OOH intermediate
suggested that it has a strong O-O bond
that is not significantly activated for H-
atom abstraction.

The Side-On Cu}j-Superoxo Intermediate.
The optlmlzed lowest energy structure
of the Cup—superoxo intermediate has
the superoxide ligand bound equatori-
ally in a side-on fashion, forming a
square pyramidal geometry around the
Cu center with a Met as the long axial
ligand (Fig. 44) (16). This side-on ge-
ometry is very similar to the crystal
structure of a well characterized side-on
Cu-superoxo model complex LCuO,
(where L is the trispyrazolylborate li-
gand). The superoxide nature of this
complex was experimentally determined
from its vo_o frequency (1,043 cm™1!)
and '80 isotope shift (Av = 59 cm™1)
(Fig. 4D) (15, 20). The lowest energy
acceptor orbital of the Cuj—superoxo
intermediate (i.e., the FMO for H-atom
abstraction) is its LUMO, which is the
antibonding combination of the Cu
dy>—y» and superoxide w5 orbitals (Fig.
4B) (16). The Cu dy.—y. and superoxide
s orbitals are in the CuO, plane and
have a large o-type orbital overlap, re-
sulting in a highly covalent singlet
ground state with a large O, coefficient
(64%, Fig. 4B). This highly covalent
Cu-superoxo interaction contributes to
the formation of this complex as the
1-e~ reduction of O, is energetically less
favorable than the 2-e~ process (see
below).

Chen and Solomon



DNAS _PNAS _PNAS _DPNAS _PNAS _PNAS __PNA

Fig.3. Acceptor FMOs of the Cujy—

OOH intermediate. (A) Geometry-optimized structure of Cujy—
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(D) rR spectra of the Cu'-OOH model complex in the vo_o region excited at 568.2 nm (14).

The Cul! center (S = 1/2) and the
superoxide ligand (S = 1/2) can, in
principle, have either a s1n%let or a trip-
let ground state for the Cuy—superoxo
intermediate. The diamagnetic singlet
ground state of the Cujj-superoxo inter-
mediate was confirmed experimentally
by SQUID (superconducting quantum
interfering device) magnetic susceptibil-
ity measurements for the Cu'-superoxo
model complex (Fig. 4F), which showed
that the effective magnetic moment
(petr) is close to zero at low tempera-
ture, as compared with perr =~ 2.83 Bohr
magnetons for a triplet state (15). Addi-
tionally, the pes deviates from zero at
higher temperatures (Fig. 4E) because
of the thermal population of an excited
triplet state at ~1,500 cm™. This triplet
state is in fact not related to the singlet
ground state, which involves a spin pair
in the dy.—,2/ ) orbital in the Cu-O,
plane. This low-lying triplet derives from

the interaction between the Cu'l d,.»
and the superoxide my orbitals (Fig. 4C
Upper Right). The corresponding 7} sin-
glet state 'T'(7r}) is higher in energy
than the triplet state because of the or-
thogonality of the two interacting orbit-
als and was observed experimentally as
a low energy weak CT transition at
~4,200 cm~! in the absorption spectrum
of LCu!O, (Fig. 4F) (15). The triplet
state associated with the ground state
singlet involves excitation of an electron
from the 1T7;+dx27y2 to the dxzfyz—'ﬂ’;
orbital, *T'(7r%), and its corresponding
singlet 'T'(7r}) can be reached by means
of an allowed CT transition. This CT
transition should be intense in the ab-
sorption spectrum because of the large
overlap between the superoxide % and
Cu d,.. orbitals (Fig. 4C). Experimen-
tally, no intense CT transition was ob-
served at energies up to ~30,000 cm ™1,
indicating a large splitting of the bond-

Table 1. Summary of vo_o frequencies and ko_o force constants of binuclear and

mononuclear Cu-0; species

Vo-o, ko-o,
Nature of ligand Structure cm~! mdyne/A
A Peroxo 763 2.43
cul lHCu"
B Peroxo Cu"/o\ _cu 832 3.17
C Hydroperoxo EI 880 3.52
Cu"/o“""'Cu"
D Peroxo 0—0 803 2.90
CI.I”
E Hydroperoxo ,O—O'H 843 3.51
cull
F Peroxo -0 968 —
Cu'l.'__é
G Oxo ,0\ NA NA
n (]
Cu\ _-Cu I
o]
H Superoxo -0 1,043 5.72
cu'_|
o

N/A, not applicable. —, not determined. See refs. 14, 15, 19, 35, and 37-39.
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Raman Shift (cm™)

OOH. (B) Spin-down LUMO (x2—y?)-%. (C) Peroxide o* orbital.

ing and antibonding combinations of the
Cu d,>—y» and superoxide % orbitals
resulting from their highly covalent in-
teraction (Fig. 4 B and C). This strong
interaction leads to a covalently delocal-
ized singlet ground state for the side-on
Cu''-superoxo species with no spin
polarization (i.e., no net antiparallel
spin localization on the Cu'! and the
superoxide ligand), arguing against an
antiferromagnetic exchange-coupled de-
scription (or biradical) previously used
for the diamagnetism of Cu"-superoxo
species (21-23).

The electronic structure description of
the covalently delocahzed singlet ground
state of the Cujy—superoxo intermediate
prov1des insight into its possible reactiv-
ity in H-atom abstraction. The LUMO
of the Culj—superoxo intermediate is
low in energy relative to the spin-down
LUMO and the ¢* orbital of the Culi-
OOH 1ntermed1ate (=~4.4 eV lower than
the Cuy~OOH ¢* orbital) and has a
large orbital coefficient on the O, moi-
ety (Fig. 4B versus Fig. 3 B and C).
Therefore, a Cull\,[—superoxo intermedi-
ate should be much more effective in
H- atom abstraction than the putative
Cupy—OOH intermediate in PHM chem-
istry. These FMO differences should
lead to differences in thermodynamics
and kinetic barriers as discussed below.

Correlation of Electronic Structure to
Reactivity

The electronic structures derived from
model studies coupled with the FMO
analysis presented above provided initial
insight into the relative H atom abstrac-
tion reactivities of the Cup—~OOH and
Cup-superoxide intermediates. In this
section, we quantitatively compare the
energetlcs and energy barriers of these
two Cupy/O; species calculated along
the reaction coordinate of H-atom
abstraction.

Culy—OOH Reaction Coordinate. As pre-
dicted from the above electronic

no.36 | 13107
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Fig. 4. Electronic structure and spectroscopy of the Cu'-superoxo species. (A) Geometry-optimized
structure of Cul\'ﬂ—superoxo. (B) Acceptor FMO (LUMO) of Cu',\',,—superoxo. (C) Schematic diagram of the
interaction between the Cu' dy2-,2 and superoxide 7/} orbitals. The arrows and their widths indicate
the expected CT transitions (singlets) and their relative intensities. (D) rR spectra in the vo_o region. (E)
SQUID magnetic susceptibility measured effective magnetic moment pess. B.M., Bohr magneton. Lines are
the simulated curves assuming different singlet/triplet energy splittings, S/T = Es — 1 — Es — o. (F)
Absorption spectra of the Cu''-superoxo model complex. (Left) UV/visible Cu' d-d transitions assigned.
(Right) Near-infrared CT. Vibrational overtones of mulling agent are labeled by asterisks (15).

structure description, the Cuy—~OOH
species does not appear to be activated
for H-atom abstraction. The calculated
potential energy surface along the H-
atom transfer coordinate for the CuM

showed a large energy barrier of ~37
kcal/mol, making this reaction kineti-
cally highly unlikely. Therefore,

OOH intermediate is shown in blue in 25 1&
Scheme 1, step b, by using a small sub- ; ——i—
strate analogue formylglycine (FmG) 60 (b)| H-Atom Abs |

(16). This reaction generates the sub- ]

strate radlcal FmG-, a H,O product, 50

and a Cup—oxyl species. In contrast to
the L3Cu"OOH model complex, the
AG of this reaction is thermodynami-
cally accessible [~6-7 kcal/mol (1

cal = 4.18 J)]. This small AG is due to
the energy difference (=22 kcal/mol)
between the strong O—-H bond of the u'ly-Hz0
H,O product and the activated C-H

bond of the FmG reactant from reso- 1 =« ulw+ 0z
nance delocalization of the FmG- '10'_ H,0 [zu-"
radical generated, combined with stabi- 20-
lization by the Met hgand which bmds .
in an equatorlal position in the Culy— -30-
oxyl species in contrast to its axial co-
ordination in Cuy—OOH in Fig. 34
(16). However, conSIStent with the
FMO analysis of Cupy—~OOH, the po-
tential energy surface along the
H-atom transfer reaction coordinate

40+

OH,

1ree—o7  _dun—oom
10—_ [zu"H-H;D [cu "

Free Energy (kcal/mol)
o 8
1 1

Scheme 1.

13108 | www.pnas.org/cgi/doi/10.1073/pnas.0402114101

H-atom abstraction by the Cuy;—~OOH

intermediate is an energetlcally plausi-
ble but kinetically unfavorable reaction
pathway in PHM (16).

Culy—Superoxo Reaction Coordinate. In
contrast to the Culy—OOH species, the
calculated energetlcs and energy barrier
indicated that CuM—superoxo is very reac-
tive in H-atom abstraction, as predicted
from the above electronic structure de-
scription. The calculated potential energy
surface for the Cubj—superoxo intermedi-
ate H-atom abstraction reaction is shown
in red in Scheme 1, step ii. This reaction
generates the substrate radical FmG- and
an asymmetrically side-on bound Cu-
hydroperoxo species that can readlly con-
vert to the end-on bound Cuyi—~OOH in-
termediate (Fig. 34) by binding an H,O
molecule (AG ~ —0.3 kcal/mol) (16).
The energetics of this H-atom abstraction
reaction is almost thermo-neutral, ~2
kcal/mol. More importantly, because of
its highly covalent FMO, the energy bar-
rier along the H-atom transfer coordinate
is only ~14 kcal/mol (Scheme 1, step ii),
which is much lower than that for the
Cup-OOH intermediate (=37 kcal/mol)
at the same active site/substrate distance
(Scheme 1, step b). Therefore, the favor-
able reaction energetics and the low
energy barrier indicate that the Cup—
superoxo H-atom abstraction reaction is a
highly favorable pathway in PHM both
thermodynamically and kinetically.

A reasonable reaction pathway for
completion of the substrate hydroxyla-
tion was determined in ref. 16 and is
summarized in Scheme 1 (green steps).
After the H-atom abstraction reaction,
the Cupy—OOH intermediate and the

1e

(iv) )
UH | Direct OH Transfer ‘ =

* (v) B
FmG i B

Intra-Mol ET
QHa + L
[Cu"“—OT Reduction L
culy — L
OH; -

+
FmG-OH Cu'y—OH
ECu"H-Hzo

Summary of the 2-e™ (left) and 1-e~ (right) reaction pathways in PHM (16). For clarity, His and
Met ligands are omitted in the structures. Only species that are essential to the reactions are indicated on
the scheme. Free energies are referenced to the initial reactions, which are set to zero. The proton and H,O
ligand in steps v and a and the H,O ligand in step iii are from the solvent. T.S., transition state.
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FmG- radical generated can undergo a
direct OH group transfer to form the
hydroxylated product FmG-OH and a
Cujy-oxyl species, driven by the forma-
tion of a strong product C-O bond
(Scheme 1, step 1v) (16). (An alternative
reaction pathway, in which the Cuy—
OOH species undergoes reductive O-O
bond cleavage by means of ET from
Cug coupled to protonation, is ~20
kcal/mol uphill in AG because of the
unfavorable 1-e~ reduction of the perox-
ide.) The Cup—oxyl species produced
can then be reduced to the stable rest-
ing Cuyy site by the Cul site by an
intramolecular ET process and protona-
tion from solvent (Scheme 1, step v).
This long-range ET-coupled reduction
process is downhill in free energy

(AG ~ —12 kcal/mol), which is due to
the relatively high-energy nature of the
Culi-oxyl species that provides the nec-
essary driving force to complete the
reaction.

With an additional H,O ligand at the
Cuy site, geometry optimization gave an
end-on Cu“—superoxo species (Scheme
1, step i), which is ~11 kcal/mol h1§her
in free energy than the side-on Cup—
superoxo intermediate (16). The LUMO
of the end-on Cu'-superoxide species is
also an antibonding combination of Cu
dy>—y> and superoxide 7 orbitals with
similar molecular orbital coefficients on
the oxygen atoms to those of the side-on
Cup-superoxo intermediate. Based on
its electronic structure description and
FMO theory, this end-on superoxide
species is predicted to be comparable to
or slightly less reactive than the side-on
superoxide species, not considering the
steric effects of their different binding
geometries (16). The structure of a
Cu-0O; intermediate in PHM has re-
cently been solved and has a four-
coordinate Cu with O, binding in an
end-on mode (24). The nature of the
Cu-0; species in the structure is not
known (i.e., Cu'~O,, Cu''-superoxide,
Cu'-peroxide, Cu'™-OOH, etc.), and
further spectroscopic studies are needed
to define this intermediate. In light of
the reaction mechanism presented here
for PHM and DM, it might correspond
to the end-on Cu''-superoxide species
geometry-optimized with an additional
H,O ligand (without the H»O, it opti-
mizes to the side-on structure) or the
Cuy—OOH species generated by the H-
atom abstraction (Scheme 1, step iii),
both of which have a similar end-on Cu—
0O-0 geometry. However, the O-O
bond length of the Cu-O, intermediate
in the crystal structure may be too short
for a peroxo species (24).

Chen and Solomon

Structure/Function Correlations:
Noncoupled Versus Exchange-Coupled
Binuclear Cu Sites

Electronic structure descriptions com-
bined with FMO analyses and reaction
coordinate calculations indicate that the
1-¢~ reduced Cul—superoxo species is
likely the reactive Cu'l/O, species in
H-atom abstraction by PHM, as com-
pared with the 2-e~ reduced Cuy—~OOH
specres This Cup—superoxo mechanism
is consistent with the kinetic studies by
Evans et al. (17). The reaction pathway
summarized in Scheme 1 (steps in red
and green) from the formation of the
Cup—superoxo intermediate to the H-
atom abstraction reaction, and the com-
pletion of the substrate hydroxylation
also provide insight into the mechanism
of the inter-Cu intramolecular ET pro-
cess involved in the PHM/DBM reac-
tion and the role of the nonmagnetically
coupled nature of their active sites, as
compared with the coupled binuclear
Cu proteins.

The direct bridging of the two Cu
centers in the binuclear Cu proteins Hc,
Tyr, and CO provides a mechanism for
O reduction bg two electrons to the
side-on Cul(03") species (3) and results
in the strong Cu—Cu antiferromagnetic
exchange coupling (—2J = 1,200 cm™')
(25) This side-on Cu5'(037) peroxo spe-
cies is activated for electrophilic attack
at the phenyl ring of substrates (Fig.
1C). In contrast, there is no observable
magnetic interaction (i.e., very small J)
between the two Cu centers in the non-
coupled binuclear Cu protein PHM and
DBM (26), because of the large Cu—-Cu
distance (=11 A in PHM) (6, 8). Thus,
a long-range intramolecular ET process
is required at some stage in the mecha-
nism for the enzymatic reactions in
PHM and DBM. Marcus theory governs
the ET rate constant kgt (27):

kpr = \/m (Hpa)*
[ (AG + )\)2]
exp| —

4\kpT
where Hp,4 is the donor/acceptor elec-
tronic coupling matrix element, AG is
the driving force, and A is the reorgani-
zation energy, which includes the active
site geometry change (Ainner) and the
reorientation of the solvent dipoles
()\outera A= /\inner + )\outer) associated
with redox. The electronic coupling ma-
trix element Hp, is related to the ex-
change constant J:

(Hpa)®

—2="
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where U is the metal-metal CT energy
(25, 28). Because J is small for the non-
coupled Cupy and Cuy; sites, the (Hpa)?
between the two Cu centers also must
be small. Significant geometry changes
between the reduced and oxidized forms
of the Cup; and Cuy sites have been ob-
served experimentally (10-12, 29) and
are also found in calculated structures
(13, 16), which suggest a large reorgani-
zation energy (Ainner) is also associated
with their redox reactions (Fig. 2, A, B,
C, and D, respectively). [Note that the
crystal structures of PHM (6, 8) did not
resolve significant differences between
the oxidized and the reduced proteins,
whereas EXAFS results showed signifi-
cant geometry changes upon redox (10—
12). EXAFS studies are more accurate
in determining the metal-ligand bond
lengths and differentiating Cu oxidation
states.] Therefore, to have a significant
ker, there must be a large driving force
AG for the ET process from Cuy to
Cupm. The reaction mechanism in
Scheme 1 indicates that PHM could
achieve this driving force through a di-
rect OH transfer to the substrate FmG-
radical after the H-atom abstraction
step (Scheme 1, step iv). The reduction
and protonatron of the high-energy
Cup—oxyl species formed could prov1de
the necessary driving force for the in-
tramolecular ET from the Cu}; site
(Scheme 1, step v). This thermodynami-
cally driven ET mechanism also suggests
that superoxide channeling (7) is not a
necessary event for the ET process; fur-
thermore, neither is the substrate-
mediated ET mechanism (8), because
no change was observed in the EPR
spectrum of resting PHM upon substrate
binding, which indicates that the J value
between the two Cu centers is still very
small when the substrate is present (13).
The noncoupled nature of the PHM/
DBM active sites is strongly correlated
with their chemistry. If two Cu centers are
strongly exchange-coupled, the O, reac-
tion with the reduced protein would lead
to fast ET from both Cu sites to O,, gen-
erating a 2-e~ reduced binuclear- or
mononuclear-Cu'-peroxide level species
(037), depending on the distance between
the two Cu atoms (Table 1, rows A-E).
These Cu"-peroxo/ hydroperoxo com-
plexes do not appear to be reactive in H-
atom abstraction (1 5, 30-34), nor is the
mononuclear Cupi—-OOH species consid-
ered above (13, 16). Although 4-e~ reduc-
tion of O, by two Cu atoms could lead to
a bis-p-oxo- -Cud! species (Table 1, row G),
which is very reactive in H-atom abstrac-
tion, the existence of the Cu'! oxidation
state in a biological environment is not
known and likely not accessible because of
the inability of biological ligands (His,
etc.) to stabilize the Cu'™ oxidation state.
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The inaccessible oxidation state is also the
case for the mononuclear Cu—peroxide
species (Table 1, row F), which was re-
cently synthesized with an exceptionally
strong electron-donating ligand (35).
Therefore, to form the 1-e~ reduced su-
peroxide level species Cup—superoxo,
which from the above model would be the
reactive species in H-atom abstraction and
not proceed further to a thermodynami-
cally favored 2-e~ reduced peroxo species
[at pH = 7, E°(O,/H,0;) = 0.28 V,
E°(0,/0,) = —0.33 V versus normal hy-
drogen electrode] (36), the two Cu sites
have to be nonelectronically coupled. This
noncoupled nature of the binuclear Cu
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tent of magnetic exchange coupling be-
tween the two Cu centers in these two
classes of binuclear Cu proteins plays an
important role in determining the for-
mation of the reactive Cul’-O, species
and thus their resulting reactivities (H-
atom abstraction versus electrophilic
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