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Oxygen Binding, Activation, and Reduction to Water by Copper Proteins

Edward I. Solomon,* Peng Chen, Markus Metz, Sang-Kyu Lee, and Amy E. Palmer

Copper active sites play a major role in
biological and abiological dioxygen
activation. Oxygen intermediates have
been studied in detail for the proteins
and enzymes involved in reversible O,
binding (hemocyanin), activation (ty-
rosinase), and four-electron reduction
to water (multicopper oxidases). These
oxygen intermediates exhibit unique

spectroscopic features indicative of
new geometric and electronic struc-
tures involved in oxygen activation.
The spectroscopic and quantum-me-
chanical study of these intermediates
has defined geometric- and electronic-
structure/function correlations, and de-
veloped detailed reaction coordinates
for the reversible binding of O,, hy-

droxylation, and H-atom abstraction
from different substrates, and the re-
ductive cleavage of the O—O bond in
the formation water.

Keywords: bioinorganic chemistry
copper - electronic structure - metal-
loenzymes - oxygen activation - reac-
tion mechanisms
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1. Introduction

Copper, along with iron active sites dominate the field of
biological oxygen chemistryll and play important roles in
homogeneous? and heterogeneous catalysis.* Copper pro-
teins are involved in reversible dioxygen binding (hemocya-
nin),P! two-electron reduction to peroxide coupled to oxida-
tion of substrates (amine, galactose, and catechol oxidases),!
activation for hydroxylation (dopamine $-hydroxylase, pepti-
dylglycine a-hydroxylating monooxygenase, tyrosinase, and
particulate-methane monooxygenase),l®” and the four-elec-
tron reduction to water coupled to substrate oxidation
(laccase, ascorbate oxidase, ceruloplasmin and Fet3p)! or
proton pumping (cytochrome ¢ oxidase, which also contains
heme —iron centers).l®l The known copper proteins which are
involved in dioxygen binding, activation, and reduction are
given in Scheme 1, which is organized based on active-site
structural type. Key structural features from the Protein
DataBank (PDB) are given in Figure 1.1

Amine oxidase and galactose oxidase catalyze the two-
electron reduction of O, to peroxide at a single copper center,
which can provide only one electron.®) As shown in Figure 1 A
this is accomplished with the aid of an additional redox-active
functional group, a topa-quinone in amine oxidase and a
tyrosine ligand covalently linked to a cysteine residue through
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a thioether bond in galactose oxidase. Both functional groups
are generated by the post-translational modification of a
protein residue by the copper center. In the case of amine
oxidase, this involves hydroxylation of a tyrosine by O, and
involves a single copper center in a reaction that to date is not
defined, but may involve tyrosine activation by Cu" cen-
ters.[1” 18]

Dopamine f-hydroxylase (DSH) and peptidylglycine a-
hydroxylating monooxygenase (PHM) have noncoupled bi-
nuclear copper sites,[ where “coupling” refers to magnetic
interactions between the copper centers. This absence of
coupling indicates that the Cu' centers of the resting enzyme
active site are at least 7 A apart with no bridging ligation,
which is consistent with the crystallographic study on pepti-
dylglycine a-hydroxylating monooxygenase (Figure 1B).[1> 10
The enzyme has one copper center (referred to as Cuy, since it
has a methionine ligand'”) involved in catalysis which is
thought to proceed through hydrogen-atom abstraction from
the substrate (the benzylic hydrogen in DSH or the a-carbon
hydrogen in PHM) by an as-yet unobserved hydroperoxide —
Cul; complex.l®! The second electron to form the hydro-
peroxide is derived from Cuy (the copper with all histidine
ligands). Since the copper centers are not coupled (i.e. there is
no bridge) the mechanism of transporting the second electron
to Cuy, is unclear and has been proposed to involve either a
new electron-transfer pathway formed by the substrate
bridging the two distant copper centers['®l or by O, reduction
to superoxide at Cuy and superoxide channeling to Cuy.?%

The coupled binuclear copper proteins include hemocya-
nin, tyrosinase, and catechol oxidase.[ 7 The binuclear copper
centers in these proteins are strongly coupled through a
bridging ligand which provides a direct mechanism for the

1433-7851/01/4024-4571 $ 17.50+.50/0 4571
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two-electron reduction of dioxygen. In oxy-hemocyanin (Fig- features. These features are indicative of a novel electronic
ure 1C) this bridge is the dioxygen unit which binds reversibly structure for the side-on peroxo — Cull structure which plays a
to deoxy-hemocyanin (2 Cu') as peroxide in a side-on bridged key role in reactivity (Section 2).F! The spectral/structural
(u-n>1%) structure.'#21 This is the most stable oxygen features of oxy-hemocyanin and related model complexes
intermediate in copper proteins and exhibits unique spectral provide the reference for oxygen intermediates in the other
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Scheme 1. Copper proteins involved in oxygen binding and activation.

A) Mononuclear C) Coupled hinuclear
AmO deoxyHe
T »9 L &
GO ) ) »
} oxyHe
L] - & "1 3 d l _.'.
s P
B) Noncoupled binuclear _.- .
’ CatQ
: , LY . ! 4
L] & 'Il _A|. L ,". S
" ] - (] e,
= I =
PHM
D} Trinuclear clusters - -
AD ; ok YL owl
ik ‘1‘" -i{
o o Tl
ay —-_; ' 3 a T:!L; T2
¢ TI ' o _].__

Figure 1. Crystal structures of copper proteins: A) copper amine oxidase
(AmO, PDB code /KSI), galactose oxidase (GO, PDB code 1GOG),
B) peptidylglycine a-hydroxylating monooxygenase (PHM, PDB code
IPHM), C)deoxygenated form of hemocyanin (deoxyHc, PDB code
ILLA), oxygenated form of hemocyanin (oxyHc, PDB code 10XY),
catechol oxidase (CatO, PDB code 1BT3), D) ascorbate oxidase (AO, PDB
code 1A0Z).
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copper enzymes which perform different reactions, and allow
geometric- and electronic-structure correlations with function
in copper chemistry. While a crystal structure is not yet
available for tyrosinase, from its spectral features oxy-
tyrosinase has a very similar active site to oxy-hemocyanin,
the side-on peroxo—Cul! structure.??l However, in the case of
oxy-tyrosinase, the site catalyzes the electrophilic oxygen-
ation of phenol to catechol and the two-electron oxidation of
catechol to quinone. We have shown that an important
difference between hemocyanin and tyrosinase is that the
substrate can access and directly coordinate to the copper
active site in tyrosinase but not in hemocyanin.?l The
generally accepted mechanism for this reaction is shown in
Figure 2.1 An important question in the monophenolase
cycle is whether the side-on bridged peroxo form directly
hydroxylates the phenol or whether a bis-u-oxo Cul! structure
is also present which carries out this reaction. The side-on
peroxo/bis-u-oxo isomerization was observed and studied in
detail in Cu,0, model chemistry.®! The electronic structures
of the side-on peroxo—Cul,?¥ the bis-u-oxo Cul",>! and the
Cu'-hydroperoxo intermediatel®! indicated above for the
noncoupled binuclear copper enzymes will be described and
correlated with electrophilic hydroxylation and hydrogen-
atom abstraction reactivity in Section 3. The diphenolase
mechanism in Figure 2 has been supported by the recent
crystal structure of the met (i.e. oxidized, 2Cu™) or resting
form of catechol oxidase.["") The crystal structure also supports
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reduced to water. An oxygen
intermediate, known as the na-
tive intermediate, is trapped in
the reduction of O, by fully
reduced (i.e. 4Cu') lac-
case.» 333 If the type 1 center
is replaced by a redox-inactive
mercuric ionP% (the T1Hg de-
rivative) and the reduced trinu-
clear copper cluster is treated
with O,, a less-reduced oxygen
intermediate, the peroxide in-
termediate, is generated.P’]
These intermediates have been
studied in detail and this has led
to the molecular mechanism for
the four-electron reduction of
dioxygen to water and a general
model for the reductive cleav-
age of the O—O bond.B! These
studies are presented in Sec-
tion 4.

The research described below
demonstrates the power of com-

. A e, Cué+ .. . .

R “2‘O/C“2‘N N oy bining sPectroscopy with dens'l-
H ty functional theory (DFT) in

met-D deoxy developing geometric- and elec-

Figure 2. Molecular mechanism for catalysis by tyrosinase. For clarity, the axial ligand on each copper is not

included. Reproduced from ref. [27].

the idea of substrate access and coordination to the copper
center in catechol oxidase and tyrosinase but not hemocyanin.
While both enzymes oxidize catechol to quinone only
tyrosinase can hydroxylate phenol. The structural origin of
this difference in reactivity is not yet clear but may relate to
different structural requirements for the different reactions.
Spectral data on the binding of competitive inhibitors to the
binuclear Cu site in tyrosinase indicate that a trigonal-
bipyramidal rearrangement is involved in phenol hydroxyla-
tion (monophenolase cycle, oxy-T —met-D, Figure 2) but not
catechol oxidation (diphenolase cycle).?”]

The final class of structural types in biological Cu/O,
chemistry is the trinuclear copper cluster found in the
multicopper oxidases” 2! and potentially in other enzymes
including particulate-methane monooxygenase.?! Laccase
and Fet3pB% are the simplest of the multicopper oxidases.
These enzymes contain a trinuclear copper cluster (compris-
ing a hydroxide-bridged coupled binuclear Cu" center called
type 3, T3P and a three-coordinate mononuclear Cu'! center
called type 2, T2) and an additional blue, or type 1 (T1),
copper center. The type 1 Cu center is >13 A from the
trinuclear cluster but linked to it through an electron-transfer
pathway (T1-Cys—His-T3) (Figure 1D).) Ascorbate oxi-
dase is basically a dimer of laccase, and ceruloplasmin
contains two additional remote type 1 copper centers.!” 3
Substrate oxidation occurs at the type 1 center and electrons
are transferred rapidly over the >13 A electron-transfer
pathway to the trinuclear copper cluster where dioxygen is
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tronic-structure/function corre-
lations in biological systems.

2. Dioxygen Binding
2.1. Unique Electronic Structure of Oxy-Hemocyanin

As indicated in the introduction, oxy-hemocyanin and
structurally equivalent u-1?:n? side-on peroxo-bridged binu-
clear copper model complexes exhibit unique spectral fea-
tures.>> 7 ¥ First consider peroxide end-on bound in a
mononuclear tetragonal Cu! complex as a reference. The
key valence orbitals are the high-energy, half-occupied d.._,.
orbital on the copper center and the doubly degenerate
7* HOMO on the peroxide.’! As shown in Figure 3 A, one
a* orbital will form a o bond with the Cu d,._,. orbital and be
stabilized (the m’) whereby the d,. . half-occupied HOMO
will be destabilized, while the other m* orbital is perpendic-
ular to the Cu-O-O plane (the =¥, v=vertical) and only
weakly interacts with the copper center. As charge-transfer
absorption intensity reflects orbital overlap, the peroxide o-
donor bond produces one intense charge-transfer (CT)
transition, the peroxo m) —Cud,_, charge transfer. This
transfer is observed experlmentally in an end-on bound
peroxo — Cu'! model complex as an absorption band at around
500 nm with £~5800M 'cm~! (Figure 3B).[*! Also included
in Figure 3B is the absorption spectrum of oxy-hemocyanin
which exhibits the peroxide m —Cu!' charge-transfer tran-
sition at much higher energy and with about four times the
intensity (4=350 nm, &~20000M 'cm™). 4] Resonance
Raman spectra obtained by excitation into these peroxide

Angew. Chem. Int. Ed. 2001, 40, 4570-4590
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Figure 3. A) Electronic structure of the peroxide — Cu' bond of an end-on
bound peroxy — Cu! model complex. Adapted from ref. [5], B) absorption
spectra of oxy-hemocyanin (—) and a peroxy-Cu" model complex
(----); CT=charge transfer, C) resonance Raman spectra of the intra-
peroxide stretch of oxy-hemocyanin (—) and the peroxy-Cu'' model
complex (—), D) EPR spectra of the oxy-hemocyanin (lower spectrum)
and of a tetragonal Cu' model complex. Adapted from ref. [7].

charge-transfer transitions (Figure 3 C) show an O—O stretch
at about 800 cm™! for the end-on bound peroxide — Cu'! model
complex, while for oxy-hemocyanin this vibration is at
750 cm™! reflecting an extremely weak O—O bond.H 4
Finally, in contrast to mononuclear tetragonal Cu! complexes
which exhibit the “normal” EPR spectrum shown in Fig-
ure 3D, oxy-hemocyanin has no EPR signal because of the
magnetic coupling between the two Cu!' centers, mediated by
the peroxide bridge.”! From SQUID (superconducting quan-
tum-interference device) magnetic susceptibility measure-
ments there is a strong antiferromagnetic coupling (two Cu'!
centers with § =% couple to form a singlet and a triplet) with
the singlet ground state below the triplet by more than
600 cm L1431

We have shown that these unique spectral features reflect
the novel electronic structure of the side-on peroxo-bridged
Cu¥ complex in Figure 1C.2*#1 As shown in Figure 4, the

LUMO o
Cu,
e
S e
4+ O

Cua(d,,2) - Cup(d,2)

Figure 4. Electronic structure of the peroxide —Cu' bond of oxy-hemo-
cyanin. Adapted from ref. [1].
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HOMO and LUMO for the binuclear Cu" complexes are
formed if one takes the symmetric and antisymmetric linear
combinations of the half occupied d,._,. orbitals of the two
copper centers and allows these to interact with the peroxide
valence orbitals in the side-on structure. The dominant
interaction again involves the n} orbital and its bonding with
the symmetric combination of d. . orbitals to form the
LUMO. As with the end-on bound peroxo—Cu'" complex in
Figure 3 A a peroxide o-donor bond is formed, however, the
bonding/antibonding interaction is much larger. The origin of
this strong o-donor interaction can be observed in the
contours of the LUMO, where, in the side-on bridged
structure, the peroxide has four o-donor bonds to the two
copper centers. This very strong o-donor interaction leads to
the high energy of the peroxide m} —Cu! charge-transfer
transition of oxy-hemocyanin and to its high intensity which
reflects the orbital overlap and hence the strength of the o-
donation. An additional bonding interaction is observed in
oxy-hemocyanin which is not present in the end-on peroxo—
Cu'! monomer. This interaction involves stabilization of the
antisymmetric combination of d._,. orbitals by a small
bonding interaction with the high-energy unoccupied o* or-
bital on the peroxide (Figure 4, HOMO contour). This in turn
leads to some m backbonding of electron density from the
copper center into the o* orbital of the peroxide, which is
strongly antibonding with respect to the O—O bond. This
leads to a very weak peroxide bond and the low O—-O
stretching frequency in the resonance Raman spectrum of
oxy-hemocyanin (Figure 3 C).*! Finally, since in dimers the
bridging ligand causes the HOMO/LUMO splitting which is
the origin of the antiferromagnetic coupling, the combination
of very strong o donation (destabilization of the LUMO) and
1t backbonding (stabilization of the HOMO) leads to the large
stabilization of the singlet ground state in oxy-hemocyanin.?4l

From the bonding description of oxy-hemocyanin (Fig-
ure 4) the key occupied valence orbitals (peroxide wt; and the
HOMO (d.._,»—d,. ,2)) are lowered in energy which gives a
very strong peroxide — Cull bond. This stabilizes oxy-hemo-
cyanin from loss of peroxide, which would produce an
oxidized (i.e. met) site which can no longer function in
dioxygen binding, and greatly contributes to the energetics of
O, binding to hemocyanin as presented in Section 2.2.

2.2. The Reaction Coordinate

The unique spectral features for oxy-hemocyanin described
above and the more limited data available for deoxy-
hemocyanin (two Cu' centers with d'° configurations) have
been used to evaluate and calibrate hybrid-DFT calculations
(at the B3LYP/Lanl2dz level)*% which include time-de-
pendent DFTPL 321 to correlate to spectral data. These results
will not be discussed here except to indicate that the
calculations of structural and spectroscopic data and the
general bonding description obtained are reasonable, but the
oxy-hemocyanin site is calculated to be too covalent and this
will effect energetic considerations (see below).P?l These
calculations give the change in electronic structure on O,
binding to deoxy-hemocyanin (Figure 5). The HOMO of
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Figure 5. Orbital correlation diagram for O, binding to deoxy-hemocyanin. Adapted from ref. [53].

deoxy-hemocyanin has d,._. orbitals perpendicular to the
Cu—Cu vector (each copper(l) unit has an approximately
trigonal-planar structure). On O, binding these d,._,. orbitals
are destabilized and rotate to donate two electrons into the
mt* orbital set of O, reducing the dioxygen to peroxide and
producing the copper-centered LUMO (Figure 5, right, and
Figure 4).%l Thus, O, binding involves two-electron transfer
and intersystem crossing (ISC) from triplet dioxygen to the
singlet ground state of oxy-hemocyanin.

We have used these experimentally calibrated electronic-
structure calculations to evaluate the reaction coordinate of
oxygen binding to hemocyanin.’¥ Figure 6 shows the struc-
tures obtained as the peroxide of oxy-hemocyanin is displaced

T X

humrl]y . i I'];T ;;\
[Cupi-n1-04] [Cugg=rp :17~-01]

%

P
.

planar
[Cuyegr-ry™sa7™-0]

R=10A
ICL!:—I}'IZJ'}'— 4]
Figure 6. The reaction coordinate of O, coordination/release by Hemo-
cyanin. Top: view along the O—O bond in [Cu,(u-7>:7°0,)]; Bottom:

molecules rotated around the copper —copper vector by 90°. Adapted from
ref. [53].

by an amount R above the molecular plane and the geometry
is partially optimized on going to the deoxy site with O,
release. First, the site distorts to a butterfly structure, then to
an asymmetrically bridged u-':7%, then to an end-on bridged
w-n'm' structure, and finally loss of O, (not shown in Figure 6).
This reaction coordinate reflects that maximizing metal —li-
gand overlap plays a dominant role in determining the
coordination mode and shows that even though a nonsym-
metric coordination mode does occur, it is energetically
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favorable to bridge the two copper centers of the binuclear
active site.

Figure 7 presents the change in charge along this reaction
coordinate. As the peroxide is displaced from the molecular
plane, the positive charge on the copper center and the
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Figure 7. Changes of partial charges (Q) of the copper and oxygen atoms
during O, release from oxy-hemocyanin in the singlet state with u-7*:>-O,
coordination (——) and in the triplet state with nonsymmetric O,
coordination (----). R is the distance between the center of the O-O
and Cu-Cu vectors. Adapted from ref. [53].

negative charge on the peroxide oxygen atoms continually
decrease, consistent with charge transfer to form dioxygen
and the reduced site. The charge is donated equivalently to
both copper centers even in the non-symmetric u-1'm?
coordination mode. Thus, simultaneous two-electron transfer
is thermodynamically favorable for the peroxide-bridged
binuclear copper site. The continuous charge flow in the
singlet state prepares the complex for ISC.

We have been particularly interested in understanding how
hemocyanin overcomes the spin-forbidden O, binding.[%
Figure 8 shows that along the reaction coordinate for O,
release, as the peroxide is raised above the molecular plane
in the butterfly distorted structure the singlet/triplet splitting

Angew. Chem. Int. Ed. 2001, 40, 4570-4590
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Figure 8. Potential-energy surfaces for the interconversion of oxy-hemocyanin and deoxy-
hemocyanin. Filled patterns: symmetric O, coordination (u-17*:7%); open patterns: non-
symmetric O, coordination (u-n':n? and u-1?:1%); triplet state: S = 1; broken symmetry state:
magnetic spin quantum number M,=0; singlet state (S=0) is spin-projected. The term
d(X-X) is the distance between the center of the O-O and the Cu-Cu vectors. Adapted
from ref. [53].

the triplet ground state, electron transfer results
in a spin-up electron in each orthogonal st* or-
bital of the peroxide which correlates with the
3, ground state of O, and leads to further
energetic stabilization of the triplet ground state
by single-center electron exchange.

The energetics of O, binding to deoxy-hemo-
cyanin are summarized in Figure 10 and com-
pared to those of mononuclear Cu model
systems. The O, binding is found to be exother-
mic by about 16 kcalmol~! which is approxi-
mately twice that determined by experiment and
reflects that the B3LYP/Lanl2dz calculations
overestimate the covalency of the bonds in oxy-
hemocyanin. The calculations reproduce the
change in energy of O, binding observed be-
tween the tense and the relaxed quaternary
structures of hemocyanin,[ > where the relaxed
deoxy site has a shorter Cu!— Cu! distance (3.5 A
vs. 4.6 A for the tense site) and a higher affinity
for O,." Importantly, the calculations show that
O, binding to isolated Cu' monomers to form the
w-nr? 02 Cull dimer is less favorable, which
reflects that the protein destabilizes the deoxy
site by holding the two Cu! centers only a short

greatly decreases and there is ISC at R~0.6 A. As the
peroxide is displaced out of the Cu,O, plane, the t¥ becomes
less o bonding and the mt¥ becomes involved in o overlap.
These events bring the m* set of orbitals on the peroxide
bridge energetically close together and allows them to orient
along individual Cu-7?0,>~ planes (Figure 9). As shown in
Figure 9B, this produces close to an orthogonal magnetic-
orbital pathway between the two Cu!! centers which elimi-
nates the superexchange coupling and leads to the triplet
ground state. The reduced antiferromagnetic interaction is
also apparent from the small contribution of the second
copper center to the LUMO (Figure 9B). From Scheme 2 for

distance apart. This proximity produces a repulsive interac-
tion and increases the exothermicity of O, binding to the
binuclear copper site in the protein and also provides a
mechanism for the protein to regulate the O, affinity (i.e.
cooperativity) by changing the Cu-Cu distance in deoxy-
hemocyanin.® (In model complexes this reaction is made
more favorable by strained multidentate ligands which
destabilize the Cu' site.l>> 1)

In summary (Figure 11), when triplet O, binds to deoxy-
hemocyanin, charge is transferred from the copper centers
which shifts the unpaired spin density onto the separate metal
centers reducing the exchange stabilization of the X ground

state of dioxygen. The reaction coordinate
then turns on the superexchange pathway

B) - RN F-LUMO thrgugh the bridging pe'roxide which leafi§ to

W omm— R=06A i i antiferromagnetic coupling and thus stabiliza-
oi;[s W  odev i & 2 . ab s tion of the singlet state. This appears to be a

PR I c“‘\L/’ o ;slﬂ ik i ﬂx‘“' general mechanism utilized to overcome the
o a5 ger’p* hutterfly distoried T win R spin-forbidden O, binding by coupled binu-

483 % 14%

Figure 9. A) Reduction of the energy difference between the two m* peroxide orbitals from
butterfly distortion of the [Cu,(u-1?:170,)] core (spin-orbital energies are averaged), B) con-
tour surface plots of the a and f LUMO obtained from broken-symmetry calculations on the
butterfly structure (Figure 8). The Cu and O orbital contributions are obtained from Mulliken
population analysis. Adapted from ref. [53].

Scheme 2. Electron transfer out of orthogonal * peroxide orbitals in the triplet state. Adapted
from ref. [53].

Angew. Chem. Int. Ed. 2001, 40, 4570-4590

clear metal sites in metalloproteins.©

3. O, Activation by Copper Enzymes
and Related Model Complexes

As presented in the introduction, a mono-
nuclear Cu-hydroperoxide complex (Sche-
me 3 A) is thought to be the catalytic inter-
mediate in H-atom abstraction from sub-
strates in the noncoupled binuclear copper
enzymes DBH and PHM.F! In the coupled
binuclear copper enzyme tyrosinase which
catalyzes the electrophilic hydroxylation of
phenol (Figure 2), a side-on peroxide-bridged
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cu cu’ + O

R:d(Cu-Cu)=13.5 A: 17.8 keal mol”
T: d(Cu-Cu) = 4.6 A: 15.6 keal mol”

Model Complexes

x\‘0‘0 keal mol"‘_,—"'—'

\ 1%

. —
- 63 keal mol’ T TTTTeee-

bis-u-oxo Cul! isomer (Scheme 3 C).!

As presented in section 2.1 for the side-

on peroxo — Cull structure, we have used

spectroscopy combined with DFT calcu-

lations to elucidate the electronic struc-

tures of the three peroxo species in

Scheme 3.2+ Here we consider how

these electronic structures contribute to

peroxide activation for electrophilic hy-

| ® droxylation and H-atom abstraction and

define electronic differences related to
differences in reactivity.

We first consider the binuclear Cu—

XYL model system [Cu}(NO,-XYL)]

from Karlin etal (Scheme4; XYL=

—
6.9kcal mol”

Cu—0 ; Cu
A e
F) [+]

N,N,N',N'-tetra(2-pyridylethyl)-3,5-di-
(aminomethyl)phenyl) which has been
shown to hydroxylate the aromatic ring
of the ligand through an electrophilic
mechanism very similar to that of tyro-
sinase.’’l At low temperature with an
electron withdrawing R =NO, group on
the ring para to the position being
0 hydroxylated, the oxygen intermediate can be stabilized; its
'"/O>CU'" absorption spectrum (Figure 12 A) is very similar to that of
Scheme 3. Key Cu/O, species involved in the dioxygen activation the Side-o.n peroxide-b‘ridged Cuy ?iFe of oxy-hemocyanin and
’ ' oxy-tyrosinase but with an additional feature at around
430 nm (ca. 25250 cm™") which could be contributed by bis-
u-oxo Culll isomer. This possibility could be evaluated
experimentally through resonance Raman spectroscopy of
this band (Figure 12B).®! The bis-u-oxo Cui!' species would

Figure 10. Energy minima of the binuclear (left: protein) and mononuclear model complexes (right)
at different stages of O, reduction. A mononuclear superoxo complex is included which is not found
for the binuclear models. Energy values are derived from spin-projection, frequency, and PCM
(polarized continuum model) calculations. For clarity the NHj; ligands are indicated by lines;
R =relaxed structure, T = tense structure, ¢ = dielectric constant. Adapted from ref. [53].

A) B) )

[[—
Cu O\

O
[ |
cul |l Cu’ = Cu
O—H ~o~

binuclear Cull intermediate equivalent to oxy-hemocyanin is
present (Scheme 3B).IM In copper model complexes this side-
on peroxo — Cul! structure can be in rapid equilibrium with the

ferromagnetic
T T (exchange stabilization)
o0—0 2@
\ + el 0—0 7 2® charge transfer
Cul .Cuy _— 5 \ 7 /
-‘ \ /CLI’I ICU
deoxyHc Ly .
nl-n!l-bridging coordination mode
delocalization - reduced
exchange stabilization
t 2@
AOa 1T
icu N Cua
4 \
4#-11:172 coordination mode
antiferromagnetic S/TISC
(superexchange stabilization)
T T
O,
Plvotde LRt
oL OO gy
oxyHc 1-1n2:n2 butterfly coordination mode

Figure 11. Illustration of the relevant steps for O, binding to deoxy-hemocyanin. Localization of unpaired electrons is indicated by arrows (up:a; down:f);
S/T-ISC =ssinglet/triplet intersystem crossing. Adapted from ref. [53].
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l}l’\ H(D) — . <—CU‘O ,Cu
cu PY
S PY
[Cul(R-XYL)]** [Cuy(R-XYL)(0,)]*"

Scheme 4. Electrophilic aromatic hydroxylation reaction, PY = pyridinyl. Reproduced from

ref. [58].

exhibit an intense Cu,O, core vibration at approximately
600 cm~! which is not present in Figure 12 B, which indicates
that the absorption band at about 400 nm is in fact associated
with the side-on peroxo—Cul! structure and is derived from a
butterfly distortion of the Cu,(O,) core.’”) From the noise
level of the Raman spectrum (Figure 12B) an upper limit of
<0.1% can be determined for the amount of this bis-u-oxo
Cull! species present in the Cu— XYL system.

The side-on peroxo species has a O—QO vibration at 747 cm ™!
which was used to monitor the time course of the hydrox-
ylation reaction. From Figures 12C and D the »(O—O) band
disappears as the v(C—O) band associated with the hydroxy-
lated ring grows. Thus, either the side-on peroxo directly
hydroxylates the ring or it is in a rapid equilibrium with the
bis-u-oxo structure. But as the bis-u-oxo structure is present at
<0.1%, this species would have to be several orders of
magnitude more reactive than the side-on peroxo species, for
it to be responsible for the hydroxylation.

The relative reactivities of the side-on peroxo, bis-u-o0xo,
and Cu"-OOH structures (Scheme 3) could be evaluated
using frontier molecular orbital (FMO) theory.?> 2651 As
shown in Figure 13 an electrophilic mechanism involves the
interaction of the HOMO of the donor substrate with the

A) C)

2000 -
25000 r  side-on

20000 | ‘ NO2XYL 1300

15000 f
IImiem )

?
100600 present? /

¢

i Q7

PY Cu‘

[Cu¥(R-XYL-0-)(OH)]**

406.9 nm’c 2y of

h 7000,
SOOWWW \WN ; 1000 ¢

Substrate

|/ \Cu”

H PY

Figure 13. Frontier molecular orbitals showing m overlap of the benzene
HOMO and side-on bridged u-n?:1? peroxo-Cull LUMO. The side-on
complex is modeled by the [Cu,(HBPz;),](O,) molecule in the DFT
calculation; HBPz3 = hydrotris(3,5-dialkyl-1-pyrazolyl)borate.

LUMO of the acceptor which in the Cu—-XYL case is the
Cu,0, core.® Electrophilic attack on the aromatic ring of the
XYL model complex in Scheme 4 requires good m overlap of
the valence orbitals. This in turn requires oxygen m character
in the LUMO of the metal site. As shown in Figure 4 and
described in Section 2.1 for the side-on peroxo core, i char-
acter in the LUMO is derived from the strong donor
interaction of the peroxide nt;* orbital with the d,. . derived
LUMO of the copper center (Figure 14, middle). The lower
the energy of the LUMO and higher the coefficient of mixing
of the peroxide mt* orbital into this LUMO the greater the
activation for aromatic electrophilic hydroxylation. The
energy and ¥ character of this orbital is directly reflected
in the energy and intensity, respectively, of the O,>~xt¥ —Cull
charge-transfer transition as discussed in Section 2.1 for the
side-on peroxo structure and included in Figure 15. We
have performed equivalent spectroscopic/electronic-structure

. 3000
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I
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Figure 12. A) Absorption spectra of [Cu,(NO,-XYL)(O,)]** and the side-on bridged u-7*:1> peroxo-Cul models, B) resonance Raman spectrum of
[Cu,(NO,-XYL)(O,) >+ excited at 413 nm, C) time dependence of resonance Raman signals of [Cu,(NO,-XYL)(O,)]* ions during the hydroxylation
reaction. D) Correlation of O—O and C—O vibrations in the resonance Raman spectra of [Cu,(NO,-XYL)(O,) ]** ions. Reproduced from ref. [58].
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T =20

favor the bis-u-oxo structure relative to the side-
on peroxo structure in aromatic hydroxylation
(Figure 16). Thus, for the Karlin Cu-XYL
system, it is clear that the side-on peroxo-
bridged Cul' species is responsible for the
aromatic hydroxylation. Its concentration is
greater than that of the bis-u-oxo species by
more than three orders magnitude and it should
be more reactive because of the difference in

+1.20 -0.50 / \ .
ed—o +122>/|\ o LS 2';\ W' charge on the oxygen atom. These studies are
0@ " -0.46 050 now being extended to oxy-tyrosinase to deter-

Figure 14. Valence molecular-orbital energy diagrams of copper hydroperoxo, side-on peroxo,
and bis-u-oxo species. Atomic contributions are labeled next to individual MOs (upper). Atom
charges are labeled on the chemical structure (lower). Molecular orbitals are labeled by their
is a copper d-based orbital with a significant
peroxide mt* contribution. The model complexes used are [Cu(HBPz;)(OOH) ], [Cu,(HBPz;),-

dominant fragment contributions, thus, d/m*

(0,)], and [(Lyg),Cu,0,)*; Lyg = N,N'-dimethyl-N,N'-diethylcyclohexyldiamine.

mine whether substrate coordination affects the
nature of the oxygen species involved in the
hydroxylation of the phenol ring.

Figure 14 shows that there is an additional
electronic pathway for electrophilic attack on
substrates by these copper—oxygen species in-
volving the LUMO+1. Protonation of the per-

30000} bis-t-0x0 ot oxide in Cu'~OOH and the large charge donation to the
- I 4 " copper centers in the side-on peroxo structure greatly lower
25000 sideon the energy of the peroxide o* orbital.?> %] This reduction in
! L .
energy leads to the backbonding in the side-on peroxo
20000 VosCedc .
T structure (see Section 2.1). In
15000 \ the bis-u-oxo species the back- o
ehrlem! ' Cu'00H bonding cleaves the O-O . —
\ . . . ¥ e
10000 bond and the o* orbital is Cu-OOH
‘ Tfk . . r—
000 \ N dramatically lowered in ener-
VoS Yy gy to correlate with the — AE(EMO) .
0 sovecodboozs” = LUMO which contains signifi- bis-u- °"°: g
T T T T 1 cant o* character.”™ This ef- side-on
35000 30000 25000 20000 15000 10000 .
fect can be observed in the +Charge term
- F/cm? _—

Figure 15. Absorption spectra of side-on peroxo—Cul, bis-u-oxo Cul',

and hydroperoxo—Cu'! complexes. Note that the spectrum for the hydro-
peroxo—Cu'' complex is that of a four-coordinate species while the other
species are five coordinate. Charge-transfer transitions blue shift by around
8000-10000 cm™! in changing from four coordinate to five coordinate as
indicated by the arrow for the hydroperoxo—Cu'' complex.

studies on the Cu!'-hydroperoxide®! and bis-u-oxo Cul!!
structures™®! in model complexes leading to the electronic
structures at the left and right, respectively, in Figure 14. Their
charge-transfer absorption spectra are included in Figure 15.
For equivalent ligation, the energies of the LUMOs of all
three species are similar. However, for the hydroperoxide —
Cu! complex the LUMO contains very little
mt* character on the noncoordinated oxygen
that would be available for attack on the
substrate. Thus, the hydroperoxide—Cu"!
species should not be effective for electro-
philic & attack on aromatic substrates (Fig-
ure 16). Alternatively, both the side-on per-
oxo and the bis-u-oxo structures have similar
nt¥ peroxide character in their LUMOs and
should be similarly activated for electro-
philic aromatic hydroxylation. However, in
frontier molecular orbital theory there is
also a charge term and since the oxygen of
the bis-u-oxo structure are more negative
(i.e. more oxide character) this would dis-

Substrate y &
HOMO

structure.

4580

charge-transfer spectra of the
bis-u-oxo species (Figure 15)
where the new intense low-
energy band at ~25000 cm™'
reflects the o* character in the
LUMO. The o* pathway (Fig-
ure 17) requires good o over-
lap with substrates and would

Figure 16. Qualitative frontier
molecular-orbital analysis of rel-
ative reactivities (more negative
AE =more reactive) of the dif-
ferent Cu/O, species in terms of
at* electrophilic attack (left, the
FMO term; right, with inclusion
of charge term).

be active in reactions, for example, involving oxo transfer to
the electron lone pair on a phosphane. From Figure 17 it can
be seen that both the hydroperoxide—Cu" and side-on
peroxo-bridged Cull species are activated to a similar extent
for a o electrophilic attack, as is observed experimentally.2% ©11

o —»
gct(f@? @

+1.29 -0.50
cu'—o, o
\o " Cu”< [ S
042 +1.20 ™o
: -0.46

Acceptors

Donors
70

PR, HOMO

Benzylic C-H

Figure 17. Left: Frontier molecular orbitals indicating o overlap of the phosphane HOMO and
bis-u-oxo Cu, LUMO. Right: Valence molecular orbital energy diagrams of Cu hydroperoxo,
side-on peroxo, and bis-u-oxo species, and relevant substrates showing the o* pathway. Atomic
contributions are labeled next to individual MOs. Atom charges are labeled on the chemical
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Figure 18. Qualitative fron-
tier molecular-orbital analy-
sis of relative reactivities of

The low energy of the o*-con-
taining LUMO of the bis-u-oxo
Cul! structure makes electro-
philic attack more favorable.
This effect is further enhanced
(Figure 18) by the charge term
as the P atom in PR; has partial
positive character. Comparison
of Figure 17 with Figure 18 in-
dicates a large difference in the
electrophilic reactivity of these
copper—oxygen species for o-

different Cu/O, species in
terms of o* electrophilic at-
tack (left, the FMO term;
right, with inclusion of
charge term).

versus st-donor substrates.[*?]
Steric factors would limit the
o interaction of bulky substrates
with the compact bis-u-oxo Cul!
core.[2l However, this would be
less of a limitation for H-atom
abstraction which would involve the same o-LUMO pathways
shown in Figure 17, thus predicting parallel reactivities for the
different copper-oxygen species (Figure 18). The bis-u-oxo
would be most effective as it has the lowest lying 0* LUMO
and the most favorable charge term. From frontier molecular
orbital theory, the side-on peroxo species should be less
active, and there should be a large additional Franck — Con-
don activation barrier associated with the one-electron
reductive cleavage of the O—O bond (Figure 19, considered
further in section 4.2.3).! Finally H-atom abstraction by the
Cu"-OOH species is found to be energetically unfavorable
(Figure 20 A).?%1 This situation results from the fact that a
Cu"-oxyl species would be produced which would only be

!
5 : E f AGhis-oxo
Ill/o\ m -
Cu \ /cu 'f

] ° Cuﬂ/ \ ullt

I N

]

1

s

L]

\

E : f AGside-on

Figure 19. Representation of Franck —Condon barriers of bis-u-oxo (top)
and side-on peroxo (bottom) species for H-atom abstraction; A = geometric
distortion. Adapted from ref. [25].
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A) Cull-oxyl/Cu"-0x0 + H,O

.
ca. 45 keal mol-!

Cu'-00H + R-H

B)
Cu-pxyl
LUMO
i Cu P:* O OH Poxz BH
TCu"0OH 120 -041 -051 O 037 044
Cuoxyl  1.25 -040 -0.64 - 033 044
Cuoxide 079 -045 -0.83 - -045 038

Figure 20. A) Calculated energy change for the H-atom abstraction by
Cu"OOH, B) B3LYP calculated LUMO of formally Cu'-oxyl species
formed by H-atom abstraction. Atomic contributions are labeled. Table
gives calculated atom charges Q for relevant species. In the calculation the
Cu''- oxyl was modeled by the [Cu(HBPz;)]-oxyl complex.

stabilized by one m-bonding interaction between the Cu and
the O centers (see LUMO in Figure 20 B). Thus, for DSH and
PHM ceither there is further stabilization of the Cu'-oxyl/
Cu'' - oxo intermediate which could arise from the complex
geometry or the presence of the methionine ligand on Cu,,, or
an alternative mechanism for the hydroxylation of the
substrates by these enzymes is operative. These possibilities
are now being evaluated.

4. O, Reduction to H,O
4.1. The Trinuclear Copper-Cluster Active Site

As indicated in the introduction, the multicopper oxidases
contain three types of copper (types 1-3) with type 3 being a
coupled binuclear copper pair.l”! In our early studies we
demonstrated that the type2 and type 3 centers form a
trinuclear copper cluster which plays a key role in the
reduction of dioxygen to water by the multicopper oxi-
dases.[* % This result has now been strongly supported by
X-ray crystallography for the three multicopper oxidases,
fungal laccase,®! ceruloplasmin,®?l and ascorbate oxidase.]
These studies further showed that the distant type 1 Cu center
is linked to the trinuclear copper cluster through the Cys—His
electron-transfer pathway (Figure 1D). The T1Hg deriva-
tive,*%) where the type 1 copper is replaced by the redox and
spectroscopically inactive mercury ion, has allowed the results
from spectroscopy to be correlated with those from crystal-
lography to gain an insight into the electronic structure of the
trinuclear copper-cluster site.l! Low-temperature magnetic
circular dichroism (MCD) spectroscopy is sensitive to para-
magnetic centers, thus it can selectively probe the ligand-field
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Figure 21. A) Ligand-field transitions (energies indicated by vertical lines) of the
trinuclear cluster (top: low-temperature MCD depicts the type2 Cu transitions, bottom:
room-temperature CD depicts the type3 Cu transitions). Note that there are more than
four ligand-field transitions in the CD spectrum indicating that the two type3 Cu centers
are inequivalent, B) ligand-field derived electronic structure of the trinuclear cluster. The
HOMO of each Cu center is displayed. Reproduced from ref. [67], C) surface plots of
unoccupied MOs obtained from unrestricted DFT calculations. Superposition of these
MOs is consistent with the ligand-field result presented in (B) with additional 4p mixing
along the coordinatively unsaturated positions of each type 3 copper center.

transitions of the type 2 copper centers (S =Y; Figure 21 A,
top). Reduction of the type 2 center in the TIHg derivative
results in no change in the circular dichroism (CD) spectrum
indicating that the spectral features observed in CD (Fig-
ure 21 A, bottom) are ligand-field transitions of the two
oxidized type 3 copper centers. These transitions are rela-
tively intense in absorption/CD spectrum because of the
distorted geometry of the type 3 copper (see below) but do
not contribute to the low-temperature MCD spectrum as
these copper centers are magnetically coupled to produce a
diamagnetic S=0 ground state. Through ligand-field calcu-
lations, the transition energies in Figure 21 A give the
description of the electronic structure of the trinuclear copper
cluster in Figure 21 B.I”) The three-coordinate type 2 copper
center (2His, 1 H,O ligand) has a d,._,» ground state and has a
square-planar copper environment with an open coordination
position oriented toward the two type3 copper centers.
Whereas the type3 copper centers are four-coordinate
(3His, 1u-OH ligand), their electronic structures can best be
described as trigonal bipyramidal with open coordination
positions in their equatorial planes oriented toward the type 2
copper. Both type 3 copper centers have d. ground states,
which are oriented for strong antiferromagnetic coupling
through the bridging OH~ ion. Thus, the trinuclear copper
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cluster is ideally configured to react with dioxy-
gen to generate bridged intermediates. Recent
DFT calculations support this description (Fig-
ure 21 C). Note that these are spin-unrestricted
broken-symmetry calculations where the three
unoccupied orbitals pictured together reflect the
spin distributions on the three copper centers of
the trimer, that is, the two T3 Cu centers are
antiferromagnetically coupled and the T2 Cu
center only weakly interacts with them. In
addition, these calculations show 4p mixing for
the two type 3 copper centers along the coordi-
natively unsaturated positions, which could make
an important contribution to ligand binding. As
with hemocyanin (Section 2.2), one role of the
protein is to hold the copper centers of the
cluster together which leads to repulsive inter-
actions that would stabilize anionic oxygen
intermediates binding within the cluster.[®!

4.2. 0, Reduction

Reaction of fully reduced native laccase (re-
duced type 1, reduced trinuclear cluster) and the
fully reduced T1Hg laccase derivative (reduced
trinuclear cluster) with dioxygen produces differ-
ent intermediates, namely the native and T1Hg
intermediate, respectively, with the absorption
spectra given in Figure 22 A.[3% 3% .70 The native
enzyme, in contrast to the TIHg derivative, has a
redox-active type 1 center which is oxidized in
this reaction (the type 1 absorption band at about
600 nm grows at the same rate as the feature at

300 400 500 600 700 800
A/ nm —

0 100 200 300
[05] / mM —>

Figure 22. A) Absorption spectra of the peroxide intermediate (—) in
T1Hg laccase and native intermediate (- - - -) in native laccase. The 600 nm
band in the native intermediate is from the presence of the type 1 Cu
center, B)rate of formation of the peroxide (A, ——) and native
intermediates (@, ----) as a function of O, concentration. Adapted from
ref. [66]. The second-order rate constant for the peroxide intermediate is
2.2 x 10°M~'s™! and for native intermediate is 1.7 x 10°M~'s~!.
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360 nm assigned to the oxygen intermediate). Thus, in the
native intermediate the dioxygen is at least one electron
further reduced than in the T1Hg intermediate. However, as
shown in Figure 22 B, the native intermediate and the T1Hg
oxygen intermediate have essentially the same rates of
formation (k ~2 x 10°m~'s™").["!l This similarity indicates that
the formation of the TIHg oxygen intermediate can be the
rate-limiting step in the reduction of O, and that the rate of
electron transfer from the distant type 1 through the >13 A
long Cys — His pathway to the trinuclear copper cluster is very
fast (>103s7!). Spectroscopy has shown (summarized in
Section 4.2.1) that the T1Hg oxygen intermediate consists of
a peroxy species bound to the trinuclear copper cluster and
has a different geometric and electronic structure to that of
oxy-hemocyanin. In Section 4.2.2, we extend these studies to
define the nature of the native intermediate, which is shown to
be a fully oxidized form of the enzyme and is different from
the fully oxidized resting state. These studies lead to a
proposal for the molecular mechanism of the four-electron
reduction of dioxygen to water and insight into the reductive
cleavage of the O—O bond (Section 4.2.3).

4.2.1. Peroxy Intermediate:
Comparison to Oxy-hemocyanin

Results from isotope-ratio mass spectrometry (IRMS),
show that both the O atoms from the O, molecule are present
in the T1Hg oxygen intermediate, which indicates that the
intermediate is a superoxo or peroxo species. These possibil-
ities could be distinguished using the ligand-field region of the
CD/MCD spectra (Section 4.1). Figure 23 A shows that all the
ligand-field transitions of the type3 copper centers are
present in the CD spectrum of the T1Hg intermediate,
therefore both type 3 copper centers are oxidized. However,
the low-temperature MCD spectrum of the intermediate
(Figure 23B) exhibits no type 2 feature (consistent with the

A)
Ae Imlem]
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1+ //\\\
0 Pl / ==
~ . “/7
Ae v lem1T-1 -1 ~ AN 7N /
\/ \ !
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3t \
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Figure 23. Comparison of the ligand-field transitions in the peroxide
intermediate (——) and resting T1Hg laccase (----). A) Ligand-field
transitions of the type 3 Cu center, obtained by room-temperature CD and,
B) ligand-field transitions of the type2 Cu center, obtained by low-
temperature MCD. Adapted from ref. [37].
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lack of a type 2 EPR signal) indicating that the type 2 copper
is reduced. Two electrons have been transferred to O, from
the type 3 copper centers, thus the intermediate is a peroxide
species.’]

SQUID magnetic-susceptibility measurements were used
to define the magnetic interactions between the two oxidized
type 3 copper centers of this peroxide intermediate. From
saturation magnetization and Curie plots (referenced to the
fully oxidized T1Hg derivative), the two oxidized type 3
centers of the peroxide intermediate were found to be
strongly antiferromagnetically coupled with —2J>200 cm~.
This exchange-coupling requires the presence of a bridging
ligand between the two type 3 Cu'' centers. The bridging
ligation was explored by X-ray absorption spectroscopy
(XAS) of the T1Hg peroxy intermediate. The Fourier trans-
form of the EXAFS spectrum of the intermediate has an
intense outer-shell peak at a ~3.4 A (phase-shift corrected;
Figure 24) which is not present in the oxidized resting (or
reduced) trinuclear copper cluster. This result requires the
presence of a tightly bound bridging ligand between two
copper centers that cannot be the u-hydroxide present in the
oxidized trinuclear copper site (Figure 21 B), since this does
not have the favorable Debye — Waller factor required for the
observation of an outer-shell peak. Thus, two copper centers
of the peroxy intermediate of T1Hg laccase are tightly bridged
together (Cu- Cu distance of 3.4 A) by the peroxide.?”!

Cu-Cu=34A

1 (FT)

R'/A >
Figure 24. EXAFS spectra (I/(FT) =intensity of the Fourier transformed
signal) of oxidized T1Hg laccase (——-), the peroxide intermediate (eeee),
the peroxide adduct (——), and reduced T1Hg laccase (s—s—). Reproduced
from ref. [67].

The antiferromagnetism indicates that the two oxidized
type 3 copper centers have a bridging ligand. The possibility
of bridging between the type 3 and type 2 copper centers is
more difficult to probe in the peroxy intermediate as the
type 2 copper center is reduced. However, peroxide binds to
the oxidized trinuclear copper cluster in the resting T1Hg
derivative producing the peroxy adduct.l”] This adduct has the
same intense outer-shell EXAFS peak as the T1Hg peroxy
intermediate (Figure 24) indicating a similar peroxide bridg-
ing mode. However, in the peroxy adduct, the type 2 copper
center is oxidized and paramagnetic and thus can be studied
spectroscopically by low-temperature MCD (see Section 4.1),
EPR, and other methods. From the EPR data in Figure 25 A,
the coordination environment of the type2 Cu! center
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Figure 25. Comparison of the peroxide adduct of T1Hg laccase (——) and
resting T1Hg laccase (----). A) EPR and B) low-temperature MCD of the
type 2 Cu center and room-temperature CD of the type 3 Cu center.
Reproduced from ref. [67].

dramatically changes from rhombic to axial upon peroxide
binding to the oxidized trinuclear Cu" cluster. A ligand-field
analysis indicates that the type2 Cu'' site becomes four
coordinate in the peroxy-bound form. This analysis is
supported by the large change in the ligand-field transitions
of the type 2 center in the low-temperature MCD spectrum
(Figure 25B, top). In addition, there is a peroxide —Cul!
charge-transfer feature in the peroxide adduct at 400 nm,
which has a large low-temperature MCD signal indicating that
peroxide is bound to the type 2 Cu" center. The changes in the
ligand-field CD features (Figure 25B, bottom) and the fact
that there is a peroxide —Cu!! charge-transfer transition in the
absorption spectrum of the peroxide adduct with no associ-
ated low-temperature MCD feature (see reference [67])
requires that the peroxide also binds to the type 3 center
thus forming a bridge between the type 2 and the type 3
copper centers.

The above studies lead to the two possible descriptions of
the peroxide intermediate of the trinuclear copper cluster in
the multicopper oxidases shown in Figure 26. In one model,
the peroxide internally bridges the type 2 to the type 3 copper
centers with the magnetic coupling between the oxidized

od¥ T2 N 13
/Cu\7>-OH /Cg T2
APV Py . 250 24"
AC S gl ol
(o)
H

Figure 26. Possible structural models of the peroxide intermediate in the
multicopper oxidases where the peroxide intermediate bridges the type 2
and type 3 Cu centers.
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type 3 Cu'" centers arising from antiferromagnetic coupling
through the peroxy bridge. Alternatively, the type 3 Cu!
centers could be linked by the hydroxide bridge which is
present in the resting site (Figure 21 B) and the peroxide could
externally bridge the type 2 Cu' and the type 3 Cu' centers as
hydroperoxide. Electronic-structure calculations are under-
way to distinguish between these possibilities. However, it is
important to emphasize that both possibilities have a funda-
mentally different geometric and electronic structure than the
wu-1%:? side-on peroxide bridged structure of oxy-hemocyanin
(Figures 3 and 4). This difference can be seen from compar-
ison of the charge-transfer spectra of the peroxide intermedi-
ate and oxy-hemocyanin (Figure 27). While the charge-trans-
fer transition of the peroxy intermediate is comparably high in

4500 M Lem1
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Figure 27. Comparison of the absorption spectra of the peroxide inter-
mediate in T1Hg laccase (——) and the side-on peroxy site in oxy-
hemocyanin (----). The 330 nm peak in the oxy-hemocyanin spectrum is
scaled down by on fifth to facilitate comparison.

energy at 340 nm, it has less than one fifth of the intensity of
that of the oxy-hemocyanin. Such high energy but low
intensity requires strong bonding interactions of the peroxide
with nonchromophoric atoms (i.e. not Cu™"), either the proton
in the u-hydroperoxide arrangement or the type 2 Cu' center
in the u-(n'); structure in Figure 26. The low charge-transfer
intensity indicates a weak electron-donor interaction with the
oxidized copper centers (in contrast to oxy-hemocyanin)
which stabilizes the peroxide intermediate at the trinuclear
copper-cluster site against the reversible loss of O,. Further,
the protonation of the peroxide (and/or its bonding inter-
action with the reduced type 2 copper) lowers the energy of
the peroxide o* orbital which activates it for the reductive
cleavage of the O—O bond. This reaction is very slow in the
peroxy intermediate of T1Hg laccase (0.0003 s! at pH 7.5)
even though the peroxide is bridged to a reduced type 2
copper.?l MCD studies have shown that the slow reductive
cleavage of the peroxide intermediate in TIHg generates a
native intermediate-like species.’”l However, in the native
enzyme the native intermediate is generated at a rate of
10m~1s~! (Figure 22B) indicating that the reduction of a
peroxy species to form the native intermediate must be very
fast (>350s7!). The nature of the native intermediate is
defined below where this difference in reactivity is found to
reflect the one- versus two-electron reductive cleavage of the
O—O bond.
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4.2.2. Native Intermediate:
Comparison to the Resting Enzyme

Figure 22 A shows the T1 copper center is oxidized in the
native intermediate, thus O, must be at least one-electron
further reduced than in the T1Hg peroxy intermediate. This
combined with the facts that no EPR signal corresponding to
type 2 centers is present and that a new broad EPR signal is
observed (see below) which further broadens with the use of
70, led researchers to describe the native intermediate as a
three-electron reduced oxyl or hydroxyl species with the
type 2 copper center still reduced.?> ! The oxidation state of
the copper centers in the native intermediate could be directly
determined by X-ray absorption edge studies,”? where we
have shown that there is a 1s —4p peak at 8984 eV character-
istic of reduced but not oxidized copper. The X-ray edge of
the native intermediate of laccase is superimposable with that
of the fully oxidized resting enzyme indicating that all the
copper centers are oxidized in the native intermediate (Fig-
ure 28 A).[* Thus, O, is reduced by four electrons to the H,O/
OH /O? level.’ Further, the Fourier transform of the
EXAFS spectrum of the native intermediate (Figure 28B
shows an outer-shell peak, which is not present in the resting
site, that can only be fit to a Cu—Cu interaction at a distance
of 33 AP
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Figure 28. A) Cug-edge data for reduced (—), fully oxidized (——-), and
renormalized native intermediate (----; corrected for unreacted reduced

laccase); A =normalized absorption, B) nonphase-shift corrected Fourier
transforms of the EXAFS data for reduced (e—e—), fully oxidized (- - - -), and
native intermediate (——) forms of laccase; I(FT) = intensity of the Fourier
transformed signal. Adapted from ref. [73].

While the native intermediate has a fully oxidized trinu-
clear copper cluster, it has a very different EPR signal from
that of the resting oxidized trinuclear cluster, which exhibits
the normal EPR signal of the localized type 2 Cu'' center
(Figure 25 A).13>73 71 The EPR signal of the native intermedi-
ate (Figure 29 A with the oxidized type 1 spectrum subtracted)
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is very broad with low g values including two below 2.00.
From the frequency dependence of the g values the ground
state has S = 14.[”l The EPR signal rapidly relaxes and cannot
be observed above 20 K (Figure 29B). This rapid relaxation
suggests the presence of a low-lying excited state and from an
Orbach analysis of the temperature dependence of the power
saturation, the energy of this state could be estimated at
~150 cm~! above the ground state (Figure 29 C).[”!
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Figure 29. A) Top: the X-band EPR spectra of the native intermediate
(NTI) and T2D laccase at 200 mW and 10 K, bottom: the X-band and S-band
EPR spectra measured T2D subtracted native intermediate (NI —T2D).
Simultaneous simulations of the spectra giving g values of 2.15, 1.86, and
1.65 are included (Sim.), B) power saturation studies of the native
intermediate. The normalized EPR intensities of the native intermediate
at a resonance position around 4000 Gauss are plotted against microwave
power varying from 0.1 to 200 mW at (¢) 8.8 K, () 11 K, (o) 14 K, and (0)
17 K, C) replot of the In[P;,] against the inverse of temperature, which
shows a linear response indicating a low-lying excited state at approx-
imately 140 cm~!. Adapted from ref. [73].

Further insight into the ground and excited states of the
oxidized trinuclear copper cluster in the native intermediate
could be obtained from the temperature and field dependence
of its MCD spectrum. In addition to the 600 nm absorption
feature of the type 1 center, the native intermediate exhibits
absorption features at 365 and 318 nm (Figure 30 A), which
correspond to oxo or hydroxo charge-transfer transitions to
the Cu'! centers of the trinuclear copper cluster.”l At low
temperature these show a large derivative-shaped MCD
signal (Figure 30 A, bottom).’* 71 The field dependence of
these MCD features at low temperature give a saturation
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Figure 30. A) Top: formation of the native intermediate (NI) monitored
using rapid scan stopped-flow absorption spectroscopy at pH 7.5 and 4°C.
The first scan is taken at 1.28 ms and each successive scan is taken every
2.56 ms up to 11.52 ms. Bottom: the low-temperature MCD spectrum of the
native intermediate measured at 7 Tand 1.8 K, B) saturation magnetization
of the native intermediate MCD spectrum measured at 27560 cm~' (A) and
31780 cm™' (@) at 1.8 K. Solid lines are simulations based on the different
possible spin states indicated. M =normalized magnetization, C) the
temperature dependence of the native intermediate MCD spectrum in
expanded charge-transfer region (1.8—160 K at 7 T). Note that the MCD
signal does not simply decrease as 1/7; this indicates population of an
excited state with a different MCD spectrum, D) the temperature depend-
ence of the native intermediate MCD spectrum taken at 25000 cm™' (e,
arrow in part C). The signal intensity decreases between 5 K and 40 K but
rises again at higher temperatures, 50-150 K. The solid lines are
simulations with different excited-state splitting (best fit ca. 150 cm™).
Adapted from ref. [73].
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magnetization curve (Figure 30B) which can be described by
a Brillouin function corresponding to an S = /5 ground state.[”!
The temperature dependence of the high-field MCD spec-
trum is shown in Figure 30 C for the charge-transfer region of
the trinuclear copper cluster. For mononuclear § =2 systems,
the MCD signal simply decreases with increasing temperature
(proportional to 1/T). However, from the data in Figure 30 the
spectra of the native intermediate change with increasing
temperature indicating Boltzmann population of an excited
state with a different MCD spectrum from that of the ground
state. For example, the data taken at the 25000 cm™! (arrow,
Figure 30 C) show that the MCD signal first decreases from 5
to 40K and then increases with increasing temperature
(Figure 30D). Fitting the energy for the excited state being
thermally populated gives an energy of 150 cm™!, in agree-
ment with the Orbach analysis of the EPR data.[™

Thus, the oxidized trinuclear copper cluster site in the
native intermediate has an § = ground state and a low-lying
excited state at around 150 cm~'. We now consider the
exchange coupling associated with bridging-ligand interac-
tions between the three Cu' § =% ions which will reproduce
these ground-state features. The exchange coupling of two
Cu'" centers (Cu, and Cu,) associated with the bridging ligand
gives a singlet ground state and triplet excited state split in
energy by 2J (Figure 31). The third Cu' S = vector couples
to this to produce an S, =" ground state (|S=1",0)) and
Sot="Y and % excited states at 2J. Allowing for a second
bridging interaction between copper centers Cu, and Cu,
splits the energy of the excited Y4 and % states with the
|S=',1) in Figure31B being the state observed at
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Figure 31. A) Scheme of two-bridge model, B) energy diagram of the two-
bridge model as a function of the exchange-coupling ratio, C) solution
space for the 150 cm™' separation of the ground state and the first excited
state as a function of the two exchange-coupling values based on the two
bridge-model. Adapted from ref. [73].
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~150cm™. A search of the solution space giving an
|S=1,0)/| S=1,1) state splitting of 150 cm~! with two bridg-
ing ligands (Figure 31 C) indicates that the maximum value of
J that can be associated with either bridge is approximately
170 cm~1.[%] However, the EXAFS data in Figure 28 B show
that there is a bridged Cu—Cu distance of 3.3 A. Magneto-
structural correlations have been developed for hydroxide-
bridged Cu®* dimers,> 78 which show that at this distance the
exchange coupling should be about 520 cm~!. This value
should be even larger for an oxo bridge (see below, Figure 32).
To have an excited state at 150 cm~! with this large exchange
coupling (required by the Cu-Cu distance), there must be a
third bridge (between Cu, and Cu,) which would lead to spin
frustration and lower the energy of the | S ='4,1) excited state.
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Figure 32. Magneto-structural correlation of the Cu-Cu distance R and
the Cu-O-Cu angle (0) with coupling constants for OH-bridged binuclear
Cu" model complexes. Note that there is a nonlinear relationship between
the Cu-O-Cu angle and the Cu-Cu distance. Data taken from ref. [76].

Figure 33 B presents the solution space giving an | S =',0)/
| S=1,1) energy splitting of 150 cm~! as a function of the
three different J values. Fixing — 2/, at 520 cm™! for the Cu-
Cu distance of 3.3 A, the other J values are also required to be
large and within % of this value. The specific J values can be
determined from the relative couplings of the three Cul' S="
centers of the trinuclear cluster to the ground |S=1,0) and
excited |S=1,1) state wavefunctions; this was obtained
experimentally from a comparison of the excited to ground
state MCD spectra, where the former was obtained from the
temperature dependence of the spectrum in Figure 30 C.[*!
From Figure 33 D, the bands labeled (1) correspond to charge-
transfer transitions to a Cu'! center which change their MCD
sign between the ground and excited state, while the band
labeled (2) goes from strong positive to weak positive and the
band labeled (3) goes from weak positive to strong positive in
the ground to excited state MCD spectrum. These behaviors
reflect the coupling coefficients of the three Cu®® centers to the
ground and excited S =11 states for specific values of —2J
(Figure 33C). (Bands (1) are charge-transfer transitions to

ull, @ to Cull, and (3 to Cul.) Fitting the experimental
MCD data in Figure 33D to Figure 33C gives the three
J values which are included in Figure 33 A and shows that the
unusual spectra of the native intermediate are associated with
a fully oxidized trinuclear copper cluster but with all three
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Figure 33. A) Three-bridge model with established coupling constants for
the native intermediate, B) solution space for the first excited state at
150 cm~! as a function of the ratio of coupling constants with the third
coupling constant fixed at the energy indicated, C) coupling coefficients of
the individual copper centers of the trinuclear Cu' cluster in the ground
state and excited state wavefunctions; agg = excited state coefficient, ags =
ground state coefficient (see ref. [73]), D) the ground and excited state
MCD spectra of the native intermediate. Bands are grouped together (@,
@, and (@) according to their different temperature dependencies, which
correlate with the change in coupling constants indicated in part (C).
Gaussian simulation of the ground state spectrum is shown in gray.
Adapted from ref. [73].

copper centers involved in strong bridging interactions.[”” This
situation leads to the two possible structure models of the
native intermediate (NI) shown in Figure 34 where the four-
electron reduction of dioxygen has either produced two
additional OH~ bridges or one u;-oxo bridge.

In summary, the studies of the native intermediate de-
scribed above show that all four copper centers are oxidized
and that this is a four-electron O>-/OH~ product and not a
three-electron O /OH intermediate. However, the native
intermediate is different from the resting enzyme because all
the copper centers of the oxidized trinuclear copper cluster
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Figure 34. Structural model of the native intermediate, and its decay to the
resting oxidized state.

are bridged. The decay of the native intermediate to form the
resting enzyme is very slow (k=0.034s").77] 180 IRMS
combined with 7O EPR studies of the reaction of the reduced
enzyme with labeled O,, show that one oxygen atom of the O,
unit is present in the resting enzyme. This atom is bound
terminally to the type 2 copper center and lies outside the
trinuclear cluster (Figure 34).7% 7 Thus, the slow decay of the
native intermediate to the resting oxidized enzyme is con-
sistent with a large structural change that would be associated
with the rearrangement of the oxygen atom, from the O,
molecule, from inside to outside the cluster. Finally it should
be emphasized that both the rate of decay of the native
intermediate and the rate of reduction of the oxidized
trinuclear copper cluster of the resting enzyme are too slow
to be consistent with the catalytic turnover.®-%1 Alternatively,
the reduction of the native intermediate is rapid indicating
that this is the fully oxidized form of the enzyme which is
active in catalysis.l! It is possible that the bridge(s) to the
type 2 copper center of the cluster couple this center into the
electron-transfer pathway allowing rapid reduction by elec-
trons entering at the type 1 copper center (through the Cys—
His pathway to the type3 center in Figure 1D). This
possibility is under investigation.

4.2.3. Molecular Mechanism:
Reductive Cleavage of the O—O Bond

The definition of the intermediates in the reduction of O, to
H,O in the multicopper oxidases leads to the molecular
mechanism for this four-electron process given in Figure 35.

peroxide intermediate

reduced

oxidized native intermediate

Figure 35. Molecular mechanism for the reduction of O, to H,O in the
multicopper oxidases.
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The reduced enzyme reacts with dioxygen to generate a two-
electron reduced peroxide intermediate with the peroxide
bridging an oxidized type 3 copper pair and a reduced type 2
copper center. This peroxide intermediate is reduced in a
second two-electron step, thus oxidizing the type 2 and the
distant type 1 center to generate the “native intermediate”
which is, in fact, an oxo or hydroxo product bridged between
the oxidized type 3 and now oxidized type 2 copper centers of
the trinuclear cluster. This intermediate is either rapidly
reduced by substrate in the catalytic reaction, or, in the
absence of substrate, slowly decays to the resting site which
contains one oxygen atom of the O, terminally bound as H,O
to the type 2 copper. This rearrangement uncouples the
trinuclear copper cluster and removes the resting enzyme
from the catalytic cycle.

Thus, the reduction of O, to H,O involves two, two-electron
steps and from the kinetics shown in Figure 22 B, the first step
is rate determining and the second is very fast. It is important
to note that the second step involves the reductive cleavage of
the O—O bond and there is a large Franck — Condon barrier
associated with this distortion. We were able to experimen-
tally study this barrier through the temperature dependence
of the decay of the peroxide intermediate in the T1Hg laccase,
which involves the one-electron (electron from the reduced
type 2 center) reductive cleavage of the O—O bond.8! From
the k(*°O,)/k(*®0,) kinetic oxygen isotope effect of 1.10+
0.05, the rate-determining step in this reaction is O—O bond
cleavage. The experimental barrier we find is quite large
(~9 kcalmol~') which is consistent with a slow rate of decay
(3 x 10™*s7!). From the Marcus theory for electron transfer,
the rate for this reduction should depend on the electronic-
coupling matrix element (Hp,; D =donor, A = acceptor), the
thermodynamic driving force (AG®), and the reorganization
energy (4). Since the peroxide in the T1Hg intermediate is
bound to the type 2 copper center, Hp, should be large. The
redox potential of the type 2 center in the resting enzyme is
0.37 V,84 which is close to the E° for the one-electron
reduction potential of H,0, (0.38 V), and therefore AG° is
small and the reaction is thermo-neutral. For an isoenergetic
process, the reorganization energy associated with the cleav-
age of the O—O bond should be around one quarter of the
dissociation energy of the bond,™! which has been estimated
to be between 34 and 50 kcalmol~! for peroxide.-58 This
value predicts an activation energy of 8.5-12.5 kcalmol™!
which is in good agreement with experiment. That the
peroxide intermediate is not observed in the native enzyme
indicates that the conversion of the peroxide intermediate
into the native intermediate is fast relative to its formation
(the rate of formation of the peroxide intermediate in T1Hg is
2 x10°m~'s™!). Kinetic modeling of the general reaction
scheme [Eq.(1)], places a lower limit of ~350s~! on

reduced enzyme + O, — peroxide intermediate — )
native intermediate — resting enzyme

the conversion of the peroxide intermediate into the native
intermediate which is ~10° times faster than the one-electron
reductive cleavage of the O—O bond in the T1Hg intermedi-
ate.!
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However, in the native enzyme this reaction involves a two-
electron transfer, one electron from the type 2 and one from
the type 1 copper centers (through the Cys-His pathway),
which produces the fully oxidized native intermediate. The E°
of the type 1 center is 0.39 V which is similar to that of the
type 2 center.®l Importantly, the potential for two-electron
reduction of peroxide is 137V which is one volt
(~46 kcalmol™! for n=2 in the Nernst equation) more
favorable than the one-electron reduction. This adds a large
thermodynamic driving force which greatly lowers the acti-
vation barrier (to around 1 kcalmol™'). The difference in
activation energy for the le~ versus 2e~ reductive cleavage of
peroxide is shown in Figure 36. This large difference in
activation energy would lead to a 10’-fold increase in the
peroxide reduction rate in the native enzyme, consistent with
experiment and the reaction mechanism in Figure 35; O, is
reduced in two two-electron steps, the second being very rapid
because of the large driving force for this reaction.

T sof

E I keal mol-1
ol— =

12.5 keal mol1
‘OH + OH-
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Figure 36. Potential-energy surfaces for the one versus two-electron
reductive cleavage of the O—O bond of peroxide. Morse potentials are
used to model the reactant (H,0,) and product (le~ and 2e- cleavage of
H,0,). The product curve for the 2e~ reductive cleavage is shifted to lower
energy by 46 kcalmol~.

Figure 36 provides general insight into strategies for the
reductive cleavage of O—O bonds in biology. Because of the
large Franck —Condon barrier associated with this cleavage,
there has to be a large thermodynamic driving force for the
rapid rate required by most biological processes. This can be
achieved either by the stability of the M=O product formed in
the one-electron process (e.g. Fe'Y=0) or by the one volt more
favorable two-electron reduction of peroxide.

5. Summary and Outlook

The unique spectral features of copper/dioxygen intermedi-
ates are generally understood and reflect new electronic
structures which make major contributions to reactivity.
These studies have defined geometric- and electronic-struc-
ture/function correlations and led to molecular mechanisms
for the reversible binding of oxygen by hemocyanin, oxygen
activation by tyrosinase, and the four-electron reduction of
oxygen to water by the multicopper oxidases. They have
further provided general insight into the reductive cleavage of
the O—O bond, an important problem in many areas of
biology. Fundamental questions still remain including the

Angew. Chem. Int. Ed. 2001, 40, 4570-4590

nature of the substrate interactions in the different enzymes,
how mutations perturb the active sites and change their
reactivity, the nature of the oxygen intermediates in the
noncoupled binuclear copper enzymes, and in the biosynthesis
of the organic cofactors, how the oxygen intermediates in the
multicopper oxidases relate to those in cytochrome c oxidase,
and how the type 1 copper center couples to the trinuclear
copper cluster through the Cys—His pathway in the multi-
copper oxidases. We look forward to many exciting new
insights in the field of copper/O, chemistry in the years ahead.
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