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Abstract

Oxygen intermediates in copper enzymes exhibit unique spectroscopic features that reflect novel 

geometric and electronic structures that are key to reactivity. This perspective will describe: (1) the 

bonding origin of the unique spectroscopic features of the coupled binuclear copper enzymes and 

how this overcomes the spin forbiddenness of O2 binding and activates monooxygenase activity, 

(2) how the difference in exchange coupling in the non-coupled binuclear Cu enzymes controls the 

reaction mechanism, and (3) how the trinuclear Cu cluster present in the multicopper oxidases 

leads to a major structure/function difference in enabling the irreversible reductive cleavage of the 

O–O bond with little overpotential and generating a fully oxidized intermediate, different from the 

resting enzyme studied by crystallography, that is key in enabling fast PCET in the reductive half 

of the catalytic cycle.

Graphical Abstract

INTRODUCTION

This Article will summarize the three topics covered in my Alfred Bader Lecture (Table 1). 

The first focus is on O2 binding and activation for electrophilic aromatic attack by the 

coupled binuclear copper active sites in hemocyanins and tyrosinases. The geometric and 

electronic structures of these sites will serve as the basis for the other topics in developing 

structure/function differences. The second topic is O2 activation for Hatom abstraction by 

the non-coupled binuclear copper enzymes dopamine β-monooxygenase (DβM) and 
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peptidylglycine α-hydroxylating monooxygenase (PHM). Here, the focus is on the 

differences in antiferromagnetic exchange “coupling” that lead to differences in O2 

activation. The third topic is the 4e− reduction of dioxygen to water by the trinuclear copper 

cluster we first showed to be present in biology.1,2 This defined a major structure/function 

difference between the reversible binding and activation of dioxygen for electrophilic 

chemistry by the coupled binuclear Cu active sites vs the irreversible reductive cleavage of 

the O–O bond by the trinuclear Cu cluster in the multicopper oxidases.

The common theme in these three topics is that the O2 intermediates can be trapped in these 

reactions. These intermediates have unique spectroscopic features that we have shown 

reflect novel geometric and electronic structures that are key to the different biological 

functions: O2 binding and activation for electrophilic aromatic substitution (EAS) and H 

atom abstraction, and its four-electron reduction to water.3

Coupled Binuclear Copper Active Sites

As shown in Table 1, hemocyanin (Hc) and tyrosinase (Ty) have deoxy sites with two 

Cu(I)’s that reversibly bind dioxygen to generate peroxide bound binuclear cupric Oxy-sites. 

Since a focus in bioinorganic chemistry has been on understanding the unique spectroscopic 

features of these Oxy-sites, we first consider normal peroxide–Cu(II) bonding and the 

associated spectroscopy.

Dioxygen is a triplet because it has two electrons in the doubly degenerate π* set of O 2p 

orbitals. Reduction by two electrons leads to a (π*)4 HOMO which dominates the bonding 

of peroxide to the Cu(II) center(s). Figure 1A considers a peroxide end-on bound to a 

tetragonal Cu(II). One π* orbital, in the CuO2 plane, σ bonds to the half-occupied dx2−y2 on 

the Cu(II). This gives a half-occupied σ-antibonding Cu dx2−y2 orbital in the ground state, 

which has the characteristic EPR signal shown in the middle of Figure 1A that serves in this 

perspective for empirical correlations (vide inf ra). This single Cu(II)–O2
2− bonding scheme 

(Figure 1A, top) leads to a peroxide πσ* to Cu(II) charge transfer transition (Figure 1A, 

bottom) at ~500 nm (~20 000 cm−1) with an ε ~ 5000 M−1 cm−1, where the intensity 

quantifies the donor interaction of the peroxide to the Cu(II).4 Tuning a laser into this 

absorption band gives a resonance Raman spectrum with an O–O stretch at 803 cm−1 (inset 

in Figure 1A, bottom) defining the spectroscopy of peroxide end-on bound to a single 

Cu(II).5

In Figure 1B, the peroxide now end-on bridges between two Cu(II)’s. Since the coppers are 

related by symmetry, one takes symmetric and antisymmetric combinations of their half-

occupied dx2−y2 orbitals for bonding to the bridging peroxide. As shown at the top of Figure 

1B, the in-plane peroxide π* orbital σ bonds to the symmetric combination of dx2−y2 

orbitals on the two Cu(II)’s. This leads to a HOMO/LUMO splitting large enough to 

overcome electron repulsion resulting in a spin paired ((dx2−y2A − dx2−y2B)2) ground state.

Since this structure has a singlet ground state, there is no EPR signal (Figure 1B middle); 

this corresponds to an antiferromagnetic “coupled” binuclear Cu(II) site with the πσ* orbital 

pictured at the top of Figure 1B providing the superexchange pathway for this exchange 

coupling. The singlet/triplet splitting of the ground state is given by −2J using the 
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Heisenberg, Dirac, Van Vleck Hamiltonian H = −2JS1·S2. Such an end-on peroxide bridged 

structure has the peroxide to Cu(II) charge transfer spectrum at the bottom of Figure 1B, 

where the intensity is twice as large as in Figure 1A and reflects the fact that the peroxide 

has a donor interaction with each of the two Cu(II)’s in the end-on bridged structure. This 

increased donor interaction removes more electron density from the peroxide π* orbital, 

leading to a stronger O–O bond. This is reflected in the resonance Raman spectrum (bottom 

inset Figure 1B) where the O–O stretch has increased to 830 cm−1.6

Oxy hemocyanin has the side-on peroxide bridged structure7 shown in Figure 2B, left, as 

first anticipated by the model studies of the late Nobu Kitajima.8 Associated with this side-

on peroxide bridged structure are the unique spectroscopic features of oxy hemocyanin. 

From Figure 2A left, oxyHc’s (and oxyTy) have a peroxide to Cu(II) charge transfer 

transition that is 4 times as intense and at ~8000 cm−1 higher energy than for peroxide end-

on bound to a single Cu(II) (i.e., normal Cu in Figure 2A absorbance from Figure 1A). Its 

resonance Raman spectrum shows a uniquely low energy O–O stretch at ~750 cm−1.9−11 

Since there is a peroxide bridge, the two Cu(II)’s are antiferromagnetically coupled; 

however, the singlet/triplet splitting of oxyHc is very large, −2J > 600 cm−1, the lower limit 

that can be measured by SQUID magnetic susceptibility on this metalloprotein.12

We developed the electronic structure description associated with these unique spectral 

features in terms of two special bonding interactions (Figure 2B center and right).13,14 First, 

the π* orbital in the Cu2O2 plane again undergoes a σ bonding interaction with the 

symmetric combination of dx2−y2 orbitals on the two coppers. However, in oxy-Hc/Ty, this σ 
bonding/antibonding interaction is very strong due to the side-on peroxide bridge having two 

donor interactions with each of the two coppers (Figure 2B right top contour). This leads to 

the high intensity and high energy of the peroxide πσ* to Cu(II) charge transfer transition of 

oxy-Hc/Ty in Figure 2A, left. This strong σ donation takes even more electron density out of 

the π* orbital than in the end-on bridged case in Figure 1B, and thus one might expect the 

O–O stretch to go up above 830 cm−1. However, it goes down to ~750 cm−1 (Figure 2A 

center). This reflects a second new bonding interaction for peroxide to Cu(II), where in the 

side-on case the σ* LUMO on the peroxide undergoes a bonding/antibonding interaction 

with the HOMO on the coppers. As shown by the contour at the bottom of Figure 2B, right, 

this shifts electron density from the Cu into the side-on peroxo σ* orbital (i.e., a 

backbonding interaction), which is strongly antibonding with respect to the O–O bond, 

hence the low ν(O–O) (Figure 2A, middle). The resultant large HOMO/LUMO splitting in 

Figure 2B, middle, is responsible for the large antiferromagnetic coupling of the oxyHc site 

where the πσ* peroxide orbital in the top contour in Figure 2B, right, provides the 

superexchange pathway for the antiferromagnetic coupling. This exchange coupling 

overcomes the spin forbiddenness of triplet O2 binding to the singlet deoxyHc active site to 

form oxyHc, which as described above is a singlet.

As shown in Figure 3A at left and as presented above, both Cu(II)’s overlap the peroxide 

πσ* orbital, leading to the antiferromagnetic stabilization of the singlet ground state of the 

oxy site. However, as one proceeds along the reaction coordinate for reversible O2 binding, 

the structure butterflies (center of Figure 3A).15 In this structure, each Cu(II) overlaps a 

different π* orbital on the peroxide. This leads to orthogonal magnetic orbitals which brings 
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the triplet down in energy to become the ground state (red curve in Figure 3A). From this 

structure, one electron of the same spin can be donated from each π* orbital to the coppers 

leading to the loss of triplet dioxygen. Thus, the exchange coupling which forms along the 

reaction coordinate for O2 binding to form the oxyHc/Ty site overcomes the spin 

forbiddenness of O2 binding and leads to the 2e− reduction of O2 to form the peroxide 

bridge. This side-on peroxide bridge of the oxy-Hc/Ty structure has a σ* frontier molecular 

orbital activated for the 2e− electrophilic attack on an aromatic ring (Figure 3B).

In early experiments, we showed that oxyTy has the same active site geometric and 

electronic structure as oxyHc,9 but tyrosinase allows phenol substrate access to the Cu2O2 

active site. This led us to the mechanism in Figure 3B where the substrate can directly 

access the Cu2O2 active site enabling monooxygenation of the ortho carbon of phenolate.16 

The resultant bound catecholate is then oxidized to the quinone, and the resulting bicuprous 

site can again bind O2. An important present issue is whether the side-on peroxide of oxyTy 

can directly oxygenate the ring (as observed in collaborative model studies with Prof. Ken 

Karlin17,18) or whether phenolate binding shifts the oxyTy site to a bis(μ-oxo) structure,19 

which then oxygenates the ring (as observed in collaborative model studies with Prof. Dan 

Stack20,21). Studies are now underway to trap and spectroscopically define the ternary 

complex of oxyTy with substrate bound prior to its mono-oxygenation.22

Non-Coupled Binuclear Copper Active Sites

As shown in the middle of Table 1, non-coupled binuclear copper sites perform H atom 

abstraction to hydroxylate activated C–H bonds. The enzymes containing these sites include 

dopamine β-monooxygenase (DβM) and peptidylglycine α-hydroxylating monooxygenase 

(PHM), both important in neurochemistry. These active sites are non-coupled in the sense 

that the two Cu(II)’s are separated by 11 Å in the enzymes and have no magnetic interaction 

(Figure 4). The CuM site has two His and one Met ligand and is the metal site involved in O2 

activation, and the CuH site, which has three His ligands, provides the second e− required for 

this chemistry.23

Initially, it was thought that dioxygen was reduced by 2e− to form a hydroperoxide at the 

CuM site for the H atom abstraction. Thus, we studied a hydroperoxide-Cu(II) model (HB(3-
tBu-5-iPrpz)3Cu(II)OOH, with Prof. Kyoshi Fujisawa24), performed parallel spectral studies 

on PHM,25 and combined these to generate a CuM(II)-OOH− model (Figure 5A).26 This had 

a frontier molecular orbital (FMO) that was a half-occupied orbital on the Cu(II), σ 
antibonding to a π* orbital on the hydroperoxide (Figure 5A, middle). This wave function 

had only 2% distal oxygen character (coefficients given in Figure 5A, middle contour) and 

thus was not activated for H atom abstraction. We then considered O2 activation by 1e− at 

CuM (Figure 5B). Prof. Fujisawa had a structurally defined complex (HB(3-tBu-5-
iPrpz)3Cu(II)(η2-O2 •−) with O2 bound side-on to the Cu.27 Its resonance Raman spectrum 

showed an O–O stretch at 1043 cm−1; thus it was a superoxide–Cu(II) complex that from 

SQUID magnetic susceptibility had a singlet ground state.28 Modeling this into the CuM 

active site (Figure 5B, middle) gave an FMO that was an unoccupied d orbital strongly σ-

antibonding to a π* orbital on the side-on superoxide in the CuO2 plane.26 This wave 

function had 32% character on each oxygen atom and was thus more activated for Hatom 
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abstraction. Thus, a side-on superoxide Cu(II) complex has a singlet ground state with a 

doubly unoccupied FMO.

Then, a crystal structure appeared of PHM with a poor substrate that had O2 end-on bound 

to CuM (Figure 6, left).29 Thus, we performed spectroscopy and electronic structure 

calculations on the structurally defined end-on superoxide–Cu(II) complex 

[(TMG3tren)CuO2]+ of Schindler et al.30 (Figure 6, right). This had a triplet ground state,31 

which reflects the two half-occupied valence orbitals in Figure 7A.32 One (at left) is a d 

orbital σ-antibonding to a π* orbital of the superoxide; this parallels the FMO of the side-on 

superoxide–Cu(II) in Figure 5B center plotted to the right in Figure 7B (LUMO at top). The 

other half-occupied orbital in the end-on superoxide–Cu(II) is the second π* orbital of the 

superoxide, perpendicular to the Cu–O2 plane (Figure 7A, right). From Figure 7B, in going 

from the side-on superoxide–Cu(II) on the right to the end-on superoxide–Cu(II) on the left, 

the σ bonding/antibonding interaction between the in-plane πσ* of the superoxide and the 

Cu d valence orbital greatly decreases (i.e., the σ bonding in the end-on case is much 

weaker), and the splitting between the two highest energy valence orbitals, the d orbital σ-

antibonding to the π* of the superoxide (d–π*σ in Figure 7B) and the superoxide π* 

perpendicular to the CuO2 plane (π*v in Figure 7B), is no longer large enough to overcome 

e− repulsion and spin pair as in the side-on superoxide–Cu(II) case.33

This limited d–πσ*/πv* splitting in the end-on superoxide–Cu(II) system is key to its 

reactivity (vide inf ra) and was experimentally probed by resonance Raman excitation 

profiles.32 Figure 8 gives the absorption spectrum of [(TMG3tren)CuO2]+ (in black); laser 

excitation into this absorption leads to resonance-enhanced Raman peaks at 1120 cm−1 (the 

superoxide O–O stretch) and 435 cm−1 (the Cu(II)–O2 •− metal–ligand stretch). Tuning the 

laser through the absorption spectrum (i.e., resonance Raman excitation profiles (RREP)) 

gives resonance enhancement in two electronic transitions. At higher energy (~23 000 cm
−1), both the Cu–O metal–ligand stretch and the O–O stretch are enhanced. This is 

characteristic of a superoxide ligand-to-metal charge transfer transition (indicated by the 

blue arrow in Figure 7B left). At lower energy (~13 500 cm−1) in the [(TMG3tren)-CuO2]+ 

absorption spectrum, there is an electronic transition which only enhances the O–O stretch. 

This allows assignment as an intraligand transition (IL, red arrow in Figure 7B left) which 

involves excitation between the two superoxide π* orbitals, split in energy by bonding to the 

metal. From Figure 7B, left, the energy difference between these two transitions reflects the 

splitting of the d–πσ*/πv* valence orbitals and is approximately half of that required to 

overcome e− repulsion and spin pair. Thus, in an endon superoxide–Cu(II) triplet (Figure 6, 

[(TMG3tren)CuO2]+ and PHM) there is a low-lying half-occupied πv*FMO(Figure 7B left) 

which is dominantly on the superoxide with 49% distal oxygen character (Figure 7A right) 

and thus highly activated for H atom abstraction.

These inorganic model studies were then extended to computationally evaluate the reaction 

coordinate of PHM (Figure 9).34 We first consider O2 reduction by 2e− to form a CuM(II)-

OOH intermediate (Figure 9, in blue at left). Reaction with an appropriate model substrate 

(formylglycine) gave a free energy activation barrier of >40 kcal/mol, which is inaccessible. 

To the right in Figure 9, we now consider O2 activation by 1e− to form an end-on 
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superoxide–CuM(II) triplet (in red). This has an activation free energy for H atom abstraction 

from the same substrate of ~20 kcal/mol, consistent with the experimental kinetics.35

This leads to the point of emphasis in this section that differences in the antiferromagnetic 

(AF) exchange coupling between the Cu(II)’s determines the mode of O2 activation.34 As 

shown in the box at the bottom of Figure 9, the AF coupling between Cu(II)’s, −2J, can be 

related to the electronic coupling matrix element for ET between the donor and acceptor, 

HDA, in Marcus theory. As the classification of these copper active sites indicates, in the 

coupled binuclear Cu sites, the strong electronic coupling leads to 2e− reduction of O2 to 

form a peroxo intermediate with a peroxo σ* FMO capable of 2e− electrophilic aromatic 

attack. Alternatively, in the noncoupled binuclear Cu enzymes, the lack of exchange 

coupling can result in 1e− reduction of O2 to generate an end-on superoxide–CuM(II) triplet 

with a π* FMO (perpendicular to the CuOO plane) capable of 1e− H atom abstraction from 

the substrate. Then, at a later stage of the reaction (Figure 9 right, in green), the second e− 

can transfer from CuH when there is a large driving force to overcome the low HDA. Note 

that in a recent crystal structure of DβM,36 two site conformations are observed, one similar 

to PHM with a predicted CuM···CuH distance of ~14 Å and a second “closed” form with a 

predicted CuM···CuH separation of ~5 Å. While the functional relevance is not yet 

understood, this suggests that the protein may be able to modulate HDA through 

conformational flexibility to further control the timing of ET.

The way we envision completion of this reaction is by radical coupling to the nonprotonated 

oxygen of the bound hydroperoxide. 37 The resultant radical coupled intermediate now has a 

large driving force enabling intramolecular ET to complete the reaction.

An important point here is that the second e− derives from CuH, which is an unusual ET site 

in biology (contrast this to the blue Cu site in the next section) in that it has a large 

innersphere reorganization energy for ET (i.e., it binds a H2O ligand on oxidation, Figure 

10). This large reorganization energy is important in controlling ET to occur only at the step 

in the reaction where there is a large driving force for ET (deriving from the reduction of the 

coupled radical intermediate at the CuM center), thus avoiding deleterious Fenton chemistry 

at an earlier stage of the reaction (reduction of the CuM(II)OOH intermediate).37

Trinuclear Cu Cluster Active Sites

Active sites composed of trinuclear Cu clusters are present in the multicopper oxidases 

(MCOs; laccases, ceruloplasmins, etc.) that couple four 1e− oxidations of substrates to the 

4e− reduction of O2 to water, often with little overpotential (Table 1, bottom). As shown in 

Figure 11A, MCOs generally contain four copper ions. A type 1 (T1), or blue, Cu center at 

the surface of the enzyme takes an e− from substrate, which is transferred rapidly over 13 Å 

through a Cys-His pathway (see ref 38 for details on ET by blue Cu sites) to a trinuclear Cu 

cluster (TNC) where O2 is reduced to water.39 In the resting enzyme, the TNC is comprised 

of a type 3 (T3) pair of Cu(II)’s AF coupled through a OH− bridge leading to a singlet 

ground state with no contribution to the EPR spectrum. This is often incorrectly correlated to 

the coupled binuclear copper site in Hc and Ty (vide inf ra). Approximately 3.5 Å from the 

T3 center is a mononuclear type 2 (T2) Cu(II) that exhibits a normal EPR signal. Detailed 

spectroscopy and calculations on the resting TNC have shown that all three Cu’s (Figure 
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11B) have open coordination positions oriented toward the center of the cluster, well poised 

for bridging oxygen intermediates.40

We have trapped and spectroscopically defined two oxygen intermediates in the reduction of 

O2 to water by the TNC (Figure 12).42 Reaction of a fully reduced native MCO (reduced T1 

+ reduced TNC) with O2 occurs with a bimolecular rate constant of ~2 × 106 M−1 s−1 to 

generate the “native intermediate” (NI; Figure 12, top right). Alternatively, elimination of 

the T1 Cu (and its e−) by either replacement with Hg2+43 or in a knockout mutant in an 

expression system44 (in collaboration with Prof. Dan Kosman45) gives a reduced TNC that 

reacts with O2 at approximately the same rate to generate the “peroxide intermediate” (PI, 

Figure 12 bottom right),42 where two of the three Cu’s of the TNC are oxidized and have 

reduced dioxygen by two electrons.46 The peroxide intermediate is a precursor to the native 

intermediate, but by eliminating the e− from the T1 Cu, the PI to NI conversion is slowed 

down by >106. Below, we use spectroscopy combined with calculations to define PI, NI, and 

the reductive cleavage of the O–O bond.

A wide range of studies have defined the nature of PI;46,47 the key result of these studies is 

nicely illustrated by its peroxide to Cu(II) CT spectrum in Figure 13A. The spectrum of PI 

(red) is entirely different from that of oxy Hc and Ty (black). The intensity in the 340–350 

nm region is greatly reduced, and there are additional lower energy peroxide to Cu(II) CT 

transitions in PI at ~380 nm and ~490 nm demonstrating that the peroxide intermediate at 

the TNC has a different electronic and geometric structure from the side-on peroxide bridge 

in oxyHc/Ty. However, if O2 is computationally added to a reduced TNC and geometry 

optimized, the structure at the left of Figure 13B is obtained with peroxide binding side-on 

between two oxidized T3 Cu’s. This O2 binding is uphill. Native MCOs have a carboxylate 

on the T2/T3B edge, and when this is mutated to a noncharged residue (D94A or D94N in 

Fet3p), the reduced TNC no longer reacts with O2.48 When the native Asp is replaced by a 

Glu the reduced TNC again binds O2 to generate PI. Thus, D94 was included in the TNC 

cluster calculations (Figure 13B right), and a new energetically favorable structure was 

obtained that is consistent with all of the spectroscopic properties of PI. The PI structure in 

Figure 13B, right, has peroxide bridging all three Cu’s of the TNC with T2 and T3B 

oxidized (due to the nearby Asp). The spectral differences in Figure 13A, reflecting the 

structural differences in Figure 13B, demonstrate a fundamental structure/f unction 
difference in copper/dioxygen bioinorganic chemistry: reversible binding and activation for 
electrophilic chemistry by the side-on peroxide bridged coupled binuclear Cu site of oxy 
Hc/Ty versus the irreversible reductive cleavage of the O–O bond by the all-bridged 
trinuclear copper cluster.

This brings us to the native intermediate (NI) of the MCOs.49 Reaction of the fully reduced 

native enzyme with both the T1 reduced and the TNC reduced generates the native 

intermediate with the absorption spectrum shown at the top of Figure 14A. The bands at 365 

and 318 nm are CT transitions at the TNC of NI, while the band at ~16 000 cm−1 is the 

oxidized T1 (blue copper) center. Thus, at least one additional electron has been transferred 

(from the T1) to O2 relative to PI. We had earlier (with Prof. Keith Hodgson) shown that Cu 

K edge X-ray absorption spectroscopy could define oxidation states of Cu since reduced Cu 

has a peak at 8984 eV while oxidized Cu does not.50 NI has no 8984 eV feature reflecting 
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reduced Cu (Figure 14B).49 Thus, all four Cu’s are oxidized in NI, and dioxygen is reduced 

by 4e− to the water level. NI then contains a fully oxidized TNC, just as present in the 

resting enzyme (Figure 11). The resting TNC exhibits the EPR signal in black in Figure 

14C, which simply reflects the “normal” T2 Cu(II). In striking contrast, NI exhibits the EPR 

signal in red in Figure 14C, which is very broad, fast relaxing, and most significantly has g 
values well below 2.00. This is unique for a Cu(II) site. When the ground state is unclear, we 

can use an excited state to probe the ground state employing temperature- and field-

dependent magnetic circular dichroism (MCD) spectroscopy. At the bottom of Figure 14A is 

the MCD spectrum of a rapid freeze-quench sample of NI. This low temperature, high field 

MCD spectrum exhibits an intense derivative-shaped signal (a pseudo-A term) associated 

with the CT transitions at the TNC of NI. Since the TNC of NI is paramagnetic (red 

spectrum in Figure 14C), its MCD signal intensity should decrease with increasing 

temperature (at a fixed field) as 1/T (the MCD analog of Curie law paramagnetism in 

magnetic susceptibility). This is given by the blue curve in Figure 14D. The MCD signal 

intensity of NI does first decrease with increasing temperature, but then it increases as the 

temperature is further increased (red dots in Figure 14D). This indicates a Boltzmann 

population of a low lying excited state with an MCD spectrum different from that of the 

ground state. From the fit to the MCD data in Figure 14D, this excited state is ~150 cm−1 

above the ground state. This is strange for a Cu(II) site and showed us that the TNC of NI 

was a spin frustrated system. As illustrated in Figure 14E, if Cu(II)A and Cu(II)C have a 

bridging ligand, their spins should be AF coupled (↑ to ↓ clockwise from top). If Cu(II)C 

and Cu(II)B are also bridged, their spins should also be AF coupled (↓ to ↑). This leads to 

up-spins on Cu(II)B and Cu(II)A, but if these also have a bridging ligand (closing the 

triangle) they are AF coupled (one up, one down). This frustrated spin topology leads to the 

low lying excited state (Figure 14D) and g values below 2.00 (Figure 14C, red) due to the 

antisymmetric exchange associated with a frustrated spin system.51 A quantitative analysis 

of the EPR and pseudo-A term MCD data and QM/MM studies (in collaboration with Profs. 

Lubomír Rulíšek and Ulf Ryde52) led to the all-bridged NI structure in Figure 14F with a μ3-

oxo in the center of the TNC and a μ2-OH at the T3 edge, both oxygens deriving from the 

reductive cleavage of the O–O bond.47

These studies have led to the structures of the peroxide intermediate (PI) at the left of Figure 

15 and native intermediate (NI) at the right of Figure 15. The addition of an electron to PI 

(from the T1 Cu) gives the structure in the center of Figure 15 with T2 and T3A reduced and 

T3B oxidized, which is the starting point for reductive cleavage of the O–O bond.47 The 

description of this cleavage requires a two-dimensional potential energy surface (Figure 

16A). One dimension is O–O bond elongation (coming out on the left), and the second 

(derived from mutagenesis studies48) involves proton transfer from a carboxylate at the T3 

edge (coming out on the right in Figure 16A). Two low energy paths are found on this 

surface. Path 2 involves proton transfer before the transition state (TS2) and predicts an 

inverse KIE that is observed experimentally in the decay of PI at low pH.53 Path 1 involves 

O–O bond cleavage before proton transfer. Importantly, both have very low barriers of 5–6 

kcal/mol, reflecting the FMOs of the TNC. As shown in Figure 16B, both reduced Cu’s (T2 

and T3A) have good overlap with the peroxide σ* electron pair acceptor orbital, and the 
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third Cu (T3B) which is oxidized acts like a proton in lowering the energy of the σ* orbital 

and activating O–O cleavage.

Our studies on the multicopper oxidases have led to the molecular mechanism in Figure 

17.54 Starting from the top left and proceeding clockwise, dioxygen is reduced in two 2e− 

steps, the second having a low barrier due to the FMOs of the TNC (Figure 16B). This is 

effectively a 4e− process producing NI. NI is a fully oxidized form of the MCOs, just as is 

the case for the resting enzyme that is studied by X-ray crystallography. 41 However, NI and 

not the resting enzyme is the catalytically relevant fully oxidized form of the MCOs.55,56 Its 

decay to resting is too slow (0.06 s−1) to be in the catalytic cycle (TON ~ 560 s−157). Also 

the rate of reduction of the resting TNC by the T1 is too slow to be catalytically relevant (1 s
−158). In contrast, the rate of reduction of NI is >700 s−1,55,56 as it involves a proton coupled 

electron transfer process (PCET) that is driven by the high basicity of the μ3-oxo at the 

center of the trinuclear Cu cluster that results from the reductive cleavage of the O–O bond.
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Figure 1. 
Bonding and spectroscopy in “normal” peroxo-Cu(II) complexes. (A) Mononuclear end-on-

peroxo-Cu(II). (B) Binuclear end-on bridged peroxo 2 Cu(II). Top: MO diagrams. Middle: 

EPR spectra. Bottom: Absorption spectra with resonance Raman O–O stretch insets.
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Figure 2. 
Unique geometric and electronic structure of oxyHc/Ty. (A) Absorption, resonance Raman, 

and EPR spectra; oxyHc/Ty in red, normal Cu(II)–O–O2− in blue. (B) Geometric and 

electronic structure of oxyHc/Ty. Left: Structure of oxyHc/Ty. Middle: MO diagram. Right: 

Associated HOMO/LUMO contours.
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Figure 3. 
Structure/function correlations of coupled binuclear Cu proteins. (A) Reaction coordinate for 

spin forbidden 3O2 binding to deoxyHc/Ty to produce oxyHc/Ty (singlet). (B) Reaction 

coordinate for the oxy coupled binuclear Cu site (in Ty) in its monooxygenation of phenol 

substrate (an electrophilic aromatic substitution (EAS) reaction) with 2e− oxidation of the 

resultant bound catecholate to produce quinone and the deoxy site. (At right are the two 

possible reaction intermediates of oxy sites defined by model studies now being evaluated 

for the oxyTy enzyme/substrate intermediate.)
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Figure 4. 
Structure of the non-coupled binuclear Cu enzyme PHM. In the resting oxidized PHM, CuM 

has two His, one Met, and an OH− and H2O as ligands, and CuH has three His and a water. 

CuM activates O2, and CuH supplies the second electron required for the reaction.
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Figure 5. 
Models of possible O2 intermediates in the non-coupled binuclear CuM site in PHM. (A) 

Two-electron reduced CuM(II)OOH. (B) One-electron reduced side-on superoxide CuM(II). 

Left: Geometry optimized model. Center: FMO. Right: resonance Raman data on the model 

complex.
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Figure 6. 
End-on O2

− Cu structures. Left: PHM in the presence of the poor substrate N-acetyl-

diiodotyrosyl-D-threonine (ref 29). Right: Structurally defined end-on superoxide-Cu(II) 

model (ref 30).
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Figure 7. 
Electronic structure of superoxide–Cu(II) sites. (A) FMOs of end-on O2

−-Cu(II) triplet. Left: 

d orbital σ-antibonding to the π* of superoxide in the CuOO plane. Right: superoxide π* 

orbital perpendicular to CuOO plane. (B) Magneto-structural correlation of side-on singlet 

(right) to end-on triplet (left).
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Figure 8. 
Electronic structure of TMG3tren CuO2

−. Top: Absorption spectrum (black) and resonance 

Raman excitation profiles in the O–O stretch (red, spectrum at bottom right) and Cu–O2
− 

stretch (blue, bottom left). Note that the two peaks indicated by arrows in the absorption 

spectrum in the IL region are ligand field transitions. (See ref 32 for detailed assignments 

using MCD spectroscopy.)
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Figure 9. 
Reaction coordinate for PHM. Two electron O2 activation to form a CuM(II)OOH 

intermediate has a high barrier for H atom abstraction from formylglycine (FmG; left, blue). 

One electron O2 activation (center, red) gives a Cu(II)O2
− end-on triplet with a low barrier 

for H atom abstraction from FmG. Radical attack on the nonprotonated O of the resultant 

Cu(II)OOH (right, green) forms a radical coupled product that drives ET from CuH. Inset: 

Marcus theory for nonadiabatic ET and the relation of the electronic coupling between the 

electron donor and acceptor (HDA) to the antiferromagnetic exchange coupling between two 

Cu(II)’s (−2J).

Solomon Page 21

Inorg Chem. Author manuscript; available in PMC 2018 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Large geometry change associated with redox at CuH (i.e., water binds to the oxidized site).
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Figure 11. 
Geometric and electronic structures of the resting multicopper oxidases. (A) Geometric 

structure.41 The electron from substrate enters at T1 and is transferred over 13 Å to the TNC 

where O2 is reduced to water. The TNC has an OH− bridged AF coupled T3 Cu(II) pair with 

no EPR signal and a localized T2 Cu(II) at 3.5 Å from the T3 Cu’s with a normal EPR 

signal in the resting enzyme. (B) Results of spectroscopic and electronic structure 

calculations (ref 40) showing that all three Cu’s of the resting TNC have open coordination 

positions oriented toward the center of the cluster enabling bridged O2 intermediates.
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Figure 12. 
O2 reactions and intermediates of the MCOs. Top: O2 reaction of the fully reduced native 

enzyme to generate the native intermediate (NI). Bottom: Elimination of the T1 gives a fully 

reduced TNC which reacts with O2 to generate a peroxide intermediate (PI) with 2Cu(II)/

1Cu(I) at the TNC. Right bottom to top: Conversion of PI to NI.
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Figure 13. 
Unique geometric and electronic structure of PI and comparison to oxyHc/Ty. (A) 

Absorption spectrum showing peroxide to Cu(II) CT (PI red, oxyHc/Ty black). (B) 

Geometry optimization of a reduced TNC with O2, both without (left) and with (right) the 

Asp present as in the WT enzyme at the T2/T3B edge.
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Figure 14. 
Unique spectroscopic features, electronic structure, and geometric structure of NI. (A) 

Absorption (top) and low temperature MCD (bottom). (B) X-ray absorption K-edge of NI 

(red) compared to those of reduced (green) and oxidized Cu (blue). (C) EPR spectrum of NI 

(red) compared to that of the resting TNC(black, T2 normal EPR, T3 AF coupled S = 0). (D) 

Variable temperature (at high field) MCD of NI (blue gives 1/T behavior of normal 

paramagnetic Cu site). The arrow extending from the MCD spectrum in A to the intensity vs 

temperature plot in D indicates that the intensity plotted is for the 27 560 cm−1 band in A. 

(E) Spin topology of three all-bridged Cu(II)’s leading to spin frustration. (F) Structure of NI 

from spectroscopies and calculations.
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Figure 15. 
Reaction coordinate for the reductive cleavage of the O–O bond by the TNC. Left: PI. 

Center: reduction of PI by one electron (from T1 Cu). Right: NI.
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Figure 16. 
Reductive cleavage of the O–O bond by the TNC. (A) 2D potential energy surface (path 1 

for high pH and path 2 for low pH). (B) FMOs associated with the TNC leading to the low 

barrier for O–O cleavage. T2 and T3A are reduced, and T3B is oxidized.
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Figure 17. 
Molecular mechanism for the reduction of O2 to water and the reduction of the oxidized 

MCO in turnover. Red arrows give the reaction cycle. Black arrows give off turnover 

pathways leading to the resting enzyme (bottom) and its slow reduction on the left.
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