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. Introduction

The biological functions of copper ions are mainly electron
ediation and catalysis of redox reactions. Copper proteins are

nvolved in a wide range of electron transfer (ET) processes, pre-
ominantly in biological energy conversion cycles [1] but also in
iverse biochemical transformations such as in metabolism. Our
nderstanding of the electronic and functional properties of copper
roteins has advanced dramatically particularly due to the high-
esolution three-dimensional (3-D) structures of these proteins [2]
ow available. Structural information has allowed the analysis of
ates and activation parameters of ET processes in relation to their
eaction mechanisms and current theoretical treatments.

A major group of copper containing ET proteins, the so-called
blue” proteins, is widespread in nature [3]. Some blue copper pro-
eins of a relatively low molecular-weight, 10–20 kDa, contain only
single copper ion binding site (type 1 or T1) and serve as electron
ediators, usually between large immobilized, membrane bound

roteins. In analogy to a functionally similar group of iron proteins
ferredoxins), they are named cupredoxins. A second group is the
lue multi-copper containing enzymes where the blue T1 copper
enter is one of the redox centers. Sequential one-electron trans-
er steps take place, via the T1 site from the reducing substrate to
nother copper center, where the oxidizing substrate (e.g. O2 or
itrite) is reduced [4,5]. Thus, specificity and control are exerted by

ong range electron transfer (LRET) in both types of blue proteins
6]. Here we review mainly our kinetic studies of long range ET
LRET) in single- and multi-copper proteins that were practically
ll carried out using the pulse radiolysis method.

In addition to being intrinsically interesting research subjects
n their own right, blue copper proteins turned out to have sev-
ral advantageous properties by serving as general model systems
or investigating ET within polypeptide matrices: first, the blue
opper site has most probably been selected by evolution to experi-
nce minimal structural rearrangements upon shuttling electrons
etween the Cu(II) and Cu(I) redox state (i.e. it has a minimal
ranck–Condon barrier) [7]. Further, the copper ions are directly
oordinated to amino acid residues without any intervening pros-
hetic groups. Thus, the protein matrix itself is the only medium
eparating the redox partners.

. ET theory and pulse radiolysis techniques

.1. Theory

Rates of ET depend on the energy required for structural changes
n the redox centers as well as on solvent reorganization accompa-
ying ET. Moreover, the redox reaction partners in proteins are held

n fixed positions and prevented from coming into inner-sphere
ontact while small molecules exchange electrons in solutions
hen they are in close, sometimes direct contact. Thus, the dis-

ance separating electron-donor and -acceptor is one decisive and
ell-defined parameter affecting LRET rates.

Several excellent reviews of ET theory are available [8–10]. In
he non-adiabatic limit, where the electronic coupling, in the form
f a tunneling matrix element HDA is so weak that the probability
f proceeding from donor to acceptor near the transition region is
1, the rate constant is proportional to the square of HDA [8]:

= 2�

h̄
H2

DA · (FC) (1)
he semi-classical Marcus equation (2) may be expressed as [8]:

= 2�

h̄

H2
DA

(4��TOT RT)1/2
e−(�G0+�TOT )

2
/(4�TOT RT) (2)
try Reviews 255 (2011) 757–773

�G0 is the reaction free energy and � the nuclear reorganization
energy. Since wave functions decay exponentially with distance,
the tunneling matrix element, HDA will decrease with the distance,
(r − r0), as:

HDA = H0
DA · e−ˇ(r−r0)/2 (3)

H0
DA is the electronic coupling at direct (van der Waals) contact

between electron-donor and -acceptor (where r = r0) and the decay
rate of electronic coupling with distance is determined by the coef-
ficient, ˇ. For LRET, the coupling is mediated via superexchange
by the electronic states of the intervening atoms. In a theoreti-
cal model, which has proven to be very useful [11,12], the protein
medium is divided into small elements linked by covalent bonds,
hydrogen bonds, and through-space contacts, which define an ET
pathway. In an extension of this static pathway model for biological
ET which is employed here, the influence of structural fluctuations
on the kinetics has recently been analyzed in detail and included in
the theoretical model [12(b)].

Beta-sheet proteins, composed primarily of extended polypep-
tide chains interconnected by hydrogen bonds, give rise to ET
pathways along the peptide backbone. Many studies have demon-
strated that the distance decay constant, ˇ, is ∼10 nm−1 [13].
Experimental evidence supports the notion that metal-to-metal
distances are appropriate for calculating ET rates [9] and this is
the length scale employed here.

2.2. Pulse radiolysis

Our studies, reviewed here, employed primarily pulse radi-
olysis (PR), a method where solvent molecules are subjected
to short (0.1–1 �s) pulses of high energy accelerated electrons
(∼2–10 MeV). Water molecules undergo conversion mainly into OH
radicals and hydrated electrons (eaq

−). These primary, rather non-
selective reducing or oxidizing agents, may be converted into less
reactive and more selective reducing agents such as the CO2

− radi-
cal (E0 = −1.8 V vs. SHE) [14] by the following sequence of reactions:
hydrated electrons are converted into an additional equivalent of
OH radicals in N2O saturated solutions by the reaction:

eaq
− + N2O + H2O → N2 + OH + OH− (4)

OH radicals then react with formate anions by H atom abstrac-
tion to produce the CO2

− radical in a diffusion-controlled
process:

HCO2
− + OH → H2O + CO2

− (5)

Other reducing and oxidizing radicals such as the uncharged 1-
methylnicotinamide radicals (1-MNA*) can similarly be produced.
The OH radicals are scavenged by tert-butanol to produce a rela-
tively inert radical species:

OH + (CH3)3OH → H2O + CH2(CH3)2OH (6)

1-Methylnicotinamide chloride (1-MNA+Cl−) reacts with hydrated
electrons to produce 1-MNA* with a reduction potential, E0 = −1.0 V
vs. SHE [14]:

1-MNA+ + eaq
− → 1-MNA∗ (7)

The choice of radicals is based on reactivity and specificity
as well as on spectral properties allowing monitoring the reac-
tion products. E.g., protein cystine disulfide residues (RSSR) are
reduced by CO2

− to produce disulfide radical anions RSS*R− that

have a distinct and relatively intense absorption band at ∼410 nm
(ε410 = 10,000 M−1 cm−1).

The combination of a wide range of reactivity with time res-
olution that extends from nanoseconds to minutes, and with
convenient spectroscopic monitoring, has made the PR method
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Fig. 1. Three-dimensional structure of Pseudomonas aeruginosa azurin. The protein
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ighly useful in studies of a wide range of chemical and biochemical
T processes [6,15].

Two main interests have guided our PR studies of redox pro-
eins: elucidation of protein reaction mechanisms and resolution of
he parameters that determine the rates of ET within proteins. The
ast progress in producing high-resolution 3-D structures of redox
ctive proteins has provided insights that are essential for a mean-
ngful analysis and interpretation of the kinetic results derived from
R studies.

. Single copper proteins

.1. Azurins

The T1 copper protein, azurin, contains a Cys3-Cys26 disulfide
ridge at a distance of 2.59 nm from the copper ion center (cf. Fig. 1).
sing sufficiently strong reductants like CO2

− (i.e. E0 ≤ −1 V), the
isulfide bridge can be reduced to produce a radical anion, RSS*R−,
hus providing azurin with a second redox center as indicated in
eaction (8) below. The T1Cu(II) center is also reduced directly (9).
owever, employing an appropriate excess of Cu(II)azurin over the

educing radicals, the intense, transient 410 nm absorption due to
he disulfide radical (see above) decays (10) concomitantly with
decrease in the characteristic Cu(II) absorption band at 625 nm

ε625 = 5700 M−1 cm−1). Process (10) is independent of both pro-
ein and RSS*R− concentrations [16], and is thus an intramolecular
SSR− to Cu(II) ET.

SSR–Az[Cu(II)] + CO2
− → RSS∗R−–Az[Cu(II)] + CO2 (8)

SSR–Az[Cu(II)] + CO2
− → RSSR–Az[Cu(I)] + CO2 (9)

SS∗R−–Az[Cu(II)] → RSSR–Az[Cu(I)] (10)
An example of time-resolved absorption changes due to these
eactions is presented in Fig. 2. Following fast, direct bimolecular
eductions of the two redox active centers at 410 nm (8) and at
25 nm (9), the slower intramolecular ET (10) is observed. For wild
ype Pseudomonas aeruginosa azurin, the rate constant of process

able 1
inetic and thermodynamic parameters of intramolecular ET between RSSR and T1Cu(II)

Azurin k298 (s−1) E′ (mV) −�

Wild type
P. aeruginosa 44 ± 7 304 68
P. fluorescens 22 ± 3 347 73
A. spp. 28 ± 1.5 260 64
A. faecalis 11 ± 2 266 65
A. denitrificans 42 ± 4 305 69

Mutant
D23A 15 ± 3 311 69
F110S 38 ± 10 314 69
F114A 72 ± 14 358 74
H35Q 53 ± 11 268 65
H46G.aq 15 ± 2 <300 <68
H117G.aq 7 ± 3 <300 <68
H117G.im 149 ± 17 240 62
I7S 42 ± 8 301 68
M44K 134 ± 12 370 75
M64E 55 ± 8 278 66
M121H 21 ± 47 215 60
M121L 38 ± 7 412 79
V31W 285 ± 18 301 68
W48A 35 ± 4 301 68
W48F 80 ± 5 304 68
W48L 40 ± 4 323 70
W48M 33 ± 5 312 69
W48S 50 ± 5 314 69
W48Y 85 ± 5 323 70

a Refs. [16,19].
backbone is presented together with the side-chains of three T1Cu ligands, His46,
His117, and Cys112. Also shown are Trp48 and the disulfide bridge, Cys3/Cys26. The
distance between S� of Cys3 and the copper ion is 2.59 nm. Coordinates were taken
from the Protein Data Bank, code 4AZU.
(10) is kET = 44 ± 7 s−1 at pH 7.0 and 25 ◦C. Specific rates and acti-
vation parameters of the intra-protein LRET determined for a large
number of different azurins, both wild type and single-site mutants
are summarized in Table 1.

in WT and mutated azurins; pH 7.0.a

G0 (kJ mol−1) �H /= (kJ mol−1) �S /= (J K−1 mol−1)

.9 47.5 ± 2.2 −56.5 ± 3.5

.0 36.3 ± 1.2 −97.7 ± 5.0

.6 16.7 ± 1.5 −171 ± 18

.2 54.5 ± 1.4 −43.9 ± 9.5

.0 43.5 ± 2.5 −67 ± 9

.6 47.8 ± 1.4 −61.4 ± 6.3

.9 55.5 ± 5.0 −28.7 ± 4.5

.1 52.1 ± 1.3 −36.1 ± 8.2

.4 37.3 ± 1.3 −86.5 ± 5.8

.5 42.1 ± 3.5 −81 ± 5

.5 22.0 ± 3.2 −155 ± 11

.7 54.5 ± 3.9 −22 ± 1

.6 56.6 ± 4.1 −21.5 ± 4.2

.3 47.2 ± 0.7 −46.4 ± 4.4

.4 46.3 ± 6.2 −56.2 ± 7.2

.3 28.0 ± 2.1 −127 ± 8

.3 45.2 ± 1.3 −61.5 ± 7.2

.6 47.2 ± 2.4 −39.7 ± 2.5

.6 46.3 ± 5.9 −58.3 ± 6.0

.9 43.7 ± 6.7 −61.9 ± 9.7

.7 48.3 ± 1.9 −51.5 ± 5.7

.7 48.4 ± 1.3 −50.9 ± 7.4

.9 49.8 ± 4.9 −44.0 ± 3.5

.7 52.6 ± 6.9 −30.2 ± 3.6
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Fig. 2. Time-resolved absorption changes as a result of CO2
− reduction of P.a. azurin [16]. Time is in seconds. A. Reduction of Cu(II) followed at 625 nm. (Left panel) Direct
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eduction of Cu(II) by the radicals. (Right panel) Indirect reduction of Cu(II) by intr
anel) of disulfide radical anions monitored at 410 nm. Protein concentration: 12 �
idth 0.3 �s, 12.3 cm optical path.

Pathway calculations of the intra-protein LRET were performed
sing the high-resolution 3-D structures of P. aeruginosa azurin
nd its mutants [16] and predict similar ET routes in all azurins
Fig. 3): one path through the polypeptide chain to the copper-
igating imidazole of His46, and another, shorter path goes through
he buried indole ring of Trp48, including a through-space jump
nd the Cys112 thiolate ligand. The electronic coupling factors
re 2.5 × 10−7 and 3.0 × 10−8, respectively. However, this analy-
is did not include the electronic interaction between the Cu(II)
on and its ligands. The high degree of anisotropic covalency in the
opper coordination site would enhance ET through the Cys112
hiolate ligand [17]. Applying the ligand coefficients of � HOMO in
zurin calculated by Larsson et al. [18], it can be estimated that
T through the Cys-thiolate ligand would increase by a factor of
150 over ET via one of the His imidazole ligands. Therefore, path-
ay calculations adjusted by the anisotropic covalency suggest

hat the “Trp48 pathway” provides the best electronic coupling
etween the two redox centers. Since the same LRET pathway
rom RSSR− to Cu(II) applies to all azurins studied, the reorga-
ization energy, �TOT = 1.0 ± 0.05 eV, and a value for the decay

actor, ˇ = 10.0 ± 0.5 nm−1 could be calculated from all the com-
ined kinetic data and activation parameters [16].

In an azurin mutant where an additional tryptophan, in position
31 (Val31Trp), was introduced, the intramolecular ET rate con-
tant increased 10-fold which could not be rationalized in terms of
hanges in driving force or reorganization energy. Hence, it most
robably reflects an enhanced �-electron coupling provided by the

dditional aromatic residue [19] and further supporting the notion
f an optimal “Trp48 ET pathway”. Indeed, aromatic residues are
ften found in positions where they may enhance the electronic
oupling between ET donor and acceptor in several systems prob-
bly selected by evolution for efficient electron transfer [19–22].
cular ET from disulfide radicals (cf. 1B). B. Formation (left panel) and decay (right
mperature 298 K; pH 7.0; 0.1 M formate, 10 mM phosphate, N2O saturated. Pulse

In order to investigate the distance dependence of the
LRET from a disulfide radical ion to Cu(II), another engineered
azurin has been employed, namely, a triply mutated protein,
Cys3Ala/Cys26Ala/Asn42Cys. Here, a Cys42-Cys42 disulfide bond
forms a covalently linked dimer under oxidizing conditions while
interference from the native Cys3/Cys26 disulfide bond was
avoided [23]. The 3-D structure of the dimer shows that a short
intermolecular disulfide links the two azurins and causes a strong
steric hindrance for internal rotation of the two subunits (Fig. 4)
[24]. The Cys42 to Cu distance in the dimer is 1.28 nm as compared
with 2.59 nm for Cys3/Cys26 to Cu in the earlier studies. Previous
structural studies of a Cys3Ala/Cys26Ala mutant established that
the overall structure of the protein is not changed [25].

Reaction of the intermolecular disulfide bridge with CO2
− radi-

cal anions also produces an RSS*R− radical (k1 ≈ 109 M−1 s−1) while
no reduction of the blue copper(II) center was observed. Following
disulfide reduction, a concentration independent, intramolecular
RSS*R− → Cu(II) electron transfer takes place with a rate constant,
k2 = 7200 ± 100 s−1 at 25 ◦C and pH 7.0 [23]. The rate constant is
in reasonable agreement with calculations using the Beratan and
Onuchic [11] tunneling pathway model from S� of Cys42 to N� of
His46, one of the copper ligands (Fig. 4). The 1.28 nm pathway con-
sists of 17 covalent bonds which lead to a calculated rate constant
of 4 × 104 s−1 at 298 K, which is five-fold larger than the experimen-
tally observed rate. Though not an unreasonably large discrepancy,
the following rationale may be considered for this divergence: in
wild type (WT) P. aeruginosa azurin the ET pathway includes S�
of Cys112, while tunneling from the external Cys42/Cys42 disul-
fide bridge to the copper center proceeds via N� of His46. The high
degree of anisotropic covalency of the copper coordination by the
Cys112 thiolate in the blue Cu(II) center [17,18] was pointed out
above. Thus, in contrast to 50% of the electron density concentrated
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Fig. 3. Suggested ET pathways in P.a. azurin from S� of Cys3 to T1Cu(II) calculated
b
l
t
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r

a

fide bridge and CuA as in T1Cu azurin. However, the rate constant of

F
C

y the Beratan and Onuchic model [11,12]. The left path depicts a series of cova-
ent bonds followed by a H-bond to the copper ligand, His46. The right path passes
hrough Trp48 (cf. text) and includes a through-space jump and two hydrogen bonds.

n the Cu–S bond, only 4% is present on each of the ligating imi-
azoles. This would drastically diminish the electronic coupling in

he dimer compared with WT azurin and cause the observed lower
ate.

Comparison of the activation parameters determined for the
zurin dimer as well as for related blue copper containing enzymes

ig. 4. ET pathway in the dimer azurin Asn42Cys mutant. The two copper ions are conne
u–Cys42 S� distance is 1.29 nm. The coordinates were taken from the Protein Data Bank
try Reviews 255 (2011) 757–773 761

(cf. next section) with those obtained for monomeric azurins pro-
vides an additional noteworthy observation: in all azurins (except
for the dimer), the RSS*R− to Cu(II) LRET is controlled by a relatively
large activation enthalpy, while in the blue multi-copper proteins,
including the present azurin dimer, the activation enthalpies are
relatively small (Table 2). In the latter proteins, large negative
activation entropies are rate determining, although the connect-
ing ET pathways are considerably shorter. Thus, in the monomeric
azurins where the Cys3/Cys26 site is more solvent exposed than
the intermolecular Cys42/Cys42 bridge in the dimer major, sol-
vent reorganization may take place upon ET causing the different
activation behavior.

Rates of the above intramolecular ET have also been compared in
water and deuterium oxide in order to achieve insight into solvent
effects on this LRET in azurin [26]. Surprisingly, the kinetic isotope
effect, kH/kD, is smaller than unity (0.7 at 298 K), primarily due to the
different activation entropies in H2O (−56.5 J K−1 mol−1) and in D2O
(−35.7 J K−1 mol−1) suggesting a distinct role for protein solvation.
The reduction potential of Cu(II)/(I) is 10 mV more positive in D2O
at 298 K which supports this interpretation. Also, standard entropy
changes differ (−57 J K−1 mol−1 in water and −84 J K−1 mol−1 in
deuterium oxide) [26] thus making different contributions to the
activation entropies. Furthermore, both the nuclear term of the
Gibbs free energy and the tunneling factor include isotope effects.
A slightly larger thermal protein expansion in H2O than in D2O
(0.001 nm K−1) is sufficient to account for both activation and stan-
dard entropy differences. Thus, the effect of differences in driving
force and thermal expansion seem to provide the simplest rationale
for the observed isotope effect [26] and underscore the important
role of solvent in affecting the rates of internal ET in proteins.

Another interesting and important extension of ET studies of
azurin is illustrated by investigations of the ET properties of the
binuclear CuA site. CuA serves as the electron uptake center in
cytochrome c oxidase and nitrous oxide reductase. Its discovery
raised a considerable debate regarding the causes for the evolution
of multiple forms of copper electron mediation centers. In an azurin
mutant, “purple azurin”, the ligands forming the T1 copper site have
been replaced by residues constituting the CuA site of Paracoccus
denitrificans cytochrome c oxidase [27]. The 3-D structure demon-
strated a rather close overall structural similarity between the WT
blue copper azurin and the engineered “purple” CuA azurin [27].
Our studies show that a similar ET takes place between the disul-
the intramolecular process is almost three-fold faster than for the
same process in the WT single blue copper azurin from P. aeruginosa
(kET = 650 ± 60 s−1 vs. 250 ± 20 s−1 at 298 K and pH 5.1), in spite of
a smaller driving force (0.69 eV for purple CuA azurin vs. 0.77 eV for

cted via the coordinating His46 residues and the Cys42/Cys42 disulfide bridge. The
, code 1JVO.
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Table 2
Comparison of rate constants and activation parameters of internal ET in selected blue copper proteins.

Protein ET process k298 (s−1) �H /= (kJ mol−1) �S /= (J K−1 mol−1) ET distance (nm)

P. aeruginosa azurina RSSR− → Cu2+ 44 ± 7 47.5 ± 4.0 −56.5 ± 7.0 2.56
P. aeruginosa C3/26A-N42C azurin dimerb RSSR− → Cu2+ 7200 ± 100 17.7 ± 2.0 −112 ± 6 1.28
A. xylosoxidans CuNiRc T1Cu(I) → T2Cu(II) 185 ± 12 22.7 ± 3.4 −126 ± 11 1.27
Ascorbate oxidased fast step T1Cu(I) → T2/T3Cu(II) 201 ± 8 9.1 ± 1.1 −170 ± 9 1.22
Ascorbate oxidased slow step T1Cu(I) → T2/T3Cu(II) 2.3 ± 0.2 6.8 ± 1.0 −215 ± 16 1.22
Rhus laccasee T1Cu(I) → T2/T3Cu(II) 1.1 ± 0.1 14.8 ± 0.2 −211 ± 3 ∼1.22

a Ref. [16].
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he blue copper center [28]). Thus, the presence of a binuclear CuA
enter as the primary electron uptake site in cytochrome c oxidase,
llustrates an evolutionary selection of a redox center that is better
uited for the biological function.

Reorganization energies of electron-donor and -acceptor sites
n a large number of Ru(II) modified P. aeruginosa azurins have
een determined by Di Bilio et al. [29]. For the T1 copper center,
T1 = 0.82 eV was reported and a �CuA = 0.4 eV could now be calcu-

ated from the observed rate of intramolecular ET in purple azurin
30], i.e., half the reorganization energy required for the blue cop-
er site, supporting the notion that CuA is indeed a redox center
ith improved ET properties, this being mainly a result of the low

eorganization energy of the mixed-valence [Cu(1.5)–Cu(1.5)] site.
As the above data clearly illustrate, azurin has turned out to be

very useful model system in studies of the different parameters
hat control LRET rates in proteins. Specific and well-defined struc-
ural changes introduced by single-site mutations have provided a
etter understanding of the impact of driving force, reorganization
nergy, as well as chemical nature and structure of the medium
eparating the redox centers. The ET reactions are well described
ithin the framework of Marcus theory [8] combined with the

lectronic coupling model developed by Beratan and Onuchic [11].
he experience obtained through studies of ET in azurins has been
xploited in further studies on multi-copper enzymes, which is the
ubject of Section 4.

.2. Stellacyanin

Stellacyanin, isolated from the sap of the Rhus vernicifera tree,
s another member of the single blue copper proteins, but unlike
zurin, it does not contain a solvent exposed disulfide. However,
tellacyanin contains two free histidine residues (His32/100) which
ccording to our model calculations [31] are surface exposed and
eparated from the T1 center by ∼1.8 nm. Winkler et al. have
mployed ruthenium complexes that coordinate surface exposed
midazole residues [32], thereby constructing semi-synthetic sys-
ems containing two or more redox centers which were then
menable to studies of the impact of intra-protein LRET rates
n the separation distances between the reacting sites. Indeed,
oth free histidines on stellacyanin became labeled by pentaam-
ineaquaruthenium(III) [33], and intramolecular ET from pulse

adiolytically reduced Ru(II) to T1Cu(II) [34] was studied.

u(II)Cu(II) � Ru(III)Cu(I) (11)

ince the concentration of the labeled protein was in large excess
ver the reducing CO2

− radicals, not more than one Ru(III) cen-

er was reduced in each pulse. The observed rate constant of
he intramolecular process in ruthenium modified stellacyanin is
.07 ± 0.01 s−1 at 298 K. The temperature dependence and both
tandard thermodynamic and activation parameters were deter-
ined. The reduction potential of Ru(NH3)5His32/1003+/2+ was
measured by non-isothermal cyclic voltammetry to be 61 ± 8 mV
at 298 K [34]. Since the reduction potential of the T1 center in stel-
lacyanin is 184 mV at 298 K and pH 7.0 the driving force for the
0.18 nm intramolecular Ru(II) to Cu(II) ET is 0.12 eV. The activa-
tion parameters for the process are �H /= = 19.1 ± 3.1 kJ mol−1 and
�S /= = −201 ± 40 J K−1 mol−1 [34]. The slow ET rate is remarkable
and is partially due to the relatively long distance. It is noteworthy
that the driving force, 0.12 eV is smaller than that determined for
other ruthenium redox proteins studied so far. In azurin, modified
with Ru(II) at His83, the rate constant for intramolecular ET from
Ru(II) to Cu(II) is 1.9 s−1 at 298 K with a driving force of 0.28 eV [35].
Most probably, it is the combination of relatively long separation
distance with a small driving force that leads to the unusually low
rate of intramolecular ET in Ru-modified stellacyanin.

4. Multi-copper enzymes

The wide range of copper containing enzymes includes two fam-
ilies that contain the T1 site: the multi-copper oxidases (MCOs)
and the copper containing nitrite reductases. The former stands out
among all copper containing enzymes for being the better known
and understood in terms of structure and mode of action. At least
two reasons led to this situation: first, their exceptionally wide
presence in biological systems and exceptional diversity of func-
tions. Second, MCOs have been used as a model for biochemical
reduction of dioxygen to water with its fundamental and applied
possibilities. Recent years have yielded a wealth of both genomic
sequence data and 3-D structures for different members of the
MCO family which have provided insights into both evolution-
ary and functional features that enable understanding links among
members of the MCO family as well as to other blue copper pro-
teins [36]. MCOs are composed of multiple cupredoxin domains,
and both two-, three-, and six-domain variants have been iden-
tified. The two-domain MCOs (2dMCOs) were hypothesized to be
a result of a single cupredoxin domain duplication event and to
have architectures resembling the homotrimeric two-domain NiRs
which contain a T1 site in each domain 1 and a non-blue type 2
(T2) copper site at the inter-subunit interfaces between domains
1 and 2 [36–39]. Three-domain MCOs (3dMCOs) include ascorbate
oxidase, laccases, CueO, and Fet3. The T1 site is located in the C-
terminal cupredoxin domain of the latter enzymes, and a three
copper nuclear cluster (TNC) comprises a T2 copper and type 3
(T3) copper pair which in the oxidized state is antiferromagneti-
cally coupled. The TNC is located at the interface between domains
1 and 3 [40,41]. Ceruloplasmin is a six-domain MCO, which has
three T1 sites, one in each domain 2, 4, and 6 and a T2/T3 cluster

between domains 1 and 6 [42].

Several models for the evolution of three- and six-domain
MCOs have been proposed. The key evolutionary intermediates of
these models are two-domain ancestral MCOs [36–38]. Genome
sequence analysis led Nakamura et al. to predict three types of
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ig. 5. ET pathway between T1- and T2-copper sites in the blue CuNiR from Alcali-
enes xylosoxidans. The short path consists of the T1Cu ligand, Cys130 and the T2Cu
igand, His129. The distance between the two copper centers is 1.27 nm. The coor-
inates were taken from the Protein Data Bank, code 1NDT.

wo-domain MCOs (2dMCOs) and classify them according to the
ssumed location of the T1 copper sites [37]. The type A 2dMCOs
ontain a T1 site in each domain, whereas the type B and type C
dMCOs contain a single T1 site in the second or first cupredoxin
omains, respectively. The latter two types are postulated to have
volved from the type A 2dMCOs [43].

.1. Copper containing nitrite reductases (CuNiRs)

The dissimilatory copper containing nitrite reductases (CuNiRs)
hich partake in the bacterial denitrification process of reducing
itrate to dinitrogen [44] constitute an interesting family of copper
ontaining enzymes. The CuNiRs are homotrimers (109 kDa molec-
lar mass) with 2 copper ions per monomer: a T1 (blue, albeit
ometimes green) copper site and a T2 center. The enzyme catalyzes
he one-electron reduction of nitrite to nitric oxide [45]:

O2
− + e− + 2H+ → NO + H2O (12)

hile the T1 center serves as electron uptake site from azurin or
seudoazurin [44], binding and reduction of substrate, nitrite, takes
lace at the T2 site. Hence, internal T1 → T2 ET is an essential part
f the catalytic cycle. Further, it has been suggested that the rate of
T is controlled by changes in the T2 reduction potential induced
pon nitrite binding [46,47].

3-D structures have been determined for several CuNiRs, and
he overall structures appear to be very similar (cf. Fig. 5) [45]. Each

onomer contains a T1 copper (bound to two histidines, a cysteine,
nd a methionine) and a T2 copper coordinated to three histidines
hile the fourth ligand is water molecule in the oxidized state. One

f the ligating histidines comes from a different monomer.
Minor differences in the ligand geometry of the T1 site

etermine whether the protein appears blue (as in Alcaligenes
ylosoxidans nitrite reductase, AxNiR) [48] or green, due to the

resence of an additional strong band at lower wavelength (as in
chromobacter cycloclastes nitrite reductase, AcNiR) [49]. The blue
iRs exhibit an axial EPR signal as in plastocyanin and azurin, in
ontrast to the rhombic EPR signals of the green NiRs. Although the
1 center of green AcNiR exhibits the “classic” coordination sphere

able 3
inetic and equilibrium data for internal ET in different CuNiRs at pH 7.0.

Protein k298 (s−1) −�G0 (eV) �G /= (

Blue AxNiRa

kf/kb

450 ± 30
185/265

−0.010 0.32

AxM144Ab mutant
kf/kb

440 ± 35
15/425

−0.086 0.32

Green AcNiRc

kf/kb

1030 ± 80
335/695

−0.019 0.30

a Ref. [53].
b Ref. [54].
c Ref. [55].
try Reviews 255 (2011) 757–773 763

of a T1 site with an axial S(Met), the distortion of the site weak-
ens the Cu–S(Cys) bond, which causes increased absorption around
450 nm, changing the color from blue to green [50].

Kinetic studies have been performed on both AxNiR and AcNiR
using either CO2

− or 1-MNA* radicals as electron donors [51–55].
The first PR experiments of Suzuki et al. [51,52] demonstrated that
the T1Cu(II) site is the primary electron uptake site in both the
blue AxNiR and green AcNiR, followed by a slower unimolecular
reoxidation process that was assigned to intramolecular equilibra-
tion between T1Cu(I) and T2Cu(II) (Eq. (13)). The rate of internal ET
from T1Cu(I) to T2Cu(II) in AcNiR was 1400 s−1, while in AxNiR ET,
k = 1900 s−1 at pH 7.0 [51,52]. The temperature was not reported.
In later PR studies using the same reducing radicals, the internal
ET kinetics were examined over an extended temperature range,
allowing determination of the activation parameters of the inter-
nal LRET [53–55]. Rate constants and driving forces for the internal
ET in these enzymes are given in Table 3.

T1Cu(I)T2Cu(II)
kf

�
kb

T1Cu(II)T2Cu(I) (13)

EPR, EXAFS, and UV–visible spectroscopic studies of reduced
and oxidized AxNiR demonstrated that enzyme reduction by ascor-
bate/phenazine methosulfate, in the absence of nitrite, results
in loss of the coordinated water molecule from the T2Cu(I) ion
and changing its coordination geometry from near tetrahedral
(His)3–H2O to trigonal (His)3 [56]. Thus, structural differences
between the two redox states of the T2 site would cause a major
change in both its reduction potential and reorganization energy
compared with those of the T1Cu, where very minor changes in
geometry were associated with a change in redox state [57,58].

Very short covalent ET pathways linking the T1 and T2 sites
were resolved in the 3-D structures which show that in both blue
and green CuNiRs, the paths consist of the T1Cu ligand Cys130
and the neighboring His129 ligand of T2Cu (AcNiR numbering) and
a Cu–Cu distance of 1.27 nm distance between the two Cu ions
(Fig. 5). This pathway is reminiscent of the link between T1 and the
trinuclear site in blue oxidases (see below), thus being a structural
feature shared by both families of multi-copper enzymes. Studies
of bond-mediated electron tunneling in modified iron-sulfur pro-
teins where electron-donor and -acceptor are separated by a similar
Cys-His bridge demonstrated essentially activationless coupling-
limited rate constants, i.e., kMAX ∼ 2 × 107–2 × 108 s−1 [59].

Despite a smaller driving force, the LRET rate constant observed
in the green CuNiR is higher than in the blue enzyme (Table 3). This
must be due to a difference in reorganization energies which can
be calculated by using the activationless rate constants of the iron-
sulfur proteins [59] and introducing the rate constants determined
for the CuNiRs into Eq. (2). For green AcNiR �TOT = 1.16 ± 0.07 eV,

and in blue AxNiR �TOT = 1.26 ± 0.08 eV (Table 3) [55]. Reorgani-
zation energies of the blue T1 copper center vary from 0.72 eV in
plastocyanin [60] to 0.82 eV in azurin [29]. Comparison of the 3-D
structures of T1 sites in azurin, plastocyanin, and (the blue) AxNiR
shows similar geometries and metal ligand distances [45]. Thus, we

eV) �S /= (meV/T) �TOT (eV) �T1 (eV)

−1.31 ± 0.11 1.26 ± 0.08 0.77 ± 0.05b

−1.62 ± 0.13 1.10 ± 0.08 0.45 ± 0.07

−1.09 ± 0.09 1.16 ± 0.07 0.57 ± 0.07
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an assume that the reorganization energy of the T1 center in the
lue AxNiR is in the same range (�T1 = 0.77 ± 0.05 eV). The reorga-
ization energy of the T2 copper center can now be calculated to
e �T2 = 1.75 eV which, as expected, is much larger than that calcu-

ated for T1. The T2 center is involved in nitrite binding, reduction,
rotonation, and product release and therefore has to be solvent
ccessible as shown in the 3-D structures of NiRs [45]. However,
he reorganization energy of the T2 copper center is still below
alues quoted in the literature for low molecular-weight copper
omplexes: e.g., for Cu(phen)2

2+/+ the reorganization energy has
een determined to be 2.4 eV [59]. In contrast, the T1 center is
uried inside the protein, 0.6 nm below the Connolly surface of
he molecule and isolated from the solvent and therefore requires

uch smaller reorganization energy.
In view of the identical structures of the T2 carrying domains

f AcNiR and AxNiR, the respective reorganization energies, �T2
re expected to be equal, allowing calculating from �TOT a
T1 = 0.57 ± 0.07 eV for the distorted green copper center in AcNiR

55]. Thus, the less symmetric, flattened tetrahedral T1 site of the
reen CuNiR lowers the reorganization energy compared to �T1 of
he distorted tetrahedral geometry of a blue T1 site (cf. Table 3). It is
oteworthy that the latter value is still larger than that calculated

or the binuclear (purple) CuA center, 0.4 eV, inserted in a purple
zurin [28] (cf. Section 3). In conclusion, the tetragonal distortion,
ossibly arising from small shifts in the loop carrying the Met lig-
nd, emphasizes the subtle, yet important, role of the geometric
nd electronic structure of the T1 site on its ET reactivity [55].

Several mutants of the blue AxNiR have been produced. In
ne of them, the weaker T1 ligand, Met144, was substituted by
non-ligating alanine, and the 3-D structure was determined [61].
he mutant still maintains ∼30% activity compared with the WT
nzyme, yet the reduction potential of T1 increased from 240
o 314 mV. This change in driving force caused by the mutation
urned out to have a dramatic influence on the kinetics of ET. No
irect bimolecular reduction of T1Cu(II) could be observed while
he T2Cu(II) gets reduced directly by either CO2

− or 1-MNA* rad-
cals followed by a T2Cu(I) to T1Cu(II) ET with a rate constant
f 425 s−1 [54]. The 3-D structure of the M144A mutant shows
hat as T1Cu has moved 0.3 Å further below the Connolly surface,
ogether with the ligating His139, the T1 site is more protected
rom solvent compared to WT CuNiR [61]. It has been demonstrated
hat the His139Ala mutant does not react with the physiologi-
al electron donors of CuNiR, azurin or pseudoazurin, establishing
hat His139 is essential for bimolecular reduction of the T1Cu(II)
62]. Notably, reduction of the A. xylosoxidans His139Ala mutant
y dithionite/methylviologen also proceeds via reaction with the
2Cu(II) site [62] confirming the more limited access to the T1 site.

Results of PR studies of CuNiRs demonstrated that internal ET
ould be rate determining for catalytic activity. Comparison of the
nternal ET rates demonstrates that differences in rates may be
ttained through ligand changes at the T2 site, e.g., by the substrate
inding and its reduction as well as by changes in the reorganiza-
ion energy of the T1Cu(II) center. While ligand changes of the T2Cu

odify both driving force and reorganization energy, the electronic
oupling is maintained by an ET pathway consisting of the short,
irect covalent peptide stretch connecting the electron-donor and
acceptor.

.2. Multi-copper oxidases
.2.1. Intramolecular ET in ascorbate oxidase and ceruloplasmin
Determination at high resolution of the 3-D structures of ascor-

ate oxidase (AO) [63–65] and later on of human ceruloplasmin
hCp) [66] provided the early structural base for the kinetic inves-
igation of MCOs.
try Reviews 255 (2011) 757–773

The catalytic cycle in AO proceeds like in all other MCOs by a
sequential mechanism where single electrons are transferred from
the reducing substrate, ascorbate ions, to T1[Cu(II)] while the TNC
serves as the dioxygen binding and reduction site. Intramolecular
ET from T1[Cu(I)] to T3[Cu(II)] is thus an essential step required for
the transfer of the four electrons required for reduction of O2 to
two H2O molecules.

The pioneering study of AO by pulse radiolysis was carried out
by O’Neill et al. [67] using hydrated electrons as well as CO2

− and
nitroaromatic radicals as reductants. Rather low yields of T1Cu(I)
were observed using the former two reagents, while a stoichiomet-
ric reduction was observed using the latter. Although proposed,
no clear evidence for intramolecular ET was presented [67]. In
later studies, carried out in dioxygen containing solutions where
O2

− radicals were the reducing agents, support of the intramolec-
ular reaction step was obtained [68]. Under these conditions, as
expected, only limited net reduction yields were obtained.

The intramolecular ET from T1[Cu(I)] to T3[Cu(II)] under anaer-
obic conditions has been studied independently by different
transient kinetic methods [69–73]. Photochemically produced
lumiflavin semiquinone reduces the T1[Cu(II)] in a fast second order
process (k = 2.7 × 107 M−1 s−1 at pH 7.0) followed by partial reox-
idation of the T1[Cu(I)] site with a rate constant of 160 s−1 [69].
Though the flavin absorption in the near UV region prevented
monitoring the changes at 330 nm where T3[Cu(II)] absorbs, the
latter process was interpreted as intramolecular ET from T1 → T3.
In a PR study using CO2

− radicals as electron donor, AO reactiv-
ity could be monitored at both 610 nm (T1) and 330 nm (T3) [70]
(Fig. 6). A bimolecular, diffusion-controlled T1[Cu(II)] reduction
(1.2 × 109 M−1 s−1 at pH 7.0) was observed followed by biphasic
T1[Cu(I)] reoxidation (Fig. 6A) and T3[Cu(II)] reduction (Fig. 6B)
proceeding with identical and concentration independent rate con-
stants, confirming that intramolecular ET between the T1 and T3
sites takes place in two distinct phases. The phases were well
resolved and their rate constants determined as 200 s−1 for the
faster and 2 s−1 for the slower at 298 K [70]. The temperature
dependence of the rates gave rather low activation parameters
(cf. Table 2). One rationale for the observed two phases could be
the presence of active sites differing in reactivity [70]. Some sup-
port for this rationale came from the 3-D structure of AO which
includes two oxygen ligands at the trinuclear center [64], and proto-
nation equilibrium of these ligands could lead to states with distinct
reactivities. Similar results emerged from a later PR study using
different organic radicals as reductants yet monitoring only the
610 nm chromophore [71].

The structure of MCOs has most probably been evolutionary
optimized for intramolecular ET in the catalytic cycle, and AO has
therefore been considered as a model system for investigating the
parameters that control intra-protein ET. This raised, several inter-
esting questions: does the internal ET rate depend on the number
of reduction equivalents taken up by the molecule, as observed for
SLAC discussed below? Is the rate of ET related to the conforma-
tional changes the TNC undergoes upon reduction? How does the
presence of dioxygen influence the internal ET rates (i.e. by affecting
the driving force or by an allosteric mechanism)? These questions
gain further importance since steady-state kinetic measurements
of AO activity yield turnover numbers of 12,000–15,000 s−1 [74,75]
which are considerably faster than the above rate constants deter-
mined for the intramolecular T1 to T3 ET assumed to be the
rate-limiting step of the catalytic cycle.

The identical intramolecular ET rate constants, obtained in

experiments starting with the fully oxidized enzyme and ending
with less than 5% oxidized T1 sites, ruled out the possibility that AO
molecules reduced to different degree may exhibit distinct reactiv-
ities [70]. Further, no difference in the internal ET rate constants
was resolved between enzyme preparations that were examined



O. Farver, I. Pecht / Coordination Chemistry Reviews 255 (2011) 757–773 765

F ly pro
a M; te
l 30 nm

a
b
t
t
i
s
w
fi

ig. 6. Time-courses of Zucchini ascorbate oxidase reduction by pulse radiolytical
erobic conditions: pN2O = 0.95 bar; pO2 = 0.05 bar [76]. Protein concentration 5.5 �
ength. Time is in seconds. (A and C) Monitored at 610 nm; (B and D) monitored at 3

s isolated or “activated”, (“pulsed”) by turning over 1 mM ascor-
ate in the presence of 0.25 mM O2 prior to the determination of
he intramolecular ET processes. Tollin et al. [72] have observed

hat freezing and thawing AO solutions may cause biphasic kinet-
cs which are also correlated with a lower enzymatic activity of
uch samples, yet turnover could restore the “high activity” form
hich therefore also ruled out functional significance of these
ndings.
duced CO2
− radicals under (A and B) anaerobic, N2O saturated [70] and (C and D)

mperature 293 K; pH 5.8; 0.1 M formate. Pulse width 0.5 �s, 12.3 cm optical path
.

While most of our PR studies were performed under anaerobic
conditions, we have also carried out experiments on AO solu-
tions containing controlled low concentrations of O2 (15–65 �M)

that have resolved conspicuous differences in reaction patterns
[76] (Fig. 6C). An additional fast intramolecular ET to the TNC
was discovered which strictly depended on the presence of dioxy-
gen. The electrons transferred to T3Cu(II) have gradually led to
the production of a transient absorption band in the near UV
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by 1.8 nm, a distance which still allows for internal ET at reason-
able rates and also increases the probability for electron uptake
from reducing substrates. The trinuclear coordination site consists
of 4 histidine pairs, two pairs from domain 1 and the other two
66 O. Farver, I. Pecht / Coordination C

ange (�max ∼ 330 nm) (Fig. 6D). This is most probably due to the
ormation of an enzyme-bound oxygen intermediate coordinated
o TNC following the above intramolecular ET from T1[Cu(I)] to
3[Cu(II)] and reflects interaction between the partially reduced
NC and dioxygen. Such transient absorptions were first observed
or ceruloplasmin [77] and later also in Rhus laccase [78–86].
he rate constant of the fast intramolecular ET phase in AO,
bserved only in the presence of O2 and monitored at both 610 nm
T1) and 330 nm (T3), was 1100 s−1 (293 K, pH 5.8), and was

aintained at this value as long as dioxygen remained in the
olution [76]. Oxygen intermediates coordinated to the TNC are
xpected to increase the driving force of the intramolecular ET
ignificantly which does indeed result in the observed higher ET
ate. Calculations show that a 100 mV increase in the reduction
otential of the T3 center would lead to the observed enhance-
ent in the intramolecular T1Cu(I) → T3Cu(II) ET rate [76]. A

imilar behavior may be expected in other MCOs and has been
bserved in the catalytic reduction of O2 by cytochrome c oxidase
87].

The reorganization energy, �TOT of the above internal ET process
n AO could be calculated by applying Eq. (2) to the respec-
ive activation parameters. Using a through-bond distance of
.2 nm between T1Cu and a T3Cu and an electronic decay fac-
or, ˇ = 10 nm−1 for ET in �-sheeted proteins (cf. Section 3) gives
TOT = 1.5 eV. A similar, relatively large reorganization energy was
etermined for the LRET in the so-called ‘small laccase’ (SLAC),
iscussed below, and may be rationalized in terms of the marked
tructural changes that take place at the TNC during ET: upon reduc-
ion of the T3 site the copper–copper distance increases from 0.37
o 0.51 nm [88] and the antiferromagnetic coupling between the
opper pair is disrupted along with expected considerable local
onformational change around the trinuclear site. The observed
aximal rate constant of 1100 s−1 for intramolecular ET in AO is

till considerably smaller than the turnover number of ∼14,000 s−1

74,75]. Therefore, the rate enhancement by dioxygen coordinated
o the trinuclear site is not sufficient to explain the difference
etween the observed maximal enzymatic activity and the T1 → T3
T rate. However, under optimal conditions, the concentration of
educing substrate is adequate to maintain a steady state of fully
educed copper sites.

The reoxidation of fully reduced AO has been examined by a laser
enerated triplet state of 5-deaza riboflavin [73]. This experimen-
al approach was limited to monitoring absorption changes of the
1Cu(II). Subsequent to the one-electron oxidation, presumably of
he reduced TNC, a rapid biphasic increase in 610 nm absorption
as observed which was interpreted as intramolecular ET from

1[Cu(I)] to the oxidized trinuclear center. The rate constant of the
aster of the two observed phases (9500 and 1400 s−1, respectively)
s comparable to the turnover number for AO under steady-state
onditions and renders it very likely to be the rate-limiting step in
atalysis.

The 3-D structure of AO determined by Messerschmidt et al.
63–65] has provided the first structural proposal for an effective
T pathway from T1[Cu(I)] to T3[Cu(II)] in MCOs: one of the T1 cop-
er ligands is the thiolate Cys507-(S�) while imidazoles of the two
eighboring histidines (His506 and His508) coordinate to the T3
opper ions. Thus the path proceeds via Cys507 to either His506
r His508 [63] (Fig. 7). Pathway calculations for this ET in AO (cf.
ection 2.1) supports this notion and further resolve an alterna-
ive path via a H-bond between the carbonyl oxygen of Cys507 and
is506(N�). The electronic coupling calculated for the two covalent

athways is 0.010 while for the latter it is slightly higher, 0.014 [70].
similar effect of the anisotropic thiolate-copper interactions as in

he T1Cu site of azurins is presumably also present in AO, enhancing
he electronic coupling between Cu(II) and Cys507-(S�). Moreover,
similar degree of anisotropic covalency is expected to exist for the
Fig. 7. Intramolecular ET pathway from T1Cu(I) to the TNC in AO. In addition to
the two covalent connecting paths, a third path via a hydrogen bond between O of
Cys507 and N� of His506. The direct T1Cu–T3Cu distance is 1.18 nm. The coordinates
were taken from the Protein Data Bank, code 1AOZ.

more pertinent reduced T1Cu(I) site from which the electrons are
transferred intramolecularly in AO [89].

Several features make ceruloplasmin a unique member of the
MCO family. Ceruloplasmin is the only known, mammalian mem-
ber of the MCO family which is found phylogenically all the way
to yeast. Its physiological function has finally been established as
a ferroxidase, i.e., catalyst of Fe(II) ion oxidation by dioxygen [90].
Human ceruloplasmin (hCp) consists of a single polypeptide with a
MW of 132 kDa folded into six cupredoxin domains, each of which
consisting of the typical �-sheets (Fig. 8) [66]. Furthermore, three
T1 copper sites are present, in domains 2 (T1C), 4 (T1B) and 6 (T1A)
whereas the remaining three copper ions form a TNC, bound at the
interface between domains 1 and 6. The spatial relation between
the TNC and the nearest type 1 (T1A in domain 6) closely resembles
that present in laccase and in AO. The three T1 sites are separated
Fig. 8. The three-dimensional structure of the six-domains of human ceruloplasmin.
Shown are the protein backbone, the position of the three T1 copper ions and the
TNC. The coordinates were taken from the Protein Data Bank, code 1KCW.
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airs from domain 6. As in laccases and AO, two of the copper ions
re bound to six histidines, typical for the T3 copper pair while the
hird copper (most distant from T1A) is coordinated to two his-
idines only, and is designated as the T2 site. In all cases histidine
airs bridge two copper ions and, by analogy to both different lac-
ase and AO structures, an oxygen atom apparently bridges the two
3 coppers while another oxygen is coordinated to the T2 copper
on [66]. Finally, as in the other MCOs, the cysteine thiolate that
oordinates to T1A is located in the polypeptide sequence between
he two His residues which are bound to the T3 copper pair and
rovide the by now established ET path between T1 and the TNC.

The reduction potentials of two of the T1 copper centers were
etermined as 580 and 490 mV, respectively [91]. X-ray absorption
pectroscopy established that the resting oxidized hCp contains one
ermanently reduced T1 center, which means that its reduction
otential is at least 1.0 V [92]. Hence, this site cannot be involved

n the catalytic process [92]. Based on the 3-D structure of hCp, this
igh-potential T1 site can be assigned to T1C of domain 2.

In the earliest PR studies of hCp using hydrated electrons as
eductants, an internal ET from the initially formed disulfide rad-
cal anions to the T1Cu(II) was observed [93]: both the transient
bsorption of the radicals and the 605 nm band of the T1 Cu(II) site
ecay in a unimolecular process at an identical rate of ∼900 s−1.
urther slower processes were not investigated.

Later PR studies of hCp demonstrated that CO2
− radicals also

eact with surface exposed disulfide groups of the enzyme at
iffusion-controlled rates to produce the RSSR− radicals while no
irect reduction of T1 was observed [94]. Rather, T1Cu(II) was
educed by intramolecular ET with a rate constant of 28 ± 2 s−1 at
79 K, followed by a unimolecular electron equilibration between

−1
1Cu(I) and the T2/T3 center. The rate constant k = 2.9 ± 0.6 s
as determined independently by monitoring both T1Cu(II) and

3Cu(II) (Fig. 9). Based on the absorption amplitudes at the for-
er wavelength, the internal ET process equilibrium constant of

.17 at 279 K has been calculated [94] showing that the electron

ig. 9. Time-courses of hCp upon reduction by CO2
− radicals [94]. Protein concentration

.5 �s, 12.3 cm optical path. Time is in seconds. (A) Reduction and reoxidation of T1Cu m
try Reviews 255 (2011) 757–773 767

equilibration between to two sites:

T1[Cu(I)]T3[Cu(II)] � T1[Cu(II)][Cu(I)] (14)

is strongly displaced to the left. Thus, after introduction of slightly
more than one-electron equivalent into the T1 center, intramolec-
ular ET to the TNC ceased taking place. Nevertheless, a new, slow
intramolecular ET from disulfide radicals to another T1[Cu(II)] site
was observed, with k = 3.9 ± 0.8 s−1. Altogether, in these PR experi-
ments carried out under anaerobic conditions, the enzyme took up
only slightly more than two electrons.

The first internal electron equilibration step is most probably to
the T1A center (cf. Fig. 8), since in addition to being proximal to
the TNC, this process has only been observed as long as one reduc-
ing equivalent is added to the hCp molecules. Furthermore, T1A is
most likely the site that possesses the highest reduction poten-
tial (580 mV), as in reductive titrations of this enzyme, the first
50% of the total absorption at 610 nm decay within 3 min, while
further reduction proceeds much more slowly [91]. The above equi-
librium constant of the internal T1–T3 ET equilibration process
corresponds to a difference in reduction potential between T1A and
T3 of 43 mV, leading to a reduction potential for T3[Cu(II)/Cu(I)] of
537 mV. Finally, identifying T1A as the primary electron acceptor
among the T1 centers agrees well with the proposed Fe(II) binding
site at Asp1025, which is next to the T1ACu ligating His1026 [41].

Since the ferroxidase site is placed next to several negatively
charged acidic residues and is well protected from the solvent by
the protein matrix, it is not surprising that only indirect copper
reduction by the negatively charged CO2

− radicals via the exposed
disulfide groups is observed [94]. This behavior is reminiscent of
results of the above PR studies of intramolecular ET in azurins

where LRET takes place from the disulfide radical to T1[Cu(II)] over
a distance of 2.6 nm (Section 3).

As in all MCOs studied so far, the T1A center is in direct cova-
lent connection with the T3 site providing very efficient electronic
coupling. The two pathways consist of nine covalent bonds, with a

5.3 �M; temperature 279 K; pH 7.0; 0.1 M formate, 10 mM phosphate. Pulse width
onitored at 610 nm; (B) reduction of T3Cu(II) monitored at 330 nm.
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irect separation distance between the two copper ions of 1.2 nm.
n additional pathway is provided via the carbonyl oxygen of Cys,
hich is hydrogen bonded to a N� of a T3 coordinating imidazole

cf. Fig. 7). It is noteworthy that this structural arrangement of alter-
ative ET pathways is homologous to the one in laccase and in AO.
imilarly, a calculation of the relative electronic coupling between
lectron-donor and -acceptor gave ε = 0.01, i.e., a very effective
oupling further supporting the notion that the T1A copper ion
s involved in ET equilibration with the trinuclear site [94]. It is
oteworthy that steady-state kinetic measurements of hCp activ-

ty with Fe(II) as reducing substrate yield a turnover rate of 2.2 s−1

95], which is similar to the rate constant observed for intramolecu-
ar T1 to T3 ET. Intramolecular ET thus seems to be the rate-limiting
tep also in the catalytic cycle of this enzyme. However, it is worth
tressing that all experiments on hCp were performed under strict
bsence of O2. Further, the reduction potential of T1A is higher than
hat of the T3 which could be the reason why only slightly more than
wo electrons are taken up by hCp under the above conditions [94].
ioxygen binding to the TNC which under physiological conditions
ccurs upon reduction of this site, will undoubtedly increase the T3
eduction potential and thus also the driving force for intramolec-
lar T1A[Cu(I)] to T2/T3[Cu(II)] ET. As in all MCOs, ET from reduced
1 copper to the oxygen coordinated trinuclear center is required
or the four-electron reduction of dioxygen to water. Finally, the
uestion remains why hCp contains two additional T1Cu centers,
hich apparently are not participating in the enzyme activity. To

nswer this, it has been suggested that in addition to being a fer-
oxidase, hCp may also serve as a copper reservoir in human copper
etabolism [73]. Thus, hCp might have two important roles in

uman metal ion metabolism.

.2.2. Intramolecular ET processes in laccases
All laccases contain the minimum of four redox active copper

ons required for their catalytic activity, the T1 and the TNC com-
rised by a T2 copper site and a T3 copper pair. High-resolution
-D structures of several laccases have been determined [96]. The
lue T1 Cu(II) ion serves as electron uptake site from its rather
iverse substrates, while O2 undergoes the four-electron reduc-
ion to water bound at the TNC. The short through-bond distance
rom the T1 center to the TNC is 1.2 nm like in AO (cf. Fig. 7) and
onsists of a His-Cys-His peptide sequence with the thiolate coordi-
ating the T1 center while the two neighboring histidine imidazoles
oordinate to each of the two T3 copper ions, reminiscent of the
eptide bridge connecting the two copper centers in the CuNiRs
vide supra).

Some of the key questions concerning the enzymatic mech-
nism of laccases relate to formation of reaction intermediates
uring the intramolecular ET between electron-donor and -
cceptor sites. The fungal laccase, isolated from Polyporus versicolor
as one of the first blue copper oxidases to be investigated kinet-

cally by pulse radiolysis [97]. At that early stage, the relatively
on-selective hydrated electrons, eaq

−, were still employed and

eact primarily with aromatic side-chains and disulfide groups to
roduce transient radicals, some of which decayed in subsequent

ntramolecular ET steps to the T1Cu(II) center. These reactions were
result of the high reactivity of the eaq

− rather than an indication
f physiologically significant ET pathways. Still, these results pro-

able 4
ate constants and activation parameters of intramolecular ET equilibration in SLAC at 29

Enzyme state kET (s−1)

Initial pulse on ‘as isolated’ enzyme 8 ± 1
‘Cycled’ enzyme 15 ± 3 (initial)

186 ± 25 (final)

a Ref. [102].
try Reviews 255 (2011) 757–773

vided perhaps the earliest evidence for the T1Cu(II) ion being the
primary electron uptake site in these oxidases.

Guissani et al. [98] have also performed pulse radiolysis studies
on Polyporus laccase using several different reagents such as OH,
eaq

−, CO2
− and O2

− and observed formation of different optical
absorption transients. With OH radicals or eaq

−, different reaction
products were formed rapidly (t1/2 < 100 ns) and from the absorp-
tion changes in the near UV region it was concluded that OH radicals
only react with a limited number of aromatic residues. More com-
plex processes take place between Polyporus laccase and eaq

− at
diffusion-controlled rates (∼1010 M−1 s−1) with both aromatic and
non-aromatic residues but no specific characterization has been
pursued [98].

O’Neill et al. [99] have shown that pulse radiolytically produced
nitroaromatic radicals reduce the T1Cu(II) sites in tree laccases
isolated from R. vernicifera and R. succedanea in bimolecular pro-
cesses with rate constants of 2 × 106 M−1 s−1 and 1.7 × 107 M−1 s−1,
respectively, at pH 7.4. Significantly, complete reduction of T1Cu(II)
in the holoproteins required two reduction equivalents but no
further mechanistic details were pursued. The first study of
intramolecular ET in a blue MCO was performed on R. vernicifera
laccase [100]: a rather slow rate of 1.1 s−1 at pH 7.0 and 298 K was
determined for the T1–T3 electron equilibration, monitored at both
625 nm (T1Cu(II)) and 330 nm (T3Cu(II)). Since no 3-D structural
information was available at that time, no further interpretation
of this observation could be pursued. However, as for AO, the
activation parameters for this ET equilibration are rather low (cf.
Table 2).

Recently a bacterial small laccase (SLAC) has been isolated from
Streptomyces coelicolor [101] and reduction kinetics using both
CO2

− and 1-MNA* radicals have been studied [102]. CO2
− radicals

reduce T1Cu(II) on a sub-millisecond timescale, and the observed
rate constant depends linearly on protein concentration with a
rate constant of (1.9 ± 0.2) × 108 M−1 s−1 at 25 ◦C. Time-resolved
absorption changes monitored at 590 nm are illustrated in Fig. 10A
(left panel). Subsequent to this bimolecular process, partial T1Cu(I)
reoxidation takes place with a concentration independent rate con-
stant (kET = 8 ± 1 s−1, 25 ◦C in the initial reduction steps; cf. Fig. 10A,
right panel). Concomitant reduction of T3Cu(II) (Fig. 10B) demon-
strates that an intramolecular ET takes place between the T1 and
T3 sites. Use of 1-MNA* radicals yielded similar reaction patterns
and identical rate constants for the internal ET process [102].

Significantly, by introducing sequential pulses into the SLAC
solution, thereby gradually reducing the enzyme, the rate constant
of intramolecular ET from T1Cu(I) to T3Cu(II) increases more than
10-fold. Fig. 11 illustrates the observed, slightly sigmoidal increase
in the rate constant as a function of the extent of enzyme reduction.
However, after the uptake of two electron equivalents, no further
ET equilibration was observed, suggesting that fully reduced T3
species is attained at this stage and also that the T2Cu is not involved
in this equilibration process. This conclusion is further supported
both, by the finding that ascorbate does not reduce T2Cu(II) in SLAC,

indicating a low reduction potential for T2Cu (A. Tepper and G.W.
Canters, unpublished results) and by simulations of reductive titra-
tions.

Both fresh (“as isolated”) SLAC solutions and reoxidized sam-
ples (by O2 after full reduction by the radicals) or by ascorbate

8K; pH 7.3.a

�H /= (kJ mol−1) �S /= (J K−1 mol−1)

25.2 ± 3.2 −142 ± 15
9.5 ± 3.7
26.2 ± 6.0

−189 ± 46
−114 ± 18
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Fig. 10. (A) Time-courses of the SLAC reaction with CO2
− radicals [102] monitored at 590 nm: initial fast phase of T1Cu(II) reduction (left) is followed by slow reoxidation

( hosph
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right); 23 �M laccase (as isolated); 100 mM sodium formate, 10 mM potassium p
esolved absorption changes of SLAC monitored at 330 nm: the initial very fast tran
ecay of CO2

− radicals. This is followed by the slower T3Cu(II) reduction (right pan

“cycled” or “pulsed”) exhibited this marked rate enhancement yet

he change was larger for “cycled” samples (15–186 s−1). Activa-
ion parameters were determined from temperature dependence

easurements of the internal ET rates at different states of SLAC
ctivation and reduction (Table 4).

ig. 11. Observed rate constants of intramolecular T1Cu(I) to T3Cu(II) ET in SLAC as a
unction of sequentially introducing reduction equivalents to the enzyme (28 pulses,
.3 �s each) [102]. (�) 22.7 �M “as isolated” laccase, (�) same solution “cycled”;
mM 1-MNA, 100 mM tert-butanol, 10 mM potassium phosphate, pH 7.3, and 25 ◦C.
r saturated, anaerobic conditions.
ate, pH 7.3, N2O saturated solution at 11.5 ◦C using 1.5 �s pulse length. (B) Time-
(left panel; absorption increase and decrease back to zero) is due to formation and
intramolecular ET from the T1Cu(I). Conditions are as in Fig. 10A.

The following reaction mechanism, independent of the enzyme
form was proposed:

a. R∗ + T1
OT3

OO → T1
RT3

OO � T1
OT3

RO

(internal ET with initial rate) (15)

b. R∗ + T1
OT3

RO → T1
RT3

RO � T1
OT3

RR

(internal ET with a higher rate) (16)

c. R∗ + T1
OT3

RR → T1
RT3

RR (17)

(R* symbolizes reducing radicals, and the O and R superscripts indi-
cate oxidized and reduced copper centers, respectively).

The marked rate enhancement induced upon reduction could
be caused by changes in electron tunneling pathways, in driving
force, and/or in reorganization energy. Like in other MCOs, the T1
and the two T3 Cu ions are linked by 11 covalent bonds, and the sep-
arating distances are 1.22 and 1.27 nm, respectively [96(f)]. Using
an electronic decay factor of 10 nm−1 [9] yields an activationless
kMAX = 2.4 × 107 s−1. The rate constant for initial reduction phase of
the “as isolated” enzyme, 8 s−1 corresponds to an activation energy,
�G /= = 0.378 eV. The equilibrium constant for reaction (15) is 0.41

at 298 K, equivalent to a driving force, −�G0 = −0.023 eV. Applying
the semi-classical Marcus equation (2) [8], a reorganization energy,
�TOT = 1.46 eV was calculated in good agreement with all previously
reported values for this ET [9]. The equilibrium constant for reac-
tion (16) is 5.0 (or −�G0 = +0.041 eV). Thus the larger driving force
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ontributes slightly to a rate increase, but since |�G0| � �TOT, the
ncrease in ET rate is dominated by changes in the reorganization
nergy. A ∼20-fold increase in rate constant requires a decrease in
G /= to 0.32 eV that in turn would require a small (0.2 eV) decrease

n �TOT to 1.3 eV. Thus, the primary cause for lowering the reor-
anization energy upon reduction could be structural changes in
he TNC, either directly in the coordination sphere of the metal
ons, or indirectly in the trimeric SLAC quaternary structure, or in
oth. A semi-reduced T3 center is an obvious transient since ET
rom T1 to the binuclear T3 proceeds in two separate single elec-
ron transfer steps. In AO, the only MCO for which 3-D structure of
he reduced state is available, the reduced T3 Cu–Cu separation dis-
ance is 5.1 Å as compared to 3.8 ± 0.1 Å in the oxidized state [88].
imilar findings have been reported for T3 copper proteins, includ-
ng hemocyanin (Hc), tyrosinase (Ty) and catechol oxidase [103]. No
-D structural data are available for intermediate reduction states
f the MCOs. Still, the semi-reduced T3 site (“half-met form”) for
c and Ty has been studied by spectroscopic techniques [104,105].

n Streptomyces antibioticus Ty the paramagnetic Cu in the half-met
orm still carries a hydroxyl (or water) ligand, which is displaced
pon substrates binding [105]. The first T1 to T3 electron transfer

n SLAC probably leads to uncoupling of the T3 pair and breaking
f the linking OH− bridge, yet not affecting the ET pathway. The
tructure of a semi-reduced intermediate would thus be closer to
hat of the fully reduced than to the oxidized state, and cause the
bserved decrease in �TOT for the second internal ET step.

Dependence of the intramolecular ET rates on extent of reduc-
ion has not been observed in other MCOs, cf. above. However, as
LAC belongs to the trimeric MCOs [96(f)], changes in the T3 coordi-
ation sphere may not be the only cause for the enhanced reactivity
pon reduction. Another likely origin of the observed rate enhance-
ent could be its distinct quarternary structure: since the TNC in

LAC is located at a monomer–monomer interface and each T3 Cu
s bound to ligands from two different monomer chains [96(f)],
hanges in the TNC reduction state could cause changes in the qua-
ernary structure of the trimer (also mediated by the changes in
he TNC structure) and thus provide a rationale for the behavior
f SLAC. Significantly, in the analogous copper nitrite reductases,
hich are also homotrimers, evidence has indeed been provided

or marked interactions among the monomers [43,106].
Control of internal ET rates by intrinsic site–site interactions

s an intriguing functional feature, encountered for the first time
n MCOs. The only other known case of such control involving
ransition metal-based redox catalysis is a negative site–site inter-
ction between the hemes in P. aeruginosa and P. stutzeri cd1
itrite reductases [107]. An enhanced ET reactivity with increas-

ng extent of reduction and the resultant preference for fully
educed T3 observed in SLAC have consequences for the O2 reduc-
ion process: binding of O2 to T1

RT3
RR or T1

OT3
RR would yield

peroxy intermediate promoting additional electron uptake by
he enzyme before the crucial steps of dioxygen bond splitting
nd water formation [84]. Moreover, favoring the formation of the
ully reduced T3 site over two half-reduced sites provides a pos-
ible evolutionary advantage under conditions of limited reducing
ubstrate.

.2.3. Formation of O2 intermediates during MCO catalysis
Rates of internal ET processes in MCOs depend on the distri-

ution of reduction equivalents between the different sites and
hereby determine the reactivity with dioxygen and the nature of

ntermediates produced. This, for example, is illustrated above by
he dependence of the rate of LRET on the degree of reduction lead-
ng to preferential reduction of the T3 site which was interpreted
s promoting peroxide formation rather than other intermediates
102]. Further, a major reason for the intense interest in structure
try Reviews 255 (2011) 757–773

and function of MCO is their capacity to catalyze the four-electron
reduction of O2 to water. This is achieved in spite of the relatively
high energy barriers and without the release of any intermedi-
ates (e.g. reactive oxygen species) from the enzymes. The last four
decades have provided a very large amount of biochemical, struc-
tural, spectroscopic, and kinetic information yet a precise model
of the above reaction mechanism is still incomplete. Studies of the
reduction half-cycle in MCOs have focused on kinetics of ET to the
electron uptake site, T1Cu(II) as well as the internal transfer to
the TNC. Results of studying the former step have contributed to
establishing the notion that T1 acts as the oxidation site for the
diverse physiological substrates [93,97]. Understanding the pro-
cess of electron distribution from the T1Cu(I) to the other sites is
essential for resolving the reduction mechanism of dioxygen and its
intermediates [78–86]. Earlier studies have concentrated on Rhus
laccase, while more recent years have provided additional informa-
tion, illustrating the situation in related enzymes such as laccases
isolated from other sources, including SLAC as well as ascorbate
oxidase, ceruloplasmin and its yeast analogue Fet3p.

Our early PR study where Rhus laccase could also be reduced
by superoxide radicals in aerobic solutions was carried out under
conditions where laccase molecules were reduced by only a single
electron equivalent [108]. Significantly, from absorption changes
monitored at 625 nm, 60–100% reoxidation of the enzyme was
observed with a first order rate constant of 2.5 s−1 implying that
even single equivalent reduced laccase molecules are reactive with
O2. Still, the nature of this reaction product, probably a peroxide
adduct of the TNC components has not been determined. It is how-
ever noteworthy that the above rate is faster than the T1 to T3 ET
rate, illustrating the impact of dioxygen presence on the driving
force.

As stated above, a large array of different experimental
approaches have been employed in efforts to identify intermedi-
ates in the reaction of MCOs with O2: reaction of the fully reduced
enzyme with O2; reaction of the oxidized enzyme with a reduc-
tant in the presence of O2; and reaction of the oxidized enzyme
with partly reduced dioxygen species like hydrogen peroxide or
superoxide radicals. Use of fast reaction kinetics, monitoring differ-
ent spectroscopic probes and the use of oxygen isotopes helped in
identifying or suggesting specific intermediates [109]. Other stud-
ies have been carried out on modified MCOs, notably on laccase
where the copper has been replaced in the T1 site by mercury,
producing an essentially inactive enzyme [110].

Along these lines, early detailed analyses of the optical absorp-
tion and circular dichroism (CD) spectra of native R. vernicifera
laccase have been performed [83,84] (cf. Fig. 12) following: (a)
addition of one equivalent of hydrogen peroxide to oxidized lac-
case (Fig. 12B, insert); (b) reduction with ascorbate under aerobic
conditions; (c) reaction of partial or fully reduced enzyme with O2
(Fig. 12A); (d) reductive titrations of the peroxo-laccase (Fig. 12B);
and (e) oxidative titrations of the reduced enzyme with hydrogen
peroxide (Fig. 12B). All results of these studies have corroborated
the notion that peroxo-laccase is a bona fide distinct and stable
intermediate in the catalytic cycle of this enzyme, and probably
also of its analogous MCOs [83–86,108].

Long-lived optical changes were observed in the CD spectrum,
particularly in the near UV range, upon reaction of partially or
fully reduced Rhus laccase with O2 [84]. The characteristic nega-
tive Cotton effects suggested that laccase-oxygen intermediates are
formed (Fig. 12A) as similar changes are observed when oxidized
laccase reacts with one equivalent of hydrogen peroxide (Fig. 12A,

insert) [83] which were assigned to the formation of a peroxo-
laccase derivative and quantitatively corroborated by the uptake
of the expected (6) reduction equivalents! Spectroscopic studies of
AO have demonstrated that the oxidized enzyme also binds a sto-
ichiometric amount of hydrogen peroxide to the T3 copper pair as
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Fig. 12. (A) CD spectrum of partly reduced Rhus laccase reacted with O2 (modified
from Ref. [84]). Laccase, 0.09 mM, in 0.1 M phosphate, pH 7.0, 298 K, was reduced
with 0.05 mM ascorbate under anaerobic (Ar saturated) conditions followed by reox-
idation with dioxygen. Insert: CD spectrum of peroxo-laccase produced by adding
1 molar equivalent of H2O2 to Rhus laccase, 0.12 mM in 0.1 M phosphate, pH 7.0
(modified from reference [83]). (B) Redox titrations of Rhus laccase: to 0.20 mM lac-
case solution, an equimolar amount of H2O2 was added and was left overnight with a
trace amount of either catalase or platinum black in order to remove unbound perox-
ide. After Ar saturation, the laccase solution was reductively titrated with ascorbate
(blue points). Upon reaching full reduction, the laccase solution was titrated with
H2O2 (red points). Squares represent T1 (615 nm) and circles T3 (325 nm) absorp-
tion. The absorption values were calculated as (A − Ared)/(Aox − Ared) in %, where A is
the measured absorbance corrected for dilution, Aox and Ared the absorbance of the
fully oxidized and fully reduced chromophore, respectively. Insert: titration of oxi-
dized laccase with hydrogen peroxide. To a 3.0 �M laccase solution was added small
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of dioxygen reduction by the small laccase, SLAC isolated from S.
liquots of 1.0 mM H2O2. ��325 was calculated as the extinction difference between
eroxide treated and fully oxidized laccase, corrected for dilution. The curve was
alculated using a K = 1 × 109 M−1 (modified from Ref. [82]).

videnced by the characteristic change of the ∼325 nm band [74].
hus, in view of the close sequence similarity between laccase and
O, the notion of a T3 copper peroxide complex formation by MCOs
ains further support. Moreover, the 3-D structure of the peroxide
erivative of AO prepared in a similar fashion to the above has been
etermined. This structure showed that the peroxide binds termi-
ally as HO2

− end-on to one of the two T3 copper ions [88]. The
u–Cu distance increases from 0.37 nm in oxidized AO to 0.48 nm,
nd the bridging oxygen present in the oxidized native enzyme is

ost.

It has previously been suggested that the proposed peroxo-
accase formation is caused by oxidation of partly reduced T3 sites
resent in the resting laccase [110]. However, this has clearly been
try Reviews 255 (2011) 757–773 771

excluded as only addition of hydrogen peroxide to laccase, already
established to be fully oxidized, causes the intensity increase at
325 nm (Fig. 12) and produces the large negative Cotton effect at the
same wavelength [83,84]. Further, neither strong inorganic one-
electron oxidants nor organic two-electron oxidants cause these
changes. In addition, reductive titrations of peroxo-laccase clearly
established that six reduction equivalents are required in order
to fully reduce this laccase derivative (Fig. 12B). These results are
consistent only with observation of a genuine peroxo-laccase prod-
uct with a long lifetime and a high-affinity formation constant,
K ∼ 109 M−1 [82]. While the sensitivity of laccase to photoreduc-
tion has been established [111], it is unclear to what extent the well
known reduction caused during different experiments performed
by the use of synchrotron radiation has affected the results that did
lead to other mechanistic conclusions [110].

Recently the 3-D structure of peroxide bound to the T3 site of
another MCO, the Cot A laccase, has also been determined. This
structure differs from that observed for AO in having both oxy-
gen atoms coordinated, each to one of the T3 coppers [112]. Other
studies, mainly employing theoretical calculations and advanced
spectroscopic methods essentially support these conclusions [113].
Thus, the following current model of the initial step of dioxy-
gen reduction is widely accepted, namely that reduced T3 site
binds O2 and produces the first reduction intermediate, a bound
peroxide. The next step(s) in this oxidative catalytic half-cycle is
far less clear and may even differ in details among MCOs. Thus,
already the early studies of Rhus laccase oxidation using O17 and
O18 labeled dioxygen have suggested that a single electron reduc-
tion step causes breaking of the oxygen–oxygen bond of the bound
peroxide intermediate and produces a free radical intermediate
[109]. This radical, identified by its oxygen-17 content, was pro-
posed being an O− which decays in parallel to the appearance of
the oxidized T2 copper with a half-life of ∼13 s. Significantly, use
of oxygen-18 showed that only one water molecule (produced as
a result of the three electrons reduction) is released immediately
into the bulk solvent. Only upon transfer of the fourth electron
to the T2 bound radical is the second water molecule produced,
yet remains bound to that site for a relatively prolonged time
[109].

The above evidence suggesting a role for T2 copper in the O2
reduction led to an examination of T2Cu(II) on NMR line-width in
O17 enriched water [114]. Results have clearly supported the obser-
vations of Brändén et al. [109], further illustrating the coordination
model of the T2 site and the notion that oxygen atoms are trans-
ferred in a controlled fashion from the reduction site, T3 to the T2
copper from which they dissociate rather slowly [114].

During the last decades more studies have addressed the dioxy-
gen reduction mechanism by MCOs. While the formation of a T3
bound peroxide as the first intermediate step (that can also be pro-
duced by reaction of the fully oxidized enzyme reacting with H2O2,
vide supra), is widely accepted, several models were proposed for
the next steps. One model is based primarily on results of 3-D MCO
structures and includes another, probably concomitant, two elec-
tron transfer to the bound peroxide, causing O–O bond cleavage and
protonation, followed by formation of a hydroxide bridge between
the two T3 copper ions and migration of the second oxygen atom
to ligate the T2 ion [115].

Significantly, a very recent report by Tepper et al. [116] brings
evidence that there might be differences in the final steps of the
peroxide reduction among MCOs of diverse sources. Both EPR and
optical spectroscopy were employed for investigating the products
coelicolor. Using either WT or a T1 mutated SLAC derivative, the
formation of a free radical derived from an amino acid side-chain
(probably Tyr108) of the enzyme has been observed. Specifically,
it was suggested that out of the four electrons required for the
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ormation of two water molecules, one is provided from the lat-
er aromatic residue producing a transient free radical. Since the
rimeric (two-domain) SLAC structure differs from the majority
f laccases studied so far, and has also been shown (vide supra)
o exhibit a different pattern of internal ET rate and distribution
ependence on the reduction state of the enzyme, it remains to be

earned if the above distinct intermediate formed is a singularity or
characteristic of the trimeric 2dMCOs sub-family.

. Conclusions

This review clearly illustrates that pulse radiolysis is a suitable
nd rather useful method for studies of ET processes to and within
edox proteins, such as the blue copper proteins discussed here. The
wo main objectives guiding our studies were (1) to attain a bet-
er understanding of the intramolecular electron transfer process
n the polypeptide matrix separating the redox centers and (2) to
esolve the detailed reaction mechanisms of the proteins, including
he catalytic cycles, assumed to be a result of evolutionary selection.

Structure–function relations of a diverse group of electron medi-
ting proteins with both natural (i.e. wild type) and artificial (e.g.
utations) structural features have been discussed. The review

hus provides an interesting illustration of evolution’s profound
mpact on development and selection of ET sites and pathways,
hereby adjusting the rates to requirements of specific reactions.
learly, several parameters like driving force, distance, and the
ature of the medium separating electron-donor and -acceptor
ontribute to this elaborate control.

Though considerable theoretical studies as well as struc-
ure/reactivity analysis have been focused on the blue copper
roteins, a deeper understanding of the functional reasons which

ed to the evolutionary selection of this family is still needed. One
ajor challenge still remains, as the mechanism by which dioxygen

eduction to water takes place is still only partially resolved.
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