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Abstract The multicopper oxidases are an intriguing,
widespread family of enzymes that catalyze the reduction
of O, to water by a variety of single-electron and multiple-
electron reducing agents. The structure and properties of
the copper binding sites responsible for the latter chemical
transformations have been studied for over 40 years and a
detailed picture is emerging. This review focuses particu-
larly on the kinetics of internal electron transfer between
the type 1 (blue) copper site and the trinuclear center, as
well as on the nature of the intermediates formed in the
oxygen reduction process.
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Introduction

Multicopper oxidases (MCOs) are found throughout the
biological domains, with characterized examples from ar-
chaea, bacteria, and eukaryotes, including fungi and plants
and all the way to mammals. They function by oxidizing,
typically by single-electron transfer and with differing
specificity [1], a rather wide range of substrates from
polyphenols, lignin, and ascorbate to transition metal ions.
Concomitantly, O, is reduced, producing two water mol-
ecules without release of intermediates. Interest in this
family of enzymes from the biological inorganic chemistry
community has focused particularly on the copper ion
binding sites and the mechanisms of electron transfer (ET)
and O, reduction. The conserved structure of the metal ion
sites includes the type 1 (T1) copper ion, with at least two
histidine imidazoles and one cysteine thiolate ligand, and a
trinuclear center (TNC) comprising a pair of type 3 (T3)
copper ions, each coordinated by three histidine imidazole
residues, and a type 2 (T2) copper ion coordinated by two
histidine imidazoles and usually a water molecule [2]. This
review starts with an introduction to the structure of the
TNCs as known from X-ray crystallography, followed by a
presentation of results, primarily from pulse radiolysis
studies, on the intramolecular ET from the T1 site to the
TNC in several representatives of the MCO family. This is
followed by a discussion of known or proposed O,
reduction intermediates with an emphasis on the peroxide
intermediate, and the overall mechanism.

Structure of the TNC in MCOs

MCOs are typically composed of a single polypeptide
chain with three cupredoxin-structured domains, but there
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are also enzymes with only two domains that exist as tri-
mers [3-6], illustrated by the small laccase (SLAC) from
Streptomyces coelicolor [3, 4]. Ceruloplasmin is another
variant with six domains in a single chain [7]. These
variations have led to analysis of the evolutionary rela-
tionships among the enzyme sequences derived from the
organisms producing the different variants [5, 6, 8, 9].
The plethora of available 3D structures of MCOs
determined by X-ray crystallography, some at a resolution
better than 2.0 A, represent enzymes from divergent
sources and exposed to different conditions of O, and
reducing substrates which provide interesting and impor-
tant insights into the evolution of this family and should
similarly help in the understanding of the O, reduction
mechanism. Unfortunately, the picture that has so far
emerged from the 3D structures is not as clear as was
hoped, a situation that can be traced to several causes:

1. The structures include at least 500 residues and thus
are moderately large structures to solve and high
resolution is required to delineate the small but critical
changes in O-O, Cu—Cu, and Cu-ligand bond lengths
and angles often relevant to distinguishing mechanistic
alternatives.

2. Several structures lack a full complement of copper
ions (especially T2).

3. Different constraints have been applied on certain
bond lengths during crystallographic refinement.

4. Most significantly, strongly reducing radicals, pro-
duced by the radiolysis of water by X-rays, lead to the
progressive reduction of the Cu(Il) sites. This is
especially an issue since structures are now routinely
obtained using high-intensity synchrotron sources. The
3D structure of the T1 site hardly varies with the
change in the copper oxidation state, whereas that of
the TNC is expected to change significantly, particu-
larly due to interaction with O, and its reduction
intermediates.

5. Progressive reduction of the protein induced by X-rays
will lead to different structures at some of the
otherwise crystallographically identical sites, resulting
in the averaging of structures in the refinement.

6. Atomic motions that might normally accompany
reduction of the enzyme are likely to be restricted by
the protein itself, especially under the low-temperature
conditions typical for these experiments, and thereby
possibly leading to nonequilibrium structures.

Thus, the structure of a protein that is reduced after it has
been crystallized, either by soaking with a reducing agent
or by irradiation at low temperatures, may not be the same
as if it were crystallized in the reduced state. In contrast,
when crystals are exposed to reducing agents at room
temperature, the metal centers may relax to the functionally
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relevant structures as elegantly illustrated by Liu et al. [10].
A further example of the need for caution is the refinement
of the structure of the laccase from the spore coat protein of
Bacillis subtilis (CotA) [11], which initially showed O, in
the substrate channel, but in the most recent refined
structure the position was altered to a more typical location
between the T3 copper ions (Protein Data Bank code
3ZDW replacing ITUVW).

These cautions notwithstanding, there is much that can
be learned from selected studies, especially when trends can
be found within a series of structures. A particularly careful
and instructive study is that of the laccase from the fungus
Steccherinum ochraceum, in which multiple crystals were
used to collect X-ray data at differing radiation doses
(Protein Data Bank codes 3T6W, 3T6X, 3T6Z, 3T71) but at
the same resolution of 2.15 A. This study also used crystals
grown at pH 9.0 in an attempt to slow the proton transfers
occurring in the final steps of O, reduction [12]. The result
was a series of structures, each with three independent TNC
sites, that can be used as the basis for a discussion of the
mechanism. The structure that absorbed the lowest radiation
dose and was partially reduced (10 % of the dose required
to fully reduce the protein, but enough to reduce 50 % of the
T1 copper ions) has two TNC sites, in each of which an O,
molecule is asymmetrically bound outside the TNC and
there is a water molecule or hydroxide ion within the cluster
and bridging the T2 copper ion and one of the T3 copper
ions. The T3 copper ions are separated by 3.7 A. These
structures are the closest examples to an oxidized site from
this series. The same, lowest-dose, structure also exhibits
one TNC with O, symmetrically bound, having equal dis-
tances between the T3 copper ions and both oxygen atoms,
and having a T3 Cu—Cu separation of 3.8 A, while the 0-O
distance is the same as that of an oxygen double bond,
1.2 A. This structure may represent the initial step of the
mechanism, O, binding to presumably reduced T3 copper
ions. Structures showing further extents of reduction will be
discussed in the section “O, reduction mechanism and
intermediates.” Most significantly for consideration of T1
copper to TNC ET, there is no change in the dimensions of
the T1 site, or in the distance between the T1 and T3 copper
atoms. The pioneering determination of an MCO structure,
which also provided decisive insights into functional fea-
tures of MCOs, was that of ascorbate oxidase (AO) from
zucchini (Cucurbita pepo medullosa) in both oxidized [13,
14] and reduced [15] states. Further, it had the advantage of
being determined without use of synchrotron radiation.
Here the T3 Cu—Cu distance is 5.1 A in the reduced state
produced by soaking the crystal in dithionite solution,
showing only a distant nonbridging oxygen present in most
structures [15]. The long Cu—Cu distance is most similar to
that observed for the S. ochraceum laccase after absorption
of the largest radiation dose (vide infra).
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Intramolecular ET in MCOs

The structure of MCOs has apparently been evolutionarily
optimized for reduction of O,, involving intramolecular
single-electron transfer from the electron uptake site, T1
Cu(D), to the TNC in the catalytic reduction half-cycle.
The T1 Cu(Il) ion serves as the site for electron uptake
from rather diverse substrates, whereas O, undergoes four-
electron reduction to two water molecules at the TNC. The
T1 site is near the enzyme surface and is connected to the
TNC by a covalent linkage as described below. The elec-
tronic characteristics of the T1 Cu(Il) center are mainly due
to the highly efficient charge transfer due to mixing of the
S,r and Cu 3d,>_,» orbitals and the distorted tetrahedral
geometry. The resulting highly covalent Cu—S bond gives
rise to a large degree of anisotropic covalency that domi-
nates the properties of the MCOs. This, together with the
rather limited changes in the T1 copper geometry accom-
panying the redox change, minimizes the reorganization
requirement of the ligand sphere [16]. Although the T1
copper coordination sphere is essentially conserved
throughout all the structures determined, variability is
observed in the nearby surface residues that form the
binding sites that accommodate different electron-donating
substrates. The TNC interacts with the oxidizing substrate
O,, but the bonds with it and with the intermediates formed
in the reduction process may change. This raises several
important questions:

1. Does the internal T1 copper to T3 copper ET rate
depend on the number of reduction equivalents taken
up by the enzyme?

2.  What structural changes is the TNC undergoing during
reduction, and how do these affect the internal ET
rate?

3. How does the presence of O, affect the internal ET
rates (i.e., by enhancing the driving force or addition-
ally by an allosteric mechanism [17])?

4. Which intermediates are formed during the catalytic
reduction of O, and how do these depend on the degree
of the enzyme’s reduction?

5. Is the enzyme, as isolated, fully active or must it be
activated to achieve maximal catalytic efficiency?

The 3D structures of AO in both oxidation states as well
as those of its complexes with azide and peroxide [13, 14,
18] provided the first structural proposal for covalent ET
pathways from T1 Cu(l) to T3 Cu(Il) (a through-space
separation of either 12.2 or 12.6 A) in MCOs. The paths
proceed through 11 covalent bonds from the T1 copper, via
the Cys507 thiolate ligand (S,) to the imidazole (Ng) of
either His506 or His508 to each T3 copper ion [13, 19]
(Fig. 1). As mentioned above, the anisotropic thiolate—

His506

Fig. 1 Intramolecular electron transfer (ET) pathway from type 1
(T1) Cu(l) to the trinuclear center (TNC) [type 2 (T2) copper and
type 3 (73) copper] in Cucurbita pepo medullosa ascorbate oxidase
(AO). The two covalent paths connecting Sy of Cys507, the ligand of
the T1 copper ion, and the Ne of His506 and His508, ligands of the T3
copper ions, are shown. The direct T1 copper to T3 copper distance is
11.8 A. The coordinates were taken from the Protein Data Bank (code
1AOZ [13])

copper covalency enhances the electronic coupling
between both Cu(Il) and Cu(I) with Cys-(S,).

The internal ET process between the T1 site and the
TNC has been studied, mainly by fast reaction techniques
such as pulse radiolysis, laser flash photolysis [20], and
rapid-freeze EPR [21]. When experiments using the pulse
radiolysis and flash photolysis methods were performed in
the absence of oxygen, the net reduction process of the
enzymes could be examined. Both these methods make
possible measurements of fast reaction steps, providing
different electron donors or acceptors produced by either
the radiation or light pulses, down to at least the submi-
crosecond domain. Whereas the former method requires
use of specific reagents that allow conversion of the reac-
tive and nonselective primary radicals produced by the
radiation, the latter method involves the use of chro-
mophores that are usually the actual electron donor to the
enzyme examined. Pulse radiolysis studies have clearly
established that the electron uptake site of MCOs is the T1
Cu(ID), and this is followed by slower internal ET to the T3
site. Significantly, monitoring the time course of absor-
bance changes at both approximately 600 nm (T1 site) and
approximately 330 nm (T3 site or TNC) along with con-
centration independence of the rate demonstrated that this
is an internal single-electron transfer process.

ET theory

In the nonadiabatic regime, the semiclassical ET theory for
reactions between spatially fixed and oriented donors and
acceptors provides a framework for analysis of rate con-
stants [22]:
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where & is Planck’s constant, kg is Boltzmann’s constant,
T is the temperature (K), Hpa is the electronic coupling
between the electron donor and electron acceptor through
the ET pathway, —AG" is the driving force for the ET, and
Aror 18 the free energy of reorganization, a measure of the
overall change in bond lengths and angles as a result of the
redox changes. It is important to stress that the total
reorganization energy includes terms from both the inner-
sphere reorganization of the copper center and its ligands,
and the reorganization of the environment, including
neighboring residues and solvent. When the driving force
of the reaction equals the total reorganization energy, the
rate constant reaches its maximum value, kyax. HDA2
decays exponentially with the separation distance, and we
may estimate the pre-exponential factor in Eq. 1 as kyax in
Eq. 2:

kmax = kBTTCXP[—ﬁ(V —10)], (2)

where r is the donor—acceptor distance and r is the value
of r for a donor and an acceptor in direct (van der Waals)
contact. The electronic decay factor, f3, is estimated to be
approximately 10 nm ™' in proteins [23].

In the following, a few specific examples of results of
studies of the internal T1 copper to T3 copper ET reaction
will be described.

Trametes hirsuta laccase

Intramolecular ET in T. hirsuta laccase was studied [24],
and Fig. 2a illustrates the biphasic process monitored at
610 nm. The bimolecular reduction of T1 Cu(Il) by pulse-
radiolytically produced CO,  radicals is followed by a
slower, unimolecular reoxidation of T1 Cu(I). Reduction of
T3 Cu(ll) was observed in the slower time domain
(Fig. 2b) with an essentially identical, concentration-inde-
pendent rate constant (kg = 25 s~! at 298 K; Table 1)
and this reaction step is assigned to an intramolecular T1
Cu(I) to T3 Cu(Il) equilibration:

T1[Cu(1)]T2/T3[Cu(I)]STI[CudD) TY/T3[CuD)].  (3)

Since Eq. 3 represents an equilibrium, kgt is the sum of
rate constants for forward (k) and backward (k) reaction
steps; i.e., k/k, = K. From the amplitudes of the absorption
changes of the T1 copper and T3 copper bands, the latter
equilibrium constant K can be determined and hence so can
the individual rate constants. During the stepwise reductive
titration of the enzyme caused by introduction of sequential
pulses, the T1 Cu(l) is only partially reoxidized, and from
the electron equilibration with the T3 site, K = 0.4 was

@ Springer

determined at 298 K. This corresponds to a reduction
potential difference of 24 mV between the T1 and T3 sites. It
is noteworthy that no further reduction of the T1 copper site
is observed beyond uptake of 2.9 + 0.2 electron equivalents
by the enzyme. Thus, only three of the four redox centers are
apparently reduced. The reduction potential of the T2 Cu(Il)/
(D) center in T. hirsuta laccase has been determined to be
approximately 400 mV at pH 6.5 [29], close to the potential
of the analogous Trametes versicolor laccase of 405 mV
[30], which is significantly lower than for the other copper
sites (E%, = 780 mV; E%; = 756 mV) [24], indicating that
there is not sufficient driving force for T3 copper to T2
copper ET. Thus, 56 % reduction of T1 copper, 44 % of T3
copper and practically no reduction of T2 copper were
observed [24]. Following the uptake of three electron
equivalents, the T1 and T3 copper ions are reduced and no
further electrons are taken up by the T. hirsuta laccase. It is
noteworthy that the absorbance decay of the 330-nm band
occurs after one-electron reduction of an enzyme molecule
and synchronously with an increase in absorption of T1
Cu(Il) [31]. This implies that uptake of a single electron
equivalent by the TNC suffices to cause complete loss of its
330-nm band. This conclusion is reached by accurate eval-
uation of the amplitudes of the internal ET process: the
amplitude of the absorption increase due to T1 Cu(I) reoxi-
dation and the decrease at 330 nm caused by its reduction are
equivalent on the basis of the respective extinction coeffi-
cients of the two bands (see Fig. 2).

Rhus vernicifera laccase

The first kinetic study resolving the intramolecular ET in a
blue MCO was performed on R. vernicifera laccase [24,
25]. A rather slow rate of 1.1 s~' at pH 7.0 and 298 K was
determined for the T1 copper and T3 copper electron
equilibration, monitored at both 625 nm [T1 Cu(Il)] and
330 nm [T3 Cu(Il)]. As no 3D structural information was
available at that time, no further interpretation could be
pursued. Later studies [24] confirmed that an intramole-
cular T1 Cu(I) to T3 Cu(l) ET equilibration occurs as
described by Eq. 3. From the amplitudes of T1 copper
reduction and reoxidation, an equilibrium constant of 1.5 at
298 K was calculated. The reduction potentials of the
copper sites of R. vernicifera laccase are 394 mV for the
T1 site, 365 mV for the T2 site, and 434 mV for the T3
site, all versus the standard hydrogen electrode at pH 7.5
and 298 K [32]. In line with these data, all three copper
sites of the TNC (four electron equivalents, including the
T1 site) could be reduced by pulse radiolysis, as has indeed
been observed experimentally.

A more than 20-fold increase in the T1 copper to T3
copper ET rate constants was observed between 7. hirsuta
and R. vernicifera laccases: 25 s7! (T. hirsuta laccase)
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Fig. 2 a Time-resolved absorption changes monitored at 610 nm of a
94.5 uM Trametes hirsuta laccase solution following pulse radiolysis
in N,O-saturated 100 mM formate, 10 mM phosphate, pH 4.5. Pulse
width 0.4 us, T = 299 K. Two time domains were shown; both are in
seconds. The lower frames show the residuals of the fitted curves.
b Same process as for a monitored at 330 nm. All other conditions are

versus 1 s~' (R. vernicifera laccase). In a recent study,
catalytic constants were reported for R. vernicifera and
T. hirsuta laccases derived from electrochemical studies
using various substrates [33]. The minimum difference in
the catalytic constants was for 2, 2’-azinobis(3-ethylben-
zothiazoline-6-sulfonic acid; k., for T. hirsuta laccase
(196 sfl) was markedly higher than k., for R. vernicifera
laccase (10.1 s™'), which is in agreement with the above
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as for a. The absorbance changes in the slow phases at 610 and
330 nm agree, further confirming the process is intramolecular ET
from T1 Cu(I) to T3 Cu(II). Two time domains are shown; both are in
seconds. The lower frames show the residuals of the fitted curves.
(From [24])

rate constant ratio for intramolecular ET. It is noteworthy
that the steady-state rates are tenfold faster than those of
the intramolecular ET calculated from the pulse radiolysis
studies in the absence of oxygen. However, O, binding to
the TNC is expected to markedly increase the driving
force; e.g., even a low O, concentration increased the rate
of intramolecular T1 Cu(l) to T3 Cu(Il) ET in AO by a
factor of 5 (see later) [28].
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Ceruloplasmin

Ceruloplasmin, a mammalian ferroxidase, stands out in the
family of MCOs by having a significantly different struc-
ture, with six cupredoxin domains in a single polypeptide
chain [7]. In addition, it contains three T1 copper sites
along with a single TNC associated with one of the T1
copper sites. Pulse radiolysis studies using both hydrated
electrons [34] and CO,~ radicals [26] resolved an initial
reduction of apparently exposed disulfide residues to yield
RSSR™ radicals that decayed by intramolecular ET
(28 + 2 s~ " at 279 K) to the T1 centers. By independent
monitoring of both the T1 center and the T3 center
absorbance changes, a subsequent internal ET between the
T1 center and the TNC was observed with a rate constant
of 294 06s~'. The internal equilibrium constant
between the T1 and T3 centers was established as 0.17
(Table 1).

S. coelicolor laccase (SLAC)

Recently a bacterial, two-domain laccase (SLAC) was
isolated from S. coelicolor [35]. Spectroscopic properties
and the 3D structure established the trimeric quaternary
arrangement. The intramolecular ET between the T1 and
T3 sites was studied by pulse radiolysis [3], and a novel
behavior was found: when the enzyme was gradually
reduced by introduction of sequential pulses, the
intramolecular ET rate constant increased more than ten-
fold (15-186 sfl). Figure 3 illustrates the observed,
slightly sigmoidal increase in the rate constant as a function
of the extent of enzyme reduction. Significantly, after the
uptake of two electron equivalents, no further ET

equilibration occurs, suggesting that a fully reduced T3 site
is attained at this stage but also that the T2 Cu(Il) is not
involved in the equilibration process, in analogy to the
behavior observed for the 7. hirsuta laccase described
earlier and reflecting the lower reduction potential of the
T2 site . Another feature, resolved in comparing fresh (“as
isolated”) SLAC solutions and samples reoxidized by O,
after full reduction by the radicals or by ascorbate
(“cycled”), was a marked rate enhancement observed for
the “cycled” samples (8-15 s™").

Activation parameters were derived from temperature
dependence measurements of the internal ET rates at dif-
ferent states of SLAC activation and reduction (Table 1).
The following reaction mechanism, independent of the
enzyme form, was proposed:

R* + T1°T3°° — TIRT3995T19T3RC

(internal ET with initial rate),

(4)

R* + T19T3RO — TIRT3ROSTIOT3RR
(internal ET with a higher rate),

(5)

R* + T19T3®R — TIRT3RR, (6)

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

The marked ET rate enhancement induced on reduction
could be caused by changes in electron tunneling pathways,
in the driving force, and/or in the reorganization energy [3].
As in other MCOs, the T1 copper ion and the two T3
copper ions are linked by 11 covalent bonds, and the sep-
arations are 122 and 12.7 A, respectively [4]. Using
an electronic decay factor [23] of 10 nm ! yields
kpax = 2.4 X 107 s see Eq. 2). The rate constant for the

Table 1 Intramolecular electron transfer (ET) in multicopper oxidases at 298 K

Organism/enzyme PDB codes Rate constant (s™) AH* (kImol™") AS*(mol”' K™ K References
Trametes hirsuta laccase ~ 3FPX 25 £ 1 30.7 £ 5.0 —87+9 0.4 [24]
Rhus vernicifera laccase 1.1 £0.1 9.8 £0.2 —211 +3 1.5 [24, 25]
Human ceruloplasmin 2J5W, 1IKCW, 2BHF 29 + 0.6 0.17 [26]
(279 K)
Cucurbita pepo ascorbate  1AO0Z, 1ASO, 1ASP, 1ASQ 201 £ 8 9.1 + 1.1 —170 £ 9 1.8 [27]
oxidase (no O, present) 23402 68+ 1.0 —215+ 16
Cucurbita pepo ascorbate 1,100 % 300 [28]
oxidase with O,
Streptomyces coelicolor 3CG8 §+1 252 +£32 —142 + 15 0.4 [3]
laccase (SLAC) 15+ 3 9.5+ 3.7 —189 + 46 5.0
186 + 25 26.2 + 6.0 —114 + 18

The two rate constants for ascorbate oxidase represent two different, simultaneous intramolecular ET processes. The three rate constants for the
small laccase (SLAC) from S. coelicolor represent different stages of the ET process. The first is the rate constant observed in the “as isolated”
protein; the second is that observed after recycling; and the last one is the rate constant after introduction of a series of sequential pulses (see
Fig. 3). K is the type 1 copper/type 3 copper equilibrium constant as determined from the pulse radiolysis amplitudes

PDB Protein Data Bank

@ Springer
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Fig. 3 Observed rate constants of intramolecular T1 Cu(I) to T3
Cu(Il) ET in the small laccase isolated from Streptomyces coelicolor
as a function of sequentially introducing reduction equivalents (25
pulses, 0.3 ps each). Red squares 22.7 pM “as isolated” laccase,
green circles the same solution after being “cycled”; 5 mM 1-methyl
nicotinamide, 100 mM ferz-butanol, 10 mM potassium phosphate, pH
7.3, and 298 K. Argon saturated. (From [3])

initial reduction phase of the “as isolated” enzyme, 8 s

corresponds to an activation free energy, AGH,
of 0.378 eV. The equilibrium constant for the reaction in
Eq. 4 is 041 at 298 K, equivalent to a driving force,
—AG°, of —0.023 eV. By application of the semiclassical
Marcus theory [22] (Eq. 1), a reorganization energy, Aror,
of 1.46 eV was calculated, which is in good agreement
with all previously reported values [36]. The equilibrium
constant for the reaction in Eq. 5 is 5.0 (or —AG® =
0.041 eV). Thus, the larger driving force contributes
slightly to a rate increase, but since |AG0’ < Jrtor, the
increase in the ET rate is dominated by changes in the
reorganization energy. An approximately 20-fold increase
in the rate constant requires a decrease in AG* t0 0.32 eV,
which, in turn would require a small (0.2 eV) decrease in
Aror to 1.3 eV. Thus, the primary cause for the lowering
of2 the reorganization energy on partial T3 site reduction
could be structural changes either in the coordination
sphere of the metal ions or indirectly in the trimeric SLAC
quaternary structure, or in both. A semireduced T3 center is
a necessary transient species since monitoring the time
course of the ET from the T1 site to the binuclear T3 site
by means of the 330 and 605 nm bands shows that it
proceeds in single-electron transfer steps. As discussed
already, on the basis of the available crystal structures,
significant structural changes involving the distance
between the T3 copper ions and any associated bridging
oxygen atoms are expected. The first T1 site to T3 site ET
in SLAC probably leads to uncoupling of the T3 copper
pair and breaking of the linking OH™ bridge, but does not
affect the ET pathway. The structure of a semireduced

intermediate would thus be closer to that of the fully
reduced state than to that of the oxidized state, and would
cause the decrease in Aot for the second internal ET step.

Dependence of the intramolecular ET rates on the extent
of reduction has so far not been observed in other MCOs
(see earlier). However, unlike other monomeric MCOs
examined, SLAC is trimeric, and changes in its T3 site
coordination sphere may not be the only cause for the
enhanced reactivity on reduction. Namely, since the TNC
in SLAC is located at a monomer—monomer interface and
each T3 copper is bound to ligands from two different
monomer chains [3], changes in the TNC reduction state
and coordination could also affect the quaternary structure
of the trimer and thus provide a structural rationale for the
behavior of SLAC, as opposed to AO, T. hirsuta, and
R. vernicifera laccases. Significantly, in the analogous
copper nitrite reductases, which are also homotrimers,
evidence has indeed been provided for marked interactions
among the monomers [6, 37].

Control of internal ET rates by site—site interactions is
an intriguing functional feature encountered for the first
time in MCOs. An enhanced ET reactivity with increasing
extent of reduction and the resultant preference for fully
reduced T3 site in SLAC has consequences for the O,
reduction process. Binding of O, to TIRT3RR or T19T3RR
would yield a peroxide intermediate (vide infra) promoting
additional electron uptake by the enzyme before the crucial
steps of O, bond splitting and further reduction [38]. This
would also be the case in other MCOs where the three-
electron-reduced state is prevalent owing to the low redox
potential of the T2 Cu(Il) and could also reflect preference
for the formation of the fully reduced T3 site over two half-
reduced ones due to an evolutionary advantage under
conditions of limited reducing substrate.

C. pepo medullosa AO

Internal T1 copper to T3 copper ET has been studied by
both pulse radiolysis [27, 39] and flash photolysis [20] in
C. pepo medullosa AO. Interestingly, the two independent
pulse radiolysis studies observed multiple phases in the
T1 copper to T3 copper ET process (201 & 8 and
2.3 £ 0.2 s Table 1) from the beginning of the reduc-
tive titration. These multiple phases were tentatively
attributed to subpopulations of molecules with different
TNC structures, especially with respect to bridging or T2
copper coordinated water molecules [27]. A later study
[28] was performed using a slight stoichiometric excess of
O, at the beginning of the pulse radiolysis reductive titra-
tion (see Fig. 4). In this case the faster internal ET rate
increased to 1,100 & 300 s~!, but was still below the
turnover rate of the enzyme of approximately 12,000 s~
[40], consistent with having the TNC state dependent on
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Fig. 4 Time-resolved absorption changes in C. pepo medullosa AO.
a Fast bimolecular reduction of T1 Cu(Il) (610 nm) by CO,  is
followed by intramolecular reoxidation. The conditions were as
follows: 5.3 uM AO; 65 uM initial O, concentration; pH, 5.8;
temperature, 293 K; pulse width, 0.5 ps. b Reduction of T3 Cu(Il)
(330 nm) by intramolecular ET from T1 Cu(I). After intramolecular
ET from T1 Cu(l), a net transient increase in the 330-nm (T3 copper)
absorption is observed, assigned to formation of AO-O, intermedi-
ates. The conditions were the same as for a. ¢ T3 Cu(Il) (330 nm)
reduction by intramolecular ET from T1 Cu(l) after apparent O,
exhaustion. The other conditions are as for a. (Adapted from [28])

whether it recently underwent a cycle of reduction and
reoxidation by O, (i.e., being in the “as isolated” or the
activated, “pulsed” state). Other important factors could be
the availability of higher concentrations of O, under
physiological conditions, or excess reducing substrate. Ky
for ascorbate is 1.4 mM [41]. Under pulse radiolysis con-
ditions, however, there is a large excess of enzyme over
reducing radicals; hence, there is not sufficient reductant to
maintain the fully reduced state of the enzyme. Although
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the presence of small amounts of O, increases the rate of
intramolecular ET considerably, under optimal conditions
the concentration of ascorbate is sufficient to maintain a
steady state of Cu(I) centers so that turnover is monitored
between practically fully reduced AO molecules and O,.

O, reduction mechanism and intermediates

As stated earlier, a major motivation for the broad and
intense interest in the structure and reaction mechanism of
MCOs is their capacity to efficiently catalyze the four-
electron reduction of O, to water while overcoming the
relatively high energy barriers for reduction of O, by one
and three electrons, and without release of intermediates,
particularly reactive oxygen species. O is kinetically inert
to reduction because of two important factors: one-electron
reduction of O, is thermodynamically strongly unfavor-
able, and two-electron reduction of O, (S = 1) to peroxide
by organic substrates (S = 0) is spin-forbidden. MCOs
catalyze the four-electron reduction of O, to two water
molecules by providing the necessary thermodynamic
driving force for either two sequential two-electron steps or
first by a concomitant two-electron reduction of O, to form
a TNC-bound peroxide followed by two single-electron
transfers, combined with H" transfer from protein amino
acid side chains or coordinated water molecules (see
below) [42-45]. Two carboxylates are generally conserved
[44]: specifically, Glu498 and Aspl116 of CotA have been
demonstrated to be involved, as have Glu506 and Asp112
in the Escherichia coli MCO CueO. In both reductions,
the highly endergonic step of superoxide formation is
circumvented.

The last four decades has provided a very large amount
of biochemical, structural, spectroscopic, and kinetic
information, yet detailed models of the reaction mecha-
nisms are still not fully established [46—48]. One important
reason for this situation is the known structural differences
among MCO subfamilies that may lead to differences in
their mechanism of O, reduction. Attention to this possi-
bility has been raised only recently [49].

Studies of the reductive half-cycle of MCOs have
focused on ET kinetics using diverse physiological and
nonphysiological substrates. There is general agreement
that the T1 Cu(Il) is the electron uptake site of all the
MCOs characterized. The substrate specificity of many
MCOs is relatively broad, but in some cases the 3D
structure has suggested specificity, as, for example, for
Fe(Il) of the ferroxidases, ceruloplasmin, and its analogue
Fet3p [50]. The main challenge in understanding the sub-
sequent steps of catalysis is the resolution of the electron
distribution between T1 Cu(I) and the components of the
TNC and the time courses, first in the absence of O, and
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then for the individual O, reduction intermediates [38, 51—
58]. A wide range of experimental and theoretical
approaches have been used in efforts to identify such
intermediates [46]. One obvious protocol pursued is to
study the reaction of the fully reduced enzyme with O,,
whereas other protocols tried dissecting the oxidative half-
cycle at different states of O, reduction. This is essential in
view of the fact that MCOs function under diverse condi-
tions of reducing substrate and O, availability. Fast reac-
tion kinetics, monitoring different spectroscopic probes,
and oxygen isotopes have helped in identifying or sug-
gesting intermediates [53, 59]. Modified or mutated MCOs,
notably those where the T1 copper has been replaced by
mercury or depleted, or the T2 copper had been depleted,
have also been used to arrest the overall reaction and sta-
bilize intermediates. Since these enzyme forms are devoid
of enzymatic activity [60-62], the extent to which the
mechanism has been altered remains an open issue.

The most extensively studied intermediate is the MCO-
bound peroxide. Pioneering detailed quantitative analyses
of the R. vernicifera laccase spectra of this species
revealed a characteristic optical absorption feature at
325 nm accompanied by a large negative Cotton effect at
the same wavelength in the circular dichroism spectra [56].
Moreover, it was shown that the peroxylaccase can be
formed in several different and independent ways: by
reaction of partially or fully reduced laccase with O,
(Fig. 5a) [38], by limited reduction of the enzyme in the
presence of oxygen, and most importantly, by reacting
fully oxidized laccase with 1 equiv of hydrogen peroxide
(Fig. 5b) [56, 58]. Some time after these results has been
published, the argument was made that the observed
spectral features at 325 nm are caused by oxidation of
partly reduced T3 sites in the resting laccase rather than by
formation of a peroxylaccase [63]. However, this argument
can clearly be refuted by several different sets of results
showing that the spectral changes are specific to the reac-
tion caused by addition of hydrogen peroxide to laccase,
already established to be fully oxidized [38, 56]. Further-
more, neither different strong inorganic one-electron oxi-
dants nor organic two-electron oxidants could produce the
above-mentioned specific spectroscopic changes. In addi-
tion, measurements of the magnetic susceptibility demon-
strated that the electronic coupling between the two T3
Cu(ID) ions weakens on coordination of the peroxide group
[64]. Last but not least, the quantitative analysis of the
reductive titrations of peroxylaccase established that six
reduction equivalents are required in order to fully reduce
this peroxylaccase derivative (Fig. 6a). Taken together
these results are consistent only with the observation of a
genuine peroxylaccase formation with a relatively long
lifetime and a high affinity, K ~ 10° M~" (Fig. 6b) [55].
Remarkably, the same group challenging the observed
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Fig. 5 a Circular dichroism spectrum of partly reduced Rhus
vernicifera laccase reacted with O,. R. vernicifera laccase,
0.09 mM, in 0.1 M phosphate, pH 7.0, 298 K, was reduced with
0.05 mM ascorbate (argon saturated) followed by reoxidation with O,
[38]. b Blue line circular dichroism spectrum of peroxylaccase
produced by adding 1 molar equivalent of H,O, to R. vernicifera
laccase, 0.12 mM in 0.1 M phosphate, pH 7.0. Green line the same
R. vernicifera laccase solution before addition of hydrogen peroxide
(561

peroxylaccase formation described above soon afterwards
reported that a peroxide is indeed produced as an inter-
mediate in the course of O, reduction by fully reduced
laccase [60] and later also by Fet3p [65], on the basis inter
alia of spectral evidence similar to that described above
(see below).

Spectroscopic studies combined with theoretical calcu-
lations have been undertaken for R. vernicifera laccase and
most recently the yeast ferroxidase Fet3p, where the
reaction of O, with the reduced, yet modified, enzymes was
examined. The peroxide intermediate, apparently identical
with the R. vernicifera peroxylaccase described above, was
trapped by adding O, to the reduced, T1 mutated or T1(Hg)

@ Springer
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Fig. 6 a Redox titrations of R. vernicifera laccase. To a 0.20 mM
laccase solution, an equimolar amount of H,O, was added and the
mixture was left overnight with a trace amount of either catalase or
platinum black in order to remove free peroxide. After argon
saturation, the laccase solution was reductively titrated with ascorbate
(red symbols). When full reduction had been achieved, the laccase
solution was titrated with H,O, (blue symbols). Circles represent T1
site (615 nm) and squares represent T3 site (325 nm) absorption. The
absorption values were calculated as (A — Aeq)/(Aox — Areq) 1IN

percent, where A is the measured absorbance corrected for dilution,

derivative, i.e., to a three-electron-containing enzyme [62,
65, 66]. The structural model proposed has the peroxide
interacting with all three TNC copper ions, with one oxy-
gen atom bridging the T3 copper ions and the other oxygen
atom bridging one of the T3 copper ions and the T2 copper
ion (or a slightly different structure supported by calcula-
tions) [48, 67]. Thus, the current model of peroxide for-
mation in the initial two-electron reduction step of O, is
widely accepted, although details of the ET to the TNC as
well as the role of the T2 site do differ [68]. A very recent
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and A, and A4 are the absorbances of the fully oxidized and fully
reduced chromophore, respectively; 100 % represents fully oxidized
laccase, and 140 % represents absorbance of the peroxylaccase
complex. b Titration of oxidized R. vernicifera laccase with hydrogen
peroxide. To a 3.0 uM laccase solution, small aliquots of 1.0 mM
H,0, were added. Aesps was calculated as the extinction difference
between peroxide-treated and fully oxidized laccase, corrected for
dilution. The curve was calculated using K = 1 x 10° M™". (From
[55D)

communication addressed the issue of O, reduction inter-
mediates, also in the context of a long-standing issue of the
so-called pulsed and as isolated enzyme forms [68]. The
latter form clearly has a slower catalytic cycle and has been
observed for several but not all MCOs. This raises the
question of what changes these enzyme forms require to
attain full activity. In the work reported in [68], the
reduction kinetics of wild-type R. vernicifera laccase in the
absence of oxygen, in its so-called native intermediate
and resting forms, were investigated by stopped-flow
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spectrophotometry, following reaction of fully reduced
laccase with O,. Interestingly, although different termi-
nology was used to describe the observed enzymatic states,
the results are essentially identical with those obtained
more than three decades earlier [57]. Namely, a long-lived
intermediate with distinct spectroscopic features was
identified, Further, the different possible pathways of
R. vernicifera laccase cycles were addressed by examining
in detail the reactivity of fully and partially reduced laccase
with O,, as well as reductively titrating peroxylaccase or
oxidizing the fully reduced enzyme with hydrogen
peroxide.

Although a peroxide intermediate is expected to be a
common feature of the oxidation half-cycle of all MCOs,
its stability and the conditions under which it forms are
apparently variable. Oxidized AO was also shown to form
the peroxide complex when the oxidized enzyme was
titrated with hydrogen peroxide, as demonstrated by the
appearance of the characteristic absorption change of
the 325-nm band [69]. Moreover, the 3D structure of the
AO-peroxy complex, produced by soaking the crystals in
10 mM hydrogen peroxide solution for 2 h, has also been
determined, using a conventional X-ray source [15].
However, efforts to produce similar peroxide complexes
from CotA and SLAC (our unpublished results) have
failed, at least insofar as producing an intermediate
absorbing at 330 nm on their reaction with hydrogen
peroxide.

Important insights into the potential steps of O, reduc-
tion have evolved in recent years through the use of syn-
chrotron radiation for 3D structure determination of
different redox enzymes, MCOs included. The radiation-
induced reduction of redox centers, in the presence of
oxygen, has led to the production and identification of
different MCO-bound O, reduction intermediates, usually
formed under conditions of limited, gradually increased
reduction as illustrated by the following examples. Struc-
tures showing enzyme-bound peroxide have been reported
for CotA laccase [70] as well as for laccases isolated from
Lentinus tigrinus [71] and Pycnoporus cinnabarinus [72].
In the radiation-dose-dependence study of S. ochraceum
laccase discussed in “Structure of the TNC in MCOs” [12],
a peroxide intermediate representing 20 % reduction was
observed in the structure. The O, is coordinated to the T3
copper ions, but unlike the case of the 10 % reduced
structure described in the section “Structure of the TNC in
MCOs,” it is now attached with one oxygen atom closer to
one T3 copper ion and the other oxygen atom closer to the
second T3 copper ion. The O-O distance has increased to
1.5 A, typical for an O-O single bond, and the Cu—Cu
distance has increased to 4.0 A.

The step(s) in the oxidative catalytic half-cycle follow-
ing the peroxide formation is(are) far less resolved and may

also differ in details among MCOs. In the pioneering
studies of reduced R. vernicifera laccase oxidation using
70O-labeled O,, the suggestion was made that a single
electron reduction step causes breaking of the O—O bond of
the peroxide intermediate and produces an 'O free radical
intermediate identified by EPR [54]. It was assigned to a
copper-bound O™ radical which decays in parallel to the
reappearance of an oxidized T2 copper with a half-life of
approximately 13 s. This notion is in line with later results
obtained by the use of '®O-labeled O, showing that only
one water molecule (produced as a result of a three-elec-
tron reduction) is released immediately into the bulk sol-
vent. The second water molecule is produced only on
transfer of the fourth electron to the T2-copper-bound
radical, and remains bound for a relatively prolonged time
[52, 59].

The evidence suggesting a role for the T2 copper site in
the O, reduction led to an examination of the NMR line
width of T2 Cu(Il) in 70-enriched water, further illus-
trating the ligand interactions of the T2 site and the model
where interaction with oxygen atoms involves the entire
TNC [73].

Another model based almost entirely on results of 3D
MCO structures suggests concomitant two-electron transfer
to the bound peroxide, causing O-O bond cleavage and
product protonation, followed by the formation of a
hydroxide bridge between the two T3 copper ions and
migration of the second oxygen atom to ligate the T2
copper ion [71].

Significantly, a recent report [74] yielded the first clear
evidence for marked differences among MCOs in the final
steps of the peroxide reduction. Both EPR and optical
spectroscopy were used to investigate the products of O,
reduction by SLAC. Both wild-type and a T1 copper
mutated SLAC derivative were shown to produce a free
radical, probably derived from the Tyr108 side chain, in the
reaction of the reduced enzyme with O,. Use of additional
SLAC mutants, where Tyrl08 had been replaced by
phenylalanine or alanine, established the latter assignment
of the Tyr108 radical, exchange-coupled with the unpaired
spin of the T2 Cu(II). This further suggested that of the four
electrons required for the formation of two water mole-
cules, one is provided from the latter transient free radical.
Since the trimeric, two-domain SLAC structure differs
from the structures of most of the laccases studied so far,
and also exhibits a distinct pattern of the internal ET rate
and distribution dependence on the reduction state of the
enzyme (vide supra), it remains to be learned if the above-
mentioned distinct intermediate formed is a singularity or a
characteristic of the trimeric two-domain MCO subfamily.

Candidate structures for a state of the enzyme in which
the O-O bond is broken (called the “native” intermediate)
have also been provided by spectroscopic and theoretical
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Fig. 7 The catalytic mechanism of multicopper oxidases based on
the intermediates observed in the structural study of laccase from
Lentinus tigrinus (Protein Data Bank code 2QT6) by Ferraroni et al.
[71]. The reduced enzyme (A) reacts with molecular oxygen (B) to
generate the peroxide intermediate (C). The peroxide bridges only the
T3 copper pair and is not connected to the reduced T2 copper center.
The peroxide intermediate is further reduced in a second step,
oxidizing the T2 center and the distant T1 center to generate the

studies of R. vernicifera laccase and Fet3p as well as from
X-ray crystal structure determinations. The structure pro-
posed from the spectroscopic measurements [48, 65] is
based on the oxidation by O, of three-electron-reduced
mutants lacking the T1 site. An oxide ion is proposed to be
bound at the center of the triangle of Cu(Il) ions and a
hydroxide that bridges the T3 copper ions. The series of
structures of S. ochraceum laccase produced through
reduction by synchrotron radiation shows a similar struc-
ture produced after 60 % reduction. The two oxygen atoms
(oxide or hydroxide ions, the protonation state could not be
established directly) have separated to approximately 3 A
and the Cu—Cu distance is 4.8-5.0 A.

A mechanism that is most consistent with the observa-
tions presented here and the series of X-ray crystal struc-
tures of L. tigrinus laccase is illustrated in Fig. 7 [71]. It
assumes that O, only interacts with a TNC that already
contains one or more reduction equivalents. In the former
case, a superoxide is produced. This is in line with our
results showing that a T1 copper to T3 copper ET equilib-
rium is established in several MCOs on uptake of the first
single reduction equivalent. It may allow O, binding even
as a superoxide, although no direct evidence is available.
On an additional single-electron transfer to the T3 Cu(Il),
the peroxide would be formed. The involvement of the T2
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“native intermediate” (D), which is composed by one p*-oxo bridge
between the T2/T3 copper centers of the trinuclear cluster and an
OH™ bridge between the two T3 copper ions. The resting oxidized
enzyme (E) acts too slowly to be consistent with the catalytic turnover
rate. The “native intermediate” (D) is catalytically active and is
rapidly reduced by substrate. W water (Reproduced from [71] with
kind permission of the authors)

copper in the latter intermediate is possible, although this
model has neither thermodynamic nor kinetic evidence. As
detailed already, in the pioneering studies of R. vernicifera
laccase by Aasa et al. [54], the T2 site has been proposed to
be implicated in the reductive bond fission of O,. This is
supported by the structures suggested for the “native”
intermediate with an oxide ion from O, bridging to the T2
copper. In view of the differences observed in activity
between different MCOs between “as isolated” and
“cycled” (or “pulsed”) samples, the consensus is that the
resting enzyme is not part of the catalytic cycle. The state of
the enzyme that is longest-lived under steady-state condi-
tions may depend on the concentration of the reducing
substrate and O, and the probability that the enzyme forms
the resting state as opposed to continuing being in the
activated enzyme loop. It is expected that this, in turn, will
depend on the source of the enzyme and the conditions,
especially the oxygen level, for which it is adapted.

Conclusion
We can answer the different questions raised in this review

as follows. The internal T1 copper to T3 copper ET rate,
although differeing considerably among MCOs, is markedly



J Biol Inorg Chem (2014) 19:541-554

553

enhanced in the presence of O, or on formation of O,
reduction intermediates. In the absence of this terminal
acceptor, so far only one MCO, SLAC of S. coelicolor,
has shown a clear ET rate dependence on the degree of the
T3 copper reduction, a pattern possibly indicating adap-
tation to limited substrate availability. One structural
rationale for the change in the internal ET rate is based on
possible changes in the TNC structure induced on electron
uptake. Several interesting structures of O, reduction
intermediates have been resolved by the 3D structure
determined by the use of synchrotron radiation that are
likely to be related to kinetic intermediates, peroxylaccase
in particular. Different chemical and physical methods
have provided evidence for additional intermediary states
of the enzymes, some being a result of limited reduction
equivalents, but possibly also distinct structural features of
MCO family members. A particular characteristic of
MCOs is the striking difference in activity, notably in their
internal ET rates, when examined in the freshly isolated
form and after participation in catalysis. The structural
basis of this difference is still unclear, although it probably
stems from the TNC.

One especially important conclusion has emerged from
the kinetic studies of different MCOs. Namely, although
representing a coupled system, the T3 site does take up
single electrons as evidenced by the changes in its
absorption band occurring synchronously with disappear-
ance of the T1 site band.

A general concluding note regarding the many mecha-
nistic schemes proposed so far is that attention needs to be
given to the nature of the intermediates produced under
different degrees of MCO reduction that occur under the
various physiological conditions to which the wide diver-
sity of MCOs may be exposed.

Acknowledgment O.F. thanks the Kimmelman Center for Biomo-
lecular Structure and Assembly at the Weizmann Institute of Science
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