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Abstract. The type I copper center in multicopper
oxidases is constructed from 1Cys2His and weakly
coordinating 1Met or the non-coordinating 1Phe/
1Leu, and it exhibits spectral properties and an
alkaline transition similar to those of the blue copper
center in blue copper proteins. Since the type I copper
center in multicopper oxidases is deeply buried inside
the protein molecule, electron transfers to and from
type I copper are performed through specific path-
ways: the hydrogen bond between an amino acid

located at the substrate binding site and a His residue
coordinating type I copper, and the His-Cys-His
sequence connecting the type I copper center and
the trinuclear copper center comprised of a type 11
copper and a pair of type III coppers. The intra-
molecular electron transfer rates can be tuned by
mutating the fourth ligand of type I copper. Further,
mutation at the Cys ligand gives a vacant type I copper
center and traps the reaction intermediate during the
four-electron reduction of dioxygen.

Keywords. Type I copper, trinuclear copper center, multicopper oxidase, blue copper protein, CueO, laccase,

bilirubin oxidase.

Introduction

Nearly all organisms utilize copper as an essential
trace element. Biological roles of copper include
electron transfer, oxidation of organic substrates and
metal ions, dismutation of superoxide, monooxygena-
tion, transport of dioxygen and iron, and reduction of
dioxygen, nitrite and nitrous oxide, etc. [1]. These
functions of copper parallel those of iron due to their
shared redox active properties. Regarding oxidation
state, copper(I) and copper(Il) states are utilized in
biological systems, while the involvement of the
copper(III) state has been erroneously suggested for
galactose oxidase.

Copper in proteins has been classified into three
groups based on their spectroscopic and magnetic
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properties: type I copper, type Il copper, and type 111
copper. Type I copper shows intense absorption at
around 600 nm and narrow hyperfine splittings in the
electron paramagnetic resonance (EPR) spectrosco-
py. Type II copper does not give strong absorption at
600-700 nm and shows hyperfine splittings of the
normal magnitude in the EPR spectrum. Unlike type I
copper and type II copper, type III copper is not
detected in the EPR spectrum because of strong
antiferromagnetic interaction. This classification of
copper has been based on coppers contained in
lacquer laccase, the prototype multicopper oxidase
(MCO). On the other hand, copper in proteins
containing only one type of copper has been classified
into blue copper, non-blue copper or EPR non-
detectable copper. These coppers have also been
extensively called type I copper, type II copper, and
type III copper, respectively.
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Table 1. Blue copper center, type I copper center and variant with their donor set and redox potential.

Type of Cu Protein Donor for Cu Redox potential
(mV vs normal hydrogen electrode)
Blue Cu center plastocyanin 1Cys2His1Met 350-370
azurin 1Cys2His1Met 266-305
pseudoazurin 1Cys2His1Met 260-269
amicyanin 1Cys2His1Met 294
rusticyanin 1Cys2His2Met 680
auracyanin 1Cys2His2Met
halocyanin 1Cys2His1Met 183 (highly pH dependent)
plantacyanin(CBP) 1Cys2His1Met 317
umecyanin 1Cys2His1GlIn 283
mavicyanin 1Cys2His1GlIn 285
stellacyanin 1Cys2His1GlIn 180-260
Red Cu center nitrosocyanin 1Cys2His1GlulH,O 85
Cu, cytochrome c oxidase 2Cys2His1Met1Glu 260
nitrous oxide reductase 2Cys2His1Met1Trp 260
Type I Cu center plant laccase 1Cys2His1Met 394
ascorbate oxidase 1Cys2His1Met 344-370
CueO 1Cys2His1Met 364
PcoA 1Cys2His1Met
CumA, MofA, MnxG 1Cys2His1Met
EpoA 1Cys2His1Met
CotA 1Cys2His1Met 455
dihydrogeodin oxidase 1Cys2His1Met
(sulochrin oxidase)
nitrite reductase 1Cys2His1Met 240-260
hephaestin 1Cys2His1Met
ceruloplasmin 1Cys2His1Met/1Leu 490, 580, >1000
phenoxazinone synthase 1Cys2His1Met
bilirubin oxidase 1Cys2His1Met 680
Fet3p 1Cys2His1Leu 433
fungal laccase 1Cys2His1Phe/Leu 550-785

Blue copper protein is a class of copper proteins
containing only a blue copper center in a relatively
small-sized protein molecule of 9-23 kDa that func-
tions in electron transfer [2-4], although the subgroup
called phytocyanin in higher plants is considered to
function as a radical scavenger. Red copper protein
(nitrosocyanin) is a variant of blue copper protein with
a modified ligand set (see below) [5]. Table 1 lists the
copper proteins containing the blue copper center and
the type I copper center and their variants. Basically
the same copper center, type I copper, is also present
in MCOs containing four copper centers: a type I
copper and a trinuclear copper center comprised of a
type II copper and a pair of type III copper [6-8].

The function of both the blue copper center and the
type I copper center is electron transfer. Since MCO is
an oxidase, the electron transfer pathways to and from
type I copper are different: electrons withdrawn from
the substrate are transferred to the trinuclear copper
center via type I copper and are used to convert
dioxygen to water. On the other hand, blue copper
proteins shuttle an electron between exogenous redox
partners through the coordinating His imidazole
group, although the directional electron transfer
occurs in plant plastocyanin located on the thylakoid

membrane surface [9, 10] and only putatively occur in
amicyanin.

Copper-containing nitrite reductase (NIR) involved
in the anaerobic respiration system is a subgroup of
MCOs, which contains a type I copper and a type 11
copper [11]. The type I copper in NIR is used for entry
of electrons from a blue copper protein or cytochrome
¢. The type II copper in NIR is used as a binding and
reducing site for substrates. Nitrous oxide reductase
(N,OR) and cytochrome ¢ oxidase (COX) have a
binuclear copper center, Cu,, which is a variant of
type I copper and iron-sulfur center and functions to
facilitate entry of electrons towards the reduction
centers of nitrous oxide (Cu,) and dioxygen (heme a;-
Cug), respectively [12].

In the present article, we review the structure and
function of type I copper in MCOs and their variants
in comparison with those of blue copper proteins and
their variants. While a number of excellent reviews on
blue copper proteins are available [2—4, 13-16], type |
copper with extensive biological features has not yet
been reviewed.
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Type I copper of multicopper oxidase
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Figure 1. Homology of amino acid sequences around the copper binding sites of multicopper oxidase (MCO)), nitrite reductase (NIR), blue
copper protein, nitrous oxide reductase and cytochrome c oxidase. 1,2, 3, and asterisk represent type I copper ligand, type II copper ligand,
type III copper ligand and proton donor, respectively. Plus represents the five amino acids shown in parenthesis. BO, bililubin oxidase;
RvLc, Rhus vernicifera laccase; CpAO, Cucurbita pepo ascorbate oxidase; TvLc, Trametes versicolor laccase; CcLc, Coprinus cinerius
laccase; SLAC, small laccase from Streptomyces coelicolor; hCp, human ceruloplasmin; AXNIR, Alcaligenes xylosoxidans NIR; AcNIR,
Achromobacter cycloclastes NIR ; AfNIR, Alcaligenes faecalis NIR ; CrPC, Chlamydomonas reinhardtii plastocyanin; PnPc, Populus nigra
plastocyanin, AcPAz, Achromobacter cycloclastes pseudoazurin; PdAm, Paracoccus denitrificans amicyanin; TfRc, Thiobacillus
ferroxidans rusticyanin; CsStc, Cucumis sativus stellacyanin; CpMv; Cucurbita pepo mavicyanin; PAN,OR, Paracoccus denitrificans
nitrous oxide reductase; AcN,OR, Achromobacter cycloclastes nitrous oxide reductase; PACOX, Paracoccus denitrificans cytochrome ¢

oxidase; bCOX, bovine hart cytochrome c¢ oxidase.

Structure of the type I copper center in MCOs

The ligand groups commonly coordinating the blue
copper center and the type I copper center in MCO
are 1Cys and 2His residues (Fig. 1, Table. 1). Met is
widely utilized as the fourth ligand, although the
electron-donating ability of the thioether group is
considerably lower compared to the cysteinate sulfur
and the imidazole nitrogen [2, 16]. In phytocyanins
from higher plants, however, Met is replaced by Gln
containing an amide group in the side chain with a
stronger electron-donating ability compared to the
thioether group in the side chain of Met. The fourth
ligand for the type I copper center is not present in
fungal laccases, in which the uncoordinating Phe or
Leu occupies the position [5-7]. An amide carbonyl
group in the main chain approaches the blue copper
center in azurin with a distance of ~3 A [17-22].
Figure 2 compares the structure and properties of the
type I copper center and the blue copper center
together with their variants, the red copper center with

the coordination of 1Cys2His1Glu and a water
molecule [5], and the coupled Cu, center in N,OR
and COX [23-25].

Most of the blue copper proteins plastocyanin, azurin,
pseudoazurin, amicyanin, rusticyanin, auracyanin,
umecyanin, mavicyanin, plantacyanin (cucumber
basic protein, CBP), and stellacyanin have been
crystallized and their structural data are available [4,
16]. On the other hand, crystal structure analyses of
MCOs comprised of more than 500 amino acids have
been limited until recently. However, crystal data are
now available for fungal laccases from Coprinus
cinereus [26, 27], Trametes versicolor |28, 29], Mela-
nocarpus albomyces [30, 31], Rigidoporus lignosus
[32], and Cerrena maxima [33], CotA [34-36], CueO
[37-39], Fet3p [40], phenoxazinone synthese [41],
ascorbate oxidase [42, 43], and ceruloplasmin [44, 45]
(Table 2), although plant laccase, bilirubin oxidase,
PcoA, manganese oxidases such as CumA and MnxG,
dihydrogeodin oxidase, and hephaestin have not yet
been crystallized. The difficulty in crystallizing lac-
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Figure 2. Structure and properties of the type I copper center and related copper centers: blue copper center, red copper center and Cu,

center.

quer laccase, the prototype MCO, comes from its high
sugar content of ~50%. An expression system to
obtain sugar-free lacquer laccase has not yet been
constructed. The type I copper in MCO is coordinated
by 1Cys2His1Met except for the fungal laccases and
Fet3p, in which Phe or Leu occupies the position of
Met. Crystal structure analysis of reduced MCO has
only been performed for ascorbate oxidase, indicating
that the space formed by the trinuclear copper center
becomes wider to accommodate dioxygen [42]. Crys-
tal structure analyses of ascorbate oxidase [42], CotA
[35] and, T. versicolor laccase [29], to which substrates
or inducers were bound (see below), demonstrated
that the structure around the type I copper center was
not noticeably perturbed upon binding of the sub-
strate or inducer.

The MCO molecule consists of three domains, each of
which has a folding pattern analogous to that of
cupredoxin (blue copper protein) [28,29] (Fig. 3). The

trinuclear copper center is located at the interface of
domain 1 and domain 3, and the type I copper center at
domain 3, being further from the protein surface when
compared to the blue copper center in blue copper
proteins. An exception to the general molecular
structure of MCOs is ceruloplasmin. Ceruloplasmin
consists of six domains: three repetitions of the two-
domain unit [44-46]. This two-domain structure [47] is
considered to be an ancient form of MCO from which
the three-domain MCO evolved [11]. Two type I
copper centers constructed from 1Cys2His1Met (do-
mains 4 and 6) and one type I copper center
constructed from 1Cys2HislLeu (domain 2) are
present in ceruloplasmin, although only one trinuclear
copper center is present at the interface between
domains 1 and 6 [44, 45]. NIR, whose structure is a
homo-trimer of two-domain monomers [48, 49],
evolved from the common ancestor with ceruloplas-
min.



2646 T. Sakurai and K. Kataoka

Table 2. X-ray crystallographic data of multicopper proteins.

Type I copper of multicopper oxidase

Multicopper protein X-ray crystallographic characterization with Protein Data Bank (PDB) code or lit.

Ascorbate oxidase

ox. form (1AOZ), red. form (1ASO), peroxide-incubated (1ASP), azide-incubated (1ASQ), ascorbate-incubated
ox. form (1KV7), Cu-soaked (1IN68), M441L (1PF3), Aa5—7 (2YXV), Aa5—7 Cu-incubated (2YXW), low Cu

ox. form (1GSK), red. form (2BHF), SGZ-incubated (1HKP, 1HL0), ABTS-incubated (1HKZ, 1HL1, 1I0GR),

EBS-soaked (10F0), ABTS-adduct (1UVW), CuCl,-incubated (1W6L), azide-incubated (1W6W), peroxide-

[42]
CueO

amount form (2FQD, 2FQE, 2FQF, 2FQG)
CotA

incubated (1WSE), M502L/F [63]
Phenoxazinone ox. form (2G23)
synthase
Fet3p ox. form (1ZPU)

Fungal laccase Coprinus cinereus: T2D (1A65, THFU)

Melanocarpus almomyces: ox. form (1GWO0, 2IHS8, 2IH9)
Trametes versicolor: ox. form (1GYC), 2,5-xylidine-complexed (1KYA)

Rigidoporus lignosus: ox. form (1V10)

Cerrena maxima: ox. form (2H5U)
Ceruloplasmin ox. form (1IKCW, 2J5W)

Nitrite reductase

Alcaligenes faecalis: ox. form (1AS6, 1AS7, 1QEO1, 2AVF), half-apo (1QE3), red. form (1AOS, 2FJS), nitrite-

bound, (1AS8,1SIM), NO-bound (1SNR), A98N (1ET5), H255D (1ET7,1ETS8), H255N (1J9S,1JQT), D98N (1J90,
1JQR), I257A (1L90), 1257G (1L9P), 1257L (1L90), I257M (1L9R), I257T (1L9S), 1257V (1L9T), H145A (INPJ,
INPN), M150E (INTD, 2AFN), D92E (1QE2), M150G (1ZDO, 1ZDS, 2B08), M168L (2BP0), M168Q (2BP8)
Alcaligenes xylosoxidans: ox. form (1BO5, INDR, INDT), apo, high pH (1HAU, ITHAW), M144A (1GS6), H254F
(1GS7), D92N (1GS8), W138H (1WAO0), H313Q (IWA1, IWA2), H129V (IWAE), nitrite-bound (INDS)
Rhodobacter sphaeroides: ox. form (12V2, 2A3T, 2DY2), M182T (IMZY, 1IMZZ), H287A (1N70), nitrite-bound

(2DWS, 2DWT)

Achromobacter cycloclastes: ox. form (1IRZP, IRZP, 2BW4), nitrite-bound and T2D (INIA~1NIE, 2BWI, 2NRD),

NO-bound (2BW5, 2BWD), I257E (1KCB)

Hyphomicrobium denitrificans: ox. form (2DV6)

Aa5-7, helices 5-7 were deleted; SGX, syrinagaldazine; EBS, 3-ethyl-2-[(2Z)-2-(3-ethyl-6-sulfo-1,3-benzothiazole-2(3H)-ylidene)hy-
drazino]-6-sulfo-3H-1,3-benzothiazole-1-ium; T2D, type 2 Cu depleted.

Figure 3. X-ray crystal structure of Trametes versicolor laccase
whose three domains are colored light pink, light green, and light
blue. Figure was constructed with PyMol for Protein Data Bank
(PDB) data, 1GYC.

Figure 4 shows the structure of the copper site in an
MCO, CueO (Fig. 4a) [37], together with those of NIR
(Fig. 4c) [49] and mavicyanin (Fig.4b) [50]. The
backbone peptides show how the ligand amino acids
are connected to each other. The architecture of the
type I copper center and the blue copper center are
analogous in that Cys, His and Met/Gln are located in

one loop and only another His is in the other loop.
Type I copper is connected to type III coppers through
the His-Cys-His sequence in MCO and with type 1I
copper though the His-Cys sequence in NIR. Further,
a peptide chain harboring the His ligands for type I
copper and type II and III coppers (MCO) or type II
copper (NIR) (magenta in Fig. 4a, c) indirectly con-
nects the Cu sites separated by ~13 A. The copper-
ligand bond distances have been tabulated in the
literature [16]. The structure of type I copper in most
MCOs is trigonal pyramidal or distorted tetrahedral as
in many blue copper proteins, but trigonal planar in
fungal laccases and Fet3p (Fig. 2).

Spectroscopic properties of the type I copper center in
MCOs

Absorption and circular dichroism spectra

The absorption spectral features of MCO are similar
to those of blue copper proteins except for the
presence of a band at ~330 nm derived from the
trinuclear copper center, since the contribution from
type 1 copper is significant over a wide range of
wavelengths (Fig. 5a, absorption spectra of CueO and
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Figure 4. Structures of the active site of CeuO (a, PDB code,
1N68), mavicyanin (b, 1WS7), and AxNIR (¢, 1BQ5) showing how
ligand groups are correlated with each other.

Table 3. Mutants of multicopper proteins.
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green groups due to their relative absorption inten-
sities at 450 and 600 nm [51, 52]. The Leu—His variant
of a fungal laccase showed changes in type I copper
from the blue site to the green site [53], while the
Leu—Phe mutant did not show any notable change
[54]. MCO mutants prepared until now are listed in
Table 3.

In contrast to the absorption spectrum, the circular
dichroism (CD) spectrum of MCO (Fig. 5b) is more
complex. The sign of the charge transfer band at
around 600 nm, Cys(S,") — Cu*", is positive in MCOs
containing type I Cu with Met as the fourth ligand, but
is negative in fungal laccases containing the three-
coordinated type I Cu [55]. The charge transfer band,
Cys(S,) — Cu®" presents a shoulder at ~530 nm,
although its presence is not recognized from the
absorption spectrum. Oppositely signed bands coming
from His(N) — Cu** and Met(S) — Cu*" are observed

Multicopper Mutant Reference

protein

Ascorbate T1: M5441, other site: A5651/S/V/L/G/T/M/N/D/E, F465W, M861, I534F, A465L/F463W, S124G/ [108]

oxidase V136L, A465L/F463W/M86I, A465W/F463/1/M86/1

Bilirubin oxidase T1: M467F/L/N/G/H/R, C457A/V/S, T2: H94V/N, T3: H456,458V/K/D, H134,136V, Proton donor: [56, 61, 64],
D105E/N/A [70, 84]

Ceruloplasmin ~ T1: C1021S, L329M [109]

CotA T1; MS02L/F [63]

CueO T1: C500S, M510L/Q/A/V, proton donor: D112E/A/N, other site: E106F, deletion mutant: Aa5—7, [58, 107, 110]
Aa6—7, AasS, Aa5—T+1/2a.

Fet3p T1: L494V/F/K/T/A/M, C484S, T1T3: C484S/HS8IN, T1T3: C484S/H126 N, T1T3: C484S/H128N [57,104]
T2: H81IN, T3: H489F, proton donor: D94, Other site: E227A, D228A, E330A, M281A, M345A, [111-116]
M281A/M345A, E185A/D, D409A, D283A, D409A/E, E185A/D409A, D278Q, D279N, D312N,
D3151, D319N, D320N

T villosa laccase T1: F463L/M, A461E/F463L [65]

M. thermophila  T1: L513F/H, other site: LSO9V/E467S/A468A [53, 54]

laccase

R. solanilaccase T1: L470F, other site: L466V/E467S/A468G [54]

Nitrite reductase T1: M150Q/G/T/H/E/D, M182T, M144L, H145A/G, H139A, H135K, other site: W144L, Y203L, [62,90],

H133R, D98A/N/E, D92E/N, H255N/D/A/K/R, D129A/N, H287A, 1289A, E46S, ESSA, E89S, E133A, [117-132]
E118A, E160A, E197A, D201A, E204A, D205A, E112A/E197A/D201A, H287E

Data on nitrous oxide reductase and cytochrome c oxidase were not included.

azurin). The band at around 600 nm originating from
the charge transfer Cys(S,”) — Cu®" is most peculiar
(e=4500-6000) [2-4, 6-8] and, accordingly, MCO is
also called blue oxidase. The band at around
700-850 nm is now assigned to the d-d transitions as
in the case of blue copper proteins. The band at
~450 nm assigned to the His(N) — Cu®" charge
transfer is rather weak for every MCO, although its
intensity is considerably stronger for blue copper
proteins showing the rhombic EPR signal. Copper-
containing NIR molecules are classified into blue and

at 400-500 nm, while the latter band sometimes
becomes noticeable when performing curve analysis.
In contrast to the blue copper center and type I copper
center with distorted tetrahedral or trigonal pyramidal
structures and short Cu-S7(Cys) bonds (1.95-2.16 A),
the red copper center in nitrosocyanin from Nitro-
somonas europaea with a square pyramidal structure
and a longer Cu-S~ (Cys) bond (2.26 A) shows an
intense absorption band at 390 nm (e=4400) [5].

The d-d bands of type I copper give a considerably
stronger negatively signed CD band at around 800 nm,
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Figure 5. Absorption (a), CD (b), and EPR (c) spectra of a
multicopper oxidase, CueO (solid line) and a blue copper protein,
azurin 1 from Alcaligenes xylosoxidans (dotted line).

masking the contributions from d-d bands of type 11
and III coppers. These bands are only observable in
the Cys to Ser mutant of the type I copper center in
bilirubin oxidase [56], Fet3p [57] and CueO (unpub-
lished) (see below). By mutating an Asp residue as a
potential proton donor for dioxygen, which is posi-
tioned behind the trinuclear copper center, absorption
at 330 nm was affected, although the band at 600 nm
did not change [58]. Contributions from the trinuclear
copper center to the CD spectrum at around 330 nm
are not usually significant except for in CueO, since
the OH™ group bridged between the type III coppers
does not intrinsically have an asymmetric character.
Cu, in N,OR is in the mixed-valence state, S = 1/2
[Cu(1.5),Cu(1.5)], and shows predominant S~ (Cys) —
Cu** charge transfer bands at ~480 and 530 nm, as well
as a class IIT mixed valence charge transfer band
around 800 nm [59]. The magnetic CD spectrum is
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similar to that of bovine heart COX [60], in which the
contributions from the Cu, center to the absorption
spectrum are masked by the contributions from two
heme centers.

EPR spectra

In the EPR spectra of MCOs both signals derived
from type I copper and type Il copper have been
detected [6, 7] (Fig. 5¢). Type I copper gives a signal
with axial symmetry and the hyperfine splitting of Ay,
~10x10?cm™. The rhombic type I copper signal as
observed in blue copper proteins with the coordina-
tion of Gln has not been reported in authentic or
recombinant MCOs, although it has been artificially
obtained in the Met — Gln mutants of bilirubin
oxidase [56, 61], CueO (unpublished) and NIR [62].
Mutations of Met — Phe/Leu for bilirubin oxidase
(unpublished), CueO (unpublished) and CotA [63]
resulted in the type I copper with the coordination
found in fungal laccases, but the artificially prepared
type I copper site became unstable due to the loss of a
coordinating group. The modified type I copper site
was not fully occupied with copper atoms, giving
weakened EPR signal intensities. The mutation of
Met — Gly for bilirubin oxidase [64] led to a decrease
in the Ay value and increase in the gy value, which is
comparable to the change reported for mutations of
the blue copper protein. The mutations of Phe/Leu —
Met in fungal laccases also led to slight modifications
in the EPR signal [65]. Since the type I copper and
type II copper signals overlap in the EPR spectra of
MCOs, simulations have been performed to determi-
nate the spin Hamiltonian parameters of type II
copper. Another striking feature of the EPR spectra of
MCO is that an uncoupled type III copper signal is
occasionally observed for isolated recombinant
MCOs [56, 61]. This takes place because the recombi-
nant MCOs have not experienced a turnover and are
in a state differing from that of the resting authentic
MCO [66].

The red copper center gives an EPR signal more
similar to normal copper (A;=13.8 mT) due to the
coordination of Glu [67]. The Cu, center of N,OR and
COX shows seven-line hyperfine splitting in the gy
regions of the EPR signal, indicating that two copper
centers interact magnetically [68].

Resonance Raman spectra

The resonance Raman spectrum of MCO has not
been studied in detail. Only the data for the resting
MCOs and some mutants with excitations at their
600-nm band are available [69-71]. Their spectral
features are very similar to those of blue copper
proteins in that they have the clustered bands due to
the mixing of the metal-ligand stretching. The Raman



Cell. Mol. Life Sci. ~ Vol. 64, 2007

shifts of the clustered bands decrease on the order
Phe/Leu/Gly (vacant), Met, and Gln for the fourth
ligand. Fluorescence does not allow excitation at the
330-nm band. The UV resonance Raman spectrum
has also not yet been reported. The resonance Raman
spectrum of N,OR in three oxidation states (oxidized,
semi-reduced, and reduced) discriminated the con-
tribution from Cuy and Cu, sites, showing vibrational
modes between 220 and 440 cm™ [72].

X-ray absorption spectra

K-edge and extended X-ray absorption fine structure
(EXAFS) spectra of MCOs have also not been widely
measured. Since contributions from each copper site
overlap, the average copper-copper distance in the
trinuclear copper center can be obtained. The EXAFS
spectra of the type II copper-depleted laccase [73] and
ascorbate oxidase [74] show that their type I1I coppers
are in the cuprous state even under air and are
therefore different from the coupled copper centers in
hemocyanin and tyrosinase. The EXAFS spectrum of
Cu, in N,OR was very similar to that of COX and a
copper-copper distance of ~2.4 A was determined
[75].

Properties of type I copper in MCOs

Redox potentials of the copper centers in MCOs have
been determined by measuring the absorption spec-
trum and potential of the partly reduced states of
MCO insitu [6,16,76-78]. The redox potential of type
I copper ranges over ~360-780 (>1000) mV, which are
higher redox potentials compared to those of blue
copper proteins (184-680 mV) and red copper protein
(85 mV) (Table 1). The redox potentials of type 11
copper and type III copper have been measured by
changes in the EPR signal intensity of type II copper
and the absorption at 330 nm, respectively.

The redox potential of type I copper in some MCOs
has also been measured electrochemically [79-84],
although a molecular mass higher than 50 kDa is
exceptionally unfavorable for obtaining clear electro-
chemical responses. Direct electrochemistry using
pyrolytic graphite as a working electrode or mediated
electrochemistry using Au electrodes modified with
an appropriate promoter by self assembly permit the
measurement of the redox potential of type I copper,
when the MCO molecules take the appropriate
orientation on the electrode surface and electric
communication between the electrode and type I
copper becomes possible. Thus, the redox potential of
the type I coppers of plant and fungal laccases [80],
ascorbate oxidase [79], bilirubin oxidase [81, 84],
CeuO [83] have been electrochemically determined,

Review Article 2649

although the association of these proteins and the
electrode sometimes gave slightly different values
from those determined by the titration method. The
shorter the distance of type I copper from the protein
surface, the better is the electrochemical response.
However, since the type I copper site in MCO is
located under the substrate-binding cleft, the electro-
chemistry of MCO is unfavorable compared to blue
copper protein, in which the imidazole edge of the His
ligand is exposed on the flat protein surface [85-88]. In
the case of NIR, the electrochemical communication
of type I copper with the electrode was effectively
performed by using an Au electrode modified with a
promoter [89] and still more effectively by using
mediator proteins such as azurin and pseudoazurin,
thus affording an analytical method to measure
enzyme activity [90]. Figure 6 schematically illustrates
these electrochemical processes of MCOs.

Electrode
. - 0,

H,0

Figure 6. Direct electrochemical process of MCO, which involves
an oriented association of the MCO molecule on the electrode
surface, the electron transfer from electrode to type I copper
center, the succeeding electron transfer to the trinuclear copper
center, and the four-electron reduction of dioxygen with the
concomitant supply of four protons.

Blue copper proteins show a so-called “alkaline
transition” of their absorption wavelength, absorption
intensity, and redox potential [91-94]. With increasing
pH, especially at pH 8-11, the absorption maximum at
~600 nm shifts to shorter wavelengths and its absorp-
tion intensity decreases with the concomitant redox
potential shifts to negative values. In some cases, the
changes give sigmoidal curves, suggesting the involve-
ment of deprotonation of amino acids [95]. Therefore,
it has been suggested that deprotonation of a coordi-
nated imidazole group or an amino acid hydrogen-
bonded with a coordinated group [50] is the cause the
alkaline transition, although it has not been proved
yet. Rather, negative data have been obtained from
mutation studies (unpublished).

The alkaline transition of MCO has not been studied
in detail but we have recently reported that bilirubin
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oxidase shows a dramatic alkaline transition [96].
With increasing pH values higher than 7, the charac-
teristic blue color faded reversibly and the intensity of
the type I copper EPR signal also changed concom-
itantly with the absorption change. “Autoreduction” is
supposed to be derived from a shift in the equilibrium
between Cu’"-S™ and Cu'-S® depending on the pH
[94]. When the radical center is delocalized on the
sulfur atom, copper is formally in the cuprous state
and S® may not give an EPR signal because of
broadening. If protein deformation is the cause of
the alkaline transition of blue copper protein and
MCQO, it would be difficult to explain why common
changes take place. More information about the
reduced state of MCO is required to understand the
alkaline transition intrinsic to the blue copper center
and the type I copper center.

Function of type I copper in MCOs

The function of type I copper in MCO is to withdraw
an electron from the substrate and transfer it to the
trinuclear copper center. This becomes possible
because the redox potential of the substrate is more
negative than that of type I copper (Fig. 7). When the
Met ligand of the type I copper in bilirubin oxidase
was replaced with Gln, the redox potential of type I
copper shifted negatively by ~200 mV, giving rhombic
type I copper EPR signal [56, 61, 70, 81, 84]. Enzyme
activity for organic substrates dramatically decreased
since the electron transfer from the substrate to type I
copper became thermodynamically uphill, although
the driving force for the succeeding electron transfer
process from type I copper to the trinuclear copper
center became steeply downhill. In connection with
this, the ferroxidase activity of the GIn mutant
increased more than 150% compared to the wild-
type enzyme. An analogous negative shift in the redox
potential, a spectral change related to type I copper,
and a decrease in activity have all been observed in the
Met150GIn mutant of NIR [62]. On the other hand,
when Met was substituted with Phe and Leu, the redox
potential of type I copper in CotA [63], bilirubin
oxidase (unpublished), and CueO (unpublished) in-
creased, as in the case of fungal laccases with a
concomitant decrease in the enzyme activities. Met —
Phe and Leu mutations of the type I copper ligand in
bilirubin oxidase led to the possible coordination of an
Asn residue located adjacently to the type I copper
site. This occurred to prevent the unstable three-
coordinate state of copper. The crystal structure
analysis of Met — Phe/Leu mutants of CotA [63]
demonstrated that the protein structure became
considerably unstable and the type I copper center
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was not fully occupied as in the cases of bilirubin
oxidase and CueO. Therefore, the type I copper center
in MCO might also contribute to increase stability of
the protein structure. The Phe and Leu mutants
showed prominent reductions in enzyme activities
because the electron transfer between type I copper
and the trinuclear copper center became unfavorable
as illustrated in Figure 7. Effects of mutations at the
trinuclear copper center and the putative proton
donor concerned in the four-electron reduction of
dioxygen have been reviewed elsewhere [8].

Gln

Potential

+

Trinuclear
Cu Center

Type I Cu 0O,/H,0

Figure 7. Redox potential diagram of MCO representing electron
transfer from substrate to dioxygen and modification of the redox
potential of the type I copper center by mutation.

The electron transfer processes of MCOs and NIR
from the substrate to type I copper and from type I
copper to the catalytic center have been studied with
the stopped-flow technique, flash photolysis, and
pulse radiolysis [37, 51, 52, 97-106]. The initial
electron transfer process from the substrate to type I
copper involves the association of substrate with the
protein molecule, and accordingly, the proper selec-
tion of the substrate is extremely important to study
the initial electron transfer process. Unlike the initial
stage of the MCO reaction, the succeeding intra-
molecular electron transfer pathway from type I
copper to the trinuclear copper center and the four-
electron reduction of dioxygen [56, 102, 103] are not
affected by how the reaction is started, although these
processes will be accelerated under steady-state con-
ditions in the presence of excess substrate [101].

The electrochemistry of MCO also involves the
preceding association of the protein molecule with
the electrode surface and electron transfer from the
electrode to type I copper. The electrochemistry of the
Met — GIn mutant of bilirubin oxidase indicated that
the intramolecular electron transfer between the type
I copper center and the trinuclear copper center were
accelerated as expected from the change in redox
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potential [84]. The electric current density due to the
electron transfer between the electrode surface and
type 1 copper of fungal laccases [80, 82], bilirubin
oxidase [81, 84] and CueO [83] dramatically increased
in the presence of dioxygen, since dioxygen was
effectively converted to water without forming acti-
vated oxygen species. CueO was found to be the most
promising cathodic catalyst to construct a biofuel cell
because of high stability and high electric current
density. If the biofuel cell is used at pH 7, it is ideal that
type I copper of MCO has a redox potential slightly
lower than 0.815 mV, the potential at which dioxygen
is converted to water. If MCO effectively functions at
a more acidic pH, a higher voltage would be expected.
MCOs that show more positive potentials have been
explored to obtain larger voltage differences between
the anodic catalyst and the cathodic catalyst.

The electron transfer from the type I copper center to
the trinuclear copper center passes through the His-
Cys-His triad. The electron transfer is performed
using the through-bond mechanism, although a hydro-
gen bond between the O of Cys507 and the N° of
His506 has been considered to be a short path in the
case of ascorbate oxidase [100]. Therefore, the
possible two electron transfer pathways leading to
type III coppers might not be equivalent. In addition,
it has been considered that the presence of the oxygen
complexes significantly favors intramolecular elec-
tron transfer by affecting the driving force (i.e., redox
potential) [101].

Substrate specificity of MCOs

The specific binding of substrate and the electron
transfer to the type I copper center is a process in
which MCO functions as an oxidase. Unlike this
process, which is specific to each MCO, the subsequent
processes that transfer electrons from type I copper to
the trinuclear copper center and convert dioxygen to
water commonly take place in every MCO.

The substrate specificity of MCOs is quite broad
except for the metallo-oxidases such as CueO, Fet3p,
ceruloplasmin and manganese oxidases. Organic sub-
strates are bound to the cleft at the “north” side of the
protein molecules constructed by loops attached to
the p-barrel scaffolds of the MCO domains (Fig: 3).
The shape of the cleft is one of the critical factors that
produce substrate specificity in MCOs. Bulky laccase
substrates such as 2,2’-azinobis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) and syringaldazine were
found to bind to the cleft of the substrate binding site
in a folded form as indicated by X-ray crystallography
of CotA [35] and the substrate-docked model of
bilirubin oxidase [7]. An acidic amino acid is hydro-
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gen-bonded with an imidazole group coordinating to
type I copper, forming the electron transfer pathway.
The side chain of Asp206 directly interacted with the
2,5-xylidine used as an inducer in the crystal structure
of, T. versicolor laccase [29]. Accordingly, the Asp
residue must be one of the key amino acids to produce
laccase activity, giving a bell-shaped activity profile
depending on pH. In the case of ascorbate oxidase, the
two OH groups of L-ascorbate were within hydrogen-
bonding distance of the imidazole nitrogen (NE2) of
His512 coordinated to type I copper and the indole
nitrogen (NE1) of Trp362 [42]. A stacking interaction
of the L-ascorbate ring with the aromatic ring of
another Trp also facilitated the binding of the sub-
strate. Thus, the substrate specificity of MCO for
organic substrates is produced by the integrated effect
of the shape of the substrate-binding site and non-
covalent interactions of the substrate with the amino
acid(s) adjacent to the His residue coordinating to
type I copper.

In contrast, cuprous oxidase, CueO, and ferroxidases,
Fet3p and ceruloplasmin constitute their specific
copper- or iron-binding site by assembling the ligand
amino acids 2Asp2Met [37, 38] (Fig:4),
1Glu2Asp1Gln [40], and 2GlulAsplHis [44, 45],
respectively, and affording a proper lability to the
substrate metal ions. The substrate-binding site of
CueO is insulated from bulk water by 50 amino acids
including helices 5-7 [107]. Full and partial deletions
of this segment produced oxidizing activities for a
variety of laccase substrates depending on the extent
of the deletion, affording evidence that helices 5-7 are
essential for CueO to function as a cuprous oxidase.
One of the Asp residues used as a ligand for the
substrate is hydrogen-bonded with a His ligand
coordinating type I copper, and thereby constructs
the electron transfer pathway (Fig: 4) [37, 38]. An
analogous hydrogen bond also has been found in
Fet3p [40] and ceruloplasmin [44, 45]. This hydrogen
bond is a universal contrivance to realize prompt
electron transfer from the substrate to type I copper,
which is buried inside the protein molecule.

In the case of NIR, the association with the redox
partner is extremely important. The north side of NIR
that accepts electrons from the cognate partner, blue
copper protein (pseudoazurin, azurin) or cytochrome
¢, has a hydrophobic flat docking surface [48, 49]. In
addition to the hydrophobic interactions, the fact that
electrostatic interactions are also important for for-
mation of a productive electron transfer complex
between NIR and pseudoazurin, has been demon-
strated by performing mutant preparations [125, 133],
crystal structure analysis [134], and computational
simulation [135].
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Concluding remarks

The structure and properties of the type I copper
center in MCO and NIR show a marked resemblance
to the blue copper center in blue copper protein, while
the type I copper center is closely connected with
other copper site(s) through the amino acids inter-
vening between them. The electron donor for type I
copper is an organic substance or metal ion in the case
of MCO and a protein molecule such as blue copper
protein or cytochrome c in the case of NIR. The
specific binding site of the substrate is adjacent to the
type I copper center, and the electron transfer path-
way is formed between the substrate binding site and
the type I copper center by a hydrogen bond between
an acidic amino acid and one of the His residues
coordinating type I copper. The subsequent long-
range electron transfer to the catalytic center is
performed through the amino acids separating the
type I copper center and the catalytic center. Muta-
tions at or around the type I copper center change its
redox potential and substrate specificity, leading to
modifications of the oxidase function of MCO and to
the development of MCO as an electro-catalyst for
biofuel cells and a catalyst for dye formation and
bleaching.
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