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The multicopper oxidases (MCOs) constitute a family

of enzymes that present broad substrate specificity,

oxidizing numerous aromatic phenols and amines. The

one-electron oxidation of these substrates occurs con-

comitantly with a four-electron reduction of molecular

oxygen to water. The redox reactions catalyzed by

these enzymes depend on the presence of three copper

sites, designated Cu types, 1, 2 and 3; a mononuclear

T1 copper centre that is the primary acceptor for elec-

trons; and a trinuclear centre comprising one T2 and

two T3 copper ions that is involved in dioxygen reduc-

tion to water [1,2].

The laccases constitute a large subfamily of MCOs

and have been implicated in various biological activ-

ities related to lignolysis, pigment formation, detoxifi-

cation and pathogenesis [3]. Laccases have a great

potential in various biotechnological processes mainly

owing to their high relative nonspecific oxidation

capacity, the lack of a requirement for cofactors and

the use of readily available oxygen as an electron

acceptor. A few MCO members are able to oxidize

lower valence metal ions, such as Cu+, Fe2+ and

Mn2+, with high specificity. These are thus designated

as metallo-oxidases [4], and prominent metallo-

oxidases, such as human ceruloplasmin, yeast ferroxi-

dase Fet3p and CueO from Escherichia coli, are

known to be critically involved in metal homeostasis

mechanisms. In aerobic metabolism, metals such as
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The gene, Aquifex aeolicus AAC07157.1, encoding a multicopper oxidase

(McoA) and localized in the genome as part of a putative copper-resistance

determinant, has been cloned, over-expressed in Escherichia coli and the

recombinant enzyme purified to homogeneity. The purified enzyme shows

spectroscopic and biochemical characteristics typical of the well-character-

ized multicopper oxidase family of enzymes. McoA presents higher specifi-

city (kcat ⁄Km) for cuprous and ferrous ions than for aromatic substrates

and is therefore designated as a metallo-oxidase. Addition of copper is

required for maximal catalytic efficiency. A comparative model structure of

McoA has been constructed and a striking structural feature is the presence

of a methionine-rich region (residues 321–363), reminiscent of those found

in copper homeostasis proteins. The kinetic properties of a mutant enzyme,

McoADP321-V363, deleted in the methionine-rich region, provide evidence

for the key role of this region in the modulation of the catalytic mechan-

ism. McoA has an optimal temperature of 75 �C and presents remarkable

heat stability at 80 and 90 �C, with activity lasting for up to 9 and 5 h,

respectively. McoA probably contributes to copper and iron homeostasis in

A. aeolicus.

Abbreviations

ABTS, 2,2¢-azinobis-(3-ethylbenzo-6-thiazolinesulfonic acid); IPTG, isopropyl thio-b-D-galactoside; MCO, multicopper oxidase; McoA,

multicopper oxidase from Aquifex aeolicus; SGZ, syringaldazine.
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iron and copper, although essential for life, readily

participate in reactions that result in the production

of highly reactive oxygen species [5].

The catalytic and stability characteristics of bacterial

laccases at the molecular level are of considerable

interest and, as a model system, the CotA-laccase from

Bacillus subtilis has been extensively studied [6–10].

The main objectives of such studies are to dissect the

catalytic mechanisms using protein engineering tech-

niques and to design laccases that better match bio-

technological applications. Herein, these studies are

extended to hyperthermophilic laccase-like enzymes.

Our understanding of the structure–function relation-

ships for the extremophilic enzymes is still limited, but

their use offers new opportunities for biocatalysis as a

result of their superior stability [11]. In genome data-

bases, very few thermo and hyperthermophile microor-

ganisms were found to contain predicted MCOs.

However, the Aquifex aeolicus genome revealed a

1784 bp ORF (accession no. AAC07157.1) [12], which

on the basis of an amino acid sequence with a simila-

rity of some 30% to the CotA-laccase from B. subtilis

or to CueO from E. coli, was putatively assigned as a

multicopper oxidase. A. aeolicus is a microaerophilic,

hydrogen-oxidizing, chemolitoautotrophic bacterium

that grows between 58 and 95 �C, and optimally at

89 �C, occupying the deepest branch of the bacterial

phylogenetic tree [13]. The present study reports the

spectroscopic properties and biochemical characteriza-

tion of the recombinant multicopper oxidase from

A. aeolicus (McoA). It is shown that McoA is a hyper-

thermostable copper-activated metallo-oxidase, with

features typical of the well-known MCOs. However,

one aspect of McoA is the presence of a Met-rich seg-

ment that is absent in the ‘classic’ MCOs. A kinetic

analysis of a mutant enzyme from which this segment

was deleted, McoADP321-V363, indicates that this

region occludes the substrate binding site. These results

agree with the structural model proposed and further

suggest its involvement in the catalytic mechanism of

the enzyme. We show that the Met-rich region is

involved in copper binding. Together with the

observation that McoA appears to be encoded in a

copper-resistance determinant, the cuprous and ferrous

oxidation competence of McoA may have a role in the

suppression of copper and iron cytotoxicity.

Results and Discussion

McoA resembles CotA and CueO

Sequence alignment of A. aeolicus McoA with CueO

and CotA clearly indicates that McoA is a member of

the multicopper family of enzymes (Fig. 1). The first

Fig. 1. Amino acid sequence alignment of the multicopper oxidase from A. aeolicus (McoA) with CotA laccase from B. subtilis and with the

metallo-oxidase CueO from E. coli. The consensus sequence of the twin-arginine translocation system is underlined for CueO and McoA.

The copper ligands are all conserved (grey boxes), indicating that McoA is a multicopper oxidase. The two large loops spanning Ser41 to

Gly60 and Phe321 to Val363 that have no counterparts of similar size on the templates are double underlined. The consensus sequence

McoA protein in the NCBI database, with the accession number NP-213770-1, was annotated as a putative periplasmic cell division protein

from A. aeolicus.
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38 amino acids residues encoded by the mcoA gene

probably constitute a putative signal peptide for the

twin-arginine translocation system that signals the

protein for the periplasmic space in a folded state [14],

as is the case for E. coli CueO [15]. Although there is,

as yet, no experimental evidence for the role of this

leader sequence, A. aeolicus does possess putative twin-

arginine translocation genes and, in addition, the

N terminus of McoA (MDRRKFIK) significantly mat-

ches the twin-arginine translocation-consensus motif,

S ⁄TRRXFLK (Fig. 1) [14]. Overall, most of the struc-

ture of the A. aeolicus McoA can be reasonably mod-

elled using CotA from B. subtilis and CueO from

E. coli as template structures, except for the two large

loops spanning Ser41 to Gly60 and Phe321 to Val363;

these loops have no counterparts in the template struc-

tures (Fig. 2). The sequence segment presenting the

greatest problem is Phe321 to Val363, which is very

large and close to the T1 copper active site. This may

be particularly important in view of the possibility that

this segment may control the active site access to sub-

strates, a controlling factor for this enzyme’s substrate

specificity. Figure 2A shows a superposition of the 60

different structures obtained in the last cycle of the

comparative modelling procedure, highlighting the

Phe321 to Val363 loop in red. Although the conforma-

tion of this 42-residue segment remains an open ques-

tion requiring experimental structural characterization,

it is noteworthy that it contains 10 glycine and 12

methionine residues, as follows: PHNLIGMGMIG

MRMGMGMERGMGMGNGMNMDMGMADNSE

FEV. The metallo-oxidase CueO, an essential compo-

nent of the copper regulatory mechanism in E. coli

under aerobic conditions [15], contains a similar methi-

onine-rich region (14 Met and 6 Gly residues in a 42-

amino acid segment) [17]. The crystal structure of

CueO, with an exogenous copper bound, has been

determined, identifying a fifth copper-binding site in

the Met-rich region in a position to mediate electron

transfer from substrates to the T1 copper centre [18].

Furthermore, Met-rich sequence motifs are found in a

number of proteins involved in copper metabolism,

such as PcoA and PcoC from E. coli [19], and numer-

ous bacterial homologues, leading to the suggestion

that such regions are involved in copper binding [4]. It

is therefore likely that the Met-rich motif of McoA has

a similar function. In Fig. 2B–D, the active site

(T1 Cu) of CotA, CueO and McoA multicopper oxid-

ases are shown, respectively. The molecular surface is

marked in magenta in the zone of the most exposed

A B

DC

Fig. 2. (A) Overlay of the 60 different mod-

els obtained in the final cycle of the compar-

ative modelling procedure for multicopper

oxidase from A. aeolicus (McoA). The pro-

tein is represented by a thin ribbon and the

copper atoms are represented by salmon-

coloured spheres, with the T1 Cu ion separ-

ated from the three nuclear centres

constituted by T2 and T3 Cu ions. The loop

spanning residues Phe321 to Val363 is

coloured in red, and the rest of the protein

is coloured in blue. (B) Close-up of the act-

ive-site (T1 Cu centre) region of CotA, using

a surface representation, highlighting (in

magenta) the region of the most exposed

histidine ligand of the copper, which is the

residue that interacts with substrates. (C)

Same as (B), but for CueO. (D) Same as (B),

but for McoA. In this case, the Phe321 to

Val363 loop was excluded from the model.

This figure was prepared with PYMOL [16].
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histidine residues that bind copper, highlighting, in this

way, the active site accessibility. We can see that the

three multicopper oxidases present considerable differ-

ences on the active site zone. The most exposed active

site is that of CotA laccase, followed by McoA.

Finally, the active site of CueO is buried (the histidine

residue is not even exposed). Note that for this analy-

sis, the Phe321 to Val363 segment was excluded in

McoA, because there is no reliable structural informa-

tion concerning its conformation. Therefore, this acces-

sibility comparison must be handled with care, given

that this segment may occlude the active site.

The mcoA gene is part of a putative

copper-resistance determinant

A. aeolicus is a microaerophilic oxygen-respiring

organism that thrives in geothermally and volcanically

heated habitats, which are abundant in potentially

toxic metals. In this regard it is interesting that the

mcoA gene is located close to six genes, of which all

but one codes for putative products with strong simi-

larities to orthologues from characterized copper-resist-

ance systems from E. coli (Fig. 3). All the genes are

encoded on the A. aeolicus genome in the same direc-

tion of transcription. However, whether this determin-

ant comprises a single operon or several independent

transcriptional units has yet to be elucidated.

Overproduction and purification of recombinant

wild-type McoA and McoADP321-V363

The mcoA gene was cloned in pET-21a(+), resulting in

pATF-1 that was transformed into E. coli Rosetta

(DE3) pLysS, yielding strain LOM409. SDS ⁄PAGE

analysis of crude extracts from LOM409 revealed that

the addition of isopropyl thio-b-d-galactoside (IPTG)

to the culture resulted in the accumulation of a major

band of � 59 kDa in the insoluble fraction of cell ly-

sates, most probably in the form of inclusion bodies

(Fig. 4A), that was absent from extracts of uninduced

LOM409. Attempts to produce the protein in the sol-

uble form were unsuccessful. As a consequence, a pro-

tocol of unfolding and refolding was followed, as

described in the Experimental procedures, and an

enzyme solution with a blue colour (typical of blue

multicopper oxidases) that exhibited enzymatic activity

was successfully recovered. Dialysis and two chromato-

graphic steps purified the protein to homogeneity

(Fig. 4B). The protein was identified by MALDI-TOF-

MS after tryptic digestion, with an identification score

of 194 and sequence coverage of 46%. Gel filtration

experiments gave a molecular mass value of 57.8 kDa,

close to the theoretical value predicted for the mono-

mer (59.5 kDa). The predicted isoelectric point of the

enzyme was 5.33, whereas the measured isoelectric

point of the purified enzyme was 4.12. To investigate

the involvement of the Met-rich segment for McoA cat-

alytic activity, a McoADP321-V363 mutant protein was

constructed that lacks this region. The expression of

the mutant gene was comparable to that of wild-type

McoA. The molecular mass of the mutant protein was

� 4.5 kDa lower than the wild-type enzyme (Fig. 4B).

Spectroscopic characterization

McoA presents a typical UV-visible spectrum for MCO

(Fig. 5A) with a band at � 600 nm that corresponds to
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Fig. 3. The mcoA gene from A. aeolicus is part of a putative copper-resistance determinant. Five proteins with (and one without) similarity

to known copper-detoxification systems are encoded in close vicinity to the mcoA gene, on the A. aeolicus genome. The CopA-like copper-

efflux ATPase transports Cu(I) from the cytoplasm to the periplasm (34% identity to CopA from Escherichia coli), whereas the CusCBA-like

tripartite transporter detoxifies periplasmic Cu(I) to the outside. The CusA-like pump protein of A. aeolicus shows 43% identity to CusA, and

the CusB-like membrane fusion protein shows 23% identity to CusB from E. coli. In contrast, the putative outer membrane efflux duct pro-

tein of the A. aeolicus copper-resistance determinant shows higher similarity to TolC, a paralogue of CusC from E. coli. Additionally, two

putative copper chaperones (accession nos AAC07166.1 and AAC07167.1) are present. The first bears similarity to the putative periplasmic

copper chaperone, CopG protein, from several bacterial species. Each chaperone may be involved in the binding and delivery of copper to

the respective cytoplasmic or periplasmic efflux pumps, thereby preventing the accumulation of ‘free’ redox-active Cu(I).
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the Cu–Cys interaction at the T1 Cu centre and a

shoulder at 330 nm, indicative of the presence of a

hydroxyl group bridging the T3 copper ions [1]. A

ratio of 2.5 mol of copper per mol of protein was

found for recombinant McoA. This finding is not com-

pletely surprising as a lower copper content has

already been reported for other recombinant MCOs,

such as the bacterial CotA-laccase [6] and CueO

from E. coli [20]. Indeed, copper incorporation in

MCO has not been completely elucidated at the

molecular level. The absorbance of mutant enzyme,

McoADP321-V363, at 610 nm, relative to 280 nm,

showed 40% less intensity (data not shown) than the

wild-type enzyme, suggesting that the mutation has

slightly affected the copper incorporation into the

T1 Cu site. The EPR spectrum of the McoA protein

presents resonances characteristic of copper centres

(Fig. 5B). Spectrum simulation revealed the presence

of two components integrated in a ratio of 1 : 1. These

components have EPR constants characteristics of T1

centers, with g-values of 2.044 and 2.222 and a hyper-

fine coupling A// ¼ 68 · 10)4Æcm)1, and of T2 centres,

with g-values of 2.040, 2.055 and 2.260 and A// ¼
169 · 10)4Æcm)1. T3 centres cannot be observed by

EPR as a result of the antiferromagnetic coupling of

the two constituent copper ions. The McoA mutant

enzyme was not different from the wild-type regarding

EPR spectroscopic characteristics (data not shown).

The CD spectrum of McoA in the far-UV region

reflected the typical secondary structure found in

MCO, rich in b-sheets with a negative peak at 213–

214 nm (Fig. 5C). Indeed, a secondary structure esti-

mate based on the CDSSTR method yielded values of

6% a-helical, 37% b-strand structure and more than

55% of turns and random coil structure [21]; these val-

ues were similar to those obtained by DSSP calcula-

tions based on the McoA model structure, namely 4%

a-helical and 32% b-strand structure [22]. The CD

spectrum of the mutant McoADP321-V363 (data not

shown) showed a small increase in a-helical and b-
strand structure relative to the wild-type protein (from

6 to 8% and from 37 to 40%, respectively) and this

correlates with the deletion of an unordered segment,

as proposed in the model structure. This also clearly

indicates that deletion of the Met-rich segment did not

cause any gross disruption or reorganization of the

structure. The redox potential was measured by follow-

ing the decrease in absorbance at 610 nm, reflecting

the reduction of the T1 copper of McoA. The normal-

ized amplitude of the absorbance at 610 nm, and its

dependence on the reduced potential, is shown in

Fig. 6. The best fit was obtained using the Nernst

equation, considering one electron transfer, with a

redox potential of 535 mV. The mutant enzyme pre-

sents a redox potential of 494 mV (data not shown),

only slightly lower than that of the wild-type enzyme.

Redox potentials exhibited by MCO span a broad

range of values, from 400 mV for plant laccases up to

790 mV for some fungal laccases [1].

McoA exhibits high metal oxidative activity

The steady-state kinetic parameters of purified A. aeoli-

cus McoA were obtained for the metal ions Fe(II) and
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Fig. 4. (A) SDS ⁄ PAGE analysis of the

multicopper oxidase from A. aeolicus

(McoA) overproduction in E. coli. Lane 1,

standard molecular mass markers; lanes 2

and 3, supernatant of a crude extract of

IPTG-induced (lane 2) and noninduced

(lane 3) E. coli LOM409 cells; lanes 4 and 5,

insoluble fraction of a crude extract of

IPTG-induced (lane 4) and noninduced

(lane 5) E. coli LOM409 cells. (B) SDS ⁄ PAGE

analysis of purified McoA and McoADP321-

V363. Lane 1, standard molecular mass

marker; lane 2, purified wild-type McoA

protein; and lane 3, purified McoADP321-V3-

63 mutant protein.
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Cu(I) and also for the substrates 2,2¢-azinobis-(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and syringald-

azine (SGZ) in air-saturated solutions, at 40 �C
(Table 1), as technical limitations prevented metal

oxidation measurements at higher temperatures. The

dependence of the enzymatic rates on substrate concen-

tration followed Michaelis–Menten kinetics. The

recombinant purified McoA exhibits higher enzyme effi-

ciency (kcat ⁄Km) for the oxidation of the metal ions

compared with the phenolic and nonphenolic sub-

strates, and thus McoA was designated a metallo-oxid-

ase. Maximal effectiveness for the substrates tested was

achieved upon addition of 100 lm CuCl2 to the reaction

mixture. This activation in the presence of cupric cop-

per, resulted, for the metal substrates, from an increase

in the kcat values (indicating activation in the electron

transfer kinetics) and for the larger substrates from a

decrease in the Km values (indicating steric changes in

the substrate-binding pocket). Metal oxidase activities

were also determined for purified human ceruloplasmin.

With Fe(II) as substrate, apparent Km and kcat values of

28 ± 2 lm and 8 ± 2Æmin)1 were determined. For

Cu(I) oxidation, the constants were 33 ± 12 lm and

15 ± 1Æmin)1. These kinetic values have the same order

of magnitude as previous measurements for human ce-

ruloplasmin [23]. The kcat ⁄Km value of McoA for Cu(I)

in the presence of exogenous copper is similar to that

obtained for CueO from E. coli and two- to fourfold

higher than for the yeast ferroxidase Fet3p and human

ceruloplasmin [23,24]. McoA ferroxidase efficiency is

threefold higher than for CueO or human ceruloplas-

min and twofold lower than for yeast ferroxidase Fet3p

[23,24]. All these data suggest that A. aeolicus McoA

acts as a metallo-oxidase in vivo, functioning as a cyto-

protector and shifting the Cu(II) ⁄Cu(I) and Fe(III) ⁄
Fe(II) ratios in the periplasm of A. aeolicus towards the

less toxic forms of copper and iron, Cu(II) and Fe(III).

In fact, there is a growing indication of a link between

periplasmic MCO and metal metabolism in bacteria

that emerges from recent genetic, physiological and bio-

chemical studies in strains such as E. coli [25], Pseudo-

monas aeruginosa [26], Staphylococcus aureus [27] and

Rhodobacter capsulatus [28]. McoA has maximal activ-

ity at pH 4 and 7 for ABTS and SGZ, respectively (data

not shown), consistent with those exhibited by a num-

ber of laccases [3]. The catalytic activity of McoA, for

ABTS as the substrate, was found to increase from a

value of 2.3 to 7.2 lmolÆmin)1Æmg protein)1 at 40 �C
and 75 �C, respectively (data not shown). The optimal

temperature, 75 �C, is identical to that observed for the

CotA laccase of B. subtilis [6], but lower than the 92 �C
determined for the laccase of the thermophilic bacteria

Thermus thermophilus [29].
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Fig. 5. Spectroscopic properties of recombinant purified multicop-

per oxidase from A. aeolicus (McoA). (A) UV-visible spectrum of

McoA (70 lM in 20 mM Tris ⁄ HCl buffer, pH 7.6). (B) a, EPR spec-

trum of the purified McoA; b, simulation of the total spectrum; and

c and d, deconvolution of the different components. In the simula-

tion of the T1 center, g-values of 2.044, 2.044 and 2.222, and a hy-

perfine coupling constant A|| ¼ 68 · 10)4Æcm)1 were used, whereas

for the T2 copper center, the g and A|| values used were 2.044,

2.055 and 2.260 and 169 · 10)4Æcm)1. Microwave frequency, 9.42

GHz; microwave power, 2.4 mW, modulation amplitude, 0.9 millite-

sla, temperature, 95 K. (C) CD spectrum in the far-UV region,

reflecting a high b-sheet content.
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The Met-rich region is involved in the catalytic

mechanism of McoA

The deletion of the Met-rich segment of McoA resul-

ted in a severe decrease in catalytic effectiveness for

all the substrates tested (Table 1). The difference in

the enzymatic efficiencies in the mutant McoADP321-
V363 compared with the wild-type enzyme relies

essentially in the kcat term, suggesting that the pres-

ence of the Met-rich motif and its conformational

arrangement is a key factor of the catalytic mechan-

ism. In addition, no enzyme activation upon addition

of Cu(II) was observed in the mutant, showing that

this segment probably modulates the participation of

exogenous Cu(II) in the catalytic mechanism, presum-

ably through binding, in analogy with what happens

in CueO. In the structure of a CueO crystal soaked

in CuCl2, a labile Cu(II) ion is bound by two aspar-

tates, two methionines and a solvent molecule in the

Met-segment near the T1 centre, providing a possible

electronic matrix coupling pathway for electron trans-

fer into this centre [18]. The mutagenesis of these

four copper ligands resulted in the loss of oxidase

activity and copper tolerance, confirming a regulatory

role for this segment [18]. In the McoA mutant

enzyme, decreased Km values were found for the lar-

ger aromatic substrates, whereas these values remain

basically unchanged for the smaller metal substrates

when compared with the wild-type enzyme. This sug-

gests that the Met-segment impairs the binding effi-

ciency of larger substrates to the McoA substrate

binding site as a result of steric effects. These data

support a structure in which the Met-rich region

masks the zone of the substrate-binding site near the

T1 Cu centre, as observed in simulations of the

McoA model structure. Interestingly, the Km values

for larger substrates in the mutant enzyme are similar

to values obtained for the wild-type enzyme in the

presence of copper. The presence of copper, and its

probable binding to this region, might lead to a con-

formational change, causing an enlargement of the

substrate-binding cavity. Clearly, more structural

studies are required.

McoA is a hyperthermostable enzyme

The kinetic stability of an enzyme is relevant not only

in the evaluation of its thermostability, but also in

the study of the pathway that leads to the formation

of irreversible inactivated states of the enzyme. McoA

activity decay can be fitted only through a sum of

two exponentials (Fig. 7A). This is clearly shown in a
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Table 1. Kinetic parameters for oxidation of the metal ions Cu(I), Fe(II) and the typical laccase substrates, 2,2¢-azinobis-(3-ethylbenzo-6-thiazo-

linesulfonic acid) (ABTS; a nonphenolic compound) and syringaldazine (SGZ; a phenolic compound) of the recombinant purified wild-type

multicopper oxidase from Aquifex aeolicus (McoA) and its mutant variant, McoADP321-V363, at 40 �C.

Substrates Km (lM)

Km (lM)

+ Cu(II)a kcat (min)1)

kcat (min)1)

+ Cu(II)a
kcat ⁄ Km

(min)1ÆlM
)1)

kcat ⁄ Km

(min)1ÆlM
)1)

+ Cu(II)a

Wild type Cu(I)b 41 ± 2 46 ± 3 66 ± 5 165 ± 6 1.6 3.6

Fe(II)c 5 ± 1 7 ± 2 17 ± 0.3 38 ± 0.6 3.4 5.4

ABTSd 128 ± 8 59 ± 9 124 ± 5 114 ± 4 1.0 1.9

SGZe 38 ± 5 20 ± 3 29 ± 4 33 ± 6 0.8 1.7

McoADP321-V363 Cu(I)b 39 ± 2 36 ± 5 8 ± 1 8 ± 0.3 0.2 0.23

Fe(II)c 5 ± 2 9 ± 2 0.3 ± 0.01 0.2 ± 0.01 0.06 0.02

ABTSd 57 ± 14 58 ± 11 0.41 ± 0.04 0.23 ± 0.05 0.005 0.004

SGZe 10 ± 3 12 ± 1 0.21 ± 0.02 0.11 ± 0.01 0.021 0.010

Optimal activity in the presence of a 100 lM CuCl2, b 100 mM acetate buffer, pH 3.5 and 5% acetonitrile (optimal stability for the substrate);
c 100 mM Mes buffer, pH 5 (optimal stability for the substrate), d Britton–Robinson buffer, pH 4 (optimal pH), and e in Britton–Robinson buf-

fer, pH 7 (optimal pH).
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semilogarithmic plot with two time ranges defining

different linear relationships (insert of Fig. 7A). A

series-type mechanism is commonly used to describe

deactivation pathways composed of two steps, and

this approach was used in the characterization of the

kinetic stability of McoA (see Scheme 1, Experimental

procedures). The decay of McoA at 80 �C is charac-

terized by a first deactivation step (k1) that lasts for

60 min, resulting in an intermediate state with 50%

of the initial activity (b1). This intermediate deacti-

vates slowly (a lifetime of 490 min) to the final state

that presents no activity (b2). The same pathway des-

cribes McoA decay at 90 �C, but the rate constants

of the two steps are higher, as expected (lifetimes of

25 and 269 min for the first and second steps,

respectively). By measuring the amount of soluble

McoA at the different times of thermal incubation, it

was possible to assign the first phase of the activity

decay to an aggregation process (Fig. 7B). The

amount of soluble McoA at 80 �C decays accordingly

to a single-exponential, giving a linear relationship

when plotted as a semilogarithmic graph (inset in

Fig. 7B). A lifetime of 53 min for the soluble species

was calculated, very similar to the value of 60 min

calculated for the first-phase of the activity decay.

Therefore, the 50% decay of initial activity was

shown to be caused by an aggregation process fol-

lowed by a slow first-order step, as observed previ-

ously in other enzymes [30]. The values obtained here

indicate the extreme robustness of the McoA enzyme.

However, the T. thermophilus laccase, with a half-life

of 868 min at 80 �C, is the most thermostable MCO

that has been reported to date [29].

Experimental procedures

Construction of an expression plasmid

for the mcoA gene

The mcoA gene was amplified by PCR using chromosomal

DNA of strain A. aeolicus VF5 [13] and primers mcoA-182D

(5¢-ACTAAAGGAGGTAACATATGGACAGGC-3¢) and

mcoA-1816R (5¢-GACTTAGAATTCTCAACATATTGCA

CC-3¢). The 1710 bp-long PCR product was digested with

NdeI and EcoRI and inserted between the respective res-

triction sites of plasmid pET-21a(+) (Novagen, Darmstadt,

Germany) to yield pATF-1. Analysis of the mcoA gene

revealed that it contains uncommon codons for E. coli, inclu-

ding 25 for arginines, tRNAArg(AGG ⁄ AGA ⁄ CGG ⁄ CGA), 18 for

leucines, tRNALeu(CTC) and 22 for isoleucines, tRNAIle(ATA).

Therefore, the host strain Rosetta (DE3) pLysS (Novagen),

expressing rare tRNAs, was used. Introduction of pATF-1

into Rosetta E. coli created strain LOM409, in which the

McoA protein was produced under the control of the T7lac

promoter.

Construction of an expression plasmid for mcoA

not coding for a Met-rich segment

Phosphorylated primers, mcoA-del322r (5¢-GAAGTTGT

AAAGCTTTATTACGTCATTTAC-3¢) and mcoA-del362d

(5¢-GTTATGGAGTTCAGGGTTACAAAGG-3¢) were used

to amplify around plasmid pATF-1, excluding an internal
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Fig. 7. (A) Kinetic stability of the multicopper oxidase from A. aeoli-

cus (McoA). Stabilities at 80 �C (open circles) and 90 �C (black trian-

gles) were fitted accurately through a sum of two exponentials (the

solid line shows the fit) according to Scheme 1 shown in the

Experimental procedures. The lifetime of the initial state, E, is 60

and 25 min at 80 and 90 �C, respectively. The intermediate state,

E1, with 50% activity, has a lifetime of 490 and 269 min at 80 and

90 �C, respectively, before giving the final state, E2, with no activ-

ity. The inset shows clearly that the activity decay of McoA at both

temperatures (data not shown for 90 �C) cannot be fitted by a sin-

gle first-order process as the logarithm of activity does not display

an inverse linear relationship with time. (B) Amount of McoA sol-

uble at 80 �C, measured by the absorbance at 280 nm. The solid

line shows a single-exponential fit with a rate constant of

0.019Æmin)1 (lifetime is 53 ± 2 min), an amplitude of 0.61 and an

offset value of 0.38 (the offset value is the relative amount of

McoA that remains soluble after completion and stabilization of the

aggregates). The inset shows clearly that aggregation of McoA can

be accurately fitted by a single exponential as proved by the

inverse linear relationship between the logarithm of the relative

absorbance at 280 nm (after discounting the offset value) and time.
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fragment of mcoA. The PCR product was incubated with

DpnI, to digest template DNA, self-ligated and introduced

into E. coli DH5a by transformation. The resulting plas-

mid, pATF-9, containing mcoA with an in-frame deletion

corresponding to codons 964–1087, was introduced into the

Rosetta E. coli-created strain, LOM420, in which the

McoA mutant protein, McoADP321-V363 was produced

under the control of the T7lac promoter.

Overproduction and purification of McoA

and McoADP321-V363

Strains LOM409 (wild-type McoA) and LOM420

(McoADP321-V363) were grown in Luria–Bertani (LB)

culture medium supplemented with ampicillin (100

lgÆmL)1) and chloramphenicol (34 lgÆmL)1) at 37 �C.
Growth was followed until an attenuance (D) of 1 at

600 nm was reached, at which time 100 lm IPTG and

250 lm CuCl2 were added to the culture medium. Incuba-

tion was continued for a further 4 h. Cells were harvested

by centrifugation (8000 g, 15 min, 4 �C). The cell pellet

was suspended in 20 mm Tris ⁄HCl buffer, pH 7.6, con-

taining DNase I (10 lgÆmL)1 of extract), MgCl2 (5 mm)

and a mixture of protease inhibitors (CompleteTM mini-

EDTA free protease inhibitor mixture tablets; Roche,

Basel, Switzerland). Cells were disrupted in a French pres-

sure cell (at 19 000 psi), followed by centrifugation

(18 000 g, 60 min, 4 �C). Soluble protein was recovered

from inclusion bodies, based on a previously described

method [31]. In short, the inclusion bodies were washed

with 20 mm Tris ⁄HCl buffer, pH 7.6, containing 0.5%

Triton X-100, and spun down by centrifugation (12 000 g,

5 min, 4 �C). Inclusion bodies were unfolded in 20 mm

Tris ⁄HCl, pH 7.6, containing 8 m urea, 2 mm reduced

glutathione and 0.2 mm oxidized glutathione, in a volume

of 9 mLÆg)1 of pellet (at a final protein concentration

below 2.5 mgÆmL)1) for 1 h at room temperature. Refold-

ing was performed by slowly adding 9 mL (for each ml of

urea-protein solution) of working buffer containing 2 mm

reduced glutathione, 0.2 mm oxidized glutathione and

50 lm CuCl2, and subsequent incubation for 2–4 h at

room temperature. Dialysis in a Diaflow (Amicon, Bille-

rica, MA, USA) with a 30 kDa (molecular weight cut-off)

membrane was performed to remove urea. Refolded pro-

tein was resuspended in 20 mm Tris ⁄HCl, pH 7.6, centri-

fuged and the resulting soluble fraction was loaded onto

an ion exchange Q-Sepharose column (bed volume 25 mL)

equilibrated with Tris ⁄HCl (20 mm, pH 7.6). Elution was

carried out with a two-step linear NaCl gradient (0–0.5

and 0.5–1 m) in the same buffer. Fractions were collected

and assayed for activity. Active fractions were pooled,

concentrated by ultrafiltration and equilibrated to 20 mm

Tris ⁄HCl, pH 7.6. The resulting sample was applied on a

Superdex 200 HR 10 ⁄ 30 column (Amersham Biosciences,

Piscataway, NJ, USA) equilibrated with 20 mm Tris ⁄HCl

buffer, pH 7.6, containing 0.2 m NaCl. Active fractions

were pooled, concentrated and incubated for 30 min with

five equivalents of CuCl2 per mole of McoA. Excess cop-

per was removed by passing the solutions through a

Sephadex G-25 column (PD 10 columns; Amersham Bio-

sciences). All purification steps were carried out at room

temperature in an FPLC system (Åkta-FPLC; Amersham

Biosciences).

UV ⁄ visible, EPR and CD spectra

The UV ⁄ visible absorption spectra were obtained at room

temperature in 20 mm Tris ⁄HCl buffer, pH 7.6, using a

Nicolet Evolution 300 spectrophotometer from Thermo

Industries (Waltham, MA, USA). EPR spectra were meas-

ured with a Bruker EMX spectrometer (Rheinstetten,

Germany) equipped with an Oxford Instruments ESR-900

continuous-flow helium cryostat (Oxford, UK). The spec-

tra, obtained under nonsaturating conditions (160 lm pro-

tein content), were theoretically simulated using the

approach of Aasa & Vänngard [32]. CD spectra in the far-

UV region were measured on a Jasco-720 spectropolarime-

ter (Tokyo, Japan) using a circular quartz cuvette with a

0.01-cm optical pathlength in the range of 190–250 nm.

Protein content was 25 lm in highly pure water (Milli-Q,

Billerica, MA, USA).

Enzyme activities

Cuprous oxidase activity was measured in terms of rate of

oxygen consumption by using an oxygen electrode (Oxy-

graph; Hansatech, Cambridge UK) at 40 �C, following the

method described by Singh et al. [24]. Stock solutions of

[Cu(I)(MeCN)4]PF6 (Sigma-Aldrich, St Louis, MO, USA)

were freshly prepared in argon-purged acetonitrile and sub-

sequently diluted anaerobically by using gas-tight syringes.

Reactions were initiated by adding the substrate to an air-

saturated mixture containing enzyme, 100 mm acetate buf-

fer, pH 3.5, and 5% acetonitrile. The buffer was chosen to

provide the best stability for the substrate used, and all

reactions were corrected for background autoxidation rates

of Cu(I). The oxidation of ABTS, SGZ and ferrous ammo-

nium sulphate were photometrically monitored at 40 �C,
unless otherwise stated, on either a Nicolet Evolution 300

spectrophotometer from Thermo Industries or a Molecular

Devices (Sunnyvale, CA, USA) Spectra Max340 microplate

reader with a 96-well plate. Ferrous ammonium sulphate

oxidation was monitored at 315 nm (e ¼ 2200 m
)1Æcm)1) in

100 mm Mes buffer, pH 5. The oxidation of ABTS and

SGZ was followed at 420 nm (e ¼ 36 000 m
)1Æcm)1) and

530 nm (e ¼ 65 000 m
)1Æcm)1), respectively. Oxidations

were determined using Britton-Robinson buffer (100 mm

phosphoric acid, 100 mm boric acid and 100 mm acetic acid

mixture titrated to the desired pH with 0.5 m NaOH). The

standard reaction mixtures contained 1 mm ABTS (pH 4)
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or 0.1 mm SGZ (pH 7). The effect of pH on the enzyme

activity was determined at 40 �C for ABTS and SGZ in

Britton–Robinson buffer (pH 3–9). The optimal tempera-

ture for the activity was determined at temperatures ran-

ging from 40 to 90 �C by measuring ABTS oxidation at

pH 4. Kinetic parameters were determined using reaction

mixtures containing Cu(I) (5–300 lm, pH 3.5), Fe(II)

(5–100 lm, pH 5), ABTS (50–400 lm, pH 4) and SGZ

(1–100 lm, pH 7). The kinetic constants Km and kcat were

fitted directly to the Michaelis–Menten equation (Origin-

Lab, Northampton, MA, USA). All enzymatic assays were

performed at least in triplicate. The specific activity was

expressed as lmol of substrate oxidized min)1Æmg)1 of pro-

tein. The protein concentration was measured by using the

absorbance band at 280 nm (e280 ¼ 75 875 m
)1Æcm)1) or

the Bradford assay [33], using bovine serum albumin as

standard.

Redox titrations

Redox titrations were performed at 25 �C, pH 7.6, under

an argon atmosphere, and monitored by visible spectros-

copy (300–900 nm) in a Shimadzu Multispec-1501 spec-

trophotometer (Kyoto, Japan). The reaction mixture

contained 25–50 lm enzyme in 20 mm Tris ⁄HCl buffer,

pH 7.6, and the following mediators each in a 10 lm final

concentration (reduction potential between brackets);

p-benzoquinone [+240 mV], dimethyl-p-phenylenediamine

[+344 mV], potassium ferrocyanide [+436 mV] monocarb-

oxylic acid ferrocene [+530 mV], 1,1¢-dicarboxylic acid

ferrocene [+644 mV] and Fe(II ⁄ III)-Tris-(1,10-phenantro-
line) [+1070 mV]. Potassium hexachloroiridate(IV) was

used as the oxidant and sodium dithionite as the reduc-

tant. The redox potential measurements were performed

with a combined silver ⁄ silver chloride electrode, calibrated

with a quinhydrone-saturated solution at pH 7.0. The

redox potentials are quoted against the standard hydrogen

electrode.

Kinetic stability

Kinetic thermostability was determined at 80 or 90 �C by

incubating an enzyme solution in 20 mm Tris ⁄HCl buffer,

pH 7.6. At appropriate time-points samples were withdrawn,

cooled and immediately examined for residual activity fol-

lowing the oxidation of ABTS. The activity decay was fitted

according to a second-order exponential model. This assumes

an initial deactivation first-order step that leads to an inter-

mediate state (E1) displaying a fraction of the initial activity;

b1 is the ratio of activities between E1 and the initial state, E.

The state E1 deactivates also according to a first-order step to

give state E2 with no activity in the case of McoA; b2 is the

ratio of activities between E2 and the initial state. This deacti-

vation model, previously used to describe the time-depend-

ence deactivation of several other enzymes [34], was used as

McoA does not obey a more common first-order, single-step

deactivation mechanism. The following scheme describes the

two-step series model:

E�k1!E1�k2!E2 ðScheme1Þ

Considering that at time zero all the protein shares the con-

formation E and that the residual activity is determined by

the activity of each conformational state weighted by its

content, Eqn (1) was obtained and used to fit the time-

dependence of residual activity [34] (where f. act is fraction

of activity, and t is time):

f :act ¼ 1þ b1k1

k2 � k1
� b2k2

k2 � k1

� �
e�k1t

� b1k1

k2 � k1
� b2k2

k2 � k1

� �
e�k2t þ b2

ð1Þ

Structure of McoA by comparative modelling

techniques

The structure of the A. aeolicus McoA was derived on the

basis of the two bacterial MCOs present in the PDB – CotA

from B. subtilis [7] (PDB code: 1GSK) and CueO from

E. coli [17] (PDB code: 1KV7) – because these present con-

siderably higher sequence identity (32.4% and 32.7%,

respectively) than the eukaryotic multicopper oxidases with

known structure. The program modeller [35], version 6.1,

was used for deriving the structure. The alignment was opti-

mized through several modelling cycles until a good quality

model for the unknown structure was achieved. The quality

was assessed by considering the restraint violations reported

by modeller and a Ramachandran analysis performed by

the program procheck [36]. The final model (one of 60

structures with the lowest value of the modeller objective

function) has 90.6% of the residues in the most favored

regions, 8.3% in the additional allowed regions, 1.1% in the

generously allowed regions and no residues in the disallowed

regions. Two large loops of the McoA could not be modelled

on the basis of the two known structures. The two loops span

Ser41 to Gly60 and Phe321 to Val363. The latter is partic-

ularly long and presents considerable problems in the com-

parative modelling procedure. A decision was taken to

model these two loops solely on the basis of stereochemical

restraints and the general statistical preferences implemented

in modeller.

Other methods

McoA peptides after tryptic digestion were analysed by

MALDI-TOF-MS using a mass spectrophotometer Voy-

ager STR (Applied Biosystems). Protein identification was

performed using the peptide mass fingerprint as a query for

the mascot-pmf software using the Swiss-Prot database.

The molecular mass of the protein was determined on a gel
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filtration Superose 12 HR10 ⁄ 30 column (Amersham

Biosciences) equilibrated with 20 mm Tris HCl, pH 7.6,

containing 0.2 m NaCl. Ribonuclease (13.7 kDa), chymo-

trypsinogen A (25 kDa), ovalbumin (43 kDa), albumin

(67 kDa) and aldolase (158 kDa) were used as standards.

The copper content was determined through the trichloro-

acetic acid ⁄bicinchoninic acid method of Brenner & Harris

[37] and confirmed by atomic absorption spectroscopy

(Instituto Superior Técnico, Universidade Técnica de

Lisboa, Chemical Analysis Facility). The isoelectric point

was evaluated using IEF gels on a Phast System (Amer-

sham Biosciences), with broad isoelectric point standards,

following the manufacturer’s instructions.
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