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Abstract Multicopper oxidases (MCOs) are unique

among copper proteins in that they contain at least one

each of the three types of biologic copper sites, type 1, type

2, and the binuclear type 3. MCOs are descended from the

family of small blue copper proteins (cupredoxins) that

likely arose as a complement to the heme-iron-based

cytochromes involved in electron transport; this event

corresponded to the aerobiosis of the biosphere that

resulted in the conversion of Fe(II) to Fe(III) as the pre-

dominant redox state of this essential metal and the solu-

bilization of copper from Cu2S to Cu(H2O)n
2?. MCOs are

encoded in genomes in all three kingdoms and play

essential roles in the physiology of essentially all aerobes.

With four redox-active copper centers, MCOs share with

terminal copper-heme oxidases the ability to catalyze the

four-electron reduction of O2 to two molecules of water.

The electron transfers associated with this reaction are both

outer and inner sphere in nature and their mechanisms have

been fairly well established. A subset of MCO proteins

exhibit specificity for Fe2?, Cu?, and/or Mn2? as reducing

substrates and have been designated as metallooxidases.

These enzymes, in particular the ferroxidases found in all

fungi and metazoans, play critical roles in the metal

metabolism of the expressing organism.
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Abbreviations

Cp Ceruloplasmin

hCp Human ceruloplasmin

Hp Hephaestin

LUMO Lowest unoccupied molecular orbital

MCO Multicopper oxidase

NiR Nitrite reductase

SLAC Small laccase

T1 Type 1

T2 Type 2

T3 Type 3

TNC Trinuclear cluster

Introduction

In his poem Cold Iron, Rudyard Kipling ranked a few

transition metals, conferring on Fe the title, ‘‘Master of

them all.’’ Many who work on the cell biology of metals

would agree with this assessment, but in doing so would

overlook Kipling’s perhaps more insightful note that

‘‘Copper (is) for the craftsmen cunning at his trade.’’ What

is certainly true in regards to the biology of Fe in relation to

Cu is that Cu is essential to Fe homeostasis under air; the

master serves at the pleasure of the artisan, which in the

case of Fe metabolism is the multicopper oxidase (MCO),

the subject of this minireview.

There are six facts relevant to the cell biology of MCOs.

1. MCOs trace their protein ancestry back to small,

mononuclear Cu proteins represented by rusticyanin,

This article will be printed in the upcoming Journal of Biological

Inorganic Chemistry special issue Cell Biology of Copper.

D. J. Kosman (&)

Department of Biochemistry,

The University at Buffalo,

140 Farber Hall, 3435 Main St,

Buffalo, NY 14214, USA

e-mail: camkos@buffalo.edu

123

J Biol Inorg Chem (2010) 15:15–28

DOI 10.1007/s00775-009-0590-9



azurin, and plastocyanin [1–5]. These latter proteins

contain 100–150 residues arranged into a single

protein fold consisting of a mixture of antiparallel

and parallel b-strands; these strands are connected by a

mixture of b-turns and relatively large loops, respec-

tively, resulting in a Greek-key b-barrel folding motif

[1]. This is a unique fold distinguishable from the

Greek-key motif characteristic of the immunoglobulin

fold found in Cu,Zn superoxide dismutase, for exam-

ple. MCOs contain two, three, or six of these

cupredoxin domains assembled into a single polypep-

tide chain by cycles of gene duplication and loss.

The latter two MCO classes function as monomers;

the former, two-domain one, operates solely as a

homotrimer.

2. Inherited also from small Cu proteins is their Cu-coor-

dination site composed at least of two His imidazoles

and one Cys sulfhydryl [6–10]. The coordination

geometry imposed by the protein fold results in an

orientation of Cu 3dx2�y2 and S pp orbitals that

supports efficient S ? Cu charge transfer; the energy

of this transition (approximately 16,700 cm-1, equiv-

alent to approximately 600 nm) and its efficiency

impart to this Cu(II) coordination complex an intense

blue color (e600 nm % 5 mM-1 cm-1). The strong

covalency of the Cu–S bond (contributions of approx-

imately 40% each Cu 3dx2�y2 and S pp character)

delocalizes significant unpaired spin density from the

Cu(II) onto the S, reducing the Cu A|| from more than

150 9 10-4 cm-1 for ‘‘normal’’ Cu(II) to approxi-

mately 60 9 10-4 cm-1 for a blue, type 1 (T1) Cu(II)

[9]. MCOs and the small Cu proteins from which they

are constructed are blue Cu proteins. Not surprisingly,

this ‘‘type’’ of biologic Cu was the first to be relatively

well characterized and was—and is—designated as a

T1 Cu site, or T1 Cu [11, 12].

3. Although ‘‘shielded’’ from solvent by the coordinating

amino acid side chains, the T1 Cu atom is strikingly

redox active, participating specifically in outer-sphere

electron transfer reactions [9, 13–17]. In MCOs, these

are both intermolecular and intramolecular in nature,

and the Cu atom cycles between the cuprous (1?) and

cupric (2?) oxidation states. The efficiency of the

intermolecular electron-transfer from the reducing

substrate is described by the Marcus theory of outer-

sphere electron transfer and is tuned for specific

substrates by the protein surface at this T1 Cu [13, 15,

16, 18].

4. In the evolutionary assembly of the multidomain

copper oxidase, the T1 Cu site was retained in some

domains, was lost in some domains, and evolved to

alternative ligand motifs in others. The result was a

protein that had at least one T1 Cu site in addition to

one or both of the other chemically, electronically, and

spectrally distinct types of Cu in biology, the type 2

(T2) and type 3 (T3) Cu sites. In those descendants

containing both of the latter sites, these were organized

into a single Cu cluster. Since T2 Cu is mononuclear

and T3 Cu is binuclear, this Cu site, unique to MCOs,

is known as the trinuclear cluster (TNC). The proto-

typical, three-domain MCO contains, therefore, four

Cu atoms arranged in two discrete coordination sites:

one T1 Cu and three Cu atoms found in the TNC. The

ligand arrays in the primary sequence associated with

these four Cu sites are easily discerned and are

definitive in—and required for—the assignment of an

unknown protein to the MCO family [19].

5. With four Cu atoms cycling one electron between two

redox states, an MCO has the potential to support the

four-electron reduction of O2 to water, sharing, then,

with terminal oxidases this otherwise unique activity

[17, 20, 21]. In MCOs, this reactivity is made possible

by the coordinately undersaturated TNC, which in its

reduced state provides a high-affinity site for the

binding of O2 and allows facile four-electron reduction

to two molecules of water. This electron transfer

process is inner-sphere in mechanism and is catalyzed

by protein-mediated H? transfer [17, 20, 22–25].

Although not true MCO proteins (because they lack a

TNC), copper nitrite reductases in their reduction of

NO2
- utilize a similar H?-coupled inner-sphere elec-

tron transfer mechanism [26].

6. MCOs in general are promiscuous in regards to their

reducing substrate, although they are specifically one-

electron acceptors. Aromatic amines (p-phenylenedi-

amine) and cyclic ene-polyols such as hydroquinone

are substrates commonly used in the laboratory; these

reflect the likely biologic substrates of the laccases,

whereas the related ascorbic acid is a substrate for

ascorbic acid oxidase. A small cohort of MCOs exhibit

an additional and specialized reactivity towards low-

valent transition metals; with reactivity towards Fe2?,

Cu?, and/or Mn2?, these MCOs have been designated

metallooxidases [27–34]. These are Kipling’s Cu

‘‘craftsmen’’ when it comes to the cell biology of

metals; these MCOs are essential to the normal

metabolism of their respective metal ion substrates

and determine the fitness of the organisms expressing

these enzymes to live under a blanket of air. Their

deficiency in humans correlates with disorders of Fe

metabolism [35–37] and protein-aggregation-asso-

ciated neurodegenerative diseases, e.g., Alzheimer

disease, Parkinson disease, and amyotrophic lateral

sclerosis [38–43].

These six facts provide the outline for this brief review.
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MCO domain structure and evolution

The cupredoxin domain superfamily is represented by

nearly 30,000 proteins distributed in all three superking-

doms, Archaea, Bacteria, and Eukarya. This total includes

hundreds of sequences that lack the essential Cu-binding

elements found in the small blue Cu protein ancestors of

MCOs, however. The relevant families are plastocyanin/

azurin-like proteins that consist of a single cupredoxin

domain containing 100–150 amino acid residues, nitroso-

cyanin, and the multidomain MCOs, the subject of this

review. Although all members of this superfamily contain

the 7–9 strand, mixed parallel/antiparallel b-sheet con-

nectivity that characterizes the cupredoxin fold [1, 44],

only these three specific family groups contain the motifs

found in all blue Cu proteins irrespective of overall

sequence, three-dimensional structure, or function.

This essential ancestral ‘‘blue copper’’ sequence has a His

located approximately 50 residues N-terminal to a 14–16

residue motif that begins with Gly, and has a Cys residue in

this motif at position ?6 (G = 0), a motif that ends in Met/X,

where X is most typically Leu. The key details of this motif

are (1) a triad of nonpolar, typically bulky amino acid resi-

dues between the Gly and Cys; and (2) a His that appears two

to four residues C-terminal to the Cys. This basic Cu-binding

motif is illustrated in the first entry in Fig. 1, keeping in mind

the T1 Cu ligands in Thiobacillus ferrooxidans rusticyanin

are the His, Cys, His, and Met.

Tracking the dissemination and evolution of the cupre-

doxin fold involves nothing more than setting your

sequence ‘‘window’’ to this basic unit. Thus, duplication of

a gene encoding this motif would be easy to spot even if

one or more of the specific Cu ligands were subsequently

lost or new ones were added; the GNNNNN ancestral

motifs would remain, one in the original and one in the

duplicated domain. Although no database contains data on

a covalent cupredoxin dimer, the direct product of gene

duplication of rusticyanin, for example, hundreds include

data on cupredoxin ‘‘dimers’’ that have undergone sub-

sequent mutation from this hypothetical ancestral cupre-

doxin dimer, typically adding additional Cu ligands,

thereby elaborating on the Cu-coordination chemistry

inherited from the parental cupredoxin. Nitrite reduc-

tase (NiR) and several small ‘‘laccases’’ (SLACs) are

Fig. 1 Evolutionary trajectory from a cupredoxin to six-domain

multicopper oxidase (MCO) proteins. The initial gene duplication

event producing a two-domain cupredoxin from the ancestral small,

blue Cu protein (e.g., rusticyanin) is not archived; the presumed

progeny of this event are represented by nitrite reductase (NiR)

proteins and the small ‘‘laccases’’ (SLAC). The former are not true

MCOs since they possess only type 1 (T1; ligands shown in blue) and

type 2 (T2; ligands shown in green) Cu sites while lacking the type 3

(T3) binuclear pair that is the core of the trinuclear cluster (TNC)

found in true MCOs (ligands shown in orange). These two-domain

species assemble their T2 sites (NiRs) and TNCs [blue copper oxidase

(BCO), SLAC] between adjacent subunits, e.g., they are active as

trimers of these two-domain monomeric units. Subsequent gene

duplication and shuffling gave rise to three- and six-domain MCOs,

represented here by the ferroxidases Fet3p, human ceruloplasmin

(hCp), and Fox1. Note that the TNC in the former two proteins

assembles between the N- and C-terminal cupredoxin domains,

whereas in Fox1 it assembles between D2 and D3. This difference

reflects a different sequence of evolutionary domain shuffling. Note

also how the GNnC or GNnH motif in essentially all ligand-containing

domains traces back to the ancestral cupredoxin

J Biol Inorg Chem (2010) 15:15–28 17
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characteristic of modified cupredoxin dimers [45–49]; both

Cu protein types are also illustrated in Fig. 1. As discussed

later, two-domain cupredoxin progeny bind Cu and are

functional oxidases only as trimers of these covalent dimers

(cf. Fig. 8). As we will see, these two-domain copper

‘‘oxidases’’ can assemble only the T1 Cu sites they brought

along as a result of gene duplication. Any other Cu-coor-

dination site(s), e.g., a TNC, requires ligands from two of

these protein ‘‘dimers’’, that is, these sites are assembled at

noncovalent interfaces resulting from the oligomerization

of a two-domain MCO protein functioning as a subunit.

In this context, NiRs are not true MCOs in that they

contain only T1 and T2 Cu sites; they lack the binuclear,

T3 Cu pair which forms the nucleus of the O2-binding TNC

that makes O2 a substrate for MCO proteins [3, 5, 46].

Thus, the evolution of NiR proteins into the two-domain,

SLACs represents the emergence of the canonical MCO

superfamily characterized by at least one each of the three

types of Cu found in biology [3, 5, 48, 49]. Evolutionarily

less clear is the origin of the three- and six-domain MCO

family members that assemble the three Cu sites and are

fully functional in a monomeric state. These are repre-

sented in Fig. 1 by the Fet3 protein from Saccharomyces

cerevisiae [15, 16, 28], human ceruloplasmin [50–52], and

the Fox1 protein from Chlamydomonas reinhardtii [19,

53]; all of these MCOs are specific for ferrous and cuprous

ions and are essential for the metabolism of these low-

valent species in their respective organisms.

The T1, blue Cu site

The structures of the mononuclear, blue Cu protein, Thio-

bacillus ferrooxidans rusticyanin [54], the two-domain NiR

from Neisseria gonorrhoeae [46], ‘‘blue copper oxidase’’

[45] from Nitrosomonas europaea [48], the three-domain

MCOs Trametes versicolor Lac [55] and Fet3p from S.

cerevisiae [28], and the six-domain human ceruloplasmin

(hCp) [56] illustrate all the structural facts about the par-

adigmatic T1 Cu site (Fig. 2): (1) the ligand array within

the sequence as outlined above—His 50–70 residues, Cys

four residues, His five residues, Met or Leu (most com-

monly); (2) the Cys is preceded by a nonpolar residue-rich

motif that begins with Gly; (3) this motif forms a b-strand;

(4) the Cys ends this strand, whereas the M/L begins the

adjacent antiparallel one; (5) the site, therefore, is found

within the connecting bend in the chain; (6) the bend,

which contains the second coordinating His residue, often

includes a short helical element giving the chain a bab
connectivity; and (7) the structure of the site is independent

of the presence or absence of a fourth ligand, i.e., Met; a

Leu ? Met substitution is readily accommodated at this

site in the Fet3p structure. The canonical spacing of the Cu

ligands within a T1 Cu-containing cupredoxin domain is

illustrated by the notation in the T. ferrooxidans rusticyanin

structure (Fig. 2).

As noted, the intrinsic electronic properties characteristic

of a T1 Cu are due to the highly efficient charge transfer

from an S pp orbital into the Cu 3dx2�y2 one. The resulting

highly covalent Cu–S bond dominates the spectroscopic

properties of MCOs: the exceptionally small parallel Cu

hyperfine coupling, the absorption at approximately

600 nm, and the circular dichroism and magnetic circular

dichroism transitions which originate from all but the

Cu dx2�y2 orbital, and from S p and S r ones. In particular,

magnetic circular dichroism spectra have revealed the

ligand-field transitions, assignments which have allowed for

the identification of both p (low energy, intense) and r (high

energy, weak) S charge transfer transitions, the inverse of

what is found for ‘‘normal’’ tetragonally distorted, square-

planar Cu(II) complexes [57]. This inversion means that at

the T1 Cu site, the S p and Cu 3dx2�y2 orbitals are rotated

into p rather than r overlap as is found in typical Cu(II)

complexes (Fig. 3).

Fig. 2 The T1 Cu cupredoxin loop. The sequence motif characteristic

of the cupredoxin T1 Cu site is reflected in the near superimposition

of the bab-fold that wraps around the T1 Cu in these six proteins. The

Met ligand, if present, is found at the end of the short helical

connectivity. The His ligand at this site not within this antiparallel

motif is found approximately 50 residues N-terminal to it (e.g., H85 in

rusticyanin). Note that this structural motif is seen in all cupredoxin

descendants irrespective of domain number, number of Cu sites

overall, or function. Tf, Thiobacillus ferrooxidans; Ng, Neisseria
gonorrhoeae; Ne, Nitrosomonas europaea; Tv, Trametes versicolor;

Sc, Saccharomyces cerevisiae; Hs, Homo sapiens

18 J Biol Inorg Chem (2010) 15:15–28
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The unique electronic properties of T1 Cu(II) are due to

three factors: first, a distorted tetrahedral geometry (or dis-

torted trigonal pyramidal); second, strongly anisotropic

bonding with a very short Cys S–Cu bond (approximately

2.1 Å, compare this with approximately 2.4 Å in small Cu–

thiolate complexes) together with relatively normal Cu–N

ones in the trigonal plane coupled with a puckering out of

this plane by the Cu that correlates to some extent with the

absence or presence of a fourth, apical ligand, e.g., the

–SCH3 of Met, which, if present has an elongated S–Cu bond

(e.g., 2.9 Å in plastocyanin, 1PLC); and third, the rotation of

the Cu 3dx2�y2 orbital so as to be bisected by the S 3pp

orbital, thus avoiding the strong p-antibonding that would

otherwise dominate at this short Cu–S bond length [57].

The structural and electronic features of T1 Cu are

completely interdependent and appear to originate in the

bab, T1 Cu fold (Fig. 2). This conclusion follows from the

fact that the structures of this loop in, for example, ho-

loplastocyanin and apoplastocyanin are not significantly

different, with the greatest difference being a rotation (a

flip) of one the His imidazoles around its Cb–Cc bond,

providing access of solvent to the coordination site. There

is little change in the coordinates for either Cys –SH or Met

–SCH3 side chains (Fig. 4a, b). Similarly, there is little

change in the coordination sphere provided by these

ligands in going from Cu(II) to Cu(I) (Fig. 4c). One

hypothesis that was based on these structural facts in

relation to the specific electronic properties of a T1 Cu(II)

was that a rigid protein structure ‘‘forced’’ the Cu atom into

an unusual, ‘‘strained’’ electronic state, a state of ‘‘entasis’’

[58]. In the simplest terms, the distorted tetrahedral array of

ligands at a T1 Cu site would favor Cu(I) in comparison

with Cu(II) [59].

An explanation for the relatively small conformation

change in the T1 Cu ligand array in going from Cu(II)

to Cu(I) and the reverse (Fig. 4c) is found in the electronic

structure of a T1 Cu(II). ‘‘Stress’’ in the coordination sphere

would correspond to a large Jahn–Teller distorting force

Fig. 3 T1 Cu bonding in comparison with bonding in square-planar

CuCl4
2-. a In square-planar Cu(II) complexes (top) the 3dx2�y2 orbital

is oriented towards a ligand p orbital allowing for pr! 3dx2�y2

charge transfer; in this orientation and with this bond length, pp!
3dx2�y2 is very weak (b). At the T1 Cu(II) site in plastocyanin

(bottom), the 3dx2�y2 orbital is rotated relative to the Cys-S pp orbital

set (a); at the short Cu–S bond length at T1 Cu sites (approximately

2.1 Å) there is efficient S pp! Cu 3dx2�y2 charge transfer (b). This

mixing of Cu and S orbitals in the Cu–S bond (c) results in a highly

covalent Cu–S bond and significant unpaired spin density at the S.

This in turn results in Cu A|| of T1 Cu that is at most 50% of the A||

value observed for typical square-planar Cu(II) complexes. The

contour diagram in (c) for plastocyanin is the redox-active molecular

orbital, the orbital with the electron hole filled upon reduction to Cu(I)

Fig. 4 Ligand sphere conformation at the plastocyanin T1 Cu site.

a The structure of the T1 Cu(II) site in holo poplar plastocyanin

(1PLC). b The structure of the T1 site in apoplastocyanin (2PCY)

indicating the only two significant conformational changes. c Super-

imposition of the trigonal ligands at the T1 site in plastocyanin in the

Cu(II) (blue, 1PLC) and Cu(I) (orange, 6PCY) states. The changes in

bond distance and angle are for the reaction Cu(II) ? Cu(I). The

significant change is the expected bond lengthening as Cu charge is

reduced and the bonding Cu 3dx2�y2 orbital is filled

J Biol Inorg Chem (2010) 15:15–28 19
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along a bending mode in the Cu(II) complex, a force that is

absent. The reason for this absence is a 104-cm-1 splitting

of the degeneracy of the dx2�y2 and dxy orbitals due pri-

marily to the short S–Cu bond (discussed above), thus

eliminating the Jahn–Teller distorting force common to

Cu(II) in a ‘‘normal’’ Td ligand field [6, 9, 57]. The absence

of the Jahn–Teller effect in the oxidized state (and, of

course, in the reduced one, as well) means there is little

reorganization of the ligand sphere upon redox change, a

fact that the structures of T1 sites have made clear (Fig. 4c).

As we will see next, the lack of a redox-coupled ligand

sphere conformation change is an important ‘‘catalytic’’

element in electron transfer reactions at the MCO T1 Cu.

Outer-sphere electron transfer

The rate of electron transfer depends on four factors: (1) an

interaction between the donor and the acceptor with a

probability and lifetime sufficient to allow for electron

transfer to occur; (2) the driving force for electron transfer,

which is given by the DG� value for the process; (3) an

overlap between the donor and acceptor orbitals; and (4)

the change in the coordinates of the nuclei in the donor and

acceptor as a result of their change in redox state. These

factors are specified in the Marcus equation quantifying the

rate constant for outer-sphere electron transfer (Eq. 1):

kET ¼ SKA

4p3

h2kkBT

� �1=2

HDAð Þ2e �ðDG�þkÞ2=4kkBT½ �: ð1Þ

The SKA term combines the association constant for the

donor–acceptor complex, KA, with a ‘‘steric term’’, S, which

accounts for those complexes whose structure allows

for electron transfer, what an enzymologist would refer

to as a ‘‘productive’’ enzyme–substrate complex. As an

exponential term, the driving force, DG�, has a relatively

small effect on kET. The two terms that are largely

determinative are HDA, the electronic coupling matrix

element, descriptive of the lowest unoccupied molecular

orbital (LUMO) that connects the donor and acceptor, the

pathway for electron transfer, and k, the reorganization

energy, a measure of the overall bond length and angle

change in the donor and acceptor as a result of their redox

change. This reorganization energy is what quantifies the

Franck–Condon barrier to electron transfer since, according

to Franck–Condon theory, electron transfer follows the

nuclear reorganization that structurally makes the donor

‘‘reduced’’ and the acceptor ‘‘oxidized’’. How this barrier

(the magnitude of k) contributes to the activation energy for

electron transfer is diagrammed in Fig. 5.

The electronic coupling matrix element, HDA, essentially

measures the strength of the interaction between the donor

and acceptor at the nuclear conformation at the electron

transfer transition state (represented by the Ea states in

Fig. 5) and is related to the barrier to electron tunneling

through rather than over the Ea maximum [13, 60]. (TDA was

originally used to denote this coupling element). Two factors

determine the efficiency of this tunneling: (1) the superex-

change of electron density between donor and acceptor

orbitals through the ‘‘neutral’’ medium separating them

(often referred to as the ‘‘bridge’’) and (2) the attenuation of

this exchange due to the ‘‘depth’’ of this medium (the donor–

acceptor separation) and the medium’s electronic composi-

tion. The latter reflects the type of bonding elements (or lack

thereof) that comprise this medium, e.g., r-, p- and/or

H-bonding, van der Waals contacts, or through-space

‘‘jumps.’’ These elements have been represented in the

PATHWAYS model for long-range, outer-sphere electron

transfer in terms of decay factors e, which are used in the

corresponding program to compute relative kET values for

possible intermolecular or intramolecular electron transfer

routes in proteins and nucleic acids [60]. For example,

eC = 0.6 (the decay factor for each covalent step in

the electron transfer pathway), which can be compared

with the more significant decay through an H-bond, eH ¼
e2

C exp½�1:7ðR� 2:8Þ� where R is the H-bond distance in

angstroms. This relatively simple algorithm for ranking

electron transfer pathways has been validated by more exact

calculation [61].

The three structures shown in Fig. 6 illustrate why

electron transfer from the reducing substrate to the T1 Cu in

an MCO must occur by an outer-sphere pathway. There are

no solvent-accessible coordination sites at this Cu atom; at

the least, the closest access to this site from solvent is at the

His residue in the bend as in H458 in T. versicolor Lac

(Fig. 6a). In Fet3p, however, the corresponding His, H489,

is shielded from solvent by the carboxylate side chain of

Fig. 5 Franck–Condon barrier and the reorganization energy in

electron transfer reactions. a Reduction results in a large increase in

the metal–ligand bond length, Dr [as in a typical square-planar Cu(II)

complex]. This large k results in a large Franck–Condon barrier to

electron transfer, Ea. b If there is little change in the metal–ligand

bond length [as at a T1 Cu(II)], Dr and k are small, as is the Franck–

Condon barrier to electron transfer. Marcus theory predicts that a

relatively larger value of kET results

20 J Biol Inorg Chem (2010) 15:15–28
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E185 (Fig. 6b). Structurally homologous carboxylates

shield the redox-active T1 Cu sites in hCp as well [19, 50].

This difference in structure at this His ligand suggests that it

correlates with MCO substrate specificity. One test of this

conclusion would be the conversion of, for example, Fet3p

into a ‘‘laccase’’ by protein engineering; an example of

such a strategy is illustrated by the model of such a Fet3p

‘‘laccase’’ shown in Fig. 6d.

This conclusion is evident in the structure of the complex

of T. versicolor Lac with a substrate analog, 2,5-xylidene

(Fig. 6c) [62]. The planar, aromatic ring fits snuggly into

the groove provided by the nonpolar pocket of surrounding

residues. As shown in Fig. 7a, the N atom of the aryl–NH2

group is in H-bond contact with the Ne2 NH of H458. The

structure of a Fet3p–Fe(II) complex has not been solved, but

a variety of spectral and kinetic data support the model of

Fe(II) binding to the protein that is illustrated in Fig. 7b; in

Fet3p, the substrate does not contact the coordinating His

imidazole(s) but binds to the protein via two carboxylate

groups that themselves are in H-bond contact with the two

His ligands (H413 and H489) at the T1 Cu. This bonding

network provides the outer-sphere electron transfer path-

way in Fet3p (Fig. 7b) [14–16, 63]. The quantification of

this pathway will be discussed below (cf. Table 1).

MCO Cu sites: coordination and connectivity

The prosthetic group that uniquely typifies an MCO is the

T2, T3 trinuclear cluster, the TNC. With three Cu atoms

and eight His imidazoles as ligands, the TNC is coordi-

nately undersaturated and is thus primed to accept an

exogenous ligand, e.g., O2. The TNC is always found at the

interface of two cupredoxin domains; the Cu His ligands

Fig. 6 MCO T1 Cu site accessibility and substrate specificity. a Cu

ligand H458 is solvent-exposed in a laccase (1GYC), but is shielded

from solvent by carboxylate side chains in ferroxidases (1ZPU) (b).

The former conformation allows for direct substrate binding to this

imidazole ligand (1KYA) (c). This binding mode can be readily

engineered (modeled) into ferroxidases, underscoring the fundamen-

tal structural homology between these MCO proteins (d)

Fig. 7 Substrate binding modes and electron transfer pathways. a In

laccases, phenolic and aromatic amine substrates bind via an H-bond

to at least one of the T1 His ligands, e.g., H458 in T. versicolor Lac.

This could provide the electron transfer pathway to the T1 Cu(II)

(1KYA) [62]. b In ferroxidases (Fet3p, 1ZPU), these His ligands are

shielded from solvent by carboxylate side chains that are themselves

H-bonded to the Ne2–NH groups on these imidazoles; the Fe(II) binds

to these carboxylate groups. The relative electron transfer rate

constants shown are based on the structure of Fet3p and were

calculated using the PATHWAYS program for outer-sphere electron

transfer [14, 64]. Thus, electron transfer through E185 ? H489 is

fourfold more favorable than through D409 ? H413, owing primar-

ily to the longer H-bonds in the latter pathway. Since kET depends on

the square of HDA (Eq. 1), when both pathways are functioning (in the

wild type), kET is ninefold greater
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always derive from these two domains, always four from

each. This cluster organization was an early evolutionary

development. NiR proteins do not have a TNC, but in

addition to T1 Cu atoms, they have T2 Cu ones; these are

found at the interface between two NiR subunits (NiR

assembles as a trimer of two-domain monomers), with two

His ligands from one subunit and one from the other

(Fig. 8a) [46]. In this structure, T1 Cu atoms are seen in the

N-terminal cupredoxin domains of each of the two mono-

mer units. The T1 Cu in subunit A is ‘‘linked’’ to the T2 Cu

at the interface, illustrated through the His–Cys ligand pair

within the canonical 168GLYIYHCX7HX4M188, where the

T1 Cu ligands are in boldface and the T2 Cu one is

underlined. As discussed below, this His-Cys unit is the

intermediate evolutionary step towards the His-Cys-His

motif that is at the heart of the electrical wiring in true

MCOs, wiring that supports the intramolecular, outer-

sphere electron transfer from the T1 Cu to the TNC [17, 20,

65]. In NiR proteins, this electron transfer from T1 to T2

Cu is supported by a single-stranded wire, shown in Fig. 8a

(insert, dashed arrow).

In true MCOs, those cupredoxin multimers with TNCs,

the TNC is found at the interface of two monomers as the

T2 Cu is in NiR, or at the interface between two cupre-

doxin domains in a single chain protein composed of three

or six such domains. The first of these two structural

arrangements is the likely progeny of the NiR one; an

example is the small (two-cupredoxin domain) laccase

from Streptomyces coelicolor (Fig. 8b) [49]. SLAC has a

broad reducing substrate specificity although it is not a

metallooxidase [47]. It assembles as a trimer in the crystal

and functions as a trimer in solution. Each two-domain

monomer has a C-terminal-domain T1 Cu which is cou-

pled to the TNC at the interface of this domain and the N-

terminal one of an adjacent monomer through the

canonical HCH motif found in all MCOs. Unlike the NiR

coupling, here the two His residues (their imidazole side

chains) are each a ligand to one of the T3 Cu atoms (the

Cys thiolate remains a T1 Cu ligand). As noted above,

here the wire connecting the electron in the T1 Cu(I)

dx2�y2 orbital to the TNC has two strands, a Cys–His

coupling to each of the two T3 Cu atoms. All things being

equal, the rate of intramolecular outer-sphere electron

Table 1 Kinetic constants for FeII and hydroquinone (HQ) reaction

with the wild type (WT) and Asp/Glu ? Ala Fet3p mutants

Fet3p

species

KM kET (s-1) Fe(II)

specificity
Fe(II)

(lM)

HQ

(mM)

Fe(II) HQ

WT 5 25 C1,500 0.02 375,000

D283A 19 19 682 0.07 9,000

E185A 36 18 2.5 0.10 23

D409A 19 30 62 1.12 75

E185A/D409A 4,000 30 0.41 2.12 0.006

Fe(II) specificity is given by
kET=KMðFeIIÞ

kET=K
ðHQÞ
M

Fig. 8 Cu coordination at subunit interfaces in two-domain NiR and

SLAC proteins. The T2 Cu sites in NiRs and the TNCs in small

laccases (BCO, SLAC) are assembled at the interfaces of two

monomer units in the functional trimer. a In AniA (1KBW), the third

T2 Cu(II) ligand is positioned in the C-terminal domain of the

adjacent subunit, whereas the T1 Cu site in each monomer is found

within the N-terminal one. b In the SLAC protein (3CG8), this order

is reversed: the T1 Cu atoms are in the C-terminal domain and the

ligands contributing to the interfacial TNC are located in the

N-terminal one (see also Fig. 1). In both proteins, electronic coupling

matrix elements for electron transfer are due to the His-Cys motif in

the NiR, and the His-Cys-His motif in the MCO (SLAC); these are

indicated by dashed arrows connecting the T1 Cu atoms to the

coupled Cu site at which electrons are transferred to the oxidizing

substrate (NO2
- or O2, respectively)
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transfer from the T1 Cu(I) in the MCO is twice that in the

NiR simply because of the doubling of the circuit

capacity, what we have referred to as the electronic matrix

coupling element(s) in the Hamiltonian describing the

four Cu atoms in an MCO.

Although the TNC in a three- or six-domain MCO is

assembled at the interface of two domains (cf. Fig. 1), the

strand connectivity is, of course, within a single polypep-

tide chain. This connectivity is illustrated by the Fet3p

structure (Fig. 9a). The extensive H-bonding network that

supports the peptide strands that link the T1 Cu to the TNC

is emphasized in this image as are carboxylate $ Nd1 His

interactions that support electron transfer (shown in blue;

see also Fig. 7b). These structural H-bonds are strand-to-

strand (in magenta) and backbone C=O to ligand His–Nd1

interactions that conformationally fix the imidazole plane

and therefore the imidazole–Cu LUMO (these H-bonds are

shown in orange). Two of these latter H-bonds are also part

of the electron transfer pathway between the T1 Cu Cys-S

and T3 Cu atoms via the canonical MCO His–Cys–His

motif. This is illustrated in Fig. 9b, in which backbone

–C=O H-bonds to H485 (at Cu3a) and to H483 (at Cu3b)

provide additional electronic coupling matrix elements.

The latter is the most significant since the –C=O involved

is from C484, providing an electron transfer pathway that is

three covalent bonds shorter than the pathway through the

H485 –C=O to the Nd1 of that side chain (Fig. 9b). Cu3b is

electronically anisotropic in relation to Cu3a in another

significant way; the Nd1 NH of H418 is in H-bond contact

with the carboxylate of D94, the only such outer-sphere

interaction associated with the T3 Cu ligand sphere

(interaction denoted in blue in Fig. 9b). These two differ-

ences support a specific energy landscape for O2 binding

and reduction at the TNC as described below.

The diagram shown in Fig. 10a summarizes this brief

review of outer-sphere electron transfer and Cu-site

Fig. 9 Cu-site connectivity in Fet3p (1ZPU). a The extensive H-bond

network that structurally supports intermolecular and intramolecular

electron transfer in Fet3p is highlighted in this image. Carboxyl-

ate $ Nd1 H-bonds (blue lines) stabilize imidazole-ligand geometry

and contribute to electron superexchange (HDA), particularly in

intermolecular electron transfer from Fe2? to T1 Cu(II). Backbone

(magenta) and C=O $ Nd1 (orange) H-bonding conformationally

‘‘lock’’ the connecting strands and imidazole rings, minimizing the

reorganization energy as the four Cu atoms cycle between Cu(I) and

Cu(II) redox states. b The electron transfer connectivity between the

T1 Cu and T3 Cu atoms is indicated by dashed arrows; both T3a (left)
and T3b Cu (right) atoms are linked to the T1 Cu by an equivalent

covalent pathway (the HCH one), but the T3b Cu is coupled by a

much shorter and therefore more efficient pathway involving a

C=O $ Nd1 H-bond between the backbone carbonyl of C484 and the

imidazole of H483. This unique coupling, together with the H-bond to

H418 from D94 (blue line), renders the T3 Cu cluster electronically

asymmetric [17]

Fig. 10 The superexchange pathway and electron tunneling between

T1 and TNC Cu sites. a Density functional theory provides the basis

for computing the lowest unoccupied molecular orbital for MCO Cu

sites and the connecting protein backbone. Note the single through-

space jump in the middle of the trip. b HDA determines the tunneling

gap in the free-energy diagram for electron transfer; a wider gap

lowers the tunneling barrier proportionally
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connectivity in an MCO. Here the 95% electron density

surface for the LUMO for an MCO like Fet3p is repre-

sented [17, 57]. It is the (relatively) accessible energy of

this orbital (in relation to the highest occupied molecular

orbital) that determines HDA and, therefore, the energy

(probability) of the tunneling transition state; this ‘‘gap’’ is

pictured in Fig. 10b, which suggests how it becomes more

accessible as the electronic matrix coupling, HDA, increa-

ses. As the data given below show, kET from the T1 Cu(I)

to the TNC in an MCO is more than 103 s-1; it does not

rate-limit MCO-catalyzed O2 turnover.

The TNC: how to get water from O2

O2 reduction is kinetically slow because of two seemingly

irreconcilable factors: first, one-electron transfer to O2 is

kinetically favored but thermodynamically strongly end-

ergonic; and, second, two-electron reduction of O2 (S = 1)

to peroxide by an organic substrate (S = 0), for example, is

spin-forbidden. MCOs catalyze the four-electron reduction

of O2 to two molecules of H2O by providing an energy

surface for two sequential two-electron steps, ones that take

advantage of each step’s thermodynamic driving force and

the catalysis afforded by H? transfer from protein-activated

water molecules [17, 20, 22, 24–26, 66]. The energy dia-

gram in Fig. 11 illustrates this for the O–O reductive bond

cleavage that converts peroxide to two molecules of H2O.

The fully reduced MCO is the form of the enzyme

that reacts with O2; the product of this reaction

(k = 106 M-1 s-1) is the peroxy intermediate in which O2

has been reduced by two electrons. Extensive spectral and

computational studies have established that in this

intermediate O–O is bound in a l3-1,1,2 geometry; the

stability of this coordination complex is due in part to an

asymmetry of the TNC caused by the carboxylate D94 H-

bonding to the T3b Cu ligand, H418 (Fig. 9). Importantly,

this carboxylate is a conserved residue, indicating that this

electronic asymmetry and the reaction coordinate it sup-

ports are conserved in all MCOs as well. The structure of

the peroxy intermediate is shown in Fig. 12 [21].

The two electrons needed to generate this peroxy-level

intermediate come from the T2 and T3b Cu atoms; the T1

and T3a Cu atoms remain in the Cu(I) state. This redox

distribution is due entirely to D94 and its H-bond network to

imidazole ligands at the T2 and T3b sites (Fig. 9); this H-

bonding results in a lowering of the reduction potentials of

the two Cu atoms stabilizing them in a Cu(II) redox state.

The second, two-electron transfer [from the T1 and T3a
Cu(I)] leads to the ‘‘native intermediate’’ (Fig. 12); this is

the kinetically and thermodynamically favored reaction

illustrated in Fig. 11. The stabilization of the O2- ? O2-

products of O–O bond cleavage (and thus providing catal-

ysis) is afforded by H? transfer to O atom O2 from E485 or a

water molecule bound to E485 (Brønsted catalysis) and an

interaction of O atom O1 with the T2Cu(II) (Lewis cataly-

sis); this reaction coordinate is illustrated by a likely tran-

sition state (Fig. 12) [17, 21, 68]. The Fet3p E487 represents

a residue conserved in all MCOs; studies on the bacterial

CueO have indicated a similar role for the homologous E506

residue in O2 turnover by this cuprous oxidase [25].

MCO specialization: the metallooxidases

in aerobic metal metabolism

Although MCOs with demonstrated or predicted reactivity

towards low-valent metal ions—Fe(II), Cu(I), and Mn(II),

for example—represent a small fraction of all archived

MCO proteins, their physiologic roles are actually far

better characterized than that of the bulk of the family

members, those MCOs generically characterized as lac-

cases. The exception to this generalization is the NiR

cohort which arguably differs in that nitrite and not O2 is

the electron acceptor in the NiR reaction. Although the

physiologic role(s) of MCOs with demonstrated activity

towards Mn(II) as substrate is not well understood [32, 69],

that ‘‘cuproxidases’’ and ferroxidases contribute to Cu and

Fe metabolism, respectively, is well established and, in

many cases, the molecular basis of that contribution has

been characterized. For example, the CueO proteins

expressed by many bacteria play a significant role in how

these microbes detoxify Cu [34, 70, 71]; similarly, the

fungal Fet3 protein contributes to the fungal response to

excess Cu in the growth medium [72–74]. CueO is a

cuprous, rather than a ferrous, oxidase and this specific

Fig. 11 Two-electron reduction of H2O2 is exergonic and fast.

Simple Morse potential wells are used to illustrate the relative barriers

to the cleavage of the peroxide O–O bond; relative to the one-electron

reaction, the two-electron reaction is favored by -46 kcal/mol

thermodynamically and by the equivalent of approximately 107 s-1

kinetically [67]
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activity is due to a motif unique to these bacterial MCOs.

They are, like Fet3p, three-cupredoxin-domain proteins,

but all have an extra Met-rich strand that blocks access to

the T1 Cu ligand sphere, much as the carboxylates do in the

fungal (e.g., Fet3p) and the six-domain [hCp, hephaestin

(Hp), Fox1] ferroxidases. Binding of Cu to this motif has

been structurally characterized [75, 76] and structure–

function studies have demonstrated that this is the

‘‘cuprous oxidase’’ motif in these MCOs related to bacte-

rial Cu resistance [77, 78].

Fet3 proteins also are essential components of the fungal

high-affinity Fe uptake system that confers on these

sometimes opportunistic pathogens a selective advantage

in Fe-limited conditions; the AIDS-related pathogen

Cryptococcus neoformans illustrates this advantage in a

particularly relevant fashion [79–81]. This uptake pathway

involves the coupling of Fe(II) oxidation by the ferroxidase

to Fe(III) uptake by a partner ferric iron permease [82–84].

The coupling of ferroxidation catalyzed by a specialized

MCO to a subsequent Fe(III) trafficking event, e.g., uptake

or efflux, transport, or storage, is characteristic of the

mechanism by which the metazoan MCO ferroxidases

contribute to their organism’s Fe metabolic pathways and

is well illustrated by the mammalian proteins ceruloplas-

min (Cp) and Hp. In humans and animal models both

proteins are linked to the molecular basis of disorders in Fe

(and Cu) metabolism [35–37, 40, 43].

The origin of this specialization is well understood for

the Fet3 protein from S. cerevisiae [14, 74], and studies

have made possible a more rigorous examination of the

ferrous Fe specificity of human ceruloplasmin [19, 50, 51].

Similarly, structure and function studies on the bacterial

cuprous oxidase CueO have revealed details about that

MCO’s specificity and function as well [70, 75, 76, 85]. As

noted for Fet3p, the specificity for Fe2? as an electron

donor derives from the presence of two carboxyl groups,

E185 and D409, which are in H-bond contact with the T1

Cu ligands H489 and H413, respectively (Fig. 7b). The

former residue resides within a sequence 181PTGAEPIP.

Using this octapeptide as a query in a BLAST search

returns more than 100 nearly exact matches (PVP rather

than PIP); all of these subjects are MCOs and all have the

homologous D409 residue as well (which is residue -4

relative to the HxxHxH motif found in the N-terminal

portion of the ‘‘HCH’’ domain; cf. Fig. 1). In other words,

the motif containing ‘‘E185’’ is characteristic of a three-

domain MCO ferroxidase [15, 27]. Mutational analysis has

quantified the role of E185 and D409 (and 283D) in elec-

tron transfer at the T1 Cu (Table 1). The key findings are as

follows. First, both E185 and D409 contribute to Fe2?

binding, i.e., to electron transfer KA (Eq. 1). This is indi-

cated by the increase in the steady-state KM values for

Fe(II). Second, both residues make significant contri-

butions to kET, ones greater than can be accounted for by

Fig. 12 Intermediates in the O–O bond breaking step catalyzed by

MCOs. The two-electron reduction of O2 results in the formation of a

peroxy-level intermediate (PI) in which -O–O– is bound in a l3-1,1,2

oxo configuration centered on the T3b Cu(II) (a). The binding and

reduction of O2 in this mode is due to the coordinate undersaturation

at all three Cu in the TNC, which is uniformly oriented into the center

of the TNC triangle [17, 21, 68]. In the PI, the T3b and T2 Cu atoms

are oxidized because their E� values are lowered by ligand

(imidazole) H-bonding to D94 (see also Fig. 9); the T1 and T3a Cu

atoms are reduced. In this and the following structures, the two O

atoms are distinguished by numerical superscripts (O1 and O2).

Electron transfer from the T1 and T3a Cu(I) atoms coupled to H?

transfer from E487 generates the ‘‘native intermediate’’ (NI); in the NI

the two O atoms are bound in a l3-oxo configuration with O1

stabilized by the T2 Cu(II) and O2 stabilized by H? transfer from

H487 (b). A likely ‘‘transition’’ state for the PI ? NI transformation

indicating the essential roles played by the carboxyl groups of D94

and E487 is also shown (c). The numbering is for Fet3p, but these

residues are conserved in all MCOs examined to date. (Adapted from

[21])
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the decrease in KA. This indicates that both also contribute

to HDA (see also Fig. 7b), but, again, their contribution

alone cannot account for the decrease in electron transfer

rate. As shown in Fig. 7b, the theoretical difference

between kET through D409 in comparison with that in the

wild type is ninefold; the data in Table 1 show that

experimentally the difference is 15-fold. Therefore, both

residues must contribute to the driving force for electron

transfer, i.e., the redox potential, E�, of the bound Fe(II).

This latter point is the main story in these results. Note that

these mutations actually increase electron transfer from the

‘‘laccase’’ substrate, hydroquinone (last two columns); in

fact, the double mutant is equivalent to a laccase in its

substrate specificity (cf. Fig. 6d) [14].

E� of the T1 Cu(II) in Fet3p is 430 mV; E� for Fe(II) at

pH 6.5 (the pH at which the kinetic data in Table 1 were

obtained) is 420 mV. In other words, there is essentially no

driving force, DG�, for Fe(II) ? Cu(II) electron transfer

(Eq. 1) [14–16, 63]. In addition, since all four Cu in Fet3p

have a similar E� value, reduction of the enzyme should not

be stoichiometric. The data in Fig. 13 show that electron

transfer from Fe(II) is fast (more than 1,200 s-1) (Fig. 13a)

and stoichiometric (Fig. 13b), results that can be

explained only by a situation in which for bound Fe(II)

E� B 190 mV. In other words, the carboxylate-rich sub-

strate coordination site at the T1 Cu in Fet3p stabilizes

Fe(III) in comparison with Fe(II), thus favoring electron

transfer from Fe(II) to the protein. This substrate ‘‘entasis’’

can be illustrated by the free-energy diagram shown in

Fig. 13c [16].

Similar carboxylate-rich metallosubstrate binding sites

can be identified in hCp and the Fox1 protein from C.

reinhardtii. These six-domain MCOs differ from the

three-domain ones in that they have T1 Cu atoms in D2,

D4, and D6, and at least two of the three have metal-

binding sites. These have been characterized in hCp

crystallographically [50] and have been modeled into

Fox1 by homology [19]; this result is significant since as

is apparent in Fig. 1, the mammalian six-domain ferrox-

idases (Cp and Hp) and the six-domain ferroxidase Fox1

have a different organization of their TNCs yet retain the

carboxylate groups at their T1 Cu atoms that make them

ferroxidases. Indeed, the importance of ferroxidase

activity to Fe metabolism is highlighted by the retention

of the mechanism by which these MCOs contribute to Fe

trafficking.

The Fe(III) product of the fungal Fet3 reaction is

directly transferred (channeled) to the Ftr1 Fe(III) iron

permease which Fet3p assembles in the fungal plasma

membrane; yeast two-hybrid analyses and fluorescence

energy transfer measurements indicate that these two pro-

teins likely form a complex in the endoplasmic reticulum

that then traffics to the cell surface [84]. hCp catalyzes the

formation of Fe(III)–transferrin from Fe(II) and O2 in a

likely similar fashion, although both proteins are soluble

and not membrane-bound [86, 87]. C. reinhardtii Fox1

(like Fet3 a type 1 membrane protein) functions together

with an Ftr1 homolog in Fe permeation, whereas the

homologous Fox1 protein from the salinophilic alga

Dunaliella salina transfers Fe(III) to a transferrin-like

membrane protein, TTf, for Fe uptake, likely by endocy-

tosis [88]. TTf is a 150-kDa, Fe(III)-binding protein that

resembles a covalent transferrin trimer [89]. The compar-

ison with hCp and human Hp catalysis of Fe(III) loading of

transferrin, which is then taken up by endocytosis along

with the transferrin receptor, is obvious. Last is the role of

Hp in Fe release by Fe-trafficking cells, e.g., intestinal

enterocytes and cells of the reticuloendothelial system in

the recycling of heme Fe. This Fe is mobilized within and

transported out of these cells as Fe(II); transport is via

ferroportin (also known as MTP1 or Ireg1), the only

pathway known by which Fe is effluxed from mammalian

Fig. 13 Electron transfer from Fe(II) to Fet3p Cu(II) sites indicates

bound Fe(II) is a good reductant. a Electron transfer from Fe(II) to the

T1 Cu(II) is complete within the dead time of the stopped-flow

spectrophotometer (approximately 2 ms); kET must be more than

1,200 s-1. The enzyme is completely reduced (four electrons) by the

7 equiv of Fe(II) used in this experiment. b Complete reduction of

Fet3p(ox) requires only four electron equivalents of Fe(II); since

E� = 430 mV for Fet3p Cu(II), this stoichiometric reduction requires

that for bound Fe(II) E� B 190 mV. The experiments reported in a
and b were carried out anaerobically [22]. c The reduction in E� for

bound Fe(II) can be accounted for by the preferential binding of

Fe(III). This is indicated by the more exergonic energy surface for

Fe(III) binding (rear energy surface), which couples to the otherwise

less favorable reduction potential. This coupling leads to the reaction

E ? Fe(II) ? E�Fe(III) (dotted line)
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cells [90]. This efflux requires the activity of a ferroxidase,

either Hp or Cp; in the absence of this activity, Fe remains

bound to ferroportin and is not released to the extracellular

milieu [91]. The systemic Fe deficiency in the sla mouse

despite the high level of intestinal Fe was explained by

linkage of this genetic defect to the gene for Hp and the

elucidation of this MCO’s role in Fe efflux [37, 92, 93].

Epilogue: Kipling and aerobiosis

It is unlikely that in calling Cu the craftsman, Kipling had in

mind Cu’s role in the evolution of aerobic metabolism

following the steady oxidation of the biosphere that resulted

from the ‘‘secretion’’ of O2 by photosynthetic cyanobacteria

beginning in approximately 2.8 9 109 BCE. A metabo-

sphere that relied on the bioavailable ferrous Fe as the core

of electron transfer prosthetic groups was forced to evolve

into one that could take advantage of the solubilization of

Cu2S (to Cu2?) as the low-valent S and N geochemical

redox buffer was consumed by dissolved O2 [94]. Blue Cu

electron transfer proteins took their place in redox metab-

olism alongside heme-based cytochromes. Stellacyanin and

plastocyanin provided the template for the elaboration of a

multicopper protein that could use the accumulating nitrite

as an oxidant, NiR; from this perspective, ‘‘nitrite reduc-

tase’’ (NiR) is a misnomer. With the addition of the ligands

that supported the assembly of a Cu cluster (or a heme Cu

one) which could provide the binding site for O2 and the

coupled two-electron and H? transfers needed to overcome

the kinetic barrier to O2 reduction, O2 was harnessed as the

most exergonic terminal electron acceptor in the biosphere.

Then in the ultimate test of bioinorganic evolution, this

new, Cu-dependent O2-reduction activity helped to solve

the Fe scavenging problem faced by aerobes: Fe, Fe

everywhere, but little left of the kinetically available ferrous

iron upon which electron transfer processes had grown to

depend. Together with the cytochrome-dependent metallo-

reductases which populate the genomes of aerobes [95], the

MCO metallooxidases and coupled ferric ion trafficking

proteins (iron permeases, transferrin) were able to manage

ferric iron’s inertia, first by reduction of the exchange-inert

Fe3? to the exchange-labile Fe2? and then by managing the

redox lability of this ferrous iron, using it as a substrate in

the coupled four-electron reduction of O2 to two molecules

of H2O. ‘‘Old iron, young copper’’ as Crichton [94] has

referred to these two bioinorganic symbionts; at the core of

this metabolic symbiosis is the MCO.
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