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Abstract. Type-2 Cu sites are found in all the major
branches of life and are often involved in the catalysis
of oxygen species. Four type-2 Cu protein families are
selected as model systems for review: amine oxidases,
Cu monooxygenases, nitrite reductase/multicopper
oxidase, and CuZn superoxide dismutase. For each
model protein, the availability of multiple crystal

structures and detailed enzymological studies pro-
vides a detailed molecular view of the type-2 Cu site
and delineation of the mechanistic role of the Cu in
biological function. Comparison of these model
proteins leads to the identification of common proper-
ties of the Cu sites and insight into the evolution of the
trinuclear active site found in multicopper oxidases.

Keywords. Nitrite reductase, amine oxidase, superoxide dismutase, dopamine monooxygenase, peptidyl
amidating enzyme.

Introduction

Enzymes incorporate transition metal cofactors to
perform essential metabolic reactions. Examples
include proteins that comprise electron transport
chains and catalyze difficult reactions such as nitrogen
fixation and the reduction of ribonucleotides to
deoxyribonucleotides. The most common metals em-
ployed are iron, zinc and copper; however, only iron
and copper are suitable to perform redox reactions.
The reduction potentials and coordination chemistries
of both iron and copper are ideal for many biological
processes, and thus these metals are found broadly in
nature. Moreover, theses metals are able to bind and
manipulate gaseous substrates such as oxygen and
nitric oxide. For a particular system, the type of metal

found is likely to be a consequence of its unique
chemical properties and bioavailability in the course
of evolution.
The bioavailability of copper and iron has changed
dramatically over the geological history of the earth
(for a review see Williams and Frausto de Silva) [1].
Before the advent of photosynthesis, an anaerobic
earth favored reduced iron [Fe(II)] and sulfur (sul-
fides). Iron bioavailability was dominant since iron
sulfides are much more soluble than copper sulfides.
As the earth became oxygenated by early photo-
synthetic organisms, iron was oxidized to the less
soluble Fe(III) form that precipitated as iron oxides.
In contrast, as sulfides were oxidized to sulfates,
copper was liberated since copper oxides are generally
soluble, allowing organisms to incorporate this new
metal into protein scaffolds to perform chemistry that
previously was solely the domain of iron. The in-
creased bioavailability of copper occurred at a time* Corresponding author.
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when organisms were adapting to a new oxic environ-
ment, which may explain why many copper proteins
are found in systems that mediate oxygen chemistry.
The Cu sites observed in proteins are classified into
three types based on their structural and spectroscopic
properties. Blue Cu proteins attracted attention as a
consequence of their intense blue to green color [2].
Strong visible absorption is characteristic of type-1 Cu
sites when in the oxidized [Cu(II)] state. The reduction
potentials of most type-1 Cu sites are sufficiently low
that the oxidized state is favored in the presence of
ambient oxygen. Structurally, the Cu atom of a typical
type-1 site is coordinated by a Cys and two His
residues in a trigonal planar arrangement. Often the
thioether of a Met coordinates axially, distorting the
geometry towards tetrahedral. The color is due to
charge transfer (LMCT) between the Cu and the S
atom of the Cys ligand. EPR spectra of the oxidized
site show unusually low coupling constants (A values)
[3]. The function of these sites is exclusively single
electron transfer reactions. Type-1 sites are found in
small electron transfer proteins (cupredoxins) that
ferry electrons between larger enzymes such as
components of the denitrification pathway and photo-
synthesis. Also, they are found in the larger enzymes
nitrite reductase and multicopper oxidase and func-
tion in intramolecular electron transfer to copper
active sites. Within some of the large enzymes, a CuA
site functions as an electron entry point. This site is an
expansion of the type-1 site by a second Cu to form a
metal-metal bond. Both type-1 and CuA sites are rigid
and characterized by low reorganization energies to
facilitate electron transfer [4, 5].
Type-2 is used to designate Cu sites with a variety of
amino acid ligands and geometries. Most type-2 sites
are three to four coordinate and one or more of the Cu
ligands are the imidazole side chains of histidines. The
coordination sphere may be completed by methio-
nine, glutamate, glutamine or tyrosine. The absence of
a thiol group results in weak visible absorption and
thus no evident color. EPR spectra of type-2 sites are
characterized by a weaker signal with larger A values
and are clearly distinct from type-1 site spectra [3].
Coordination positions in type-2 Cu sites can either be
vacant or occupied by exogenous ligands. Conse-
quently, these sites can be catalytically active by
interacting directly with enzyme substrates. When
molecular oxygen is the substrate, type-2 sites may
function as oxidases reducing oxygen to water or
peroxide, monooxygenases where one oxygen atom is
inserted into the substrate and the other is reduced to
water, or dioxygenases where both oxygen atoms are
incorporated into the substrate. In addition, type-2
sites are able to perform the dismutation of super-
oxide (SOD) and reduce nitrite to nitric oxide.

More complex Cu sites such as the CuA site men-
tioned above are constructed from multiple metal
centers. Type-3 sites consist of two antiferromagneti-
cally coupled Cu atoms bridged by molecular oxygen
or a hydroxyl. The type-3 pair plus a third Cu (type-2)
is part of the trinuclear cluster in multicopper oxidases
[6]. A dinuclear type-3 Cu site is found in hemocya-
nins, which function as oxygen carriers in inverte-
brates [6]. A similar site is observed in tyrosinases;
however, these enzymes function as monooxygenases
and activate oxygen for insertion in phenolic sub-
strates [6].
Recently, a broad review of copper proteins (mono-
nuclear, dinuclear, polynuclear) and their mechanisms
of oxygen activation has been published [7]. In the
present review, we focus on the structure and function
of the mononuclear type-2 Cu sites in four well
characterized enzyme families: amine oxidases, cop-
per monooxygenases, nitrite reductases and super-
oxide dismutases. Multiple crystal structures of each
protein family in different physiological states com-
bined with extensive spectroscopic and enzymology
studies makes these enzymes excellent model systems
for mechanistic understanding of type-2 Cu function.
Furthermore, the crystal structures of these enzymes
reveal common features of the Cu sites that give
insight into how enzymes use the metal to achieve the
intended chemistry required for biological function.

Amine oxidases

Copper amine oxidase (CuAO) belongs to a larger
class of amine oxidases that catalyze the oxidative
deamination of amines and concomitant reduction of
oxygen to hydrogen peroxide by the reaction:

RCH2NH2 + H2O + O2 ! RCHO + NH3 + H2O2

These ubiquitous enzymes are found in a large range
of organisms, from microbes (including bacteria and
fungi) to plants and mammals (for a review see
Brazeau et al. [8]). In bacteria, CuAOs have well-
established roles in providing carbon or nitrogen
sources when primary amines are available. In plants,
there is evidence for the role of CuAOs in defense
responses [9] and a variety of developmental proc-
esses including lignification and the deposition of
suberin in the formation of cork [10]. In mammals,
CuAOs are found in a wide range of tissues, including
the placenta, blood, muscle, and endothelium; how-
ever, their function in mammals are not well under-
stood. One of the best characterized mammalian
CuAOs is vascular adhesion protein-1 (VAP-1).
Increased expression and translocation of VAP-1 to
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the vascular endothelial surface occurs during inflam-
mation [11, 12]. VAP-1 amine oxidase activity has
been attributed to the tight binding, rolling, and
transmigration of lymphocytes on endothelial cells
during inflammation [13–15]. Although the substrate
or substrates of the enzyme are not known, H2O2

produced by VAP-1 has been suggested to play a
signaling role [16]. Increased CuAO expression in
humans is a marker of several diseases including
cancer, diabetes, congestive heart failure, and liver
cirrhosis [17, 18].
Crystal structures have been solved for CuAO from
several organisms, including E. coli [19], Arthrobacter
globiformis [20], Pichia pastoris [21], Pisum sativum
(pea seedling) [22], Bos taurus (bovine) [23], and
human [24]. CuAOs are invariably dimeric proteins,
containing one Cu atom per monomer. A deep
solvent-filled cleft formed by a b-sandwich domain
in the protein leads to the active site, roughly 15 �
from the protein surface. The Cu atom is coordinated
by three histidine residues and two water molecules
(one axial and one equatorial to the Cu), in a nearly
square pyramidal geometry. The Cu site with oxygen
bound is shown in Fig. 1a. Two of the histidine residues
that coordinate the Cu are derived from a single b-
strand with one intervening residue (His-X-His),
whereas the third histidine comes from an adjacent
b-strand. CuAOs are unique in that they contain a
trihydroxyphenylalanine quinone (TPQ) cofactor
that originates from a tyrosine residue of the protein.
The active site Cu as well as oxygen is required for
tyrosine maturation into TPQ [25]. During this
maturation process, two molar equivalents of dioxy-
gen are consumed, one incorporated into the TPQ and

another reduced to hydrogen peroxide [26]. Several
intermediates have been trapped in crystals by con-
trolling the availability of copper and oxygen, as well
as the length of time for maturation to occur [27].
Since the mature enzyme has a distinct UV-visible
spectrum, crystals can be monitored as a function of
time and cryogenically preserved at different points of
the maturation process. Throughout the proposed
mechanism of TPQ biogenesis, the Cu plays a role in
coordinating to the pre-TPQ tyrosine and its inter-
mediates, via the aromatic oxygen atoms of the ring
(Fig. 2). Also, the Cu atom is likely to play a role in
activating molecular oxygen to a peroxo-bridged
intermediate with position 3 of the tyrosine ring.
Spontaneous splitting of the peroxo-bridge results in
oxygen addition to the ring as well as the formation of
a Cu-bound hydroxyl species, which attacks at posi-
tion 6 (position 2 in the new species) on the ring.
Finally, fully reduced TPQ bound to the Cu is
oxidized, yielding a molar equivalent of hydrogen
peroxide.
Activation of molecular oxygen in TPQ biogenesis is a
process still under active investigation. Thus far, a
reduced Cu(I) state is not observed. Replacement of
Cu by other transition metals such as cobalt or nickel
significantly lowers the rate of TPQ formation [28,
29]. However, these metals nonetheless catalyze the
maturation process, implying that a metal redox cycle
may be not essential for TPQ formation. In copper- or
nickel-constituted protein, Klinman et al. [28] propose
that the tyrosine reduction potential is lowered by
tyrosinate coordination to the metal (Fig. 2c); thereby
allowing for a reaction with O2 to form the peroxo-
bridged intermediate (Fig. 2d). Slower rates for nickel

Figure 1. Mononuclear type-2
Cu sites in four enzyme families.
In each panel, amino acid ligands
are drawn in ball and sticks with
C, N, O, S atoms in orange, blue,
red and yellow, respectively. The
Cu atoms (brown) and solvent
atoms (cyan) are depicted as
spheres. Gray spheres in super-
oxide dismutase (SOD) are zinc
atoms. (a) Hydroperoxo-bound
copper amine oxidase (CuAO;
PDB entry 1D6Z). Part of the
trihydroxyphenylalanine qui-
none (TPQ) cofactor is shown.
(b) End-on superoxo-bound to
peptidylglycine a-hydroxylating
monooxygenase (PHM; PDB
entry 1SDW). (c) NO bound to
nitrite reductase (NiR; PDB
entry 1SNR). (d) Bridged SOD
(PDB entry 2SOD). (e) Bridge-
broken SOD (PDB entry 2JCW).
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were attributed to differences in tyrosinate-metal
reactivity with oxygen as well as the weaker Lewis acid
properties of nickel, which could slow the addition of
hydroxide to the TPQ precursor (Fig. 2f) [28].
Catalysis by CuAO can be described as two half-
reactions. First is the reductive half-reaction, in which
primary amines are oxidized to their respective
aldehydes and the TPQ cofactor is reduced by a
total of two electrons. The second half-reaction is the
oxidative step, in which the TPQ is reoxidized by
transferring two electrons to molecular oxygen, yield-
ing hydrogen peroxide. The mechanism of CuAO has
been studied extensively; however, the details of the
mechanism of oxygen reduction are still not clear. For
example, the role if any of the Cu atom in the transfer
of electrons from the reduced TPQ oxygen is not
defined. Replacement of the Cu in the mature enzyme
with cobalt results in a nearly fully active enzyme, with
a higher Km for O2, suggesting that the specific redox
cycle of Cu is not necessary for amine oxidation [30].
Additionally, the TPQ is too far from the Cu atom for
direct coordination, ruling out direct Cu reduction
during catalysis. Further insight into the mechanism is
provided by a crystal structure with oxygen bound to
the active site [31]. The oxygen species was deter-
mined to be hydroperoxo, based on distance from the
Cu (longer than expected for superoxo species) and its

Cu-O-O coordination angle of 888, characteristic of
Cu-hydroperoxo species. Thus, the more likely role of
Cu (and cobalt in cobalt-substituted CuAO) is to
stabilize oxygen by coordination as it is being reduced.
A two-electron reduction of oxygen by consecutive
single-electron transfers must involve a superoxo
(singly reduced) species. This reaction step has a
standard reduction potential of –0.33 V versus NHE
[32], which would be unfavorable for the overall
amine oxidase reaction, given that the TPQ reduction
potential is 0.102 V versus NHE [33]. However, side-
on coordination of superoxide to Cu is favorable
thermodynamically, and it is possible that the active
site metal stabilizes the superoxo intermediate, pois-
ing it for the final reduction to hydrogen peroxide.

Monooxygenases

Peptidylglycine a-hydroxylating monooxygenase
(PHM) and dopamine beta-monooxygense (DbM)
catalyze the hydroxylation of their respective sub-
strates by the following reactions, respectively:

RCO-NH-CH2-CO2
– + O2 + 2 H+ + 2 e–

! RCO-NH-CHOH-CO2
– + H2O

Figure 2. Mechanism of TPQ cofactor biogenesis in CuAO (reprinted from [8] with permission).
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RCH2-CH2-NH2 + O2 + 2H+ + 2 e–

! RCHOH-CH2-NH2 + H2O

In both enzymes, two distinct Cu sites are used to split
molecular oxygen, O2, as the source of OH in the
hydroxylation reaction. The external source of elec-
trons required for this reaction is intracellular ascor-
bate.
PHM and DbM are found primarily in metazoa, and
their functions in vivo are well established. PHM is
one of two domains in peptidylglycine a-amidating
monooxygenase (PAM), which is responsible for the
activation of a variety of hormones by a-amidation,
thereby improving hormone-receptor affinity [34].
The other domain of PAM is a peptidyl-a-hydrox-
yglycine a-amidating lyase, which removes a glyox-
ylate group formed after the PHM-catalyzed reaction.
DbM catalyzes a similar reaction to PHM; however,
the hydroxylation of dopamine is at the b-carbon. The
product norepinephrine is a well-known hormone and
the primary neurotransmitter in the peripheral sym-
pathetic nervous system. Deficiency in DbM results in
depressed serum levels of norepinephrine, resulting in
severe orthostatic hypotension [35]. DbM is localized
in chromaffin granules of adrenal glands, and some is
also excreted into the plasma. Interestingly, mono-
amine oxidase, a FAD-containing amine oxidase
rather than CuAO, further oxidizes norepinephrine
to deactivate it as a neurotransmitter [36].
The aligned amino acid sequences of PHM and DbM
proteins are 27 % identical and 40% similar [37].
DbM contains large sections on its N and C termini
that are not found in PHM. Nonetheless, both
enzymes have a similar common core, containing
two Cu sites, designated CuH and CuM. The crystal
structure for PHM first solved in 1997 [38] has two
domains, an N-terminal b-sandwich of two antiparallel
b sheets that contains the CuH site, and a C-terminal b-
sandwich consisting of antiparallel and mixed b sheets,
that contains the CuM site. CuH is coordinated by three
histidines, and has been determined to transfer
electrons to the CuM site. CuM in its resting oxidized
state is coordinated by two histidines, a methionine,
and a water molecule (Fig. 1b). This is the site of
oxygen and substrate activation. The two domains of
PHM are separated by a wedge of solvent-filled space,
and thus the CuH and CuM sites are separated by 11 �
of solvent, indicating an unprecedented mechanism of
electron tunneling between the Cu sites.

Oxygen activation and catalysis
The mechanisms of both PHM and DbM have been
studied extensively. For a more detailed discussion of
the mechanism, refer to [37] and [39]. By studying
deuterium isotope effects of PHM [40] and DbM [41],

Klinman et al. showed that the reactions of both
enzymes proceed via similar activated complexes. It
had been shown that both Cu centers in DbM must be
reduced (by ascorbate in vivo) for turnover to occur
[42, 43]. The proposed mechanism involves abstrac-
tion of hydrogen from a substrate carbon to form a
substrate radical. Electron transfer from CuH to CuM

results in a Cu-oxo species, which donates an oxygen
atom to the substrate followed by protonation to
conclude the hydroxylation reaction (Fig. 3). In terms
of the activated oxygen species, a primary suspect
observed often in mononuclear iron monooxygenases
is a hydroperoxo-bound intermediate. This species is
feasible for mononuclear Cu sites and agrees well with
the availability of two electrons from CuH and CuM.
However, Klinman and colleagues [44] established
that a hydroperoxo intermediate is not readily formed
in PHM by showing that virtually no hydrogen
peroxide is leaked into solution during DbM turnover.
This observation also rules out the proposed shuttling
of superoxide radicals between the Cu sites [45], since
expelled peroxide resulting from spontaneous dismu-
tation of superoxide is expected to be a minor product.
Additionally, the Cu-peroxy anion (deprotonated
form of Cu-hydroperoxo) was ruled out due to the
absence of a Cu(II) EPR signal for non-reactive
analogues [44]. Klinman therefore proposed the EPR-
silent Cu-superoxo as the hydrogen abstracting spe-
cies (Fig. 3).
Chen and Solomon [32] performed density functional
theory calculations to model the activated oxygen
species at the CuM copper site, leading to a proposal
for the mechanism of PHM and DbM. In agreement
with Klinman�s proposed mechanism, they found that
a side-on Cu-superoxo intermediate would be most
energetically favorable for abstracting a hydrogen
atom from substrate, the first major step in the
reaction [32]. According to their calculations, the
side-on oxygen species has the most accessible orbital
available for bonding with the hydrogen for abstrac-
tion [32]. Crystallographic work done by Prigge et al.
[46] sheds additional light onto the superoxide inter-
mediate of PHM. Using a poorly catalyzed substrate
analog, N-acetyl-diiodotyroxyl-D-threonine, the au-
thors were able to observe a Cu-oxygen intermediate
bound to the CuM active site. The refined O-O bond
distance of 1.23 � was characteristic of superoxide
species. More surprising was the end-on orientation of
the superoxide species, which is the first of its kind
characterized crystallographically. The end-on nature
of this intermediate orientates the superoxide ideally
for H-atom abstraction from the physiological sub-
strate.
Yet another Cu-oxygen species has been proposed to
function in the hydrogen abstraction step in Cu
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monooxygenases. By QM/MM studies, Crespo et al.
[39] and Yoshizawa et al. [47] found that a Cu(III)-oxo
species is capable of H-atom abstraction with the
lowest energy barrier. They suggest that a Cu-super-
oxo species is generated; however, acquisition of a
non-substrate proton and an electron (from CuH)
forms a Cu-hydroperoxo species. This species obtains
another proton to generate H2O plus Cu(III)-oxo,
which then performs the substrate hydrogen abstrac-
tion step. The Cu(III) species has not been detected in
Cu proteins, but is analogous to the activated oxygen
species [Fe(IV)-oxo] proposed for cytochrome P450
enzymes [48].

Nitrite reductase

Copper-containing nitrite reductase (NiR) catalyzes
the one-electron reduction of nitrite (NO2

–) to nitric
oxide (NO) by the following reaction:

NO2
– + 2 H+ + e–! NO + H2O

This process occurs during dissimilatory denitrifica-
tion, in which nitrate and nitrite and their metabolites
are used as electron acceptors when oxygen levels are
low [49]. NiR is secreted in the periplasmic space
between the inner and outer membrane of Gram-
negative bacteria. Two types of NiRs are known, one
that uses copper and the other heme iron cofactors
[49]. By sequence analysis, copper-containing NiRs
are found in unicellular organisms from all the main
branches of life including some fungi. Most known

examples are bacterial including all the lineages of
proteobacteria, flavobacteria, eubacteria, as well as
some archaea. In addition to fungi, the other eukary-
otic examples are found in species of amoeba. The
typical gene name for copper containing NiR is nirK.
Due to the similarity between the multicopper oxidase
family and NiR, many nirK sequences are misanno-
tated in genome sequence projects; however, the
sequences are easily distinguished by sequence motifs
with the presence and absence of active site residues
[50].
NiR is typically a 110-kDa trimer, containing a type-1
(blue) Cu site within each monomer and a type-2 Cu
site located between monomers. Each monomer is
composed of two homologous domains with a Greek-
key b-barrel (cupredoxin) fold [51]. The type-1 Cu site
accepts electrons from a small protein electron donor.
Electrons are subsequently transferred to the type-2
Cu site, where nitrite is reduced to NO gas [49]. The
tetrahedral type-2 site is formed from three histidines,
one of which is derived from an adjacent monomer
(Fig. 1c). In the oxidized resting state, the fourth
position is occupied by a water molecule. The type-1
and type-2 Cu sites are linked by a Cys-His bridge such
that a cysteine coordinates to the type-1 Cu and an
adjacent histidine on the protein chain coordinates to
the type-2 Cu [51]. This bridge is believed to facilitate
rapid rates (>1000 s–1) of electron transfer between
the type-1 and type-2 Cu sites [52]. Recently, a variant
of the typical NiR from Hyphomicrobium denitrifi-
cans was shown to have an additional N-terminal
cupredoxin domain [53].
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Figure 3. Catalytic mechanism of Cu monooxygenases (adapted from [37]).

2892 I. S. MacPherson and M. E. P. Murphy Type-2 copper enzymes



The catalytic mechanism of NiR proceeds in a random
sequential order [54] to give a Cu-nitrosyl intermedi-
ate [49, 55]. Site-directed mutagenesis studies impli-
cate Asp98 (numbering from Achromobacter cyclo-
clastes NiR) and His255 directly in the catalytic
mechanism [56, 57]. Crystallographic structures re-
veal that the Asp98 forms an H bond to both bound
nitrite substrate and NO product [55, 56]. His255 is
proposed to participate in proton transfer to a
catalytic intermediate either directly or via Asp98
(Fig. 4). A large hydrophobic residue, usually an
isoleucine (Ile257), partially occludes the type-2
active site, limiting the binding of larger substrates.
Mutation of this residue results in alternate non-
productive binding modes of nitrite to the Cu [58, 59].
If nitric oxide is not removed from the reaction vessel,
NiR is able to produce nitrous oxide with a chemical
reductant [49]. The concentration of nitric oxide
reaches a steady state level of 80 nM, suggesting that
it is a potent inhibitor [49]. In crystals of NiR exposed
to NO, the diatomic molecule binds in a unique side-
on fashion to the type-2 Cu [55]. Side-on binding of
NO is supported by DFT calculations on both model
compounds [60] and the enzyme active site [61].
NO is a structural analogue of O2 and has been shown
to bind O2-reducing type-2 Cu enzymes such as amine
oxidase [31] and laccase [62]. Thus, that NiR is able to
reduce oxygen is not surprising [63], given the strong

affinity of NO for the type-2 Cu site. The reduction
product is believed to be hydrogen peroxide [63].
Continued reduction of hydrogen peroxide leads to
the inactivation of NiR, suggesting that destructive
hydroxyl radicals are being produced. This inactiva-
tion mechanism is supported by an abolition of
enzyme inactivation when catalase is present in the
reaction [63]. In vivo, the switch from anaerobic
nitrate reduction to aerobic conditions in the absence
of nitrite is shown to result in a rapid inactivation of
NiR in A. faecalis, underlining the importance of
oxygen reduction by NiR in nature [64]. The mech-
anism by which NiR reduces O2 remains poorly
understood.
Multicopper oxidases (MCO) catalyze the oxidation
of various small molecules and cations with the
concomitant four-electron reduction of oxygen to
water:

O2 + 4 H+ + 4e–! 2H2O

Some MCOs such as mammalian ceruloplasmin and
yeast fet3p are ferroxidases, oxidizing Fe(II) to
Fe(III). In contrast, laccases are MCOs that derive
electrons from the oxidation of phenolic compounds.
For a review of the mechanism of MCOs see [65].
Striking similarity exists between the Cu sites of NiR
and those of the MCOs, both structurally and mech-
anistically. Furthermore, the fold and cupredoxin
domain arrangement suggest that NiR and MCOs
share a common ancestor [66, 67]. As noted, both
enzymes are capable of reducing oxygen. While NiR
releases hydrogen peroxide, MCOs form a peroxide-
level intermediate on the pathway towards the full
oxygen reduction to water. Reminiscent of hydroxyl
radical formation by NiR, both laccase and fet3p are
proposed to produce a hydroxyl radical when the type-
1 Cu is made nonfunctional resulting in a three-
electron reduction of oxygen [68, 69].
NiR and MCO share many structural features. A
superposition of the amino acids that form the active
Cu sites from Alcaligenes faecalis NiR (PDB entry
1SJM) and Trametes versicolor laccase (PDB entry
1GYC) is shown in Fig. 5. Firstly, in both NiRs and
MCOs, the blue type-1 Cu sites are connected to a
second Cu site via a Cys-His bridge. Paradoxically, the
type-1 sites are derived from different domains, the N-
terminal domain for NiR and the C-terminal domain
for laccase. The oxygen-reducing site of MCO is a
trinuclear copper cluster consisting of two antiferro-
magnetically coupled type-3 Cu atoms and one type-2
Cu. In the superposed structures, the type-2 Cu site of
NiR overlaps with one of the type-3 Cu sites of laccase,
including the positions of the three histidine residues
coordinating to the respective Cu atoms (Fig. 5). OfFigure 4. Mechanism of Cu containing NiR.
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the remaining five His ligands that coordinate the
type-2 and second type-3 Cu atoms, one aligns with
His255, an essential residue in NiR catalysis. Further-
more, the other two identified catalytically important
NiR residues, Asp98 and Ile257, both superpose with
MCO His ligands. Lastly, if Ala137 and Val304 were
changed to His residues, an approximate MCO
trinuclear cluster would be complete. Unfortunately,
the trinuclear cluster is not achieved when these
residues are simply changed to histidines (unpublish-
ed results). As mentioned, the type-2 Cu of NiR is
located between monomers (His100 and 135 derived
from one monomer, His 306 from an adjacent mono-
mer). Considering that laccase is monomeric, the
structural similarity between the active sites is re-
markable. Multimeric small laccases have been char-
acterized functionally and spectroscopically [70, 71],
but await crystal structure determination. These
laccases are proposed to be evolutionary links be-
tween NiR and the well known MCOs [67].

CuZn superoxide dismutase

Superoxide (O2
–) results from one-electron reduction

of molecular oxygen, and is a common byproduct of
respiration and photosynthesis, as well as a killing
agent produced by activated phagocytes. While O2

– is
a potent radical, protonation to form the hydroper-
oxyl radical (HO2

*) is implicated in lipid peroxidation
[72], and O2

– reacts with NO at near diffusion-
controlled rates to form peroxynitrite (ONOO–), one
of the strongest physiological oxidants [73]. To
counteract the damaging effects of superoxide, organ-
isms have evolved superoxide dismutases, which
function as O2

– scavengers, catalyzing the dismutation
of O2

– to H2O2 and O2 by the reaction:

2 O2
– + 2 H+! O2 + H2O2

Note that this reaction occurs spontaneously at rates
roughly 104 times slower than the enzyme catalyzed

rates. Designated by their active site metals, three
unrelated classes of SODs are defined. CuZnSOD, the
focus of this review, constitute one class. FeSOD,
MnSOD, and Fe/MnSOD form the second class, and
NiSOD comprises the third class. All characterized
eukaryotes and many prokaryotes express CuZnSOD
[74]. Most of the mechanistic and crystallographic
studies have focused on enzymes from eukaryotic
sources, namely yeast, bovine, and human. Point
mutations in human CuZnSODs have been linked to
20 % of cases of familial amylotrophic lateral sclerosis
(FALS), a fatal neurogenerative disease characterized
ultimately by paralysis [75, 76].
Eukaryotic CuZnSOD is a 32 kDa homodimer, each
monomer containing one copper and one zinc atom.
The overall fold of the CuZnSOD monomer is a
flattened eight-stranded antiparallel Greek-key b-
barrel. Using the numbering for the human and yeast
proteins, the active site type-2 Cu of oxidized CuZn-
SOD is coordinated by four histidine residues (His46,
His48, His63, and His120) in distorted square-planar
geometry. A weakly coordinating water is bound at an
axial position, 2.5 � from the Cu. The zinc atom is
located ~6.6 � away from the Cu, and is coordinated
by His63, His71, and His80 as well as Asp83. Of
important note is the bridging coordination by His63
that ligates the copper and zinc atoms by the
imidazolate Ne2 and Nd1 atoms, respectively
(Fig. 1d). The coordination sphere of the zinc atom
is saturated, and this metal plays an indirect structural
role in catalysis.
Spectroscopic findings have suggested that upon
reduction the bridging imidazolate of His63 is proto-
nated and loses Cu coordination [77 –80]. Reduction
is accompanied by the loss of the weakly coordinating
water to generate a tricoordinate Cu site (Fig. 1e).
However, Cu coordinations observed in crystallo-
graphic studies are not consistent with solely an
oxidation state dependence (Figs. 1d, e). Both
bridge-broken [81] and bridge-intact [82] states are
observed for yeast Cu(II)ZnSOD. A bridge-broken
and a bridge-intact state is observed in each monomer

Figure 5. Stereo view of the superposi-
tion of the trinuclear cluster of the multi-
copper oxidases (MCO) laccase (colored
blue, PDB entry 1GYC) with the type-2
site of NiR (colored green, PDB entry
1SJM). Note the opposite orientation of
the type-1 Cu sites (far left and far right
spheres). The NiR type-2 Cu and laccase
type-3 Cu overlap. NiR residues Asp98,
His255 and Ile257 are labeled.
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in the asymmetric unit of the same crystal of bovine
Cu(II)ZnSOD [83]. The bridge-intact state is ob-
served for reduced bovine Cu(I)ZnSOD [84]. Yet
another study on a G37R mutant of human Cu(II)Zn-
SOD shows a bridge-broken and bridge-intact state
for each monomer in the asymmetric unit [85].
Eisenberg and colleagues [86] suggested a “delicate
balance” exists between the free energies of the
reduced and oxidized enzymes. Thus, the protein
environment in crystal, determined by the number
and placement of crystal contacts, could favor the
bridge-intact over bridge-broken state or vice versa,
regardless of Cu oxidation state.
The dismutation reaction can be described as two half-
reactions related by classical ping-pong mechanism.
First, one molecule of O2

� reduces the active site Cu to
yield Cu(I)ZnSOD:

O2
– + Cu(II)ZnSOD ! O2 + Cu(I)ZnSOD

Second, another molecule of O2
– acquires one electron

from the Cu site and two protons to form hydrogen
peroxide:

O2
– + Cu(I)ZnSOD + 2H+! H2O2 + Cu(II)ZnSOD

A well-supported mechanism for CuZnSOD remains
elusive. In a working model (Fig. 6), the first or
reductive phase of the enzyme mechanism is suggest-
ed to involve direct binding of superoxide to the active

site Cu. Direct binding of superoxide is presumed
since anions such as azide, cyanide, and fluoride bind
directly to the Cu of Cu(II)ZnSOD [86]. Transfer of
the electron from superoxide to the Cu is proposed to
be accompanied by protonation of His63 and loss of its
Cu coordination, followed by the release of O2.
FTIR studies with azide as a superoxide mimic showed
that this molecule does not directly coordinate the Cu
in Cu(I)ZnSOD [87]. Leone et al. [87] suggest that the
second or oxidative phase involves second-shell
electron transfer, in which the superoxide radical
docks near but not directly coordinating the active site
Cu. The authors propose electrostatic binding to
Arg143, a highly conserved residue in the CuZnSOD
active site [87]. Arg143 has been shown to be
important for catalysis by a 90 % loss in activity
when mutated to isoleucine [88]. Consistent with the
FTIR studies but contradicting the proposed second
shell electron transfer mechanism, theoretical work by
Pelmenschikov and Siegbahn [74] suggest oxidative
coordination by the superoxide species to Cu(I)Zn-
SOD (Fig. 6). Thus, the superoxide rapidly oxidizes
Cu(I)ZnSOD to Cu(II)ZnSOD, while binding to the
Cu(II) site to give a hydroperoxo species. Further
experimental work is required to support either an
oxidative coordination or second shell electron trans-
fer mechanism during the oxidative phase of Cu(I)Zn-
SOD.
Protons must be shuttled to the active site to generate
H2O2 in the SOD reaction. Ordered water molecules

Figure 6. Mechanism of CuZn-
SOD (reprinted from [74] with
permission, copyright 2002
American Chemical Society).
This mechanism includes non-
specific protonation of superox-
ide before docking at the type-2
Cu active site, as well as oxidative
coordination during the oxida-
tive phase.
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in and around the active site are suggested to conduct
both protons [86]. An agreed-upon proton source is
the protonated, bridge-broken His63, but the second
proton is the cause of some debate. Eisenberg and
colleagues [86] suggest an invariant water molecule
bound near the active site as the direct source of the
second proton. Theoretical analysis by Pelmenschikov
and Siegbahn [74] suggest an alternative proton
source. They postulate that in both the reductive and
oxidative reactions, superoxide is nonspecifically
protonated (pKa = 4.8) due to a negative electrostatic
field around the active site. In the reductive phase, the
hydroperoxyl radical binds, yielding an electron to the
Cu and a proton to His63. The oxidative phase would
require only His63 as an explicit proton source to yield
H2O2. Little experimental data has been acquired to
support or refute this hypothesis.

Conclusions

The four enzyme families detailed in this review share
many common features. Each enzyme is able to use
oxygen or oxygen radicals as substrates by direct
interaction with a mononuclear type-2 Cu site. The Cu
atom cycles between the Cu(I) and Cu(II) oxidation
state in the catalytic cycle except for the case of amine
oxidase, in which the Cu likely stabilizes a superoxide
intermediate before final reduction to hydrogen
peroxide, or destabilizes the TPQ precursor tyrosine
by direct coordination during cofactor biogenesis.
Each Cu is coordinated by three or four protein
ligands of which at least two are imidazolates of
histidine residues and at most one is the thioether of a
methionine residue. In addition, each Cu has an
additional vacant coordination site to bind substrate.
Furthermore, the substrate binding site is solvent
exposed to allow substrate and products to freely
diffuse to the catalytic center.
Of the four enzyme families, the similarity between
the reduced type-2 Cu sites of the NiR and the bridge-
broken form of CuZnSOD has been noted [89]. Both
are coordinated by three histidine ligands, although
the geometries of the sites do differ. The histidine
ligands and Cu are coplanar in CuZnSOD (Fig. 1) and
thus this site is described as trigonal planar. Upon
reduction, the type-2 site in NiR loses the solvent
ligand but the geometry of the site remains otherwise
the same [90], thus this site may be described as
pyramidal or tetrahedral with a vacant coordination
site. Nevertheless, significant SOD activity has been
measured in NiRs isolated from Rhodobacter sphaer-
oides [91] and Alcaligenes xylosoxidans [89]. In both
CuZnSOD and NiR, superoxide could bind and
reduce an oxidized type-2 site in the first half-reaction,

and produce H2O2 via a second shell mechanism not
involving direct coordination to the Cu sites in the
second half-reaction.
No evidence for the reverse reaction in NiR, the one-
electron reduction of O2 to superoxide, is described in
the literature, but instead the enzyme catalyses the
two-electron reduction to H2O2 [63]. The presence of
two linked Cu sites in NiR (Fig. 5) would allow for a
rapid sequential two-electron reduction of O2 with a
superoxo intermediate. However, considering the
anology to CuZnSOD, NiR may produce superoxide
in the presence of a reductant and then generate H2O2

by a second shell mechanism. The interaction of NiR
with O2 is relevant to facultative organisms when they
switch from nitrite to oxygen as a terminal electron
acceptor. In the cell, NiR would continue to consume
electrons generated from intermediary metabolism
and a catalase could quickly convert the H2O2 end
product to H2O and O2.
Like NiR and bridge-broken CuZnSOD, the metal
site in CuAO is coordinated by three histidines
(Fig. 1). The geometry is described as square pyrami-
dal as in bridged CuZnSOD due to the presence of a
labile equatorial water molecule. Dioxygen is ob-
served to bind weakly in the axial position [31]. The
product is H2O2; however, the two electrons are
proposed to be derived from the TPQ cofactor in both
cofactor biogenesis and turnover. In one mechanism
of cofactor formation, the Cu is proposed to stabilize a
superoxide ion intermediate [92], although data to
describe O2 intermediates used by CuAO remain
elusive. In contrast, more is known about O2 activation
in the Cu monooxygenase family [37]. The CuM site is
proposed to coordinate both superoxo and oxo
intermediates in the reaction cycle (Fig. 3). Of the
enzymes families presented, only the Cu monooxyge-
nases have a thioether (from Met) in the coordination
sphere (Fig. 1). The protein ligands and Cu are
approximately planar as in CuZnSOD and CuAO
but not NiR. Theoretical calculations implicate the
Met ligand in facilitating hydrogen abstraction [32], a
unique feature of the monooxygenase mechanism.
For each of the type-2 Cu protein families discussed,
alternative non-copper-containing enzymes exist in
nature. A non-homologous family of metal independ-
ent flavin-containing amine oxidases exists [17].
Distinct SODs are described with at least three
different metal combinations (CuZn, Fe, Mn, FeMn)
[74]. Nitrite reduction to NO may be performed by an
enzyme containing two distinct heme groups [49]. A
given bacterium is known to express either heme-
containing or copper-containing NiR. Both types of
NiRs are widely distributed and two strains of the
same bacterial species may express different types of
NiR. In addition to Cu monooxygenases, both heme
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and non-heme iron monooxygenases are well known
in biology [48]. The use of Cu over alternatives to
catalyze these reactions may be evolutionary respons-
es to metal availability and protein localization. For
example, bacteria may substitute a Cu NiR for the
heme NiR when Fe is limiting.
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