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Recently determined structures of copper-containing plant
catechol oxidase in three different catalytic states have
provided new insights into the mechanism of this enzyme and
its relationship to other copper type-3 proteins. Moreover, the
active site of catechol oxidase has been found to be
structurally conserved with the oxygen-binding site of a
molluscan hemocyanin.
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Abbreviations
CO catechol oxidase
EC Enzyme Commission
EPR electron paramagnetic resonance
EXAFS extended X-ray absorption fine structure
Hc hemocyanin
ibCO CO from Ipomoea batatas
lpHc Hc from Limulus polyphemus
odgHc Hc from Octopus dofleini
piHc Hc from Panulirus interruptus
PTU phenylthiourea
rmsd root mean square deviation

Introduction
The class of dicopper proteins containing a single type-3
center has three known members, two of which have been
studied extensively: hemocyanin (Hc) and tyrosinase. Both
proteins are defined by an antiferromagnetically coupled
(–2J > 600 cm–1), EPR-silent Cu(II) pair and two intensive
absorption maxima at λ ≈ 345 nm (ε ≈ 19,000 cm–1M–1) and
λ ≈ 600 nm (ε ≈ 1000 cm–1M–1) upon binding oxygen ([1–3]
and references therein). Three different states of the active
site have been reported: the oxidized Cu(II) containing met
form, the oxygenated oxy form [CuII–O2

2––CuII] and the
reduced Cu(I) containing deoxy form.

In contrast to Hc, which is a large respiratory protein from
anthropods (~75 kDa) and molluscs (~350 kDa polypep-
tide chain, forming seven functional units) responsible for
oxygen transport and/or storage, tyrosinase from fungi and
vertebrates has two catalytic activities: the hydroxylation
of monophenols (like tyrosine) to o-diphenols (cresolase
activity) and the oxidation of o-diphenols (catechols) to o-
quinones (catecholase activity). Spectroscopic studies and
sequence alignments have suggested that the tyrosinase
catalytic dicopper site is similar to that of Hc, which has
been structurally characterized by X-ray crystallography
[1–4]. Extended X-ray absorption fine structure (EXAFS)

data show similar Cu–Cu distances for both proteins and
reveal that the coppers have three histidine ligands [1].

The activity of catechol oxidase (CO), the third member of
the type-3 class of dicopper proteins, has been less well stud-
ied. Initial EXAFS data on CO from Lycopus europaeus
revealed a shorter Cu(II)–Cu(II) distance compared with Hc
and tyrosinase [5]. In contrast to tyrosinase, CO specificity is
limited to o-diphenols, which are converted to the quinones.
In plants, the highly reactive quinones autopolymerize to
form brown polyphenolic catechol melanins [6], a process pro-
posed to protect the damaged plant from pathogens or insects
[7,8••]. In addition to its function in vivo, the CO reaction is
of interest as a medical diagnostic to measure hormonal cate-
cholamines (adrenalin, noradrenaline and dopamine).

The classification and specificity of CO and tyrosinase
remains an area of confusion. Originally, they were classi-
fied as oxygen oxidoreductases (EC 1.12.18.1). Cresolase
activity was later given the classification of monophenol
monooxygenase (EC 1.14.18.1) and catecholase activity
became diphenol oxygen: oxidoreductase (EC 1.10.3.2)
[8••]. Apart from early work on CO from Populus nigra [9]
and the initial characterization of the Lycopus enzyme [10],
knowledge about CO has been limited, although the pri-
mary structures of numerous polyphenol oxidases have
been determined [11,12]. Within the past year, more
detailed insights into the mechanisms of COs from Lycopus
europaeus and Ipomoea batatas (sweet potatoes) were
gained: substrate specificity, the resulting bioproducts of
enzymatic caffeic acid oxidation [13] and spectroscopic
studies (UV/Vis, EXAFS, EPR and resonance Raman)
[14•,15] have now been reported.

This review focuses on the structure and mechanism of
CO from I. batatas (ibCO) [16••].

Crystal structure
The structure of the monomeric 39 kDa CO from sweet
potatoes was solved and refined to 2.5 Å in the dicupric
Cu(II)–Cu(II) state. The enzyme is ellipsoid in shape,
with dimensions of approximately 55 by 45 by 45 Å
(Figure 1a). The secondary structure is primarily α-helical,
with the core of the enzyme formed by a four-helix bundle
composed of helices α2, α3, α6 and α7. The helix bundle
accommodates the catalytic dinuclear copper center and is
surrounded by two α helices, α1 and α4, and several short
β strands. Two disulfide bridges (C11 to C28 and C27 to
C89) constrain the loop-rich N-terminal region of the pro-
tein (residues 1–50) to helix α2.

Both of the two active site coppers were clearly visible in the
electron density maps and each is coordinated by three his-
tidine residues contributed by the helix bundle. CuA is
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coordinated by H88, located in the middle of helix α2, H109
and H118, located at the beginning and in the middle of
helix α3, respectively (Figure 1b). The second catalytic cop-
per, the CuB site, is coordinated by H240, H244 and H274.
These residues are found at the center of helices α6 and α7.

The dicopper center in its different states
One of the key features of the CO active site is an unusual
thioether bridge between C92 and H109, one of the ligands

of CuA. Apart from the geometrical restraints added to the
CuA site, no function of the chemistry performed by the
enzyme has been ascribed to this covalent bridge.

In the oxidized CO structure, a water molecule bridging the
two copper atoms was observed, in addition to the six histi-
dine ligands, thus forming a four-coordinate trigonal
pyramidal coordination sphere for both cupric metal ions,
with H109 and H240 in apical positions. This water molecule
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occupies a position 1.9 Å from CuA and 1.8 Å from CuB. We
could not exclude the possibility that the water may be a
chloride ion from the crystallization buffer.

The crystal structure of the reduced enzyme (2.7 Å resolu-
tion) revealed that, although the metal–metal separation
increased to 4.4 Å, no other significant conformational
changes were observed upon reduction of the protein. The
coordination in the reduced state for CuB is square planar,
with one missing coordination site. For CuA, a coordinat-
ing water molecule was found (CuA–O distance of 2.2 Å),
completing the coordination sphere of CuA (trigonal planar
coordinated by the three protein ligands) as a distorted
trigonal pyramid.

The structure of CO with bound substrate analog
inhibitor phenylthiourea (PTU) (2.7 Å resolution) was
obtained by soaking crystals of the oxidized state
(Figure 1c). The inhibitor complex revealed several con-
formational changes in the active site that indicated that
access to the catalytic metal center is primarily controlled
by a rotation of the aromatic ring of F261. The sulfur of
PTU replaces the hydroxo bridge, present in the met form,
and is coordinated to both copper ions, thereby increasing
the metal–metal separation to 4.2 Å, compared with 2.9 Å
for the oxidized form. A weak interaction between the
amide nitrogen of PTU and CuB (Cu–N distance of 2.6 Å)
completes the square pyramidal coordination sphere. van
der Waals interactions between I241 and H244 also con-
tribute to the high affinity of PTU for the enzyme.

Discussion of the structure
The presence of the µ-hydroxo group bridging the copper
atoms is supported by EPR data revealing an antiferro-
magnetically coupled, EPR silent Cu(II)–Cu(II) state
[14•]. The observed 2.9 Å distance between the two cupric
ions is very similar to that obtained using EXAFS, 2.89 Å,
for the oxidized COs from L. europaeus and sweet potatoes,
supporting an average of four N/O ligands in solution
[5,14•]. This distance seems short compared with the

Cu(II)–Cu(II) distance in the multicopper enzyme ascor-
bate oxidase (3.68 Å), in which the copper ions are also
singly bridged and surrounded by six histidines [17,18].

The absence of a cysteinyl–histidyl thioether bridge in
human tyrosinase does not rule out its direct involvement in
the electron transfer process of CO. A thioether linkage has
been implicated in the catalytic activity of the mononuclear
copper enzyme galactose oxidase. In this structure, the cova-
lent bond, formed between the Cε carbon of a tyrosinate
ligand and the sulfur of a cysteine, is proposed to stabilize the
tyrosine radical generated during catalysis [19]. Although
there was biochemical evidence for a cysteine–histidine
thioether bridge in functional units of molluscan Hcs
[20,21••] and tyrosinase from Neurospora crassa [22] from pre-
vious reports, the crystal structure determination of Octopus
Hc [23••] provided the first three-dimensional description of
this unusual bridge. The restrained geometry confirmed by
this structure might allow the fast binding of the dioxygen
substrate or it may optimize the electronic structure of the
metal needed for its catalytic function.

Proposed catalytic mechanism
A combination of biochemical, spectroscopic and structur-
al data was used to propose a reaction pathway for the
oxidation of two catechol molecules, coupled with the
reduction of molecular oxygen to water, catalyzed by CO
(Figure 2) [16••]. The catalytic cycle begins with the oxi-
dized met form, which is present following isolation of the
enzyme. Based on the CO–PTU complex, the monoden-
tate binding of the diphenolic substrate to CuB seems to
be most likely to reduce the Cu(II)–Cu(II) form to the
dicuprous state, whose structure was characterized [16••].
This step is supported by the observation that stoichio-
metric amounts of the quinone product form immediately
after the addition of catechol, even in absence of dioxygen
(B Krebs, unpublished data). Because the oxy state of ibCO
could be obtained only after the addition of H2O2 and was
less stable than that formed by tyrosinase [14•], this form
was excluded as the start situation.
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Figure 1

Ribbon drawings of ibCO and its active site region. Active site ligand
residues, as well as the access-controlling phenylalanine (F261), are
displayed in stick representation. The atoms are colored by atom type
(carbon is gray, nitrogen is blue, sulfur is yellow, oxygen is red and copper
is cyan). (a) The front view of the 39 kDa CO. The two stablizing disulfide
bridges in the N-terminal region are displayed in yellow, whereas orange
represents strands and helices are in blue. The dicopper site is found in
the center of the four-helix bundle motif. Sidechains of ligands to the
catalytic Cu(II)–OH–Cu(II) unit are presented as observed in the resting
oxidized enzyme form. (b) The active site region of ibCO. Both copper
sites, CuA on the left and CuB on the right, show a trigonal pyramidal
coordination sphere formed by three histidine ligands and the bridging
solvent molecule. The sulfur atom of C92 does not ligate the copper
center, but is covalently bound to the Cε atom of histidine residue H109.
(c) View of the active site region with PTU bound to the dicopper center.
The sulfur of the inhibitor binds to both copper ions. In addition, the

hydrophobic cavity formed by residues I241, H244 and F261 provides
van der Waals contacts with the aromatic ring of the drug. A stick
representation of the active site residues of the oxidized Cu(II)–Cu(II)
state of the enzyme is superimposed in blue to reveal the conformational
change induced by the binding of PTU. (d) Superposition of the dinuclear
copper center of ibCO in blue [16••] with the oxygen-binding site of
odgHc [23••]. The metal-ligating histidine residues and copper atoms of
odgHc are shown in green. The metal-ligating residues forming the
CuB-binding site are completely conserved (see also, Figure 3). For the
CuA-binding site, both proteins show the rare cysteine–histidine thioether
bridge, with almost the same orientation of the residues. Although C2560
and H2562 are separated only by one residue in odgHc, a 17-residue-
containing loop–β-sheet region is found between C92 and H109 of
ibCO (see also, Figure 3). All images have been computed using the
programs SwissPdbViewer [31] and POV-Ray [http://www.povray.org/].
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The observed binding mode for PTU and the modeled
catechol-binding mode suggest that the binding of sub-
strate and dioxygen is possible during the next step in the
reaction. UV/Vis spectroscopy [14•] and preliminary reso-
nance Raman spectra (F Tuzcek, personal communication)
on oxy ibCO confirmed the bridging, side-on µ-η2:η2 bind-
ing mode of molecular oxygen (as peroxide) used in this
model and also observed for Hcs [24].

Superimposition of the aromatic ring of the modeled cate-
chol substrate and the phenyl ring of PTU places the
coordinated catecholate hydroxylate group close to the ligat-
ing amide nitrogen of the inhibitor and maintains the
favorable van der Waals interactions observed in the inhibitor
complex. In this model, CuB would be six-coordinated with

a tetragonal planar coordination by H240, H244 and the
dioxygen molecule. H274 and the catechol substrate would
occupy the two axial positions in this distorted octahedral
coordination, as favored by Cu(II) with nine d electrons. The
CuA site would retain tetragonal pyramidal coordination,
with dioxygen, H88 and H118 in equatorial positions, H109
in an axial position and a vacant nonsolvent accessible sixth
coordination site. In this proposed ternary CO–O2

2––sub-
strate complex, two electrons could be transferred from the
substrate to the peroxide, followed by cleavage of the O–O
bond, loss of water and departure of the o-quinone product.

Binding of the catechol substrate to the reduced enzyme
without the binding of oxygen seems less likely, as the
incubation of reduced crystals did not show any catechol
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Catalytic cycle of ibCO, as proposed on the basis of structural,
spectroscopic and biochemical data [14•,16••]. Two molecules of
catechol (or derivatives thereof) are oxidized, coupled with the reduction
of molecular oxygen to water. The ternary CO–O2

2––catechol complex

was modeled, guided by the binding mode observed for the inhibitor
PTU. The binding mode of PTU is displayed in Figure 1c. All structurally
characterized [16••] steps are boxed.
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affinity, potentially indicating the low binding affinity of
the substrate for the Cu(I)–Cu(I) center. After oxidation of
the second substrate molecule and loss of the bound water,
the dicopper center is in its met form again and ready to
undergo another catalytic cycle.

Comparison with the catalytic activity of other
copper type-3 proteins
A large body of literature is available on the mechanism of
tyrosinase ([3] and references therein); however, as there
are no three-dimensional structures available for any
tyrosinase, the basis for the differences between tyrosinase
and CO remains unclear. Interestingly, more recent reports
on structural work and on the catalytic activity of Hc pro-
vided the opportunity to compare Hc and CO, and to
identify the residues responsible for catecholase activity.

As with CO, the locations of the dicopper center and the
ligating histidines in the Hc structures from Panulirus inter-
ruptus (piHc) [4,25], Limulus polyphemus (lpHc) [26] and
Octopus dofleini (odgHc) [21••,23••] are nearly identical.
The Cα positions of 64 residues of the four-helix bundle of
piHc can be superimposed to the ibCO structure with an
rmsd of 1.8 Å. A similar rmsd value is obtained when cor-
responding residues of molluscan and arthropodan Hc are
superimposed [23••]. For odgHc, an extended tertiary

structure similarity compared with ibCO (Figure 1d),
including 704 backbone atoms, is observed (1.27 Å rmsd).
In contrast to the structurally conserved CuB site
(Figure 3), the varying positions of the two histidine lig-
ands contributed by helix α3 and the optional thioether
bridge result in an asymmetric disposition of the copper
ligands in the copper type-3 proteins.

In arthropodan Hcs, the aromatic ring of a phenylalanine
(F49 for lpHc and F75 for piHc) from the N-terminal domain
shields access to the dimetal center. This phenyl ring aligns
perfectly with the aromatic ring of PTU in the CO–PTU
inhibitor complex [16••]. Together with an additional domain
present in all Hcs, the shielding of the dimetal center by the
phenylalanine limits access of substrates to the dicopper
center and, therefore, allows Hcs to function as oxygen
transport proteins. Indeed, arthropodan Hcs show no, or
only very low, catalytic activity in their native form [27].
Significant levels of monooxygenase and catecholase activ-
ity have been reported for the tarantula Hc after removing
the shielding phenylalanine residue by limited proteolysis
[28•]. Higher activity has been observed for the native mol-
luscan Hc [29•]. In this case, the phenylalanine residue is
substituted by a less bulky isoleucine, I2830 [21••]. In addi-
tion, a second residue, equivalent to F261 (the so-called
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Figure 3

Sequence alignment of the active site regions
of ibCO, human tyrosinase (hsTyr), N. crassa
tyrosinase (ncTyr), Helix pomatia Hc (hpHc),
odgHc (subunit g), piHc and lpHc. Histidine
residues ligating the dicopper center are
highlighted in black. Cysteine–histidine
thioether bridges, reported for the sequences
of ncTyr [22], odgHc [21••] and hpHc [20],
are conserved in all known COs, as well as in
molluscan Hcs. These bridging residues are
highlighted in gray and marked by asterisks
below the corresponding sequence. Residue
numbers are shown for the CO from sweet
potato. Whereas the coordination of the CuB
site is completely conserved, residue E236
may assist in deprotonating the substrate, but
is not conserved in arthropodan Hcs. In
contrast, the CuA site differs among the
proteins. Although H88 and H118 are strictly
conserved, the third histidine ligand varies; no
cysteine–histidine linkages are reported for
arthropodan Hc and no trend for tyrosinases
can be observed. 

CuA-site

088 092 109 118
ibCO LVHCAYCN---------GGYDQVNFPDQEIQVHNSWLFFPFHRW

      *_________________________*

hsTYR WMHY-YVSMDALLGG-----SEI-WRDID-FAHEAPAFLPWHRL
ncTYR GIHGMPFKPWAGVPSDTDWSQPGSSGFGGYCTHSSILFITWHRP

                               

odgHC SYHGIPLSCHYENGT----------AYACCCQHGMVTFPNWHRL
                              *_*

hpHC SFHGKPGLCQHE-----------GHKVAC-SVSGMPTFPSWHRL
        *_*

piHC IHHVTWH-MDFPF----—W---WEDSYGYHLDRKGELFFWVHHQ
lpHC AHHWHWH-LVYPST----W---NPKYFGKKKDRKGELFYYMHQQ

CuB-site

240 244 274
ibCO IETSP HIPIHRWVGDPRN-------TNNEDMGNFYSAGRDIAFYCHHSN

hsTYR QS-SM HNALHIYM----------NGTMSQVQG---SAN-DPIFLLHHAF
ncTYR LE-AV HNEIHDRTGG--------NGHMSSLEV---SAF-DPLFWLHHVN

odgHc FE-IG HNAIHSWVGGSSPYGMSTLHYTSY----------DPLFYLHHSN
hpHc FE-VL HNALHSWLGGHAKYSFSSLDYTAF----------DPVFFLHHAN

piHC YG-SL HNTAHVMLGRQGDPHGKFNLPPG-VMEHFETATRDPSFFRLHKY
lpHC YG-NL HNWGHVTMARIHDPDGRFHEEPG-VMSDTSTSLRDPIFYNWHRF
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‘gate residue’ of ibCO), is substituted by the smaller
sidechain of L2689.

Conclusions
The structural data on ibCO revealed both a close rela-
tionship between the active sites of ibCO and Hcs, and
even extended homology to the molluscan Hcs. Although
the CuB site is strictly conserved for all copper type-3 pro-
teins, the varying CuA environment seems to tune the
proteins to specific activities. Based on the structural data
for the substrate analog inhibitor, we favor the monoden-
tate binding of the substrate molecule to the CuB site,
rather than a bidentate mode, as postulated for the cate-
cholase activity of tyrosinase [3]. As tyrosinase shows a
higher binding affinity for dioxygen and is also present in
the oxy form (10–15%) after isolation [3], it remains to be
evaluated whether the proposed mechanism for CO can
also be applied to the catecholase activity of tyrosinase.

As no structural data from any tyrosinase are available so
far, comparative 1H NMR studies on ibCO with respect to
recent data obtained from Streptomyces antibioticus tyrosi-
nase [30•] are under way (GW Canters, personal
communication) and hold the promise to finally reveal dif-
ferences in their active sites.
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