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Abstract

Transport, activation, and metabolism of dioxygen are very important processesin many
living organisms. These functions are often assigned to metalloproteins containing iron or
copper. Especially the iron containing heme proteins present the most well-known examples
like hemoglobin and myoglobin (oxygen transport), cytochrome ¢ oxidase (activation of
dioxygen and oxidation) or peroxidase (elimination of radical intermediates). Apart from
heme species metalloproteins with a dinuclear metal center containing iron or copper
serve as biological alternatives. Examples for oxygen transport are hemerythrin containing
iron and hemocyanin containing copper. These dinuclear centers also appear in proteins
with enzymatic activity. The copper containing species are called copper-type 3 proteins.

Resumen
Este minireview describe la estructura y mecanismos de las catecol oxidasas (COs).
Estas enzimas son aisladas de difer entes fuentes vegetal es, existiendo infor macién estructural,
obtenida por difraccién derayos X, parala CO de batatas. Se presentan compuestos modelo
relevantes, con un cierto énfasis en peroxo complejos de cobre, considerandose sus
caracteristicas de enlacey comentando sus diferencias basicas con los sistemasrelacionados
tirosinasa y hemocianina, que son también proteinas conteniendo cobres de tipo 3.

Catechol oxidase

Catechol oxidases(CO), E.C. 1.10.3.1, represent agroup of ubiquitousoxidasesin plants.
Catechol oxidase, tyrosinase(TYR), E.C. 1.14.18.1 and E.C. 1.10.3.1, and hemocyanin (HC)
belong to the class of copper-type 3 proteins. Their functionsare dioxygen transport (HC) and
oxygenactivation (COand TYR). CO catdyzesexclusively theoxidation of catechols(i.e. ortho-
diphenals) to the corresponding ortho-quinones (catechol ase activity). In contrast to CO the
related TY R reved s, in addition to catechol ase activity, amonooxygenase activity (cresolase
activity, E.C. 1.14.18.1) that enabl esthe enzymeto accept monophenoals, e.g. tyrosine, assubstrate
(seeFigurel).[1] HCistheoxygen transport protein in many molluscsand arthropods. [2,3]

COwasfirst isolated by Kubowitz in 1937 from potatoes. [4,5] Meanwhile COshave
been purified from different sourcesamong those are potatoes, spinach, apple, grapeberry [6]
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lycheefruit[ 7] beang 8], banana[ 9], opium plant [10] coffee plant[11], black poplar[12] and
gypsy wort [12]. Theexistence of isozymesisamagjor problem, that occursduring purification of
COand TYR.[13,14]
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Figure 1. Cresolase activity and catechol activity of tyrosinase and catechol oxidase

For all type 3 copper proteinsthedicopper center isspectroscopically well characterized
by UV/Vis, [15, 16] EPR, [17,18] NMR, [19] EXAFS, [20,21,22,23] magnetic, and Resonance
Raman [24,25] studies. Themet form of CO containstwo Cu(ll) ionsandisEPR silent dueto
strong antiferromagnetic coupling between thetwo S= 1/2 copper ions. Theantiferromagnetic
coupling requiresasuperexchange pathway associated with abridging ligand whichismost likely
au-hydroxo group bridging thetwo Cuions. Oxy CO can be obtained by adding H,O, to met
CO or addition of oxygen to the deoxy Cu(l)-Cu(l) form. Evidencefor the oxygen binding mode
can beobtained from UV /Visdatain combination with Resonance Raman data. Oxy CO shows
two characteristic peroxo— Cu(l1) chargetransfer transitions. The absorption band at 345 nm
iscaused by an O,* (") — Cu(ll) (d,*- ?) chargetransfer transition. The absorption band at
580 nm correspondsto the second O, (n"v) — Cu(ll) (d,*- ?) chargetransfer transition. The
Resonance Raman spectrum of the oxy form showsaband ~ 750 cm™ characteristic for ap-
n?:n? binding modefor dioxygen first reported by Kitgjimaet al. [ 26] for asynthetic binuclear
copper model complex. EXAFS studies of Neurospora crassa TY R and sweet potato CO
revealed aCu(l1)-Cu(ll) distance of 3.6 A and 3.8 A, respectively for the oxy speciesand 3.4
A and 2.9 A, respectively for themet form. [27]

'H NMR spectrarecorded for TY R (Streptomycesantibioticus) confirm that both copper
atomsarecoordinated by N_atomsof histidineligands. Thereisno evidencethat thebridging
ligand arisesfrom anamino acid residue. [19] Furthermorethebinding of chlorideto TYR could
be shown. [19] Itisunder discussion that chloride bridgesthetwo copper ionsin 1 fashion, as
it has been suggested for the half met Form (Cu(l)-Cu(ll)) of TY R from (Neurospora crassa)
andthemolluscan HC. [17,21,28]

For severd yearsonly two arthropodan HC crystal structureswereavailable, spiny lobster
(Panulirus interruptus) [29] and horseshoe crab (Limulus polyphemus). [30] In 1998, a
molluscan HC from giant octopus (Octopus dofleini) was crystal lized and itsthree-dimensional
structure determined. [31] Alsoin 1998 Krebs' group succeeded in obtaining CO crystalsfrom
sweet potato (Ipomoea batatas, ibCO) for 2.5 A structure determination of thefirst type 3
copper enzyme. [32] Upto now aprotein structure of TY Risnot available.
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Thecrystal structureof aplant CO containing a dinuclear copper center

Overall structure and folding of ibCO

MonomericibCO, with amolecular massof 39 kDa, isdllipsoidin shapewith dimensions
of 55* 45* 45 A. The secondary structureisdominated by o-helical and coiled regions. The
structure showsafour helix bundle surrounding thedinuclear copper center asthe most striking
structural motif. Two disulfide bridges (Cysl1 to Cys28 and Cys27 to Cys89 [33]) help to
anchor the N-terminal region of the protein (residues 1 to 50) to the core of theenzyme.

The dinuclear copper site including a covalent cysteine-histidine bond
Both of thetwo copper atomsare coordinated by three hi stidine residues contributed from
thefour helices of the o-bundle (Figure 2 and 3). Both CuA and CuB are coordinated by N of
histidineresidues, which are His88, His109, His118 to CuA, and His240, His244, His274 to
CuB.

Figure 2: Ribbon representation of ibCO.

Aninteresting feature of the dinuclear metal center inibCO isacoval ent thioether bond
formed between C_of CuA-coordinating His109, and Sof Cys92. A cysteinyl-histidyl-bond has

Figure 3. Dinuclear metal site in ibCO.
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aso beenreported for TY R from Neurospora crassa [34] aswell asfor HC from Helix pomeatia
[35] and HC from Octopusdofleini. [31] However, the absence of the cysteinyl-histidyl bridge
inHCsfrom arthropodsand human TY R, doesnot support itsdirect involvement inthe el ectron
transfer process. The mononuclear copper enzyme gal actose oxidase al so exhibitsathioether
bond between the C_ carbon of atyrosinate ligand and the sulphur of acysteineto stabilizethe
tyrosineradical generated during catalysis. [36]

In the oxidized met CO structurethetwo cupricionsare 2.9 A apart.[22,32] Most likely
they arebridged by ahydroxideion completing the four-coordinate coordination sphere. EPR
datareflect an antiferromagnetically coupled EPR slent Cu(l1)-Cu(l1) state[12,27] of theenzyme
whichisingood agreement with ap-hydroxo group bridging the copper atoms.

Crystal structure of the reduced form and the phenylthiourea inhibitor
complexes

Reduced form: Thecrystal structure of the reduced form was solved with aresol ution
of 2.7 A. Therefore, crystasof the native met form were soaked in 2 mM dithiothreitol (DTT)
added to the mother liquor. Upon reduction of the enzymeto the Cu(l)-Cu(l) state the metal-
metal separation extendssignificantly to4.4 A, wheressthehigtidinesmovevery little. Nosignificant
conformational changeisobserved for therest of the protein. The coordination spheresof the
copper centersare changing to square planar with avacant coordination sitefor CuB and to
distorted trigond pyramid with acoordinating water moleculefor CuA. Thecoordinating resdues
aremoving lessindicating arather rigid pocket.

I nhibitor complex: A crystal structurewith asubstrate ana ogueinhibitor was solved
a aresolution of 2.7 A. Theinhibitor complex reveal ed conformational changesof theresidues
intheactivesitewhichindicated that accessto the cataytic metal center isprimarily controlled by
rotation of thearomatic ring of Phe261 (seea so Fig. 3). Upon binding of phenylthiourea(PTU)
the phenyl ring of Phe261 and theimidazolering of His244 undergo aconformational changeto
form hydrophobicinteraction with thearometic ring of theinhibitor. The sulphur of phenylthiourea
replacesthe hydroxo-bridge, presentinthe Cu(l1)-Cu(ll) enzyme, and coordinates both copper
ions, thereby increasing the metal-metal separationto 4.2 A. Theamidenitrogeninteractsweakly
with CuB (Cu-N 2.6 A) completing itssquare-pyramidal coordination sphere. In additiontothe
interaction with the dicopper center van der Wad sinteraction of theresidueslinethehydrophobic
cavity (Phe261, 11e241, His244) contributing to the high affinity of PTU totheenzyme.

Reaction mechanism
A cataytic pathway for catechol oxidasewas proposed on the basis of acombination of
biochemical, spectroscopic and structural data(see Figure4).
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Figure 4. Possible mechanism for ibCO, as proposed on the basis of structural,
spectroscopic and biochemical data.

InibCO therotation of theside chain of Phe261 that ispositioned in theway the substrate
must passto reach the copper center opensthe catalytic pocket of the copper center (not shown
inFig. 3) asitispositioned in the way the substrate must passto reach the copper center. It
thereforemight influence substrate specificity of theenzyme by suppressing accessof sericaly
pretentious substrates. Insidethe pocket aglutamate residue Glu251 and anisoleucineresidue
I1e243 are positioned. Theglutamate residueis supposed to beinvolved in dehydrogenating the
substrate whereastheisol eucineres due seemsto beinvolved in tuning the substrate specificity.
Based on the binding mode observed for the phenylthiourea complex of CO amonodentate
binding mode of the substrateisfavored, in which the catechol substrate bindsto CuB after
deprotonation of one of thetwo hydroxyl groups. Thefirst substrate molecule bindsto the met
form, whichisthe state present after purification. Once the quinoneisformed the Cu center
remainsin itsreduced state with one copper containing water molecule. Now oxygen bindsto
the reduced form. UV/Vis spectroscopic results in combination with Resonance Raman
investigationssuggeststhat molecular oxygen bindsasperoxideinap- % n? binding modewitha
metal metal separation of 3.8 A asdetermined by EX AFS spectroscopy. [27] Thesamebinding
mode for dioxygen has been determined for the oxygenated Limulus polyphemusHC with a
Cu-Cu separation of 3.6 A. [37] Binding of the second substrate moleculeleadsto aCO-0/
substrate complex modded with theaid of PTU* CO inhibitor complex.[32] Inthismodel, CuB
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would be six-coordinated with atetragonal planar coordination by His240, His244 and the
dioxygen molecule. Thetwo axial positionswould be occupied by His274 and the catechol
subgtrate. The CuA sitewould haveatetragonal -pyramidal environment with His38, His118 and
O,* inequatoria positions, His109 taking theaxial position, and avacant non-solvent accessible
sixth coordination site. In this proposed CO-O,*-substrate complex, two el ectrons could be
transferred from the second substrate molecul eto the peroxide, followed by cleavage of the O-
O bond, loss of water and departure of the o-quinone product.

Thecatdyticmechanismof TY Rthat dsoincludesamechanismfor the catechol aseactivity
of tyrosinase was studied by Solomon and coworkers. [38, 39, 40] Thishypothesisexpectsthe
oxy form to bethe starting point of cresol ase activity. Monophenol substrate bindsto the oxy
formthatispresentintheresting formin arate of about 15 % (85 % areinthemet form) andis
monooxygenated to the diphenol that subsequently bindsin abidentate fashion to the copper
center in the met form. Oxidation of the diphenol substrate leadsto the reduced form of the
dinuclear copper center. Transformation from the reduced form to the oxy form happensdueto
attack of dioxygen and closesthecatalytic cycle.

Catecholase activity would therefore be possible to start from both oxy and met form.
Diphenol substrate bindsto the met form (for exampl €) followed by oxidation tothefirst quinone
and thereduced form. Analogousto the above mentioned, dioxygen formsthe oxy form again
that isattacked by the second diphenol molecule. Oxidationto thequinoneleadsto themet form
againand closesthe catalytic cycle. Themechanism by Solomonisvery smilar totheoneof CO,
described above.

Additiondly, aradica mechanism hasbeen favoured by Kitgjimaand coworkers[41, 42]
andaCu(l1) intermediate based on model compound investigationswas suggested by Holland
[43, 44] and Itoh. [45] These suggestions might a so beimportant for the mechanism of CO, but
with the absence of acrystal structureof TYRitisdifficult to enlighten distinct mechanistic
differencesof COand TYR.

Physiological Role

Thereweresevera functions proposed for CO in higher plants, but none of themisrealy
convincing. A long discussed possiblefunction of plant COisarolein diseasedefense of higher
plants. [46] Theenzymeiscytosolic or membrane-bound whereas possible substrates are kept
separated inthevacuole. After disruption of the cell by wounding or infectionthe membraneis
lysed and these two components get in contact forming quinonesto polymerizeto melanins. CO
MRNA hasbeen found to be upregulated after wounding or infectingin gpples. [47] Furthermore,
some parasites have been found to useinhibitorsof the CO indi cating the CO/diphenol systemto
beahurdleto takefor colonization of the parasite’ shost.

Other proposed physiological rolesare pigment formati on and oxygen scavenging inthe
chloroplast. [46, 48, 49] Plant CO have often been found to betightly bound to the thylakoid
membranesand a so to havetransit peptides|eading to the plastide membrane. Thereissome
evidencefor arolein photosynthesis as CO has been found to be nuclear encoded but il
inactive until incorporated into the plastids. Thereit issupposed to beinvolved to the Mehler
reaction.
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InmammasTY R startsforming skin pigmentation. [46] Theabsenceor inactivation of the
enzymethereforeleadstoformsof abinism (tyrosinase-negativeabinismand ocultaneousabinism).
Ininsects TY Rsareinvolved bothin sclerotization and defense.

Bioinor ganic approaches for type 3 copper proteins

Dinuclear peroxo copper(I1) compounds

A widerangeof work hasbeen doneinthefield of biomimetic model compoundsfor type
3 copper proteinsthat has been summarized in anumber of articles. [26, 50, 51, 52, 53, 54, 55,
56, 57, 58, 59, 60] Model compounds of the active site of copper type-3 proteins played an
important rolein eucidating the binding mode of dioxygenintheoxy form.

INn 1988 Karlin reported thefirst crystal structurefor aperoxo copper (1) complex using
theligand trig[ (2-pyridyl)methyl]amine (tpa). In aself assembly reaction of the monomeric
Cu(1)(tpa) precursorswith molecul ar oxygen thethermally unstable complex [(Cu(tpa)),(O,)]**
wasobtained at low temperatures (see Figure5.).

The peroxo groupisboundinatransp-1,2 bridging mode. The Cu(I1)-Cu(Il) distancein
thiscompoundis4.36 A with an O-O bond length of 1.43 A The copper(11) ionsare surrounded
inatrigona bipyramida fashionwith one peroxide oxygen andtheaminenitrogentaking theaxia
positions. Theunpaired electronsarelocated inthed > orbitalsin thedirection of the Cu-O bond,
and arestrongly antiferromagnetically coupled. [61]

The UV /Vis-spectrum of theintensively purple col ored compound shows absorption bands
at 440 nm (e = 2000 mol-cm), 525 nm (e = 11500 mol*cnr?) and 590 nm (e = 7600 mol*cm'),
that can beattributed to O,> — Cu(ll) chargetransfer transitions. Another band at 1035 nm (e
=180 mol*cm?) isassignedto ad-d transition.

Figure 5: structure of the complex cation [(Cu(tpa)),(0,)]**; hydrogen atoms omitted for
clarity [61]

The O-O stretching vibration frequency was determined to be 832 cm™ by Resonance
Raman studies. [62] Thiscomplex representsthefirst functional model for oxy hemocyanin, the
spectroscopic and structural qualities, however, do not fit to those of the protein.
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In 1989 Kitgjima|[26, 63] succeeded with thefirst synthesisof aside on u-n% n? peroxo
copper(I1) complex employing theligand hydrotris(3,5-diisopropyl-1-pyrazolyl)borate (HB(3,5-
iPr2pz)3) (seeFigure6).

Similar complexes had only been described for f-block elements at that time. [64, 65]
Preparation of the complex was performed at low temperatures either by the reaction of a
monomeric Cu(l) complex with O, or by adding excess of H,O, to dinuclear p-oxo or di-p-
hydroxo bridged copper(I1) complexes. The copper ions are located in a distorted square
pyramidal environment with anintermetallic distance of 3.56 A. The O-O bond lengthinthis
compoundis1.41 A. UV/Vis spectroscopic investigations of theintensively violet colored
compound revealed O,> — Cu (ll) chargetransfer bandsat 349 nm (e = 21000 mol* cm?)
and 551 nm (e =790 mal* cmr) and thefrequency of the O-O streching vibration was determined
in Resonance Raman experimentsto be 741 cmrt. Magneti ¢ susceptibility measurements suggest
astrong antiferromagnetic coupling of the copper(I1) ions. [66] Thismodel compound exhibits
similar magnetic, spectroscopic and structural features compared to the oxy form of HC. Thusit
contributessignificantly to thee ucidation of the structura and functiona propertiesof theoxygen
bindingintype 3 copper proteins.

Figure 6: structure of the complex [(Cu(HB(3,5-iPrpz),)),(0,)]*;
hydrogen atoms omitted for clarity [26, 63]

Gorun et a. were ableto obtain the crystal structure of another side on u-n?: n? peroxo
copper(I1) complex with themodified ligand hydrotriS(3-trisfluoro-5-methyl-1-pyrazolyl)borate
in2001.[67]

Thefirgt roomtemperature stableside on p-n? 1? peroxo copper(l1) complex wasreported
by Suzuki et al. in 1999. It contained adinucleating ligand that providesthree aromatic nitrogen
donor atomsfor each copper atom.[68]

Tetranuclear peroxo copper(I1) compounds

Krebset al. presented anew type of peroxide binding in copper(l1)-complexes of the
ligand 4-methyl-2,6-bis(pyrrolidinomethyl)-phenolate (mbpmp) in 1994. Thetetranucl ear
compound contained afourfold bridging end on peroxo group inap,-(1*) coordination mode
(seeFigure?) [69].
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At that timethiscompound wasthe only known room temperature stabl e peroxo copper
(1) complex. The p,-coordination had only been described for atetranuclear molybdenum
complex and ahexanuclear iron complex, previoudy.[ 70, 71]

Figure 7: structure of the complex cation [(Cu,(mbpmp)),(0,)(OMe),(CIO)]*;
hydrogen atoms omitted for clarity [69]

Meyer et al. recently synthesized another complex with this unusual p,-(n*) peroxo
coordination mode. [72] (seeFigure 8).

Figure 8: structure of the complex cation [| (Cu2(Lpz) ),(0,)(OH),J**;
hydrogen atoms omitted for clarity [72]

Thiscopper compound is based on the pyrazol ligand 3,5-bis(1-methyl-4-dimethyl-
diaminoethyl)pyrazol (L ) anditsgeometry differsfromthat of thetetranuclear corereported by
Krebs. Inthat compound the peroxo ligand capsanearly planar Cu, rectangleand thus adopts
acisconfigurationwith respect to the O-O bond. In Meyer’scomplex the oxygen atomsof the
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O, group aresituated on different sides of the Cu, framework, yielding atrans arrangement of
themetal centers.

Dinuclear chloro copper complexes

Thesynthesisof dinuclear copper compoundswith coordinated chloridesisinteresting for
different reasons. On one hand these complexesare biomimetic mode sfor thebinding of chloride
to tyrosinase or catechol oxidase, that wasreported by Canterset a., [19] on the other hand
such compoundsallow to predict whether the utilized ligands offer the possibility to synthesize
peroxo complexesor not.

Roundhill et al. presented abis(,-chloro)complex based on the ligand hydro-tris(1-
pyrazolyl)borate (HB(1-pz).) in 1979 (seeFigure 9) [ 73]. Reaction of copper(I1) chloridewith
Na(HB(1-pz),) yielded the symmetric dinuclear compound [(Cu(HB(1-pz).)).(u-Cl),].

Alsotriazacyclicligandshave been used in the past to synthesize dinuclear pi-chloro copper
complexes. [74, 75, 76, 77] Thefirst crystal structure of acopper compound exhibiting this
motivewas presented by Weetherburnin 1990. [ 78] Each of thetwo copper centersiscoordinated
by three nitrogen atoms of theligand 1,5,9-triazacyclododecan and two bridging ligands, a
hydroxideand achloride.

Figure 9: structure of the complex [(Cu(HB(1-pz),)),(L-Cl),]; hydrogen atoms
omitted for clarity; only one position of the disordered peroxo group shown [73]

Cresolase activity of copper complexes

With the complex [Cu,(L-66)]>* (with L-66 = a,o’ -bis[bis[2-(1"-methyl-2’ -
benzimidazolyl)ethyl]amino]-m-xylene Casellaet al. presented thefirst model compound that
was ableto bind dioxygen reversibly followed by oxidation of aphenol to the corresponding
catechol. [79] Temperature variations between —80 and —45 °C caused reversible uptake of
dioxygento formaperoxo copper(l1) species, repeatedly. At—60 °C the compound wasableto
oxidizethe added substrate 4-methoxyphenol to the corresponding catechol. Thisbiomimetic
model complex representsthefirst operating tyrosnasemodd system, that imitatesthe cresolase
activity of metalloenzymes.

Someworking groupsdea with the synthesisof model complexesfor the binding of the
phenolic oxygen inthe course of the catalytic cycle of tyrosinase. Neveset a. synthesized a
complex based on theasymmetricligand N-(2-hydroxybenzyl)-N,N’ N’ -trig (2-pyridyl )methyl]-
1,3-diaminopropan-2-ol (Hbtppnol) contai ning anon deprotonated phenol group that occupies
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an apical position on one of thetwo copper atoms (see Figure 10). [80, 81, 82] Thiscomplex
can be regarded as a structural model compound for an proposed intermediate during the
hydroxylation of monophenolsto catecholsby tyrosinase.

Catecholase activity of copper compounds

Systematicinvestigationstowardsthe catecholase activity of copper complexeshavebeen
carried out for thefirst time by Nishidain 1980 [83]. Mononuclear square planar copper(l1)
complexesshow only alow cata ytic activity, whereas non planar mononuclear complexesexhibit
ahigh activity. If the copper copper distanceissmaller than 5 A, high activities can also be
achieved with dinuclear compounds. Thisisexplained by the necessity of asteric match between
the substrate and the complex, like a Cu-Cu distancethat fitsto the bite of the catecholate

Figure 10: structure of the complex cation [Cu,(Hbtppnol) (CH,COO)[**;
hydrogen atoms omitted for clarity [81,82]

Other working groups supported thisthesis by showing that dinuclear copper complexes
arein general more active than comparable mononuclear ones. [84, 85]

Sofar, only afew crystal structuresof catayticaly active dinuclear complexeshave been
described, that exhibit acoordinated catechol or quinoneligand. InKarlin'scomplex [Cu,(L -
O)(tce)]* (where L-O = 2,6-big[[bis((2-pyridyl)methyl)amino] methyl] phenolate and tcc =
tetrachl orocatechol ate dianion)

Figure 11: structure of the complex cation [Cu,(L-O)(tcc)];
hydrogen atoms omitted for clarity [83]
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thetwo oxygen atoms of the tetrachl orocatechol ate ligand are coordinated to different
copper ionsleading to asquare-pyramidal coordination sphereat each metal center (seeFigure
11).[86]

In 2002 Meyer et a. found adifferent coordination modefor the catecholate in copper
complexesuitilizing dinucl eating pyrazol-based ligands (see Figure 12). [87]

Figure 12: structure of the complex cation [( CuZ(LpZ) (tcc)(H,0),]*;
hydrogen atoms omitted for clarity [87]

The catecholateisbound bidentately to only one copper ioninthese model complexes.
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