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SJtMARY: lJer spr features consistent ‘rJith a novel type of Cu(I1) are ob- 
served in partially reduced Type 2 copper depleted lactase moleoules. 
Cu(II) hyperfine lines appear near 2530 C and 2770 “J, and a rho;abic gA fea- 
ture is also observed. These reflect a Cu(I1) aergent on reductive dis- 
ruption of the binuclear Type 3 site in T2D Laccsse. Additionally, ,mch of 
tne new, aa3neticaLly isolated Cu(I1) is retained on full reoxidation of 
partly reduced Type 2 copper depleted lactase. The proportion of #disrupted 
Type 3 Cu(I1) sites re?aaining after reoxidation appears to depend on the 
prior distribution of electrons within T2D lactase. 

Rnus lactase is one of the nest tnoroughly studied mnbers of the class 

of lopper oxidases containing four prosthetic copper ions in three charac- 

teristic sites (1,2). These include a single “blue” Type 1 site copper, a 

single Type 2 site copper and the Type 3 aite antiferromgneticslly coupled 

(3,4) Cu(I1) pair. It is at this latter site where the initial binding and 

redmtion of dioxygen occur (1,2,3-8). 

The preparation of a derivative of Rhus laccase depleted of Type 2 cop- 

psr da3 reported sme tine a30 (3,101 and t’ne complexity of this naterial 

is attested to by the fazt tnat zven the resting state spectroscopy and re- 

dox status of tna remining copper ion3 nas been a mtter of 3oine contro- 

versy (10-15). 

r/e have been investi3atin3 the redox behaviour of T2D lactase, by neans 

of anaerobic reductive (14,16) and ra-oxidstive (16) titrations. From the 

results, it was proposed (16) that the Type 3 site pairwise dicopper intsr- 

action is disrupted during reduction, and is restored on raoxidstion by 

H232. Accompanyin Type 3 site structural rearran3snents jrsre also infer- 

red. 
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A consequence of the proposed model is the prediction that a population 

of half-reduced disrupted Type 3 sites be formed during reduction (Figure 

1, inset). Since the Type 3 site Cu(l1) ions were found to be 35 mV more 

reduaing tnan the Type 1 copper ion (16) any amersent paramagnetism should 

doninate tne epr spectrum of hil;hly, but incompletely, reduced T2D lacccase. 

The results of expsriments testins this prediction are reported below. 

MATERIALS AND ;\IETHJDS 

Type 2 copper depleted Rhus lactase 
leas found to contain 3.047 

&as prepared 3s described (16) and 
.02 

met’ od. 
copper ions/molecule by the biquinoly_) 

T2D lactase con3ent&tions were determined from a(6151 = 5700 M 
cm-? (14). 

Anaerobic methods and reagents used for reductive and oxidative titra- 
tions were described previously (14,161. 

Zlectronic spectra were taken, and reaction progress monitored at 615 
nm, on a Cary 118 equipped with tnermoststted cell holders. EPR spectra 
were obtained near liquid nitrogen temperature usinS a Varian E-3 X-band 
spectrometer. 

Reduction and reoxidation reactions were carried out at 20 + l°C in 0.05 
Y sodium acetate pH 5.2 buffer, in a special anaerobic quartz Tessel equip- 
ped witn both an optical and an epr cell. 

RESULTS AND DISCUSSION 

Tne visible absorption spectrum of oxidized T2D lactase is shown in Fis- 

'are l-l, and tne frozen solution epr spectrum in Figure 2a. On anaerobic 

addition of 2.3 equivalents of hydroquinone to a solution of T2D Laccoase 

tne slow Type 1 site reduction described previously (16) was observed. The 

calaulated distribution of r&u&ant electrons within the Typs 3 site (Fiz. 

1, inset) indicates tnat 23,% of the Type 3 sites be half reduced, and 

constitute aoout 758 (16) of tne param,aSnetic Cu(II) present at equilibri- 

um. In Figures l-2 and 2b-b” are presented the visible eLe&ronic and fro- 

zen solution epr spectra respectively, of the partly reduce3 protein. The 

latter shows a new rnombia feature convolved with the Type 1 Cu(I1) signal 

naar 3240 2. Appearance of this si?;naL on reduction reflects emerssnce of 

a previously undetectable Cu(L1) ion; the Cu(I1) of a reductively disrupt- 

ed (vide infra) half reduced Type 3 copper pair. 
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FIGURE 1. Visible spectrum in 0.05 M sodium acetate, pH 5.2 of : 1.T2D 
Rhus lacaase; 2. As in 1, after 2.16 equivalents of hydroquinone; 2’ As in 
mafter freezing at *out lOOoK, then thawing; 3. A3 in 1, fully reduced 
witn 4.3 equivalents of hydroquinone. Inset: Cnlculated equilibrium mole- 
fraction $ of: a. fully oxidized; b. fully reduced; and c. half-reducti 
Type 3 sites within T2D lactase during reductive titration, based on the 
model given in ref. 16. 

The partially reduced T2D Lactase smple was found to have been sigifi- 

cantly reoxidized upon freezing as indicated by the enhanced absorption in- 

tensity at 515 rm (Fig. l-2’), observed upon thawing after acquisition of 

the epr spsctrm. 3n standing, sloti re-reduction of Type 1 Cu(II) con- 

:nenced , tendins TV the prior position of equilibrium. T2D laccsse dis- 

played a rhombic epr spectrum (Fig. 2~) even after fully reduced (Fis. I-3) 

indicating tie forsationon freezing of an isolated Cu(II) within the re- 

duced Typ3 3 site. 3n thawing, absorption intensity at 615 m was aysin 

found to have reached a Level near that of Fis. l-2 I. In partly reduced 

PiI Lactase, the observed reoxidation of Type 1 copper flay possibly be 

ascribed t:, intrmolecular electron redistribution induced by freezing. 

do4evar, in the frozen solution of fully reduced protein, both Type 1 ami 

Type r) copper mst clearly have been reoxidized by banzoquinone. The reox- 

idation of reduced native lacca3e on freezing in the presence of other re- 

dox agents ha3 oeen reported previously (17,18). Interestingly, it was 

snoim in the cas3 of R3 (13) tnat the reoxidation pnsnomnon was not a 
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FIGURE 2. EPR spectrum of: a. T2D laccase, 0.15 mH in .05 M sodium acetate 
pi+ 5.2, power 25 mki; lower trace, gain x 5; b. As in 1, after 2.16 equivs- 
lents of hydrcquinone added; b’. cavity scan. b”. Power 50 &, 3ain x 4; 
c. As in 1 after addition of 4.3 equivalents of hydroquinone. d. T2D lac- 
case partially reoxidized with 1 xole-equivalent of H2u 
tion with 4.8 equivalents of hydroquinone. The sharp 1 

after full reduc- 

nates witnin the quartz EPR tube 
ine at g=2 origi- 

function of freesin!: itself, but of lowered temperature. The suggested me- 

onanism, involving electron transfer through Type 2 copper to a bound ac- 

ceptor , is clearly untenable in the cass of the T2D protein. Hodever, the 

observed reoxidation of both Type 1 and Type 3 copper implies the possible 

utility of the latter in an alternative pathway. No obvious epr signal at- 

tributable to the presence of a trapped sesiquinone radkal (19) ~~3s ob- 

served. 

After full reduction with 4.3 electron equivalents of hydroquinone T2D 

Laccasa was partially reoxidized on addition of 1 mole-equivalent of H232 

(20). In the epr spectrum of the equilibrated product mixture (Fig. 2d), 

tne Cu(I1) hyperfine lines and assymetric Lineshape near GJ~ again indicate 
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FIGURE 3. TZ!D Lactase in ,094 sodium acetate pH 5.2 after: a. Anaerobic 
reduction iJith 1.1 equivalents of hydroquinone followed by aerobic reoxida- 
tion. Loser trace, @n x 3. b. Anaerobic reduction with 2.2 equivalents 
of hydroquinone followed by either aerobic, or anaerobic K3Fe(CN)6, reoxi- 
dat ion. Lower trace gain x 3. 

a disrupted Type 3 site in the partly reoxidized protein (20). Although 

tne resolution of the experiment does not permit an unambiguous sssigment, 

the epr spectrum in Fig. 2d does not appear to have the seven lines (21,221 

expected for a delocalized electron within a !nixed valence half-oxidized 

dioopper site. 

TJO separate T2D Laccsse smples were anaerobically reduced with 1.1 and 

2.2 equivalents, respectively, of hydroquinone, then fully reoxidized by 

exposure to air (Fig. 3a,3b) or to excess anaerobic K3Fe(W5 (FiK. 3b). 

The prominent no&Type 1 Cu(I1) features indicate that mch of the Type 3 

sites have rmained in a disrupted state in the reoxidized T2D protein sa,z- 

ple3. he spectrum in FiK. 33 is essentially identical to that of the re- 

ported “half-met” Type 3 site derivative of T2D laccase(24,25). ke elec- 

tron distribution witnin the two T2D smples prior to reoxidation are 

61 



Vol. 114, No. 1, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLEa 

Total 

Electrons 
Reduced Type lb, and Oxidized Type 1, and Total electrons in T2D 1acCase 

Added T3(00)C T3(01)C T3(11)C T3 (00) ’ T3(01)C T3(11)C 3e- 2e- 1e- None 

l.le- 35% 16% 7% 26% 11.5% 5.5% 7% 21.5% 43% 26% 

2.2e- 17% 27% 44% 2% 3.5% 6% 44% 33% 20.5% 2% 

aThe relative distribution of electrons within the manifold of TZD lactase reduction intermediates at 
the specified levels of reduction. 

b 
Total % reduced Type 1 site after 1.1. electrons: 59Safter 2.2 electrons: 88%. 

C(OO) : oxidized; (01) half-reduced; and (11) fully reduced Type 3 sites. The value for percent Type 3 
sites in each case was calculated from the reductive titration curve in (16) and the Type 5 site 
electron distribution plot in Figure 1, inset. 

smuarized in the Table. tie have shown ( 16) that peroxide reoxidation of 

fully reduced TZD lactase restores the mtiferrcma3netim of the Type 3 

Zu( II) site. Therefore the Dbserved novel Cu(II) mgnetisa nust derive 

from the respeative mnifolds of T2D lactase molecules in intemediste 

stages of reduction. The intensity of rho;nbiz Cu(II) epr festurs appears 

to f5llovJ the relative population of doubly raduced lY2D laocase within 

mich the Type 3 site is half-reduced. 

tIo@zver, a strai3htforard amlysi.~ is muplicated since the distribu- 

tion of electrons witnin p3rtly reduced lY2D Lmcase is in 3 dynznic equili- 

brim, and tne exact nechsnisn of oxidation obscure. Nevertheless, it nsy 

be suggested tnat the status zf the Type 3 site copper in reoxidized T2D 

lacccase is dependent zm the prior degree of reduction an3 the consequent 

intersite electron distribution tiithin the protein aolecule. That is, 3 

half-reduced Type 3 site in redox equilibriuu with sn oxidized Type 1 site 

is probably structurally distinct frm such 3 site in sinilsr equilibriun 

witn 3 reduced Pjpe 1 site. 

me si;ailarity of tne non-rype 1 Cu(II) epr features in the Spectra of 

the partially reduced proteins in Fi;. 2 dith tnose of the reoxidized pro- 

tein saaple in Fig. 3b sugests a aorresponding siailarity in the lissnd 

environnent of the Cu(I1) ions Atknin tna disrupted Type 3 sites re?;WdLess 
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of oxidation state. Prelininary experillents (33) have indicated that the 

rhosbicity in the Fi?;. 3b spectrm can be titrated by N3-, and that an es- 

sentially axial spectrum is obtained with a lOOO-fold excess of this anion. 

Iherefore, at least one of tna Cu(I1) 1iEands in the disrupted Type 3 site 

is probably solvent derived water, occupying a coordination position uncov- 

ered through loss of a l&and. 

The above results have confirmed the hypothesis advanced previously (16) 

that the pairwise interaction between the Type 3 site copper ions is dis- 

rupted during reduction in T2D lamase.FinalLy, nalf-reduction of the Type 

3 site .nust be aczonpanied by a significant struotural chaqe, as required 

by the reductive disruption sodel. That is, if electron uptake were not 

aoconpanied by the physical separation of the previously antiferronaEneti- 

tally exchange coupled Cu(I1) pair, reoxidstion would have undoubtedly re- 

stored this interaction. It say be that Type 3 site disruption involves 

Loss of tna dicopper bridging lisand. 

P.F. gatefully scknowled~es the support of a Bergnann Postdoctoral FeL- 

lowsnip grant, ad,ninistrated by the United States-Israel BNSF, Jerusalan, 

Israel. 
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The re=ted treatment rsith aerobic iron hexacysnide muld have re- 
oxidized this T2D protein sample. 15s have observed very efficiently 
mediated reoxidation with .OJ electron equivalents of K3Fe(CR)5. 
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