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SUMMARY: New espr features consistent with 3 novel type of Cu(II) are ob-
served in partially reduced Type 2 copper depleted laccaszs molecules.
Cu(II) hyperfine lines appear near 2590 G and 2770 3, and a rhombic g fza-
ture is also obssrved. These reflect a Cu(Il) emerzent on reductive dis-
ruption of the binuclear Type 3 site in T2D laccass. Additionally, much of
tne new, maznetically isolated Cu(II) is retained on full reoxidation of
partly reduced Iype 2 copper depleted laccase. The proportion of disrupted
Type 3 Cu(LI) sites remaining after reoxidation appears to depend on the
prior distribution of =lectrons within T2D laccase.

Rhus laccase is one of the most tnoroughly studied members of the class
of coppar oxidases containing four prosthzatic copper ions in three charac-
teristic sites (1,2). These include a single "blue" Type 1 site copper, 2
single Type 2 site copper and the Typs 3 site antiferromagnetically coupled
(3,4) Cu(Il) pair. It is at this latter site where the initial binding and
raduction of dioxyzen ocecur (1,2,5-8).

The preparation of a derivative of Rhus laccase depleted of Type 2 cop-
par Jas reported some time azo (3,10) and the complexity of this material
is attested to by the fact tnat aven the resting state spactroscopy and re-
dox status of tna remaining copper ions nas been a matter of some contro-
versy (10-15).

A2 nave been investizating the redox behaviour of T2D laccase, by means
of anaerobic reductive (14,16) and rae-oxidative (130) titrations. From the
results, it was proposed (16) that tns Typs 3 site pairwise dicoppar intar-
action is disrupted during reduction, and is restored on resoxidation by
HZOZ' Accompanying Type 3 site structural rearranzenents wsre also infer-

rad.
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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 (Figurs
1, insat). 3ince tha Type 3 site Cu(II) ions were found to be 35 mV more
reducing tnan the Iype 1 copper ion (16) any esmergent paramagnetism should
doninate tne epr spectrum of nighly, but incompletely, reduced T2D laccase.

Tha results of experiments testing this prediction are reported below.

MATERIALS AND METHODS
Typs 2 copper depleted Rhus laccase was preparead as described (16) and
was found to contain 3.04 + + .02 copper lons/molscule by the b1qu1noly}
net?o T2D laccase concentrations were deternined from £(615) = 5700 M~
(1w).

Anaerobic methods and reagents used for reductive and oxidative titra-
tions wers described previously (14,16).

Electronic spsctra wers taken, and reaction progress monitored at 615
nmm, on a Cary 113 equipped with tnermostatted cell holders. EPR spectra
were obtained near liquid nitrogen temperaturs using a Varian E-3 X-band
spectrometer.

Reduction and reoxidation reactions were carried out at 20 + 1°C in 0.05

M sodium acetats pH 5.2 buffzr, in a special anaerobic quartz vesssel equip-
ped with botn an optical and an epr cell.

RESULTS AND DISCUSSION

Tne visible absorption spsctrum of oxidized T2D laccase is shown in Fig-
ars 1-1, and tne frozsn solution epr spectrum in Figure 2a. 0On anaerobic
addition of 2.3 ejuivalents of nydrojuinone to a solution of T2D lacecase
the slow Type 1 site reduction described previously (16) was observed. The
caleulated distribution of raductant electrons within tha Typs 3 site (Figz.
1, inset) indicates tnat 23% of the Iypz 3 sites bs half reduced, and
constituﬁe apout 754 (16) of the paramaznetic Cu(II) present at =quilibri-
an. In Figures 1-2 and 2b-b" are pressnted the visible electronic and fro-
z2n solution epr spsctra respectively, of the partly reduced protsin. The
latter shows 3 new rnombic fzature convolved wita the Type 1 Cu(Il) siznal
naar 3240 3. Appearance of this siznal on reduction reflects smerzence of
1 previously undetectable Cu(II) ion; the Cu(II) of a raductively disrupt-

2d (vide iafra) nalf 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 laccase; 2. As in 1, after 2.16 equivalents of hydroquinone; 2' As in
2 after freezing at about 100°K, then thawing; 3. As in 1, fully reduced
with 4.3 equivalents of nydroquinone. Inset: Calculated equilibrium mole-
fraction % of: a. fully oxidized; b. fully reduced; and c¢. half-reduced
Type 3 sites within T2D laccase during reductive titration, based on the
model ziven in ref. 16.

Tne partially reduced T2D laccase sample was found to have been siznifi-
cantly reoxidized upon freezing as indicated by tne eahanced absorption in-
tensity at 515 na (Fig. 1-2'), observed upon thawing after acquisition of
the epr spectrun. JIn standing, slow re-reduction of Type Cu(II) com-
menced, tending to the prior position of =quilibrium. T2D laccase dis-
played a rhombic epr spesctrum (Fig. 2c) even after fully reduced (Fiz. 1-3)
indicating the foramationon freeziag of an isolated Cu(II) within the re-
duced Typs 3 site. On thawing, absorption inteasity at 515 nm was again
found to have reached a level near that of Fiz. 1-2'. In partly reduced
I2D laccase, the observed reoxidation of Type 1 copper mnay possibly be
ascribed to intramolecular electron redistribution induced by freezing.
However, in the frozen solution of fully reduced protein, botn Typs 1 and
Typz 3 coppsr amust zlearly nave been reoxidized by benzoguinone. The reox-
idation of reduced native laccase on freezing in the presance of ather re-
dox azents has been reported previously (17,18). Interestingly, it was

snown 1in the case of NO (13) tnat the reoxidation pnznomanon was not a
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FIGURE 2, EPR spectrum of: a. T2D laccase, 0.15 mM in .05 M sodium acetate
pid 5.2, power 25 mé; lower trace, gain x 5; b. As in 1, after 2.16 equiva-
lents of hydroquinone added; b'. cavity scan. b''. Power 50 mW, gain x 4;
¢. As in 1 after addition of 4.3 equivalents of hydroquinone. d. T2D lac-
case partially reoxidized witn 1 mole-ejuivalent of Hzo after full reduc-
tion with 4.8 equivalents of hydroquinone. The sharp %1ne at g=2 origi-
nates within the quartz EPR tube

function of freezing itself, but of lowered tamperature. The suggested me-
chanism, involving electron transfer through Typs 2 copper to a bound ac-
ceptor, is clearly untenable in the cass of tha T2D protein. However, the
observad reoxidation of both Type 1 and Type 3 copper implies the possible
utility of the latter ia an alternative pathway. No obvious epr siznal at-
tributable to the presence of a trapped semijuinone radical (19) was ob-
sarved.

After full reduction with 4.3 elzsctron 2quivalents of hydroquinone T2D
laccase was partially reoxidized on addition of 1 mole-equivalent of HZOZ
(20). In the epr spectrum of the squilibrated product mixture (Fiz. 2d),

tne Cu(II) hyperfine lines and assymetric linesnape near 3, again indicats
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FISURE 3. T2D laccase in .05M sodium acetate pH 5.2 after: a. Anaerobic
reduction with 1.1 equivalents of hydroquinone followed by aerobic reoxida-
tion. Lower trace, gain x 3. b. Anaerobic reduction with 2.2 equivalents
of hydroquinone followed by either aerobic, or anaerobic K3Fe(CN)6, reoxi-
dation. Lower trace gain x 3.

a disrupted Type 3 site in the partly reoxidized protein (20). Although
the resolution of the experiment does not perait an unambiguous assiznmnent,
the 2pr spectrum in Fig. 2d does not appear to have the ssven lines (21,22)
expected for a delocalized electron within a mixed valence half-oxidized
dicopper site.

Two separate T2D laccase samples were anasrobically reduced with 1.1 and
2.2 eguivalents, respectively, of hydroquinone, then fully reoxidized by
exposure to air (Fiz. 3a,3b) or to excess anaerobic K3Fe(CN)6 (Fiz. 3b).
The prominent ndh—rype 1 Cu(II) features indicate that much of the Type 3
sites have remained in a disrupted state in the reoxidized T2D protein sam-
ples. The spectrum in Fiz. 33 is essentially identical to that of ths re-
portad "half-met" Type 3 site derivative of T2D laccase(24,25). The elec-

tron distribution witnin the two T2D samples prior to reoxidation are
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TABLE?
Total b )
Electrons Reduced Tvpe 1, and Oxidized Type 1, and Total electrons in T2D laccase
Added 130000 T3001)¢ T3NS TI0O)®  T3(01)C T3 3¢~ 2e” le”  None
1.1e” 35% 16% 7% 26% 11.5% 5.5% 7% 21.5%  43% 26%
2.2¢7 17% 27% 44% 2% 2,5% 6% 44% 33%  20.5% 2%

2The relative distribution of electrons within the manifold of TZD laccase reduction intermediates at
the specified levels of reduction.

bTotal % reduced Type 1 site after 1.1, electrons: 59% after 2.2 electrons: 88%.

€(00): 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 3 site
electron distribution plot in Figure 1, inset.

sumnarized in the Table. We nave shown (18) that peroxide reoxidation of
fully reduced T2D laccase restores ths antiferromagnetisn of the Type 3
Cu(II) site. Therefore the observed novel Cu(II) magnetism nust derive
fron the respective mnanifolds of T2D laccase molzcules in internediate
stages of reduction. The intensity of rhombic Cu(II) epr feature appears
to follow the relative population of doubly raduced I2D laceasz within
wnicin the Type 3 site is half-reduced.

However, a straightforwWard analysis is complicated since the distribu-
tion of electrons witnin partly reduced 2D laccase is in 3 dynamic equili-
briun, and the exact mnechanism of oxidation obscure. Neverthzsless, it may
be suzgestad that the status of the Type 3 site coppsr in reoxidized T2D
laccase is depesndent on the prior dezres of reduction and the consaquent
intersite electron distribution within the protein molecule. That is, a
half-reduced Typs 3 3ite in redox =squilibrium with an oxidized Typs 1 site
i3 probapbly structurally distinet from such a site in sinilar equilibriun
wita a reduced Typs 1 site.

Tne similarity of tae non=Type 1 Cu(II) =pr faatures in tha spsctra of
the partially reduced proteins in Fiz. 2 with tnoss of tne reoxidized pro-
tein sample in Fig. 3b suzzests a corresponding similarity ian ths ligand

eavironnent of the Cu(Ill) ions within the disruptzd Typz 3 sites regardless
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of oxidation statz. Praliminary expsriments (23) have indicated that the

rhombicity in the Fiz. 3b spectrum can be titrated by N,7, and that an es-

3
sentially axial spectrum is obtained witn 3 1000-fold excess of this anion.
Taerefors, at least one of tha Cu(II) ligands in the disrupted Type 3 site
is probably solvent derived watsr, occupying a coordination position uncov-
erad through loss of a lizand.

Tne above results have confirmed the hypothesis advanced previously (16)
that the pairwise interaction betweza thz Typs 3 site copper ions is dis-
rupted during reduction in T2D laccase.Finally, nalf-reduction of the Type
3 s3ite must be accoampanied by a significant structural change, as required
by the reductive disruption model. That is, if =lectron uptaks were not
accompanied by the physical separation of the previously antifsrronagnsti-
cally =xchange coupled Cu(II) pair, reoxidation would have undoubtedly re-
stored this iateraction. It may be that Type 3 site disruption involves

loss of tn2 dicopper bridging lizand.
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