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The interacrion of the radicals OH*_ t-BuU. e;. CO: and 0: wi: h the copper oxidasr. lactase. from Po!vponrr. has been 
studied by the pulse-radiolysis technique. Each of these radicals formrd transient adducts with a broad absorption maximum 
around 310 nm. Analysis of the optical properties and of the very fast rates of formation of these Eompounds shows rhat each 
radical interacts uith a limited number of sites on the polypepride part of the protein amon@.st R-S:S-R. histidine and aromatic 
residues. Interaction with the carbonyl group of some of the pepride bonds is also possible. The few target sites are probably 
hit simultaneously and elecwon transfer between these sites may also occur. In all cases. in a subsequent step. intramolecular 
electron transfer from the polypep’ide radical adducts leads to a partial reduction of rhr blue type-1 Cu’- with wws varying 
between IO3 and IO4 s-‘_ Further reduction of the type-1 Cu” occurs through a slow intermolecular reaction between two 
lactase radical transient adducts. In the case of CO; and 0;. this slow reduciion could alternatively be due to an intermolecuiar 
reaction between lactase and CO; or OT_ The oxidant radicals OH-, Br; and (SCN):. which formed radical adducrs with fully 
ascorbate-reduced lactase. did not induce any type-l copper reoxidation. 

1. Introduction 

Po&pa)nss versicolor lactase (monophenol, dihy- 
droxy-L-phenylalanine:oxygen oxidoreductase, EC 
1 _ 14_ lL.1) catalyzes the one-electron oxidation of 
s&&rates by coupling it to the four-electron re- 
duction of molecular oxygen to water [l]. At- 
tempts at understanding the mechanism of this 
reduction have been made in recent years, as the 
interactions of H,OZ, and possibly that of O=, with 
copper oxidases have been demonstrated by kinetic 
methods such as stopped-flow spectroscopy and 
rapid-freeze EPR [2-51. While the type-1 Cuzi. 
absorbing near 610 nm, was recognized as the 
primary electron acceptor from the reducing sub- 
strate, the type-3 copper site, absorbing around 
330 nm, was suggested to interact, in its reduced 

Cu i -Cu+ state, with molecular oxygen. Anaerobic 
reduction experiments on Rhus vernicifera lactase 
[2,3] indicate that reduced type-l and -2 sites 
contribute one electron each to the reduction of 
the two-electron-accepting type-3 site. It has also 
been shown that HzO, might interact with type-2 
CuZi in Po&pom.s lactase [4] and type-3 CL?‘- 
Cu2+ in Rhus lactase [S]. Finally, it is known that 
type-2 Cu’+ is easily accessible to water and can 
bind at least one water molecule 161. 

A mechanism of electron transfer in RJrus lac- 
case has deen proposed by Andrbsson and Rein- 
hammar [3], in which 0: was included, the product 
of reduction of 0, by three electrons released from 
reduced type-l and -3 coppers_ Furthermore, OH- 
was shown to interact with type-2 Cu2+ _ 

In any attempt to integrate these findings in a 
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mechanistic scheme. one has to solve the following 

problem. Are the possible intermediates in the 

reduction of molecular oxygen. 0;. HzO, and 

OH-. released into solution from their respective 
primary sites where they are formed in order to 

reach a secondary site where further reduction can 

occur? Alternatively. are these intermediates stabi- 
lized on various protein sites, not necessarily con- 

taining copper? If this were the case. could reduc- 

tion take place by electron transfer between dis- 

tant, structurally and functionally different sites? 

The first answer to these questions was given by 
Faraggi and Pecht [7-IO]. The pulse-radiolysis 

technique provides a means to produce radicals in 

solution within a few nanoseconds after the pulse. 

These radicals are availabie for reaction with the 

protein solute for times varying, according to the 

species, from a few microseconds for eni and OH- 

to a few milliseconds for 0;. before the various 

reactions between these radicals are completed. In 

their studies of fungal lactase and human cerulop- 

iasmin, Faraggi and Pecht [S,9] showed that e=< _ a 
potent reducing agent. interacts primarily with the 

polypeptide backbone and amino acid residues 

(aromatics and disulfides) to form radical adducts. 

In a subsequent step, electron transfers from these 

radicals to type-l Cu’+ take place leading to the 

reduction of this copper atom. In contrast, they 

found that e=; reduced directly, by diffusion- 

controlled kinetics, the single blue Cu’+ of Pseu- 

do#?ronas aeruginosa azurin [7]. Competing side re- 

actions with amino acid residues of this protein 
also occurred_ 

Our aim in undertaking this work was to in- 
vestigate whether Faraggi and Pecht’s findings for 

e- would also apply for other radicals such as 
a-, r-BuO-, 0; and CO;. We have shown, as 

reported here, that all these radicals formed ad- 

ducts with the polypeptide part of the protein. We 
have carefully analyzed the kinetics of formation 

of these adducts in order to ascertain whether 
direct reduction of the type-l Cuz+ could occur. 

We have also shown that in all cases, electron 

transfer took place between the radical adducts 
and type-l Cuz+ _ We have’finally discussed some 

restrictions that need to be included in any scheme 
of the catalytic redox cycle of lactase. 

2. Materials and methods 

Lactase A was extracted from a strain of P. 

versicolor, a fungus. kindly supplied by Dr. Rein- 
hammar (Goteborg) _4 large-scale culture (200 1 

medium) was performed according to Fhhreus and 

Reinhammar [I I J_ Lactase purifications were made 

following these authors, except for slight modifica- 

tions_ Purity was checked by measuring the ab- 
sorbance ratio ( AZRO /A6,c =S 15). specific activity 

[ 1 I] (3 2000 units/mg) and by isoelectric focusing 
between pH 2.5 and 6 [12]; this showed that we 

obtained only lactase A with bands at pH 3.21 
and 3.44. 

Pulse-radiolysis experiments on lactase solu- 

tions in potassium phosphate (0.01 M), pH 6.0. 
were carried out with a Febetron 707 instrument 

giving 20-ns pulses of 1.8 MeV electrons. Doses 

were varied between 1 and 200 krad. A pulse of 10 

krad in argon-saturated solutions yielded e=; at an 

initial concentration of 26 PM. Radical yields were 

taken as G(e,;; ) = 2.63. G(OH) = 2.72. G(H,) = 

0.45, G(H) = 0.55, G(Hzq) = 0.68. G(H,O +) = 

3.3 and G(OH - ) = 0.6 [ 131. The solutions con- 

tained in a spectrosil cell (2.5 X 2.5 X 0.25 cm) 

were irradiated uniformly. The spectrophotometric 

analysis was carried out with a standard device. 

The analyzing light path was 2.5 cm. 

2-I. Computer cna&sis of data 

Kinetics of radical decay or those of the forma- 
tion of radical adducts to the protein were analyzed 
by taking into account the relevant reactions 

among the following (rate constants are taken 

from refs. 13 and 14): 

H,PO, +e_; -HPO,z- +H- 

(k=4.9 X10’ M-‘s-*) 

e_; ‘e-C+ +2H,O-H, +20H- 

(k=5_4 X109 M-‘s-* ) 
e,-,+H+ -H- 

(k=2.35X10’0M-‘s-‘) 

e_; +OH--OH- 

(k=3.0 X IO’O M-’ s-‘) 

(0) 

(1) 

(2) 

(3) 



OH- +OH- -HZOz 

(x-=5.3 X109 M-‘s-l) (4) 

e&,-+-H-+H,O-H=+OH- 

(x-=2.5 X1O’OM-‘s-‘) (5) 

OH- ‘Hz -H20+H- 

(k =4.9 x 10’ M-J s--I) (6) 

H-+H--H, 

(x-=1.3 XIO’“M-‘s-‘) (7) 

H-i-OH--H,0 

(k =3.2 X IO’O M-’ s-‘) (8) 

H- ‘H,O, -H,O+OH- 

(x-=9.0 X10’ M-Is-‘) (9) 

e& f- H202 -OH- +OH- 

(k=l.Z XIO’OM-‘s-1) (‘0) 

In solutions saturated with N,O (0.02 M), e.& and 
He are scavenged according to: 

e.,; + N1O “1 N,+OH- (k =8.7x IO9 M-’ s-‘) (11) 

thus leading to OH’ as the main radical. 
The presence of r-butanol (0.1 M) led to the for- 
mation of r-BuO-: 

,-BuOH;OH--_r-BuO-iHzO(li=4.2X10”M-Is-’) (12) 

When solutions contained formate (0.1 M) and 
NzO, in order to obtain CO;, we had to use three 
more equations: 

HCO; + OH-- CO,+H,O (k=3.5xIOVM-‘s-j) (13) 

HCO; +H--CO; +H, (k=5_0XlO’M-‘s-‘) (14) 

co; i co; - - o,c- co- (k=6.9XIOXM-Is-‘) (15) 

When the solutions containing formate were 
saturated with oxygen (1.36 X 10 -’ M), we also 
had to use the following equations: 

en; +oz -0; 

(k=1.9X10’“hJ-‘s-‘) (16) 

co,+-o~-o;+co, 

(k =2.4X IO9 M-' s-’ ) (17) 

0; +O; +2H+ -H20z +Oz 

(&=1.5x10’ M-' s-‘) (pH 6.0) (‘8) 

OH-+O;-OH- +O> 

(k=I.OXIO’OM-‘s-‘) (19) 

Finally, we have added to these equations those 

describing in the simplest way the formation of 
radical complexes with the protein: 

(20) 

co; i IaccaSc - Iaccasc-co; (23) 

f, 21 
0; + lactase - laccasc-0; (‘4) 

As shown in section3. these constants. X-,,-L-z,_ 
are apparent overall rate constants. More elaborate 
schemes are necessary to interpret the observed 
kinetics. Depending on the scavengers used. we 
had to consider a variable number of the above 
reactions and solve a system of simultaneous dif- 
ferential equations_ We have used the second in- 
tegration method of Runge-Kutta [ 151. As the rate 
constants are of very different magnitudes. we had 
to take a very small integration step size to simu- 

late the reactions at the initial times. but we had to 
increase the integration step size as the reactions 
proceed with time: otherwise the calculation time 
would have been much too long. As a rule. the 
integration step size was of the order of one- 
hundredth of the reaction time of the fastest reac- 
tion between those still occurring at a given time 
in the system under study. 

3. Results 

The various events occurring when lactase SO~U- 

tions were irradiated were followed by recording 
the kinetics of transmission changes at wave- 
lengths between 295 and 700 nm. on time scales 
varying between 50 ns and 5 s per oscilloscope grid 
scale unit. The modes of action of all the radicals 
studied here, OH-, e=i _ r-BuO-, CO; and 0:. upon 
lactase followed a similar pattern: firstly, the 
primary radicals formed transient adducts with the 
protein at fast rates, usually before 5 ps. as judged 
from differential absorption spectra in 295-500 
nm range. Secondly, reduction of type-l CU’+ 
occurred at slower rates, probably through various 
mechanisms: intramolecular electron transfer be- 
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Fig. 1. (A) Interaction of lactase with OH-: difference spectra 
of a laccasc solution (40 pM) saturated with N,O taken I.5 ps 
(I). 700 ps (7) and 750 ms (3) after the Fcbctron pulse. 
Diffcrcncc spectrum of laccnse (40 pM) reduced by ascorbatc 
(160 pM) taken 200 Ps after the pulse (4). Average dose: IS 
krad. Average initial OH- concentration 88 pM. (Bj Interaction 
of laccasc with r-BuO‘r differcncc spectra of a Inccase sol&an 
(JO FM) containing 0.1 M r-BuOH and saturated with N20. 
tokrn 5 ps (I ). 2 ins (2) and 100 ms (3) after the pulse. Average 
do*c: 15 krad. Initial radical concentration 88 pivl. 

tween the radical adducts and type-l CuzT, inter- 
molecular reactions between lactase molecules and, 
under some conditions. between lactase and the 
primary free radicals CO; and Oi- Whenever our 
experimental conditions were particularly suitable. 
these phenomena were studied in detail. 

3.1. Tire formation and disappearance of radical 

adducts itt Iaccase solutiom 

3.X.1. Effect of OH‘ 
When generated in NzO-saturated lactase solu- 

01 ’ . . . . I 
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Fig. 1. (A) Kinetics of appearance of a tmnsicnt adduct he- 
txvccn Incczwz and OH-: \Gation of light transmission obscn-ed 
at 310 nm over 5ps in a laccax solution (42 phi) saturated 
with N20. irradiated with a 28 krad dose. Evperimcntat values 
(A) 3rl,/L.-l5ps calculated from the transmission changes. 
The dashed line is the ratio [lactase-OH‘],/flaccase-0H-19., 
computed by use of eqs. O-11 and 20 (see section 7) with 
k ?,, =: 2.7 X IO”’ M - ’ s - ‘. (B) Variation of the apparent rate 
constant X- 2. of the overall reaction: laccase+OH‘-laccasc- 
OH-. obsbservcd at 310 nm with the initial OH’ concentration for 
lactase (45 pM) (0) and for ascorbate-reduced lactase (45 phi) 
(A). Schemes involving ~veral sites of attack of OH‘ upon the 
protein are discussed in the text. 

tions. OH- creates new absorbing species having a 
broad maximum around 310 nm and a shoulder in 
the 400-500 nm range. Fig. 1A shows the dif- 
ference spectra taken 1.5 ps, 200 ps and 250 ms 
after the pulse. for a 15 krad average dose (initial 
[OH-J 88 pM). Due to the large protein absorption 
no difference measurement could be made below 
295 nm. The difference absorbance, measured at 
310 nm, was found to reach a maximum value 
after 5 ps (fig. 2A). At this time and for low doses 
(Le., 10 krad, or 60 pM OH’, for 40 pM lactase), 



the measured A As,,, is roughly proportional to the 
dose or the initial OH‘ concentration_ However. at 
low protein concentration and large doses. the 
absorbance reached a plateau which could be 
calculated by extrapolation of the l/AA versus 
l/[OH’] plot (not shown)_ AA3,” extrapolated to 
infinite dose was then found to be proportional to 
the lactase concentration. and attained 1.0 for a 
100 pM concentration. 

The observed kinetics of formation of the lac- 
case-OH- complex were found to be neither first 
nor second order under our experimental condi- 
tions ([lactase] IO-90 pM. initial [OH-] IO-400 
FM). We attempted to determine the rate constant 
( liza) of the reaction, lactase + OH- - laccase- 
OH‘, taking into account ali the reactions of OH- 
with itself and other primary radicals (eqs. 0- 11). 
We verified that in the 295-325 run range. OH- 
absorption (E =G 100 M- ’ cm- * ) is negligible com- 
pared to that of the lactase-OH‘ complex_ We 
compared the calculated ratio [lactase-OH’],/ 
[laccase-OH-],P, to the measured ratio AA,/AASp,. 

Good fits were obtained (fig. 2A). The apparent 
rate constant kzo was found to be extremely high. 
As shown in fig. 2B. X-Z0 is not a true second-order 
constant as it varied greatly. from 12 X 10” to 
1 X IO’O M-’ s-’ when the initial OH- concentra- 
tion was varied from 10 to 400 FM. at constant 
lactase concentration_ It did not vary noticeably 
with the lactase concentration. This result shows 
that eq. 20 is an oversimplified scheme. A scheme 

involving several sites of attack of the radical upon 

the protein will be examined in section 4. 
When fully ascorbate- reduced lactase was 

irradiated under the same conditions as above. a 
radical adduct with the same spectral characteris- 
tics (fig. IA, spectrum 4) was found to appear and 
disappear at the same rates (fig. 2B) as with the 
nonreduced enzyme. 

The radical adduct lactase-OH‘ is a transient 
species_ The kinetics of disappearance appear to 

have several phases and to be of no definite order. 
The initial-phase first-order rate constant could be 

estimated to be of the order of IO3 s-l_ Due to the 

small absorbance decrease. 10% of the overall dif- 

ferential absorbance. no precise measurement of 
this rate constant could be made. Full disap- 

pearance was attained only I min after the pulse. 

No attempt of detailed kinetic analysis of this 
phenomenon was made. Most of the radical ad- 
duct (80%) \vas still optically detected when maxi- 
mal reduction of type-l copper \vas rrached. i.e.. 
200 ms after the pulse (see below). 

3.Z.Z. Effeci of r-BuO- 

When t-butanol (0.1 M) is added to N,O- 
saturated solution. OH- is rapidly transformed to 
t-BuO-. Computation shows that the OH- con- 
centration is already negligible at 50 ns. The dif- 
ference spectrum_ taken 5~s after the pulse. and 
for a 15 krad dose (initial [r-BuO*] 88 FM). shown 
in fig. 1B. indicates an interaction of t-RuO‘ with 
lactase. AA 3,Unm is less than half of that attained 
w+th OH-. at the same lactase and radical con- 
centrations. The radical-protein complex is formed 
ve~quickly_before5~s(X-,,=5X lO’“M-Is-‘) 
and decreases slowly. Due to the small absorbance 
difference no attempt was made at a thorough 
kinetic analysis_ 

In order to understand the mechanisms of the 
effects of OH- and I-BuO- on lactase (see section 4). 
we examined whether other oxidant radicals such 
as Brl and (SCN)‘, interacted also with the protein 
We found that they indeed did so, with rate con- 
stants lo-times greater than those of the disap- 
pearance of the radicals themselves_ For example, 
in the presence of 40 pM lactase, Bri decayed at 
rates varying between 1.5 and 5.1 X 10”’ M-’ s-’ 
(initial [Bri] 77-21 pM)_ while its normal rate of 
decay in water is 2-6 X 10’ M-’ s-’ [14]. Here 
again. the apparent overall rate constant increased 
with decreasing initial radical concentration_ sug- 
gesting a multiple-site attack on the protein. 

e- and ?-BuO’ 
forzd. 

were the primary radicals 
at nearly equal concentration (-40 PM 

for a 15 krad dose). vvhen r-butanol was the only 
scavenger added. Fig. 3A shows the difference 
spectrum taken 200 ms after the pulse. The maxi- 
mal absorbance of the transients formed upon 
lactase by e=; and r-BuO* is larger than that 
formed by r-BuO’ alone at a ‘-fold concentration 
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Fig. 3. (A) Interaction of lactase with e;9 t r-BuO’: difference 
spectrum of a lactase solution (40 PM) containing 0.1 M r- 
BuOH and saturated with argon. taken 200 ms after the pulse. 
Average dose: 15 kradr initial radical concentrations: r-BuO‘ 44 
pM. e=\ 40 pM. (B) Interaction of lactase with ea. and OH’: 
difference spectra of a lactase solutio_n (52 pM) saturated with 
argon taken 20 ps (I), 150 ps (2). 1.5 -&IS (3). 25 ms (4) and 250 
ms (5) after the pulse. Average dosel 15 krad. Average initial 
e;g and OH- concentrations 40 pM. 

(see eqs. 11 and 12). It seems therefore that e=; 
adduct contribution to the absorbance is larger 
than that of the Z-BuO- adduct and smaller than 
that of the OH’-protein complex. 

3. I-5. Effect of OH- and epmq 

The cumulative effects of OH- and e=; could be 
detected when no scavenger was added to the 
aqueous solvent, both primary radica.1s being 
formed at approximately the same yield (40 pM 
for 15 krad). The first difference spectrum was 
taken 20 us after the pulse, i.e., when the absorp- 
tions due to OH- and ei themselves have become 
negligible (spectrum 1, fig_ 3B). 

Comparison of the spectra shown in figs. 1A 
(OH-), 1B (t-BuO), 3A (t-BuO-+e=; ) and 3B 
(OH-+e,Z ) shows that. at least in the 2.5-200 ps 
time range, each of the radicals forms a complex 
with the protein. It shows also that whenever two 
radicals are present simu!taneously. their effect 
upon the absorbance at 310-325 nm is cumulative 
and that their relative contribution increases in the 
order t-BuO*. e;lq , OH‘. in the ratio 0.4, 0.7. 1. 

Two interesting features of the spectra shown in 
fig. 3B are worth mentioning_ Firstly. the contribu- 
tion in the 500 nm range is much larger when e=; 
and OH- interact with the protein than when OH- 
is the only primary radical in solution. Secondly. 
the initial decay of this absorption band is faster 
(= 1 X lo4 SK’) than that due to OH- alone (fig. 
1A). Actually, we found a strong dependence on 
wavelength of the rate constant of the initial (first 
10-20X) decay of the transient absorbance: it 
varied monotonously between lo4 s-r at 500 nm 
to lo3 s-i at 300-350 nm. indicating the existence 
of several absorbing species. This explains the 
significant shifts in wavelengths as the transient 
adducts decay. 

Due to the spectral complexity of the observed 
phenomena and the interference of the absorption 

of e,, - itself, for 5 us after the pulse we could not 
analyze directly the kinetics of appearance of the 
complexes absorbing around 310 nm. Neverthe- 
less. we measured the rate of disappearance of eJg 
in the 500-700 nm range where eJ;; has a strong 
absorption and determined by computation the 
rate constant of. eq. 21 (lactase + e;19 - laccase- 
e=i )_ As the disappearance of ez; was over well 
before 10 ~.rs after :he pulse, no interference of this 
primary radical with the blue Cu’+ reduction OC- 

cut-red. At high protein concentration (80 FM) and 
small doses (1.5-Z krad or 4-8 pM e=i ), the 
overall decay of e*; was found to be pseudo first 
order (k = 1.2 x lo6 s-‘; k/[laccase]= l-5 X 10” 
M-’ s-‘). The measured rate constant is 3-times 
larger than that measured in the absence of lactase 
(k = 4-O X 10’ s-‘). In the computation made in 
order to determine k,,, all the necessary equations 
were included and the values of k, were used as 
determined in fig. 2B. Computation yielded a rate 
constant k,, equal to 1 X 10” M-’ SK’, very close 
to the overall decay rate constant, showing that en; 



decays mostly according to eq. 21, rather than eqs. 
1-3, 5 and 10 and other equations involving OH-_ 
For higher doses (lo-20 krad). the overall ez& 
decay was neither first nor second order, but an 
apparent rate constant li,, could be calculated. 
giving a proper fit for a given dose. It was found 
that Xr,, was equal to 5 X lo9 M-’ s-’ for 10 krad 
and 1 X lo9 M-’ s-’ for 17 krad. It did not vary 
with lactase concentration over the small range 
studied (40-80 pM). As in the case of OH‘ and 
BrZ, Xrl, is an overall constant corresponding to an 
oversimplified scheme. 

3.I.6. Effect of CO; 
The addition of 0.1 M formate to N,O-saturated 

solution yields CO; as the only radical product (88 
J.LM for 15 krad) present in solution just after the 
pulse (20 ns). Fig. 4A shows the difference absorp- 
tion spectra taken at 200 ps and 2ms after the 
pulse. As the absorbance in the ultraviolet range 
due to CO; itself was not negligible before 50 j~s 
([CO;] -Z 10 PM or A,, < 0.01, for 15 krad doses). 
neither the rate of the lactase-CO: transient ad- 
duct formation nor the initial rate of its decay 
could be measured precisely. A lower limit for X-,, 
(lactase + CO; - lactase-CO;) could be estimated 
to be 7 X lo9 M-’ s-l_ The initial rate constant of 
the decay of the lactase-CO; transient. estimated 
on the first 25% of the absorbance decrease. was 
found to be of the order of lo3 s-I_ 

3.1.7. Effecr of 0; 

The addition of 0.1 M formate to OJ-saturated 
solution yields 0; according to eqs. 13. 14, 16 and 
17 described in section 2. 

Due to its slow dismutation (eq. 18). 0; is. in 
comparison with the other primary radicals used 
in this study. a rather long-lived radical_ 4 ms after 
the pulse, the absorption of 0; itself was estimated 
to be negligible (A3,0 < 0.005, i.e.. [O;] c< 10 PM 
for a 15 krad dose)_ The spectrum taken 10 ms 
after the pulse (spectrum 1. fig. 4B) presents a 
small yet significant absorption below 350 nm. 
There is no definite maximum in the wavelength 
range studied (X> 295 nm) and no absorption 
around 400 nm. After 500 ms, the 300 nm band 
has become barely detectable and a new negative 
broad differential absorption around 400 nm can 
be detected. 

Xwlm) 
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Fig. 4. (A) Interaction of Iaccasc with CO:: diffcrcncc spectra 
of a Inccase solution (47 pM) containing 0.1 Xi formatc and 
saturated with N20 taken 200 &s (1) and 2 ms (2) artcr the 
pulse. Avcragc dose: I5 krad. Avcragc initial CO: comxntra- 
tion SS pM. (R) Interaction of lactase xvith 05: diffcrcncc 
spectra of a lnccasc solution (45 pM) containing 0.1 Xl formntc 
and saturated with oxygen taken 10 ms (1) and 500 ms (2) after 
the pulse. Diffcrcncc spectrum ol the same solution containing 
4pM supcroside dismutnsc taken 10 ms (3) after the pulse. 
Average dose: 15 krad. Averaee initial 0: concentration SX 
pM. 

The computation made using eqs. 1. 4, 13-21 
and 23 showed that the COT concentration was 
negligible (-E 1 pM for 40 pM lactase and a 15 
krad dose) before 1 ps. i.e., well before lactase-CO; 
could be formed in appreciable amounts. There- 
fore, we may assume that spectrum shown in fig. 



4B is actually attributable to a lactase-0; complex 
(see below for a full discussion). 

As in the case of CO;. only a lower limit to the 
rate constant k,, corresponding to eq. 24 (lactase 
+ 0; -, lactase-0:) could be estimated at 2 X lo6 
M-1 s-1 

In order to test the role of 0; in the formation 
of a transient complex with lactase and the reduc- 
tion of type-l Cu’+ (see below), we measured the 
difference absorption spectrum, in the presence of 
superoxide dismutase. We checked firstly that in 
the presence of superoxide dismutase (4pM) and 
no lactase, the 0: concentration was zero at 400 
ps after the pulse for 15 krad doses. 

The difference spectra of lactase in the presence 
of superoxide dismutase (4pM). taken between 
490 ps and 10 ms, do not present any absorption 
in the near-ultraviolet region (spectrum 3. fig. 4B). 
This could be due either to the possibility that the 
lactase-0: complex is not formed before 400 ps. in 

which case k24 ( lo7 M-’ s-‘, or to a dismuta- 
tion. catalyzed by superoxide dismutase. of 0; 

released from the lactase-0; complex. 

X2_ Qpe- I copper reduclion 

As shown in figs. 1. 3 and 4. type-l Cu’+ 
absorbing with a maximum at 610 nm is reduced 

to various extents depending on the primary radi- 

cal in solution_ We have studied the variation in 
the extent of reduction with-dose and the kinetics, 

in each case when only one primary radical was 
formed, OH-, CO; or Oi..This could not be done 
in detail in the case of esL;I . due to mixing with OH* 
or r-BUO‘. 

3.21. Leuels of reduction 

The differential absorbance measured around 
600 nm monitoring type-l Cu’+ reduction reached 
under our conditions a final value after 2 ms in the 
case of OH* and CO;, and 20 ms in the case of OG_ 
When a lactase solution was submitted to several 
successive pulses, the effect of each pulse on the 
extent of reduction was cumulative with decreas- 
ing yield. This apparent saturation effect was sub- 
stantiated by studying the variation in the extents 
of reduction with varying pulse doses. Fig_ 5 shows 
the results in the case of the reaction of lactase 

o= ; 
10 75 20 

dose(krad) 

01 ’ ’ * ’ 0 * g ’ - * 
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Fig. 5. Variation of the type-l Cu2& reduction level induced by 
COG with the radiation dose (in krad), at three different lac.zase 
concentrations: (1) I? PM. (2) 40 pM. (3) SO pM. (A) Satura- 

tion effect: AA was measured at 600 nm, 2 ms after the pulse 
when Ihe rypc-I Cu” reduction had attained its maximal level. 

(B) Reciprocal ?lot: rhe reduction efficiency or yield _i; (as 
defined in the text) is derived from the slopes u. (C) Extent of 
reduction for inIinite dose: the ordinates (extrapolated A, _,,,) 
are the inverse of the intercepts of the reciprocal plots (B) with 
the ordinaw z&s. 

and CO: taken as an example. The linearity of the 

‘/A&o versus l/dose plots shows that the 
saturation effect is truly hyperbolic_ Two useful 
data can be derived from- these plots: the intercept 
with the 1 /AA axis, on the one hand, which gives 
the reduced lactase concentration extrapolated to 
infinite dose [laccask], and the slope o on the 
other, the inverse of which is the initial slope for 
infinitely small doses in the AA versus dose plot. 
If one defines the overall yield J or efficiency of 



Table 1 

Lactase type-l copper reduction by the use of va-ious radicals 

Overall radical efficiency or reduction yield _F (defined in text). reduction extent for infinite doses [lacca~e~,,,], /[laccass], and 
reduction rates constants are given. 

Radical [Iaccase], _i; wc=,, I,/ Reduction raw constants 
(PM) [lactase] , 

(%) 1st phase. A’, 2nd phasz. 2 k, 
(s--l) (M--’ 8-1) 

OH- 20 0.43 32 (5.5C 1.4)X 10” (2.1-0.8)x 10” 
39 0.46 

76 0.41 

OH- 39 0.31 30 5X10’ 
(with I mM KF) 

I-BUO- 40 0.026 10 5X10 _ 

e=; + r-BuO 40 0.065 14 5x IO’ 

co; I2 0.28 32 (1.0=0.2)x 104 5x10’ 
40 0.48 
SO 0.57 

0; 15 0.24 60 (1.3=0.5)x10” 4x 106 
37 0.30 
71 0.44 

0; 21 0.48 61 7-3x 10’ 
(with 1 mM KF) 83 0.44 47 

0; 24 0.043 31 (8.2=0.9)x 10’ 
(with 4 pM superoxide dismutase) 41 0.12 

80 0.19 

the reduction of lactase by a given radical K as: 

_t:= limit( [laccash]/[RJi,,,,,) for dose-0 

a simple calculation shows that: 

__ tub 
)‘-a 

where Q is the extinction coefficient of lactase at 
600 nm (4900 M-’ cm-‘), I the light path (2.5 
cm), G the radical yield and a the slope of the 
l/AA versus l/dose plot. We found that AA 

extrapolated to infinite dose is proportional to the 
initial &, i.e., to the initial lactase concentra- 
tion. at least in the 10-100 PM range. We could 
deduce that the extent of reduction of CO; for 
infinite doses [laccase_J,/[laccase]i is 32% of 
type-l Cu” _ The values similarly obtained for 
other radicals are listed in table 1. The yields 7, 
also listed in table 1, depended upon the nature of 
the radical interacting with the protein. 

3.2.L Reduction kinetics 

In the cases studied. type-l copper reduction 
proceeded usually through at least txvo kinetic 
phases, differing by about ooze order of magnitude 

on the time scale. For example. when lactase had 
interacted with OH‘, the initial reduction phase 
was found to be first order with a rate constant 
k, = (5.5 -C 1.4) X IO3 s-r, over the range of doses 
(l-200 krad) and lactase concentrations (20-80 
.uM) used. The reduction extent of this first phase 
reached 90% of the overall reduction- The slower 
phase corresponded to a second-order reaction 
with a rate constant k, = (2.1 * 0.8) X 10’ M -’ 
s-r_ The rate constants of the reduction of type-l 
Cu’” by use of other radicals are listed in table 1. 
The first phase was always found to be a true 
first-order reaction_ The rate constant varied by 
one order of magnitude, from 1.3 X 10’ s-’ for 0; 
to 1.0 x lo4 s-t for CO:, depending on the primary 



radical used. The second phase rate constant 
depended more on the nature of the radical_ The 

large standard deviations obtained are explainable 
by the small transmission differences_ especially at 

small doses and small lactase concentrations_ 

3-I Oxidarion of ~_vpe-i copper 

As already stated. oxidant radicals such as OH- 

and r-BuO* led. through the formation of a poly- 
peptide radical intermediate. to type-l Cu’+ re- 
duction. In contrast, two other oxidant radicals, 
Br; and (SCN&, which interacted also with the 
polypeptide part of lactase did not eventually 
induce the reduction of type-l Cu” _ OH‘ and 

(SCN)‘, also formed radical adducts with fully 

ascorbnte-reduced lactase, but no reoxidation of 

the type-l copper was observed_ When type-l Cu’- 

had been reduced through the interaction of lac- 
case wtth 0;. a very slow reoxidation occurred, 

taking minutes to be completed. 

In all cases, when lactase had been partially 

bleached in the irradiation cell in the absence of 

oxygen. the blue color was fully restored when the 

solution was aerated. The optical spectrum (280- 
700 nm) of the reversibly reoxidized irradiated 
lactase was identical to that of the untreated lac- 

case. 

4. Discussion 

4.1. N~~,ure of the lactase-rpdical’compleses 

4.1. I. The transient lactase-radical complexes 

Our results have shown that Po&poras lactase 
forms transient complexes with all the radicals 
produced in aqueous solutions that we have 
studied: OH’, r-BuO’. e,;;. COG and Oz_ In order 
to ascertain whether only one type of primary 

radical or several are responsible for the ap- 

pearance of a given transient, the kinetics of its 

appearance had to be compared with those of the 

other transients by a computation including all the 
necessary equations among those listed in section 2. 

For instance. the interaction of CO; with lac- 

case in solutions containing for-mate and NzO 

involves reactions between many species, such as 

e-. OH‘. H-. HCO; . COG and lactase. To prove 
izthis example that the spectra shown in fig. 4A 

are attributable to the interaction of lactase with 

CO; and with no other species. we have simulated 
this reaction (eq. 23). using also eqs. l- 15 and eqs. 

20 and 21. The result of this calculation is as 

follows: lactase-e=; and lactase-OH- complexes 
are formed very rapidly. before 100 ns, but their 

concentration represents, for each complex. less 

than 5% of the lactase-CO; concentration_ If one 

estimates that the lactase-e=; and lactase-OH- 
complexes have extinction coefficients of the order 

of 2-4 X IO3 M-’ cm-’ at 300 nm (see the discus- 
sion below), the cummulative contribution of these 

species to the total LIA would be at most 0.008. 

This contribution is to be compared to the AA = 

0.08 measured in fig. 4A. Therefore. the spectrum 

shown can be attributed. for at least 90%;. to the 

lactase-CO; complex. A similar calculation proves 
that the spectrum shown in fig. 4B corresponds to 

a lactase-0; complex to an extend of more than 

80% 
The difference spectra described here. resulting 

from the interaction of OH- with Iaccase. are 

different from that described earlier by Andreas- 
son et al. [2] and attributed to a protein-bound 

oxygen intermediate involving 0;. First, the maxi- 

mal wavelength is around 360 nm insread of 310 
nm, secondly the maximum absorption difference 

is reached 15 ms after the mixing of the fully 
reduced protein with oxygen. This difference shows 

that OH‘ reacts with different parts of the enzyme 

depending on its formation procedure. 

4. I.?_ Nonimplication of a lactase-H,O, complex 

The calculations performed on the various sys- 
tems under study also allow the exclusion of any 
significant contribution of a possible lactase-H,O, 
complex to the ultraviolet differential spectra and 
to the blue copper bleaching. 

In the systems yielding r-BuO- or COG, the 

H,O, concentration for a 15 krad dose is 10 FM 

and remains constant with time. In other systems 

(OH-, OH‘ + ea;, 0;) it increases at vafious rates 

from 10 to 60 pM. AA,, and AA,, shown in 

figs. 1, 3 and 4, show no relationship with the 
calculated H,O, concentration_ Furthermore, al- 

though it has been demonstrated that H,Oz reacts 



with Po~vporus lactase [4]. the compound formed 
has optical and kinetic properties that differ strik- 
ingly from those examined here. In fact. the lac- 
case-HzO, complex is formed in more than a few 
milliseconds and its maximal absorption is found 
at 400 nm (E= 10’ M-’ cm-‘) 141. It is stable for 
minutes and within the time of its existence the 
protein blue color is reversibly bleached. Finally, 
this lactase-H,O, complex can be ootained only 
for H,O,/laccase ratios between 3 and 100. while 
in our study this ratio is between 0.3 and 1. 

1.13. Parts of rite fuyyzl lactase ineolced in its 

scucenging properfies 

Comparison of the measured overall apparent 
rates of formation (eqs. 20-24) of the laccase- 
radical complexes with the rates of reactions of 
those radicals between themselves or with the 
scavengers NzO, t-BuOH. 0, (eqs. 0- 19) shoxvs 
that the reactions with lactase are always as fast or 
even faster than any other. In this sense, lactase 
can be considered as an efficient radical scavenger. 
This property seems to be quite widespread among 
proteins. in particular. blue copper proteins (for 
reviews see refs. 17 and 18; and also ref. 19). The 
kinetic and spectral properties described in this 
paper allow us, by comparing them with those of 
radical complexes with amino acids and peptides 
[17], to suggest which parts of the lactase protein 
could be responsible for its scavenging properties. 

OH’ forms adducts with or abstracts hydrogen 
atoms from several types of amino acid residues 
tyrosine, tryptophan, histidine, cystine and cy- 
steine at rates of the order of 1 X 10” M-’ s-’ 
(see review in ref. 17) which are comparable to 

k20- The absorption maximum situated at 310 nm 
(fig. IA) enables us to limit our choice to the first 
three whose complexes with OH- have maxima 
between 290 and 320 nm (E = 2250-3000 M -’ 
cm-’ ) and absorb much less around 400-420 nm 
(e= 1400-2000 M-’ cm-‘). As AA,,, extrapo- 
lated to infinite dose has been found to vary 
linearly with lactase concentration and reaches 1 .O 
for 100 FM lactase and 2.5 cm light path, we can 
calculate an experimental Ac3,0nm = 4000 M - ’ 
cm-‘. Therefore, we can infer that only a very 
Iimited number of residues, one or two, amongst 

histidine, tryptophan and tyrosine side chains can 
form an adduct with OH-. 

As the absorption in the 400-500 nm region of 
fro 5- IA is rather small and the decay of the absorp- 
tion throughout the 295-500 nm range occurs at 
the same rate. there is no need to assume any 
significant contribution of a cysteine or cystine 
bridge complex with OH-. The same argument can 
be used for the interaction of peptide bonds lvith 
OH-: due to its characteristics (k = 2 X 10’ M - ’ 
S -‘. A,, = 350 nm. <mnr = 1500 M-’ cm-‘). it 
can give only a small contribution to the spectra of 
fig. IA. 

The fastest overall rate constant , L ,, ) \ve have 
measured for the interaction of Po!~p&ts lactase 
with ea, - is S-times slower than that measured by 
Pecht and Faraggi [S] (L-=8.5X 10”’ M-’ s-‘). 
However. this apparent discrepancy can be under- 
stood_ as our experimental conditions (initial [e,, ] 
between 5 and 44 pM) were different from theirs 
([e=; ] = 0.5 FM) and as we have shown that the 
apparent overall rate constant X-,, increases with 
decreasing initial e=; concentration_ These values 
of k,, (109-8X 10” M-’ s-‘) are comparable to 
the rate constants of reactions of ea; with R-S-S-R 
groups. with cysteine and histidine residues (1 X 

109-3X 10” M-’ s-‘) [17]. It is also comparable 
to the rate of reaction with several (ten or more) 
peptide bonds to form e=i-carbonyl adducts. In 
fact. as shown by Tal and Faraggi [20]. the ob- 
served rate constant is the sum of several rate 
constants. each involving a carbonyl group (X-, = 
1-3 X 10’ M-’ s- ’ )_ As for the other amino acids. 
their rate constants of interaction are much smaller 
(lo’-10” M-’ s-‘) [17]. 

Some more comments can be made from the 
analysis of the spectra of figs. 1. 3 and 4. When the 
contribution of lactase-t-BuO- shown in spectrum 3 
of fig. 1A is subtracted from the spectrum of fig. 
3A, the result gives the spectral contribution of the 
interactiorl of e=; with lactase. It has a maximum 
at 310 nm and a quite pronounced shoulder above 
400 nm. In the same way in fig. 3B. one has to 
bear in mind that both lactase-e=< and lactase-OH 
contribute to it. If the contribution of lactase-OH- 
in the 310 nm region is greater than that of 
lactase-e,;; by 40%. in the 400-500 nm region. on 
the contrary, it is the contribution of Iaccase-e,; 



that dominates !argely through broad bands at 410 

and 500 nm. Due to the very large absorption of 

(R-S-S-R)- at 410 nm (c= IO4 M-r cm-‘) 1171 

only one, if any, of these groups can be formed in 

our case. The absorption of the imidazolium-e,; 

adduct ( czoo = 2-5 X 10” M-’ cm-‘) allows for 
one or two. at most. of these complexes on lactase. 

As for the peptide groups. the large E value of the 

e-;q -carbonyl adduct at 300 nm (= 2000 M- ’ cm- ’ ) 
allows for no more than two of these groups 

contributing to AA at saturating doses. However. 

this is in contradiction with the estimate based on 

the reaction rates which give ten or more peptides 

bonds interacting with e;1J _ 
It is difficult to give any detailed structural 

interpretation of the spectra shown in fig_ 4A. as 
very few data arc at hand about the interaction of 

COG with amino acids and polypeptides. COT re- 

acts with the disulfide bridge (k = 5.6 X !Ox M- ’ 
s-‘. x,,, = 405 nm. z,,, = 10300 M-’ cm-’ at 

pH 6.1) [21]. It is also known that CO; is unable to 
reduce imidazoie and react with the peptide bond 
[ 171. However, our spectrum (fig. 4A) has a defi- 

nite maximum around 310 nm, with a shoulder 

around 400 nm. So (R-S-S-R)- cannot be the only 

product of the interaction of lactase with COG. 
There must be another site as a target for CO;. 

Finally. though r-BuO- and 0; both form ad- 

ducts with Iaccase, .ve are unable to suggest any 

definite site of interaction of these radicals on the 

protein We must. however. emphasize the fact 

that these two radicals do interact with the pro- 

tein. contrary to what is usually assumed [&l&22]. 

In order to understand the large decrease in the 
apparent rate constant li,, with increasing initial 

OH- concentration (fig. 2B); we attempted to fit 

our data AA,/AASpS with schemes more adequate 

than eq. 20. Three reasonable assumptions could 

be made: firstly, several types of sites on the 

lactase molecule could interact simultaneously with 
OH- at different rates. Secondly, the various prod- 

ucts formed could have different extinction coeffi- 
cients. Thirdly. fast first-order reactions could oc- 

cur between sites. These assumptions were tested 

on the following scheme: 

AL 
laccasc, iOH- 

* L 
- lactase,-OH- - laccax~-OH- 

Lb, 
laccase2 i OH- - laccasez -OH - 

We added four variables to be fitted: 11, and n, 

being the number of sites of lactase, and lactase, 
types. respectively_ and a and /I the ratios of the 

extinction coefficients of the products lactase,- 

OH- and laccases-OH- to that of lactase,-OH-. In 

testing the various schemes we restricted ourselves 

to the only values that we estimated reasonabie. 

i.e.. n, and nz, integers between 1 and 4. and a 

and p between 0.5 and 2 (see the above discussion). 
One solution giving proper fits for the various 

initial OH- concentrations used (lo-400 ,uM. see 

fig. 2B) was: 

k;,,=4>:10”‘M m’s-‘.,i,=l. 

7 
k~~,=I.5x1o”‘xl m’s-‘.,l-.=3 o=l _- * 

k~,,=lx1o~s-‘.p=i.5. 

Other solutions were found. for example. with 
X-& = 0 or with a + 1. We cannot exclude the 

possibili:y that other numerical solutions could 
exist within this basic scheme. Nevertheless. the 
solutions given here are within the range of rea- 
sonable values and show without ambiguity that 

several sites on the protein interact simultaneously 

with the radical. 

4.2. Type-1 copper reducfion and electron transfer 

4. -7. I. Reduction vieid 

An obvious finding of this study is that type-l 

copper reduction is induced by interaction of lac- 
case with oxidant radicals as well as with re- 

ductants. In fact. OH- is a strong oxidant (E, = 
+ 2 V), while e,, - is a strong reductant (-2_7V), 

CO: a milder reductant (- I_ 1 V) [ 161 and 0: can 

be an oxidant at neutral pH (& = -to.95 V) as 

well as a reductant (-0.33 V). Even r-BuO‘. usu- 

ally considered as a rather inert radical, can lead 

to Cu’+ reduction. In contrast, Br; and (SCN);, 

two oxidant radicals that we have shown to inter- 

act with lactase, did not induce any type-l Cu2+ 
reduction. Strangely enough, _e=; has a poor yield 
or efficiency in reducing the type-l Cu’+ while the 

other radicals have similar yields ranging from 

0.30 to 0.50. The same is true for the extent of 
reduction for infinite dose. If one considers that 
the overall yield may correspond to at least two 

sequential events, namely the radical scavenging 
and the electron transfer, one can explain the 



difference in the yields of the effect of e-i and OH- 
on lactase by comparing the overall rate constants 
k,, and X-z, to those of eqs. 1 and 4. The apparent 
rate constant kz, (1 X 109-1 X IO’” M-t s-t) is 
of the same order as the rate constant of es; over 
itself (5.4X lo9 M-’ s-t). while X-z, (1.2X IO’“- 

1.2X IO” M-’ s-‘) is roughly IO-times greater 
than that of OH- over itself (5.3 X lo9 M - ’ s- ’ ). 
Therefore, the relative scavenging efficiency of lac- 
case for OH’ is much greater than that for e=; _ 
02-, which has similar yields to those of OH- and 
CO;. gives a reduction extent for infinite dose of 
as high as 60% This could be due to the rather 
long lifetime of 0;. When catalytic amounts of 
superoxide dismutase were added. which rendered 
the 0; concentration zero within 400 ps. the ratio 
Ilaccase,, 1, /[lactase], diminished from 60 to 3 1%. 
Under these conditions. the yield appears smaller 
(O-043-0.19 instead of 0.24-0.44) because the dis- 
mutation of 0; catal_yzed by superoxide dismutase 
diminished the amount of radi;Jl available for 
interaction with lactase. 

The yields which we have measured are usually 
much greater than those mentioned by other 
authors [l&22]. We feel fairly confident about our 
values as they are derived from the hyperbolic 
saturation effects that we have demonstrated. In 
fact, all the points shown in fig. 5 in a given l/AA 
versus l/dose plot contribute to the determination 
of the yield. In contrast, the use of only a few 
points corresponding to very small doses in the 
AA versus dose plot would lead to very high 
uncertainty in the determination of yields_ 

4.22. Reduction kinetics 

Another of our findings. namely. that the first. 
fastest, phase of the reduction of type-l Ct.?’ is 
first order whatever the primary or secondary radi- 
cal involved (ea;, OH-, t-BuO-, CO;, 0; ) is in 
disagreement with the report of Pecht and Faraggi 
IS] that the reduction of fungal lactase by e=; is a 
second-order process. However_ it is in agreement 
with their finding that the reduction of cerulop- 
lasmin by eJg (k = (9* 1) X 10’ s-‘) [9] and of 
lactase (biological source not mentioned) by 0; 
(k = 4.1 X lo4 s- ’ for oxygen-saturated solutions) 
[22] is a first-order process. The reduction of type-l 
Cttz* by intramolecular electron transfers from 

the protein site which forms an adduct complex 
with the primary or secondary radical to the type-l 
copper site seems. therefore. to be quite a general 
process in the case of blue oxidases. 

The measured rate constants of the first phase 
of reduction (5 X 10s s-’ for OH‘ or e=; _ 10J s-’ 
for CO:) corresponded roughly to the very initial 
rate constants measured for the decay of the lac- 
case-OH’. lactase-e=; or lactase-CO: adducts. 
However. these rate constants could not be mea- 
sured precisely and corresponded only to IO-20% 
of the overall decay of these adducts. It must be 

emphasized that the reduction by intramolecular 
electron transfer can only proceed from the lactase 
radical adducts as the primary radical species such 
as OH’ or e=i have totally disappeared at the time 
when the reduction starts (= 20 ps for OH- or 
e=; ). 

We must emphasize. from the follow?ng argu- 
ments derived from the mode of action of oxidant 
radicals. that the type-l Cu” reduction proceeds 
through an electron transfer and not from a radi- 
cal transfer. Firstly. OH- can form an addition 
complex with a histidine. tgrosine or tryptophan 
residue. In a second step. it can abstract a hydro- 
gen atom. In a third step. an electron can be 
released and migrate from this reductant radical to 
Cu” _ Secondly. Br; and (SCN)‘, react also with 
aromatic side chains. but ds they cannot abstract 
hydrogen atom, these radicals cannot transfer elec- 
trons_ 

We have no definite mechanism to propose for 
this intramolecular electron transfer. Electron 
migration could proceed by some site hopping 
between aromatic amino acid residues or along the 
polypeptide backbone. Another mechanism could 
be an electron tunnelling between the radical ad- 
duct site to the type-l copper site. Unfortunately. 
we have no data on the distance between those 
sites and therefore we cannot test any of these 
mechanisms_ 

A second phase of reduction was found to 
occur at a rate roughly IO-times slower than the 
first. It accounted for a small portion (- 10%) of 
the overall reduction. When this slower phase could 
be fully analyzed, as was the case with OH*. it was 
shown to be a second-order reaction. Computation 
showed that the OH- concentration WCS actually 



negligible when Cu”- reduction occurred. The sec- 

ond-order reaction seems therefore to be an inter- 
molecular reaction between two lactase molecules. 
both carrying a reducing radical on one of their 

amino acid residues_ In such cases, the electron 

transfer would occur from the reduced residue of 

one protein molecule to the type-f Cu2’ of another 
lactase molecule. Our value of the rate constant 
measured for this second phase agrees with that 

found for the overall reaction by Pecht and Faraggi 

[8] who did not observe a fast phase. 
In the case of CO; and O;, computations showed 

that during this second phase of reduction. these 
radicals were at high enough concentrations to 

contribute to a direct reduction of Cu”. How- 

ever. the intermolecular process between two lac- 

case molecules that we have just described remains 

a plausible mechanism. 
The experiments described here and those re- 

ported by Pecht and collaborators [S-IO, 17. IS] 

demonstrate that a limited number of amino acid 
residues are the first sites of the enzyme to be 
reduced. The second redox site to be reduced is the 

type-l Cd+ _ Our results do not suggest any in- 

volvement of the type-3 copper pair site in the 

reduction process. Any such involvement, if it does 

occur. might be overshadowed by the large absorp- 

tions of the protein radical adducts. On the other 

hand, the absence of effect of F- (1 mM) on the 

yield, extent and rate of reduction of type-l Cu” 

induced by OH- or 0: (table 1) would argue against 

any implication of the type-2 Cu’+ site irt the 

primary reduction steps, since F- is known to 
bind to the type-2 Cu” site_ However. experi- 
ments in which the type-2 copper could be directly 

monitored, for example, y-radiolysis experiments 

coupled to EPR, such as those performed by Z&r- 
s?i et al. [23], could give precise data in that 
respect and could lead to a better understanding 

of the electron-transfer process. 

Finally, of the two unstable intermediate species 

that could be produced in the oxidase enzymatic 

cycle. OH- and Oz, the latter alone has a lifespan 

sufficient for this species to be hopping from one 
site to another. OH can only act in an intramolec- 

ular electron-transfer process in the redox cycle of 

the enzyme. 
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