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Summary 

1. The reoxidation of reduced R h u s  vernicifera laccase (monophenol,dihy- 
droxyphenylalanine:oxygen oxidoreductase, EC 1.14.18.1) by molecular oxygen 
has been studied by optical absorption and EPR methods. 

2. The reoxidation by oxygen of the type 1 Cu ÷ and the two-electron accep- 
tor is characterized by a second-order rate constant of about 5 • 106 M -1 • s -1. 

3. The appearance of an optical intermediate (with an absorbance maximum 
around 360 nm) parallels the reoxidation of type 1 Cu + and the two-electron 
acceptor. It disappears in a first-order reaction with a half-time of 20 s. A simi- 
lar intermediate is formed during normal turnover. 

4. The type 2 Cu ÷ appears to be reoxidized in an intramolecular reaction 
with a half-time of about 20 s, suggesting a correlation between the reoxidation 
of  this site and the disappearance of  the optical intermediate. 

5. The results suggest that  three electrons are rapidly transferred to oxygen 
leading to the formation of an enzyme-bound oxygen intermediate. 

Introduct ion 

R hus  vernicifera laccase (monophenol ,dihydroxyphenylalanine:oxygen 
oxidoreductase, EC 1.14.18.1), like the related enzyme from the fungus Poly- 
porus  versicolor, contains four copper ions, present in three different forms, all 
of which seem to take part in the catalytic mechanism. In their oxidized states 
types 1 and 2 copper each exhibit specific EPR signals. In addition, type 1 Cu :+ 
is associated with an intense optical absorption band around 610 nm. The two 
non-paramagnetic copper ions (called type 3 in this report) are supposed to be 
associated with a cooperative two-electron acceptor, which shows a strong op- 
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tical absorption at about  340 nm in the oxidized state (for a recent review, see 
ref. 1). 

To reduce fully the electron-accepting sites, four electrons are taken up from 
a substrate [2] .  An important  question is whether the enzyme transfers elec- 
trons to oxygen one at a time or if oxygen is reduced in multi-electron steps. A 
reduction involving one-electron transfers to oxygen would lead to intermedi- 
ates such as 02- and OH. These would have to be strongly bound to the enzyme 
for two reasons. First, the final product  of oxygen reduction is water, a reac- 
tion which requires additional electron transfer. Second, the free energy change 
for the formation of free 02- is substantial because of  the large difference in 
oxidation-reduction potential (>0.6  V) between the electron acceptors in the 
enzyme and the 05/02-  couple [3,4] so that a mechanism involving this reac- 
tion would be extremely slow. 

The presence of  a cooperative two-electron acceptor [4] in blue oxidases has 
led to the suggestion that reduction of oxygen occurs in consecutive two-elec- 
t ron steps [5] .  Earlier results from the reoxidation of  partly reduced fungal 
laccase also give some support  to this idea [6] .  
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Fig.  1.  O p t i c a l  a b s o r P t i o n  s p e c t r a l  c h a n g e s  o b s e r v e d  in  t h e  reac t ion  b e t w e e n  fu l ly  r e d u c e d  l accase  a n d  0 2 .  
T h e  e x p e r i m e n t  was  p e r f o r m e d  in  a s t o p p e d - f l o w  a p p a r a t u s  (2  c m  o p t i c a l  p a t h ,  4 m s  d e a d - t i m e )  a t  2 5 ° C  
a n d  in  0 .1  M p h o s p h a t e  b u f f e r ,  p H  7 .4 .  Th e  c o n c e n t r a t i o n s  o f  e n z y m e  a n d  0 2  were  28  a n d  1 2 5  /~M, 
r e spec t i ve ly .  A s e o r b a t e  was  u s e d  for  th e  r e d u c t i o n  o f  t h e  e n z y m e .  The  figure s h o w s  the  d i f f erence  spec-  
txal c h a n g e s  a t  5 0  m s  (o)  a n d  3 r a in  (o)  a f t e r  m i x i n g  o f  r e d u c e d  e n z y m e  a n d  o x y g e n - c o n t a i n i n g  b u f f e r .  
T h e  di f f erence  b e t w e e n  t hese  t w o  cu rves  is a l so  s h o w n  (A). 
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The results in this communication suggest a more complex reoxidation 
mechanism, as three electrons seem to be involved in a rapid reaction between 
reduced Rhus or Polyporus laccase and oxygen. This finding indicates that oxy- 
gen receives three electrons from the reduced enzyme in a rapid reaction and 
that an oxygen intermediate, for example an OH radical, is formed. Although 
this interpretation appears to be the most likely one, other mechanisms cannot 
be excluded at the present. 

Materials and Methods 

R. vernicifera laccase was prepared as described earlier [7] .  Protein concen- 
tration was determined spectrophotometrical ly at 615 nm on the basis of an 
absorbance coefficient of  5.7 mM -1 • cm -1 [8]. 

Analytical grade ascorbic acid and hydroquinone,  used to produce reduced 
enzyme, were obtained from Merck AG (Darmstadt,  Germany) and Schuchart 
Chemical Co. {Munich, Germany),  respectively. Other chemical used in the ex- 
periments were also of  analytical grade. Deionized distilled water was used to 
prepare aqueous solutions. Protein, reducing agents and oxygen were dissolved 
in 0.1 M potassium phosphate buffer, pH 7.4. 

Stopped-flow experiments were performed at 25°C. The equipment  and the 
technique adopted for preparation of anaerobic enzyme and substrate solutions 
were essentially the same as those described earlier [9,10]. 

Rapid-freeze studies were carried out  according to a previously described 
method [9]. 

Electron paramagnetic resonance (EPR) measurements were made at about  
9.2 GHz and 77°K in a Varian E-3 spectrometer.  The concentrations of  types 1 
and 2 Cu 2÷ were determined by integration [11] of spectra using oxidized 
native enzyme as a reference. 

Results 

The reoxidation of  Rhus laccase, which had previously been anaerobically 
reduced with four electron equivalents of  reductant  and then rapidly mixed 
with oxygen~containing buffer at 25°C, was studied in a s topped-flow appara- 
tus and by the rapid-freeze EPR technique. Some results from stopped-flow ex- 
periments are shown in Figs. 1 and 2, the wavelengths used being indicated in 
Fig. 1. It is seen that when reduced laccase and 02 are allowed to react, strong 
absorption bands at 615 and 340 nm appear rapidly. These are similar to those 
seen in fully oxidized enzyme. However, the rapidly formed intermediate spec- 
t rum exhibits higher absorption between 500 and 340 nm than the oxidized 
minus reduced difference spectrum (see Fig. 1). The maximum absorption dif- 
ference between these two states is around 360 nm. The absorption at the dif- 
ferent wavelengths reaches a maximum after about  15 ms and then slowly de- 
creases to values characterizing the fully oxidized enzyme (see Fig. 2). The 
pseudo first-order rate constant estimated from the observable part of  the ab- 
sorption increase at 615, 385 and 340 nm is about  350 s -1. The relaxation to- 
wards the fully oxidized state is a first-order reaction at all wavelengths indicat- 
ed in Fig. 1. The reaction as studied at 340 nm is shown in Fig. 3. The half- 
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Fig.  2.  T i m e  c o u r s e  o f  t h e  r e a c t i o n  b e t w e e n  fu l ly  r e d u c e d  l accase  a n d  0 2  r e c o r d e d  a t  6 1 5 ,  3 8 5  a n d  3 4 0  
n m  o n  t w o  d i f f e r e n t  t i m e  scales .  E x p e r i m e n t a l  c o n d i t i o n s  were  i d e n t i c a l  t o  t h o s e  in  Fig .  1. 

t ime of  the reaction, about  20 s, is independent  of  the concentration of  en- 
zyme. The absorption changes accompanying this decay were smaller when en- 
zyme reduced with less than four  equivalents of  reductant  was reoxidized. 

Aerobic reduction experiments with an excess of  ascorbate over oxygen con- 
centration reveal that  the steady-state absorption spectrum differs from the 
spectrum of  the oxidized enzyme in a way similar to that  of  the intermediate 
spectrum obtained in reoxidation experiments (cf. Figs. 1 and 4). In the 
aerobic reduction experiments the enzyme is fully oxidized at the beginning of  
the reaction. The optical absorption changes in one such experiment are sum- 
marized in Fig. 4. The values for the difference between the steady-state ab- 
sorbance (after 10 s) and the absorbance of  the reduced enzyme have been cot- 
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Fig. 3. Kinet ics  of  the  d i sappearance  of  the  i n t e r m e d i a t e  s p e c t r u m  f o r m e d  dur ing  r eo x id a t i o n  of  fully re- 
duced  e n z y m e .  A b s o r p t i o n  decreases  were  m e a s u r e d  at  340  rim. The  m a x i m u m  changes  at  the  d i f f e ren t  
e n z y m e  c o n c e n t r a t i o n s  were  no rma l i zed  to 100%. The  p ro te in  c o n c e n t r a t i o n s  were :  14 pM (~),  8 pM (+) 
and  4 ~tM (A). The  o x y g e n  c o n c e n t r a t i o n  was 30 pM. O the r  cond i t ions  were as in Fig. 1. The  line rep- 
resen ts  a f i rs t -order  r eac t i on  wi th  a ha l f - t ime of  20 s. 
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Fig. 4. Opt ical  spectra l  changes  obse rved  dur ing  aerobic  r e d u c t i o n  of  laccase.  The  s y m b o l s  indica te :  D 
d i f f e rence  b e t w e e n  the  a b s o r p t i o n  r e c o r d e d  a t  t he  s t eady  s ta te  and  tha t  of  r e d u c e d  e n z y m e ;  o, d i f fe rence  
abso rp t i on  b e t w e e n  nat ive  ox id ized  and  r e d u c e d  e n z y m e ;  ~0 the  d i f f e rence  b e t w e e n  these  two  spect ra .  
( T h e  value at  615  n m  falls be low  zero  because  the  s teady-s ta te  level for  t y p e  1 Cu 2+ is less t h a n  100%).  
C o n c e n t r a t i o n s  of  e n z y m e ,  ascorba te  a nd  o x y g e n  were  22 ~M, 5 m M  and  250  ~M, respec t ive ly .  O th e r  
cond i t ions  as in Fig. 1. 
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Fig. 5. T i m e  course  for  the  reac t ion  b e t w e e n  fully reduced  laccase  and 0 2. The  figure s h o w s  the  absorp-  
t ion  increases  at  6 1 5 ,  4 0 0  a n d  3 4 0  n m  versus  t i m e  w h e n  r e d u c ed  e n z y m e  was  m i x e d  w i t h  o x y g e n - c o n t a i n -  
ing buf fer .  C o n c e n t r a t i o n s  o f  e n z y m e  a n d  0 2  were  4 . 5  a n d  5/~M, respect ive ly .  The  traces  have b e e n  
ve r t i ca l l y  disp laced  for  c l a r i t y .  

rected for an absorption increase (less than 15% of the total change) occurring 
between 330 and 400 nm. This increase was much faster than the reduction of 
type 1 Cu 2÷ and might arise from the binding of reducing substrate, since it was 
also seen in anaerobic reduction experiments. It was also observed that  the in- 
termediate spectrum disappears much faster when the oxygen has been con- 
sumed in steady-state experiments than it does after reoxidation of previously 
reduced enzyme. In fact, its decay in the post-ready-state reaction was at least 
as fast as the reduction of the type 3 copper (0.44 s- ') .  

Under strictly anaerobic reduction conditions the laccase absorption spec- 
t rum can be described in terms of the absorption properties of the known elec- 
tron acceptors. The intermediate spectrum described above must, therefore, 
represent some phenomenon connected with the reoxidation of the enzyme by 
oxygen. 

Reoxidation of fully reduced laccase was also studied at constant enzyme 
concentration (2 or 4.5 pM) and with an oxygen concentration varying be- 
tween 0 and 30 pM. The rapid absorption increase at 615 ,400  and 340 nm are 
shown in Fig. 5. An analysis of the absorbance changes at these three wave- 
lengths reveals that  they represent reactions proceeding with the same rate. The 
rapid absorption increase at the different wavelengths depends on the propor- 
tion between oxygen and enzyme concentrations. With a ratio of one or higher, 
maximum absorbance increase is observed. However, only about 50% of this 
change is found if the oxygen concentration is one half of  the enzyme concen- 
tration. A logarithmic plot of  the absorbance changes versus time yields a 
straight line. At concentrations of oxygen close to that  of  the enzyme the ex- 
pected deviations from first-order behaviour are observed at later stages of the 
reaction. In these cases only the initial part of the first-order plot was used for 
the calculation of the rate constant. The absorption changes at 615 and 340 nm 
at low concentrations of oxygen were also analyzed according to a second-order 
reaction. In the second-order plots straight lines were obtained for the greater 
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Fig.  6.  E P R  s p e c t r a l  c h a n g e s  o b s e r v e d  d u r i n g  the  r e a c t i o n  b e t w e e n  fu l ly  r e d u c e d  e n z y m e  a n d  o x y g e n .  
E n z y m e  ( 5 0 0  ~M) was  r e d u c e d  w i t h  f o u r  e l e c t r o n  e q u i v a l e n t s  o f  a s c o r b a t e  a n d  t h e n  r a p i d l y  m i x e d  w i t h  
o x y g e n - s a t u r a t e d  b u f f e r  in  t h e  r ap id - f r eeze  a p p a r a t u s .  The  r e a c t i o n  was  q u e n c h e d  25  m s  (A) ,  2 0 0  m s  (B),  
2 5  s (C)  a n d  1 0  r a in  (D)  a f t e r  m i x i n g  b y  f reez ing  a t  a b o u t  1 5 0 ° K .  Pa r t s  o f  t he  s p e c t r a  are  a lso  s h o w n  wi th  
1 0  t i m e s  h i g h e r  g r a i n  ( p r i m e d  le t t e r s ) .  S p e c t r a  we re  r e c o r d e d  a t  a b o u t  7 7 ° K  w i t h  a m i c r o w a v e  p o w e r  o f  
1 0  roW. M o d u l a t i o n  a m p l i t u d e  was  2 .5  roT.  F r e q u e n c y  was  9 . 1 5  GHz .  

T A B L E  I 

O B S E R V E D  R A T E  C O N S T A N T S  F O R  T H E  R E O X I D A T I O N  O F  T Y P E  1 C O P P E R  A N D  T H E  TWO-  
E L E C T R O N  A C C E P T O R  ( 3 0  p M  O2)  

E n z y m e  k o b  s (s -1 ) 
c o n c e n t r a t i o n  
(/~M) T y p e  1 c o p p e r  T w o - e l e c t r o n  a c c e p t o r  

2 144 153 

4 139 137 

8 142 144 

14 130 122 
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T A B L E  II  

P E R C E N T  R E O X I D I Z E D  T Y P E S  1 A N D  2 C O P P E R  V E R S U S  T I M E  O B S E R V E D  IN R A P I D - F R E E Z E  

E X P E R I M E N T S  

The d i f f e r e n c e s  b e t w e e n  the  t y p e  1 Cu 2+ values  are  w i t h i n  e x p e r i m e n t a l  error. The  values  at  10 ra in  rep- 
resent  full  r e o x i d a t i o n .  Va lues  have  b e e n  c o r r e c t e d  for d i f f erences  in E P R  t u b e  d i a m e t e r s .  

T i m e  a f t e r  m i x i n g  T y p e  1 Cu 2+ (%) T y p e  2 Cu 2+ (%) 

25 m s  105  7 

200  m s  106 16 

25 s 104  58 
10 m i n  100  100  

part of the reaction. Apparently, reoxidation at these wavelengths can be de- 
scribed in terms of a second-order reaction with a rate constnat of 5 • 106 -- 7 
• 106 M -1 • s -~. At 125 pM oxygen this reaction shows saturation (see above). 

Reoxidation of fully reduced enzyme was also performed with varying en- 
zyme concentrations at constant oxygen concentration. The pseudo first-order 
rate constant so obtained (Table I) corresponds to a second-order rate constant 
of about  5 • 106 M -1 • s -I in agreement with the data presented above• 

Results from the rapid-freeze reoxidations of enzyme, reduced with four 
electron equivalents of reductant,  are shown in Fig. 6. Type 1 copper is com- 
pletely reoxidized even at the shortest observation time (25 ms) in agreement 
with the stopped-flow data. The reappearance of type 2 copper EPR signal is, 
however, a much slower reaction with an estimated half-time of about 20 s (see 
Table II). When the type 2 copper is still reduced and the optical intermediate 
is present the EPR spectrum of the type 1 Cu 2÷ differs from that  of the fully 
oxidized enzyme. This is most clearly seen from the difference in linewidth be- 
tween the two states (Fig. 6 (A' and D'), cf. Fig. 2 in ref. 8). Also spectrum A 
in Fig. 6 is characterized by g,, and A ,, of 2.291 and 4.6 • 10 -3 cm -t, respective- 
ly, whereas these parameters in the oxidized enzyme are 2.298 and 4.3 • 10 -3 
cm -~, respectively [8].  The differences are well beyond the errors of  measure- 
ment.  

Discussion 

When reduced laccase and oxygen are allowed to react the optical absorption 
increase at 615 nm, due to type 1 Cu 2÷, and the reappearance of the type 1 
Cu :÷ EPR spectrum, show that  this site is rapidly reoxidized. In contrast, 
type 2 Cu :÷ is not  formed as quickly (see Fig. 6). Simultaneously with the reap- 
pearance of the 615 nm band, an absorption band at about 340 nm develops. 
This band is similar in shape and position to that  representing the oxidized two- 
electron acceptor in the native enzyme. This band, therefore, probably origi- 
nates from oxidation of the two-electron acceptor. However, the enzyme dur- 
ing reoxidation shows higher absorption than the native enzyme between 500 
and 340 nm. This difference might be due to an interaction between the oxi- 
dized two-electron acceptor and a bound oxygen intermediate, which would be 
formed as a result of  transfer of  electrons from the rapidly reoxidized sites in 
the protein. An alternative interpretation would be that  the intermediate spec- 
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trum is a superposition of  the normal spectrum of the oxidized two-electron 
acceptor and the spectrum of a protein-bound oxygen intermediate. One can- 
not,  however, definitely rule out  that the rapid absorption increase at 340 nm 
does not  at all represent reoxidation of the two-electron acceptor,  but  is the 
result of  an interaction between hyperoxide, formed through the reoxidation 
of  type  1 copper,  and the partially reduced enzyme. This possibility seems, on 
the other  hand, rather remote considering the similarity in shape and position 
of  the rapidly appearing 340 nm band and the normal spectrum of the oxidized 
two-electron acceptor. Also, the very presence of  a cooperative two-electron 
redox site in the enzyme is strong circumstantial evidence that two-electron 
transfer is involved in the reaction mechanism, maybe to bypass energetically 
unfavourable reactions. 

The arguments given indicate that both  type  1 copper and the two-electron 
acceptor are oxidized in reactions which are not  resolved on the time scale of  
the rapid kinetic experiments and which are first-order in protein concentra- 
tion. This would exclude a dependence of the reoxidation of  these sites on elec- 
tron transfer between enzyme molecules (which under certain conditions seems 
to limit the oxidation of  type  1 copper in the analogous enzyme from the 
fungus P. versicolor [12]).  Data from the reoxidation of  these electron ac- 
ceptors also show that this reaction is first order in oxygen concentration and 
that the amounts  of  type  1 copper and the two-electron acceptor  which are re- 
oxidized depend on the ratio between oxygen and enzyme concentrations. 
Taken together these facts suggest that each reduced enzyme molecule interacts 
with only one oxygen molecule in the rapid phase of  oxidation. As type  2 cop- 
per is oxidized much more slowly than the other two acceptors, the most  
straightforward explanation is that oxygen rapidly receives three electrons, this 
leading to the formation a protein-bound oxygen intermediate. This intermedi- 
ate then slowly disappears in an intramolecular reaction. This is in agreement 
with the finding that the half-times for the oxidation of type  2 Cu ÷ and the de- 
cay of  the optical intermediate appear to be the same. The decay of  the oxygen 
intermediate would thus be coupled to electron transfer from type 2 Cu ÷ with 
the formation of water and fully oxidized enzyme. However, the oxidation of 
type  2 Cu ÷ and the disappearance of  the optical intermediate are very slow 
reactions (half-time 20 s). If they represent reactions in the catalytic mecha- 
nism, they must proceed with higher rates during turnover as the turnover num- 
ber for oxygen reduction with 5 mM ascorbate and 20 pM enzyme is about  1 s -~ 
(Andrdasson, L.-E. and Reinhammar, B., to be published). It was also observed 
in steady-state experiments that  an optical intermediate, very similar to the one 
just discussed, quickly disappears at the exhaustion of  oxygen. The slow elec- 
tron transfer between type  2 Cu ÷ and the intermediate, observed in reoxidation 
experiments,  might then represent a reaction not  taking place in the normal 
catalytic reaction. Therefore, in the presence of  excess reducing substrate, the 
apparent decay of  the optical intermediate could be due to its further reduc- 
tion, possibly mediated by type  1 copper. 

Optical intermediates of similar appearance, as the one presented in this 
communication,  have also been observed in the reoxidation by oxygen of re- 
duced Polyporus laccase [6] and ceruloplasmin [13]. These common features, 
and the fact that  the intermediate is also formed under steady-state conditions 
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with the Rhus enzyme, suggest that  it represents a true intermediate in the oxi- 
dation mechanism of blue copper-containing oxidases in general. 

Reoxidat ion of  type  2 Cu ÷, much slower than that of  type  1, has also been 
observed in studies with Polyporus laccase which was reduced with four elec- 
tron equivalents of ascorbate before reoxidation with oxygen [14].  This simi- 
larity between two different laccases further suggests that the mechanisms for 
oxidation of these enzymes are in principle the same. 

Under the conditions for the EPR experiments no new signals seem to ap- 
pear during the reoxidation of  the Rhus or Polyporus laccase. This appears to 
be inconsistant with the present results, which indicate that three electrons are 
transferred to oxygen in the rapid reaction phase. Recent  studies [14] at lower 
temperatures have, however, shown that a new EPR signal, corresponding to 
about  one unpaired spin, is formed during reoxidation of  both  laccases. It can 
only be detected below 20°K, which explains the 77°K data. Furthermore,  the 
new signal seems to be associated with the optical intermediate. 

The parameters of type  1 Cu 2÷ in the Rhus enzyme changes, as the enzyme 
becomes fully oxidized. These effects are probably due to conformational  
changes accompanying reoxidation of  type  2 Cu ÷ or to the disappearance of  
the optical intermediate. 

The present results indicate that both  laccases, and perhaps all blue oxidases, 
utilize the same pathway for the reduction of oxygen. Currently, experiments 
are being performed to investigate further the nature of  the intermediate and 
the reactions leading to its formation and decay. 
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