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SUMMARY 

I. The kinetics of the reaction of reduced laccase and oxygen have been studied 
by spectrophotometry and magnetometry, and the results showed that a Cu+-O2 
complex does not exist in the reaction. 

2. The second order velocity constant of the above reaction was found to be of 
comparable value to that of the peroxidase-H20 2 reaction. The fact that the velocity 
constant does not change at different oxygen concentrations supports statement I 
above. 

3. The velocity constant is not affected by pH change as long as the enzyme does 
not denature. For the laccase-O~ reaction, no copper-linked acid group was found 
in the laccase molecule. 

INTRODUCTION 

The following reaction mechanism has been proposed for laccasel: 

2 Cu+ + ½ 0 2  + 2 H +  - - +  2 Cu++ + H20 (i) 
2 Cu++ + hydroquinone --+ 2 Cu+ + p-quinone + 2 H+ (2) 

T,~o points are clear experimentally concerning reaction (I): first, the oxidation 
from cuprous to cupric is spectrophotometrically 2 and magnetometrically 3, 4 operative; 
second, the stoichiometry of the reaction is as shown in eqn. (1) 1. These results agree 
wilh each other in the economy of the transferred electron, under the condition that, 
in the reaction, molecular oxygen is reduced to water, not hydrogen peroxide. How- 
ew~r, these static methods leave one question unsolved: is a transient enzyme- 
substrate complex, Cu+-02 formed in this reaction before the electron is transferred 
from copper to oxygen? 

Kinetic observations by magnetometric and spectrophotometric approaches 
under the same conditions may be able to provide a solution to the problem, and some 
evidence obtained by these methods is presented in this paper. 

MATERIALS AND METHODS 

Laccase: Laccase was purified from the latex of the Chinese lacquer tree (Rhus 
vernicifera), obtained from Ken Shii, China. The procedures of extraction and purifi- 
cation of the enzyme were essentially the same as those described previously 2. 
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Ascorbate: Ascorbic acid, purchased from Eastman Organic Chemicals, was 
fl-eshly neutralized and used for the experiments. 

i]Ieasurement of oxygen ztptake:The platinnln nlicroelectrode which was developed 
for the polarographic estimation of dissolved oxygen'~, ~, improved by CHANCE for 
further biochemical applications 7, was used to record the uptake of oxygen in the 
laccase reaction. 

Spectrophotometric measurements: A double beam spectrophotorneter designed 
by CHANCE 8 provided with a flow apparatus of io rnrn optical path was used to 
record the change of O.D. of tlle reaction mixtures. One of the two syringes of the 
flow apparatus was filled with a laccase solution containing ascorbate, and the other 
with an oxygen solution of known concentration, obtained by bubbling buffer 
solution with a gas mixture. The syringe plungers were pushed down and the change 
of the O.D. of tile mixed solution at 015 rn/~ during flow (accelerated flow method) 
and after the flow was stopped (stopped flow method) was recorded. The time during 
flow was calculated from the flow velocity trace. The details of this procedure are 
given by CHANCE". 5O0 m/~ was used as tile reference wavelength. 

Magnetometric measurements: BRILL et al. ~° developed a magnetic susceptometer 
of the Rankine balance type for sensitive volume pararnagnetic susceptibility measure- 
ments. In the flow apparatus 1~, combined with tile susceptorncter, the solution in the 
main pump-I,  after flowing through the half cell-I and reaching the mixing chamber, 
is mixed with a solution from the secondary pump; tile mixture then flows through 
the half cell-2. The flow rate is maintained at a constant value during each flow. 
According to the change of tile magnetic susceptibility of the solution caused by 
mixing with the secondary solution, tile magnet which is hung between the two half 
cells moves toward tile cell of the larger paramagnetisrn, tlle movement being detected 
photoelectrically, and tile signal obtained being amplified and recorded on chart 
paper. The signal strength in the record is proportional to tile change of magnetic 
susceptibility of the solution. Because the nlixing ratio is as small as 1:82.6, the 
slight change in the concentration of tile components in tile main solution can be 
ignored. Usually, flow noise was observed when the flow was started. After a few 
seconds, when the noise had ceased, the secondary pump was pushed and the solution 
in it mixed into the main solution, and tile change of magnetic susceptibility recorded. 
The sensitivity of the susceptorneter was calibrated with a NiC12 solution as standard. 

Measurement of laccase concentration: The concentration of laccase was deter- 
mined by the molecular extinction coefficient of laccase reported previously ~, using a 
Beckrnan DU spectrophotorncter. 

Experimental conditions : All tile experiments were performed in M/3o phosphate 
buffer of pH 7.0 at 25 ': unless notified. The pH was checked with a glass electrode 
pH meter made by Analytical Measurements Inc. 

R E S U L T S  

Kinetic measurements of laccase reaction by magnetometrv and spectrophotometry 

Magnetometry: An anaerobic solution of the reduced laccase with an excess 
amount of ascorbate was placed in the main pump of the flow apparatus of the 
susceptorneter, and a saturated solution of oxygen at one atmospheric pressure was 
placed in the secondary pmnp. The laccase concentration was adjusted so that the 
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amount of the oxygen mixed in is in stoichiometric proportion to laccase. A typical 
record from this experiment is shown in Fig. I. By  changing the speed of flow and 
the concentration of ascorbate, the kinetic curves of the magnetic susceptibility 

l:ig. ]. A magnetometric record of the laccase reaction obtained by the suscet)tometer at  22 '~. 
Init ial  concentrations of laccase, oxygen and ascorbate are 6o 1~31 (on the basis of copper con- 

centration}, 15 ,u.,ll and 9.8 mM respectively. 

change of laccase solution can be obtained (see Fig. 2). These curves show a rapid 
oxidation of copper by molecular oxygen followed by slow reduction by ascorbate. 
As will be shown in a later section of this paper, the second order velocity constant 
of the reaction of reduced laccase and oxygen (kl) is 2.8. IO G M -1 see -1. 

kl 
Reduced  laccase  + ( ) 2 - - - ÷  oxidized laccase  + 02 . . . .  (3) 

so t h e  a m o u n t  of o x y g e n ,  r e m a i n i n g  u n r e a c t e d  in t h e  r e a c t i o n  m i x t u r e  a f t e r  a g i v e n  

pe r iod ,  c a n  b e  c a l c u l a t e d .  As  m o l e c u l a r  o x y g e n  i t se l f  h a s  a p a r a m a g n e t i c  s u s c e p t i b i l i t y  

of 339 ° .  I0  -6 e m u / m o l e  a t  2o ° (see ref.  I2) ,  t h e  s u s c e p t i b i l i t y  of t h e  r e m a i n i n g  o x y g e n  

m u s t  b e  s u b t r a c t e d  f r o m  t h e  o v e r a l l  i n c r e a s e  of t h e  p a r a m a g n e t i c  s u s c e p t i b i l i t y .  

T h e  p l o t s  in  Fig .  2 s h o w  t h e  c o r r e c t e d  va lues .  T h e  c u r v e  I in  Fig.  2 shows  t h a t  t h e  

m a x i m u m  c h a n g e  in m a g n e t i c  s u s c e p t i b i l i t y  of t h e  l accase  c o p p e r  c o r r e s p o n d s  to  t h e  

c u p r o u s  to  c u p r i c  c h a n g e .  T h i s  r e s u l t  is c o i n c i d e n t  w i t h  t h e  p r e v i o u s  e x p e r i m e n t  

w i t h  a G o u y  m a g n e t i c  b a l a n c e  3. I n  t h e s e  cu rves ,  no  e v i d e n c e  a p p e a r e d  to  i n d i c a t e  

that a transient Cu+-O~ complex exists. 
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T i m e  a f t e r  m i x i n g ,  sec 

Fig. 2. Kinetics of the laccase reaction b y  mag- 
netometry  at  pH 7.o. - -  .... , represents the 

Flow velocity ---~ 
t roce 

6 1 5 - 5 0 0 m ~  i 

• ...... ,Y\  ,o~,,/, T I  ooi 
l I I I 

0 I 2 3 
T i m e  o f te r  f low s tops ,see  

Fig  3. A s topped flow record of the  Iaccase re- 
ac t ion  b y  s p e c t r o p h o t o m e t r y .  For details ,  see  

Table  I. 

theoretical value of the magnetic susceptibility of cupric copper at  22 °. For details, see Table I. 
Points are s h o w n  with root-mean-square error. 
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Spectrophotometry : The spectrophotometric record of the reaction under the same 
experimental condition as that of curve I I I  of Fig. 2 is shown in Fig. 3- This record is 
a stopped flow experiment. The observed maximum value of cupric copper ([Cu++]max) 
and ~ * tsoff of this curve are in good agreement with those obtained from magnetic 
measurement (see Table I). I t  means that the blue color is necessarily accompanied 
by the cupric state of the copper atom. 

T A B L E  l 

S U M M A R Y  OF T H E  E X P F . R I M E N T S  IN FIGS.  '2 A N D  3 

Erpcriment LI.ac aseT* 0~]'* Temperature [Ascorbat¢] [Cu++]ma~* t½ofJ 
lIM u.l[ mM ~ M (set') 

M a g n e t o m e t r i c  I * * * ~o i t~ 2 t ~ .3 57 - -  
M a g n e t o m e t r i c  I I  6o 15 ,'2 9.8 4 ° ---  
M a g n e t o m e t r i c  l l I  Oo 15 22. 5 20.0 z8 0.35 
S p e c t r o p h o t o m  e t r i c  60 i .5 25 20.0 27 0.4 

• O n  t h e  bas i s  of c o p p p e r  c o n c e n t r a t i o n .  
• * i n i t i a l  c o n c e n t r a t i o n .  

• ** M a g n e t o m e t r i c  I,  l I  a n d  111 c o r r e s p o n d  to  t h e  c u r v e s  I ,  l I  a n d  I l l  in Fig.  2. 

Velocity constant and mechanism of the reaction of the reduced laccase and oxygen 

Preliminary experiment: By using the platinum microelectrode and the double 
beam spectrophotometer, a simultaneous measurement of the change of oxygen 
concentration and O.D. at 615 m/x upon mixing ascorbate into the air-saturated 
laccase solution was undertaken (Fig. 4). In this experiment, ascorbate was added to 

Fig.  4. ( ) x y g e n  u p t a k e  a n d  t he  s p e c t r o p h o t o m e t r i c  c h a n g e  of t h e  l a c c a s e  so lu t ion .  T h e  c o n c e n t r a -  
t i on  of  l a c c a s e  is 6 t t ) , l .  

the laccase solution in the optical cuvette by a small glass rod. As seen in the figure, 
the oxygen concentration decreases linearly with time, and only after the oxygen is 
almost exhausted does the absorption at 615 mix begin to disappear. No detectable 
change of the steady state level of the oxidized enzyme was observed upon mixing 
with ascorbate. This means that the reaction velocity of the reduced laccase with 
oxygen is fast enough to keep the oxidized level of the enzyme constant even with a 
very low level of oxygen. 

* T h e  t i m e  i n t e r v a l  f r o m  h a l f - m a x i m a l  f o r m a t i o n  of c u p r i c  c o p p e r  unt i l  i ts  c o n c e n t r a t i o n  has  
f a l l en  to  h a l f  i ts  m a x i m a l  va.lue. 
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k 1 measurement by spectrophotometry: The acce lera ted  flow me thod  was employed  
for measuremen t  of the  k 1 of eqn. (3) b y  mix ing  an anaerobic  solut ion of the  reduced  
laccase wi th  an oxygen solut ion in the  flow appara tus .  A typ ica l  record is shown in 
Fig.  5. Di lu te  ascorba te  was used to reduce the  enzyme so t ha t  comple te  ox ida t ion  
of laccase copper  was ob ta ined  when the  flow s topped.  In  order  to check the order  
of the  react ion,  the  values  of 

[Oxidized Laccase] 
( =  kz-t) 

[Total Laccase] ([Total Laccase] - -  [Oxidized Laccase]) 

for the  reac t ion  of reduced laccase wi th  a s to ichiometr ic  amoun t  of oxygen were 
p lo t t ed  agains t  t ime (Fig. 6). In  this  fo rmula  [Oxidized Laccase]  and  [Total  Laccase]  
are the  amoun t  of oxidized and to ta l  laccase at  t ime t; t is the  t ime dur ing  flow, 
i.e. t ime af ter  mixing,  and  k~ is based  on the molecular  oxygen and laccase (not 
copper) concentra t ion .  As can be seen, the  plots  drop  on a s t ra igh t  line which 
indica tes  t ha t  the  react ion follows a second order  mechanism.  The value  ob ta ined  

Flow veloci ty  --~-,-,,~ r ~  
t r o c e  2 0 - -  ~ t ~  

I 0 ~  
Time during f low, 

m sac 

615-500 m p 

,og,.,,l 
=0.01  } 

I t I 
0 I 2 

Time a f te r  flow stops,sec 

Fig. 5. An acce le ra ted  flow record of the  laccase  
reac t ion  by  spec t ropho tom e t ry .  I n i t i a l  concen- 
t r a t i ons  of laccase,  oxygen  and  ascorba te  are 

i ~ 1~31, 25 1*31 and  2 m3,I respec t ive ly ,  

x l O  4 

4 O 

o I [ I 
0 5 I0 15 

T i m e  o f f e r  m i x i n g ,  m s e ¢  

Fig. 6. P lo t  of k l ' !  aga i n s t  I. I n i t i a l  concen- 
t r a t i o n s  of laccase ,  oxygen  and ascorba te  are  

14/iAl,  l 4 MM and 2 m M  respec t ive ly .  

for k I is 2 . 8 . r o  6 M -1 sec -z a t  25 ° and  p H  7.0. This exper imen t  was r epea ted  at  
different  ini t ia l  oxygen concent ra t ions  wi th  a cons tan t  concent ra t ion  of laccase. The 
ca lcu la ted  second order  ve loc i ty  cons tan t  d id  not  change as shown in Fig. 7. These 
facts  mean  t ha t  the  reduced  laccase reacts  wi th  oxygen molecule b y  a simple second 
order  mechanism.  

Effect o fpH on k I : The effect of p H  on k 1 was s tud ied  b y  mixing  reduced  laccase 
in o .o i  M phosphate ,  p H  7.o wi th  o . i  M buffers of different pH 's ,  which conta in  
5 o / x M  of oxygen.  The  final p H  was checked.  Resul ts  are shown in Fig.  8. I t  is seen 
t ha t  k I is cons tan t  in the  region of p H  4-9,  and  k~ decreases outside of this region. 
At  p H  2 or IO, i r revers ible  decolor iza t ion and  inac t iva t ion  of laccase occurs in the  
absence of subs t r a t e  a t  room tempera tu re .  So, this  decrease of ]~1 c a n  be a t t r i b u t e d  
to the  dena tu r a t i on  of the  enzyme.  I t  can be said t ha t  any  acidic group which disso- 
ciates  hydrogen  ion in this  p H  region (4-9) in laccase molecule does not  affect the  
react ion (i) by  dissociat ing its proton.  The overal l  a c t i v i t y  of laccase has the m a x i m u m  
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at pH 7.4 (see ref. 2) and the activity decreases markedly on both sides of pH 7.4: 
this means that only the reduction step of laccase by substrate is pH dependent. 

xlO ° 

~ 3 O 
'\- O0  
~ 2 ~  0 

1 

0 I 
0 100 

I I 
200 300 
[oz] ,,ffM 

Fig .  7. E f f e c t  of t h e  c o n c e n t r a t i o n  of  o x y g e n  
o n  k~. T h e  c o n c e n t r a t i o n  o f  l a c c a s e  is eo  ff31. 
T h e  c o n c e n t r a t i o n  of  a s c o r b a t e  is e m M  or  5 
m 3 I  fo r  e x p e r i m e n t s  w i t h  ()2 c o n c e n t r a t i o n  of  
u n d e r  l o o  if3[ or  a b o v e  IOO ffM, r e s p e c t i v e l y .  
F o r  e x p e r i m e n t s  w i t h  O 2 c o n c e n t r a t i o n s  be -  
t w e e n  4 o - 8 o  ffM a n d  1 2 o - 3 o o  ffM, f low a p p a -  
r a t u s e s  of  e m m  a n d  I m m  o p t i c a l  p a t h  la re -  
s p e c t i v e l y  w e r e  u s e d  in  o r d e r  t o  o b t a i n  h i g h e r  

x lO 6 

L~ 

'7 
~: 2 
~7 

- S  
I F I 
2 4 6 

0 

I I 
8 10 pH 

Fig .  8. E f f e c t  of  p i t  o n  ]q. G l y c i n e ,  a c e t a t e  a n d  
t h e  I~OLTHOFF'S b u f f e r s  w e r e  u s e d  for  p H  r a n g e s  
of  1 .0 -3 ,  4 5 a n d  6 lO, r e s p e c t i v e l y .  T h e  c o n -  

c e n t r a t i o n  of  a s c o r b a t e  is 2 m 3 J .  

f low s p e e d  ( t i m e  d u r i n g  t h e  f low w a s  4 8 m s e c  a n d  o .8  2.o m s e c  r e s p e c t i v e l y )  w h i c h  is r e q u i r e d  
1)ecause  of t h e  h i g h e r  s p e e d  of  t h e  r e a c t i o n  u n d e r  t h e s e  c o n d i t i o n s .  

I ) ISCUSSI( )N 

The following simple mechanism for the oxidation of laccase 

r e d u c e d  l a c c a s e  ~ O2 ~ o x i d i z e d  l a c c a s e  -F 0 2  - - -  (3) 

which excludes a possible enzyme-substrate  complex of the type of Cu+-O,, as 
proposed by WARBURG 14 in its intermediate step, is ascertained by spectrophotometric 
and magnetometric surveys. First, no transient complex was observed either magneto- 
metrically or spectrophotometrically, and second, the lack of dependency of the 
second order velocity constant of this reaction on the oxygen concentration means 
that  the speed of utilization of oxygen by the reduced laccase is proportional to 
oxygen concentration throughout the range studied (14--28o ffM). 

Laccase and ascorbic acid oxidase have similar characteristics. They are both 
oxygen-linked oxidases with copper atoms as the prosthetic group, they are both 
deep blue, and both are reduced to leuco-form by ascorbic acid. THIMANN el al. 15 

reported that  the ascorbic acid oxidase has a weak affinity for oxygen. In contrast 
to this, in the case of laccase, the oxidation of the enzyme by molecular oxygen 
proceeds very quickly, and the value obtained for the second order velocity constant 
is comparable to that  of the reaction of the formation of enzyme-substrate  complex 
between horse radish peroxidase and hydrogen peroxide 16, which means a high 
affinity of laccase copper for oxygen. 
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S U M M A R Y  

a new method o/purification o/human chorionic gonadotropin 

Human chorionic gonadotropin is purified up to 12,ooo IU/mg, from urine of pregnant 
women, by a new method of preparation. After benzoic acid adsorption and extraction 
in an acetate buffer of pH 4.8, the method involves a fractionation with calcium 
in 50 % ethanol and a precipitation at the pHi. Kaolin adsorption and chromatography 
on Decalso columns yield a fraction at a titre of 7,000 IU/mg. 

A further purification by chromatography on Dowex 2 columns or starch electro- 
phoresis gives a final preparation of io,ooo to 12,ooo IU/mg, which behaves as a 
homogenous substance in a physicochemical test for purity. 

INTRODUCTION 

L'6tude des caract6ristiques physico-chimiques d'une hormone prot~ique est sub- 
ordonn6e k l'obtention d'une substance pure. Aussi, les m6thodes &extraction et de 
purification de la gonadotropine choriale humaine se sont-elles succ6d6es depuis 
trente ans. 

Biochim. Biophys. Acta, 42 (196o) 5 0 5 - 5 ~ 2  


