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SUMMARY 

The oxidat1on of  D O P A  (o-dfl~ydroxyphenylalanme) to dopachrome as cata- 
lyzed by  polyphenoloxldase (o-dlphenol O~ oxldoreductase, EC i io  3 i , also called 
tyrosmase) has been followed m t ransmnt-s ta te  experiments 

The progress of  the reaction depends on the wavelength of  observation and in 
the spectral region where dopachrome is the malor  absorbing species (e g 48o nm) 
the appearance of the product  occurs with a marked lag-period On the other hand, 
at 39o nm the time course of  the spectral change corresponds to a pseudo-first order 
process with no evidence of a lag The dependency of  the apparent  rate constants  on 
enzyme concentrat ion has been also investigated VVhlle the pseudo-first-order rate 
constant  reckoned at 39 ° n m  is linearly dependent  upon the enzyme concentratmn,  
the rate of  appearance of dopachrome (z e the reaction rate at 48o nm) tends to 
approach a limiting value of  about  o 8 sec i as the enzyme concentrat ion is increased 

In ~ubstantlal agreement  with a mechanism postulated by  other authors~,8, 9, 
the results reported here can be described by  a simple scheme lnvolvmg three reaction 
steps (characterized by  k~, k~ and k3) and four species (~ e S = substrate,  P1 and P2 = 
intermediate products  and P3 = dopachrome) 

k 1 k~ k~ 
* P1 P 2 - -  ' P3 

enzvmatm non-enzymat ic  enzymatic  

The reaction with 02 is shown not  to be rate hml tmg under  the conditions used 
The non-enzymatm transformation of P1 ~ Pa becomes rate hml tmg at high enzyme 
concentrat ions (k 2 approx o 8 sec -1) Mlmmum estimates of  the rate constants  for 
the enzyme-subs t ra te  reaction have been also obtained 

Kinetic studies of  the reactions catalysed by  polyphenoloxldase (o-dlphenol 02 
oxldoreductase,  EC I IO 3 I, also called tyroslnase) have up till now been performed 
only under  s teady state condlhonsl ,  2 Aiming to gain more detailed reformation on 
the individual steps mvol~ed m the ca ta lyhc  mechanism of polyphenoloxldase, we 
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have initiated transient kmetlc studies of the polyphenoloxldase system In our 
laboratories The most useful approach in these cases is to resolve the overall catalytic 
process by direct observation of events associated with binding and release of sub- 
strate and products occurnng on the enzyme This approach has been successfully 
applied to other oxidase systems However, polyphenoloxldase offers special diffi- 
culties for this type of study since no obvious change in physical properties of the 
protein, such as changes in absorption spectra, takes place on mlxmg the enzyme 
with 02 or with the oxidizable substrates 3 Therefore information on the pre-steady 
phase of the catalysis could only be obtamed by following the time course of spectral 
changes associates with product formation at very high enzyme concentrations, with 
the hope of Identifying significant rate hmlting steps under these conditions 

The present experiments have been performed using DOPA (o-dlhydroxy- 
phenylalanine) as a substrate for polyphenyloxldase, the main ]ustlficat]on for this 
choice being that  the oxidation product of DOPA (dopachrome) is a well-characterized 
and relatively stable compound which displays favorable spectral properties, with 
absorption maxima at approximately 300 and 480 nm (ref 4) 

The preparation of the enzyme was described earherS, 6, freshly prepared, the 
enzyme had a specific activity of 9000 enzyme units/rag, dunng Its long storage (more 
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F i g  I T i m e  c o u r s e  of  t h e  r e a c t i o n  o b s e r v e d  on  m i x i n g  p o l y p h e n o l o x i d a s e  ( c o n c n ,  o 78 IO -e Cu 
equ lv ] l )  w i t h  D O P A  (conch  , 5 lO-5 moles / l )  m t h e  p r e s e n c e  of  a i r  (O~ c o n c n ,  2 7 lO-4 moles / l )  
T h e  t w o  c u r v e s  r e f e r  t o  t w o  i d e n t i c a l  e x p e r i m e n t s  c a r r i e d  o u t  a t  t w o  d i f f e r e n t  w a v e l e n g t h s  (3 e 
~t = 39o a n d  480 nm)  O t h e r  c o n d i t i o n s  p H  6 8, o i M p o t a s s i u m  p h o s p h a t e  bu f fe r  a t  20 ° 

F i g  2 D e p e n d e n c e  on  p o l y p h e n o l o x l d a s e  c o n c e n t r a t i o n  (In Cu equav/1) o f  t h e  a p p a r e n t  f i r s t  
o r d e r  r a t e  c o n s t a n t  fo r  t h e  o x i d a t i o n  of  D O P A  in  t h e  p r e s e n c e  of  a i r  T h e  d i f f e r e n t  s y m b o l s  r e f e r  
t o  t h e  r a t e  c o n s t a n t  for  t h e  r e a c t i o n  a s  r e c k o n e d  a t  390 n m  (0 )  or  480 n m  (©)  O t h e r  e x p e r i m e n t a l  
c o n d i t i o n s  as  an Fag I 
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than a year) at --20 °, it lost about 30% of its original activity As is well known1,2, 5, 
the enzyme is a tetramer, (tool wt I28 ooo) containing 4 atoms of copper In this 
paper the concentration of the enzyme is given in copper equivalents Kinetic experi- 
ments were performed with a Glbson-Durrum rapid mixing apparatus equipped with 
a 2-cm observation tube 

Fig I shows the time course of the reaction calculated from the absorbance 
changes observed on mixing the enzyme with DOPA in the presence of oxygen At 
480 nm, where dopachrome has an absorption maximum, the time course is charac- 
tensed by a lag, the successive progress of the reaction corresponding closely to a 
pseudo-first-order process This apparent first-order rate constant tended to approach 
a hmltlng value correspondmg to about o 8 sec -1 as the enzyme concentration in- 
creased (Fig 2) At low concentrations, approaching those usually employed is steady 
state experiments, the rate of dopachrome formation mcreases hnearly with enzyme 
concentration ~ 

These lmtlal results indicated that the reaction was complex and that a limiting 
step dominated the overall rate of appearance of dopachrome In order to clarify the 
situation, the time course of the optical density changes was followed as a function 
of wavelength at different enzyme concentrations The results are summarized in 
Fig 3 It  is evident that more than one spectral species appears m the reaction and 
specifically that a species with a maximum dlfferentml absorption at approximately 
39 ° nm precedes the formation of the final product 

The time course of the formation of this species corresponds to a pseudo-first- 
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F i g  3 E x t e n t  o f  r e a c t i o n  in  t h e  o x i d a t i o n  o f  D O P A  b y  p o l y p h e n o l o x l d a s e  r e p o r t e d  as  a f u n c t i o n  
o f  w a v e l e n g t h  T h e  d i f f e r e n t  c u r v e s  ( a - f )  r e f e r  t o  o b s e r v a t i o n s  a t  d i f f e r e n t  t i m e s  a f t e r  m i x i n g  

e (a) o 1 2 5 s e c .  (b) o 2 5  o s e c ,  (c) o 7 5 o s e c ,  (d) I 5 s e c ,  (e) 3 o s e c ,  a n d  (f) 4 ° s e c  E x p e r i m e n t a l  
c o n d i t i o n s  a s  in  F i g  I 
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order process with no evidence of a lag (Fig I), the first-order rate constant is, for 
the progress curve at 39 ° nm, linearly dependent on enzyme concentration up to very 
high values (Fig 2) 

These kinetic results Indicated that the initial product of the polyphenoloxldase 
catalysed oxidation of DOPA is a compound with an absorption maximum at 
approximately 39 ° nm and that the subsequent formation of dopachrome involves a 
rate limiting step of about o 8 sec -1 under the experimental conditions This inter- 
pretation of the kinetic data is fully consistent with a postulated mechanism of 
DOPA oxidation proposed by RAPER 8,9 on chemical grounds and substantiated later 
by MASON a According to these authors, oxidation of DOPA would involve the 
following intermediate species 

HO C H 2 ~  

H O. / "  ~ NH 2 / N ~  NH 2 

DOPA 1 1" 

O'x ^ tI 2 " ~ t ' ~  HO _ 

o/ / '~ '4-c°° t~ . ,to I /~COOH~2 
I! H 

(1) 

D() PA C HI4OM k "IT 

As is generally characteristic of o-qumones 1°, Compound I would be the species 
absorbing at 39 ° n m ,  Compound II,  on the other hand, would be nonabsorbmg at 
wavelengths higher than 300 nm Direct evidence for the formation of the non- 
absorbing species I I  was obtained m experiments performed at a low 02 concentra- 
tion, where the Increase m absorption observed at 39 ° n m  was followed by a marked 
decrease 

The time course of the reaction at 39 ° n m  shows no detectable lag even at the 
highest enzyme concentrations, this may allow a minimum estimate for the rate of 
formation of the enzyme-substrate complex, which should be higher than 4 l°s 
M -1 sec -1 The time course of the appearance of Compound I in experiments in which 
a deoxygenhted mixture of polyphenoloxldase and DOPA was mixed with an air- 
equilibrated buffer indicated that the enzyme reacts with oxygen with a very high 
rate constant 

Therefore, the reactions with S and 02 are never rate limiting under the condi- 
tions of the experiments and the main features of the system can be described by the 
approximate scheme 

kl 
S ~ P1 (enzyme cata lyzed)  kx/E --  I 3 lO6 sec-1 Cu equ lv  -1 

k2 
P1 , Pz (non e n z y m a h c )  ks = o 8 sec -1 (2) 

ks 
P~ ' P3 (enzyme cata lyzed)  k3lE >> kl/E 

It  may be noted that oxidation of P2 to P3 may be non enzymatic, provided 
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it is fast enough m comparison with the rate of formation of P1 Indeed, prehmlnary 
analog computations m the framework of Scheme 2 gave results fully consistent with 
the experimental data 

A much more detailed study of the system, mcluding study of the effect of 
several variables on the time course of the appearance of the various intermediates, 
is in progress However, the results reported here give clear and direct evidence for 
mtermedlates formed m the polyphenoloxldase-catalysed oxidation of DOPA, and 
allow estimation of the rates of the mdlvldual steps involved m the overall process 
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