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ABSTRACT The catalytic oxidation of catechol by crude preparations of 
mushroom tyrosinase was studied by a method yielding data on initial reaction 
velocities. Graphical analysis of the results suggests that an excess of catechol 
inhibits its own oxidation by a competitive process, thus accounting for the 
observed optimum in the substrate concentration. However, added phenol, 
though itself a substrate, inhibits the enzymatic oxidation of catechol by a 
process that is neither competitive nor non-competitive, but a mixture of the 
two types. Mechanisms of this inhibition of the enzyme by a second substrate 
are discussed in exploring the problem of substrate-substrate inhibition. 

Tyrosinase catalyzes the oxidation of monohydric  phenols, as well as 0-dihydric 
phenols. Yet phenol inhibits the action of tyrosinase on catechol (1). The  
nature of this inhibition of one substrate by another  of a different class is, 
therefore, of interest as one facet of the general problem of enzyme function. 

References to the m a n y  reports on inhibitors of tyrosinase action are re- 
viewed by Lerner (2). Tyrosinase, a copper-bearing phenolase, is inhibited by 
compounds which complex with copper, by analogs which competitively in- 
hibit its action, and by metals which compete with the copper. Few papers 
have dealt  with the mechanism of inhibition using Michaelis-Menton kinetics. 

Kendal  (3), using a manometric  method, demonstrated that the addition of 
phenol competitively inhibits the oxidation of catechol. However, in the pres- 
ence of catechol, phenol itself is rapidly converted to catechol by the action of 
tyrosinase and might complicate the interpretation of data  from the relatively 
slow manometric  assay he used. Later, Warner  (4) showed that m-hydroxyben- 
zoic acid acts as a competitive inhibitor in the tyrosinase-catalyzed oxidation 
of catechol. Hackney (5) studied the inhibitory effect of resorcinol on 
tyrosinase, manometrically.  However, her  interpretation was questioned by 
Warner. 

Recently Schneider and Schmidt (6) published data  concerning the com- 
petitive inhibition by resorcinol, orcinol, and phloroglucinol of the tyrosinase- 
catalyzed oxidation of p-cresol. These compounds are analogs, but  not sub- 
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strates for tyrosinase. In  addi t ion ,  H e y m a n n  et al. (7) demons t r a t ed  tha t  the  
enzymat i c  ox ida t ion  of ca techol  is inhibi ted  by  still o the r  non-substrates,  4- 
chlororesorcinol ,  and  N-pheny l th iourea .  T h e  mechan i sm of these inhibi t ions 
is ne i the r  compet i t ive  nor  non-compet i t ive .  

Wi th  the hope  of con t r ibu t ing  to unde r s t and ing  of the cont ro l  of biological  
processes, the present  exp lo ra to ry  s tudy examines  the  inhib i tory  effect of 
phenol  on  the oxidat ion  of catechol  by  c rude  prepara t ions  of tyrosinase,  using 
a ch ronomet r i c  m e t h o d  for enzyme  assay. A mechan i sm of inhibi t ion in this 
system is suggested f rom Michae l i s -Menten  kinetics and  in te rpre ta t ions  are  

presented.  

E X P E R I M E N T A L  M E T H O D S  

Tyrosinase Preparation 

One pound batches of the common mushroom, PsaUiota campestris, were ground in a 
Waring blendor for 10 seconds with 500 ml of acetone at room temperature. This 
mixture was immediately transferred to 2 liters of acetone chilled with dry ice. After 
filtering through a Buchner funnel, the excess acetone was removed by fastening a 
thin rubber sheet securely over the top of the funnel. The suction of the aspirator 
combined with the atmospheric pressure squeezed the pulp dry. This dry pulp was 
frozen with dry ice and stored for 2 hours. The frozen cake was suspended in 600 ml 
of cold water and allowed to stand overnight in the refrigerator. The resulting crude 
extract was collected by filtering through a heavy cloth and stored cold for use. 

Activity Assay 

The activity assay used in this work was the chronometric method developed by 
Miller and Dawson (8) and later improved by Miller et al. (9). After determining the 
optimum concentration of catechol, the amount of ascorbic acid was varied to permit 
a plot of 1/Q (moles -a of quinone produced) versus l / t  (seconds-l). In all preliminary 
experiments this plot gave straight lines as previously demonstrated (9). Hence a 
single ascorbic acid concentration (3.00 mg/100 ml) sufficed to permit calculation 
of initial velocities of reaction. The endpoint determination was repeated at least four 
times for each experimental variation. 

The initial velocity at the optimum concentration of catechol was recalculated 
arbitrarily to 0.500 ~rnoles/sec. in order to compensate for the varying strengths 
of the different enzyme preparations. 1 The factor thus obtained for adjusting the 
optimum rate to 0.500 #mole/see. was then used to compute all the other initial 
velocities to a comparable basis. 

a The actual reaction rates at the optimum catechol concentrations for the preparations used in 
these studies range from 0.393 to 0.511 #mole/sec. Each separate experiment is based on a single 
enzyme preparation and is, therefore, self-consistent. 
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R E S U L T S  A N D  D I C U S S I O N  

Table I presents the results of a typical study of the interaction of catechol and 
phenol during the oxidation of the former by tyrosinase. Inhibition is indicated 
by rates below 0.500 # mole/sec. At least partial reversal of the inhibition by 
phenol is indicated in this table by the tendency for the maximum observed 
initial velocity to shift to a higher concentration of catechol than characteris- 
tic for the systems without phenol. 

Data from a similar experiment are presented graphically in Fig. 1. Values 
of V, K~r, and K~s 2 were calculated from the slopes and intercepts of this type 
of Lineweaver-Burk (10) plot. Since the lines do not intersect on either the 

T A B L E  I 

EFFECT OF CO N CE N T RA T IO N  CHANGES ON 
INITIA L  RE A CT IO N  VELOCITIES*  

Cate- Phenol, mg 
chol, 
rag. 0 25 50 75 100 ! 50 200 300 400 500 600 800 

25 0.376 0,364 0.353 0.313 0.270 0.217 
50 0.426 0.408 0.396 0.348 0.326 0.257 

100 0.4835 0.412 0.362 0.331 0.300 0.278 
150 0.500 0.434 0.36950.339 0.324 0.312 
200 0.476 0.425 0.391 0.359 0.343 0.321 

450~/ 
300 0.406 0.350 0.322 0.286 0.261 

O. 297 
400 0.3875 0.350 0.311 0.294 0.272 

* The initial velocity is recalculated to 0.500 t~moles/second at the opt imum catechol level (150 
mg/100 ml) and without  added phenol (Experiment I). 

This point  was based on 450 mg of phenol. 

1/v or the 1~IS] axis, the inhibitory effect of the added phenol cannot be 
designated as either competitive or non-competitive. In  the present experi- 
ments, it appeared to be either an intermediate situation or a combination of 
both. 

Comparisons of values for KBs, KB~, and maximum velocity for each of three 
separate experiments using different enzyme preparations appear in Table 

2 V, KEz, KEs, IS], and v are, respectively, the maximum velocity, dissociation constants for enzyme- 
inhibitor and enzyme-substrate complexes, molar substrate concentration, and the observed, initial 
reaction velocity according to 

1 1 

7, = \ v / \ E s l / +  ~ 
1 [~ 1 l 
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II.  KBz was calculated on the basis of competitive inhibition although it ap- 
pears graphically that  the inhibition is neither competitive nor non-competi- 
tive. The variations in observed values of KBz between individual experiments 
are probably due to differences of aging and impurities in the tyrosinase prepa- 
rations. Differences in the values of KBs are probably within experimental 

error. 

v V ::/ 

4 
I/v 

(IO s sec./rnole) 
3 

r " 2" I I 2 3 4 5 

I / (S )  (10 z L / m o l e )  

FIGURe. l. The mechanism of inhibition of catechol oxidation. The concentration of 
ascorbic acid oxidized indirectly by tyrosinase in the presence of catechol varied from 
2.27 to 18.16 mM (Experiment III). Line A, no phenol; line B, 21.25 rnM phenol; line C, 
31.88 rn~ phenol; line D, 42.5 mM phenol. The points as drawn are larger than the 
average deviations in the data. 

To determine by graphic means a more exact value of KBs, the substrate 
concentration IS] is plotted (11) versus [S]/v (Fig. 2) yielding Kgs = 1.0 mM. A 
linear plot is obtained for concentrations from low levels through the optimum. 
For greater concentrations of catechol, a curve is obtained which can be made 
linear (12) upon plotting v/[S] versus v[S] as in Fig. 3. From this latter plot the 
K~r, the complex number  for the inactive SES  complex, was calculated to be 
0.65 u, a 500-fold increase over Kgs. This increase is to be expected from the 
[S]/v versus IS] curves (Fig. 2) where it can be seen that  the inhibition by an 
excess of catechol is slight. This discontinuity, or curvature, in Fig 2 suggests 
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that there should be a change in Kgs or K~z in switching from one segment of 
the curve to the other. 

As evidenced by the preceding data, the mechanism of the inhibkion of 
catechol oxidation by phenol is neither competitive, as Kendal had previously 
suggested, nor non-competitive. Dixon and Webb (13) outlined the possibili- 

T A B L E  II 

L I N E W E A V E R - B U R K  CONSTANTS 
A S S U M I N G  C O M P E T I T I V E  I N H I B I T I O N  IN T H E  

O X I D A T I O N  OF C A T E C H O L  

Constant Phenol 
Experiment 

I I I  I I I  

mlff 

V, #mole/sec. 0 0.53 0.53 0.54 
KBs, mM 0 0.95 0.96 1.1 

I~KI , tlaM 1 0 . 6  9.7 6.1 
21.3 9 .8  6.9 7.1 
31.9 10.0 7.1 7.7 
42.5 9.2 8.2 7.8 

(S) 

(raM) 

50 

40  

30 

20 

/ 

/ /  
/ 

/ A o -  

/ f  / i I I 1 I 
d 2 0  4 0  6 0  8 0  I 0 0  

/ (S)/v (10 3 sec. /L)  
5 

F I ~ l n ~  2. Inh ib i t ion  of the  oxidat ion of catechol  by a n  excess as shown by a plot  based 
on  Exper iment  I I .  No phenol  was added for these points. T h e  hor izonta l  lines indicate  
the average d e v i a d o m  in  exper imenta l  values. T h e  solid line represents the  concent ra-  
t ion  range  up  to the  op t imum,  and  the dashed line, the range  beyond the  o p t i m u m  

which  is abou t  14 mM. 
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ties for the mechanism of such systems. The interaction may  be partially com- 
petitive, partially non-competitive, or a mixture of types. 

Plots of 1/v versus 1/IS] show variations in V as well as in Kgs. Such varia- 
tion eliminates the possibility of either partially non-competitive or partially 
competitive inhibition, since neither of these can be distinguished from the 
pure types by Lineweaver-Burk plotting. Therefore, the occurrence of a mix- 
ture of the two types of inhibition is a distinct possibility. In a mix- 
ture of types, both V and KRs should change with an increase in reaction 
velocity. 

1.5 

1.2 

0.9 
~s 

(10 -4  L/see.) 
0.6  

I 
0 

\ 

\ 
\ 

\ 
\ 
\ 
\ 
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0 . 3  

i I l I I 5 I i 
3 6 9 12 I 18 21 

v (S) (10 - 9  m o l e s Z / s e c .  I_ )  

FIGtrRE 3. Competitive inhibition by excess substrate in the oxidation of catechol. No 
phenol was added to these systems. The points as drawn are larger than the average 
deviations in the data (Experiment II). 

Friedenwald and Maengwyn-Davies (14) treated the case of a mixture of 
partially competitive and non-competitive inhibitions. They made the as- 
sumption that the inhibitor alters the affinity of the enzyme for the substrate. 
Moreover,  this effect on affinity must also occur in the breakdown of the 
enzyme-substrate complex as well as during the formation. The  above treat- 
ment  accounts for the present graphical results and values of the dissociation 
constants plotted and calculated according to Lineweaver and Burk (10). 

Dressier and Dawson (15), working with Cu 64, suggested that the enzymatic 
sites for phenol and catechol are different. Such a difference could account for 
the lack of simple, competitive inhibition by the phenol. Nevertheless, close 
proximity of the sites for the two classes of substrates might explain 
the partially competitive, partially non-competitive interference observed. 
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On the other hand, the possible presence of naturally occurring protein in- 
hibitors (16) in these crude preparations might influence the kinetics, and the 
problem should be reexamined with a series of highly purified preparations. 
Existence of different sites for the phenol and catechol activities could lead to 
the results obtained if both types of sites are affected by phenol. 

This work was supported in part by the Pennsylvania Agricultural Experiment Station as Paper 
2549. 
Received for publication, March 5, 1962. 
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