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The present work deals with epininc oxidation by mushroom tyrosinase and sodium metaperiodate. Intermediates produced within 
short reaction times were characterized by repetitive scanning spectrophotometry and the stoichiometry of the appearance of the 
respective aminochrome was established. The oxidation pathway from epinine to aminochrome had the following steps: epinine + o- 
quinone-H+ + o-quinone + leukoaminochrome + aminochrome. The stoichiometry for the conversion of o-quinone-H + into the 
aminochrome of epinine followed the equation: 2 o-quinone-H’ --) epinine+ aminochrome. A transient phase kinetic study has been 
developed for the system of chemical reactions coupled to an enzymatically catalyzed step, these taking place when epinine is 
oxidized by mushroom tyrosinase. Rate constants for the implied chemical steps at different temperature and pH values were 
calculated from analysis of the progress curves of aminochrome accumulation with time. The thermodynamic activation parameters 

of the chemical steps were also calculated. 

1. Introduction 

There is evidence suggesting that oxidation and 
polymerization systems in melanogenesis are not 
strictly specific to L-tyrosine and L-dopa, the pre- 
cursors of melanin biosynthesis in skin and hair of 
mammals [l]. Moreover, the possibility of a 
minority metabolic pathway for adrenergic drugs 
has been proposed [2]. 

We have previously studied L-dopa oxidation to 
dopachrome catalyzed by tyrosinase [3,4], extend- 
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ing our study to adrenergic drugs [5-g]. In these 
studies, using spectrophotometry, the routes of 
oxidation by tyrosinase of the above compounds 
were established from measurements vs. time of 
the appearance of the first steady product of the 
system, the aminochrome. Furthermore, the values 
of the deprotonation and cyclization constants of 
the corresponding o-quinone-Ht were determined. 

In this paper, we have studied the oxidation of 
another catecholamine, epinine (N-methyldopa- 
mine or deoxyepinephrine), which has been proved 
to produce dilation or contraction of the cerebral 
arteries depending on its localization [9]. It is a 
strong noncompetitive inhibitor of dihydropteri- 
dine reductase of human liver [lo] but, on the 
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other hand, it stimulates the conversion of 
arachidonic acid into prostaglandin [ll]. 

Spectroscopic analysis of the intermediates of 
this route up to epininechrome has been carried 
out following a methodology similar to that pub- 
lished in former papers [3,5-71. However, the high 
rate of the chemical reaction coupled to an en- 
zymatically catalyzed step may suppose an overlap 
in time between the transient phases correspond- 
ing to both reactions. Thus, in this paper, we have 
made a kinetic analysis of the overall transient 
phase, obtaining analytical expressions for situa- 
tions in which some exponential terms are negligi- 
ble. 

On the other hand, data analysis, by nonlinear 
regression, has been applied to the progress curves, 
thereby allowing the rate constants, k;, Ic’, and 
k;, corresponding to the deprotonation, protona- 
tion and cyclization steps, respectively, to be 
calculated at different temperatures. Two new ap- 
proaches, involving kinetic analysis of the tran- 
sient phase and data analysis by nonlinear regres- 
sion, together with a study of the route, have thus 
been carried out in the present paper. 

2. Theoq 

The widely accepted model for tyrosinase reac- 
tion on o-diphenols is shown in scheme 1 [12], 
where the protonated quinonic product QH+ un- 
dergoes a deprotonation reaction, followed hy 
cyclization, the product of which is then oxidized 
by a molecule of QH+ simultaneously causing 
both the regeneration of o-diphenol and formation 
of the corresponding aminochrome [4]. 

QH’+ZH+ 

k-1 

E,O+E@-QH’ 2 
k-, 

E,, + QH++ 20H- 

Scheme I 

The species QH’ follows a sequence of chemical 
reactions which are not enzymatically catalyzed. 
These reactions will henceforth be referred to as 
‘chemical reactions’ and they are: 

Scheme 2. 

Notation and symbols: 
E,, or X, = oxidized enzyme; met-tyrosinase 
E,,S or Xz = met-tyrosinase/substrate complex 
E, or X, = reduced enzyme; deoxytyrosinase 

[::;_I or X, = [ZZ~~~~IZ-~ 

EO,O:- S or X5 = oxytyrosinase-diphenol complex 
EROf-QH+ or X, = intermediate complex with 
product 
S or YI = substrate, epinine 
0, or YZ = substrate, oxygen 
QHf or Y? = product, epininequinone-H+ 
Q or Y4 = epininequinone 
L or Ys = leukoepininechrome 
A or Ye = epininechrome 
x, = concentration of X, species (i = 1, 2,. _, ,6) 
x0 = concentration of X, at i = 0 (i = 1, 2,. _ _, 6) 
X: = dx,/dt (i = 1, 2,. . ,6) 

v, = concentration of Y, species (j = 1, 2, . ,6) 
y,’ = concentration of Y, at t = 0 ( j = 1, 2,. . , ,6) 
y; = dy,/dt (j = 1, 2,. . . ,6) 

initial conditions: 
$ = 0 
JJ; >> x1” 
J$ >,p 
,?=zc,!=O (j=3,4, 5, 6; i=2, 3 ,..., 6) 

Differential equation system: 

x, = -k,y;x, + km ]x2 + k,n, (1) 

i, = k,y:x, - (k-1 + k,)x, (21 

1, = k,x, -k&x, + k-,x, (3) 

i, = k&x, - (k-, + k&)x, + k_,x, (41 
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ii-, = k&x, - (k-c, + k,)x, (9 
ii, = k,x, - k6x6 (6) 

)‘? = k,xz + k,x, + k’l[H+]y4 - k;Y3 - ky,Y, 

(7) 

9z, = k;Y, - (k’,[H+l + k;>Y, 

$5 = k;Yd - kYa 

96 = kY3 Y5 

(8) 

(9) 

@J) 

2.1. General solution 

The solution of the linear differential equation 

system consisting of eqs. l-6 in accordance with 

ref. 13, leads to 

x2 = & + c A,, exdXhO 
h-l 

h=l 

A 209 A,,, A,, and A,, being defined in the 

appendix. 

In turn, the A, (h = 1, 2,. . . ,5) are the roots of 

the equation 

M,, M,, M,, M4 and M, also being described in 

the appendix. 

On the other hand, the differential equation 

system consisting of eqs. 7-10, is not linear. Thus, 

to resolve it analytically, we assumed that the YS 

species is in the steady state from the beginning of 

the reaction, i.e., & = 0 and Y, -+ 0, as well as 

k + CO, so that the product ky3 ys is not continu- 

ously zero. Thus, from eq. 9, k;Y4 = kY,Y,. Taking 

into account in eq. 7 the anterior equality and eqs. 

11 and 12, it results that the system consisting of 

eqs. 7 and 8 becomes linear and inhomogeneous, 

while eq. 10 can be written as: 

The solution of the above-mentioned inhomo- Eq. 15 is the general expression describing the 

geneous system (eqs. 7 and 8) yields the expres- evolution of the Yh concentration in time. How- 

sion of y, as a function of time which, when ever, in real situations, there may be some particu- 

substituted into eq. 14, finally gives: 

Y,=Y,+YQ 

where 

(15) 

YE= s,(s, - &-’ 

xexdht) 
i h = 1 

“(Ah-S,)-’ exp(h,t) 

/2 

and 

(16) 

+f- [S,exp(d,t)/(~,(62-6,))1 

+ [b ew(Q>/(~2(~2 - %>>I }/2 (171 
The parameters 6, and 8, verify the relations: 

S,S, = 2k;k; (18) 

6, + 6, = - (k; + k’ ,[H+] + k;) 09) 

In turn, v0 and (Y,, are given by: 

00 = k z-42, + k,A,, (20) 

ah = k2A2, + “Wk, (21) 

Note that ug is the rate at which Y, is formed 

in the steady state, when no coupled reactions 

take place, as can be deduced from eqs. 7, 11 and 

12. 
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lar cases which allow this general equation to be 
simplified. There now follows a discussion of such 
cases. 

(a) When there is no overlap between the en- 
zymatically catalyzed reaction and the sequence of 
chemical reactions, eq. 22 is valid: 

IS,1 -+Z IX,] (i=1,2; h=l,2 ,...) 5) 

I%I + co (h = 1, 2,...,5) 
(22) 

Under these conditions, it is easy to show that, 
approximately, yE = 0, so that eq. 15 can be sim- 
plified to 

.Y6=% @1+S2)(S,S,)~‘+t ([ 

- [ S,S;‘(S, - S,I~l)exp(S,rI] 

+ [ %S;‘(b - f4-’ exp(bf)] >/2 (23) 

(b) When there is no overlap between the chem- 
ical and the enzymatically catalyzed reactions and, 
in the sequence of chemical reactions, the two 
exponentials are very different. 

It can thus be established that 

IS, I -c IS21 

obtaining 

(24 

ys=uO(t+S;‘[l -exp(S,t)]}/2 (25) 

Taking eqs. 19 and 24 into account, then 

S,=S,+SZ= -(k;+k’,[H+] +k;) (26) 

Thus, from eq. 18, we deduce 

-S, = 2k;k;/(k,‘+ kL,[H+] + k;) (27) 

3. Materials and methods 

Mushroom tyrosinase (monophenol mono- 
oxygenase, EC 1.14.18.1, 2230 units/mg) and epi- 
nine (IV-methyldopamine or deoxyepinephrine) 
were purchased from Sigma. Sodium metaperio- 
date was analytical grade from Merck. Spectra 
were recorded using an Aminco DW-2 spectro- 

photometer with scanning speeds up to 20 rim/s.. 
Reference cuvettes contained, in all cases, all the 
components except substrate. Oxygen consump- 
tion was followed with a Rank oxygen electrode 
(Rank Brothers). Temperature was controlled by 
using a Gilson bath and a digital Cole-Parmer 
thermistor to within fO.l”C. 

Determination of the number of species formed 
in the chemical or enzymatic oxidations of epinine 
was based on the spectra obtained by application 
of the matrix analysis of Coleman et al. [14], using 
a Hewlett-Packard HP-85 computer. 

The accumulation of epininechrome was fol- 
lowed spectrophotometrically at A = 475 mm, c = 
3600 M-’ cm- ‘; at this wavelength, neither sub- 
strate nor intermediate products were absorbed. 
The spectrophotometrical measurements were car- 
ried out using an Aminco DW-2 spectrophotome- 
ter equipped with stopped-flow accessory pro- 
vided with two syringes. One syringe was filled 
with 3.6 mM epinine solution in acetate buffer at 
different pH and, the other, with an enzyme solu- 
tion in distilled water, so that, with each shot, 50 
~1 from each syringe was released into the measur- 
ing compartment. 

4. Results 

In order to characterize the intermediates of the 
route of oxidation of epinine by tyrosinase and to 
determine whether such a route follows the se- 
quence of an enzymatic-chemical-chemical mecha- 
nism (EzCC) with substrate regeneration, a series 
of assays of oxidation with periodate and enzyme 
were carried out. Firstly the possible inter- 
mediates, and the overall stoichiometry were de- 
tected, and then the rate constants involved were 
calculated_ 

4.1. Oxidation with sodium periodate 

It is known that periodate oxidizes o-diphenols 
to give the corresponding o-quinones [15]; thus, 
this chemical model is similar to the reaction 
catalyzed by tyrosinase with respect to the reac- 
tion product. Epinine oxidation by sodium perio- 
date was carried out at different [substrate]/ 
[oxidant] ratios, as shown in fig. 1. A maximum 
was detected at A,, = 390 nm that evolved with 
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Fig. 1. Spectrophotometric recordings for the oxidation of 
epinine by sodium periodate at 12’C in 0.01 sodium acetate 
buffer, pH 3.8. Scan speed was up to 20 nrn/s. (A) Epinine at 
6.8 mM was oxidized with 0.36 mM NaIO,. The first scan was 
started at 60 s from the beginning of the reaction and the 

others were recorded every 15 s. (B) Epinine at 0.23 mM was 
oxidized with 7.7 mM NaIO,. The first scan was started at 45 s 
from the beginning of the reaction and the others were re- 
corded every 15 s. (C) Epinine at 0.2 mM was oxidized with 0.2 
mM NaI04. The first scan was started at 60 s from the 
beginning of the reaction and the others were recorded every 

30 s. 

time to X,,, = 475 nm. These two maxima, in 
agreement with Graham and Jeffs 1161, were as- 
signed to o-quinone (390 nm) and its respective 
aminochrome (475 nm). The formation of isosbes- 
tic points in fig. 1A and B, at X = 414 and 398 nm, 
respectively, indicated that o-quinone was trans- 
formed into aminochrome at a constant ratio. 
Matrix analysis of the spectra in fig. 1A and B, by 
the method described in ref. 14, confirmed the 
presence of two kinetically related species (fig. 2A 
and B). 

The recordings of fig. 1C were obtained when 
oxidation was carried out under equimolar condi- 
tions, viz., [epinine]/[oxidant] = 1. Under these 
conditions no isosbestic point appeared. Graphic 
analysis of the spectra showed three absorbing 
kinetically related species (fig. 2C). 

When the concentration difference is high, the 
oxidation of o-diphenol by periodate is practically 
instantaneous. This proves useful in determining 

the stoichiometry between the generated o-quinone 

and its transformation into aminochrome. As 
shown in fig. 3, the maximal concentration of 
o-quinone, 0.5 mM (e390 = 1040 M-’ cm-‘) (curve 
a), was reached immediately, this concentration 
being equal to that of the periodate added. The 
maximal concentration of aminochrome (curve b) 
was reached at 5 min and amounted to 0.24 mM 

(C 475 = 3600 M-’ cm- ‘), this value being ap- 
proximately half that of the periodate concentra- 
tion. Since the concentration of periodate was 
fully consumed, this oxidation could be due to 
oxygen or to the o-quinone. However, oxygen 
consumption could not be detected in the course 
of the reaction (curve C of fig. 3). The oxidation 
of leukoaminochrome by its quinone can be ex- 
plained by the difference in redox potential be- 
tween o-quinone/o-diphenol and aminochrome/ 
leukoaminochrome [17]. The above results suggest 
that o-quinone oxidizes the leuko compound, and 
is reduced in turn to epinine. To generate one 
aminochrome molecule, two o-quinone molecules 
are therefore necessary. 

4.2. Oxidation by tyrminase 

Fig. 4 shows the visible spectra obtained for 
oxidation of epinine by mushroom tyrosinase. Two 
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Fig. 2. Graphical analysis of spectra recorded during sodium periodate oxidation of epinine. Spectra were recorded at 20 rim/s.. In 
this analysis, Aij is the absorbance at wavelength i obtained during tracmg j, so that A,, is the absorbance at 375 nm obtained 
during the first tracing of the absorption spectrum. (A) Graphical analysis of the spectra obtained when [epimne] > [NaIO,] (fig. 1A). 
Selected wavelengths were: (0) 360 nm, (0) 375 nm, (A) 390 nm, (B) 406 nm, (A) 436 nm, (0) 496 nm, i’ = 440 nm and j’ = tracing 
1. In both cases A and B, the matrix analysis for two species with restrictions was applied. (B) Graphical analysis of the spectra 

obtained when [epinine] < [NaIO,] (fig. 1B). Selected wavelengths were: (A) 355 nm, (0) 366 nm, (A) 392 nm, (0) 411 nm, @) 
425nm, (e) 478 nm, i’ - 440 nm and j’ = tracing 1. (C) Graphical analysts of the spectra obtained when [epinine] = [Na104] (fig. 
1C). Selected wavelengths were: (A) 352 nm, (m) 388 nm, (0) 395 nm, (n) 410 nm, (0) 425 nm, (0) 478 nm, m s 365 nm, n = 448 nm 

and j’ = tracing 1. The test for three species with restrictions was applied. 

maxima appeared at 390 and 475 nm, respectively, 
which were analogous to those in the oxidation 
with periodate (fig. 7). In these spectra, there are 
two different zones, the first consisting of tracings 
l-10 and the second of 10-16, the latter having 
an isosbestic point at h = 410 nm. This indicated 
that, as we had used a high concentration of 
tyrosinase, the enzymatically catalyzed reaction 
had stopped due to depletion of oxygen. Thus, 

0.9 

A 

0.6 
b % 0, 

- 10 

Fig. 3. Progress of the reaction for oxidation of 1.8 mM 
epinine with 0.5 mM NaT04, at pH 3.8 and 15OC. (a) A,, 

variation, (b) A,,, variation, (c) oxygen determination. 

recordings lo-16 corresponded to the chemical 
conversion of accumulated o-quinone-H+ into its 
products. All spectra were subjected to graphic 
analysis [14] to determine the number of absorb- 
ing species in solution. The analysis of recordings 
l-10 of fig. 4 fulfilkd the test for three absorbing 
species in solution (results not shown). This situa- 

r 

OL I 
350 400 450 500 

A Inm) 

Fig. 4. Spectrophotometric recordings for the oxidation of 0.57 
mM epinine by mushroom tyrosinase (2.9 mg/ml) at 12’ C in 
10 mM sodium acetate buffer, pH 3.8. Scan speed up to 20 
rim/s.. The first recording was started at 15 s from the begin- 

ning of the reactton. 
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tion is analogous to that of figs. 1C and 2C. From 
tracings 10-16 onwards, two kinetically related 
species were detected (data not shown). This situa- 
tion is analogous to that of figs. 1A and 2A. 

To establish the stoichiometry of enzymatic 
oxidation, an assay was performed by following 
the absorbance increase with reaction time at 390 
and 475 nm, respectively (fig. 5). The rate of 
enzymatically catalyzed reaction was evaluated as 
the tangent, at t = 0, to the recording of ab- 
sorbance at 390 nm (curve a) and as the slope of 
the linear zone of the aminochrome accumulation 
curve (curve b). The rate of o-quinone-H + produc- 
tion (36 pmol/min) was 2-fold greater than that 
of aminochrome accumulation (17 pmol/min). 
These results, together with those shown in the 
preceding figures, suggest a set of steps as shown 
in scheme 3, agreeing with the postulated pathway 
for L-dopa oxidation by tyrosinase [3]. 

A 3. Kinetic approximation 

The accumulation of epininechrome by tyrosi- 
nase shows a lag period before reaching a constant 
accumulation rate (fig. 6A). The steady-state rate 
(measured as the slope in the linear zone of epi- 
ninechrome accumulation) is linearly dependent 
on the enzyme concentration (fig. 6B) which is in 
agreement with eq. 15. On the other hand, the lag 
period (defined as the intercept on the abscissa of 

0.09 

A 

0.06 

0.03 

0 
0 40 80 

t (3) 

Fig. 5. Product formation as a function of time for 1.8 mM 
epinine oxidation with tyrosinase (16.6 pg/ml) at 15°C and 
pH 4.8. (a) Absorbance increase with time at 390 nm; (b) 
absorbance increase of epininechrome accumulation at 

475 nm. 

f(5) 

Fig. 6. (A) Epininechrome accumulation as a function of time 
at pH 4.8 and 20 o C followed by the absorbance increase at 
475 nm for 1.8 mM epinine oxidation by different enzyme 
concentrations (pg/ml): (a) 0.2, (b) 0.3, (c) 0.4, (d) 0.5. (B) 
Plot of epininechrome accumulation rate under steady-state 

conditions vs. enzyme concentration. 

the tangent, at t - 00, to the epininechrome accu- 
mulation curve) was independent of enzyme con- 
centration and had a value lower than 1 s at pH 
4.8 and 20” C. This requires the use of the 
stopped-flow technique for recording these kinet- 
ics and enables one to consider a possible overlap 
between the transient time corresponding to the 
enzymatically catalyzed reaction and that of the 
chemical reactions of the transformation of o- 
quinone-Hf into epininechrome, as developed in 
section 2. 

The experimental data shown in fig. 6A are 
fitted by nonlinear regression [18] to eq. 25 and 
the corresponding values for the x2 statistic have 
been obtained. These values have been compared 
by using the F test [19] which makes it possible to 
determine objectively the equation that provides 
the best fit. The fit was always successful to a 
monoexponential equation, indicating that eq. 25 
is sufficient to describe the experimental kinetic 
behavior (fig. 6A). This, therefore, means that 
there is no overlap between the enzymatically 
catalyzed reactions and the chemical reactions and 
that, in the transient time, only one chemical 
exponential (8,) is significant. 
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4.4. Effects of pH nnd temperature 

Several series of kinetic assays at different val- 
ues of pH and temperature have been carried out. 
The corresponding values of the parameters v,, 
and S,, have been obtained by nonlinear regres- 
sion of experimental data to eq. 25 [18]. The 
parameter -6, increases when pH and/or tem- 
perature rise (fig. 7). An additional fitting of -6, 
vs. [H+] data to eq. 27, using nonlinear regression 
[lg], enables the specific rate constants to he 
calculated for the deprotonation steps from o- 
quinone-H+ to o-quinone and for the inverse reac- 
tion, as well as for the cyclization from o-quinone 
to leukoaminochrome. This process has been per- 
formed at all chosen temperatures (fig. 7), the 
values of the respective rate constants as well as 
the corresponding estimations of their reliability 
being listed in table 1. The initial estimations of 
the rate constants for this data fitting have been 
determined by linear regression analysis of the 
corresponding l/( -6,) vs. [HC] data, using the 

=I‘ 
;n 

W- 
I 

-0 20 40 

[H’l ()IM) 

Fig. 7. Dependence of - 6, on [H+ ] at several temperatures. 
Values of - S, were calculated using eq. 25 as described in 

section 4. Assay conditions were 0.4 fig/ml tyrosinase. 1.8 mM 
epinine at several temperatures (O C): (B) 20, (7) 25, (+) 30, 
(0) 35, (A) 40. Other conditions as described in section 3. 

i- ) Values calculated using the final estimations of rate 
constants from the nonlinear regression analysis to eq. 27. 

Table 1 

Values of rate constants at various temperatures 

Values of the first-order rate constants for deprotonation of 
epininequinone-H + to epininequinone (k; ), the second-order 
rate constant of the inverse process (k’,) and for the cycliza- 
tion of epininequinone to leukoaminochrome (k;) at various 
temperatures are listed. 

f-c, 

20 

25 
30 
35 
40 

k; (s-l) 

0.34 + 0.02 
0.73 * 0.04 
1.04+0.06 

1.86*0.10 
2.10+0.12 

k’, (M-' s-t) k; (s-l) 
(xlo-‘O) (x10-6) 

2.83 + 0.19 0.48 5 0.03 

5.7s+ 0.38 0.59 + 0.04 
8.25 f 0.56 7.06 * 0.07 

14.09&0.97 1.22 f 0.09 
16.56 3_ 1.09 1.64+0.12 

characteristic pK, value of the methylamine group 
of epinine [20]. The values of - 6, calculated using 
these values of the rate constants do not agree well 
with the original values of this parameter (data 
not shown). However, the values of -8, calcu- 
lated using the values of the rate constants ob- 
tained by nonlinear regression show the best over- 
lap with the original values of this parameter (see 
fig. 7). 

Arrhenius plots (data not shown) were made 
using the previously obtained k;, k’, and kl 
values, for the calculation of the activation en- 
ergies. Later on, the corresponding activation 
parameters summarized in table 2, were calcu- 
lated. 

Table 2 

Values of the thermodynamic parameters 

Thermodynamic activation parameters for the deprotonation of epininequinone-H + into o-epininequinone, the inverse process and 
the cyclization of epininequinone to leukoepininechrome are given. 

Step E, 
(kJ mol-I) 

* 

;k;mol-‘) 
Al?* AS* 
(kJ mol-‘) (J K-’ mol-‘) 

Deprotonation 66.2f5.3 63.7k5.1 72.4k5.9 -29.2+ 2.4 
Protonation 80.1& 7.1 77.7k7.2 13.1 f1.2 220.44 19.7 
Cyclization 49.7+5.1 47.2k4.7 39.9 f 4.1 24.4i 2.4 
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5. Discussion 

The oxidation of epinine by tyrosinase should 
follow the same mechanism as that proposed for 
different catecholamines [3-81, the appearance of 
a quinonic form (h = 390 nm) being detected at 
acid pH with both sodium periodate and enzyme 
(figs. 1 and 4). 

The cyclization of the quinonic to the leuko 
form follows the intramolecular addition l-4 of 
Michael. This cyclization is only possible when the 
methylamine group is deprotonated. The reaction 
therefore depends on pH, as shown in scheme 3. 
Thus, for pH values lower than 5, the apparent 
cycliza_tion constant becomes smaller, thereby en- 
abling spectrophotometric detection of the 
quinonic form. In scheme 3, both a protonated 
and a deprotonated quinonic form in solution can 
be seen. The values of the constants of both 
deprotonation and cyclization, as well as their 
corresponding z,,~ values, indicate that the pro- 
tonated form is the most abundant in solution. 
Comparison of the above constants with those of 
dopamine [5] shows the lower stability of o-epi- 
ninequinone-H f with respect to o-dopaminequi- 
none-H+. This suggests that the presence of the 

Epinine 
-2 

o-Epininequinone-Ii’ 

HO 

HO 

Epininechrome Leukoepininechrome 

Scheme 3 

methyl group, due to its inductive character ( + I), 
facilitates the cyclization reaction; with epinine it 
is thus necessary to work with a more acidic pH 
than with dopamine. 

In fig. 4, from tracing 10, the transformation 
without oxygen of o-quinone-H’ into amino- 
chrome can be observed, all 0, having previously 
been consumed. The assays with sodium periodate 
show that the rate of accumulation of amino- 
chrome is half that of o-quinone-HC (fig. 3). The 
following stoichiometry can therefore be pro- 
posed: 

2 o-epininequinone-H+ + aminochrome + epinine 

The absence of oxygen consumption in fig. 3 
indicates that the leukoaminochrome oxidation is 
carried out hy the o-quinone-Ht. In the initial 
moments, graphic analysis of the spectra of fig. 4 
(results not shown) fulfills the test for three species, 
indicating the presence of three kinetically related 
species: epinine, o-epininequinone-H f and epi- 
ninechrome. From tracing 10 onwards, the ap- 
pearance of two isosbestic points indicates that 
there are two absorbing species. However, from 
the above considerations, it can be deduced that 
there are, in fact, three kinetically related species. 
Effectively, every two molecules of o-quinone-H+ 
generate one molecule of leukoaminochrome, the 
latter, since there is no oxygen, being oxidized into 
aminochrome by the other molecule of o-quinone- 
H+, thereby regenerating epinine. As amino- 
chrome and epinine are formed in a constant 
relation with time, graphic analysis detects them 
as one. The same result is obtained when the 
epinine concentration is higher than that of sodium 
periodate (fig. lA), an isosbestic point being ob- 
served at h = 410 nm similar to the point in fig. 4. 
In fig. lA, the matrix analysis also detected two 
kinetically related species but (fig. 2A), as men- 
tioned above, there are three: epinine, o-quinone- 
H’ and aminochrome. 

The assays carried out with excess sodium per- 
iodate (fig. 1B) show, unlike fig. lA, an isosbestic 
point at h = 398 nm different from that of fig. 1A. 
This may be explained by the transformation of 
o-quinone-H+ into aminochrome, following a 
stoichiometry of 1 : 1. Excess periodate impedes 
the accumulation of epinine in the medium and, 
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since excess periodate oxidizes leukoamino- 
chrome, prevents oxidation of leukoaminochrome 
by o-quinone-H+. Graphic analysis of fig. 1B 
fulfills the test for two species best, o-quinone-Hf 
and aminochrome being demonstrated (fig. 2B). 

When oxidation of epinine by periodate is car- 
ried out under equimolar conditions (fig. lC), the 
oxidation and cyclization reactions take place at 
the same time, graphic analysis fulfilling the test 
for three species: epinine, o-quinone-H+ and 
aminochrome (fig. 2C). The same result was ob- 
tained in tracings l-10 of fig. 4. 

The results obtained in the kinetic study show a 
good correspondence to the theoretical approxi- 
mation that was applied to solve the kinetics of a 
chemical reaction system coupled to an enzymati- 
tally catalyzed step. This kinetic study also con- 
firms that epinine oxidation into its aminochrome 
follows the same pathway previously proposed for 
other catecholamines [3-81 and also establishes 
that epininequinone-H + is less stable than o- 
dopaminequinone-HC at physiologic pH. 

Analogously to our studies carried out with 
other catecholamines [3-S], the high rate of ring 
closure may, therefore, be attributed to a very 
favorable probability factor, as indicated by the 
high positive activation entropy. 

In short, in this paper a general kinetic study 
for a chemical reaction system coupled to an 
enzymatically catalyzed step is presented. The par- 
ticular cases in which there is no overlap between 
the two processes are discussed and an analysis by 
nonlinear regression is applied to calculate the 
rate constants involved in the chemical steps. 

Appendix 

M, = k_, + k_, + k_, + k, + k, + k, 

+(k, + k&t +k,yz (Al) 

M,=(k_,+k,)(k-,+k-,+k,+k,) 

+ k_?( k_, + k, + kh) + (k-4 + ks)k, 

+[k,(k_,+k_,+k,+k,+k,) 

+ k4( k-, + k, + k, + kd] Y,O 

+k,(k_, + k_, + k, + k5 + k,)y: 

+k,k,( y:))* + k,(k, + kd~&‘: (AZ) 

M3 = (k_, + k,)[(k_, f k5)(k-j + k,) + k-,k,] 

+k-,k,(k, + k,) + { kdk,k-, 

+k,(k_, + k5) + k,k, + k_,(k-, + k5) 

+k,(k_,+k_,+k,)] +k,[k,(k-,+k,) 

+k,(kp, +k,) +ksk,]}d 

+k,[(k_,+k,)(k_,+kS)+k,(k-,+k,) 

+k,(k_, + k,)] Y,” + k,k,(kz fk5 + b) 

x(yl’)*+ [k,k3(k,+k_,+k,+k-,) 

+k,k,(kk +k,+k,+k,)]&: 

+k,k3k,(l,:))2$ (A31 

M4 = k_,(k_, + k,)(k_, + ks)k, 

+{kl[k2k_3(k_q+k5) + k,Ic,k, 

+ k,k,(k_, + k,) + k_,k,(k, + k,)] 

+(k-, +k,)k,k,k,}y,O+k,k,(k-,+k,) 

x (k-z, + k,b,O 

+k,k,(kIks + k,k, + ks%) 

~(A’)~+kj{k1[kz(k-4+k,)+k,k, 

+(k-,+k,)k,] +k,[k,(k-,+k,)+k, 

x(k-,+k,)+k,k,]}A% 

+k,k&(kz + ks +kd(d’i2.d’ (A4) 

MS = k,k,k,k_,(k-, + k,)y: 

+k,k,k,k,k,(,$j’ 

+ [k,k,k,(k-, + ks)k, 

+k,k,k,k,(k-, + kd] .Y,“Y,” 

+k,k,k,( k,k, + k,k, + k,k,)(d’)%’ 

(A9 

&., = k,k,k4k,k,(yp)2y~xP/M, 

A,, = k,k,k,k,k,(y:)2~~x:/M, 

( W 

(A7) 
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A,, = ( a, + a,X, + a2At •t a$‘, 

(~48) 

a0 = k,k,k,ksk6(Y:)2Y~ b49) 

a, = k,k,k,(L, +k,b;y; 

+k~ ,k,h(km 4+ k,).d’ 

+W,W,(y:)’ 

+k,k,k,(k, + kd(y:)2d (Al’)) 

a,=k,[k,(k_,+k,)+k~,(k,+k~4+kS>]yp 

+k,k,(k-4 + ks + k,>d’r; 

+ k,kt(k5 + k,)( d’)* (All) 

a3 = k,(k_, + k-4 -t k, + k,)y; + W&Y; 

+w4(Y10)i (A12) 

a4 =k,yi’ (A13) 
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