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Kinetic study of a substrate cycle involving a chemical step:
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Abstract

A kinetic analysis of a substrate cycle in which one of the two steps was substituted by a chemical reaction has been
made. The model is illustrated by the amplified determination, in a continuous assay, of phenolic compounds at low
concentrations using the enzyme tyrosinase and B-NADH to reduce the o-quinone product of catalytic activity. Progress
curves corresponding to B-NADH disappearance were not linear and followed first-order kinetics. Knowledge of the kinetics
of the reaction has allowed us to achieve detection limits as low as 50 nM in a simple 10-min assay. There is no analytical
solution to the non-linear differential equation system that describes the kinetics of the reaction, therefore, computer
simulations of its dynamic behaviour are also presented, good agreement with the experimental results being obtained. The
method is applicable to the measurement of any other metabolite, and its amplification capacity as well as the simplicity of
determining kinetic parameters enable it to be implemented in a bioreactor for automation purposes. © 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The ability of metabolic processes to regula-
tion is a consequence of the evolution of an
extremely complex system of regulatory mecha-
nisms. Thus, living organisms possess several
systems of biological amplification which helps
them achieve a fast response to a given stimu-
lus, such as enzyme cascades [1,2], limited pro-
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teolysis reactions[3,4] and substrate cycles[5,6].
These mechanisms have special characteristics
which make them well-suited to playing a cen-
tral role in cell regulation, and some of them
have been applied to the in vitro quantitative
analysis of low levels of a metabolite or to the
amplification of an enzymatic activity [7-10].
In the substrate cycling technique, the target
metabolite is reversibly interconverted without
being consumed into another chemical species
by two different enzymes coupled in the oppo-
site direction, i.e., the product of one of them is
the substrate of the other and vice versa. Thisis
accompanied by the concomitant accumulation
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of other non-cycling products. A small amount
of metabolite can therefore generate a large
amount of product, which can easily be mea
sured by conventional methods. The steady-state
kinetics of these systems are well known [11]
and a complete kinetic analysis valid for both
the transient phase and the steady-state, includ-
ing equations to minimize the cost of assays has
recently been reported [12].

This approach, however, is not widely used
for analytical purposes because of the long incu-
bation times required and because of the diffi-
culty in finding appropriate recycling enzymes.
One dternative is to use a chemica step, al-
though kinetic equations describing such a
mechanism have not yet been derived. In the
present paper, we make a kinetic analysis of a
substrate cycle in which one of the two steps is
a chemical non-enzymatically catalyzed reac-
tion, assuming a Michaglis—Menten mechanism
for the enzyme involved in the cycle. The model
is applied to a continuous assay to measure low
levels of phenolic compounds using tyrosinase
and B-NADH as reducing agent reacting with
the o-quinone product of the enzymatic reac-
tion. This assay has previously been proposed
by other authors [13] to measure phenolic com-
pounds, and ascorbic acid has also been used as
recycling chemical reagent [14,15], although the
kinetics of the reaction were not taken into
account.

2. Kinetic analysis

The mechanism under study is described by
the following chemical equations:

A+XSB+Y (1)
C+Y->D+X 2)

where X and Y are the recycling substrates, A
and C are non-recycling substrates, (A and X
being substrates of the enzyme E), and B and D
are the non-recycling products accumulated at
each turn of the cycle.

The following analysis is valid provided that
the concentration of A in the reaction medium is
high enough to be saturating or remain constant
during the reaction time. Furthermore, during
cycling, the concentration of X must be lower
than its Michaelis—Menten constant towards E
(K, x), so that the reaction rate of step (1) will
be proportional to its concentration. Under these
conditions, the reaction turns-out with no con-
sumption of recycling substrates, while at the
same time other products are accumulated with
each turn of the cycle (B and D), the system
thus acts as a chemical amplifier for the deter-
mination of X and Y.

Taking into account these assumptions and
supposing that reaction (2) undergoes by only
one step, the differential equation system that
describes the mechanism shown by Egs. (1) and
(2 is:

X 1 glelly] @
d

W ketx) el v @
de)

el ke[X] (5)
d|C d

- am ©

where kg is an apparent first-order rate con-
stant, kg =V, /K (Vs is the reaction rate
of step (1) at saturating concentrations of A and
X; K,, isafunction of Michaelis—-Menten con-
stants of A and X towards E and of the initial
concentration of A, with K =K, if A is
saturating), and kQ is the rate constant of chem-
ical step (2).

Egs. (3)—(6) do not admit any analytical solu-
tion. The steady-state corresponding to this sys-
tem would be reached when the rate of forma-
tion of Y (Eg. (1)) equals the rate of regenera-
tion of X (Eq. (2)), i.e,, kelX]=ko[CIY]. The
concentration of X and Y in the steady-state
would then be constant ([X] and [Y], respec-
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tively). However, one can only talk about a
pseudo steady-state, because C is consumed.
Following the steady-state approach, Egs. (5)
and (6) may be rewritten as:

% = Ae (7)

& [C] (8)
dt Q

where

Ae = Kg[X]gand Ao = ko[ Y] (9)

Integrating Egs. (7) and (8) under the initial
conditions [B] = 0 and [C] = C, a t= 0 gives:

[B]ss = Agt (10)
[Cls=Coe ' (11)
and assuming that [D] =0 at t = 0:

[D]=Co(1—e™ ). (12)

These equations indicate that B will be accu-
mulated linearly in the steady-state, whereas the
disappearance of C and the appearance of D
will be of uniexponential shape, and follow
first-order kinetics.

3. Experimental
3.1. Materials

Catechol, phenol, B-NADH and tyrosinase
(EC 1.14.18.1) from mushroom were purchased
from Sigma. All other buffers and reagents were
of analytical grade and used without further
purification.

3.2. Methods

Unless otherwise stated, the cycling reagent
consisted of 100 mM sodium phosphate buffer,
pH 7.0, 160 uM B-NADH, 20.85 p.g of tyrosi-
nase and different volumes of a stock solution
of 5 wM catechol. The reaction was started by

the addition of enzyme, the final volume being
1 ml. The time course of the reaction was
followed by measuring the disappearance of
B-NADH at 340 nm (e =6270 M~ ' cm™1), at
30°C.

ke was determined by a set of experimentsin
which the catechol concentration was varied
from 50 to 265 wM, in 100 mM sodium phos-
phate buffer, pH 7.0, and in the presence of
0.208 g of tyrosinase. The reaction was started
by adding enzyme to a final volume of 1 ml.
The time course of the reaction was followed by
measuring the appearance of o-benzoquinone at
390 nm (e = 1050 M ~* cm~1), at 30°C. k. was
directly obtained from the slope of a plot of the
reaction rate vs. catechol concentration, fitting
data by linear regression analysis, and multiply-
ing the value thus obtained by the correspond-
ing dilution factor (100).

Spectrophotometric readings were obtained
on a Uvikon 940 spectrophotometer from Kon-
tron Instruments.

The reaction mechanism for catecholase ac-
tivity was simulated by numerical integration of
the non-linear set of differential equations (Egs.
(3)—(6)) which describe the kinetics of the reac-
tion mechanism. To simulate cresolase activity,
the following differential equation was included
into the system: d[F]/dt = —k,[F], and Eq. (3)
was modified as follows: d[X]/dt=k,[F] —
kel X]+ kQ[C][Y], being F a monophenolic sub-
strate. Computer simulations were performed
for several sets of kinetic constants and initial
concentrations of substrates and recycling agent.
This numerical integration was carried out by
using the Adams—Moulton predictor—corrector
agorithm, starting with the fourth order
Runge—Kutta method. The algorithm for the
numerical integration and the computer program
were implemented and compiled in TURBO
PASCAL 6.0 [16].

The data of both experimental and simulated
progress curves corresponding to the disappear-
ance of B-NADH or C, respectively, were fitted
to first-order kinetics by linear regression using
the SigmaPlot Scientific Graphing System.
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4, Results and discussion

In this section, the experimental results ob-
tained in the continuous amplified assay of low
levels of catechol are shown. They illustrate the
validity of the proposed model and of the equa-
tions obtained. According to the notation used,
X and Y are catechol and o-benzoquinone, re-
spectively, A, B, C and D are O,, H,O [17],
B-NADH and B-NAD™, respectively, E being
the enzyme tyrosinase (catecholase activity).

The time course of the enzymatic-chemical
cycling reaction was followed by monitoring the

Absorbance at 340 nm

L
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Fig. 1. (A) Progress curves corresponding to B-NADH disappear-
ance at different catechol concentrations. The inset shows their
corresponding semilogarithmic plots. The concentrations of cate-
chol were 0.12, 0.35, 0.58, 0.94, 1.46 and 2.05 ..M for curves
1-6, respectively. (B) Calibration straight line for the determina-
tion of catechol. The points represent experimental data, and the
straight line corresponds to regression anaysis (y = —0.01364 +
0.13157x, being R= 0.99947).
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Fig. 2. Simulated curves obtained for the species involved in
chemical Egs. (1) and (2). The values of the rate constants used
were kg =50 min~*, ko=10° M~! min~!, at the following
initial conditions: X, =10"% M, Y, =0,B,=0, C,=15x10"*
M and D, =0. Curves corresponding to X and Y have been
multiplied by 10 for greater clarity.

decrease in absorbance at 340 nm caused by the
consumption of B-NADH. Fig. 1A shows a
selection of progress curves obtained for differ-
ent catechol concentrations under the conditions
described in Section 3. It can be seen that the
progress curves are not linear, athough their
corresponding semilogarithmic plots are (Fig.
1A, inset), suggesting that the disappearance of
B-NADH follows afirst-order fallout, according
to Eq. (11). These data were, therefore, fitted by
linear regression to obtain the corresponding
first-order constant, Ao from the slope of the
straight lines. Data thus obtained are shown in
Fig. 1B, in which the linearity and sensitivity of
the amplified assay can be appreciated. Under
the conditions described, good linearity was ob-
tained over a range of 0.05 to 3 nmol of cate-
chol. The continuity of the assay and the possi-
bility of directly obtaining the chemical constant
from progress curves data permitted the sensi-
tivity of the assay to be increased five fold with
respect to data reported by other authors [13],
and to obtain a detection limit as low as 50 nM
for catechal.

The results obtained when the time course of
the reaction was simulated by numerical integra-
tion of the non-linear set of differentia Egs.
(3)—(6) are shown in Fig. 2 for a chosen set of
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kinetic constants and initial conditions. Good
agreement with the experimental results can be
observed. The progress curves of C follow
first-order kinetics, their corresponding semilog-
arithmic plots being linear (In[Clg vs. t; data
not shown). This indicates that the steady-state
approach may be considered valid (it can be
seen that X and Y concentrations attain an
approximately constant level).

The chemica constant A, also depends on
the recycling chemical agent and enzyme initial
concentrations, since it is dependent on the Y
concentration attained at the steady-state (Eq.
(9)). Fig. 3A and B show the variation of A,
with respect to 3-NADH and tyrosinase initia
concentrations, respectively, obtained experi-
mentally. An inverse dependence on the initial
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Fig. 3. Effect of B-NADH initial concentration (A) and tyrosinase
concentration (B) on Aqg, a different catechol concentrations. In
(A): (0) 0.23, (@) 0.58, (A) 1.17 and (4 ) 2.34 pM catechol. In
(B): (0) 0.23, (@) 05, (A) 1 and (a) 2 uM catechal.

B-NADH concentration was obtained since, as
it increases, the chemical reaction rate (Eqg. (2))
becomes faster and so the level of o-benzo-
quinone in the steady-state ([Y]) fals. The
dependence of A, on enzyme concentration was
not linear, as can be seen from Fig. 3B, since
increasing the rate of the enzymatic step rate
involves that chemical step is also faster (owing
to more amount of Y is produced), which means
that the level of o-benzoquinone attained at the
steady-state cannot linearly vary with tyrosinase
concentration. The results obtained by computer
simulation showed a similar behaviour for the
system (data not shown), which supports the
kinetic model proposed.

It was not possible to design a kinetic analy-
sis of the model to determine the kinetic param-
eters which characterize the cycle (kg and k),
since no analytical equations exist to alow it.
Therefore, these constants must be individualy
evaluated, by another type of experiments. kg is
an apparent first-order rate constant (V,,./Knm),
as has been mentioned above, and so can be
evaluated by determining its corresponding ki-
netic parameters, V,, and K., in a conven-
tiona way. However, it is not necessary to
know the individual V,, and K., and this
constant may be determined directly from a set
of experiments at several substrate concentra-
tions very much smaller than the Michaglis—
Menten constant. By this means, we obtained a
ke =13.86 min~! in the example here illus-
trated (data not shown, conditions as specified
in Section 3). When this value was introduced
into the simulation experiments, catechol oxida-
tion was seen to be the probable rate-limiting
step, and that reduction of o-benzoguinone to
regenerate catechol takes place very rapidly,
although the specific value of k, could not be
experimentally determined owing to the instabil-
ity of o-benzoquinone at this pH [18].

4.1. Other phenolic substrates

The reaction scheme here described is appli-
cable to the quantitative determination of all
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o-diphenolic compounds which are substrates of
catecholase activity of tyrosinase. The detection
limit and the cycling rate in each particular case
will depend on the catalytic efficacy of the
enzyme, kg, and on the capacity of the corre-
sponding o-quinone to oxidize B-NADH, which
is reflected in k.

The enzyme tyrosinase also shows another
catalytic activity, the so-called cresolase activ-
ity, which consists of the o-hydroxylation of
monophenols to o-diphenols, aso in the pres-
ence of molecular oxygen. Therefore, an analyt-
ical determination of similar levels of monophe-
nolics may also be carried out by this amplifica
tion approach. The expression of this activity is
characterized by a lag period, which can be
shortened or eliminated by addition of reducing
agents or o-diphenols which act as co-substrates
[19-21]. Experiments were performed using
phenol as the monophenolic substrate of creso-
lase activity of tyrosinase and also by computer
simulation, including the differential equation
corresponding to this first step (see Section 3).

0.5

The progress curves obtained both experimental
and theoretically showed two well differentiated
zones (data not shown): (a) an initial lag period,
typical of cresolase activity, as has been men-
tioned above, due to the slow conversion of
phenol into catechol and the subsequent conver-
sion of this to o-benzoquinone, which reacts
with the electron donor 3-NADH to regenerate
catechol, and (b) a pseudo steady-state phase, in
which all the monophenolic substrate has been
depleted and during which 3-NADH decay fol-
lows first-order kinetics, as could be checked by
performing the corresponding semilogarithmic
plots. The first-order constant, A, Was obtained
in this case from the slope of the linear portion
of semilogarithmic B-NADH disappearance
plots. Fig. 4 shows the dependence of Ao on
phenol concentration, which was obtained both
experimentally and theoretically by simulation
in the computer. It can be seen that an upwardly
concave calibration curve was obtained, instead
of a straight line as was expected, which may be
explained by the fact that an important charac-
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Fig. 4. Cdlibration curves for the determination of phenol, obtained experimentally (O) and theoretically by computer simulation (@).
Experimental conditions were the following: 100 mM sodium phosphate buffer, pH 7.0, 160 .M B-NADH, 29.4 ng of tyrosinase and
different volumes of a stock solution of 6 ..M phenol. The reaction was started by the addition of the enzyme, the fina volume being 1 ml.
The values of the rate constants used were the same that for catecholase activity, being k; = 0.5 min~1. Initial conditions were: X, =0,
Yo=0,B,=0,Cy=15%X10"* M, D, =0, and different values of F, from 5x 1078 to 3x 107¢ M.
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teristic of the cresolase activity of tyrosinase is
its need for a certain amount of o-diphenol in
the steady-state in order to maintain a constant
hydroxylation rate. Reducing agents, such as
B-NADH, shorten the lag period because they
reduce the o-quinone product of catalytic activ-
ity to the corresponding o-diphenol, and so its
necessary level is attained earlier. Some of the
reducing agent is, therefore, consumed during
the lag period, the more the greater the
monophenol concentration is. The lag period
lengthens and the necessary level of o-diphenol
in the steady-state increases at increasing
monophenoalic substrate concentrations. Thus, at
the end of the lag period, when the monophenal
is totaly deplete and B-NADH consumption
becomes a first-order decay, the level of B-
NADH is smaller than at the onset and, accord-
ing to Fig. 3A, A, is greater than expected. This
explains why Fig. 4 is not a straight line but an
upwards curve. This explanation was corrob-
orated by computer simulation, assuming that C
concentration during the lag period was constant
since the A, obtained agreed well with the
value expected if the plot were a straight line
(data not shown).

4.2. Concluding remarks

The described enzymatic-chemical cycling
assay procedure for amplification may be used
for the quantitative determination of low levels
of a metabolite. It has been shown that the
progress curves fit a first-order process, which
demonstrated the importance of continuous
measurement in these systems. The constant
characterizing the first-order process, Ao is the
parameter directly related to the initial metabo-
lite concentration, since in these systems the
cycling rate is not constant with time.

The applicability of this method was demon-
strated by the continuous measurement of low
levels of phenolic compounds (particularly cate-
chol and phenol) with the cycling system tyrosi-
nase/B-NADH. A knowledge of the kinetic
behaviour of the cyclic reaction and the use of

the complete progress curves allowed to us to
increase the sensitivity of the assay five times
for catechol and ten times for phenol compared
with the values reported by other authors for the
same assay [13]. In general, the relative sensitiv-
ity for other phenolic substrates will be related
to their reactivities with tyrosinase and the rela-
tive values of the rate constant of the chemical
step. The great sensitivity of the method, as well
as the numerous advantages of using a continu-
ous assay, mean it can be applied to the deter-
mination of phenolic compounds in a wide vari-
ety of samples, such as environmental, food and
clinical analysis. Furthermore, it may be imple-
mented in a bioreactor using tyrosinase immobi-
lized for automation purposes. The system can
a so be exploited for the determination of salicy-
late, an important compound in clinical diagnos-
tic, by converting it to catechol in the presence
of the enzyme salicylate hydroxylase.
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