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Abstract. Kinetics of biocatalytical synergistic reactions has beenanalyzed with special
emphasis on stability and reactivity of mediators. The application to the model of
kinetic constants taken from the experiments showed that the quasi steady state (QSS)
for reduced and oxidized enzyme was achieved in0.001 s. However, the QSS for
the mediator was not established during measurable time. For this reason the kinetics
of biocatalytical synergistic reactions was modeled by solving the ordinary differential
equations using software package KinFitSimc©

.

The calculations showed the increase of an apparent life-time of the mediator in the
synergistic reaction. The apparent life-time was most affected by reactivity of mediator.
The change of the mediator reactivity from1 M−1s−1 to 105 M−1s−1 increased the
apparent life-time from19 s to 1538 s. This mediator reactivity can be achieved even
for strongly endothermic reaction when difference of redoxpotential of substrate and
mediator is0.35 V. The increase of mediator life-time increased product yield.
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1 Introduction

Many biocatalytical processes proceed in presence ofmediators [1]. The efficiency of a
process increases if a mediator has a capacity to act insynergism with the main substrate
conversion [2–5]. The kinetics of biocatalytical synergistic reactions has been analyzed
very recently [6].

In presence of oxidoreductases a mediator turns between oxidized and reduced state.
The oxidized state of mediator typically has limited stability in water solution. Low
stability of oxidized mediator can control the efficiency ofoverall process.

∗The research was supported by Lithuania-Ukrainian 2007/2008 years project sponsored by Lithuanian
Ministry of Education and Science.
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The task of this investigation was to model kinetics ofsynergistic conversion of sub-
strates in presence of mediator with limited stability. Thespecial emphasis was directed
to influence stability and reactivity of mediator to efficiency of synergistic process. To
optimize the synergistic process the concentrations of thecomponents were varied, and
limiting values of the reaction rate constants were established.

2 Mathematical model

The scheme of the synergistic substrates conversion may be written:

E(red) + Ox ↔ E(ox) + P, (1)

E(ox) + S1 ↔ E(red) + P1, (2)

E(ox) + S2 ↔ E(red) + P2, (3)

P1 + S2 ↔ P2 + S1, (4)

whereE(red) andE(ox) corresponds to reduced and oxidized enzyme,Ox – oxidizer,
S1, S2 – substrates,P, P1, P2 – products of the reactions. The constants of the correspon-
ding direct and reverse reaction rates arek1, k−1, k2, k−2, k3, k−3, k4, k−4. TheS1 and
P1 are reduced and oxidizedmediator, and the constantsk4 andk−4 correspond to the
cross reaction.

In water solutions the most unstable isP1, i.e. oxidized mediator. To analyze the
role of oxidized mediator to the efficiency of synergistic process the first order reaction of
P1 decay was added:

P1 → Pin. (5)

The constant of this process iskin.
The change of the concentration of components taking part inthe process was de-

scribed by a system of ordinary differential equations (ODE):

dered/dt = −k1eredox + k−1eoxp + k2eoxs1 + k3eoxs2

− k−2eredp1 − k−3eredp2, (6)

deox/dt = k1eredox − k−1eoxp − k2eoxs1 − k3eoxs2

+ k−2eredp1 + k−3eredp2, (7)

dp/dt = k1eredox − k−1eoxp, (8)

ds1/dt = −k2eoxs1 + k−2eredp1 + k4p1s2 − k−4p2s1, (9)

ds2/dt = −k3eoxs2 + k−3eredp2 − k4p1s2 + k−4p2s1, (10)

dp1/dt = k2eoxs1 − k−2eredp1 − k4p1s2 + k−4p2s1 − kinp1, (11)

dp2/dt = k3eoxs2 − k−3eredp2 + k4p1s2 − k−4p2s1, (12)

dpin/dt = kinp1, (13)

wheret is time, e, ox, s1, s2 andp, p1, p2, pin correspond to concentrations of enzyme,
oxidizer, substrates and products respectively.

The system of ODE was solved with KinFitSim software packageversion 2.1 [7].
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3 Results and discussion

3.1 The function of synergistic process at limited mediatorstability

To simplify the analysis the reactions (1)–(3) were assumedto be irreversible. This
means thatk−1, k−2 andk−3 are equal to zero. The kinetic constantk1 of enzymatic
(peroxidase) reaction was taken from [8],k2 value – from [9] andk3 value – from [10]
(Table 1). At the beginning the modelling of synergistic scheme was performed with the
constantsk4 = 106 M−1s−1 andk−4 = 0 M−1s−1. The constant (kin) of oxidized
mediator (P1) decay was changed between0.001 s−1 and1000 s−1. The life-time (τ ) of
mediator (P1) is calculated asτ = ln 2/kin varied between6.9 · 102 and6.9 · 10−4 s.

Table 1. The values of the kinetic constants.M ≡ mol · dm−3

Constant Value, M−1s−1 Value, s−1

k1 7.1 · 106

k2 1.0 · 108

k3 7.1 · 103

k4 105–100

k−4 102

kin 10−3–103

The concentrations of components, that experimentally canvary in the large interval,
were chosen to demonstrate intrinsic features of the process. The concentration ofOx was
kept constant in all processes. The concentration ofP is also constant since for peroxidase
reactionP is water.

The simulations showed that the quasi steady state (QSS) forreduced and oxidized
enzyme whendeox/dt ∼= dered/dt ∼= 0 was formed during0.001 s. However, QSS
for mediator was established during20 seconds (Fig. 1). For this reason the QSS state
that is common for simple enzymatic kinetics can not be applied for the analysis of these
synergistic schemes.

The increase of oxidized mediator decay rate (and the decrease of life-time) practi-
cally does not influence the QSS of enzyme. In contrast the QSSfor the mediator had not
been established during100 s (Fig. 2).

The apparent life-time of mediator (τ50) was calculated as time of twofold decrease
of the concentration of the mediator (s1 +p1). It is larger thanτ due to reaction (4). In the
case ofkin = 0.001 s−1, τ50 is 1222 s. In the case ofkin = 0.1 s−1, t = 6.9 s, whereas
τ50 increases up to25 s.

The increase of the apparent life-time of mediator has an important consequence.
Calculations showed that the synergistic process may be efficient even at low mediator
stability. Theτ50 is a function of enzymatic (k2) and chemical reactivity of mediator
(k4, k−4). Ten times decrease of the enzymatic rate increasedτ50 up to 150 s. This
method ofτ50 increase is not interesting from biotechnological point ofview since the
yield of final product (P2) decreases by about 7 % at1000 s.
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The apparent life-time is most affected by the reactivity ofthe mediator, i.e.k4 value.
Calculations show that the apparent life-time increases from19 s to1538 s if k4 changes
from 1 M−1s−1 to 105 M−1s−1. At these values of the constants the relative life-time
calculated asτ50/τ increases from2.7 to 222 times (Fig. 3). In the same range ofk4

values the yield of productP2 increases almost100 times (Fig. 3).
From calculations, it follows that the apparent life-time remains almost constant

(18–25 s) if kin increases from0.1 s−1 to 103 s−1 with simultaneousk4 increase from
102 M−1s−1 to 106 M−1s−1. In this range of constants the relative time increases by4
orders of magnitude, however, the product yield at1000 s practically does not change.
This is the reason for the mediator decay at short times.
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Fig. 1. Dynamics of concentration of oxidized and reduced enzyme and mediator
change. Time is expressed in seconds. Concentrations:eox + ered = 10−9 M,
ox = 3 · 10−4 M, s1 = 10−5 M, s2 = 10−3 M. k4 and k−4 102 M−1s−1,

kin = 0.001 s−1, other constants were taken from Table 1.
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Fig. 2. Dynamics of concentration of oxidized and reduced enzyme and mediator
change.kin = 0.1 s−1, other constants are the same as in Fig. 1.
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Fig. 3. The dependence of relative life-time of the mediatorand product yield at1000 s
on log k4. k4 is expressed in M−1s−1. Constants were the same as in Fig. 2.

In nature some oxidized mediators, for example cation radical of veratryl alcohol,
that participate in the most abundant organic material (lignin) degradation, have life-times
of about59 ms [11]. It is likely that effective action of this system maybe achieved by
permanent synthesis of the mediator in the reaction zone or (and) stabilisation of the
oxidized form of mediator by enzyme.

3.2 Estimation of mediator reactivity

Simulations show that the reactivity of the oxidized mediator is crucial for the yield of
product of the synergistic scheme. It is important to establish the limiting values of this
constant.

The constant of chemical reaction (4) can be estimated usingthe outer sphere elec-
tron transfer theory [12]. Thek4 is a function of self-exchange (k11 andk22) and equilib-
rium (K) constants:

k4 = (k11k22Kfk)1/2, (14)

log fk = log K2/4 log
(

k11k22Z
2
)

. (15)

For organics self-exchange constants (k11 and k22) are about108 M−1s−1 and
Z = 1011 M−1s−1 [13]. The value of the equilibrium constant determines the redox
potentials ofP1 andS2 and can be calculated using Gibbs equation:

∆G = −RT lnK = −nF∆E, (16)

where∆G is the free energy change,R andT are the gas constant and absolute temper-
ature,n is the of number electrons,F is the Faraday constant,∆E is the difference of
redox potentials of mediator and substrate.

Calculations show that if the redox potentials of mediator and reagent are equal
(∆E = 0) k4 for organic components may be as high as108 M−1s−1. For endothermic
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processes when∆E < 0 every118.3 mV (n = 1, 25 ◦C) decrease the constant value
by almost one order of magnitude. Therefore, even for strongly endothermic processes,
when the mediator redox potential is significantly smaller than that of substrate thek4

value can be as large as105 M−1s−1. This explains how low potential mediator (methyl
syringate) oxidizes high potential iodide [2].

It is necessary to stress out that simulations in this work were performed under
the assumption of irreversible process (1)–(3). The reversibility should be taken into
account for enzymes with relatively low redox potential, however, this wouldn’t change
significantly conclusions made.

4 Conclusions

The simulations of the biocatalytical synergistic reaction showed the increase of an appa-
rent life-time of the mediator. The apparent life-time was the most affected by reactivity
of mediator. Even for strongly endothermic reaction when difference of redox potential
of substrate and mediator is0.35 V, the apparent life-time of mediator can increase more
than80 times. The increase of mediator life-time increases product yield.
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