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Abstract. Kinetics of biocatalytical synergistic reactions has baealyzed with special
emphasis on stability and reactivity of mediators. The i@pfibn to the model of
kinetic constants taken from the experiments showed tlagtiasi steady state (QSS)
for reduced and oxidized enzyme was achieved.ib01 s. However, the QSS for
the mediator was not established during measurable time thi®reason the kinetics
of biocatalytical synergistic reactions was modeled byisgl the ordinary differential
equations using software package KinFit$im

The calculations showed the increase of an apparent tife-tif the mediator in the
synergistic reaction. The apparent life-time was mostcadie by reactivity of mediator.
The change of the mediator reactivity framM ~'s™! to 10° M~!s™! increased the
apparent life-time fron9 s to 1538 s. This mediator reactivity can be achieved even
for strongly endothermic reaction when difference of regatential of substrate and
mediator is0.35 V. The increase of mediator life-time increased producdidyie
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1 Introduction

Many biocatalytical processes proceed in presenaeedfators [1]. The efficiency of a
process increases if a mediator has a capacity to aghengism with the main substrate
conversion [2-5]. The kinetics of biocatalytical synetigiseactions has been analyzed
very recently [6].

In presence of oxidoreductases a mediator turns betwedizegiand reduced state.
The oxidized state of mediator typically has limited sti#piln water solution. Low
stability of oxidized mediator can control the efficiencyosrall process.

*The research was supported by Lithuania-Ukrainian 20@B2@ars project sponsored by Lithuanian
Ministry of Education and Science.
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The task of this investigation was to model kineticsgfergistic conversion of sub-
strates in presence of mediator with limited stability. Bpecial emphasis was directed
to influence stability and reactivity of mediator to efficgmnof synergistic process. To
optimize the synergistic process the concentrations ottimponents were varied, and
limiting values of the reaction rate constants were ethbtl.

2 Mathematical model

The scheme of the synergistic substrates conversion mayitierw

E(red) + Ox < E(ox) + P, (1)
E(ox) + S < E(red) + Py, 2
E(ox) + Sz «» E(red) + Po, (3)
Py + Sy « Py + Sy, 4)

whereE(red) andE(ox) corresponds to reduced and oxidized enzyfe — oxidizer,
S1,So —substrates?, Py, P — products of the reactions. The constants of the correspon-
ding direct and reverse reaction rates byek_1, ko, k_o, ks, k_3, k4, k_4. TheS; and
P, are reduced and oxidizedediator, and the constantls, andk_, correspond to the
Cross reaction.

In water solutions the most unstableRs, i.e. oxidized mediator. To analyze the
role of oxidized mediator to the efficiency of synergistiopess the first order reaction of
P, decay was added:

P1 ‘>Pin~ (5)

The constant of this processis,.
The change of the concentration of components taking pahdrprocess was de-
scribed by a system of ordinary differential equations (QDE

dered/dt == 7]{167«65101' + k*leoxp + erozsl + k3€ox52

—k_2ereap1 — k—3€redp2, (6)
deos /dt = k1€req0r — k_1€02p — k2€ox51 — k3€0r52

+ k_2ereap1 + k_3€reap2, (7)
dp/dt = kiereqor — k_1€02D, (8)
dsy/dt = —kzeors1 + k_2€reap1 + kap1sa — k_apasi, )
dsy/dt = —kseops2 + k_3€rcap2 — kapisa + k—_ap2si, (10)
dp1/dt = kaeors1 — k—_2€reapr — kap152 + k_s4pasi — kinp1, (11)
dpa/dt = kseorS2 — k_3€recapa + kap1S2 — k_apasi, (12)
dpin/dt = kinp1, (13)

wheret is time, e, oz, 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 packagsion 2.1 [7].
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3 Results and discussion

3.1 The function of synergistic process at limited mediatostability

To simplify the analysis the reactions (1)—(3) were assumoete irreversible. This
means thak_,,k_, andk_s are equal to zero. The kinetic constantof enzymatic
(peroxidase) reaction was taken from [8}, value — from [9] andk; value — from [10]
(Table 1). At the beginning the modelling of synergisticestte was performed with the
constantst, = 10° M~!'s ! andk_s = 0 M~!s™!. The constantkj,) of oxidized
mediator P) decay was changed betwe@001 s~ and1000 s—. The life-time ¢) of
mediator P;) is calculated as = In 2/k;,, varied betwee®.9 - 102 and6.9 - 10~* s,

Table 1. The values of the kinetic constant$.= mol - dm~3

Constant Value, M's™T Value, s '

k1 7.1-10°

ko 1.0 - 108

ks 7.1-10%

ka 105-10°

k_y4 10?

kin 1073-10°

The concentrations of components, that experimentallywaanin the large interval,
were chosen to demonstrate intrinsic features of the psodédse concentration @x was
kept constantin all processes. The concentratidhisfalso constant since for peroxidase
reactionP is water.

The simulations showed that the quasi steady state (QS®daced and oxidized
enzyme whende,, /dt = de,.q/dt = 0 was formed durind).001 s. However, QSS
for mediator was established durifg seconds (Fig. 1). For this reason the QSS state
that is common for simple enzymatic kinetics can not be agfior the analysis of these
synergistic schemes.

The increase of oxidized mediator decay rate (and the dee@fdife-time) practi-
cally does not influence the QSS of enzyme. In contrast thef@3Be mediator had not
been established during0 s (Fig. 2).

The apparent life-time of mediators() was calculated as time of twofold decrease
of the concentration of the mediaten (- p,). Itis larger thanr due to reaction (4). In the
case ofk;,, = 0.001 571, 750 is 1222 s. In the case of;,, = 0.1 s !, ¢t = 6.9 s, whereas
Ts0 INCreases up tes s.

The increase of the apparent life-time of mediator has aroitapt consequence.
Calculations showed that the synergistic process may baegffieven at low mediator
stability. Thers is a function of enzymatick;) and chemical reactivity of mediator
(k4,k_4). Ten times decrease of the enzymatic rate increasgdip to 150 s. This
method ofrs( increase is not interesting from biotechnological poinvigfv since the
yield of final product P,) decreases by about 7 %4100 s.
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The apparent life-time is most affected by the reactivitthefmediator, i.ek, value.
Calculations show that the apparent life-time increases fr9 s t0 1538 s if k4, changes
from1 M~!s! to 10° M~!s~!. At these values of the constants the relative life-time
calculated ass( /7 increases fron2.7 to 222 times (Fig. 3). In the same range bf
values the yield of produd?; increases almos0 times (Fig. 3).

From calculations, it follows that the apparent life-timesmains almost constant
(18-25 s) if k;,, increases frond.1 s=! to 102 s~! with simultaneous:, increase from
102 M~'s~ 1 to 106 M~!s~1. In this range of constants the relative time increase$ by
orders of magnitude, however, the product yield @0 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 reducedyere and mediator

change. Time is expressed in seconds. Concentrations+ eq.q = 107° M,

or = 3-100*M, s1 = 1005 M, so = 1073 M. kg andk_4 10> M~ 1s7!,
kin = 0.001 s, other constants were taken from Table 1.
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Fig. 2. Dynamics of concentration of oxidized and reducedyere and mediator
changek;, = 0.1 s7!, other constants are the same as in Fig. 1.
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Fig. 3. The dependence of relative life-time of the mediatut product yield at000 s
onlog k4. k4 is expressed in M's™!. Constants were the same as in Fig. 2.

In nature some oxidized mediators, for example cation eddit veratryl alcohol,
that participate in the most abundant organic materiahifigpdegradation, have life-times
of about59 ms [11]. Itis likely that effective action of this system miag achieved by
permanent synthesis of the mediator in the reaction zonarm)(stabilisation of the
oxidized form of mediator by enzyme.

3.2 Estimation of mediator reactivity

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

The constant of chemical reaction (4) can be estimated uk&guter sphere elec-
tron transfer theory [12]. Thiy is a function of self-exchangé{; andks2) and equilib-
rium (K) constants:

ks = (kiikao K fi)'/?, (14)
log fi, = log K?/41log (k11k22Z?). (15)

For organics self-exchange constants;(and ks) are about10® M~!'s~! and
Z = 10" M~'s! [13]. The value of the equilibrium constant determines thaox
potentials ofP; and.S; and can be calculated using Gibbs equation:

AG = —RTInK = —nFAE, (16)

whereAG is the free energy chang®,andT are the gas constant and absolute temper-
ature,n is the of number electrong; is the Faraday constamhE is the difference of
redox potentials of mediator and substrate.

Calculations show that if the redox potentials of mediatod aeagent are equal
(AE = 0) k4 for organic components may be as hightad M~'s~!. For endothermic
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processes wheAFE < 0 every118.3 mV (n = 1,25°C) decrease the constant value
by almost one order of magnitude. Therefore, even for styoeigdothermic processes,
when the mediator redox potential is significantly smalkeart that of substrate thig,
value can be as large 48° M~'s~!. This explains how low potential mediator (methyl
syringate) oxidizes high potential iodide [2].

It is necessary to stress out that simulations in this workewserformed under
the assumption of irreversible process (1)—-(3). The révititg should be taken into
account for enzymes with relatively low redox potentialwlewer, this wouldn’t change
significantly conclusions made.

4 Conclusions

The simulations of the biocatalytical synergistic reatshowed the increase of an appa-
rent life-time of the mediator. The apparent life-time was most affected by reactivity
of mediator. Even for strongly endothermic reaction whdfedénce of redox potential

of substrate and mediator@s35 V, the apparent life-time of mediator can increase more
than80 times. The increase of mediator life-time increases proyietd.
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