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Abstract. A mathematical model of enzymes inhibition during micrepar
ticles formation has been developed. The model is baseddim substrate
diffusion through diffusion layer that surrounds micrapae. The inhi-
bition of enzymes was explained by enzyme adsorption oraserdf the
microparticles and substrate diffusion limitation thrbuge diffusion layer.
The diffusion module is dependent on dimensions of the mriicle. The
microparticles with diamete? ym may ensure 50% of an apparent acti-
vity decrease if half of peroxidase has been adsorbed. éuatiisorption
of peroxidase and aggregation of the microparticles irsgedhe apparent
inhibition.
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1 Introduction

Many products of enzyme-catalyzed reactions are insoluble in water. For
example, laccase and peroxidase initiated polymerization of phenol pogsur
the most abundant process of natural polymeric compound — lignin formation
[1]. Peroxidase catalyzed waste water treatment produces insolublagraty
sediments [2, 3]. Naphthols oxidation catalyzed by laccases and pesexida
generate insoluble polymers [4, 5]. The characteristic feature of thastons

is decrease of enzymes activity [4]—[6].
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The inhibition of the enzymes decreases a yield of product and finally
the affectivity of process. Exist two prepositions concerning the mésiman
of enzymes inactivation. The first one hypothesizes intermediates (igdica
formation that react with active center of enzyme [7]. Following the second
hypothesis microparticles adsorb enzyme [4, 5, 8]. However, the intrinsic
mechanism of the inactivation of absorbed enzyme is not understood.

The task of this work is to build a model that can explain enzymes activity
decrease during the microparticles formation. The essence of the model is
enzyme adsorption on the microparticles and limitation of substrate diffusion.

2 Mathematical model

If we restrict ourselves to cases in which the diffusion is radial, the daffus
equation for a constant diffusion coefficient takes the form [9]:

dS/ot = D(8*S/dr? +2/r 8S/or), (1)

whereS — substrate concentration) — diffusion coefficient of the substrate,
r — radius of sphere.
On puttingU = S - (1) becomes:

oU /ot = D &*U/or. (2)

At steady-state conditions, whelU//ot = 0 and9S/0t = 0, the general
solution of (1) isS = A+ B/r, where constantd andB could be found from
boundary conditions. For hollow sphere with radius. » < b the solution of
(1) gives:

S, = (aSs(b— 1) 4+ bSy(r —a))/(r(b — a)), (3)

where S, — substrate concentration (bulk concentrationy at b, S; — sub-
strate concentration (surface concentration) ata.

If spherical microparticle with radius a contains adsorbed enzyme (Fig. 1)
it is surrounded by diffusion (Nernst) layer (Fig. 1). The bounddte layer
is atr = b and thickness of diffusion layep) is equal tob — a. At steady
state condition the quantity of substrate which passes through outer lbpunda
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Fig. 1. Scheme of the model. Dimensions are not scaled.

layer is equal to the quantity of the substrate which is converted by adsorbe
enzyme. The enzymatic rate on the surfdcg ¢an be expressed by equation

V= VmaxSs/(Km + Ss), (4)

where V... — maximal enzymatic rate on the surfad€,, — an apparent
Michaelis constant.

At steady state conditions the equalization of the substrate flux and the
enzymatic rate gives:

Anb? D(dS, /dr) =y = 47a*VinazSs/ (Km + Ss). (5)

The solution of (5) gives the dependence of the substrate concentatitwe
microparticle:

y=(z—1+p)+ (2 +2e(1—p)+1+p2+p)"%)/2 (6)

wherey = Sy/Knm, = Sp/Km, p = (Vinaz/KmD)(a(b — a)/b).
The solution of (5) at; <« K, is simpler:

y=ux/(1+p) (7)

The insertion of the substrate concentration (6) or (7) into (4) givesihes-

sion of enzymatic rate on the surface of microparticle. It is possible to notice
that the rate on surface changes little in comparison to the rate in the bulk
solution if diffusion modulep is less tharl (Fig. 2). It significantly decreases
atp larger thanl. At S,/ K,,, less than 0.5 approximate solution almost fits the
accurate solution.
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Fig. 2. The dependence of relative enzyme activity on diffusnodule at
Sy/ K, = 0.5. The solid curve — precise solution, dot curve — approximate
solution.

Remarkable feature of the concentration (and the rate) expressiok at
is it independence olsince:

p = Viaza/KnD. (8)

3 Fitting experimental data by the model

The suggested model was compared with peroxidase-catalyzed 1-eapdti!
oxidation performed in [5]. Typically the reaction started usingnol cm—3
of peroxidase an#5 nmol cm 3 of substrate. The estimated valuéwf;/ K.,
was13.2 - 10° and54.0-10? cm® mol ! s~! for 1- and 2-napthol, respectively.
For calculations the diffusion coefficient of substrateé0=% cm?s~! and per-
oxidase diametes-10~7 cm was usedV,,, was expressed &s,; - £, where
E — adsorbed enzyme concentration.

It is worth to notice that at = a the condition ofS, < K, is achieved
very easy due to substrate consumption on surface of microparticleefdheer
approximate solution (7) was used. The diffusion module was calculategl usin
(8) since thickness of diffusion (Nernst) layer that covers hetermmenphase
typically spang20—100)-10~* cm [10].

The performed experiments showed that activity of the peroxidase started
to decrease when about half of initial substrate, 125 nmol cm 3 has been
converted into polymer [5]. If we accept that at this moment particles with di-
ameter o yum (a = 1 um) are formed, the numben) of particles ist.3 - 10°
per cm? (density of polymer is acceptetg cm™3 and molecular weight of
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naphthol144 gmol~!). The total surface of the microparticles calculated as
4ma®n is 0.054cm?. The calculated concentration of adsorbed peroxidase
tightly covering the surface 3.5 pmol cm~—2. Therefore the micro particles
can adsorh.27 pmol of peroxidase, i.e. more than amount of peroxidase taken
for enzymatic reaction.

The apparent activity of adsorbed peroxidase, however, desehe to
diffusion limitation (Fig. 2). If half of peroxidasé) (5 pmol) is adsorbed on the
microparticles the diffusion module #s1 and16.7 for 1- and 2-naphthol, res-
pectively. Sincep is more than 1, the apparent activity of adsorbed peroxidase
will correspond onlyl9.7 and5.7% in comparison to solution. Total activity of
peroxidase calculated as a sum of activity in solution and in adsorbed sitate w
decreas80.3 and44.3% respectively. Similar decrease of activity has been in-
dicated during the naphthols oxidation [5]. Further peroxidase adsorgtid
the microparticles aggregation will increase diffusion module and inhibition
degree.

The indirect confirmation of the suggested model follows from the expe-
riments of inert polymers action. The inert polymers such as poly (ethylene
glycol) or albumin adsorbs on microparticles and prevents adsorption and in
hibition of peroxidase [5]. The direct confirmation of the model might be per
oxidase activity determination on the microparticles. Preliminary experiments
performed by I. Bratkovskaja show that the decrease of activity begitise
moment when sharp increase of light scattering of solution has been irtlicate
The increase of the scattering confirms hetero phase formation.

4 Conclusions

The inhibition of enzymes during insoluble polymer formation was explained
by enzyme adsorption on surface of microparticles and substrate diffirsio
itation through diffusion layer. The built model shows that diffusion module
in hollow sphere limited by diffusion layer is dependent on particles dimen-
sions. The microparticles with diametzrm may ensured0.3—44.3 % of the
apparent activity decrease if half of peroxidase is adsorbed. Thhanistn
discovered may be applied also to explain very recently discovered piegrzo
that the aggregates that form during virtual drugs high-throughpetamng
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are the inhibitory species [11].
Acknowledgments

The author thanks |. Bratkovskaja for light scattering measurements and
Dr. R. Baronas for manuscript reading and corrections done.

References

1. Ros Barcelo A. “Lignification in plant cell wallsintern. Rev. Cytol., 176,
p.87-132, 1997

2. Ghioureliotis M., Nicell J.A. “Assessment of soluble guzts of peroxidase-
catalyzed polymerization of aqueous phendtzyme Microb. Technal., 25,
p.185-193, 1999

3. Kauffmann C., Petersen B.R., Morten J.B. “Enzymatic remh@f phenols
from aqueous solutions byCoprinus cinereus peroxidase and hydrogen
peroxide”,J. Biotech., 73, p. 71-74, 1999

4. Kulys J., Vidziunaite R., Schneider P. “Laccase-catdyzxidation of
naphthol in the presence of soluble polymeisfizyme Microb. Technol., 32,
p.455-463, 2003

5. Vidziunaite R., Bratkovskaja I., Kulys J. “Investigati@f fungal peroxidase
inactivation kinetics during oxidation of naphtholsBjologija, 2, p.42-44,
2003

6. Aitken M.D., Heck P.E. “Turnover capacity @oprinus cinereus peroxidase
for phenol and monosubstituted phenolBfptechnol. Prog., 14, p. 487—492,
1998.

7. Chang H.C., Holland R.D., Bumpus J.A., Churchwell M.lgdbge D.R. “In-
activation ofCoprinus cinereus peroxidase by 4-chloroaniline during turnover:
comparison with horseradish peroxidase and bovine lactafmase”,Chem.-
Biol. Inter., 123, p. 197-217, 1999

8. Masuda M., Sakurai A., Sakakibara M. “Effect of enzyme umifies on
phenol removal by the method of polymerization and preafjah catalyzed
by Coprinus cinereus peroxidase” Appl. Microbiol. Biotechnol., 57, p. 494—
499, 2001

9. Crank JThe mathematics of diffusion, 2nd ed., Clarendon Press, Oxford, 1975
10. Kulys J., Razumas Bioamperometry, Mokslas, Vilnius, 1986 (in Russian)

11. McGovern S.L., Caselli E., Grigorieff N., Shoichet B.KA common
mechanism underlying promiscuous inhibitors from virtuahd high-
throughput screeningd. Med. Chem., 45, p. 1712-1722, 2002

70



