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Summary

Viscosity can be interpreted in terms of transport of momentum and, there-
fore, it should influence the kinetics of enzyme reactions. A theory, developed
by Somogyi and Damjanovich ((1975) J. Theor. Biol. 51, 393—401), is based
on this idea. Transport of momentum must always be accompanied by the
transport of mass and this second influence of viscosity is a limiting factor for
fast reactions in the liquid phase. A third aspect is, that the chemical potentials
of the components of viscous solutions are altered. This paper reports experi-
ments concerning the influence of the viscosigens (compounds that increase the
viscosity of solvents), alginate, sucrose, and maltose on the kinetic behaviour of
glucoamylase (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3). The observed
invariance of V and the decrease of K, are explained by the increase of chemi-
cal potentials and restriction of momentum transport.

Introduction

The high viscosity effect, found in most natural systems, is often not taken
into account during metabolic studies. Diffusion of all molecules is restricted
under viscous conditions and the catalytic properties of enzymes are also
affected. Somogyi and Damjanovich [1] suggest a new kind of enzyme regula-
tion generated by the surrounding medium. There is a strong interest in this
question as enzymes are increasingly used in industrial processes; for example,
production of glucose from starch and isomerization to fructose are reactions
which both take place in highly viscous solution.

Theory
An enzyme-catalyzed reaction can be represented by

E+S2YES®E+P (1)
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and the initial rate kinetics of this process can be described by

v=V/(1+kn/[S]) (2)
with
K =(k, +R1)/k, (3)
and
V =Fk,[E] 4)

(E, S, ES, P are enzyme, substrate, enzyme-substrate complex and product,
respectively; k is a rate constant; v, V, and K, are reaction rate, maximum reac-
tion rate and Michaelis constant, respectively).

In case of competitive inhibition instead of Eqn. 2 Eqn. 5 can be derived for
the formation of product

\%

d{P]/dt = X ( [1]) (5)
1+ 1+-—
[S] K;
with the inhibitor constant K;. If ‘an inhibitor I is acting non-competitively
\%4
d[P]/dt = (6)
(1) k)
1+——) 1+
[S] Ky

The viscosity 1 of the medium can directly alter the reaction rates, if a
mechanism of diffusion control [2] is valid. Alberty and Hammes [3] in their
investigations on fumarase showed that this can well be applied to enzyme
reactions. There exists another possible mechanism: in analogy to reactions in
the gas phase, the ES complex could be activated by collisions with surround-
ing molecules. A model was developed for enzyme reactions assuming that on
the surface of the protein there are certain sensitive sites [1]. From these sites
upon excitation by collisions, energy is directly transferred to those bonds in
the active site which are to be cleaved. The solution is treated as a quasi-crystal-
line network. The molecules are assumed to reach the next site in this network
by a jump in the time 7

7=1/6D (7)

where [ is the distance between neighboring sites and D the diffusion constant.

On the basis of these assumptions, the authors concluded that the break-
down rate constants of the ES complex must be inversely proportional to
viscosity in either direction. It is not only viscosity, but also the mass or radii
distribution of the solution, that determines the rate constants. The latter
effect influences the preexponential portion of the rate constants, as well as
the activation energies, in a manner that cannot be quantitated at present. Vis-
cosity changes can be induced by the addition of several types of compounds,
such as polymers, which cause appreciable increase of viscosity at low concen-
trations, or low molecular weight substances, For the purpose of this investiga-
tion, it was important to select viscosigens (compounds that increase the visco-
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sity of solvents) which least alter the physicochemical properties of the solu-
tion and which, at the same time, do not undergo specific interactions with the
enzyme. Specific interactions can be detected if one applies the models of com-
petitive and non-competitive inhibition (Eqns. 5 and 6), but these are applic-
able only at constant viscosity. Other physicochemical parameters of impor-
tance are ionic strength, dielectric constants and chemical potentials. The first
can readily be controlled. Experimental evidence suggests that the second
should not effect reactions with non-ionic participants {4—6]. Variations of
chemical potentials may be important when using polymeric compounds to
increase viscosity. Rod-shaped macromolecules (e.g. polysaccharides) exert
exclusion on spherical molecules according to

1/f = Kuy = exp(—L(rc +15)*) (8)

f is the activity coefficient of a sphere with the radius r; in a solution of ran-
domly suspended rods of radius r., the sum of their length per ml being L. K,
is that portion of the volume of the solution which is available to the spheres.
It must be mentioned that in Eqn. 8 only steric effects are considered and
energetic effects are neglected. Altered activity coefficients will affect K, and
V, as can be seen from Eqns. 9 and 10:

) fes
Kapp = g 'ES 9
VPP = kL [Elfg (10)

Indices of the activity coefficient f are used as explained in connection with
Egns. 1—4. If the substrate is a small molecule, fgg and fz will have approxi-
mately the same values. For these investigations, the enzyme glucoamylase
(1,4-a-D-glucan glucohydrolase, EC 3.2.1.3) was chosen. It acts usually on
polymeric substrates, although it can attack substrates as small as maltose. Glu-
cose always is the only product of the reaction.

Materials and Methods

Glucoamylase (free of a-amylase) from Aspergillus niger was purchased from
Merck (Darmstadt). The enzyme was assayed polarimetrically with maltose as a
substrate, using 0.1 M sodium acetate buffer (pH 5.0) at 40°C (for maltose and
sucrose as viscosigens) or 50°C (for alginate). The effects of mutarotation of
the sugars were corrected adequately. Before starting the reaction, all solutions
were preincubated at the reaction temperature. Mutarotation was also taking
place during the reaction and this fact has not been recognized by many
workers. The enzyme neither used nor produced the anomers in amounts that
were consistent with their equilibrium concentrations. It follows that mutarota-
tion did not cease during the reaction. If, however, the reaction conditions
were set to make the catalytic reaction rate the controlling factor, then as
mutarotaion equilibrium is approached the experiment can be relevant.

The polarimeter used in these investigation had an accuracy of 1/1000° rota-
tional angle (Perkin-Elmer, Uberlingen, PE 214). Viscosities were measured
with an Epprecht type instrument, which provides for the extrapolation of vis-
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cosity to zero shearing force (Contraves AG, Ziirich, Rheomat 30 with Low-
shear 2). Dielectric properties were determined with a Dekameter 30 (Wissen-
schaftlich Technische Werkstidtten, Weilburg/Obb.), an instrument working on
the resonance principle in the MHz region.

The purity of sugars was determined enzymatically or by paper chromatog-
raphy. It was found that only maltose was not pure. It contained 3.7% of glu-
cose as judged by the hexokinase method [10]. The other compounds were
glucose (Merck, biochemical and microbiological grade), sucrose (Merck, den-
sity gradient centrifugation grade), sodium alginate (Roth, Karlsruhe, purum
grade); other materials were of highest purity commercially available.

We used a non-linear optimization method minimizing the squared differ-
ences between experimental values and values which were calculated with
estimated coefficients. We then applied a weighted linear regression for the
inversed initial velocities on inversed substrate concentrations [11]. The results
were tested for statistically significant deviation from the results in solutions
free of viscosigen.

Experiments and Results

Reaction kinetics of glucoamylase were studied using three different sub-
stances. First, the substrate maltose served as viscosigen in concentrations up to
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Fig. 1. Glucoamylase with (a) maltose and (b) sucrose as viscosigens. The maximum reaction rate V in
millidegrees rotational angle per min at various concentrations of (a) maltose and (b) sucrose. The reac-
tion was monitored polarimetrically at 40°C. In case b the substrate concentration is 0.61 M maitose. The
decrease of V above concentrations of 1.7 M maltose and 370 g/l sucrose, respectively, is explained by the
fact that at the temperature of the assay the solutions were supersaturated.
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Fig. 2. Glucoamylase with alginate as viscosigen. The apparent Michaelis constant KPP as a logarith-
mic function of the alginate concentration. Evaluation of Ky, *P* by weighted linear regression (¢) and by
non-linear optimization (&),

Fig. 3. Dielectric constant of maltose solutions. Dielectric constant of maltose in H, O at 40°C as a func-
tion of maltose concentration.

2 M. Viscosities were found between 0.8 - 107 and 18 - 107° Pa - s7%, In order
to find out if sucrose produced the same effects as maltose, we assayed the
enzyme with this second compound and 0.61 M maltose as substrate, under the
same conditions. In this case, viscosities ranged from 4 - 1073 to 18 - 10~ Pa -
s1, Sucrose is only a very poor substrate for glucoamylase. From these experi-
ments, we can only observe the effect of these changes on the maximum velo-
city, V (Fig. 1). For the determination of K, we elevated the temperature to
speed up mutarotation. Sodium alginate, in concentrations up to 7 g/l, was
used as viscosigen. Ionic strength was maintained at a constant level by addition
of KCI. Fig. 2 shows the resulting parameters.

Further experiments were designed to probe the dielectric properties. As the
conductivity of alginate solutions was very high, solutions were demineralized
before measurements. For alginic acid we could not obtain more than three
values at 16°C. Alginate solutions were prepared in water at 0, 0.203 and 0.346
g/l and the dielectric constants measured at 16°C to be 82.5, 85 and 86, respec-
tively. The dielectric constants of maltose solutions are shown in Fig. 3. Values
for sucrose are published elsewhere [12].

Discussion

The results of this investigation can be discussed under five aspects: The vis-
cosigens could cause specific interactions with the protein or electrostatic inter-
actions, diffusion control, exclusion effects and activation by collisions to be
responsible for the observed effects.

Specific interactions are not involved, as the kinetic data do not fit Eqns. 5
or 6. Electrostatic potentials do not influence the kinetic parameters, in agree-
ment with experiments by other workers [4—6]. The results with glucoamylase
are identical for all viscous agents, although they exhibit opposite dielectric
properties (Fig. 3). The invariance of V (Fig. 1) is confirmed by statistical evi-



397

dence. This was established by first applying an F-test which showed whether
the variances were comparable. The results were then compared to those ob-
tained in pure buffer by Student’s ¢-test. In no case could we find a significant
difference (P < 0.10). The decrease in the maximum velocity with maltose and
sucrose at high concentrations (Fig. 1) is explained by the fact that these solu-
tions were supersaturated at 40°C. This presumably resulted in an altered struc-
ture of the solution, which was also shown by the effects on the dielectric con-
stant (Fig. 3).

The rates of forward and reverse reactions (k,, and k_,, respectively) are not
diffusion controlled, as shown by the low K., values. If the combination of
enzyme and substrate to ES is diffusion controlled, one would expect an
increase of the apparent K,;, (Eqn. 3), which is not found. Also an estimation of
the minimum values of the rate constants leads to the conclusion that there is
no diffusion control.

In order to explain the observed effects on the Michaelis parameters, we have
only to consider exclusion effects and activation by collisions. In the case of
glucoamylase, both of these mechanisms apparently apply. Activation by col-
lision is restricted so that the maximum reaction rate should decrease with 1/n,
whereas, because of exclusion effects. a linear increase with viscosigen concen-
tration cvy is expected. If we assume, in a first approximation, an exponential
relationship between n and cy, both effects cancel each other and thus the
invariance of V (Fig. 1) is explained. The assertion, n ~ e, is purely empirical,
as an adequate theory for concentrated solutions has not been developed yet.
But Fig. 4 shows that it can be used as a fairly good approximation for solu-
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Fig. 4. Dependence of viscosity on concentration of (a) sucrose, (b) maltose, and (c) alginate solutions.
Viscosity can be treated as a logarithmic function of the concentration of (a) sucrose, (b) maltose, and (c)
alginate solutions in a limted range.
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tions of maltose, sucrose, and alginate at the concentrations used in our experi-
ments. The Michaelis constant should vary with reciprocal viscosity because of
the collision activation mechanism. Exclusion principles suggest a proportionality
to e™ and, with the same approximation as above (1 ~ €°) these predictions are
identical. Plotting K,,?°? logarithmically against ¢y (Fig. 2) confirms this view.

Other experiments, using glucose isomerase and «-glucosidase, led to differ-
ent results (unpublished data) demonstrating that the observed influence of
viscosity on reactions catalyzed by glucoamylase cannot be used as a generali-
zation.
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