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SUMMARY 

1. A kinetic study of the tryptic activation of chymotrypsinogen in polyacryl- 
amide gel has been performed. It was found that an increase in the gel concentration 
up to 32 ~ (w/w) produces only a weak effect on the rate of protein-protein interac- 
tion. However, if the gel concentration is further raised by only 1 - 2 ~  (w/w), the 
reaction appears to be arrested. This is due to the fact that, as the concentration of 
the gel increases, the protein-protein interaction begins to be controlled by diffusion. 

2. Mechanical compression of the gel results in the diffusion-controlled reac- 
tion being accelerated by more than 20 times. After subsequent decompression of the 
gel the reaction rate returns to the initial level. In terms of the suggested structure of 
the gel, it is inferred that mechanical deformation allows the reaction to be reversibly 
switched from a diffusion to a kinetic regime. 

3. The phenomenon discovered by us simulates regulatory mechanisms which 
may function in the enzymic systems localized in gel-like membranes in vivo. 

4. The system studied, in which the "generation" of an enzymic activity occurs 
as the result of mechanical deformation of the polymeric support, may be used as a 
chemical amplifier of weak mechanical "signals". 

INTRODUCTION 

There are several reasons why immobilized enzyme catalysis is developing so 
rapidly. Firstly, it is due to the new possibilities which the use of the immobilized 
enzymes have opened up for chemical technology and medicine. Secondly, the en- 
zymes incorporated into a polymer or gel film may be regarded as being a model of 
real membrane enzymic systems [1]. In this connection it was interesting to find out 
whether the rate of protein-protein interaction in the gel support can be regulated by 
mechanical compression. This question, if solved, may have both theoretical and 
practical significance. 

We have studied the kinetics of activation of chymotrypsinogen by trypsin in 
polyacrylamide gel. The enzymic activation of zymogen [2] was made the object of 
investigation because this kind of protein-protein interaction has much in common 



194 

with the reaction which occurs in the membrane in vivo and which plays an important 
role in nerve excitation transmission [3]. The choice of polyacrylamide gel for a sup- 
port [4] is primarily due to its being chemically inert. The three-dimensional lattice 
of this gel does not interact with low molecular substances (electrolytes and non- 
electrolytes) [5], or with proteins [6]. 

EXPERIMENTAL 

Preparation of gel. The gel was prepared by riboflavin (10 mg/1) initiated 
photochemical polymerization of the mixture of acrylamide and N,N'-methylenebis- 
acrylamide (95:5, w/w) in the presence of all the components of the enzymic process 
(also in the presence of a-chymotrypsin titrant; see Determination of the rate of the 
process studied). Polymerization was carried out by cooling with ice-cold water. The 
time of illumination, 20 min, should be amply sufficient to ensure that total polymer- 
ization occurs. 

Determination of the rate of chymotrypsinogen activation by trypsin. The quan- 
tity of the a-chymotrypsin formed was determined by titration with p-nitrophenyl- 
trimethylacetate (1.5.10 -4 M; 2 ~ acetonitrile (v/v)) [14]. The gel was prepared di- 
rectly in the optical cuvette of a "Hitachi-356" double-wave spectrophotometer (l -- 
I cm). The rate of formation ofp-nitrophenol was determined at 400 nm, subtracting 
the absorbance at 550 nm. 

Experimental procedure for compression. A 1 cm thick parallelepiped cut out 
of a piece of gel was placed between two parallel framed glass plates, the distance 
between which could be changed. This system was then placed in the spectrophoto- 
meter cuvette. 5 rain after the beginning of the reaction the gel was compressed and 
in another 5 rain the load was removed. The decrease in the length of the optical 
pathway due to gel compression is taken into consideration. 

Process 1, "initiation" of catalytic activity on mechanical compression. 

I Trypsinogen 

l a catalytic amount Mechanical [System without } 
)of trypsin incorporated compression {diffusion hind- ,Trypsin 
]in the gel. The system of the gel [rances 
[is not active due to 
[diffusion hindrances 

Process 2, amplification of a weak mechanical action. The accumulation of Product P should be 
taken as a measure of amplification. 

Trypsin 
Substrate - - ~  Product (P) 

Scheme 1. 

RESULTS 

The three major results we have obtained are: (i) Fig. 1 shows a plot of the 
rate of formation of a-chymotrypsin (on the activation of chymotrypsinogen by tryp- 
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Fig. I. Dependence of the rate of tryptic activation of chymotrypsinogen on the concentration of poly- 
acrylamide gel. Conditions: 20 °C, pH 7.9 (0.01 M Tris-HC1 buffer), 2- 10 7 M trypsin and 1 • 10 -~ M 
chymotrypsinogen. On the ordinate, the rate minus the background (about 3 % of the optimal rate 
of the process). The background is evidently due to trypsin reacting with the ct-chymotrypsin titrant. 

sin) versus the concentration of polyacrylamide gel. As is seen in the figure, the rate 
of the process increases as the concentration of the gel increases up to 25 %. The 
phenomenon seems to be due to the fact that the monomer, as well as the movable 
polymer chains, produce an inhibiting effect on the process. For example, under the 
conditions specified in the caption to Fig. 1, the rate of activation of the zymogen 
in the absence of acrylamide is 0.45 #moles/min, whereas in the medium of the 
20% acrylamide monomer (which corresponds to the optimal concentration of the 
gel) the rate is 0.02/~moles/min. 

(ii) Of great interest is another observation, i.e. that the rate of the protein- 
protein interaction sharply decreases at gel concentrations exceeding 32 %. For exam- 
ple, if the concentration of the gel is changed by only 2 %, the rate of activation of 
zymogen goes down to zero. This result cannot be accounted for by any kind of pro- 
tein denaturation, since, as is seen in Fig. 2, the concentration of polyacrylamide gel 
from 20-45 % produces only a slight effect on the reaction rate of both trypsin and 
~t-chymotrypsin with p-nitrophenylacetate, their low molecular substrate. It is most 
feasible to interpret the data obtained (the right hand part of the curve in Fig. 1) in 
terms of the concept of protein diffusion in polyacrylamide gel [7]. It may be supposed 
that at gel concentrations exceeding 32 % the protein-protein interaction is a diffusion- 
controlled process. On the other hand, it is understandable that a reaction involving 
a low molecular substrate (Fig. 2) may proceed without diffusion hindrances, the fact 
following from the general theory describing the effect of diffusion on the rate of a 
chemical reaction [8]. 

(iii) We have found that the rate of activation of the zymogen may be signi- 
ficantly increased by mechanical compression of a sufficiently dense matrix obtained 
at a gel concentration exceeding 32 % (deformation of a gel of a lower concentration 
does not in the least alter the rate of the enzymic reaction). It is shown in Fig. 3 how 
the rate of the enzymic process studied in a 33.5 % polyacrylamide gel depends on 
the degree of compression of the gel plate. This effect, as shown in Fig. 4, is almost 
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Fig. 2. The dependence of the reaction rate of a-chymotrypsin and trypsin with p-nitrophenylacetate, 
upon the concentration of polyacrylamide gel. Conditions, 20 °C, pH 7.0, buffer 0.0l M Tris-HC1, 
2.10 s M a-chymotrypsin, 2.10 -~ M trypsin, 3.10-4 M substrate and 2% acetonitrile (v/v). 
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Fig. 3. The dependence of the rate of reaction between trypsin and chymotrypsinogen on the value 
of the relative degree of compression of 33.5 % polyacrylamide gel. For the conditions see the captions 
to Fig. 1. 
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Fig. 4. The product concentration vs time dependence for the reaction of trypsin with chymotrypsin- 
ogen in 33.5 % polyacrylamide gel. Conditions: a piece of gel was placed in the spectrophotometer 
cuvette. 5 rain after the beginning of the reaction the gel was compressed by 35 % and in another 5 
rain the load was removed. For the other conditions see the caption to Fig. 1. 
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completely reversible. For example, 5 rain after the beginning of the reaction the gel 
was compressed (Al/lo ~ 0.4), which resulted in the rate being increased almost 20- 
fold. In another 5 rain the load was removed; thereby, the rate of the enzymic process 
almost instantaneously returned to the initial level. At low degrees of deformation 
the "compression-decompression" procedure may be repeated many times, the re- 
versibility of the "increase-decrease" effect of the reaction rate being maintained all 
the time. 

DISCUSSION 

The results obtained by us may be explained in terms of the following model of 
protein diffusion in gel. Let us suggest, after Tombs [7], that at sufficiently high con- 
centrations of gel (when the size of pores is close to that of the diffusing protein), the 
diffusion coefficient depends on the quantity of the pores whose size exceeds a critical 
value rather than on the average size of the pores (in the first approximation the 
critical value may be taken as an effective diameter of a protein globule). Let us 
imagine that in the initial state (prior to compression) the protein molecule is incor- 
porated into a certain elementary unit of polymeric gel (Cube a in Fig. 5), which, 
since the size of the facets is too small, does not allow the diffusion of the protein 

Direction of compression 

(a) 

Fig. 5. A scheme of the shape of an elementary unit of polyacrylamide gel prior to compression (a) 
and after compression (b). 

(b) 

globule. If one exerts some pressure, normally to the upper facet, one obtains a par- 
alellelepiped shown in Fig. 5b. The volumes of these two figures are bound to be 
equal, as gel, like water, is practically incompressible. This means that the decrease 
in the side facets of the unit due to compression should entail an increase in the upper 
and lower facets. The latter seems to have a very great significance for the rate of 
diffusion, as the compression of the gel may bring about an increa,~e in the number 
of pores whose size exceeds the critical value. Hence the conclusion, that, in terms of 
this model, compression of the gel may basically facilitate diffusion, thereby increasing 
the rate of the protein-protein interaction, which has been observed experimentally. 
This phenomenon opens up a lot of possibilities in the mechanochemistry of immo- 
bilized enzymes, as the use of other kinds of gel (or polymer) deformation, e.g. stretch- 
ing, shearing, bending and twisting may also be possible. 

For the practical purposes, the above system may be used for amplifying weak 
mechanical effects. This is due to the fact that, in a system subjected to a weak me- 
chanical effect, the level of catalytic activity increases (Figs 3 and 4). The measure of 
amplification of a weak primary "mechanical" signal will be the quantity of the sub- 
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strate processed by the generated enzyme. This is very well exemplified by an auto- 
catalytic process shown in the scheme. 

Let us estimate the specific energy expenditure for the generation of  one mole- 
cule of  the catalyst. It is obvious that  the quanti ty of  the enzyme "generated" when 
the gel was being compressed depends not  so much on the energy consumed by com- 
pression but also on the initial concentrat ion of  the immobilized enzyme and the 
volume of  the gel. Let us make a calculation for the conditions employed in the ex- 
periment when the rate of  activation of  chymotrypsinogen was measured in a gel cube 
of  a 1 cm edge, which contained 10 4 M of trypsin. In 35 % gel the reaction does not 
occur, see Fig. 1. For  the cube to be relatively compressed by about  20 %, it should 
be subjected to a pressure of  about  1 atm 10 newton/cm 2, which corresponds to 
an energy expenditure of  10 newton.0.2  cm = 2" 10 -2 J = 5' l0 3 cal. As a result of  
such compression, the rate o f  the reaction goes up to about  one-third of  the maximum 
possible value (which corresponds, apparently, to the total absence of  diffusion hin- 
drances in the gel, see Fig. 1). Therefore, one may tentatively assume that  about  one- 
third of  the immobilized enzyme molecules have been liberated as a result of  com- 
pression, i.e. 0.33.10 -7 mole/m1.6.102~ = 2-1016 molecules. Thus the specific energy 
expenditure for initiating enzymic activity is 5.10 z cal/2.10 TM molecules == 2.5" 10 1,~ 
cal/molecule of  catalyst. I t  is evident that  the level of  catalytic activity of  the immo- 
bilized enzyme may be regulated mechanically by means of  a moderate energy expen- 
diture. (We have previously suggested a model in which the catalytic (enzymic) activ- 
ity may be initiated by light [9-12]. In this model, which is based on the mechanism 
of  the pr imary act of  visual reception after Wald [13], we have t;r/O.1 = 10 -18 cal/ 
molecule of  the "generated" catalyst, the quantum yield being 0.1 at 313 nm wave- 
length.) Moreover ,  it should be taken into account  that  in the case of  an ideally 
elastic gel, no energy is evidently spent as deformation is totally reversible. In a de- 
scriptive fashion, initiation of  the catalytic activity by exerting mechanical action may 
be compared  to the energy-independent opening of  a door  in a reservoir where en- 
zyme molecules are stored. 

It should also be pointed out that  the regulation of  the rate of  the protein 
protein interaction (affected in the mechanochemical  model described above) may 
actuall2~ function in vivo, for example in some enzymic processes occurring in the 
membranes with ordered gel-like structures. One may expect when various mechanical 
deformations of  the membrane  occur (the mechanism of  hearing?), its structure may 
undergo alterations ranging from a free diffusion state to the one with diffusion hin- 
drances (and vice versa). This may affect, as has been demonstrated in the present 
communicat ion,  the catalytic properties o f  the enzymes immobilized in the membrane.  
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