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Summary 

The general principle of  enzyme stabilization has been formulated: inactiva- 
tion of the enzyme due to unfolding of  its molecule under a certain denaturing 
action may be sharply retarded provided the protein globule is rigidified by 
being attached to a complementary surface of a relatively rigid support in a 
mult ipoint  fashion. 

A method has been elaborated allowing a support with a surface geometry 
strictly congruent to that  of  the enzyme globule to be prepared and ensuring 
multipoint  covalent binding to be effected. To this end, the enzyme molecule 
is modified in many points by a monomer  analogue and the resulting enzyme 
preparation is copolymerized with the monomers.  As a result, the enzyme 
proves to be attached with multiple linkages in the three-dimensional lattice of 
polymeric gel. 

The method of  enzyme stabilization has been subjected to experimental veri- 
fication. Model enzymes, chymotrypsin and trypsin, were first acylated by 
acryloyl chloride or coupled with acrolein then copolymerized with the mono- 
mers, sodium methacrylate or acrylamide. The thermostabili ty of  the immo- 
bilized enzymes obtained as a result is by several orders of  magnitude higher 
{103--108 times above the 60--102°C temperature range) than that  of  native 
enzymes, with high catalytic activity being retained. This technique allows 
preparation of both highly stable water-insoluble enzymes (on formation 
of gel cross-linked with N , N ' - m e t h y l e n e  bisacrylamide) and soluble stabi- 
lized enzymes (if polymerization is performed without  other  than the enzyme 
cross-linking agents). 

Introduction 

Elucidation of the principles of enzyme stabilization is one of  the most  im- 
portant  goals of  enzymology.  This problem, if solved, will allow preparation of  



highly stable enzymes that  will find application in medicine, chemical technol- 
ogy, for analytical purposes etc. [1,2]. From the point  of view of the theory, 
the attempts at stabilizing enzymes may be regarded as a new approach to 
studying the mechanisms of  their denaturation; see, for example, [3]. 

In the recent years, enzymes are stabilized by being immobilized on a sup- 
port (as a result of covalent binding or 'adsorption); such works are reviewed 
very comprehensively in [1,2,4--6]. However, in certain cases, stability of 
enzymes to inactivating actions increases on their being immobilized, in other 
cases decreases, sometimes it remains unaltered. All in all, unfortunately,  higher 
stability enzymes are an exception, rather than a rule [1,6]. 

In the cases when stability of enzymes increases as a result of their immobili- 
zation, the following two explanations are offered [1,4--6]: alteration in the 
conformation of the enzyme on interaction with the support and alteration in 
the microenvironment of the enzyme molecule when it leaves water to go to 
the micromedium surrounding the support. Unfortunately we do not  know 
now how the stability of the enzyme is associated with its conformation and 
its microenvironment, the more so that  the relationship may be specific for 
each enzyme. Therefore, these considerations can hardly be laid as a founda- 
tion for the elaboration of the general principles of enzyme stabilization. More- 
over, it was recently demonstrated by direct physical methods that, on binding 
between proteins and supports, the protein macromolecules hardly undergo 
any conformational changes [ 7--12]. 

Another handicap in elaboration of enzyme stabilization principles is that  
the general mechanisms of their inactivation have not  been unraveled [13] in 
spite of the fact that  research in this area has been carried out  for dozens of 
years now. It may well be that  a unique, general mechanism of protein denatu- 
ration does not  exist at all [14]. 

It is beyond doubt,  however, that  inactivation of the enzymes under the 
action of, for example, heating or denaturing agents, involves considerable con- 
formational changes in the protein molecules, that  is unfolding [13--15] 
(Fig. 1, a and b). This, in our opinion, may serve as a starting point in working 
out the principles of enzyme stabilization. In fact, if unfolding is recognized as 
being an indispensable step of  enzyme inactivation, then the more rigidly fixed 
the protein globule of the enzyme on a support, the more difficult it is to 
unfold and, as a consequence, the harder it is to inactivate its catalytic centre. 
By the way, in nature variation of rigidity of proteins is a common environ- 
mental adaptation feature of organisms [ 16]. 

Let us imagine now that  we have linked a molecule of an enzyme to a rigid 
support by several strong chemical bonds (Fig. 1, c). It  will obviously make the 
structure of the protein molecule much more rigid, and hence unfolding and 
inactivation (for example, on heating) of such immobilized enzyme will be 
much more difficult to accomplish than that  of the starting, native, enzyme 
(transition a -~ b in Fig. 1). The model shown in Fig. 1, although schematic, 
seems to be true to reality. For example, when a study was made of the confor- 
mational mobility of immobilized proteins (with the use of a number of phys- 
ical methods), it was found that, as a result of the protein-support binding, the 
former acquires a more rigid molecular structure (becomes 'frozen') [7,8,10]. 
This conclusion is supported by abundant indirect data (obtained by both 
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Fig. 1. S c h e m a t i c  representa t ion  o f  the  unfo ld ing  (and,  as a c o n s e q u e n c e ,  inact ivat ion)  o f  a nat ive  m o l e -  
cule  of e n z y m e  (a) o n  its  be ing  h e a t e d  ( trans i t ion  a ~ b) .  For  the  e n z y m e  a t t a c h e d  by  m a n y  l inkages  to  
a rigid s u p p o r t  (c) the  un fo ld ing  b e c o m e s  cons iderably  h indered .  Fi l led region: the act ive  centre  on  the  

e n z y m e .  

physical methods and enzymatic activity measurements) [8,10,17--19]. Indeed, 
conformational transitions in support-bound proteins are hindered. Gabel, in 
his pioneering study [20] showed that  the more linkages t he r e  are between 
trypsin and Sephadex, the more stable is the protein against inactivation (i.e. 
unfolding [21] ) by urea. 

So, all the above considerations give grounds for believing that the general 
principle of enzyme stabilization consists in multipoint binding of the catalyst 
molecule to the support. This binding is to make the conformation of the mole- 
cule more rigid (without necessarily altering it), hence more stable against un- 
folding and, ultimately, inactivation. This principle is, however, difficult to 
realize methodologically for steric reasons, as both the surface of the support 
and that of  the protein have configurations of their own that  are by no means 
congruent. Besides, even when a multipoint  binding is realized, it is a very small 
part of  enzyme molecule surface that is bound to the support (see Fig. 1,c); 
hence one should not  expect  that the whole of its molecule will become rigid. 
This may be the reason why many attempts at stabilizing enzymes failed, see 
for example [7,22,23]. The problem then is actually that of providing a sup- 
port  with a surface absolutely complementary to that of the enzyme molecule. 
Only in this case the multipoint interaction conducive to stabilization of the 
enzyme will take place. 

The gist of  our approach to this problem (see preliminary communications 
[24,25]) is the following (Fig. 2). The enzyme is modified by an analogue of a 
monomer  and the resulting preparation is copolymerized with the monomer  
proper (sometimes also with a cross-linking agent). As a result, one has an 
enzyme chemically attached to the three-dimensional lattice of  a polymeric 
gel, the points of  the enzyme-support  binding being the premodification sites 
of the enzyme molecules. It is obvious that the underlying principle of the 
method presupposes that the microsurface of the gel around the chemically 
entrapped enzyme molecule should be complementary to the surface of the 
latter. 
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Fig. 2. Schematic representation of the novel method o f  enzyme immobi l izat ion:  copo]ymerizat ion of  the 
enzyme modi f ied by a monomer analogue wi th  the monomer proper. 

As analogues of the monomer, one may use, for example, amino groups 
modifiers (because in proteins there are many such groups, say e-NH2 groups of 
the lysine residues; this will ensure a multipoint binding of the monomer ana- 
logue with the protein): for example, acryloyl chloride and methacryloyl chlo- 
ride that acylate NH2 groups, or acrolein that alkylates NH2 groups. 

As monomers, use may be made of gel-forming substances, such as acryl- 
amide, sodium methacrylate or ethylene glycol methacrylate; N,N'-methylene 
bisacrylamide may be employed as a cross-linking agent. All these agents are 
commercially available and inexpensive. 

We have studied the thermostability of well-known proteolytic enzymes, 
chymotrypsin and trypsin, chemically entrapped in different polymeric gels by 
the above method. 

Experimental ~ 

Materials 
Bovine ~-chymotrypsin used was a commercial preparation of Koch-Light 

(3 times recrystaUised); the concentration of the active centres determined by 
spectrophotometeric titration [26] was 64%. Bovine trypsin was supplied by 
the Leningrad Kirov meat-packing plant; the concentration of the active centres 
determined by spectrophotometric titration [27] was 56%. The determined 
values of kca t and Kma,app for chymotrypsin- and trypsin-catalyzed reactions of 
the hydrolysis of specific substrates (N-acetyl-L-tyrosine and N-~-benzoyl-L- 
arginine ethyl esters, respectively) were almost the same as in the literature 
[29]. 

Acrolein and acryloyl chloride were distilled preparations of BDH and Rea- 
chim, respectively. A commercial acrylamide was a product of Koch-Light. 
Sodium methacrylate was synthesized from methacrylic acid (Koch-Light) as 
described in [28]. N,N'-methylene bisacrylamide, N,N,N',N'-tetramethylethyl- 
enediamine, ammonium persulfate, riboflavin were commercial preparations of 
Reanal. 

The substrates, N-acetyl-L-tyrosine ethyl ester and N-~-benzoyl-L-arginine 
ethyl ester were commercially available samples (Koch-Light and Reanal, 
respectively). TitTants for the enzymes' active centres, N-trans-cinnamoyl imi- 
dazole and p-nitrophenyl-p'-guanidinebenzoate were commercial reagents of 
Serva. Picryl sulfonic acid, a titrant for NH2 groups of proteins, was supplied by 
Sigma. 



Benzamidine hydrochloride was a product  of  Merck. Inorganic salts and b u f  
fer solutions components  were analytical grade preparations. 

Methods 
Determination o f  the catalytic activity o f  the enzymes. The enzyme activity 

was assayed potentiometrically with the help of  a Radiometer  TTT l c  pH-stat. 
The specific substrate for chymotrypsin was N-acetyl-L-tyrosine ethyl ester and 
that for trypsin N-a-benzoyl-L-arginine ethyl ester [ 29]. 

An aqueous solution or powdered gel (nor more than 0.1 g; particle size 
under 0.1 mm) with the enzyme were added into the cuvette of the pH-stat 
containing 5 ml of 5 • 10 -3 M solution of  the substrate at pH 8.0 and 25°C (un- 
less otherwise stated). To ensure the necessary ionic strength, 3 M KCI was used 
(so high an ionic strength is necessary for the electrostatic interactions in the 
polymethacrylate  gel to be eliminated). The acid liberated as a result of  the 
enzymatic hydrolysis was titrated with 10 -2 M KOH. 

We have purposely demonstrated (in terms of  the criteria formulated pre- 
viously [30])  that in the conditions used by us the diffusion factors do not  
affect the rate of  the enzymatic reaction. 

Modification o f  the enzymes by the monomer analogue. If proteins are 
acylated by chloranhydrides of  carboxylic acids [31] or reductive alkylated by 
aldehydes [32],  it is mostly NH2-groups that  are affected. A molecule of bovine 
chymotrypsin contains 17 NH2-groups [29],  out  of  which 14--15 can be 
titrated. 

(a) Chymotrypsin was modified by  acryloyl chloride in the following way: 
to 3 • 10 -s M solution of  the enzyme at pH 8.0 (0.2 M KH2PO4) and 0°C a 
1000-fold molar excess acryloyl chloride was added in several portions during 
5 min of  intensive stirring (within this time almost all of  the chloranhydride is 
hydrolysed);  pH is maintained at 8.0 by adding concentrated KOH. As a result 

of  such modification, chymotrypsin at first become completely inactivated (ap- 
parently, due to its active centre having been acylated by chloranhydride [33] ) 
and then at pH 8 and 25°C became reactivated to the level amounting to 80-- 
90% of that  of  the native enzyme, the half-time of  conversion being approx. 
20 min. Reactivation seems to result from deacylation of  the functional 
group(s) localized in the enzyme active centre, see ref. 33. 

It was demonstrated (by titrating the amino groups of the enzyme with 
picryl sulfonic acid [34])  that acryloyl chloride in these conditions acylates all 
the titrated protein NH2-groups. 

To obtain the preparations of  the enzyme containing a lower number  of  
acryloyl residues per molecule, the reaction was carried out  with a lower 
amount  of  acryloyl chloride. The degree of  modification in every case was 
determined by the same method of  titration of  free amino groups [34].  

(b) Chymotrypsin was modified by acrolein in the following way: to 5 • 10 -4 
M enzyme solution in 10 -2 M borate buffer (pH 8.5) an acrolein solution was 
added (to a concentrat ion of  0.25 v/v %). The mixture was incubated for 2 h at 
4°C. It was demonstrated (by titrating the amino groups of  the enzyme with 
picryl sulfonic acid [34])  that  acrolein in these conditions modifies all the 
titrated protein NH2-groups. The catalytic activity of  chymotrypsin does not  
thereby decrease more than 2-fold. 



(c) Trypsin was modified by acrolein in the following way: 5 • 10 -4 M solu- 
tion of the enzyme in 10 -2 M borate buffer (pH 8.5) was incubated with 1% 
v/v acrolein in the presence of  10 -2 M CaC12 and 2 • 10 -2 M benzamidine (to 
prevent autolysis of  the enzyme) and 30% w/w acrylamide (to prevent precipi- 
tation of  the enzyme modification product)  for 3 h at 4°C. The activity of the 
enzyme does not  thereby decrease more than 2-fold. 

Copolymerization of the modified enzymes with the monomers (chemical 
entrapment into gel). To prepare the gels, the recommendation given in ref. 
35 were followed. 

(a) Entrapment  of  acryloyl chymotrypsin in polymethacrylate  gel was done 
in the following way: to 10 -s M solution of acryloyl enzyme in 0.1 M phos- 
phate buffer there were added 25% w/w sodium methacrylate (the monomer)  
with 0.25% w/w N,N'-methylene bisacrylamide (the cross-linking agent) and 
0.24% w/w ammonium persulphate and 0.15% w/w N,N,N',N'-tetramethyl- 
ethylenediamine (the initiating agents); pH was adjusted to 8.0. The mixture 
was polymerized at 0°C for 24 h in thin test-tubes (to prevent local over- 
heating). The resulting gel was taken out  of  the test-tubes, ground into powder,  
washed with 5 • 10 .3 M borate buffer (pH 9.5). It was purposely demonstrated 
that the enzyme cannot  be washed out  of the gel (for the methodological details 
of  these experiments see ref. 28). The activity of the thus immobilized enzyme 
is 30% of that  of the native enzyme. 

The same method was used to copolymerize sodium methacrylate with the 
preparations of the given enzyme acryloylated only partially (and hence con- 
taining free amino groups). The number of  linkages with which the protein 
globule of chymotrypsin is covalently bound to the polymethacrylate support  
seems to be mainly determined by the number  of  amino groups modified (at 
the first step of  immobilization, see Fig. 2) by the acryloyl residue. In prin- 
ciple, the number  of  acryloyl residues per enzyme molecule may be greater as 
it is not  only the amino group that have been modified by chloranhydrides, 
but, it seems, other functional groups of  the protein [31]. On the other hand, 
it is not  certain that  every acryloyl residue bound to the enzyme will be 
attached, as a result of  copolymerization, to the polymethacrylic chains of the 
gel. However, when all is said and done, one may say that between the true 
value and the experimentally determined value there undoubtedly  exists a 
simple relationship, that is the greater "the number  of  acryloylated amino 
groups in a protein",  the greater is " the number  of linkages between the 
enzyme globule and the support" .  

(b) Acryloyl chymotrypsin was entrapped in polyacrylamide gel in the fol- 
lowing way: to 3 • 10 -s M solution of  acryloyl enzyme in 0.2 M phosphate buf- 
fer were added 30% w/w of acrylamide (the monomer),  1.5% w/w of N,N'- 
methylene bisacrylamide (the cross-linking agent) and 30 mg/1 riboflavin {the 
initiating agent). The mixture was placed in narrow test-tubes at 0°C and illu- 
minated with a 300-W tungsten lamp for 1 h. The gel prepared in this way was 
taken out  of  the test-tubes, ground into powder  and washed with water. It was 
purposely demonstrated that  the enzyme cannot be washed out  of such gel. 
The activity of  the enzyme immobilized in such a way amounts to 25% of that 
of the native enzyme. 

(c) The method of chemical entrapment  of chymotrypsin (or trypsin) modi- 



fled by acrolein into polyacrylamide gel was similar to that  used for immobili- 
zation of  acryloyl chymotrypsin (see above). The suspension of the resulting 
gel was treated with sodium borohydride (1 mg/ml) in disti!led water for 1 h 
for the double bonds of  the Schiff's bases to be reduced [32]. Then the gel was 
washed. The immobilized chymotrypsin and trypsin could not  be washed out 
of such gel; their activity was not  less than 50% of that  of the native enzymes. 

A study o f  thermoinactivation o f  the native, modified and immobilized 
enzymes. Thermoinactivation of native chymotrypsin was studied in the fol- 
lowing way: 10 -7 M solution of the enzyme at pH 8.0 (5 • 10 -3 M of Tris • HC1 
+ 3 M KC1) was incubated at a given temperature for a certain time, then 
quickly cooled and the enzymatic activity relative to N-acetyl-L-tyrosine ethyl 
ester was determined at 25 ° C. We have ascertained that  the process studied is a 
monomolecular thermoinactivation and does not  involve autolysis or aggrega- 
tion: this is evidenced by the experimental fact that  the thermoinactivation 
curves of chymotrypsin do not  depend on the initial concentrations of the 
enzyme over the range of 5 • 10-8--5 • 10 -7 M (Fig. 3). A similar phenomenon 
is observed for the preparations of  modified chymotrypsin and trypsin (at the 
concentrations of  the latter of <10  -7 M and in the presence of 10 -2 M CaC12). 

To thermoinactivate the immobilized enzymes, gel suspension in 5 • 10 -3 M 
Tris.  HC1 buffer (+3 M KC1) at pH 8.0 was prepared. The suspension was 
placed into thin test-tubes which were incubated at a higher temperature for a 
certain time, then instantaneously cooled to 20°C {as a result of addition to 
the excessive volume of thermostatically temperature controlled substrate 
solution) and the relative enzymatic activity was immediately determined (for 
details of the experiment see [3,28]). We made it a point to prove that  the 
catalytic activity c,f the immobilized enzyme does not  depend on the time 
elapsed between cooling the sample and measurement (from 5 min to 1 h). It 
goes without  saying that  no autolysis or aggregation can occur in the case of 
immobilized enzymes [1]. Thus, both with the native and immobilized 
enzymes, the monomolecular thermoinactivation of the enzymes was studied. 

It is seen in Fig. 3 that  the process of thermoinactivation in spite of being 
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k ine t i c  curve  at the  po i n t  o f  hal f - inact ivat ion;  the  s lope  was  used  to  ca lcu late  the  e f f e c t i v e  value  o f  the  
f irst-order rate c o n s t a n t  as a relat ive chaxacterist ic  o f  the  th e rmo s ta b i l i t y  o f  the  e n z y m e  ( see  M e t h o d s ) .  
Condi t ions :  5 5 ° C ,  pH 8 .0  (5  • 1 0  - 3  M Tr i s  • HCI  + 3 M KC1), for  o ther  c o n d i t i o n s  see  M e t h o d s .  



clearly monomolecular,  cannot  be described in terms of first-order kinetics 
which may be due, among other  things, to a multistep character of the inactiva- 
tion process or to the presence in the enzyme of several forms inactivating at 
different rates). That is why, when choosing a parameter to characterize the 
relative rate of  thermoinactivation, we decided on, as previously [28],  the 
effective first-order rate-constant with the degree of conversion being 50% (see 
Fig. 3). 

Results and Discussion 

In Fig. 4 there are thermoinactivation curves of native chymotrypsin and 
acryloyl chymotrypsin chemically entrapped in polymethacrylate  gel at 60°C. 
It is obvious that the thermostabil i ty of the immobilized enzyme exceeds by 
far that of  the native one: the latter almost totally inactivates within several 
minutes, whereas the former retains 70% of its activity even after a 3-h incuba- 
tion. 

Dependence o f  the stabilization effect on the number o f  linkages between an 
immobilized enzyme and a support 

To get a more comprehensive, quantitative, idea of the effect  of  enzyme 
stabilization, we tried to find ou t  how the rate of thermoinactivation depends 
on the number  of linkages between an immobilized enzyme and a support.  The 
experimentally determined (see Methods) number  of amino groups of  protein 
acryloylated at the first step of  immobilization (see Fig. 2) were assumed as 
being those by which the protein globule of  chymotrypsin is covalently bound 
with polymethacrylic chains of  the gel. 

The thermostabil i ty of  immobilized chymotrypsin is so much higher than 
that of  the native enzyme that they are impossible to compare experimentally, 
that is at the same temperature.  Therefore we compared the values of the ther- 
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Fig. 4. T h e r m o i n a c t i v a t i o n  of  na t ive  c h y m o t r y p s i n  a nd  ac ry loy l  c h y m o t r y p s i n  chemica l ly  e n t r a p p e d  in 
p o l y m e t h a c r y l a t e  gel. Condi t ions :  60°C,  c o n c e n t r a t i o n  of  the  na t ive  e n z y m e  1 .  10 -7 M, pH S.0 
(5 • 10 -3 M Tris • HCI + 3 M KCI),  fo r  o the r  cond i t ions  see Methods .  

Fig. 5. T e m p e r a t u r e  d e p e n d e n c e  o f  the  f i rs t -order  ra te  c o n s t a n t  o f  m o n o m o l e c u l a r  t h e r m o i n a c t i v a t i o n  of  
c h y m o t r y p s i n  (h inac  t,  m i n  - I  ). a ,  nat ive  e n z y m e ;  b,  c h y m o t r y p s i n  m o d i f i e d  by  ac ry loy l  chlor ide;  c, acryl-  
oy l  c h y m o t r y p s i n  chemica l ly  e n t r a p p e d  in polymethac~rylate  gel (filled circles: water- inso luble  e n z y m e ;  
e m p t y  circ]es: water - so luble  e n z y m e  ( see  t ex t ) ) ;  d,  a c r y l o y l  c h y m o t r y p s i n  chemica l ly  entrapped  in poly-  
ac ry l amide  gel, Fo r  c o n d i t i o n s  see M e t h o d s  and the  c ap t ion  to  Fig. 4, also. 



moinactivation rate constants at 60°C determined by extrapolating the Arrhe- 
nius plots, as is examplified by maximally modified preparations of the enzyme 
in Fig. 5 (broken line). 

It was found (Fig. 6) that as the number  of  acryloylated amino groups of the 
immobilized enzyme increases (this means that  the number of covalent linkages 
between the protein globule and the polymethacrylate  support increases) 
chymotrypsin becomes more and more thermostable. As a result, the effective 
rate constant of  thermoinactivation (at 60°C) drops by more than 1000 times. 
All the further experiments were carried out  with a preparation of the enzyme 
that displays a maximum thermostabili ty being attached to the support with 
the greatest number  of  linkages. 

Mechanism of stabilization 
The effect  of  stabilization cannot  be explained by alteration in the thermo- 

stability of the enzyme resulting from its having been chemically modified by 
acryloyl chloride, because, as we showed, acryloyl chymotrypsin is even less 
stable than the native enzyme (see Fig. 5, cf. lines a and b) regardless of the 
degree of modification. 

Neither can stabilization be attr ibuted to the effect  of  the gel microenviron- 
ment  on the enzyme,  because, as demonstrated by us previously [36], the ther- 
mostability of  chymotrypsin physically entrapped in polymethacrylate gel of 
such concentrat ion (25% w/w before swelling) is almost the same as that of 
native chymotrypsin.  

The nature of  the gel is actually no decisive factor for stabilization of the 
enzyme. For example, the thermostability does increase if acryloylated chymo- 
trypsin is chemically entrapped in another,  polyacrylamide, gel (30% w/w 
before swelling). This is shown in Fig. 5, cf. lines a and c. 

The effect  of  stabilization (of the type shown in Fig. 4) also took place with 
a different method of enzyme premodification, i.e. alkylation by acrolein 
followed by ent rapment  into polyacrylamide gel * 

Finally, it should be pointed out  that  the results hardly depend on the 
nature of  the enzyme used: they are similar for chymotrypsin and trypsin. Con- 
sequently, for the stabilization observed the critical factor is not  the method of 
premodification or the nature of  the gel, but  the chemical entrapment  of the 
enzyme molecule in the three-dimensional structure of the support. The mecha- 
nism of stabilization is that  the unfolding of  the globule on heating of the pro- 
tein is hindered as the latter is fixed (Fig. 1). Thereby, the native (catalytically 
active) conformation-of the~act ive - centre may only be retained if the enzyme- 
support interaction is multipoint,  as is shown in Fig. 6, to prevent denaturation 
(unfolding) of  a protein on heating, a sufficiently great number of linkages 
between the enzyme globule and the polymeric chains of the gel is to be 
realized. 

Temperature dependence of enzyme inactivation 
The effect  of  stabilization greatly depends on temperature.  The data are 

* M o r e o v e r ,  i t  has  r e c e n t l y  b e e n  s h o w n  in our  laboratory  [ 4 8 ]  that  t h e r m o s t a b l e  e n z y m e  preparat ion 
m a y  be  o b t a i n e d  b y  at taching  c h y m o t r y p s i n  to  a support  n o t  o n l y  via prote in  a m i n o  groups  (as is 
the  case in the  present  s tu d y) ,  b u t  a l so  v i a  c a r b o x y  groups .  
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Fig.  6.  The  d e p e n d e n c e  o f  t h e  e f fec t ive  f i r s t - o r d e r  r a t e  c o n s t a n t  ( k i n a c t ,  m i n  -1 ) f o r  m o n o m o l e c u l a r  t he r -  
m o i n a c t i v a t i o n  o f  a c r y l o y l a t e d  e b y m o t r y p s i n  c h e m i c a l l y  e n t r a p p e d  in  p o l y m e t h a e r y l a t e  gel o n  the  degree  
o f  m o d i f i c a t i o n  o f  t h e  e n z y m e  a t  t h e  f i rs t  s tep  o f  i m m o b i l i z a t i o n  (see F ig .  2).  F o r  t he  c o n d i t i o n s  see the  
c a p t i o n  to  Fig .  4 a n d  M e t h o d s ,  

Fig .  7. T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  re la t ive  e n z y m a t i c  ac t i v i t y  o f  na t ive  c h y m o t r y p s i n  a n d  i ts  i m m o -  
b i l i zed  forms (the value at 25°C for every form is assumed as being a unity). Circles: native enzyme; 

broken line corresponds to decrease in the activity of the enzyme during its measurement at 60°C; point a 

corresponds to the initial moment of time, points b, c and d to the activity of the enzyme in 10, 20 and 

30 rain, respectively after the first measurement. The immobilized enzyme (acryloyl chymotrypsin chemi- 

cally entrapped into polymethacrylate gel), Triangles: water-insoluble form; squares: water-soluble form. 

For conditions see Methods. 

presented in Fig. 5 as Arrhenius plots. As seen, the effective values * of the 
activation energy of  thermoinactivation of  acryloylated chymotrypsin entrap- 
ped in polymethacrylate and polyacrylamide gels (35 and 15 kcal/mol, respec- 
tively} are much lower than that of  the native enzyme (110 kcal/mol}. This 
means that, as the temperature rises, the effect of  stabilization of  the immobi- 
lized enzyme will increase compared to the native enzyme. For example, extra- 
polation of  line a in Fig. 5 shows that at 102°C the entrapped enzyme is 10 s 
times as stable as the native one. The difference is all the more striking if com- 
parison is made with free acryloyl chymotrypsin (line b). 

Temperature dependence of enzymatic activity 
As seen in Fig. 7, chymotrypsin chemically entrapped in polymethacrylate 

gel in the temperature range of  25--75°C possesses a high catalytic activity that 
hardly ever changes during the time of  the measurement (30 min). The devia- 
tion (decrease) at higher temperatures in the catalytic activity from the straight 
line relationship that is characteristic of  lower temperatures, is due to fully 
reversible inactivation of  the immobilized enzyme. 

At the same time, native chymotrypsin as early as at 60°C rapidly, and what 
is more important, irreversibly inactivates during the activity measurements 
(points a--d in Fig. 7). Thus, our immobilization method has allowed to obtain 

* It follows from Fig. 5 that below 82~C chymotrypsin entrapped in polyacrylamide gel is more 

stable than that entrapped in polymethacrylate gel, and above 82°C the situation is the opposite. 

This is due to the difference in the effective values of activation energy for thermoinactivatlon in 

different gels. This may in principle be caused by two factors: (I) it is possible that the apparent 
value of the activation energy is indicative of the energy barrier of flexibility of the polymeric 

chain of the support: (2) it is known [14,15,37] that even far from the thermodenaturation point, 

proteins in the solution noticeably change their conformation as the temperatttre rises. Hence, in 

the case of an immobilized enzyme, different supports may produce a different effect on these 
predenaturation conformational changes and, ultimately, on the mechanism of thermoinactivation. 
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a highly stable preparation of  the enzyme possessing a high catalytic activity at 
an elevated temperature.  

Properties o f  water-soluble stabilized enzymes 
We have also obtained a preparation of  water-soluble chymotrypsin bound to 

a support,  polymethacrylic acid. This was done by copolymerizing acryloyl 
chymotrypsin with sodium methacrylate in the absence of  a cross-linking agent 
(other conditions were the same; see Methods). The resulting non-cross-linked 
gel-like polymer  completely dissolves in an excess of  water. It was found that 
the thermostabili ty of  such an enzyme solution within the whole temperature 
range studied closely resembles that  of  acryloyl chymotrypsin chemically 
entrapped in the gel (Fig. 5). The temperature dependences of  the catalytic 
activity of  the water-soluble and water-insoluble enzyme preparations also 
proved to be similar (Fig. 7). 

These results testify to the fact that  the high stability of  the enzymes immo- 
bilized in the gel is determined by the microstructure of polymethacrylate 
chains localized in the immediate proximity of the chemically entrapped 
enzyme, rather than by the macrostructure of the entire gel block. In other 
words, a polymeric structure in the vicinity of the entrapped enzyme, being 
congruent to the surface of  the enzyme molecule (i.e. predetermined by the 
number  of  the linkages with the protein) remains intact even in solution. 

This result is important  because soluble-stabilized enzymes have not  ye t  been 
prepared, and not  for lack of  trying [1,2]. Several approaches have actually 
been used in this area [2];  two of them are worth mentioning here, i.e. those 
where the enzyme molecule was attached (as in our case) to a water-soluble 
support:  (1) polymeric chains "graf ted"  to an enzyme molecule were made to 
grow by polymerization [38];  and (2) an enzyme molecule was attached to 
another polymeric (protein as well) molecule or particle. Both approaches have 
so far failed to give satisfactory results: the increase in the thermostabili ty is 
very small, if any [39--42].  More pronounced effects obtained with proteolytic 
enzymes are clearly due to a trivial mechanism, elimination of  autolysis [43--  
47].  It follows from our experiments that the enzyme molecule can be rein- 
forced with the help of  the novel method described above: for making a mole- 
cule of  an enzyme thermally stable it is sufficient to surround it with a gel-like 
microstructure of  a soluble polymer  interacting with it in a multipoint  fashion. 
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