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Abstract = The interaction of enzymes and polyelectrolytes
leads to modification of the enzymes, changing not only their
catalytical properties but also their stability. Carboxylic
heterogenic exechangers "Biocarb™ were synthesized from metha-
erylic acid and hexahydro-l1,3,5=triacryloyltriazine. Proteins
are sorbed on these exchangers with high selectivity and good
kinetics (diffusion coefficient D ~ 10 2= 10 2° cm2sec ! ).
The sorption of Cif-anylaso on Biocarb leads to its acid sta-
bilization, Urease is sorbed on Biocarb with great capaocity
and on covalent immobilization completely retains its activi-
ty atfter repeated use in the conditions of a flow reactor,

A chromatographic method for determination of the equili-
brium and kinetic constants of interaction between enzymes
and soluble polyelectrolytes was developed. The kinetic con—
stants of the formation (k = (gt4)10 ~4 soo-l) and dissociati-
on (k_;= (482)10"° sec™l) of the HNase-dextran=sulfate comp-
lex were determined, The thermodynamic analysis of the inter~
action showed that the inhibition of the enzyme in the comp=-
lex is characterized by high energy intermolecular anteracti-
on and low specificity, whereas the activation of the enzyme
is a more specifie process aoeonpanied'by an increase in en—
tropy.

The immobilization or modification of enzymes by synthetic poly=-
mers, in particular by polyelectrolytes, can be carried out either in the
solid phase, or swollen gel or in the solution, Crosslinked polyelectroly—
tes are used in the former case, while linaér or branched polyelectrolytes
in the latter. The immobilized or modified enzymes acquire new properties,
e.g¢ an increasing stability of the structure, resistance to inhibitors and
some times higher aptivity. Although the modification of enzymes by cross—
linked and soluble polyelectrolytes gives different new forms (insoluble or
soluble), they still have many properties in common. ’

To immobilize enzymes, only those crosslinked polyelectrolytes should be
used which do not cause structural deformation of the sorbed macromolecules
and exhibit high sorption capacity with respect to enzymes. New oarboxylio
biosorbents “Biocarb® (1) satisfy these roquire-entl. Thoy are obtained by
the copolymerization of methacrylic acid (MAA) with hexahydro-1,3,5-triaory=
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loyltriazine (T) in low concentration acetic acid solutions containing large
amount of the trivinyl component, These highly permeable ion exchangers ex—
hibit a stable steric structure and their catalytic effect on enzymes is neg-
ligible; they immobilize native maoromolecules in the voids filled with the
solveut, The structure of the networks of macroreticular carboxylic KMDM ca-
tion vxchangers (copolymers of MAA and N, N' - alkylene dimethacrylamides) is
slightly less rigid. We mean by a macroreticular exchanger the exchangers,
whose structure c¢ontains crosslinking agents with remotely spaced vinyl
groups. Their synthesis 1s carried out in the presence of a good solvent,
Biosorbents of the Biocarb type evxhibit little change in the degree of swell~-
ing during titration (Fig.l). The most rigid network structure is aisplayed
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Fig.l. Swelling coefficients Fig.2. Potentiometric tit-
Ksy (g Hy0/g of dry sorbent) ration of Biocarb (1) and
of carboxylic cation exchang- KMDM=2 (2) polyelectroly=-
ers Biocard (1 and 1'), KMDM=2 tes,

(2 and 2') and KMDM-6 (3 and

3'); H-torm (1,2,3) and HENa*

form (1',2's3')o :
by the Biocarb cation exchangers containing a large percentage (6-7 mole®) of
& erosslinking agent and by macroretigular cation exchaugers containing methy~
lene dimethacrylamide. The thermodynamic mobility of crosslinked structures
can be followed by potentiometric titration of copolymer micrograins (1-5 im)
obtained by dispersing the crosslinked polyelectrolytes. ln this case the ki-
netic difficulties of the titration are eliminated. The mobility of oligomers
located between the knots can be observed from the conformational transition
characteristic of polymethacryliec acid (PMAA) for which, in contrast to poly-
acrylic acid (PAA) the hydrophobic internal interaction decreases when the
ionization rate increases (2); This is shown by the plateau region on the tit—
ration curve (Fig.2). The comparison of the mobility of oligomer chains shows
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that the Biocarb sorbent is much more rigid than the macroreticular cation
exchanger (3). 1t should be noted that commercial carboxylic cation exchan-
gers obtained with divinylbenzene as a crosslinking agent are less effective
than macroreticular exchangers or Biocarb sorbent. Qommercial exchangers are
permeable for macromolecules only at small amounts of the crosslinking agent;
the mobility of their network is great, which leads to irreversible immobili-
zation of the sorbed enzymes and to considerable inactivation., The investiga-
tion of the state of water in the Biocarb exchangers by the isopiestic method
showed that the swelling of their H'=- and Na'=forms are comparable as regards
the amounts of sorbed water whereas the curves for water sorption versus par-
tial pressure of water vapours are very different, This shows that the intro—

duction of Na'= ions in the exchanger leads to partial replacement of the
"free" water by bound water,

Biocarb biosorbents are heterogeneous materials containing regions with high
and low density. The investigation of the porosity of swollen polymers by
small angle x~ray scattering showed that the radii of gyration for the Bio-
carb biosorbents range from 40 to 120 2. Electron micrography is used to eva~
luate the size of the regions of high and low density of crosslinked structu-
res, For this purpose the water i1n swollen sorbents was successively replaced
by ethanol and ether., After this an epoxide composition, Araldite, was intro-
duced and the sample was hardened for two days at 70°. Uranyl acetate was

used as a contrasting agent. The microsections of 400-500 % thick were examin-
ed, Fig.3 shows that for Biocarb the size of pores greatly excveds that of in-
sulin macromolecules and is 100-200 g. Gel chromatography of inert macromole~
cules shiwa that Biocarb contains a cvertain amount of pores with a radius up
to 1000 A,

Fig.3. Micrographs of the Biocarb Fig.4. Distribution of sor-

exchanger (I) and the same ex- bed protevase terrilytin
changer with sorbed insulin (2), dyed with Amidoschwarz in
Biocarb,

" Since Biocarb biosorbents and macroreticular carboxylic KMDM cation ex-
changers exhibit heterogeneous porosity, proteins are distributed in them
nonuniformly, as is shown in Fig.4 for terrilytin protease isolated from
Asperg. terricola culture liquid. To observe protein distribution in the sor-

bent grains, they were placed in a 20¥% solution of gelatin melted at 37° and
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cooled., Their microsections were dyed with Amidoschwarz., The degree of prote—~
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in penetration into Biocarb grain depends on the molecular mass (MM) of the

biopolymer, its morphology and electrochemical properties of its macromolecu-
les as well as on the pH of the solution, Thus, for cytochrome ¢ the penetra~-
tion depth of macromolecules was half of the grain radius and for haemoglobin

the protein distribution was uniform, The dispersion of the Biocarb biosor-
bents to the size of several microns makes it possiblo to carry out uniform
sorption of very great amounts of protein throughout the grain Fig.5 shows
that the amount of bound serum albumin is 5 g per gram of sorbent. Thus, a
gel miocrocapsule is formed, which consists of a network filled with the pro-
tein and the solvent; the weight fraction of the copolymer is only 20%,
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Fig.6, Differential enthalpies (A) and
sorption isotherms (B) of haemoglobin
for KMUOM~2 (1) and £ADi~2 (11) exchang-
ers, m is sorption capacity, g/g. Leq
18 equilibrium concentration of protein
in solution,

The linear dependence of the evxtent of the protein sorption on the square

root of time permits the calculation of the diffusion coefficient D(Table I)
from the law of diffusion into the sphere taking into account the relative

radius of unsorbing grain,

Table 1
Protein diffusion into sorbents.
A:siago
Protein MM Sorbent :t t:: D
" sorbent 2 -1
grain, om . sec
)
Terrilytin 26,000 Biocarb 360 7.40710
(protease)
Lysosyme 17,500 Biocarb 600 641072
Serum albumine 68,000 Biocarb 450 2.10710
ol ~amylase ' :
(Bae, subt,) 40,000 KMDM 360 8.10710
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investigation of the temperature dependence of the initial linear parts of
sorption isotherms permits the caleulation of the sorption enthalpy from the
equation of isobars, wich in combination with the thermodynamic potential -
gives the entropy of interaction. Data in Table 2 show that the entropy is
the main reason for the selective serption of proteins by Biocarb. Apart from
the hydrophobic interaction, other mechanisms also determine the increase in
the entropy during sorption. The impossibility of interpreting all the sorp-
tion phenomena from the hydrophobic properties was shown by an increase in
the positive entropy on passing to aqueous~alcohol solutions. We advance an
alternative conception of polyfunctional interaction (4), wich is based on
the sorption model of organic ions capable of forming both electrovalent anmd
weak bonds with the sorbent. This gives rise to a set of microstates of the
sorbent—-organic counterion system or to increasing entropy in sorption. In
some cases the increased entropy can be accounted for by the degradation of
associates when the protein passes trom solution into the sorbent,

Analysis of differential functions of sorption can be made by microcalori-
metry, Differential enthalpies of sorption and 1sotherms of haemoglobin sorp-
tion on macroreticular  sorbents KMDM-2 and KADM~2 (in the latter MAA is re-
replaced by AA) shown in Fig.6 indicate that positive AH and AS correspond
to the cooperative effect of sorption on the first sorbent whereas the sta-
tistical sorption 6orrespond1ng to the Langmuir isotherm is revealed by the
usual decrease in enthalpy.

Table 2
Thermodynamic functions of protein sorption by Biocarb (25%)

tel G AH S
(enzyme) A /mo1e ko mole  koal/mole.de-
gree
Ribonuclease =345 -2.0 + 4.4
Terrilytin =545 0 + 17
Thermolysine -5.4 -12.9 - 24
Pepsin - 4.5 + 4.9 + 52
Serum albumin - 4.0 + 5.4 * 32
(bovine) :

Ansulin - 5.3 - 4,4 + 5,0

Persumably, the cooperative effect favours the polyfunctionality and increas—
es the number of microstates of the protein-sorbent system., The competing se—
lectivity of protein sorption by biosorbents is extremely high and depends on
the volume .oncentration of varboxylic groups in the sorbent., Fig.7 shows
that the selectivity coefficient of proteins in crosslinked copolymers inclu-
ding MAA, T and hydroxypropyl methacrylamide (HPMA) increases on passing to
Biocarb from the copolymers that contain a lower amount of carboxylic groups
but exhibit high hydrophilic properties and high permeability for macromole-
cules. Fig.8 shows the pH dependence of vhe selectivity of insulin serption
by Biocarb and a crosslinked copolymer'ot MAA and HEMA (M£=30). Biocarb
sorbs a much greater quantity of insulin than does MK~30,

The immobilization of enzymes by Biocarb was carried out for two purposes:
to stabilize enzymes, in particular with respeot vo acid denaturation, and to
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prepare an insoluble form of enzyme suitable for prolonged performance. The
first approach 18 of considerable interest, especially, for the solution of a
medical problem: the preparation of a modified form of hydrolytic ehiyue ca~
pable of passing through the stomach without inactivation, it is also noceé\
8sary to prepare a modified enzyme form that would be capable of catalyzing
the hydrolysis of macromolecular substrates in tne intestine. Both the stabi-
lization and tue maintenance of the catalytic activity of enzymes to maoromo=
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Fig.7. Selectivity coefficient Fig.8. Selectivity coeffici~-
K,0f protein sorption vs N-vo- ent, K., of insulin sorption
lume concentration of carboxy- by Biocarb (I) and k=30 (2)
lic groups in the copolymers of from 0.1 N buffer solutions

MAA-HPMA containing I, 30; 11, Vs pH.

50; 111, 75 and 1V, 100% MAA,

(0) pepsin; (A) chymotrypsi-

nogene, ( ® ) papain,

lecular substrates were achieved for ol-amylase and terrilytin protease on
the basis of enzyme sorption by Biocarb, The stabilization of Biooarb—=sorbed

o/ ~amylase (pH 5.5), 1solated from the Bac,subtil, culture liquid, was in-
vestigated by incubation of the sorption complex in 0.1 N solution of hydro-
chloric acid at 25 and 37°C (5). After the incubation, ol-amylase was desorb-
ed by a 0.4 N borate buffer solution at pi 7.5, in which the activity to so—
luble starch was determined., A comparison of the degree of acid inactivation
of tree o{-amylase and the polymer sorption camplex is shown in Fig.9, &-
amylase is completely inactivated in a few minutes, whereas the amylolytic ac~
tivity in the complex decreases by 50% for about an hour. The inaotivation of
sorbed amylase depends on several parameters, including the amount of bound
enzyme, When an additional amounts of ol ~amylase is introduced into Bio-
carb, the degree of stabilization decreases, This phenomenon may be accounted
for by the cooperative mechanism of interaction between the enzyme and the sor-
bent, which is revealed in the S—shaped sorption isotherm. in this case the
cooperative interaction leads to destabilization of polyelectrolyte~bound en-
zyme, like in the case stabilization by soluble polyelectrolytes to be consi-
dered below, The acid-resistant polymer complex of ol ~amylase is dissoolated
at pH 6,5 (Fig.10) and the active enzyme passes into solution, Acid stabili=
zation is also observed when the terrilytin is sorbed by Biocarb.

The selective interaction of Biocarb with enzymes retains their native
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structure, which permits to prepare reversibly dissociating insoluble comple-
xes and to immobilize the enzyme on the sorbent by covalent bonding, This
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Fig.9. Inactivation of ol~amy- Fig.10, Dissiciation of the
lase (3) and its sorption comr~ sorbed complex o -amylase -
plexes with Biocarb (I and 2) Biocarhb, N is the portion of

at pH=2.0

enzyme in sorbed state,

1, 2400 act., units/g, 2, 10000

act. units/g.

approach is similar to ivhe incorporation of enzymes into gels in the cross-
linking polymerization in the enzyme solution, However, the sorption method
followed by chemical immobilization on highly permeable Biocarb sorbent with
very stable structure permits the immobilization of greater amounts of enzyme

per unit volum. of the swollen copolymer and also favours substrate diffusion
to the enzyme, The immobilization of urease on Biocarb was carried out by its
sorption from solution and chemical immobilization in the presence of a 0,3%
aolution‘or glutaric aldehyde (6). The sorption capacity of Biocarb for urea-
8¢ ‘greatly depends on the pH of the solution and reaches a maximum at the
isoelectric point of the enzyme (Fig.ll), Urease vompletely retains its acti-
vity on immobilization, The activity of the immobilized urease with respect

to urea was studied in a column under dynamic¢ conditions (Fig.i2). Stationary
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conditions were attained in i0-30 min, after the process was finished and
the column was washed with a buffer solution, the dynamic cycle of vnzymatie
activity was made repeatedly, which indicates a iong-term use of the immobi-
lized urease in the column process.

The i1nteraction of enzymes with soluble synthetic and natural polywer

electrolytes vpens up new possibilities to modify the properties of biocata-
lysts. Bnzymes in soluble polymer complexes can be stabilized and even acti~

vated (4). it becomes possible also vo inhibit the enzymes by soluble poly=
electrolytes and to change their enzymatic specificity. Finally, soluble po~
lymeric complexes can interact readily with substrates of high molecular mass.
1t should be noted that thrombi dissolve faster under the action of trypsin—
polyvinylimidazole (PVI1) complex (7) than due to trypsin alone. Nucleases are
activated or inhibited by dextran-sulphates (DS) and change their specificity,
Fig.13 shows that the introduction of US into the RNase solution can increase
or decrease the transferase activity, but the hydrolytic activity is low in
all cases, As a rule, the modification of enzymes by synthetic or natural po-
lyelectrolytes 1s a result of the action of the polymer—carrier on the enzyme
macromolecular structure, The stabilization of trypsin is carried on by »rV1
but not by its analogues of low molecular mass (Fig.l4). The polymer effect
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Fig.13, Transterase (A) Fig.i4. Autolysis of trypsin (I)

and hydrolytic (B) activa— and its complexes with imidazol

ties of pancreatic RNase (2), poly-N-ethylimidazol (3) and

and its complexes with LS, poly=N'=-vinylimidazol (4), pH 6.1,

1, RNase; 2, RNase - DS 37°,

(MM 65000, n*=0.8); 3.

RNase - DS (MM 500000,

n=1.4),
consists in the polyfunctional ainteraction of synthetic polyelectrolyte and
is revealed in the fixation of the enzyme native conformation in case of sta-
bilization or its disterbance in the case of inhibition., Quantitative methods
for the evstimation and analysis of thermodynamic and kinetic constants of
complexation should be used to determine the mechanism of molecular complexe
formation in polymer systems, The equilibrium characteristics of the formati-
on of polymer complexes in solution are usually determined by dynamic me—
thods, such as gedimentation, chromatography (9) along with other physical

X n 1s degree of substitution, number of sulfate groups per monomer unit,
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and physico—-chemical methods (40), The chromatographic elution analysis of
the polymer complex against the background of constant concentration of one
of the components, e.g. synthetic polymer electrolyte (1I), is a suitable
approach to the solution of these problems, The simplest problem is the chro-
matographic analysis of the system of reversible complexation when one enzyme
molecule ( E ) interacts with synthetic polyelectrolyte (P):

E + P = BRP (1)

It component concentrations cP;i> CE, it is possible to introduce the insta~-
bility constant of the polymer complex in the Iorm: '

K = CB/CEP (2)

The analysis of the chromatographic problem has shown that under conditions
of equilibrium chromatography the elution curve for the protein is characte=-
rized by one maximum, although both the protein and its polymer complex co-
exist i1n the solution., This phenomenon is associated with quasi-equilibrium
and occurs at low rates of solution tlow, The analysis of the chromatographic
process of reversibly dissociating system migration under the constancy of
coefticients for the distribution of substances between the mobile and the
stationary phases (11) leads to the following uxpression for the constants
of the complex instability:

K= (VEP- V') / (V' - vE) (3)

where V' is the elution volume of the complex for the protein at the unimodal
shape of the c¢lution curve. V_ is the elution volume of protein obtained an
an independent experiment with only one component, and VEP is the elution
volume of the stable complex. The value of VEP can be determined, for examp~-
le, 1n a gel chromatographic experiment when the vomplex moves without pene-
trating the porous gel structure and 1s «luted with the free volume of the
column. the calculation of the 1nstability constant for a polymer complex of
pancreatic RNase - DS (MM 500 000, sulphur content 16%) at the DS/ RNase
weight satio of 4 : 2 acoording vo eq. (3) yields the value of 5.10'2. The
dissociation constants for the vomplexation of HNase with copolymers of vinyl
sulphonate and vinyl pyrrolidone are shown in Fig.15.

3
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g o . Fig.i5, Dissociation con-
8 2 3 stants of the complexes
< ‘ RNase-compolyuers of vinyl
£ T f . pyrrolidone and vinyl sul-
g X / phonate (VS), 1, 18% VS;
2 J 2, 27% VS; 3, _50% Vs,
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The thérnodynan;c analysis of the ainteraction of WNase with DS of different
molecular masses was carried out for vhe 1initial (linear)parts of the iso~-
therms deseribing the ratio of bound RNase to free RNase., Lata in Table 3
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show that the inhibition of the enzyme uces not at all mean that the interac-
tion between the onzyme and the polymer—carrier is very specific, since the:
thermodynémio potential of complexation is not very great. However, in this
process the enthalpy decreases, i.e., the intermolecular interaction energy
is high, ln contrast, the complexation with activation is a highly specitic
process accompanied by a greater decrease in the thermodynamic potential. The
increase in entropy is a still more interesting feature of this process,which
can be interpreted as the appeareance of a set of microstates of the bound

enzyme owing to the polyfunctional nature of intermolecular interaction, A
system of weak bonds with the energy close to that of the thermal motion

leads to the coexistence of a whole set of states differing in the levels of
interaction energies. , Table 3

Thermodynamic functions of the formation of polymer complexes
-0f ribonuclease

AS
Polymer biM.1073 DSEESe  jonic aG AH ca
stitu- strength cal/ cal/ wole
tion, n mole mole degree
Dextran— §
sulphate ot 500 1.4 0.056 =400 =6000 =20
Dextran— =1
sulphate E 500 1.4 0.316 =500 =-4000 =11
pextran- g :
sulphate 3 60 0.8 U.056 =1100 2500 +13
[
Sulphoethyl LA :
cellulose *?'; 150 0.45 0.056 =1500 72000 *12

We determined the kinetic constants of the formation and dissociation of comr
plexes by using chromatographic anaiysis of the systems with raplidly estab-
lished .quilibrium between the mobile and the stationary phases for all
three interacting components (B, P, EP). ln contrast to the chromatographiec
procuss described above, here we consider a system in which the equilibrium
in the process of complexation itself is absent, This problem is solved (12)
for the elution chromatographic process of the movement of a narrow zone of
interacting components.
in this case the equation of material balance can be represented by a system
of equations for all three components:
B, oL P28 oy 200 vty Colplgaiyy kg ) (4)
where fp = kiCpo = k) €, Cpy 2o =2, ==1.,
X is the coordinate corresponding to the distance from the upper layer of the
sorbent, t is the time, Cy are the concentrations of components, k1 is the
rate constant of complexation, k-l 18 the rate constant of the reverse re—
action, ¢ i1s the relative porosity of the column and i, is the coefficient
of substance distribution between the phases. 'The 1n1tia11and boundary condi-
tions were determined as follows:
const (0<x £ x '
¢; (x,0) ={ 0 ( (<x>\x°§) ¢ (0,t) =0 (t > 0) (5)
Xo 1s the height of the zone at the column inlet,
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The numerical solution of this problem leads to a system of chromatograms
shown in Fig.i6. At can be seen that as the elution rate of the solution in-
creases, the height and the area of the first maximum corresponding to the

complex zone also increase. For any selected rate pair we introduce the func—
tion:

11
p= (c L/ cU Y/ (g ./ %) (6)

where Gl is the maximum concentration ot protein in the 1irst zone (1) and
11

U is 1 its maximum concentration in the second zone (11) at the elution
ra%es of the solution U1 (U1 and U ), The numerical calculation makes 1t pos-

sible to plot a family of curves y vs.~log K_ (Fig.ﬂ) giving the values of
k-l and the pairs of elution rates Ul and U

This method of evaluation of kinetic constants was used to study the rates of
the formation and dissociation of the polymer complex in the interaction of
pancreatic RNase and DS, The chromatographic process was carried out on a
column (I x 90 cm) packed with Sepharose., A 0,05 M phosphate buffer at pH 7.4
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Fig.16. Theoretical elution Fig.i7. Plots of Y vs.~log k_;
curves for a two-component re~ (a) U= 48 m}/hr, Uy= 36 ml/hr
acting system at k_;= 5.10 5.' (b) U = 9 m)/hr, U,= 18 ml/hr;
(a) U=4.5 m}/hr; (b) U=9 nl/m-,(c) U= 4.5 m)/nr 2U - 9 ny/br
(¢) U=18 ml/hr; (d) U=36 ml/hr. * ' 2 *
was used, kach of vhe vomponents gave a symmetrical elution curve. For KNase
VE = 96 ml, for DS VP = 57 ml. in the complexation experiment the molar ratio
of DS to RNase was 4 : 8, The elution curves are shown in Fig.l8, The calcu-
lated values of )0 for chromatograms (I), (2) amd (2), (3) were )"1 2 =077
and Y2 3= 0.68. This permitted the determination of the formation and disso-
ciation constants from the theoretical curves in Fig.l7. For this system
K ;= (4+2) 1075 sec” ! ana k = (8+4) 074 sec !, These data show that vhe
somplexation time of HNase with DS is ~everal hours. Presumably, the probabi-
lity of the formation and dissociation of the complex 18 limited by the
striet steric complementarity between the polymer components and by the si-

P.A.A.C. 51/T—C
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