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(1) Immobihization of penicillin amidase (acylanude amidohydrolase, EC 3 5 1 4) from Escherichia colr was car-
ried out on negatively charged particles of the water-soluble polyelectrolyte complex farmed by poly(4-vinyl-N-
ethylpyridinum bromide) and poly(methacrylic acid) n the ratio 1 3 The enzyme was covalently cross-linked
to the polycation which was previously modified by cyanuric chloride (2) Kmetic parameters of benzylpemcillin
hydrolysts, catalyzed by immobilized penicillin amidase, were determined and it was shown that with a given
method of immobilization, the catalytic efficiency of enzyme action changes slightly The reaction proceeds n
homogeneous aqueous solution without any diffusional difficulties (3) Deformation of the pH optimum of
catalytic activity, an mcrease of K m alkaline media and a sharp ncrease of the inhibition constant from 2
107° to 1 10™*M caused by the product of the reaction (phenylacetic acid) show a remarkable effect of the
negatively charged shell of the polyelectrolyte complex on kmetic parameters of the reaction (4) Immobilization
of the enzyme m polyelectrolyte complex particles leads to the appearance of new properties of the biocatalyst,
mmmobilized penicillin amidase can be reversibly converted to the nsoluble state with a shght change mn pH and
1onic strength of the solution Transition of the enzyme into the insoluble state results in mterruption of the
reaction The conditions for the phase separation of immobilized enzyme i solutions of salts are determined by
the composition of polyelectrolyte complex and the nature of the low molecular weight electrolytes Dissolution
of the precipitate leads to quantitative recovery of the mitial catalytic activity (5) The self-regulating enzymatic
system was sumulated Control of the activity 1n the system takes place according to the following scheme accu-
mulation of product - change m 10mc strength of the solution — alteration of microenvironment of the enzyme —
decrease 1n catalytic activity

Introduction

It 1s well known that immobilization of enzymes
can result in a constderable change 1n their properties,
namely, kinetic parameters of the catalyzed reactions,
the pH optimum of the catalytic activity, the stability
of enzymes, etc [1—3] Each method of immobiliza-
tion gives a specific set of new properties to a chosen
enzyme This set of properties 1s determined finally
by the interaction between the enzyme and a
support

A proper choice of the enzvme and the method of
1ts immobilization permuts the realization of the
purposeful synthesis of new catalysts with umque
properties and, thus, the successful solution of mm-
portant technological problems

Another important aspect of the use of immobil-
1zed enzymes 1s the attempt to simulate the complex
processes 1 a hiving cell As 1s known in vivo, most
enzymes are mncorporated in a membrane, cytoplasm
and the mtochondrial matrix where their micro-
environment differs appreciably from that in which
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the properties of native enzymes are studied n
vitro [4]

Incorporation (immobtlization) of enzymes in a
structure of water-soluble non-stoichiometric poly-
electrolyte complexes seems to be a very effective
way for studying such problems It 1s well known that
stoichiometric compounds (1 1 polyelectrolyte
complexes) are usually precipitated when polyions
with opposite charges interact in equimolar ratios
However, the situation 1s quite different with those
non-stoichiometric polyelectrolyte complexes which
are soluble m water [5,6] A particle of such a poly-
electrolyte complex, being the product of completed
mtermolecular reactions, consists of a nucleus formed
by sequences of salt bonds between the units of
oppositely charged polyelectrolytes (I 1 polyelec-
trolyte complex) and the hydrophilic shell — 1on1zed
groups of the polyelectrolyte being incorporated in
the polyelectrolyte complex to excess [7] The meth-
ods of preparation of such compounds are based on
direct mixing of the corresponding solutions of poly-
cationic (polyamines and polyammonum salts) and
polyanionic (e g, polycarboxylic, polyphosphoric
acids) components It 1s noted that the hydrophilic
shell of polyelectrolyte complex particles can be
formed by both the polyanions and polycations
Specific  structures of polyelectrolyte complex
particles lead to the appearance of a number of
extraordinary properties of such compounds 1n
aqueous solutions Thus, by changing the pH or
onic strength of the solution, phase separation of
polyelectrolyte complex solutions can be achieved
[8] The existence of a homogeneous solution of
polyelectrolyte complexes 1s determmed, as a rule,
by the composition of their particles which varnes
within a sufficiently wide range Therefore, by vary-
ing the composition of polyelectrolyte mixtures, it
1s possible to prepare polyelectrolyte complex solu-
tions with given properties in a rather simple way [6]

In the present paper, some properties of the
enzyme, incorporated mn particles of water-soluble
polyelectrolyte complexes are reported Penicilhin
amidase (acylamide amidohydrolase, EC3 5 1 4 ) from
Escherichia coli has been used as a model enzyme
The kinetics and mechanism of action of the native
enzyme have been studied 1n detail previously [9,10]
The immobihization of penicillin amidase has been
carried out by covalent attachment to the modified

—(CHy~CH),,,—(CH3 —CH) —
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polycation of a structure such as follows
where the proportions are k¥ = 005—010 and m =
095-090

Further, the water-soluble polyelectrolyte complex
has been obtained by mixing of immobihized penicillin
amidase and an excess of poly(methacrylic acid),
the polyelectrolyte particles being formed by the
polycation, poly(4-vinyl-N-ethylpyridinium bromide)
and poly(methacrylic acid) (the latter being excess)

Matenals and Methods

Penicillin amidase from £ coli was 1solated and
purtfied using a technique described previously [9] A
commercial preparation of benzylpenicillin and
cyanuric chlonde from Koch-Light Laboratories
Ltd (UK) were used, ethylene chlorohydnn and
mineral salts from Reakhim (US S R) were of the
highest punty available phenylmethylsulfonyl
fluoride (PMSF) was supplied by Sigma (US A)

Poly(methacrylic acid) was prepared by radical
polymernization The polymer was fractionated by
adding ethyl acetate to a solution of poly(methacrylic
acid) 1n methanol The fraction with Mw, =260 000
was used (molecular weights, M, , of polyelectrolytes
were measured by light scattering [6]

The preparation of poly(4-vinylpyndine) was
described 1 Ref 11 A fractionated sample with
er=40 000 was used Poly(4-vinylpyridine) was
dissolved m methanol (1 mol/l) and modified by
treatment with ethylene chlorohydrin under an N,
atmosphere at 60°C for 10h The degree of alkyla-
tion, B, calculated from the infrared spectra by the
relative absorption at A = 1600 and 1640 cm™, was
equal to 5% Subsequently, the polymer was dissolved
in methanol and completely alkylated under an N,
atmosphere with ethyl bromide (60°C, 10h) The
modified polycation obtained was reprecipitated 1n
absolute ether The degree of sample alkylation was
equal to 100%

Penicilin  amdase, covalently attached to the
polyacrylamide gel after a preliminary modification
of the native enzyme by acrolemn, was prepared



according to Ref 12 A preparation of penicliin
amidase incorporated in fibres of cellulose triacetate
was kindly given to us by Dr Marconi

Penicillin amidase was immobilized 1n particles of
water-soluble polyelectrolyte complex in the follow-
ing way A solution of cyanuric chloride n dioxane
was added while stirring to an aqueous solution of
modified polycation (01 g/mi) The final concen-
tration of cyanuric chloride was 50 mM in 50%
dioxane Then an excess of peniullin amidase was
added to the solution obtamned, and the mixture
stirred and mmcubated at room temperature for 10—
12h (pH8 4) To separate the excess of the native
enzyme an equimolar amount of poly(methacrylic
acid) was added to the modified polycation solution
Insoluble polyelectrolyte complex (1 1) precipitate
was 1solated by filtration or centrifugation and
washed with 0 1 M NaCl until the washing solution
completely lost enzymatic activity The excess of
poly(methacrylic acid) was added to the precipitate
of (1 1) polyelectrolyte complex to form a (3 1)
polyelectrolyte complex and the 1onic strength of the
final solution reached the value of 0 5 M Solubiliza-
tion of the precipitate was observed During all opera-
tions, the pH was maintained at a value of 6 0—8 5
by adding 0 1 M NaOH The prepared solution was
diluted with distilled water to reach a concentration
of 0 1 M NaCl and then concentrated by ultrafiltra-
tion to a volume of 10—15 ml The obtatned prepara-
tion of immobilized penicillin amidase was a homo-
geneous transparent solution The amount of incor-
porated enzyme was varled from 0 5 to 50 umol/g of
modified polycation

When the same sequence of operations was carried
out under 1dentical conditions n the absence of
cyanuric chlonide, the (3 1) polyelectrolyte complex
obtained had no enzymatic activity This fact indi-
cates that immobilization of penicillin amidase in the
polyelectrolyte complex (3 1) can proceed only by
covalent cross-linking of the enzyme to the poly-
electrolyte complex particles

Assay of natwe and immobilized penicillin anudase
Penicillin amidase was assayed with benzylpem-
cillin as substrate, titrating the lLiberated phenyl-
acetic acid with 001 M KOH 1n a pH-stat (TTT-Ic,
Radiometer, Denmark) All expenments were carried
out at 25+02°C mn 01M NaCl in non-buffer

361

medium The kinetics of enzymatic hydrolysis were
studied under conditions of substrate excess in com-
parison with the enzyme ([S],>>[E]y) V and
K, values for hydrolysis of benzylpenicillin catalyzed
by different samples of penicllin anudase were deter-
mmed by wmtial rate analysis for the enzyme
immobihzed in polyacrylamide gel and fibres of
cellulose triacetate and from progress curves (using an
mtial substrate concentration of 04 10 M for
native enzyme and enzyme mcorporated in poly-
electrolyte complex [13] In ooth cases, the treat-
ment of experimental data was performed using the
least-squares method by the computer PDP 8/E
Determination of the 6-aminopemicillanic acid con-
centration was performed using the indicator reaction
with p-dimethylaminobenzaldehyde [14] The sam-
ples were centrifuged before assay where necessary

Results and Discussion

Deternunation of the kinetic parameters of hydrolysis
catalyzed by immobilized penicilin amidase

The concentration of the active sites of the
enzyme was determmned by titration of penicillin
amidase with PMSF (Fig 1) according to a previously
developed method [15] On the basis of the data
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Fig 1 Determmation of the concentration of active centres
of mmmobilized penicillin amidase by titration with PMSF
Conditions 1ncubation of the enzyme was carried out at
25°C 1n 0 01 M phosphate buffer (pH 6 0, 0 1 M NaCl) for
10 min Penicihin amidase was assayed at 25°C, pH 75,
01 M NaCl, [benzylpenicillin]g = 5 mM
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TABLE 1

KINETIC PARAMETERS OF HYDROLYSIS OF BENZYLPENICILLIN BY DIFFERENT PREPARATION OF PENICILLIN

AMIDASE

Conditions pH 7 5, 25°C PA, penicillin amidase, PEC, polyelectrolyte complex

Native PA covalently PA ncorporated PA incorporated PA immobilized 1n
PA bound with n PEC 1n fibres of polyacrylamide gel
polycation cellulose
triacetate
kcat 50 33 20 - -
Km(uM) 9 9 8 430 530
Kp(uM) 20 - 1000 - -

obtained values of the catalytic constants (kgyt) of
benzylpenicillin hydrolysis catalyzed by preparations
of the enzyme at different stages of immobilization
were calculated (Table I) When enzyme 1s linked to
polycation, k., decreases from 50 to 33 s™' and
further to 20 s™' when the polyelectrolyte complex
(3 1) 1s formed The mteraction of enzymes with
polyelectrolytes frequently leads to alteration of the
kea value This can be explamed by the effect of
charged groups of macromolecules on the micro-
environment of the enzyme active centre [16]

As seen in Table I, the value of K, for benzyl-
penicillin 1s not increased, showing the absence of
diffusion problems during the action of the immobul-
1zed enzyme This property of immobilized penicillin
amudase 1s advantageous i comparison with those of
other samples of this enzyme, e g, those of the
enzyme tmmobihzed in polyacrylamide gel or
fibres of cellulose triacetate (Table I)

Thus, when pemicillin amidase 1s incorporated 1n
polyelectrolytes, the catalytic efficiency of the
enzyme action changes slightly and the reaction can
be performed mn a homogeneous aqueous solution It
should be noted that charged chains of the polyamon
forming the complex shell do not prevent substrate
penetration to the enzyme active centre

pH dependence of the catalytic actwity of immobil-
1zed penicillin amidase

When pemcillin amidase 1s incorporated in poly-
electrolyte complexes an appreciable deformation of
the pH optimum of catalytic activity occurs and an
increase of kg 1n alkaline media takes place (Fig 2)
Such pH optimum broadening 1s wellknown in the

literature and can be explained as a result of the redis-
tribution of H" and OH™ [13,18,19]

It 1s interesting to note that although the enzyme
1s bound to the polycation and 1s within the nucleus
of the polyelectrolyte complex, a shift of the pH
dependence of k.; to the alkaline region shows
that catalytic properties of the enzyme are strongly
affected by negatively charged groups of poly(meth-
acrylic acid) (poly(methacryhic acid 1s 1n excess in the
(3 1) polyelectrolyte complex) The fact that the
shift of pH dependence 1s also observed at sufficiently
high 10n1c strength of the solution (0 1-0 15 M NaCl)
supports the suggestion of a high density of negative
charge on the polyelectrolyte complex shell

S0F

Keat (s 1)

25+~

pH
Fig 2 pH dependence ot k,¢ tor benzylpenicillin hydrolysis
catalyzed by native (— — —) and immobilized (e) penicillin
amidase Conditions 25°C 01 M NaCl The pH dependence
of kcat for the native enzyme 1s represented according to
Ref 17



Such a change 1in the microenvironment of the
enzyme mcorporated mn polyelectrolyte complexes
causes another interesting consequence As follows
from the data of Table I, the K, value for benzyl-
penicillin hydrolysis does not alter after immobiliza-
tion by the method described, but the constant (K,)
of competitive inhibition by the reaction product
(phenylacetic acid) increases by 2 orders of magnitude
Under the conditions of the experiment (pH 7 5),
both substrate and product (see SchemelI) are
charged negatively However, the charge of phenyl
acetate, situated in the immediate vicity of the
hydrocarbon part of the molecule affects binding
with the enzyme active site much more strongly
than does the peripheral charge of a molecule of
benzylpeniciliin

This fact indicates once more a considerable
influence of the microenvironment of the enzyme on
1ts catalytic properties

$O8 o § 8
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Effect of 1omc strength and pH on the properties of
immobilized permicilhin amidase

The structural data, physico-chemucal character-
1stics of polyelectrolyte complexes and results of the
present work allow description of the influence of pH
and 10nic strength of the solution on properties of the
immobilized enzyme mn the following way (Fig 3)
The high molecular weight of rarticles of the (3 1)
polyelectrolyte complex (M, z 12 10°%) and the
high charge density on chains of the polyelectrolytes
forming the complex result m a cooperative phase
transition 1n these systems under slight vanations of
external conditions

Thus, an imncrease of the concentration of H*
n the system leads to its binding with carboxylate
anions, the total density of the negative charge of the
polyelectrolyte complex particles decreases and fold-
ng of the polyelectrolyte chamns followed by precipi-
tation of the complex occur Phase separation in the

Solution

@ C)

0o 08 §

Soluble PEC (3 1)

S,
()

Precipitate PEC (3 1)

Solution

polyanion

<>
» & g o

Precipitate PEC (1)

Fig 3 Influence of pH and 1onic strength on the reversible transition between the soluble and mnsoluble forms of penicillin
amidase immobalized in polyelectrolytes PEC, polyelectrolyte complex
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system 1s observed within a narrow range of pH change,
viz , approx 02 pH units An increase of pH causes
redissolution of the precipitate and complete recovery
of the mitial enzymatic activity of immobilized
penicillin amidase This process can be repeated
continually

Another mteresting property of penicilin amidase
incorporated 1n polyelectrolyte complexes 15 1ts
capacity to undergo reversible transition from a solu-
ble to an msoluble state with a shght change in 1omc
strength of the solution (Fig 3) As seen mn Fig 4,
which shows the curve of turbidimetric titration of
the solution of the (3 1) polyelectrolyte complex
with NaCl solution, complete transition to the
msoluble state occurs when the concentration of low
molecular weight electrolyte changesby 0 01-0 02 M
The absolute value of the 1onic strength (I*) of the
solution at which the phase separation occurs depends,
as a rule, on the ratio polyanion polycation in poly-
electrolyte complexes and can vary from 006 to
0 35M NaCl Dunng the phase separation, rearrange-
ment of polyelectrolyte complex particles and transi-
tion of the excess of polyanion into the soluble state
are observed The precipitate 1s found to be the mnsolu-
ble stoichiometric (1 1) polyelectrolyte complex
[6] The enzyme attached to chains of the polycation
1s precipitated, causing complete interruption of the
catalytic reaction

The process represented schematically m Fig 3 1s
reversible and can be carned out repeatedly with
quantitative preservation of the catalytic activity

When 7> 04 M (NaCl), redissolution of the preci-
pitate 1s observed (Fig 4) caused by 1 1 poly-
electrolyte complex dissociation [6]

The value of I* also depends strongly on the
nature of the salt added The effect of monovalent
cations 1s analogous to that described above for Na’
The value of I* for the 3 1 polyelectrolyte complex
changes shightly 1n the order K™>Na"> L1, n the
range 022—-029 M The bivalent cations Mg”, Ca?
and Mn®* lead to a sharp narrowing of the range of
polyelectrolyte complex (3 1) stability, precipita-
tion 1s observed already at J* =~ 001 M that 1s due to
the more effective binding of these cations to car-
boxylate anions

Thus, mcorporation of the enzyme mn particles of
water-soluble polyelectrolyte complexes results in the
appearance of a new type of control of the catalytic
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Fig 4 Dependence of turbidity (A) and activity (B) of
native (o) and immobilized (o) pentcillin amidase (immobil-
1zed 1n polyelectrolyte complex) Conditions penicillin
amidase was assayed at 25°C, pH 75, 0 1 M NaClt [S]p =
S mM In the case of the immobilized enzyme, the assay was
performed on the supernatant after centrifugation of the
sample

activity A change in 1onic strength of the solution
throughout the range 001—-04 M does not result
in considerable change 1n the native enzyme activity,
while immobilized penicillin amidase under these
conditions undergoes a reversible loss of activity
within a very narrow range of I changes (Fig 4)

Self-regulating enzyme system

A self-regulating enzyme system can be created
on the basis of high ‘sensitivity’ of the immobihzed
enzyme to a change n 1onic strength of the solution
The formation of charged particles takes place as a
result of many chemical reactions catalyzed by
enzymes The increase in / dunng the reaction up to
I'" will lead to transition of the immobilized enzyme
into the imsoluble state, followed by interruption of
the catalytic process Such a possibility was demon-

S
@—Cm —CO—NH—*K CH,
iECH3
4—N COO™Na*

+ H,0
o7

s
B} CH
@—CH2~COO +H H2N————l/ o
pKa=42 pKp=46

07N COO™Na*

Scheme I
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Fig 5 Progress curves of enzymatic hydrolysis of benzyl-
penicillin catalyzed by immobilized pemicilin amidase
Conditions 25°C, 0 1 M phosphate buffer, pH 75 [S]g =
100 mM, [E]g =02 uM,Jy =020 M (A) and 0 25 M (B)

strated expernimentally using the example of
enzymatic hydrolysis of benzylpemcillin (Scheme
I) When this reaction proceeds at a constant pH
the 1onic strength increases By varying the imtial
tonic strength of the solution, /o, the reaction can be
stopped at any degree of conversion The data
presented in Fig 5 show that when /o =025 M, the
concentration of products formed cannot be higher
than 26 mM (degree of conversion 1s 25% under the
condittons specified) At this degree of hydrolysis the
concentration stated was reached and the reaction
stopped

A change 1n composition of the system (dilution
of the solution or consumption of components of the
reaction) leading to a decrease 1n 1onic strength will
start the hydrolysis again At lower values of Iy, the
reaction proceeds mn homogeneous solution until
greater or complete substrate conversion 1s achieved

In companison with the well known effects of
enzyme mhibition by the reactions products when a
direct 1nteraction of product with enzyme 1s ob-
served [20], in the present case control of the activity
takes place indirectly by the following scheme
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accumulation of product - change in 1onic strength
of the solution — alteration of microenvironment of
the enzyme — decrease n catalytic activity Since the
enzyme in the cell 1s frequently 1n the environment of
polyelectrolytes, the process of self-regulation of
enzyme action, based on the same principles, can
oCCur 1n Vivo
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