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(1) Immobdazatlon of penlcillm amldase (acylanude amldohydrolase, EC 3 5 1 4) from Escherwhta coh was car- 
ned out on negatively charged particles of the water-soluble polyeleetrolyte complex formed by poly(4-vinyl-N- 
ethylpyrldmmm bromide) and poly(methacryhc acid) In the ratio 1 3 The enzyme was covalently cross-linked 
to the polycation which was previously modified by cyanunc chloride (2) Kinetic parameters of benzylpenlcillin 
hydrolysis, catalyzed by lmmobdized pemcillin anudase, were determined and it was shown that with a given 
method of ,mmobdization, the catalytic efficiency of enzyme action changes slightly The reaction proceeds in 
homogeneous aqueous solution without any diffuslonal difficulties (3) Deformation of the pH optimum of 
catalytic activity, an increase of kcat m alkahne media and a sharp increase of the inhibition constant from 2 
10 -s to 1 10 -3 M caused by the product of the reaction (phenylacehc acid) show a remarkable effect of the 
negatively charged shell of the polyelectrolyte complex on kinetic parameters of the reaction (4) Immobihzation 
of the enzyme m polyelectrolyte complex particles leads to the appearance of new properties of the blocatalyst, 
immobilized pemcdlm amldase can be reversibly converted to the insoluble state with a shght change m pH and 
lomc strength of the solution Transition of the enzyme into the insoluble state results in interruption of the 
reaction The conditions for the phase separation of lmmobdlzed enzyme m solutmns of salts are determined by 
the compomlon of polyelectrolyte complex and the nature of the low molecular weight electrolytes Dtssolutmn 
of the precipitate leads to quantitative recovery of the initial catalytic actiwty (5) The self-regulating enzymatic 
system was snnulated Control of the ac tmty m the system takes place according to the following scheme accu- 
mulation of product -~ change m lomc strength of the solutmn -~ alteration of mlcroenvlronment of the enzyme 
decrease in catalytic actlwty 

Introduction 

It is well known that immobilization of enzymes 
can result in a considerable change in their properties, 
namely, kinetic parameters of the catalyzed reactions, 
the pH optimum of the catalytic activity, the stablhty 
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 is determined finally 
by the interaction between the enzyme and a 
support 

A proper choice of the enzyme and the method of 
its immobilization permits the realization of the 
purposeful synthesis of new catalysts with umque 
properties and, thus, the successful solution of Im- 
portant technological problem~ 

Another important aspect of the use of immobil- 
ized enzymes is the attempt to simulate the complex 
processes in a hvlng cell As is known m vavo, most 
enzymes are Incorporated m a membrane, cytoplasm 
and the mItochondrlal matrtx where their micro- 
environment chffers appreciably from that m which 
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the properties of natwe enzymes are studied in 
vitro [4] 

Incorporatmn (lmmobdlzatmn) of enzymes in a 
structure of water-soluble non-stolchlometnc poly- 
electrolyte complexes seems to be a very effective 
way for studying such problems It is well known that 
Stolchlometrlc compounds (1 1 polyelectrolyte 
complexes) are usually precipitated when polyions 
w~th opposite charges interact in eqmmolar ratios 
However, the situation as quite different with those 
non-stoichlometrlc polyelectrolyte complexes which 
are soluble in water [5,6] A particle of such a poly- 
electrolyte complex, being the product of completed 
lntermolecular reactions, consists of a nucleus formed 
by sequences of salt bonds between the units of 
oppositely charged polyelectrolytes (1 1 polyelec- 
trolyte complex) and the hydrophlhc shell - Ionized 
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 (polyamlnes and polyammonlum salts) and 
polyanlonlc (e g,  polycarboxyhc, polyphosphorlc 
acids) components It is noted that the hydrophillc 
shell ot polyelectrolyte complex particles can be 
formed by both the polyanlons and polycatlons 
Specific structures of polyelectrolyte complex 
particles lead to the appearance of a number of 
extraordinary properties of such compounds in 
aqueous solutions Thus, by changing the pH or 
ionic strength of the solutmn, phase separatmn of 
polyelectrolyte complex solutions can be achieved 
[8] The existence of a homogeneous solution of 
polyelectrolyte complexes is determined, as a rule, 
by the composition of their particles which varies 
within a sufficiently wide range Therefore, by vary- 
lng the composition of polyelectrolyte mixtures, it 
is 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 m particles of water-soluble 
polyelectrolyte complexes are reported Penlcllhn 
amldase (acylamlde amidohydrolase, EC 3 5 1 4 ) from 
Eschertchm eoh has been used as a model enzyme 
The kinetics and mechamsm of action of the native 
enzyme have been studied in detail previously [9,10] 
The lmmobdlzatlon of penlcilhn amldase has been 
carried out by covalent attachment to the modified 

I I 
C2Hs C2H4OH 

polycatlon of a structure such as follows 
where the proportions are k = 0 0 5 -0  10 and m = 
0 95 -0  90 

Further, the water-soluble polyelectrolyte complex 
has been obtained by mixing oflmmoblhzed penlcllhn 
amldase and an excess of poly(methacryhc acid), 
the polyelectrolyte particles being formed by the 
polycatlon, poly(4-vlnyl-N-ethylpyradlnaum bromide) 
and poly(methacryllc acid) (the latter being excess) 

Materials  and M e t h o d s  

Pentcllhn amldase from Eech  was isolated and 
purified using a technique oescrlbed previously [9] A 
commercial preparation of benzylpenlcdhn and 
cyanurlc chloride from Koch-Light Laboratories 
Ltd (U K)  were used, ethylene chlorohydrln and 
mineral salts from Reakhlm (U S S R)  were of the 
highest purity available phenylmethylsulfonyl 
fluoride (PMSF) was supplied by Sigma (U S A ) 

Poly(methacryhc acid) was prepared by radical 
polymerization The polymer was fractlonated by 
adding ethyl acetate to a solution of poly(methacryllc 
acid) in methanol The fraction with Mwr = 260 000 
was used (molecular welghts,_Mwr, of polyelectrolytes 
were measured by light scattering [6] 

The preparation of poly(4-vlnylpyrldlne) was 
described in Ref 11 A fractlonated sample with 
31wr = 40 000 was used Poly(4-vlnylpyrtdlne) was 
dissolved in methanol (1 tool/l) and modified by 
treatment with ethylene chlorohydrln under an N2 
atmosphere at 60°C for 10 h The degree of alkyla- 
tlon, 3, calculated from the infrared spectra by the 
relative absorptmn at X = 1600 and 1640 cm -1, 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 polycatmn obtained was repreclpxtated in 
absolute ether The degree of sample alkylatlon was 
equal to 100% 

Penicillin amldase, covalently attached to the 
polyacrylamIde gel after a preliminary modification 
of the native enzyme by acrolem, was prepared 



accordmg to Ref 12 A preparatmn of pemclhn 
amldase ancorporated m fibres of cellulose tnacetate 
was kindly given to us by Dr Marcom 

PemclUm amldase was immobilized in particles of 
water-soluble polyelectrolyte complex in the follow- 
mg way A solution of cyanunc chloride an &oxane 
was added while ~,tlrrmg to an aqueous solution of 
mo&fied polycation (0 1 g/ml) The final concen- 
tration of cyanurlc chloride was 50 mM m 50% 
dloxane Then an excess of pemcllhn amidase was 
added to the solution obtained, and the mixture 
stirred and incubated at room temperature for 10-  
12 h (pH 8 4) To separate the excess of the native 
enzyme an eqmmolar amount of poly(methacryhc 
acid) was added to the mo&fied polycatlon solution 
Insoluble polyelectrolyte complex (1 1) precipitate 
was isolated by filtration or centrffugatton and 
washed with 0 1 M NaC1 until the washing solution 
completely lost enzymatic actwaty The excess of 
poly(methacryhc acid) was added to the precipitate 
of (1 I) polyelectrolyte complex to form a (3 1) 
polyelectrolyte complex and the ionic strength of the 
final soluUon reached the value of 0 5 M Solubdlza- 
tmn of the precipitate was observed During all opera- 
Uons, the pH was maintained at a value of 6 0 -8  5 
by adding 0 1 M NaOH The prepared solution was 
diluted with &stilled water to reach a concentration 
of 0 1 M NaC1 and then concentrated by ultrafiltra- 
tlon to a volume of 10-15 ml The obtained prepara- 
tion of mnnoblllzed pemcllhn amldase was a homo- 
geneous transparent solution The amount of incor- 
porated enzyme was varied from 0 5 to 50/lmol/g of 
mo&fied polycatlon 

When the same sequence of operations was carried 
out under ldenncal condmons in the absence of 
cyanunc chloride, the (3 1) polyelectrolyte complex 
obtained had no enzymatic actwtty This fact indi- 
cates that lmmobdlzatlon of pemcllhn amadase m the 
polyelectrolyte complex (3 1) can proceed only by 
covalent cross-linking of the enzyme to the poly- 
electrolyte complex particles 

Assay of native and tmmobthzed pentedhn amtdase 
Pemctllm amldase was assayed with benzylpena- 

cfllm as substrate, tltratmg the hberated phenyl- 
acetic acid with 0 01 M KOH in a pH-stat (TTT-Ic, 
Radmmeter, Denmark) All experiments were carried 
out at 25+-02°C in 0 1 M  NaC1 m non-buffer 
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medmm The klneUcs of enzymatic hydrolysis were 
studied under condmons of substrate excess m com- 
parison wath the enzyme ( [ S ] o > > [ E ] o )  V and 
K m values for hydrolysis of benzylpemctUm catalyzed 
by different samples of penlclhn amldase were deter- 
mined by mmal rate analysas for the enzyme 
lmmobtlazed m polyacrylamlde gel and fibres of 
cellulose trlacetate and from progress curves (using an 
initial substrate concentratmn of 04  10-4M for 
natwe enzyme and enzyme incorporated m poly- 
electrolyte complex [13] In 9oth cases, the treat- 
ment of expertmental data wa,, performed using the 
least-squares method by the computer PDP 8/E 
Determination of the 6-amanopemclllanlc acad con- 
centratlon was performed using the indicator reactmn 
with p-damethylammobenzaldehyde [14] The sam- 
ples were centrifuged before assay where necessary 

Results and Discussion 

Determmatton of the kmette parameters of hydrolysls 
catalyzed by tmmobthzed pentcdhn amtdase 

The concentration of the active sites of the 
enzyme was determined by titration of pemctUm 
amldase with PMSF (Fig 1) according to a previously 
developed method [15] On the basis of the data 
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Fig 1 Determinat ion o f  the  concentra t ion o f  active centres 
of  ]mmobtllzed penlcflhn amldase by t i t rat ion with PMSF 
Conditions incubation of the enzyme was carried out at 
25°C m 0 01 M phosphate buffer (pH 6 0, 0 1 M NaCI) for 
10 mm Pemctlhn amldase was assayed at 25°(2, pH 7 5, 
0 1 M NaC1, [benzylpenlclllm]o = 5 mM 
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TABLE I 

KINETIC PARAMETERS OF HYDROLYSIS OF BENZYLPENICILLIN BY DIFFERENT PREPARATION OF PENICILLIN 
AMIDASE 

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

Native PA covalently PA incorporated PA incorporated PA lmmobdlzed in 
PA bound with in PEC m fibres ot polyacrylamide gel 

polycatlon cellulose 
triacetate 

kcat 50 33 20 
Km(~M) 9 9 8 430 530 
Kp(~M) 20 - 1 000 - - 

obtained values of the catalytic constants (kcat) of  
benzylpemctlhn hydrolysis catalyzed by preparations 
of  the enzyme at different stages of  immobdlzatlon 
were calculated (Table I) When enzyme as linked to 
polycation, kcat decreases from 50 to 33 s -I and 
further to 20 s -1 when the polyelectrolyte complex 
(3 1) as formed The Interaction of  enzymes with 
polyelectrolytes frequently leads to alteration of  the 
kcat value This can be explained by the effect of  
charged groups of macromolecules on the macro- 
environment of  the enzyme active centre [16] 

As seen m Table I, the value of  K m for benzyl- 
penicillin is not increased, showing the absence of 
diffusion problems during the action of  the immobd- 
lzed enzyme This property of  immobilized penlcllhn 
amidase as advantageous m comparison with those of  
other samples of  this enzyme, e g ,  those of  the 
enzyme lmmobdized in polyacrylamlde gel or an 
fibres of  cellulose trlacetate (Table I) 

Thus, when penicillin amldase is incorporated m 
polyelectrolytes, the catalytic efficiency of the 
enzyme action changes slightly and the reaction can 
be performed in 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 catalyttc acttvtty of tmmobtl- 
tzed pentctlhn amtdase 

When pemctlhn amldase is incorporated in poly- 
electrolyte complexes an appreciable deformation of  
the pH optimum of catalytic activity occurs and an 
increase of  kcat m alkahne media takes place (Fig 2) 
Such pH optimum broadening is wellknown m the 

hterature and can be explained as a result of  the re&s- 
tnbutlon of  H ÷ and OH- [13,18,19] 

It IS interesting to note that although the enzyme 
is bound to the polycation and is within the nucleus 
of  the polyelectrolyte complex, a shift of the pH 
dependence of  kcat to the alkahne region shows 
that catalytic properties of  the enzyme are strongly 
affected by negatively charged groups of poly(meth- 
acryhc acid) (poly(methacryhc acid Is m excess m the 
(3 1) polyelectrolyte complex) The fact that the 
shift of  pH dependence is also observed at sufficiently 
high lomc strength of  the solution (0 1 -0  15 M NaCI) 
supports the suggestion of  a high density of negative 
charge on the polyelectrolyte complex shell 
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Fig 2 pH dependence ol kcat tor benzylpemcllhn hydrolysis 
catalyzed by native ( - - - )  and immobilized (e) penlctlhn 
amldase Conditions 250(2 0 1 M NaCI The pH dependence 
of kcat for the native enzyme is represented according to 
Ref 17 



Such a change m the mlcroenvlronment of the 
enzyme incorporated m polyelectrolyte complexes 
causes another interesting consequence As follows 
from the data of Table I, the K m value for benzyl- 
penlcllhn hydrolysis does not alter after lmmoblhza- 
tmn by the method described, but the constant (Kp) 
of competmve mlubltlon by the reactmn product 
(phenylacetlc ac]d) increases by 2 orders of magmtude 
Under the cond]tmns of the experiment (pH 7 5), 
both substrate and product (see Scheme I) are 
charged negatwely However, the charge of phenyl 
acetate, situated m the immediate VlClmty of the 
hydrocarbon part of the molecule affects binding 
with the enzyme active site much more strongly 
than does the penpheral charge of a molecule of 
benzylpemcdlm 

Ttus fact indicates once more a considerable 
influence of the m]croenvaronment of the enzyme on 
its catalytic properties 
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Effect of tome strength and pH on the properttes of 
zmmobthzed penwtlhn amMase 

The structural data, physlco-chermcal character- 
lstlcs of polyelectrolyte complexes and results of the 
present work allow description of the influence of pH 
and ionic strength of the solution on properties of the 
lmmoblhzed enzyme m the following way (Fig 3) 
The high molecular weight of Famcles of the (3 1) 
polyelectrolyte complex (M r ;~ 1 2 10 6) and the 
high charge density on chains of the polyelectrolytes 
forming the complex result in a cooperative phase 
transition m these systems under slight variations of 
external condmons 

Thus, an increase of the concentration of H ÷ 
m the system leads to its bmdang wath carboxylate 
an]ons, the total density of the negative charge of the 
polyelectrolyte complex particles decreases and fold- 
mg of the polyelectrolyte chains followed by precipi- 
tation of the complex occur Phase separatmn in the 

Soluble PEC ( 3 1 ) ~ " - - ~ " ~  

Solut,on 

G 

Preclpltate PEC ( 3 1) 

SoIutlon f 
polyamo~ 

Precipitate PEC (I I) 
Fig 3 Influence of pH and lomc strength on the revers~le transition between the soluble and insoluble forms of pemcdlm 
amldase tmmoblhzed m polyelectrolytes PEC,polyelectrolyte complex 
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system as observed wlthm a narrow range o fpH change, 
vaz, approx 0 2 pH umts An increase of  pH causes 
redlssolutaon of  the precapltate and complete recovery 
of  the matlal enzymatic acUvlty of  immobilized 
pemcdlm amldase Thas process can be repeated 
continually 

Another interesting property of  penicillin amadase 
incorporated in polyelectrolyte complexes is its 
capacity to undergo reversible transmon from a solu- 
ble to an insoluble state with a slight change m tomc 
strength of the solution (Fig 3) As seen m Fag 4, 
which shows the curve of  turbldlmetrlc ntratlon of  
the solution of  the (3 1) polyelectrolyte complex 
with NaC1 solution, complete transition to the 
insoluble state occurs when the concentranon of  low 
molecular weight electrolyte changes by 0 0 1 - 0  02 M 
The absolute value of  the lomc strength (I*) of  the 
solution at which the phase separation occurs depends, 
as a rule, on the ratio polyanlon polycatmn m poly- 
electrolyte complexes and can vary from 0 06 to 
0 35 M NaCI During the phase separation, rearrange- 
ment of  polyelectrolyte complex pamcles and transl- 
non of  the excess of  polyanion mto the soluble state 
are observed The precipitate is found to be the insolu- 
ble s tolchmmemc (1 1) polyelectrolyte complex 

[6] The enzyme attached to chains of  the polycatlon 
IS precapatated, causing complete interruption of  the 
catalytic reaction 

The process represented schematically an Fig 3 is 
reversible and can be carried out repeatedly with 
quantatatlve preservatmn of  the catalytic activity 

When I > 0 4 M (NaC1), rechssolutmn of  the preci- 
pitate as observed (Fag 4) caused by 1 1 poly- 
electrolyte complex dlssocmtlon [6] 

The value of I* also depends strongly on the 
nature of  the salt added The effect of  monovalent 
cations as analogous to that described above for Na ÷ 
The value of  I* for the 3 1 polyelectrolyte complex 
changes shghtly in the order K + > Na ÷ > L1 +, in the 
range 0 2 2 - 0  29 M The bivalent canons Mg 2+, Ca 2+ 
and Mn 2+ lead to a sharp narrowing of  the range of  
polyelectrolyte complex (3 1) stablhty, precipita- 
tion is observed already a t /*  ~ 0 01 M that is due to 
the more effective binding of  these cations to car- 
boxylate anaons 

Thus, incorporation of the enzyme m partacles of  
water-soluble polyelectrolyte complexes results m the 
appearance of a new type of  control of  the catalytac 
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Fig 4 Dependence of turbidity (A) and actlvlty (B) ot 
natwe (o) and lmmobdlzed (o) penlcflhn amldase Qmmobfl- 
lzed m polyelectrolyte complex) Conditions pemcllhn 
amldase ,~as assayed at 25°C, pH 7 5, m 0 1 M NaCI [S]o = 
5 mM In the case of the lmmobthzed enzyme, the assay was 
performed on the supernatant after centrlfugatlon of the 
sample 

actlvaty A change in ionic strength of  the solution 
throughout the range 0 0 1 - 0  4 M does not result 
m considerable change in the native enzyme actmty,  
while mamobdlzed pemcdlm amxdase under these 
con&tmns undergoes a reversible loss of activity 
wathan a very narrow range o f / changes  (Fig 4) 

Self-regulating enzyme system 
A self-regulating enzyme system can be created 

on the basis of  high 'sensitivity' of  the lmmobdlzed 
enzyme to a change m lOmC strength of  the solution 
The formatmn of  charged particles takes place as a 
result of  many chemacal reactions catalyzed by 
enzymes The increase an I dunng the reaction up to 
I* will lead to transatlon of  the lmmobdxzed enzyme 
into the ansoluble state, followed by interruption of 
the catalytic process Such a possabfllty was demon- 

J s "....K.CH 3 
G - C H 2  -CO-NH~ I-CH 3 +H20 

O~" N t COO-Na* 

0 ~ N ~ CO0-Na + 

Scheme I 
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Fig 5 Progress curves of enzymatic hydrolysis of benzyl- 
pemcdhn catalyzed by lmmobthzed pemctllm amldase 
Conditions 25°C, 0 1 M phosphate buffer, pH 7 5 [S]o = 
100 raM, [E]o = 0 2 ~M,I  o = 0 20 M (A) and 0 25 M (B) 

strated experimentally usmg the example of  
enzymatic hydrolysis of  benzylpemctUln (Scheme 
I) When this reaction proceeds at a constant pH 
the lOmC strength increases By varying the lmtlal 
lOmC strength of  the solution, Io, the reaction can be 
stopped at any degree of  convemon The data 
presented m Fig 5 show that  when Io = 0 25 M, the 
concentration of  products formed cannot be higher 
than 26 mM (degree of  convemon is 25% under the 
condations specified) At  this degree of  hydrolysis the 
concentraUon stated was reached and the reaction 
stopped 

A change m composit ion of  the system (dilution 
of  the solution or consumption of  components  of  the 
reaction) leading to a decrease m mmc strength will 
start the hydrolysis again At lower values o f / o ,  the 
reaction proceeds m homogeneous solution until 
greater or complete substrate conversion is aclueved 

In companson with the well known effects of  
enzyme mtubxtlon by the reactions products when a 
darect interaction of  product  with enzyme ~s ob- 
served [20], m the present case control  of  the actwity 
takes place indtrectly by the following scheme 
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accumtdation of  product  -~ change in ionic strength 
of the solution -~ alterat:on of  m:croenv:ronment of  
the enzyme -~ decrease m catalytic act lwty Since the 
enzyme in the cell ]s frequently in the environment of  
polyelectrolytes,  the process of  self-regulation of  
enzyme action, based on the same principles, can 
occur in VlVO 
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