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Abstract

Penicillin amidase of Bacillus megaterium was recovered from the fermentation broth by adsorption on celite and
immobilized by entrapping the adsorbed enzyme in acrylamide gel. The operational stability in column reactor was
greatly increased by entrappment as compared with that of without entrappment. The optimum pH of the immobilized
enzyme was 8.7 with broader activity profile than that of the free enzyme, while the most stabie pH range appeared to
be between pH 7.5 and 8.0. The optimum temperature was shifted to 50°C from 45°C for the soluble enzyme.

The values of K, and the inhibition constants for 6-APA(K;,) and phenylacetic acid (K;;), were 4.55 mM, 36.5mM,
and 10.5mM, respectively. No significant internal pore diffusion limitation was found since the value of effectiveness
factor was 0.95. The operational half life in a column reactor at pH 8.0 was 6.8 days at 40°C and 47 days at 30°C,
whereas that of without entrappment was only 1 day and 4 days, respectively. The performance of a batch and a
column reactor was also discussed with respect to'the productivity. The results demonstrated that the entrappment of
an adsorbed enzyme for the enhancement of the operational stability of the immobilized enzyme was useful especially
when an extracellular enzyme was used.

Introduction fiber,® entrappment in cellulose triacetate (7 gelatin and

cellulosic materials,®) polyacrylamide gel.,” and

To prepare the 6-aminopenicillanic acid (6-APA) by copolymerization with acrylamide '? and adsorption on

enzymatic hydrolysis of benzylpenicillin, various im-  bentonite."” As enzyme sources, several micro-

mobilization methods for penicillin amidase (E.C. organisms such as Escherichia coli and Bacillus

3,5,1,11) have been developed. These immobilization megaterium are known to be useful for the practical
methods comprise, covalent coupling to cellulose application.

derivatives,(23) Amberlite, Sepharose 4B,©) and nylon Penicillin amidase from B. megaterium, an extra-
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cellular enzyme, was immobilized by adsorption to
bentonite and its reactor performance in a stirred tank
was reported.!V One of the drawbacks of adsorption
method in the application to the immobilization is its
limited repetative use as an immobilized enzyme due to
the rapid leakage of enzymes during the reactor opera-
tion, which may be ascribed to the weak binding force of
enzymes to the carrier surface or/and the discrepancy in
the optimum pH between the adsorption process and the
enzymatic catalysis. Adsorbed enzyme on the fine par-
ticles such as bentonite or celite, moreover, cannot be
used for plug flow reactor because of the pressure drop in
column.

Entrappment or crosslinking after adsorption can
strengthen the stability of the adsorbed enzyme. In the
previous communication, an immobilization method of
penicillin amidase by entrappment in the reinforced
calciumalginate get and the operation stability of the im-
mobilized enzyme have been reported.(!?

In the present study, penicillin amidase of B.
megaterium was immobilized by adsorption of the en-
zyme directly on celite from the fermentation broth and
subsequently entrapping the celite particles in
acrylamide gel to improve the enzyme stability. The
characteristic properties of this new type of the im-
mobilized enzyme were studied and compared with that
of the free enzyme. The reactor performance of the im-
mobilized enzyme in a column reactor was also reported

in this communication.

Materials & Methods

Materials

Bacto-soytone and, yeast extract were purchased from
Difco Lab. (U.S.A).
acrylamide, and ammonium persulfate were obtained
from Wako Chemical Co. (Japan). Penicillin G. TEMED,

phenylacetic acid, p-dimethylaminobenzaldehyde, and

Acrylamide, N,N'-methylene-bis-

6-aminopenicillanic acid were purchased from Sigma
Chemical Co. (US.A).

purified diatomaceous minerals known under the trade

For enzyme adsorption, the

name of celite 545 (Junsei Chem. Co., Tokyo, Japan) was
used. Impurities or iron oxides were removed before use
by extraction with 2N-HCI, followed by washing with

water to neutrality and subsequently with methanol.
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Cultivation of Microorganism

The culture of B. megateriumm ATCC 14945 variant (B.
megaterium KFCC 10029 was maintained on soytone
agar slant. For the mass production of penicillin
amidase, the culture was grown in 28/ fermentor
(CMF—128 S, NBS, U.S.A). The medium consisted of
Bacto-soytone, 2.5%; glucose, 1.0%; yeast extract, 0.5%;
and Neoline 202 as an antifoarn, 0.01% (produced by
Polyol Co., Korea). The fermentation process was carried
out at temperature 30-33°C, agitation speed 500 rpm, and
aeration rate 2 vwm."® The pH was adjusted to 7.0
before and after sterilization. 0.3% of phenylacetic acid
was added after 8 and 12hr of incubation, respectively, to

induce the enzyme production.(m

Enzyme Preparation

After 24-36hr of cultivation, the fermentation broth
was harvested and separated from cells by continuous
centrifugation at 8,000 rpm (Kokusan Type H600, Japan).
Since penicillin amidase from B. megaterium is an extra-
cellular enzyme, the centrifuged supernatant can be used

as a crude preparation of the soluble enzyme.
Determination of Enzyme Activity

The activity of penicillin amidase was determined by

measuring the amount of 6-APA from a reaction mixture

Cultivation of B. megaterium KFCC 10029
Medium : 2.5% soytone + 1.0% glucose + 0.5% Y.E.
Condition : 24-30 hr at 30-33°C

continuous centrifugation

Supernatant of culture broth

addition of celite with pH
control at 6.4

| Recovery of celite adsorbed enzyme J

addition of acrylamide
solution (1:1 ratio (w/v))

Polyacrylamide gel entrapped celitehl

extrusion & cutting

Immobilized enzyme pelltes

Fig. 1. Procedure of Immobilized Enzynie Pellet

Preparation.




at 40°C with 20mM benzylpenicillin solution in 0.1M
borate buffer (pH 8.7). The p-DAB (p-dimethylaminoben-
zaldehyde) method of Balasingham et al.® was used for
the determination of 6-APA. One unit of the enzyme ac-
tivity is defined as the amount of the enzyme required to
produce 1 umole of 6-APA per an hour under the given

condition.

Immobilization Method

The immobilization of the enzyme was carried out by
entrapping in the polyacrylamide gel matrix after the ad-
sorption onto celite particles. For the enzyme adsorption,
the supernatant was acidified with 20% acetic acid 1o pH
6.2-6.4 and was mixed with the acid washed celite at a
ratio of 1,200 enzyme unit per g celite. The suspension
was stirred for 2hr, during which sufficient acetic acid
was added to maintain the pH 6.2-6.4. Celite particles
were collected by filtration and washed with 1 volume of
distilled water.

To 200ml of the acrylamide monomer solution {con-
taining 10% acrylamide, 0.5% N,N-methylene-bis-
acrylamide and 0.5% TEMED), 200g of celite slurry was
added and made homogeneous suspension with stirring.
After 30 seconds, 4ml of ammonium persulfate solution
(0.6 g/ml) was poured into the suspension to initiate
polymerization. Homogeneous gel of the polyacrylamide-
celite mixture was obtained within 1-2 minutes.

The gel was cast into a pellet form (1.0-2.0mm in

diameter) by extrusion in borate buffer (0.1M, pH 8.0).
The peliet was washed thoroughly with the buffer and cut
into a desired size {2-5mm). The immobilized enzyme
was preserved in 0.IM borate buffer (pH 8.0) in the
absence of other speciat preservatives. The overall pro-
cedure for the preparation of the immobilized enzyme is

summarized in Fig. 1.

Reactor Operation

For batch reaction, the immobilized enzyme pellet
was preincubated at 40°C for 20 min in 0.1M borate
buffer (pH 8.0). After adding substrate solution, the reac-
tion mixture was incubated at 40°C, except where other-
wise stated, in a reactor agitated with a magnetic stirrer.
The enzyme activity was determined at predetermined
time intervals. A packed bed column reactor (1.3x12cm)
was used for continuous operation. The column reactor
was fritted with a sintered glass filter at the bottom of the
column, and a thermostat unit to an inlet end of the water
jacket of the column to maintain the isothermal condi-
tion. The substrate solution was continuously fed at a
constant speed by MANOSTAT cassette pump (Junior
model). In an attempt to attain the efficient performance
in a plug flow reactor system, the pH drop effect along the
column path was minimized by using 0.2M borate buffer
solution (pH 8.0).
measured after a steady state was attained.

The degree of conversion was

Results

Preparation of Immobilized Enzyme

From 20/ of culture broth (85 enzyme units/ml broth),
3.4kg (wet weight) of celite adsorbed enzyme was
recovered. The total recovery of the enzyme activity was
94% by the adsorption process. The overall activity
retention after the polyacrylamide gel entrappment was
46% of that of original broth, and the specific activity of
the final preparation was 115 units/g (wet wt) or 740
units’g (dry wt). The activity recovery at each im-

mobilization step is given in Table 1.

Table 1. Preparation of Inmobilized Penicillin Amidase

Preparation step Total volume

Total activity Activity

or weight {unit) recovery (%)
Culture broth 20,000 mi 1,700,000 100
Celite adsorption 3,400 g 1,598,000 94
(wet wt.)
Polyacrylamide gel
yacrylamice ge 6,800 g * 782,000 46

entrappment

* Specific activity: 115 units/g wet wt. or 740 units/g dry wt.



Characteristics of Immobilized Enzyme

General properties of the immobilized enzyme were
compared with those of the soluble enzyme. As shown
in Fig. 2, the optimum pH for both soluble and im-
mobilized enzyme was 8.5-8.7, but the activity profile of

the immobilized enzyme was broadened in both acidic
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Fig. 2. pH-Activity Profile of Soluble and Polya-

crylamide Gel Entrapped Enzyme.

—eo— soluble enzyme, -0 entrapped enzyme.
Buffers used are 0.1M acetate (pH 5.0, 5.5), 0.1M
phosphate (pH 6.0, 6.5), 0.1M Tris (pH 7.5, 8.5,
8.7), 0.1M bicarbonate (pH 9.5, 10.0, 10.5).

and alkaline regions. It was found that the enzyme was
stable in the pH range from 6.0 to 8.5, while a rapid deac-
tivation occurred below pH 5.5 and above 9.0 (Fig. 3).
In the pH range of 7.0-8.0 the residual enzyme activity
after 15hr incubation at 35°C was about 93% of the in-
itial activity at the corresponding pH.

The optimum temperature of the immobilized en-
zyme was 50°C, whereas that of the soluble enzyme was
40°C (Fig. 4). The activity of immobilized enzyme was
not changed during storage at pH 8.0 for 15 hrs in the
temperature range of 20°C-35°C, while that of soluble

Relative Activity (%)

rS

9:0 16.0
Fig. 3. pH stability of Polyacrylamide Gel En-
trapped Enzyme.
Enzyme activities of respective pH values were
measured after 15hrs of storage at each pH at
35°C. Buifers used are the same as those of Fig.

2. pH-activity profile is shown as a dotted line
in comparison.

Relative Activity (%)

L s

30 40 50 60 70
Temperature (°C)

Fig. 4. Effect of Temperature on the Activity of
Soluble and Polyacrylamide Gel Entrap-

ped Enzyme.
—e— souble enzyme, -0 entrapped enzyme.

enzyme in the identical condition was 96% and 91% of
initial activity at temperature 30°C and 35°C, respective-
ly (Fig. 5).

The kinetic constants such as Michaelis constant (K ;))
and the inhibition constants of 6-APA (K;) and
phenylacetic acid (K;,) were evaluated and compared
with those of the soluble enzyme as shown in Table 2.
There was no significant changes in the kinetic constants

for the immobilized enzyme except for the Ky, value,
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Fig. 5. Thermal Stability during Incubation.

—e— soluble enzyme, o entrapped enzyme.
which was markedly decreased.
The pore diffusional limitation appeared to be negligi-
ble since the value of the effectiveness factor was 0.95

when 10mM substrate solution was used.

Table 2. Kinetic Constants of Penicillin Amidase

Enzyme Soluble Immobilized

kinetic const. enzyme enzyme
K 4.5 mM 4.6 mM
Kia* 45.0 mM 36.6 mM
Kip™* 26.0 mM 10.5 mM

* Inhibition constant for 6-APA
** Inhibition constant for PAA

Batch Operation

The time course of the conversion of benzylpenicillin
solution (5mM-100mM) was tested in a batch reactor.
Fig. 6 shows the result of batch reaction using 50ml of
substrate solution containing 5g of the wet enzyme (565
units).  5-15mM benzylpenicillin solutions were con-
verted completely within 2-3hr, while 30mM and 50mM
of the substrate solution were converted to 60% and 40%
within 4hr, respectively. Further conversion required
much longer time especially in case of high concentra-
tion due to the strong inhibitory effect of the accumulated
product. In a separate experiment on the repetitive use of
the immobilized enzyme using 30mM of the substrate
solution, the immobilized enzyme could be used 5 times
without substantial loss of the activity maintaining the

final conversion up to 95%.

Conversion (%)

0 1 2 3 4 5
Reaction Time (hr)

Fig. 6. Batch Progress of Conversion Using
Polyacrylamide Gel Entrapped Enzyme.
Reactor volume, 50ml; enzyme loading, 565
units. Substrate solution of various concentra-
tion (0.2M borate buffer, pH 8.0) containing en-
trapped enzyme was continuously stirred at
40°C.
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Fig. 7. Steady State Conversion in a Plug Flow
Reactor as a Function of Flow Rate and
Substrate Concentration.

Substrate solution of respective concentration
(0.2M borate buffer, pH 8.0) was continuously
fed at 40°C. 5g(wet wt} of immobilized enzyme

was packed in column (1.3cm diameter, 10.8cm

bed height). Substrate concentration; —o—
10mM, —e— 15mM, —a— 30mM, —a-—
50mM.
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Plug Flow Reactor Operation

The bed height of a packed column was 10.8cm
employing 5g (wet wt.) of enzyme loading. The steady
state conversion at different flow rates for different con-
centration is shown in Fig. 7. The pH drop became in-
creased as the substrate concentration increased and the
flow rate decreased. The maximum pH drop was found
which 50mM substrate concentration at 7.5ml/hr of flow
rate. The effluent pH was as low as 6.8. It was

demonstrated that the productivity decreased gradually
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Fig. 8. Productivity of Immobilized Penicillin
Amidase Plug Flow Reactor System.
The productivity was calculated as S,X/ 7 where

S, initial substrate concentration; X, conver-

sion; , residence time. Substrate concentra-
tion; —o— 10mM, —e— /MM, —a— 30mM,
—a— 50mM.

with increased space time and decreased substrate con-
centrations (Fig. 8). The productivity, S,X/ 7, is defined
as uumole of 6-APA produced per liter per hour. The
residence time 7 , was calculated from the specified col-

umn dimensions and the flow rate.

Storage and Operational Stability

Storage stability of the immobilized enzyme at 4°C in
0.1M borate buffer solution (pH 8.0} is shown in Fig. 9.
The activity decay was not found during the storage for
80 days. During this period, the enzyme leakage from
the immobilized enzyme was not detected since no en-
zyme activity appeared in the storage buffer. In a similar

experiment on the enzyme adsorbed on celite, substan-
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Fig. 9. Storage Stability of Entrapped Enzyme.
Storage condition; 0.1M (pH 8.0) borate buffer,

4°C,
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Fig. 10. Operational Stability of Entrapped En-
zyme in a Plug Flow Reactor at 40°C (A)
and 30°C (B).
10mM benzytpenicillin solution in 0.1M borate
buffer (pH 8.0) was continuously fed with the
flow rate of 6.1 ml/hr with 5g enzyme loading
for the 40°C operation. The experiment was
carried out at the flow rate of 6.9 mi/hr and 4g
enzyme loading for the 30°C operation. (—*—)
entrapped enzyme; (0—o) adsorbed enzyme

without entrappment.

tial amount of the enzyme activity was detected in the
storage buffer after 20 days of storage.
The enhancement of the enzyme stability by the en-
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trappment was pronounced during the column reactor
operation (Fig. 10). Under the operating condition with
10mM Benzylpenicillin solution, 5g of enzyme loading,
and 6.1ml/hr of flow rate, the half life of the immobilized
enzyme at 40°C was 6.8 days. The enhancement in the
operational stability was about 7 fold as compared to that
without the entrappment. In a similar operating condi-
tion at 30°C, the half life was 47 days, whereas that
without entrappment was about 4 days. The half life in-
creased about 12 fold by entrappment.

During the reactor operation, substantial amount of
the enzyme activity was detected in the effluent of col-
umn containing the celite-adsorbed enzyme. Difficulties
of flow in a column also arised in case of the celite-
adsorbed enzyme, when the amount of enzyme loading
was above 2g. For substrate feed, a pump was required
to overcome the pressure drop in a column which may
be ascribed to the close packing of fine celite particles.
Such difficulties of flow control was eliminated in the en-
trapped enzyme. Degradation or disintegration of the
physical form of the immobilized enzyme was not found

during the operation.

Discussion

Entrappment in acrylamide gel has been widely ap-
plied for immobilization of microbial cells or

enzymes.(1+17)

Copolymerization of soluble enzymes
with acrylamide was also reported.(18:19) Any considera-
tion of the techniques for preparing an immobilized
enzyme system must be made in the light of understand-
ing of the following attributes of the system: (1) kinetic
behavior, (2) stability, (3) reactor type. In the present
study, entrappment of an adsorbed enzyme in
acrylamide gel was discussed with respect to the im-
provement of operational stability of immobilized
penicillin amidase by preventing enzyme leakage and
pressure drop in a plug flow reactor by increasing the par-
ticle size of the immobilized enzyme.

It was found that the enzyme leakage was successfully
prevented by the entrappment as evidenced by the
enhancement of the enzyme stability during storage and
column reactor operation. The increased enzyme stabili-
ty by immobilization is occasionally found. The changes
in microenvironment of the immobilized enzyme or the

enzyme carrier itself might play a stabilizing effect on the

enzyme. Such stabilization can be accomplished by either
the multi-point attachment of enzymes of by embedding
the enzyme in a stabilizing and protecting environ-
ment.2) It has also been shown that diffusion effect can
cause an apparent increased in stability.!?? In the pre-
sent enzyme preparation, however, the enhancement of
stability may mainly be attributed to the prevention of
the enzyme leakage although such effects as stated above
may play a minor role.

The entrapped enzyme was found to have another ad-
vantage in choosing a suitable reactor type. A stirred
tank reactor is considered to be suitable for the adsorbed
enzyme without entrappment{! due to the pressure drop
in a packed column owing to the close packing on fine
celite particles. This operational problem could be ob-
viated for the entrapped enzyme since the flow property
in a plug flow reactor was greatly enhanced. This advan-
tage cannot be thought much pronounced especially for
penicillin amidase. It is well known that the pH of
penicillin amidase reactor gradually decreases due to the
acidic product, phenylacetic acid. The design of a
suitable plug flow reactor is rather difficult because the
pH adjustment in a narrow range by alkali addition is
essential. In this experiment, the use of substrate solu-
tion in a buffer with moderate strength (0.1M phosphate
buffer, pH 8.0) was well compromised with the pH drop
along the column path. The pH drop effect can also be
solved by employing the muiti-stage plug flow reactor.%%)

In a given condition of column reactor operation, the
effluent pH dropped to as low as 6.8, showing pH drop of
1.2 pH unit. Since one cannot completely eliminate the
pH drop even though a buffer solution is used in a plug
flow reactor, the optimization of the reactor performance
requires a careful consideration on various factors such
as substrate concentration, residence time, desired cover-
sion yield, and buffering capacity used. The use of
moderate buffer solution even in case of a stirred tank
with pH adjustment was recommended to increase the
operational stability of immobilized penicillin amidase.*
The use of a buffer solution in a plug flow reactor, in this
regard, is not so great a sacrifice considering the simplici-
ty of the reactor operation.

An example of industrial application of adsorbed en-
zyme is seen in the L-aminoacylase adsorbed on DEAE-
Sephadex for the separation of racemic mixture of amino

acids.?*25) In this case, the adsorbed enzyme was suc-
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cessfully used for a long period of time without substan-
tial enzyme leakage, since the pH difference in adsorp-
tion process and the reactor operation was very narrow.

The optimal pH for the adsorption of penicillin
amidase on celite or silica is below 7.0. The adsorption of
the enzyme from B. megaterium on silicate materials
such as celite or bentonite has been applied for the
enzyme purification®® and used as a technique for
immobilization of the enzyme.(1 D The optimal pH of ad-
sorption is reported to be 6.4, while that of enzyme reac-
tion was 8.5-8.7.
values of the adsorption and the enzyme reaction are

In such a case where the optimum pH

different, subsequent entrappment after the adsorption of
the enzyme improved remarkably the operational stabili-
ty of the immobilized enzyme. It is thus concluded that
the present immobilization method can be applied for
other extracellular or cell free enzymes and will provide a
wider choice of reactor systems in practice.
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