
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Adsorption and Immobilization of Penicillin Acylase on Chitosan Beads
Chetan B. Patela; Vilas G. Gaikara

a Institute of Chemical Technology, University of Mumbai, Mumbai, India

Online publication date: 08 July 2010

To cite this Article Patel, Chetan B. and Gaikar, Vilas G.(2004) 'Adsorption and Immobilization of Penicillin Acylase on
Chitosan Beads', Separation Science and Technology, 39: 11, 2655 — 2675
To link to this Article: DOI: 10.1081/SS-200026758
URL: http://dx.doi.org/10.1081/SS-200026758

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1081/SS-200026758
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Adsorption and Immobilization of Penicillin

Acylase on Chitosan Beads

Chetan B. Patel and Vilas G. Gaikar*

Institute of Chemical Technology, University of Mumbai, Matunga

Mumbai, India

ABSTRACT

Adsorption of penicillin acylase (PA) from a crude aqueous extract of

Escherichia coli on chitosan beads and N-benzamide and N-phenylaceta-

mide derivatives of chitosan was investigated. Penicillin acylase adsorbed

specifically on the derivatized chitosan beads, with a strong interaction

with the ligand groups. The interaction of the active site of PA with the

affinity ligands was simulated by molecular modeling. The adsorbent

was further used for immobilization of PA by using glutaraldehyde as

the activating agent. The immobilized enzyme retained the same activity

even after 20 weeks.
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INTRODUCTION

Chitosan, a linear polymer of b-(1,4)-2-amino-2-deoxy-D-glucopyranose,

is easily derived from chitin by deacetylation (Fig. 1). Chitin itself is the

second most abundant natural polymer after cellulose.[1] Chitosan has many

useful features, such as hydrophilicity, biocompatibility, and biodegradability

that attract its use as an adsorbent.[2] It has been successfully used for the puri-

fication of wheat germ agglutinin and cellulase, mainly due to its remarkable

natural affinity for these proteins.[3 –5] Major investigations on chitosan and

its derivatives have been in metal ion chelation, wastewater treatment, and

removal of endotoxins.[6,7]

The affinity purification of proteins relies on specific molecular inter-

actions between a desired protein and a ligand. Specific binding of an

enzyme is with either substrate, product, or analogs, inhibitor or cofactor

covalently linked to a solid matrix. Penicillin acylase (PA) (E.C. 3.5.1.11)

from Escherichia coli has shown specific and strong interactions toward

ligands containing a phenyl ring along with either amino or amide

groups.[8] A free reactive amino group imparts chitosan a weak ion-exchange

property. This amino group can be easily modified by derivatizing with other

chemical agents. In the present studies, N-benzamide and N-phenylacetamide

derivatives of chitosan beads were selected on the basis of their expected

affinity interaction with PA.[8] The enzyme is of great pharmaceutical

importance for its applications in manufacturing of 6-aminopenicillinic

acid (6-APA), which is a key intermediate for manufacturing of semi-

synthetic penicillins. No reports are available in the literature on adsorption

of PA on chitosan or its derivatives. The interaction of the derivative

groups with the active site of the enzyme was investigated separately by

using molecular simulation. The use of adsorbent beads for immobilization

of the enzyme also was explored along with the parameters, such as cross-

linking agent concentration, time, pH, and stability of the immobilized

enzyme.

Figure 1. Chemical structures of chitin and chitosan.
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MATERIALS

Yeast extract, sucrose, phenylacetic acid (PAA), nutrient agar, and bovine

serum albumin (BSA) were obtained from Himedia Laboratory Ltd., Mumbai,

India. 4-Dimethylaminobenzaldehyde was procured from Spectrochem

Laboratories, Mumbai, India. 6-APA and penicillin-G were obtained from

Hindustan Antibiotic Ltd., Pune, and Merck (I) Ltd., (Mumbai, India) respect-

ively. All other chemicals, buffer reagents, sodium hydrogen orthophosphate,

disodium hydrogen phosphate, chitin, methanol, glutaraldehyde, glacial acetic

acid, copper sulfate, and sodium hydroxide were obtained from s.d. Fine

Chemicals Ltd., Mumbai, India, and were of analytical grade.

EXPERIMENTAL PROCEDURES

Hydrolysis of Chitin

Chitin (10 g) was added to 50% (w/v) aqueous NaOH solution (300 cm3)

in a 500-cm3 flask, with vigorous stirring. The reaction was allowed to proceed

for 4 hr at 1108C under heterogeneous conditions. After hydrolysis, the insol-

uble product was separated by filtration by using a sintered glass funnel and

was washed thoroughly to remove residual alkali. The product was dried

at 508C and was further characterized for the degree of deacetylation and

molecular weight. The product was soluble in acetic acid, indicating the

presence free amino groups. The degree of deacetylation was determined to

be 68% by using infrared (IR) spectroscopy.[9] The molecular weight

of chitosan was estimated to be 3.4 � 104 by using the Mark–Houwink

equation from the viscosity data of chitosan solutions in 0.1mol dm23

acetic acidþ 0.2mol dm23 sodium chloride solution.[10]

Preparation of Chitosan Beads

The pH-dependent solubility behavior of chitosan was used for the

preparation of beads. Various parameters, which govern the physical charac-

teristics of the beads, were optimized. The optimum concentration of chitosan

in solution was 5% (w/v). Above this concentration, the viscosity of the

solution was too high to pour easily, and, at lower concentrations, the beads

showed poor mechanical properties. The optimum concentration of acetic

acid required to completely dissolve chitosan was 3% (w/v). Chitosan was

dissolved in acetic acid, and the solution was centrifuged to remove insoluble

material. The supernatant was added dropwise to a NaOH–methanol solution
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by using a syringe and was kept overnight in the solution. NaOH (2mol dm23)

and methanol, in 80 : 20 volume ratio, rendered almost spherical shape to the

beads. The beads were washed thoroughly with distilled water and then were

stored in 0.02% (w/v) aqueous sodium azide solution to prevent the growth

of microorganisms.

The average diameter of the beads was approximately 1.5mm as deter-

mined by the sieving method. The wet density of beads was 0.545 g cm3

and water content, 88%. The beads were highly hydrophilic in nature and

had to be stored in a wet state.

Synthesis of Chitosan Derivatives

N-Benzamide Derivative

The beads (5.45 g) were taken into 20 cm3 of 0.5mol dm23 aqueous

sodium hydroxide solution, and 2 cm3 of benzoyl chloride was added drop-

wise, with stirring, over a period of 30min. The mixture was further stirred

for another hour. At the end of the reaction, the beads were separated by

filtration and washed thoroughly with distilled water to remove excess

reagent(s).

N-Phenylacetamide Derivative

A N-phenylacetamide derivative of chitosan was synthesized in the

same way as the N-benzamide derivative by addition of 2 cm3 phenylacetyl

chloride (PAC) to 5.45 g of beads in the reaction mixture. PAC was synthe-

sized separately in the laboratory by reaction of PAA with thionyl chloride.[8]

The reaction mixture was refluxed for 2 hr. At the end of reaction, excess

thionyl chloride was distilled off at 808C.

Characterization of the Affinity Ligands

After completion of the reaction, the beads were separated by filtration

and were washed with distilled water. The amount of the ligand attached to

the support was calculated by mass balance between the ligand concentrations

in the supernatant and the washing. The reaction mixture was treated with

2mol dm23 HCl and, subsequently, was extracted by using diethyl ether.

Absorbance of benzoic acid and PAA was measured at 225 and 210 nm,

respectively, by using a CHEMITO 2100 scanning ultraviolet-visible

spectrophotometer (Chemito Technologies Ltd., Mumbai, India).
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Production of PA

The bacterial strain E. coli (NCIM 2066), obtained from the National

Chemical Laboratory, Pune, India, was grown on shake flask cultures in

optimized media containing yeast extract (2% w/v), sucrose (1% w/v), and
PAA (0.07% w/v) at pH 7.0 and temperature 378C. The fermentation was

carried out for 18 hr on a rotary shaker (175 rpm). After fermentation,

the cells were collected by centrifugation at 10,000g for 10min. The cells

were washed with 50mmol dm23 phosphate buffer (pH 7.8) and then were

suspended in a 25 cm3 phosphate buffer solution at pH 7.8 and subjected to

ultrasonication by using a “DAKSHIN” ultrasonic horn at a frequency of

20 kHz, with a power input of 120W, in an ice bath for 15min. The disrupted

cells were clarified by centrifugation at 10,000g for 30min. The clarified

supernatant was used as the crude source of the enzyme.

Assay of PA

Free enzyme solution, 1 cm3, or 1.09 g of beads with the immobilized

enzyme was added to an equal volume of benzyl penicillin (2mg cm23) in a

0.2mol dm23 phosphate buffer solution (pH 8.0) at 378C. The mixture was

subjected to a low degree of agitation on the rotary shaker. At the end of

incubation period of 1 hr, a 0.5 cm3 sample was transferred to a mixture of

2 cm3 of acetic acid (20% w/v), 1 cm3 of sodium hydroxide solution

(0.05mol dm23), and 0.5 cm3 of 4-dimethylaminobenzaldehyde dissolved in

methanol (1% w/v). The concentration of the product 6-APA was estimated

at 415 nm.[11] One unit of the enzyme was defined as the activity producing

1mmol of 6-APA per hour under the given assay condition.

Protein Estimation

The total protein content was determined by the modified Folin–Lowry

method[12] or by a dye-binding assay.[13] A standard calibration curve was

prepared by using BSA.

Adsorption Studies

The beads were equilibrated with a phosphate buffer solution

(50mmol dm23) before the adsorption; the pH of the solution was maintained

at 8.0. The enzymatic extract/BSA solutions and bead suspension was subjected
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to low oscillatory agitation. After the adsorption, the beads were washed with the

same buffer solution to remove unbound proteins. The amounts of the protein and

enzyme adsorbed on the beads were determined from mass balance.

Immobilization of PA on Chitosan Beads

An aqueous solution of glutaraldehyde (20 cm3) was added to 10 cm3 of

chitosan beads, suspended in a 50mmol dm23 phosphate buffer solution

(pH 8.0). After 2 hr of agitation (110 rpm), the beads were separated by

filtration and were washed with buffer till no glutaraldehyde was detected

in the washing. These beads then were added to a crude solution of PA and

were stirred at 50 rpm for 6 hr. The beads were further washed with phosphate

buffer (pH 8.0). Then sodium borohydride solution (10% w/v) was added

dropwise, with agitation, to reduce the Schiff’s base to a stable amine bond.

After 1 hr, the beads were filtered off and were washed further with buffer

and stored in 50mmol dm23 phosphate buffer (pH 8.0) at 48C.

The Michaelis–Menten constant (Km) for the soluble and immobilized

enzymes were determined in phosphate buffer solutions (pH 8.0) at various

concentrations of penicillin-G ranging from 1 to 30mmol dm23.

To determine the optimum pH of the free and immobilized enzymes

between pH 5 to 10, the enzyme activity measurements were performed in

0.05mol dm23 acetate, phosphate, and alkaline borate buffers in the pH

ranges 5–6, 6–8, and 8–10, respectively. The stability as a function of pH

was determined by measuring the residual enzyme activity at each pH after

1 hour storage at room temperature of 308C. The immobilized enzyme was

stored at 48C, and its activity was checked at weekly intervals.

Molecular Modeling Studies

A molecular modeling software, Hyperchem 7.0, (Hypercube Inc.,

Florida, USA) was used to simulate the enzyme–ligand interaction. The struc-

ture of PA was obtained from the Protein Data Bank.[14]

RESULTS AND DISCUSSION

Adsorption of Proteins on Nonderivatized Chitosan Beads

The adsorption of BSA was studied at three different pH conditions.

The adsorption studies could not be performed below pH 6.0 because
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the pH-dependent solubility of chitosan led to the dissolution of beads. The

results of adsorption are shown in Fig. 2. The solid lines show the values

fitted in the Langmuir adsorption equation.

q ¼
q0K � C

1þ KC
ð1Þ

Figure 2. Adsorption isotherms of BSA on chitosan beads at different pH conditions.

Key: A, pH 6.0; 4, pH 7.0; W, pH 8.0.
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where q, q0, K, and C are the amounts adsorbed (mg g21), saturation capacity

(mg g21), equilibrium coefficient (mg21 cm3), and equilibration concentration

(mg cm23), respectively. The maximum adsorption of BSA was 17.19mg g21

at pH 6 and 6.88mg g21 at pH 8.0. In acidic conditions, the amino group

of chitosan gets protonated to form—NH3
þ as pKb of chitosan is 7.7.[2]

The isoelectric pH of BSA is �4.8, thus, at pH . pI, BSA molecules

are negatively charged and are adsorbed by electrostatic attractions. At pH

8, since the amino group of chitosan is in the unprotonated form, the adsorbed

of BSA amount is less than that adsorbed at pH 6. The variation of adsorption

capacity with pH shows that chitosan behaves as a weak anionic exchanger;

BSA (58%) could be eluted by using an aqueous buffer solution of high

ionic strength (0.5mol dm23 NaCl) in a single-stage batch mode. Thus,

electrostatic interactions seem to be responsible for the adsorption of BSA

on chitosan beads, which are weakened by the screening effects of ions at a

higher ionic strength of solution. However, the BSA adsorption, even at pH

8, where the beads carry no or reduced charge, shows interactions other

than electrostatic that also play a role in the adsorption of proteins.

Adsorption of PA was studied on underivatized chitosan beads at three

different pH conditions (Table 1). PA has an isoelectric pH of 6.3.[15] The

maximum amount of the enzyme was adsorbed at pH 7.0, but, above and

below this pH, its adsorption decreased. Being an intracellular enzyme, PA

from E. coli usually is contaminated with cytoplasmic proteins and nucleic

acids in the crude extract obtained by breaking the cells, which might be

responsible for the adsorption of enzyme with poor specificity. The protein

adsorption was substantially reduced at pH 8.0 where the chitosan had no

charge. The adsorption of the proteins, therefore, seems to be mainly due to

electrostatic interactions. To increase the specificity of PA adsorption

further, hydrophobic benzamide and phenylacetamide derivatives of chitosan

beads were studied.

Table 1. Adsorption of PA on underivatized chitosan beads.

pH

Enzyme (total U) Protein (mg)

Loaded Adsorbed Loaded Adsorbed

6.2 17.51 5.93 17.03 13.47

7.0 17.97 9.03 17.48 14.91

7.8 18.43 5.63 15.39 6.75
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Purification of PA by Using Chitosan Derivatives

Adsorption on N-Benzamide Derivative of Chitosan

Table 2 shows that the N-benzamide derivative with a ligand density of

123mg g21 adsorbed almost 10.8 U of enzyme per gram of beads. The specific

activity of the adsorbed enzyme was increased to 2.8, which, although not

high, still suggests specific adsorption of the enzyme over other proteins when

compared with the adsorption on nonderivatized chitosan beads (Table 1).

The total protein adsorbed was 0.77mg g21 of beads. This purification of

PA, however, was characterized by a low capacity of the beads. Affinity

chromatography supports generally present a low capacity for the protein

adsorption, which should be decided by the concentration of the ligand on

support and their accessibility.[16] The adsorbed PA could not be released

at all by the salt solution, indicating its strong and specific adsorption.

The enzyme could be partially eluted by using 0.05mol dm23 PAA, as a

competitive eluent, in a 0.2mol dm23 phosphate buffer at pH 8.0. The

enzyme was eluted with specific activity of 1.8, the yield was only 30% from

the adsorbed amount, which is quite less, indicating a very strong interaction

of the enzyme with the ligand. On increasing the ligand density (352mg g21 of

beads), PA was almost quantitatively bound to the N-benzamide derivative

(Table 2). Although there was an increase in adsorption capacity with

the increase in ligand density, on elution, the same results were obtained.

The recovery was in the range 25%, and no elution of the enzyme with

0.5mol dm23 NaCl solution indicates a stronger interaction of the PA with

the ligand. The specificity of the enzyme toward the ligand also increased

the purity of the eluted enzyme. The enzyme in the adsorbed state,

however, showed only 43% activity with respect to the adsorbed amount,

which is probably due to the interaction of the ligand blocking the active

site of the enzyme.

Table 2. Adsorption of PA on N-benzamide derivative of chitosan at pH 8.0.

Ligand density

(mg g21) Loaded Adsorbed

Elution with

0.5mol dm23

NaCl

Elution with

0.05mol dm23

PAA

123 Enzyme (U) 25.29 10.86 0.0 3.25

Protein (mg) 19.14 3.89 1.19 1.39

352 Enzyme (U) 21.72 23.56 0.0 5.94

Protein (mg) 14.16 7.41 2.11 1.82
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Adsorption Studies with N-Phenylacetamide Derivative

The N-phenylacetamide derivative was expected to increase the speci-

ficity of the PA adsorption, because PAA is an inducer for the synthesis of

the enzyme. The adsorption results are shown in Table 3. The specific activity

of the adsorbed enzyme was, indeed, increased to 5.31, indicating specific

adsorption of enzyme by N-phenylacetamide derivative. The affinity adsorp-

tion of PA on PAC treated carrier Eupergit “C” was studied earlier by

Bihari and Buccholz.[17] The elution of PA by using a method suggested by

these authors, however, failed. The elution achieved with PAA solution was

even lower than that from the N-benzamide derivative, indicating a stronger

binding. The possible mechanism of a strong binding of the enzyme on

these chitosan derivatives was further investigated by molecular simulation.

Molecular Modeling Studies

PA from E. coli is a heterodimer of A and B chains of 209 and 557 amino

acid residues, respectively.[18] Only a few amino acids are considered to be

responsible for the active site confirmation of PA.[19] Met A142, Phe A146,

Phe B57, Trp B154, and Ile B177 line the active site with Ser B67 at the

closed end. The mouth of this pocket is formed by the side chains of Ser B1

and Asn B241 and by a main chain nitrogen of Gln B23 and Ala B69. A

small monomer unit of glucosamine with the ligand group was considered

for simulation for its interaction with the active site of enzyme. The enzyme

active site and the ligand were brought together and the energy optimization

of complex was performed in aqueous conditions. Periodic boundaries were

applied by filling the space around the complex with discrete water molecules.

Molecular mechanics or the force-field method calculates the energy as a func-

tion of the bond angle (bond stretching, angle bending, torsional energy-bond

rotation) and nonbonded interactions (van der Waals and electrostatics).

Table 3. Adsorption of the PA on N-phenylacetamide derivative of chitosan beads.

Loaded Adsorbed

Elution with

0.5mol dm23

NaCl

Elution with

0.05mol dm23

PAA

Enzyme (U) 25.29 15.46 0.0 2.80

Protein (mg) 19.04 9.74 0.55 6.84

Note: Ligand density—123mg gm21, pH 8.0.
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The energy of interaction of the enzyme with different ligands can be esti-

mated by the difference of optimized energy of the associated complex

from the total energies of the individual species.

The interaction of N-benzamide derivative with the enzyme active site is

shown in Fig. 3. The interaction energy of the solvated complex of the enzyme

was 24467.42 kJmol21. The orientation of the phenyl group of ligand inside

the pocket and its interaction with the phenyl ring of the active site of the

enzyme shows that the presence of the phenyl ring imparts the affinity charac-

teristic to the ligand. The studies showed that strong binding of the ligand to

the active site of the enzyme should be responsible for its poor elution of the

adsorbed condition. From the optimized structure of the complex, p–p inter-

actions also seem to be responsible for the affinity of the ligands, containing

a phenyl ring, with the enzyme along with the hydrogen bonding between

carboxyl O-atom of a amide group of the ligand and H of the amino acid

alanine (B69).

The interaction studies with N-phenylacetamide derivative gave the

energy minimum at 24698.80 kJmol21 indicating a more stable interaction

(Fig. 4). The binding of PAA to PA was earlier reported to induce some

conformational changes in the enzyme.[20] The presence of the aromatic

Figure 3. Optimized structure of active site of PA and N-benzamide derivative of

chitosan by molecular modeling (Ala B69 residue of the active site shows H-bonding

with carbonyl oxygen of the amide).
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ring in the ligand is probably essential for the specific interaction. Also,

experimentally, specific adsorption of the enzyme was observed with the

N-phenylacetamide derivative of chitosan, thus, suggesting stronger inter-

action of the ligand with the enzyme. The optimized structure of the solvated

complex also indicated strong interactions of the aromatic ring with the

aromatic amino acids at the active site and H-bonding of the “O” of amide

group of ligand with the alanine (B69) of enzyme. The hydrogen bond

length was 18.8 nm, which is lower than that with the N-benzamide derivative

(27.4 nm) indicates a closer interaction of the ligand with the enzyme’s active

site. The presence of the additional carbon chain in the derivative group

gave flexibility in its interaction with the enzyme, as could be postulated

from the energy minimization studies.

Figure 4. Optimized structure of active site of PA and N-phenylacetamide derivative

of chitosan by molecular modeling (Ala B69 residue of the active site shows stronger

H-bonding with carbonyl group of amide).
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Immobilization Studies

Chitosan beads can be excellent carriers for enzyme immobilization due

to the free amino groups. This amino group is suitable for activation by using

glutaraldehyde. Glutaraldehyde forms Schiff’s base with free amino groups

of chitosan and with those of the enzyme, which can be further reduced to

very stable secondary amines. The unreacted aldehyde groups, if any, in the

beads can be reduced by using sodium borohydride to alcohol.

Figure 5 shows that maximum activity of the immobilized enzyme

was observed with 5% (w/v) glutaraldehyde. At low concentrations of

Figure 5. Effect of glutaraldehyde concentration on protein adsorption and immobili-

zation of PA. Key: A, Adsorbed protein; 4, immobilized PA activity.
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glutaraldehyde, it is probable that both aldehyde groups involve in cross-

linking with amino groups of the chitosan only, and few aldehyde groups

are available for the enzyme immobilization. At higher aldehyde concen-

trations, more free aldehyde groups are available for the reaction. The

enzyme, however, showed an �60% loss of its activity on immobilization.

Glutaraldehyde is reported to react nonspecifically with amino groups of some

peptides, the sulfhydryl group of the cysteine, the a-amino group of lysine,

and the phenolic and imidazole rings of the hystidine.[21] It is well documented

Figure 6. Effect of immobilization reaction time on PA activity. Key: A, Activity

expressed by immobilized PA; W, total immobilized PA.
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that the active site of the PA contains amino acid residues such as lysine, trypto-

phan, serine, arginine, and glutamine.[19] The reaction of the glutaraldehyde

with the above amino acids at the active site of PA may cause conformational

changes in the enzyme itself. At higher concentrations of glutaraldehyde, the

multiple point attachment increases and causes more conformational change,

which might lead to more loss of the enzyme activity on immobilization.

The optimum time for the immobilization was determined by incubating

activated chitosan beads with the enzyme solutions. Figure 6 shows that

Figure 7. Effect of time on protein adsorption and immobilization on PA activity.

Key: A, Adsorbed protein on chitosan beads; 4, immobilized enzyme activity.
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activity expressed by the immobilized enzyme decreases initially with the

incubation time up to 2 hr and remains almost constant thereafter. With the

increased incubation time, the immobilization of the proteins also increases,

which might lead to steric hindrance and loss of specificity. The immobili-

zation of proteins is shown in Fig. 7.

The experiments conducted at different pH conditions revealed that the

immobilization yield also increased at higher pH. The immobilized enzyme

activity was the highest at pH 8.0 (Fig. 8). A greater immobilization was

Figure 8. Effect of pH on protein adsorption and immobilization of PA. Key: A,

Adsorbed protein; 4, immobilized PA.
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observed when the chitosan beads were incubated at pH 8.0, where the degree of

ionization of the amino group was low and, thus, more reactive. No significant

effect on the total protein immobilization was observed by change in pH, which

could be related to the nonspecific binding of the proteins to the glutaraldehyde.

The Lineweaver–Burk plots for reaction rates at various concentrations

of penicillin-G, ranging from 1 to 30mmol dm23, measured for the free and

immobilized enzymes, are shown in Fig. 9. The Michaelis–Menten constant

of the free and immobilized PA was 5.56 and 27.77mmol21 dm3, respectively.

The Km value of the immobilized PA was almost fivefold higher than that of

Figure 9. Lineweaver–Burk plots for free and immobilized enzyme. Key: A, Free

enzyme; 4, immobilized PA.
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the soluble PA. A 10-fold increase in the Michaelis–Menton constant was

reported for immobilized PA by using the same cross-linking agent of glutar-

aldehyde by Bihari and Buchholz.[22]

The activity profiles of the native and immobilized PAs show the

maximum enzyme activity around pH 8.5 and 8.0 for the immobilized and

native enzymes, respectively (Fig. 10). A change in pH profile of immobilized

enzyme usually is observed when the enzyme is immobilized on a charged

support or a reaction product is ionic in nature. Since the hydrolysis of

Figure 10. Effect of pH on activity of free and immobilized forms of PA. Key: A,

Free enzyme; 4, immobilized enzyme.
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penicillin-G yields 6-APA and PAA, the product acid might cause local pH

to fall so that a higher pH of the bulk phase is needed to maintain the same

reaction rate. Another possibility is that when the matrix is ionizable, the

environmental pH within the beads will be dictated by charged groups closer

to the enzyme, rather than the bulk fluid. The effect of pH on PA stability

expressed as the residual activity after 1 hr of storage at a given pH is

shown in Fig. 11. The native and immobilized enzymes showed the complete

retention of the activity in pH range 5–8, but, above pH 8, the enzyme lost

substantial activity. It is worth noting the stability of the immobilized

Figure 11. Effect of pH on stability of free and immobilized forms of PA. Key: A,

Free enzyme; 4, immobilized enzyme.
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enzyme in the acidic range, which is important for the reverse reaction, i.e.,

acylation of 6-APA for the synthesis of semisynthetic penicillin.

The immobilized enzyme was stored in freezer at 48C, and the enzyme

activity was measured at weekly intervals. The immobilized enzyme

displayed the same activity even after 20 weeks, indicating no leakage of

enzyme and very stable immobilization.

CONCLUSION

Spherical beads of chitosan showed moderate adsorption capacity for pro-

teins. The N-benzamide and N-phenylacetamide chitosan derivatives showed

selective adsorption of PA; but, poor elution of the enzyme indicated strong

and specific interaction of the ligands with the active site of the enzyme.

Molecular simulation successfully predicted the affinity of the ligands toward

the enzyme. A priori identification of the interactive forces could, thus, be useful

for the design of more efficient ligand(s) for the enzyme separation. Immobi-

lized PA was stable for 20 weeks, indicating its very stable immobilization.
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