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Block 4 : Applications of Enzymes

Man has been using enzymes from several centuries to make several products such as
cheese, yoghurt, bread, beer, and wine. However several discoveries in the field of biology in
the 19" century make the scientific world to recognize the importance of enzymes. Their
ability to speed up the rate of reactions as well as enzyme specificity makes them special
and attractive for industrialists. Since the 1950s, enzyme technology has really taken off. It is
the basis of the new industry called biotechnology. There are great benefits in using enzymes
as catalysts to make products. Today the global market of enzymes is worth more than 4
billion dollars. In general the usage of enzyme is considered very safe, cost-effective and
green or environment friendly technology. Industries extensively using enzymes are detergent
industry, food & beverage, animal feed and pet food, detergent, textile, leather, pulp & paper
and soon.

Since enzymes do not undergo any chemical change during the reaction to retain their
catalytic activity, for commercial purposes the reuse of enzymes is possible only through
immobilization. Latest innovations in immobilization technology have led to successful
commercialization of immobilized enzymes. The cost of most industrial enzymes is often
only a minor component in overall process. An immobilized catalyst offers several
advantages for example, enabling continuous production, improved stability and the absence
of the biocatalyst in the product stream.

Unit-10 of the block deals with coenzymes. These are organic molecules that are required by
certain enzymes to carry out catalysis. They bind to the active site of the enzyme and
participate in catalysis but are not considered substrates of the reaction. The unit discusses
the significant role played by several coenzymes in assisting enzyme activity. Unit-11
describes industrial application of enzymes. Unit-12 illustrates several different methods for
enzyme immobilization.

Objectives

After studying this block, you should be able to:

® determine assistance of coenzymes in enzyme activity,

® explain the potential of enzymes in industrial processes and related commercial aspects,
® describe the role of enzyme in medicine,
°

discuss the fundamental concept of immobilization.



UNIT 10

INVOLVEMENT OF
COENZYMES IN ENZYME
CATALYZED REACTIONS

Structure

10.1 Introduction 10.3 Summary
Objectives 10.4 Terminal Questions

10.2 Coenzymes 10.5 Answers

NAD* (Nicotinamide Adenine Dinucleotide)
and NADP* (Nicotinamide Adenine
Dinucleotide Phosphate)

Flavin nucleotides (FMN and FAD)
Thiamine Pyrophosphate (TPP)
Pyridoxal Phosphate (PLP)

Biotin

Coenzyme A(CoASH)
Terahydrofolate (FH,)

10.6 Suggested Readings

Lipoic Acid

10.1 INTRODUCTION

As you know the active site of an enzyme is composed of several
amino acid residues. However, several enzymes require ions or organic
groups for their activity. You are already familiar with the term
coenzymes. If you recall, coenzymes are the organic compounds which
are vital to enzymes for their catalytic activity. These coenzymes are
molecules with low molecular weight that bring unique chemical
functionality to certain enzyme reactions. Coenzymes are often vitamins
or their derivatives.

Coenzyme binds with the enzyme in a reversible manner and acts like
substrate. Prosthetic group is an organic compound, binds tightly with
enzyme, and is generally present in a protein-bound form. As you know,
cofactor-bound enzyme is called as holoenzyme, and the unbound
enzyme is known as apoenzyme. The role of coenzyme is critical in an
enzyme catalyzed reaction. Let us discuss role of some of these
important coenzymes.
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After studying this unit, you should be able to:

¢ define coenzymes;

X/

+» determine the role of coenzymes in enzyme catalyzed reactions;

X/

+» discuss the structure functional aspect of coenzymes;

+» enlist the factors of their importance; and

¢+ explain the requirement of coenzymes by enzymes.

10.2 COENZYMES

The range of bonding strength distinguishes between tightly bound cofactor
(prosthetic group) and loosely bound cofactor. The prosthetic groups of an
enzyme are integral part of the active site of enzyme and do not undergo any
net change as catalyst. On the other hand, loosely bound coenzymes are
considered as co-substrates, because they bind to enzyme-protein together
with the other substrates at the start of a reaction and are released in an
altered form at the end. These coenzymes bind to the enzyme before the

binding of other substrates and play their role in enzyme catalyzed reactions.
These coenzymes may be reconverted to their original form by many
enzymes present within cells.

10.2.1 NAD* (Nicotinamide Adenine Dinucleotide) and
NADP* (Nicotinamide Adenine Dinucleotide
Phosphate)

Do you know, how NAD* was identified as coenzyme? In 1905, two scientists
A. Harden and W. Young were working on the alcoholic fermentation. They
found out that the process of fermentation requires the presence of zymase (a
heat-labile component in the residue) as well as a low molecular weight
coenzyme. This coenzyme was later found out to be NAD*. The NAD* and
NADP* are derived from vitamin niacin also known as nicotinic acid or
nicotinamide. Nicotinamide is an essential part of two important coenzymes
i.e. NAD* and NADP*. The oxidized and reduced forms of coenzyme NAD
are shown in the Fig. 10.1.

(H)f\z ° H\C/H
nc?” \C—lCl—NH2 —~2h. ne” \C_lcl_NH2 + HY
Hé\\ﬁ/UJH Hél\\NJJ?H
Ao }
NAD* NADH

R= D-ribose-phosphate-phosphate-D-ribose-adenine

Fig.10.1: Structure of oxidized NAD* and reduced form NADH
Nicotinamide adenine dinucleoside phosphate (NADP*) is similar to NAD* with
the exception that the 2 ‘-position of the D- ribose unit attached to adenine is
phosphorylated. The phosphorylation does not have an effect on the oxidation/
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reduction (NAD*/ NADP). NAD* is also known as diphosphopyridine nucleotide
(DPN™*) or Coenzyme | and NADP is known as triphosphopyridine nucleotide
(TPN*) or Coenzyme Il. Nicotinamide coenzymes (also known as pyridine
nucleotides) are electron carriers. They participate in a variety of enzyme
catalyzed oxidation-reduction reactions with both acting as coenzymes for
different enzymes. NAD* is an electron acceptor in oxidative (catabolic)
pathways and NADPH is an electron donor in reductive (biosynthetic)
pathways.

The dehydrogenases enzyme catalyzed reactions involving NAD*/ NADP*
coenzymes require a direct transfer of hydride anion to its subsequent
reduction in the NADH/NADPH form. Observe the Fig. 10.1, you will

notice that NAD* reduction involves two reducing equivalents per molecule
namely one electron and one hydrogen atom (H=H"* + e") which are collectively
called as hydride ion. The hydride ion contains two electrons, therefore NAD*
and NADP* exclusively act as two electron carriers. The C-4 position of
pyridine ring can accept or donate hydride ion, so it is a reactive centre of both
NAD*and NADP*.

NAD* and NADP* dependent dehydrogenases catalyze at least six-different
types of reactions. i.e. simple hydride transfer, deamination of an amino
acid to form a-keto acids, oxidation of B-hydroxy acids followed by
decarboxylation of B-keto acid intermediate, oxidation of aldehydes,
reduction of isolated double bonds, and oxidation of carbon-nitrogen bond.

Examples: Oxidation of alcohol by NAD*

Primary or secondary alcohols can be oxidized to ketones or aldehydes via hydride
transfer to NAD*. The enzyme horse liver alcohol dehydrogenase catalyzing
the reaction is a dimer. Its each subunit contains one binding site for NAD* and
two sites for Zn?*. Only one Zn?*is directly involved in catalysis (Fig. 10.2).

NADH +  C=0 -mmZn®

NAD' ¥ H>—C 20 mnZn
VAN

(Alcohol) (Ketone)
Fig. 10.2: NAD* as coenzyme in catalytic oxidation of primary or secondary alcohols
Consider another reaction catalyzed by lactate dehydrogenase enzyme in the
muscle (Fig. 10.3).
H o)

Il
CH, C COO  + NADH + H*

CH,——C——COO~ + NAD'
OH

Lactate Pyruvate

Fig. 10.3: Reaction catalyzed by Lactate Dehydrogenase

It is a tetrameric enzyme with each sub-unit having a binding site for NAD*.
NAD* is reduced to NADH in the reaction catalyzed by lactate dehydrogenase.
The hydride ion is removed from a-hydrogen atom of lactate to form NADH.

Glutamate dehydrogenase catalyzes oxidative deamination reactions. The
oxidation occurs with the transfer of a hydride ion from glutamate to NAD(P)* 147
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leading to the formation of a-iminoglutarate which is hydrolyzed to

a-ketoglutarate and ammonia (Fig. 10.4).
NH,

-00C —CH,—CH,—C—COO~ + NAD(P)*

H
glutamate

I

NH,"

-00C —CH, —CH, c—coo']+ NAD(P) H + H*

a-iminoglutarate

- H:0
o

“00C —CH,—CH,—C —COO + NH,’
a-ketoglutarate

Fig. 10.4: Transfer of hydrate ion from glutamate to NADP*

SAQ 1

State whether following statements are True or False

a) All enzymes are proteins. (True/False)

b) NADPH is an electron donor in reductive (biosynthetic)

pathways. (True/False)
c) Horse liver alcohol dehydrogenase catalyzing the oxidative

reaction is a monomer. (True/False)
d) NADP is known as Coenzyme I. (True/False)

10.2.2 Flavin nucleotides (FMN and FAD)

The discovery of flavoproteins was made in 1879 while separating
components of cow’s milk. Coenzymes FMN and FAD are derived from
riboflavin i.e Vitamin B,. Riboflavin (shown in Fig. 10.5) consists of sugar
alcohol (D-ribitol) attached to 7, 8 dimethyl-isoalloxazine. Flavin coenzymes,
FMN is mononucleotide and FAD is dinucleotide (Fig. 10.6 a and b) but the
names are not accurate, since the compound attached to flavin moiety is the
sugar alcohol ribitol and not the aldose sugar ribose.

(l:Hz—CHOH —CHOH —CHOH —CH,0H
H,C N _N.__O
~Y
Kj[ Z NH
H,C N
O

v

148 Isoalloxazine ring
Fig, 10.5: Riboflavin
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NH,
OH OH OH 0 N
| | | Il NZ
H,=C =G =€ —CH,—0 —P —OH g j
N N

C
| R H H OH
N OH OH OH 0

H.C M ] I H
= \f CH2 C C c ~CH,~0 —P ~0 —P —0 —CH,
UN"’H NH H HO H O O
H.C = H
l ] L/Y OH OH
a)

Fig.10.6: a) Flavin mononucleotide (FMN) b) Flavin adenine dinucleotide (FAD)

Both the coenzymes, FMN and FAD undergo oxidation reduction reactions like
NAD*/NADP*. The enzyme containing these cofactors catalyzes
dehydrogenation of substrate, and is called flavo-enzyme. The complex of
protein and flavin nucleotide does not exist independently and so the reactions
catalyzed by them generally involve the transfer of reducing equivalents from a
donor via flavin to some specific external acceptor. You should go through the
listed examples

1) Succinic Dehydrogenase enzyme catalyzes the oxidation of succinate to
fumarate using FAD as covalently linked prosthetic group. FAD helps to
remove hydride anions from succinic acid.

2). Glucose oxidase uses FAD and O, (as hydrogen acceptor) to catalyze the
following reaction:

D-Glucose + O, ——= D-Glucono-6-lactone + H,0,
The above reaction process takes place in two steps:
E-FAD + D-Glucose —— E-FADH, + D-Glucono-d-lactone

E-FADH, + O, ——= E-FAD + H,0,

In some flavoproteins, the reduction of flavin is a two-step process, involving an
unstable free radical semiquinone as intermediate. The reaction catalyzed by
NADH dehydrogenase involves semiquinone formation but it appears that
glucose oxidase does not involve similar mechanism. The reoxidation of
FADH, also takes place by a variety of mechanisms.

Some flavoproteins contain metals such as molybdenum (Mo®*) and iron
(Fe ®*). These are known as metalloflavoproteins. Metals undergo alternative
reduction and oxidation.

Functions of Flavoproteins: Flavoproteins are diverse in nature and perform
several functions:

i) As dehydrogenases: They catalyze the transfer of electrons to acceptors
other than O,.

i) As oxidases: They transfer two electrons to O, and form H,O.

i) Flavoproteins also act as hydroxylases and oxidative —decarboxylases e.g
tryptophan oxidase-decarboxylase catalyzes the conversion of tryptophan

to indole acetamide. 149



Block 4

150

Applications of Enzymes

10.2.3 Thiamine Pyrophosphate (TPP)

The first vitamin found was thiamine. You will be surprised to know that the
name vitamin is derived from “vital amine”. Thiamine pyrophosphate (TPP) is
an active cofactor derived from Vitamin B,. It is present in all living systems
and catalyzes several biochemical reactions. TPP is synthesized in the
cytosol. This coenzyme is required for the activity of transketolase in the
cytosol and for the activities of transketolase, pyruvate —oxoglutarate and
branched chain keto acid dehydrogenases in the mitochondria. TPP containing
enzymes catalyzes C-C bond forming and bond-breaking reactions. TPP (Fig.
10.7) contains a pyrimidine ring and thiazole ring held by methylene bridge.

NH, /'\ Reactive Carbon

O v
NN — — CH—0—P—0—p— o}
e Ny CH,—CH;/—0 lP 0 ﬁ
CH, ) o
Pyrimidine Thiazole Pyrophosphate
Methylene

bridge
Fig,10.7: Structure of TPP.
Thiamine is the only natural compound with thiazole ring. The alcohol (OH)
group of thiamine is esterified with phosphate to form coenzyme, TPP or

co-carboxylase. Thiazole ring loses a proton to produce a negatively charged
carbon atom (Fig. 10.8a) in the ring.

H —_
B AR/
— N R—N

CH,4 R" CH; R"
Fig. 10.8 a): Loss of proton in thiazole ring.

It becomes compelling nucleophile that takes part in covalent catalysis
catalyzed by enzymes such as a-keto acid oxidase, transketolase and a-keto
acid decarboxylase. All these enzymes are part of several energy releasing
reactions of carbohydrate metabolism (Fig. 10.8 b)

—C— - CH—C—S—Llp—SH
cH o0 CoASH o
CH —

Pyruvate
y —SCoA

Dihydrolipoyl C

<«— Pyruvate
dehyd rogenase =7 transacet Li

Ip
FAD NADH + H
CH_C_TPP Dihydrolipoyl
dehydrogenase
FADH,

Hydroxyethyl-TPP
3ATP
Fig. 10.8 (b): TPP dependent enzyme reactions.
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Let us consider an example of enzyme pyruvate decarboxylase in yeast and
other microrganisms. Pyruvate decarboxylase catalyzes the following reaction:

CH,COCOO" —»CH,CHO + CO,

The reaction mechanism proposed for this reaction is shown in the Fig. 10.9.

CH
CH 3
3 R" CHy CH
+ \ Rll R,_ﬁ \ COZ \ R" 3 CH3
R—N || R (U Ry i\ AR AR
(TPP) \\—s T (\—S ) d DI R'—N\ Y = R'—N\ N
\, CH3|c—co; ) S T
—co- CH,C !
CH3ﬁ COZ OH 3, CH3C i CH.CH
Pyruvate ( 5 OH | 3|\
CH,CHO + TPP

Fig. 10.9: Proposed reaction mechanism for the formation of acetaldehyde from

pyruvate by pyruvate decarboxylase. Acetaldehyde

SAQ 2
Fill in the blanks.

a) FMNIS oo and FADIS ..........cocevenee [mononucleotide/
dinucleotide]

b) Succinate dehydrogenase catalyzes oxidation of succinate to ................ .
c) TPPissynthesizedinthe.......................... .

d) TPP containing enzymes catalyzes ........................ bond forming and
bond-breaking reactions.

10.2.4 Pyridoxal Phosphate (PLP)

Vitamin B¢ (Pyridoxine) collectively represent three compounds i.e. pyridoxine,
pyridoxal and pyridoxamine. The structure of pyridoxal phosphate (PLP) is
shown in the Fig. 10.10.

CHO
HO CH,OPO,”
Xt

CH; "N
Fig. 10.10: Struct“e of pyridoxal phosphate

Chemistry: The biologically active form of vitamin B, is pyridoxal-5-phosphate

(PLP). Vitamin Bg exists in two tautomeric forms (Fig. 10.11).
151
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CHO CHO
ﬁ H.C A _-OH ﬁ /HQC O
‘O—P—O/ ‘ = 0=P=0 ‘ 7
| N7 cH ; N” “CH
o 3 0 3

Fig.10.11: Tautomeric forms of PLP

The PLP-dependent enzymes catalyzes the transformation of amino acids,
such as transamination, decarboxylation. racemization, and synthesis.
Pyridoxal phosphate attaches covalently with the e-amino group of the enzyme
protein (Lys residue of the enzyme) as a Schiff base. The Schiff base
formation is the major reaction of the primary amine with a carbonyl group
(aldehyde and ketone). When an amino acid binds with the PLP-enzyme
complex, a Schiff base with the enzyme is exchanged with the amino group of
the amino acid (Fig. 10.12). After the formation of PLP-amino acid complex, the
bound amino acid changes to its product.

0]
O
R—"C{\ a-Carbon
H \J_-—H O
H’”\\ Lys-Enzyme H:' ,J.L
\ r R"C o Lys-Enzyme
I : o
H H (P H .;J“"\.H H—_.I"J\
O b
= —p <P = O
[ -— 0 (l) 8) |
f;.l' CH 'i"l CH
H H
PLP-Enzyme

PLP-Substrate

Fig.10.12: Binding of amino acid to PLP-enzyme complex
PLP is a versatile coenzyme due to its ability to

(iy form stable Schiff’'s base (aldimine) adducts with a-amino groups of
amino acids and

(ii) act as an effective electron sink to stabilize reaction intermediates.

Amino acid racemases use PLP for interconversion of D and L-
stereoisomers. PLP is also required for synthesis of 8-amino levulinic acid, a
precursor for heme synthesis.

10.2.5 Biotin

Biotin (vitamin Bz, Vitamin H) is a sulphur containing B-complex vitamin. It acts
as carboxyl group carrier in a variety of enzymatic carboxylation reactions. It is
covalently bound to side chain amino group (e-NH,) of one of lysine residue of
enzyme. So, it acts as a prosthetic group.

Most biotin dependent carboxylation reactions use bicarbonate as
carboxylating agent. Protein bound biotin (Fig. 10.13) can attach with CO, to
form biotin carboxyl carrier protein (BCCP), which is important for
carboxylation reactions.
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I
C
/N |
L
HN NH
HC—CH  (cH.),cO0H
H C/ 2/4
2 C (CH,),CONH —protein
Free Biotin Protein bound biotin

Fig. 10.13: Structure of Biotin

Biological functions:

i)

It is a carrier of CO, in carboxylation reactions e.g. reaction catalysed by
pyruvate carboxylase. Conversion of pyruvate to oxaloacetate by biotin
dependent pyruvate carboxylase is important for synthesis of glucose
from non-carbohydrate source.

Acetyl-CoA carboxylase from E.coli dissociate into three subunits i.e.
BCCP (biotin carboxyl carrier protein), biotin carboxylase and carboxyl
transferase.

BCCP and biotin carboxylase catalyzes the following reaction:

ATP + HCO; + BCCP ——= BCCP-COO- + ADP + Pi

BCCP (biotin carboxyl carrier protein) is flexible. It plays an active role in
the functioning of enzyme acetyl-COA carboxylase. It transports the
COO- from active site of enzyme subunit biotin carboxylase to another
subunit carboxyl transferase which is then given to acetyl-CoA.

Carboxyltransferase catalyzes the following reaction:

BCCP-COO~ + acetyl CoOA ——=malonyl CoA + BCCP.

SAQ 3

State whether following statements are True or False:

a)

b)

c)

d)

The biologically active form of vitamin B,, is pyridoxal-
5-phosphate. (True/False).

Acetyl-CoA carboxylase catalyses conversion of acetyl-CoA
to malonyl-CoA. (True/False).

Pyridoxal phosphate attaches covalently with the alpha
carboxyl group of the enzyme protein (Histidine residue of
the enzyme) as a Schiff base. (True/False).

Most biotin dependent carboxylation reactions use bicarbonate
as carboxylating agent. (True/False)
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10.2.6 Coenzyme A (CoA SH)

Coenzyme A has the structure: HS.CH,.CH.NH - pantothenic acid
-OPQO;.PO,-ribose-3-P-adenine (Fig. 10.14).

0 Phosphopantetheine

Fig.10.14: Coenzyme A

The synthesis of coenzyme A requires cysteine, pantothenate and ATP. Since
coenzyme A is chemically a thiol, it can react with carboxylic acid to form
thioesters, functioning as an acyl group carrier.

RCO,H + HS.CoA —— R.COSCoA + H,0
acyl-CoA

A molecule of coenzyme A carrying an acetyl group is also referred to
as acetyl-CoA. However, if it is not attached to an acyl group, it is usually called
as ‘CoASH:'.

Coenzyme A plays a prominent role in the biochemical metabolism. It plays a
key role in the synthesis and oxidation of fatty acids as well as oxidation of
pyruvate in the tricarboxylic acid (TCA) cycle. The functional group of CoA is
terminal sulfhydryl group.

Let us consider the oxidation of pyruvate catalyzed by enzyme pyruvate
dehydrogenase complex. The overall reaction is:

CH;COCOO- + HS-COA + NAD* ammeep CH3CO-S-CoA + NADH + CO, + H*

You should know that pyruvate dehydrogenase is a multienzyme complex. It is
composed of several enzymes and cofactors. The bond between the carbonyl
carbon and sulfur in acetyl-CoA is the high energy bond. The energy level is
comparable to the value of energy during ATP hydrolysis (-32 kJ/mol). The
phosphoryl group of the phosphopantetheine moiety of CoA forms an ester
bond with a hydroxyl group of Ser residue of acyl carrier protein (ACP) thereby
forming the prosthetic group of ACP. ACP plays a significant role in the lipid
metabolism.
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10.2.7 Tetrahydrofolate (FH,)

The transfer of single carbon units in varous redox states is important in several
biosynthetic pathways. Coenzyme tetrahydrafolate play central role in these
reactions.

Tetrahydrofolate (FH,) coenzyme is derived from well-known vitamin folic acid.
It is also called vitamin Bg. Folic acid is composed of three components:

(i) pteridine ring, ( ii) p-aminobenzoic acid (PABA), and (iii) glutamic acid. FH, is
synthesized by two step reduction of folate. The formation of FH, from folic
acid is also associated with the oxidation of NADPH or NADH. The glutamic
acid residue of FH, has a role to bind with enzyme protein. The formation and
structure of 5,6,7,8- tetrahydrofolate is shown in the Fig. 10.15.

H,N .
‘H\l/:’NH' 2 :. {lil
= 7 CHy+—NH 7N

H

e

N2 ] ' N—TH —C00
OH E* P (CHy,
' ' 003
pteridine p-Aming glutamate
benzoic Acid
| |
pteroic acid
I
2MADPH + 2H Folic acid
Dihydrofolate reductase
ZNADP
:"l"lhj
HaN N N £H) H

Fig.10.15: Structure of 5, 6, 7, 8 - Tetrahydrofolic acid
Biological role of Tetrahydrofolate

1) FH, acts as a cofactor in several reactions involved in the synthesis of
amino acid and nucleic acids particularly of C, transfer reactions, such as
formylation of Met-tRNA, syntheses of Gly, Ser, Met, as well as pyrimidine
and purine nucleotides.
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2) Methylene-FH, complex acts as a donor of a group with one carbon atom.
5,6,7,8-Tetrahydrofolic acid is a cofactor of monooxygenase, such as Phe
hydroxylase and Tyr hydroxylase.

10.2.8 Lipoic Acid

Lipoic acid is also known as a-lipoic acid thioctic acid. Lipoic acid is
synthesized enzymatically in animal, human and plants from octanoic
acid and cysteine. It is also known as 6,8-dithio octanoic acid, a sulphur
containing fatty acid that exists in an oxidized and reduced forms as
shown in the Fig. 10.16a and 10.16b. Lipoic acid is soluble in fat as well
as water.

H,C—CH,—CH——(CH,);7—COOH

Fig.10.16 a: Lipoic acid (closed ring disulphide form, oxidized form)

H,C—CH;—CH—(CH,);——COOH

SH SH

Fig. 10.16 b: Lipoic acid (open chain, reduced form)

Oxidation-reduction cycles interconvert these two forms.

Lipoic acid is covalently attached in amide linkage with lysine residue on
enzymes (Fig. 10.17). Lipoamide is the cofactor that catalyzes acyl
group transfer reactions in pyruvate dehydrogenase complex and
ketoglutarate dehydrogenase complex.

H
S—S | |

Lipoic Acid Lysine
Fig.10.17: Lipoamide Complex

Biological function of Lipoic Acid

Lipoic acid is a natural anti oxidant. It sever as a cofactor for several enzyme
systems such as pyruvate dehydrogenase complex, a-ketoglutarate
dehydrogenase complex, acetoin dehydrogenase complex and branched
chain oxoacid dehydrogenase complex. Pyruvate dehydrogenase and

156
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o-ketoglutarate dehydrogenase complex enzyme systems are two well-known
enzymes of the citric acid cycle in the carbohydrate metabolism. Lipoic acid
couples the acyl group transfer and electron transfer during oxidation and
decarboxylation of a-keto acids. e.g.

1) Pyruvate dehydrogenase
Pyruvate + COA + NAD" emepp Acetyl-CoA + CO, + NADH + H*
2) o-Ketoglutarate dehydrogenase

o-Ketoglutarate + COA + NAD* e—epr Succinyl-CoA + CO + NADH +H*
2

Do as Directed
a) Complete the following reaction:
RCO,H + HS.CoA ——

b) The bond between the carbonyl carbon and sulfur in acetyl-CoA is the
.............. energy bond. (low/high) (Fill in the blank)

c) Tetrahydrofolate (FH,) coenzyme is derived from well-known vitamin
...................... (Fill in the blank)

d) Lipoamide is the cofactor that catalyzes ................... transfer reactions in
pyruvate dehydrogenase complex. (Fill in the blank)

10.3 SUMMARY

1) Some enzymes catalyze reactions without requiring co-factors while other
enzymes require coenzymes for their full catalytic activity.

2) These coenzymes are the organic molecules that act as catalysts in
variety of ways. They are often vitamins or derivatives of vitamins.

3) Coenzymes provide a transfer site to a functioning enzyme. They are the
intermediate carriers of an atom or group of atoms thereby allowing a
particular reaction to happen. These coenzymes are not considered part
of the enzyme structure.

4) The binding strength of coenzyme-enzyme link varies. Loosely bound
coenzymes are also called as co-substrates.

5) NAD*/NADP*, FMN and FAD, coenzyme-A, pyridoxal phosphate, thiamine
pyrophosphate and lipoic acid are some of the well- known co enzymes

that helps to catalyze a reaction. 157
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10.4 TERMINAL QUESTIONS

1) Discuss the role of NAD* or NADP* as coenzyme.

2) ‘TPPis an active co-factor’ Justify the statement with examples of
biochemical reactions catalyzed using TPP.

3) Explain biological functions of Vitamin B;.
4) Give the reaction (substrate and product) catalyzed by following enzymes:
a) Pyruvate Dehydrogenase

b) «a-Ketoglutarate dehydrogenase

10.5 ANSWERS

Self-Assessment Questions

1) a) True, b) True, c) False, d) False

2) a) mononucleotide, dinucleotide, b) fumarate, c) cytosol
d) carbon-carbon

3) a) False, b) True, c) False, d) True

4) a) R.COSCoA + H,0, b) high, c) Folic acid, d) acyl group
Terminal Questions:

1) Refer to section 10.2.1

2) Referto section 10.2.3

3) Referto section 10.2.5

4) Refer to section 10.2.8

Pyruvate dehydrogenase

Pyruvate + COA + NAD* emm=pp Acetyl-CoA + CO, + NADH + H*
a-Ketoglutarate dehydrogenase

a-Ketoglutarate + COA + NAD* —m=pp Succinyl-CoA + CO, + NADH + H*

10.6 SUGGESTED READINGS
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Enzyme Electrodes

11.1 INTRODUCTION

Enzymes have remarkable catalytic properties. You are now familiar with
several aspects of enzymes as illustrated in several previous units of this
course. As you know, enzymes speed up the rate of reactions, production
processes could be performed at a fraction of time at much lower temperature
and pressure. These advantages along with several others such as specific
catalytic activity, undesirable side reactions and their operability under mild
conditions make the enzymes highly desirable in comparison to other
chemical catalysts. Moreover, the usage of enzymes is not new. Role of
several enzymes especially in starch, cheese making, brewing and textile
industries has been carried out centuries before their biochemical aspect was
understood. With the advent of genetic engineering, there has been a
revolution in the field of enzyme technology. The enzymes present in number
of bacteria and fungi were found for many years by man but it was only in late
1970s isolation of enzymes was carried out and their commercial aspects
began to be explored. The separation, isolation and purification of enzymes
along with their immobilization have opened opportunities and challenges to
scientists in the field of enzyme technology as well as application of enzymes.
Now-a-days a wide range of enzymes are available on a much bigger scale
and a much lesser cost. As the whole area of enzymes is expanding, the
industrial and commercial application of enzyme is also increasing. The
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estimated market of enzymes in 2018 was approximately 4500 million dollars.
The present unit will give you an overview on several applications of enzyme in
different processes and industries.

Objectives

Enzymes are now finding wide spread applications. After studying this unit,
you will be able to:

%+ describe the usage of enzymes in detergent industry;
+* illustrate the role of enzymes in food industry such as starch;
% state the role of enzymes in baking industry;

% explain the commercial viability of enzymes in wine and brewing
industries;

% determine the role of diagnostic enzymes; and

¢ enumerate several other applications of enzymes and their potential
commercial uses.

11.2 APPLICATIONS OF ENZYMES

As you know applications of enzymes are of immense value. An estimation of
world enzyme market in 2018 put the figure roughly in approximately 4500
million dollars. The effective catalytic properties of enzymes have already
promoted their introduction in several industrial products and processes.
Genetic manipulation, site directed mutagenesis, protein engineering, cloning
and genetic recombination along with several other techniques in
biotechnology have proved extremely useful to develop new version of
enzymes with better stability and catalytic efficiency. Enzymes are now tailor
made to suit the needs of medical and technical industry with vast range of
applications. Several enzymes are extensively used in textile, pulp, detergent,
beer, bakery and starch industries. Enzymes also have tremendous
therapeutic and diagnostic value. Now-a-days large scale production of
enzymes is also needed for research purposes.

Microbial sources are the ideal choice for protein isolation and purification.
Microorganisms are preferred over animal or plant as sources for enzyme
production. They can be easily grown in large numbers in bioreactors at
nominal cost using simple nutrients. They can also withstand extreme pH,
temperature or dissolved oxygen like conditions. Extracellular enzymes are a
better choice than the intracellular enzymes because of their ease of isolation
and purification. Do you know why? The isolation and purification of
extracellular enzymes is much simpler and cheaper. Microbial strains that
produce certain enzymes are the ideal choice or target for commercial viability.
The microorganisms can be easily screened and selected for producing the
desired enzyme. The procedure is economical too. Furthermore, it would be
advantageous if the organism does not produce any toxic compounds. Higher
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and better yield of enzyme without any production of unwanted toxic molecule
make the particular strain of microorganisms a better choice than other
sources of enzyme. Isolation and purification of a thermostable enzyme is
more convenient than other thermosensitive enzymes.

Though several enzymes are used in the industry using whole microbial
organism as a source of enzymes yet, the efficiency and efficacy of industrial
production processes can be enhanced using isolated enzymes. The useful
enzymes are separated, isolated and purified to increase the catalytic activity
and better yield of the product. The inherent disadvantages of these processes
also involve cost in separation and isolation as well as purification processes
of enzyme or inactivation of the enzyme. The thermophilic bacteria and fungi
are the ideal sources of enzymes for industrial or commercial use.

Other sources of enzymes are plant and animal tissues. Plants are excellent
sources of enzymes such as papain. Animal tissues contain several enzymes
such as lipases, esterases and proteases. However, there are several
limitations in isolating enzymes from plant and animal sources. Non-microbial
sources of enzymes, plant and animal tissues have damaging materials such
as phenolic compounds and endogenous enzyme inhibitors and proteases.
The quantities of enzyme in plant and animal tissues are limited and highly
varied in their distribution. With the advent of plant and animal tissue culture,
nowadays the possibility of producing large quantities of enzymes is being
explored. The constraining factor is their high cost. Several proteins such as
vaccines are being produced in large numbers using tissue culture techniques.
The methods available for isolation of proteins or enzymes are generally the
same. You will come across these techniques for isolation and purification of
biomolecules in several other courses of biochemistry. Presently 80 % of the
commercial enzymes are from microbial sources. The following table (Table
11.1) shows the sources of enzymes along with their relative contribution in the
commercial enzyme market.

Table 11.1: Source of enzymes and their contribution in commercial
enzyme market

Sources of enzyme Contribution (in %)
Fungi 60
Bacteria 24
Yeast 04
Streptomyces 02
Higher Animals 06
Higher Plants 04
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SAQ 1
Answer the following

a. Why microbes are considered as better sources of enzymes?

b. Name two techniques used to develop new version of enzymes with better
stability and catalytic efficiency.

c. Which source of enzyme will be better- extracellular enzyme or
intracellular enzyme? Why?

11.2.1 Enzymes in Detergent Industry

Detergent industry is one of the largest single market for enzymes. Alkaline
proteases, amylases and lipases from microbial sources are being used
because of their stability at high temperature, alkaline pH and reduction of
agitation period. The dirt on clothes includes many compounds including
proteins, lipids and starch. Blood stains as well as stains contaminated with
milk or oils can be effectively and efficiently removed from the clothes by
detergent enzymes. These enzymes are proving to be cost effective and also
lead to less energy consumption. Enzymes in granulated forms as well as
liquid preparations are used in very small amounts in the detergent industry.
Some of the home detergents include amylase as well as protease enzyme as
these can be further used for laundering lot of dirty clothes and fabrics.
Industrial laundering is large and requires high level of cleanliness with minimal
usage of water. Newer versions of detergents include alkaline and
thermostable enzymes as fungal cellulase which generally removes small
fibers thereby restoring tensile strength of the fabric.

11.2.2 Enzymes in Starch Industry

Starch industry developed rapidly after 1990s. Starch containing crops such as
maize, potato and wheat are an important constituent of food consumed by the
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world’s population. Starch containing parts of the plant needs to be processed
to harvest the starch. Starch is used in different food products as glucose,
maltose, high fructose corn syrups and starch hydrolysates. Plant products
such as maize, potato and wheat are well known sources of starch for
commercial purposes. Several enzymes involved in processing of starch are
endoamylases, exoamylases, debranching enzymes and transferases. A
pictorial representation of the enzymes involved in starch processing and its
several products is shown in Fig. 11.1.

Starch

o-Amylase

Dextrin Cyclodextrin

Fungal o-Amylase

Amyloglucosidase Pullulanase

Pullulanase B-amylase
v
Maltose Glucose High Syrup Maltose high
maltotriose fructose syrup
Glucose
Isomerase Crystallization
Fructose Syrup Crystalline sugar

Fig.11.1: Enzymes of starch industry

In the unit of carbohydrates, you might have come across starch, a polymer of
glucose units which are linked via a-glycosidic linkage involving C1 and C4
hydroxyl groups. Generally, starch is present in the form of granules. These
granules differ widely in size and physical characteristics. Endoamylases
cleave a-(1-> 4) glycosidic bonds present in amylase or amylopectin chain in
the starch. They are found in bacteria and archaea. Similarly, exoamylases
cleave exclusively a-(1-=24) and a-(1-2>6) glycosidic bonds. They act on
external glucose residues of amylase or amylopectin to produce glucose.
Starch converting enzymes such as isoamylases and pullulanases constitute
another group of starch processing enzymes. They are mainly debranching
enzymes that cleave the-(1->6) glycosidic bonds. Transferases are also
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starch converting enzymes that cleave o-(1->4) glycosidic bonds and transfer
a part of the donor to a glycosidic acceptor along with formation of new
glycosidic bond.

The production of glucose syrup from starch begins by dissolving starch
granules in the water by boiling or using jet cooker. The heated starch slurry is
passed into a hydrolysis reactor for enzymatic treatment. The degree of starch
sweetness depends on the degree of hydrolysis. Generally, the production of
maltose or glucose syrup from starch has three stages: gelatinization,
liquefaction and saccharification. In industries, high glucose syrup can be
converted to high fructose syrup using enzyme D-xylose-ketol isomerase.
Fructose, as you know is an isomer of glucose. It is twice as sweet as
glucose.

11.2.3 Enzymes in Baking Industry

Bread baking industries are now seeking an extensive usage of enzymes.
Starch modifying enzymes are playing a key role in baking and its different type
of applications. Flour components are hydrolyzed by different enzymes for
example, amylase hydrolyses starch, xylanases degrades xylan, proteases
degrade proteins and lipases hydrolyse the lipids. Oxidative enzymes like
glucose oxidase and lipoxygenase also act on different components of flour.
These enzymes affect the doughness or other properties of bread. Xylanase
increases the loaf volume and along with amylase gives softer morsel and
extended shelf life. Cell wall hydrolyzing enzymes such as cellulase, pectinase
and xylanase also play an important role in baking. Xylanases and glucanses
improve the elasticity of rye bread. Hemicellulases makes the cell wall more
soluble in wheat dough. Wheat flour includes about 1-1.5 % lipids. Non-polar
lipids such as triglycerides are bound with gluten. The addition of fungal lipase
hydrolyses the triglycerides which are bound to gluten and modify their
interactions in wheat flour. It leads to the formation of stable dough and
improved morsel structure. Glucose oxidase from Aspergilus niger and
Penicillium are known to oxidize alpha-D-glucose to gluconon-1,5-lactone. It
helps in improving the storage capability of flour.

Enzymes are used in the making of biscuits and nuts. The soft flour used in
making biscuits is different from those in bread making. It is basically a form of
dough with more elasticity in which gluten should not be too strong. Generally,
sodium bisulphate is used to produce the desired gluten but it is becoming
unpopular because of its potential health hazards. Sodium bisulphite has been
banned in many countries. Instead thermo stable proteases from Bacillus
subtilis are used nowadays to solve this problem by softening the gluten
without affecting the quality of dough.

State whether following statements are True or False:

a) Isomerase is used to change glucose syrup into
fructose syrup. (True/False)
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b) Amylase and protease enzymes are used for laundering lot of
dirty clothes and fabrics. (True/False)

c) Proteases degrade lipids in the baking industry. (True/False)

d) The soft flour used in making biscuits is not different from
those in bread making. (True/False)

11.2.4 Enzymes in Fruit juice, Brewing and Wine
Industry

Do you take fruit juices? Do you anticipate the role of enzymes in fruit juices?
Fruit juice industry is rapidly increasing nowadays. The industry faces several
problems in maintaining the stability of fruit juices. The fruit juices turn turbid or
cloudy due to the presence of compounds like cellulose, hemicelluloses,
xylans and arabans. The problem is even more acute with citrus fruits. Pectic
compounds are complex colloidal acid polysaccharides constituting o-(1—>4)
galacturonic acid residues with side chains consisting of xylose, galactose or
L-rhamnose or arabinose. When the tissue is grinded, pectin rich fruit gives
high viscosity to fruit juice. The usage of pectinases helps to lessen the
viscosity of fruit juice and increases the pressability of pulp. The yield of fruit
juice also increases significantly. Apple juice is filtered clear by the usage of
pectic enzymes. They help in processing of the fruit pulp as well as in fruit juice
extraction. Pectinase such as rhamnogalacturonase aids in the maceration of
apple tissue. Pectinases depolymerizes highly esterified pectin. Combination
of pectinesterases, polygalactouronases, polymethylgalactouronate lyases
improves the clarification of pear juice. Orange juice includes large amounts of
pectin esterase to take away methoxyl groups from pectin molecules. Mango
fruit is extensively used for making juice or squash. Mango nectar has 25-30 %
squash of pH 3.5 and titrable acidity of 0.2-0.4 %. Pectinases, hemicellulases
and cellulases enzymes assist in degrading mango pulp to make a plain, non-
gelatinous and clarified juice. Similarly, a mixture of enzymes like
pectinesterase, arabanase, hemicellulase, tannase and cellulases are used to
clarify the guava juice. Some of the bitter compounds present in citrus fruits
especially grapes are naringin, limonin and neohesperidin. The enzyme
naringinase from several species of microorganisms catalyzes the hydrolysis
of naringin to rhamnose and naringenin (a non-bitter derivative). Naringinase is
an enzyme complex constituting L-rhamnosidase and glucosidase and
therefore helps to remove rhamnose and glucose from naringin.

Beer is made by mixing barley malt with hot water in large vessel using
mashing. Maize, sorghum, rice and barley and other starchy cereals are also
added to the mash. The filtered mash is boiled and cooled and then transferred
to fermentation vessels and thereafter yeast is added in these vessels. After
fermentation, green beer is matured for additional filtration and bottling. The
enzymes used to convert cereals to beer are barley malt. This malted barley is
a major source of enzymes in the brewing process of wine industries. Acidic
pectinases from fungal sources such as Aspergillus niger are widely used in
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fruit juice and wine industries. Under optimal conditions, activation of many
enzymes such as a-amylases, carboxypeptidases and B-glucanase leads to
hydrolysis of starch materials in the seed reserve which is eventually used for
the beer production. Bacterial and fungal amylase enzymes are added for
saccharification. Pectinases and hemicellulases enzymes play a significant
role in the wine industry as they help in clarification, filtration and also improve
wine quality and stability.

11.2.5 Enzymes in Food Industry

Proteases enzyme are being used in food industry from number of years.
Papain from the leaves of unripe fruit helps in tenderizing the meat. Rennet
from the stomach of calves is traditionally used for cheese production.
Proteases aids in extraction of proteins from the dead animals for the
preparation of canned meats and soups. You must have heard of soya sauce
used extensively in fast food industry. Proteolysis in soya protein can increase
the value of their usage in the making of soya sauce. A partial proteolysis
augments whipping expansion of soya protein and its emulsifying properties.

Proteases help to recover proteins from animal tissues after butchering. The
bones from the animal are mashed with alkaline proteases and incubated at
65°C up to four hours. The meat slurry formed is used in canned meats and
soups.

The animal feed industry is a significant division of agro-business worth more
than 100 billion dollars. The major components of this industry include poultry,
pigs and ruminants, pet foods and fish farming. Majority of the food
constituents are not entirely digested by livestock. The application of enzymes
increases their digestibility. The enzymes can be added to the feed directly or
premixed with vitamins, minerals or other food additives. Hydrolases eliminates
the anti-nutritional factors present in the grains or vegetables. These enzymes
are known to increase the digestibility of animal feed as well as for enhancing
the nutritional value of feed. They also supplement animals with their own
digestive enzymes like amylases and B-glucanases to hydrolyse non-starchy
polysaccharides such as barley. The non-starchy polysaccharides in cereals
results in poor feed conversion rate, slow weight gain and sticky droppings by
young chicks. Enzymes such as B-glucanases and xylanases degrade these
polysaccharides improving their digestion as well as absorption to increase
weight gain and egg laying hens.

Cellulases and hemicellulases have great potential applications in the animal
feed industry. The increase milk yield and body weight by ruminants. These
enzymes hydrolyze plant cell wall polysaccharides since the fodder diet of
ruminants contains cellulose, hemicelluloses, pectin and lignin. Dairy cows
have shown a 5-20% increase in the production of milk when they are fed with
forage treated with fibrinolytic enzymes.

11.2.6 Enzyme in Other Industries

Textile, paper and pulp industry uses chemical reagents of diverse
composition. Dyestuff such as benzidine and other aromatic compounds are
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known to be carcinogenic. The dye wastewater is treated with ligninolytic
enzymes like lignin peroxidase and manganese peroxidase to degrade dyes,
including synthetic ones used in the industry. Thermostable enzymes like
cellulases, xylanases and proteases are also used in producing good quality
yarn or cotton. Laccases, polyphenol oxidases, lignin peroxidases, reductases,
methyl transferases and cytochrome oxygenases play a big and vital role in the
degradation of toxic xenobiotics. The material used in making fabrics contains
cellulosic fibres such as cotton, linen, viscose and lyocell. These materials
become ‘fuzz (short fibers sticking out from the surface)’ or fluffy. These
shortcomings in the cellulosic fibres can be eliminated using cellulases in
process called as bio-polishing. This process is carried out during textile wet
processing stage that includes desizing, bleaching, dyeing and finishing. The
enzyme cellulases act on small fibres and polish them. They also help in
smoothening, increasing the moisture absorbance and giving glossy
appearance to the fabrics. Similarly, acid cellulases have demonstrated to be
successful in treating lyocell garments by giving them a soft feel look and
preventing piling. Fungal a-amylases are also used in desizing woven fabrics
without harming the yarn.

Paper industry involves separation and degradation of lignin in the wood pulp.
The new environment issues stresses the need to replace conventional
pollution emanating chlorine-based delignification/bleaching processes. The
treatment of wood pulp with ligninolytic enzymes addresses this apprehension
by providing gentle and cleaner strategies of delignification. The usage of
enzymes in bio bleaching systems is also providing additional help to the paper
industry. Another category of enzymes like lacasses can be used in targeted
modification of wood fibres. Enzymes such as cellulases and hemicellulases
are also used in paper and pulp industry for several purposes. Mechanical
pulping in refining and grinding of the woody raw material provide pulps with
elevated content of fines, bulk and stiffness but the processes involve high-
energy consumption. Bio-mechanical pulping results in substantial energy
savings. In bio-bleaching processes, pretreatment of lignocellulosic materials
with microorganisms seems promising because microorganisms produce
hemicellulolytic enzymes (xylanases) that limits the hydrolysis of
hemicelluloses in pulp to increase the extractability of lignin.

The milk and dairy products are one of the oldest industries which remain
applicable till today. The world’s adult population is around 75 % today. The
probable market of milk and dairy products industry is still unrecognized. The
commercial production and development of enzyme galactosidase (lactase)
from microbial sources has made dairy industry significantly practicable. Milk
and milk products, cheese, condensed milk and ice cream are several
products daily used in dairy industry. If you recall from your unit on
carbohydrates, lactose is a disaccharide made of D-glucose and D-galactose.
Lactase from microorganisms hydrolyzes lactose. It can be produced
commercially from dairy yeast Kluyeromyces fragilis at pH optimum (6.5-7.2)
with milk treatment. Yeast -galactosidases are used for lactose hydrolysis in
milk and sweet whey. Milk acidification is required for release of whey from the

cheese. Lactic acid bacteria such as Lactobacillus sp convert lactose to lactic 169
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acid. Several varieties of cheese can be made using starter ‘a culture inoculum
containing lactic acid bacteria’. Casein fraction of milk can be coagulated to
form a gel by lowering the milk pH and adding up rennet ‘mixture containing
specific proteolytic enzymes’. Chymosin enzyme can coagulate about 70 % of
the cheese.

SAQ 3

Do as Directed

a) Pectinases polymerize/depolymerize highly esterified
pectin. (Choose one option)

b) Name two enzymes used in producing good quality yarn or cotton.

(o) IR and ... enzymes play a significant role in
clarification and improvement of wine quality and stability. (Fill in the blank)

d) Hydrolases eliminates the antinutritional/ nutritional factors
present in the grains or vegetables. (Choose one option).

11.2.7 Enzymes in Medicine/Diagnostic Enzymes

In your visit to the hospital, you may come across biochemical tests prescribed
by the physician for the determination of disease or its progression. Many
enzymes present in plasma or serum are routinely tested in clinical labs as
these enzymes are of diagnostic value. Each plasma enzyme has a normal
concentration range due to the balance that is set up between its rate of arrival
and its rate of removal in the blood stream. These enzymes have a normal
range of activity. If a particular tissue is affected by disease or gets damaged,
some of enzymes may leak into the bloodstream at an increased rate and will
be found in the plasma in elevated amounts. The detection and measurement
of enzymes using biochemical methods helps in detection of disease via their
correlation with the symptoms, progression of disease and even cure from the
disease. Table 11.2 enlists several diagnostic enzymes and their potential
uses.

Table 11.2: Diagnostic enzymes

Enzyme Abbreviations Use
Serum glutamic oxaloacetic SGOT/AST Heart attack, Liver
transaminases/ Aspartate dysfunction

transaminase

Serum glutamate-pyruvate SGPT/ALT Liver dysfunction
transaminases/ Alanine
transaminase

Creatine Kinase CK Brain and muscle
disorders
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Urease Renal function test

Cholesterol Oxidase Hypercholesterolemia,
Heart attack

Lactate Dehydrogenase LDH Myocardial Infraction
Alkaline Phosphatase ALP Bile and Liver diseases
Acid Phosphatase ACP Prostate Cancer
Glucose Oxidase Diabetes Mellitus,
Hyperglycemia

11.2.7.1 Enzyme Therapy

In the enzyme therapy, enzymes are added to change the existing abnormal or
diseased state owing to the lack or short supply of same enzyme in the body.
Enzymes are given most likely in an immobilized manner but biodegradable
form. Enzymes such as L-asparaginase are used in the treatment of
Leukemia. Streptokinase enzyme helps to get rid of blood clots in the blood
vessels and play an important role in curing heart attacks. Enzyme therapy
has been involved in the degradation of necrotic tissue by usage of proteolytic
enzymes such as trypsin or chymotrypsin.

11.2.7.2 Enzymes and Inborn errors of Metabolism

Inborn errors of metabolism occur due to genetic mutations and are
characterized by the loss of enzyme activity. More than 400 errors are known
but they occur rarely, for example phenylketonuria, 1 in 12,000 births;
cystinuria, 1in 14,000; galactosemia, 1in 57,000. These errors are identified
by enzyme assays or the presence or absence of particular metabolite in
blood, tissue, urine or other biological samples. The advent of recombinant
technology has led to the development of highly accurate and sensitive
diagnostic procedure for determining enzyme activities. It is feasible to obtain a
pre-natal diagnosis by carrying out enzyme assays in the amniotic fluid. Some
examples of inborn errors of metabolism due to enzyme deficiencies are given
in Table 11.3:

Table 11.3: Enzyme deficiency and inborn errors of metabolism

Inborn Error Enzyme Deficiency

Alkaptonuria Homogentisate1,2 —dioxygenase
Phenylketonuria Phenylalanine 4 monooxygenase
Galactosemia Galactose 1-phosphate uridyltransferase

Glycogen storage disease type V | Glycogen phosphorylase

Tay-Sachs [-N-Acetyl-D-hexosaminidase
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Treatment of inborn errors of metabolism usually involves reduction in the
intake of substances that cannot be metabolized normally or supplementation
of special diets to the patients. However, this kind of treatment is ineffective
because of endogenous synthesis of metabolites in question or due to
blockage of particular metabolic pathway vital for the body function. A
successful treatment is possible only when normal enzyme could be
administered at the appropriate site for example urokinase plasminogen
activator (uPA) extracted from human urine can be infused in the patients
suffering from pulmonary embolism. L-Asparaginase is also used in the
treatment of leukemia.

SAQ 4

Answer the following

Name the enzymes used for detection of liver disorders and state their role.

11.2.8 Enzyme Electrodes

Immobilization technology has led to the usage of enzymes as electrodes
which are applied in principle by autoanalyzers to carry out biochemical as well
as pathological estimations in various biological samples such as plasma,
serum, urine and cerebrospinal fluid.

D-Glucose oxidase enzyme is immobilized on a polyacrylamide gel. It
catalyzes the following reaction:

D-Glucose + 0, e D-Glucono-1,5-lactone + H,O,

The determination of the depletion of oxygen by the oxygen electrode helps in
measurement of glucose levels. Table 11.4 enlists enzymes which can be
used as electrodes along with their potential usage.

Table 11.4: Enzymes as electrodes

Immobilized Enzyme Sensing Electrode Compounds
Analyzed
Urease Carbon dioxide Urea
Lactate Dehydrogenase Platinum Lactic acid
Alcohol Dehydrogenase Platinum Ethanol
Penicillinase pH Penicillin
Cholesterol oxidase Oxygen Cholesterol
Glutaminase Cation Glutamine
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Immobilization of enzymes has led to the development of new analytical
devices called biosensors. These sensor devices are used to measure the
substances and parameters of biological interest. These devices convert the
biological response to an electronic signal which is amplified, processed and
displayed. Biosensors have now found an extensive usage in the analytical
chemistry.

11.3 SUMMARY

1) Practical interest in enzyme processes has led to the development of
enzyme industry which runs in hundreds of millions.

2) Enzymes are used commercially for the reason of their catalytic abilities.
They are beneficial because of low costs and their usage in minimal
quantities.

3) The applications of enzymes are huge and varied for example in food,
starch, detergent and baking industry.

4) In food industry, enzymes such as amylases, lactases and cellulases
break composite sugars to simple ones. Alkaline proteases from microbial
origin are extensively used in the detergent industry.

5) Cell wall hydrolyzing enzymes such as cellulase, pectinase and xylanase
play a significant role in the baking industry.

6) Enzymes such as endoamylases, exoamylases, debranching enzymes
and transferases are daily used in starch industry.

7) Pectinase act on hard pectin which is used in fruit juice preparation.
These enzymes help in making juice less viscous.

8) The scope of using enzymes for medical diagnostics is also widening
rapidly. More and more enzyme assays are now being performed on
autoanalyzers. Several enzymes give clinical distinguishment between
different diseases. Inborn errors of metabolism are also treated using
enzyme therapy.

11.4 TERMINAL QUESTIONS

1) What makes enzyme catalyzed reactions more suitable for industrial
applications?

2) Describe the role of enzymes in the starch industry.
3) Describe how biological washing powders work?
4) Discuss the disadvantages in the usage of enzymes.

5) Prepare a list of diagnostic enzymes and their uses in the detection of
diseases.
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11.5 ANSWERS

Self-Assessment Questions

174

1)

a) Microbes can be easily grown in large numbers in bioreactors at
nominal cost using simple nutrients. They can also withstand
extreme pH, temperature or dissolved oxygen like conditions. So,
these are ideal choice as enzyme source.

b) Genetic Engineering, Cloning, Genetic Recombination
c) Extracellular enzyme, Ease of isolation and purification
a) True, b-True, c) False, d) False

a) depolymerizes, b) Cellulases, xylanases, proteases, c) pectinases
and hemicellulases, d) anti-nutritional.

Enzymes used for the detection of liver disorders are:

a) Alkaline Phosphatase: This enzyme is found in high concentrations in
liver and is tested to determine liver functioning and to detect liver
lesions that may cause biliary obstruction such as tumors or
abscesses.

b)  Alanine transaminase (ALT): This enzyme is released in the
bloodstream after acute liver cell damage.

c) Aspartate transaminase (AST): This enzyme is released in the
bloodstream after acute liver cell damage.

d) Gamma-glutamyl transpeptidase test: This enzyme test is used to
assess liver function, information about liver disease and to detect
alcohol ingestion.

e) Lactic Dehydrogenase: It detects tissue damage and assist in
diagnosis of liver disease.

f)  5-Nucleotidase: This enzyme is elevated in persons with liver
diseases especially those with cholestasis (disruption of, or
obstruction in the flow of bile).

Terminal Answers:

1)

Industrialists were the first to discover the potential of enzymes as they
realized if the reactions are needed to be speeded up, production
processes could be performed in only a fraction of the normal time or at
low temperature or pressure or using economical starting material. As a
result, enzymes are finding widespread usage from bio-bleaching of paper
to efficient recovery of oil and gas. Usage of enzyme is considered to be
safe, cost-effective or environment friendly. Food, detergent or beverage
industries are heavily dependent on enzymes as well as the role of
enzymes in bio-analysis have become extensive nowadays.
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o)

Refer to section 11.2.2

Biological washing powders contain lipases and proteases which breakdown
the proteins and fats in stains. For details refer to section 11.2.1

Enzymes are highly sensitive to the surrounding environment which
makes them hard to use. They get denatured due to small changes in pH
and temperature. They are also highly susceptible to poisons. Isolation
and purification of enzymes involve huge costs and complex separation
techniques. Enzymes substrate mixture must be uncontaminated as other
substances in the reaction mixture may affect the reaction. All these above
mentioned disadvantages make usage of enzymes very hard as the
conditions involving them must be tightly controlled.

Refer to Table 11.2
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UNIT 12

IMMOBILIZED ENZYMES

Structure

12.1 Introduction 12.3 Summary
Objectives 12.4 Terminal Questions

12.2 Enzymes Immobilization-Types 12.5 Answers

and Methods

Properties of Immobilized Enzymes

12.6 Suggested Readings

Types of Immobilization

12.1 INTRODUCTION

As you know that an important characteristic of enzyme is their ability to
remain unmodified while exercising high catalytic activity during the reaction.
Now think from a commercial point of view and in order to be more cost
effective, you will desire an enzyme technology that involves reuse of enzyme
for different commercial purposes. How will it be possible? The answer lies in
the enzyme immobilization. An enzyme that is physically attached to an inert
solid support is known as immobilized enzyme. Immobilization benefits include
increased resistance of enzymes to the changes in conditions such as
temperature or pH. Recent developments in the field of immobilization
technology and its potential commercial applications have renewed interest in
million-dollar food and pharmaceutical industries worldwide. This unit
discusses the fundamental concept of enzyme immobilization, methods of
enzyme immobilization as well as its several applications.

Objectives

This unit will give you an insight in several enzyme immobilization processes.
After studying this unit, you will be able to:

++» describe the concept, properties and importance of enzyme
immobilization;

«» determine different types of immobilization;
*» find out how enzyme can be immobilized;

+ explain the binding mode of enzyme; and

+ discuss the potential uses of immobilized enzymes.
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12.2 ENZYME IMMOBILIZATION-TYPES AND
METHODS

Enzyme that is physically attached to an inert insoluble support medium is
called an immobilized enzyme. Immobilization of enzyme increase its
commercial value. It is very likely that the characteristics exhibited by a free
enzyme may be different than when they are attached to any carrier. The
physical and chemical properties of enzymes may undergo changes during the
process of immobilization. Several factors such as temperature, pH, K_,
nature of the medium, product formation influences the rate of an enzyme
catalyzed reaction.

12.2.1 Properties of Immobilized Enzymes

The attachment of an enzyme to an inert surface may impose certain
behavioral changes. These changes will be reflected in the physical and
chemical properties of immobilized enzymes. Major changes seen in the
immobilized enzymes on account of the microenvironment of the supporting
matrix may affects their stability, conformational and steric or kinetic properties
in comparison to the native enzyme.

12.2.1.1 Stability of Enzymes

The stability of immobilized enzymes may increase or decrease. The physical
environment of support medium or its chemical nature provides a denaturation
or stabilization atmosphere to the enzyme. Generally, the enzymes stability is
enhanced on immobilization as the inactivation of enzymes due to
autodigestion of proteolytic enzymes is significantly reduced. It has been
observed that enzymes immobilized to inorganic carriers are more stable than
those to organic polymers when stored at 4 or 25°C.

12.2.1.2 Conformational and Steric Effects of Enzymes

As you know that enzymes are proteins. Their tertiary structure will be affected
on account of their immobilization to the supporting medium as determined by
the spectral, fluorescence and circular dichroism studies on the enzymes
during immobilization. In any enzyme reaction, the catalytic site holds key to
the formation of products. Under ideal conditions, the immobilization process
should not affect the catalytic site of an enzyme. However, an effect on the
active site of enzyme during immobilization cannot be ruled out and these
expected changes may arise due to change in the conformation of enzyme. As
you know, enzyme (E) interacts with specific substrate(s) to form a transition
state coplex (ES) which is crucial for the product formation. The changes on
account of crowding of molecules will lead to steric hindrance and may
hamper the product formation. Therefore, an utmost caution is required in any
immobilization process as well as the types of supporting matrix material on
which the enzyme is immobilized.
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12.2.1.3 Microenvironment of the Supporting Medium

The supporting medium of the immobilized enzyme influences its stability. The
very presence of charged amino acids in the enzyme exhibiting an electrostatic
effect along with bulk hydrophobic or hydrophilic groups present in the
supporting matrix material may lead to desorption of the immobilized enzyme.
The interactions of the microenvironment of immobilized enzyme with the
substrate molecules also holds key to the product formation. Therefore, right
choice of supporting matrix may provide the enzyme more stability.

12.2.1.4 Effect of pH on the Immobilized Enzyme

The pH of the immobilized enzyme is determined by the charged nature of its
carrier (supporting matrix). If it is polyanionic (negative), there will be flow of H*
ions towards it and if it is polycationic the flow of H* ions will be reduced. The
pH optima of the immobilized enzyme will be low (acidic) when the carrier is
polyanionic and it will be raised when the supporting carrier is polycationic.

SAQ 1

Do as directed

a) The attachment of an enzyme to an inert surface may impose
certain behavioral changes. (True/False)

b) Enzymes get inactivated due to autodigestion by proteolytic
enzymes. (True/False).

c) The pH optima of the immobilized enzyme will be low/high
when the carrier is polyanionic. (Pick the correct option)

12.2.2 Types of Immobilization

A)  Entrapment: a) Gelentrapment
b) Fibre entrapment
c) Microencapsulation
B) Binding: a) Carrier binding
e Covalent binding
e |onic binding
e Chelation or metal binding
e Physical adsorption
b) Cross-linking

Entrapment methods are generally used for cell immobilization but now-a-days
these methods have been used for enzyme immobilization. In this method,
178 enzyme is not bound to the polymer; however, its open flow is restrained or in
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other words simply caging of the enzyme. Entrapment methods are cheap and
fast. The commonly used method of enzyme immobilization is gel entrapment.

Gel Entrapment: Enzymes are entrapped within the interstitial spaces of
cross linked water insoluble polymer gels. This method involves polymerization
of monomer acrylamide molecules in an aqueous solution along with the
soluble enzymes. Cross linking agents such as N, N-methylene
polyacrylamide are used along with the usual initiators such as TEMED,
ammonium persulfate or riboflavin for polymerization. The gel block is
dispersed into particles of desired shape. The quantity of enzyme in surplus of
1 g of enzyme per gram of gel may be trapped. Table 12.1 enlists gels widely
adopted for the entrapment of enzymes. The gelatinous nature of entrapment
may lead to leakage of enzyme from the gels.

Table 12.1: Gel for the enzymes entrapment

S.No Nature of Gel Entrapped Enzyme
1 Polyacrylamide Acetyl cholinesterase
Chymotrypsin

Asparaginase

Glucose Dehydrogenase

2 Ethylene Glycol Fructo Furanosidase

Glucose Isomerase

Fibre Entrapment: The membrane confinement of enzymes may be realized
by several methods which depend for their usefulness on the semi-permeable
makeup of the membrane. These semi-permeable membranes while retaining
the enzyme must allow free passage to the products and substrates. Fibre
membranes are used for enzyme entrapment via non-covalent interactions.
The high surface area, anti-microbial activity provided by thin fibres as well as
resistance to weak acids and alkalis makes them better support material for
enzyme immobilization. Hollow fibre membrane units are available
commercially with large surface areas comparative to their controlled volumes
(> 20 m? L"). These membranes are porous only to substances of molecular
weight considerably smaller than the enzymes. Cellulose acetate in methylene
chloride is used for enzyme entrapment. More than one enzyme can also be
immobilized in the fibres. Several enzymes such as aminoacylase,
glucoamylase, D-glucose isomerase, penicillin amidase and urate oxidase can
be immobilized on cellulose acetate.

Microencapsulation: Spherical semi-permeable polymer membranes are
used for microencapsulation of enzymes. The enzymes are enclosed by
polymer membranes of diameter 1-100 ym. The enzyme immobilization
engages Vander Waals and hydrophobic interactions. Substrates as well as
products can diffuse across these polymer membranes provided they are

smaller in size. This enzyme immobilization method is advantageous as it 179
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offers more surface area. In the interfacial microencapsulation method of
enzyme immobilization, enzymes and hydrophilic monomer are emulsified in
water immiscible organic solvent by stirring for example nylon encapsulate
B-D-galactosidase or asparaginase. Liquid drying method of encapsulation
involves dissolution of polymer in a water immiscible organic solvent at a
boiling point lower than that of water. Thereafter aqueous solution of enzyme is
dispersed in the organic phase to form water in oil emulsions that are further
dispersed in aqueous phase having colloidal substances such as gelatin and
surfactant forming a second emulsion. Vacuum removes the organic phase
and a polymer membrane is produced to give enzyme microcapsules.
Triacylgylcerol lipase and catalase enzymes can be encapsulated by
ethylcellulose using this technology. Similarly, polystyrene is used to trap
urease and triacylglycerol lipase enzymes.

Biological membranes such as liposomes are also well known for enzyme
microencapsulation. Liposomes are artificially-prepared vesicles which are
primarily composed of a lipid bilayer surrounding the soluble enzyme.

Binding: Binding methods are better than other immobilization techniques of
localization because physical nature of binding between the enzyme and the
carrier molecule may involve combinatorial effect of several non-covalent
interactions such as hydrogen, hydrophobic, ionic and Vander Waals. Multiple
interactions help the immobilized enzyme to withstand harsh conditions
prevailing in the system. It is quite likely that the binding between enzyme and
its support material may also leads to inactivation of enzyme or it may render
the enzyme unusable.

Carrier Bound Enzymes: The properties of immobilized enzymes depend on
the nature of enzyme as well as its support material for example substrate
size, surface area of the carrier as well as chemical composition of the carrier.
The interactions between the enzyme and carrier molecule influences the
chemical, biochemical, mechanical and kinetic properties of the immobilized
enzymes. The support (carrier) can be a synthetic organic polymer, a
biopolymer or an inorganic solid and the binding mode may be physical, ionic
or covalent.

SAQ 2

State whether the following statements are True or False:
a) Give two examples of enzymes immobilized on cellulose acetate.

b) Liposomes are also well known for enzyme
microencapsulation. (True/False)

c) Immobilized enzyme produced by micro encapsulation
technique provides a small surface area. (True/False)

d) The properties of immobilized enzymes do not depend
on the nature of enzyme as well as its support material. (True/False)




Covalent Binding: As the name suggests and you can also guess that this
method of enzyme immobilization involves covalent bond formation between
the enzyme and support matrix. It is one of most important methods of

immobilization techniques as the selection of conditions for immobilization is

more difficult than the other methods. A major limitation being that the binding

may lead to loss of enzyme activity. On the other hand, major advantage
lies in the strength of binding between enzyme and the solid support which
prevents the leakage of enzyme even in the presence of substrate and

solutions of high ionic strength. The mode of covalent attachment must involve

functional groups of the enzyme that are not involved in the catalytic action.
The covalent binding can be done by several methods such as diazotization,
amide bond formation, alkylation and arylation, Schiffs base etc (Table 12.2).

Table 12.2: Enzyme Immobilization by covalent bonding using different

processes
S. Name of Process Chemical Examples
No. Procedure
1. Diazotization Support-N=N-ENZYME | 3-D-Galactosidase
D-Glucose oxidase
Trypsin
Papain
Protein kinase
Chymotrypsin
2. Amide bond Support-CO-NH- Alkaline
formation ENZYME phosphatase
Naringinase
Trypsin
Chymotrypsin
Papain
Penicillin amidase
Papain
3. Alkylation and Arylation|  Support-CH,-NH- Aminoacylase
ENZYME Glucoamylase
Support-CH,-S- Trypsin
ENZYME Amylase
4. Schiff’'s base formation] Support-CH=N- Penicillinase
method ENZYME B-D-Galactosidase
D-Glucose oxidase
Trypsin
5. Amidation reaction Support-CNH-NH-
process ENZYME
6. Carrier binding with Support-O(CH,),
bifunctional reagents N=CH(CH,),
CH=N-ENZYME

Immobilized Enzymes
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Eupergit-C (Fig. 12.1) is an acrylic resin and a copolymer of N, N-methylene-
bi-metacrylamide and glycidyl methacrylate. Immobilization by covalent binding
to Eupergit-C has been successfully used for a variety of industrially applied
enzymes for example penicillin amidase. The average particle size of Eupergit-
C is 170 pm with pore diameter of 25 nm. It is highly hydrophilic and stable
over a wide range of pH (0-14). It binds to proteins at neutral or alkaline pH.
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Fig. 12.1: Immobilization of enzyme on Eupergit-C

lonic Binding: The ionic method of binding involves ionic interactions
between side chains of enzyme (lysine, arginine, histidine, aspartate and
glutamate) with water insoluble carriers containing ion exchange residues.
lonic interactions provide strength to the enzyme carrier linkages. Protein
macromolecules and polysaccharides such as gelatin, albumin cellulose,
dextran, starch and chitosan are extensively used biopolymers for immobilizing
enzymes. lonic method is similar to the ion-exchange chromatography where a
diffusible exchanger ion is attached to that of inert immovable counter ion
exchanger. This method causes little changes in the conformation or active
site of enzyme and therefore immobilized enzymes are of high reactivity. The
most common anion exchanger is DEAE (diethyl amino ethyl) derivative while
CM (carboxy methyl) derivatives are the most common cation exchangers.
Aminoacylase from Aspergillus oryzae immobilized on DEAE-Sephadex is
used for the production of L-amino acids. D-Glucose isomerase and beta-D-
fructofuranosidase can also be immobilized on DEAE-Sephadex. Similarly,
immobilized biocatalyst epoxide hydrolase from Aspergillus niger is active at
high substrate concentration and can be recycled seven times.

Chelation or Metal Binding: Immobilization of enzymes can be carried out by
transitional metal compounds. They are used to activate the surface of inert
solid matrix for direct coupling with the enzyme through the formation of
chelates. Several inert supports used in this process are glass, chitin, alginic
acid and gelatin. You can see the table 12.3. It enlists several enzymes
immobilized by transition metals. Transition metals involved in this type of
enzyme immobilization include titanium (lll) and zirconium (IV) that form
polymeric oxides and hydroxides.
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Table 12.3: Enzyme immobilization by metal binding
S.No.| Nature of Support Enzyme Immobilized
a) Organic Supports
1. DEAE- cellulose Pectin lyase
2. Nylon D-Glucose dehydrogenase
3. Cellulose B-D-Fructofuranosidase
b) Inorganic Supports
4. Alumina Glucoamylase
-D-Xylosidase
5. Magnetic iron oxide o—Amylase
6. Silica gel Trypsin
7. Titanium (IV) oxide Dextranase
8. Hydrous metal oxides prepared Chymotrypsin
from Ti (IV), Zr(1V), Fe(lll) and Glucoamylase
Sn (Il)
D-Glucose oxidase
Papain
Peroxide
Trypsin

Physical Adsorption: Physical adsorption of enzymes on water insoluble
carriers relies on non specific interactions such as hydrophobic interactions,
Vander Waals forces, hydrogen bonds between the enzyme and surface of the
matrix. This method causes little or no conformational change in the
immobilized enzyme. Different processes involved in adsorption are static,
electro deposition, reactor loading or mixing or shaking bath loading. Physical
adsorption is advantageous because relatively fewer steps of activation are
required for enzyme immobilization but suffers on account of desorption of
enzyme from the carrier due to changes in pH, temperature and ionic strength.
Table 12.4 enlists immobilized enzymes along with their carrier used for
physical adsorption.
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Table 12.4: Enzymes immobilization by physical adsorption

S.No Nature of Carrier Immobilized Enzyme

1. Phenoxyacetyl cellulose Alkaline Phosphatase

2. Palmitoyl cellulose Triacylgylcerol Lipase
Naringinase

3. Zeolite Trypsin, Chymotrypsin

4, Silica gel Alcohol Dehydrogenase

Cross linked Enzymes: Immobilization by cross linking of enzymes can be
achieved by intermolecular cross linking (formation of covalent bonds between
enzyme molecules by means of cross linking agents). The most common
reagent used for cross linking is glutaraldehyde. The process of cross linking
occurs via glutaraldehyde and NH, groups present on the surface of enzyme.
This process has several disadvantages such as low activity retention, poor
reproducibility and low mechanical stability. The process of enzyme
crystallization is laborious and time consuming. Moreover, purification of
proteins involves addition of salts, water miscible organic solvents or non-ionic
polymers. Retention of enzyme bioactivity on crystallization is of immense
value that led to the new family of immobilized enzymes: cross linked enzyme
aggregates (CLEA) (Fig. 12.2). Industrially important enzyme such as penicillin
amidase CLEA proved effective catalysts for the synthesis of penicillin.
Similarly, CLEAs of several commercially important enzymes such as lipases
have shown excellent performance in water than their standard immobilized

form.
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Fig. 12.2: Preparation of a CLEA.
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SAQ 3

Do as Directed:

a)

b)

c)

d)

The immobilized technique involving chemical method is covalent
dependent/non-covalent dependent. (Choose one option)

In adsorption method of enzyme immobilization, the state of

.................... and ... (Fill in the blanks)

is the most commonly employed cross linked polymer.
(Fill in the blank)

The most common reagent used for cross linking is glutaraldehyde.
(True/False)

12.3 SUMMARY

1)

2)

4)

The wide range of commercial application of enzymes has led to strong
focus on the immobilization processes.

The usage and development of advanced techniques of enzyme isolation
and purification has also paved their way of immobilization to several
mediums.

It is necessary to understand that changes in the physical and chemical
properties of enzymes are expected during immobilization. The stability of
enzymes may be affected. The enzyme-supporting matrix interactions
generated microenvironment may influence the conformational and steric
effects of enzyme.

There are several types of immobilization methods and different
constituents of an enzyme molecule are targeted for immobilization.

Various gels such as polyacrylamide and ethylene glycol are used for
entrapment of enzymes. A high surface area is provided by fibre
entrapment method for enzyme binding.

Microencapsulation is another method for the immobilization of enzyme.

Either individually or combinatorial manner, non—covalent interactions
such as hydrogen, hydrophobic, ionic are used to immobilize the enzyme.

Carrier binding method of enzyme immobilization is further classified into
physical adsorption, ionic binding, metal binding or covalent binding.

Intermolecular cross linking with groups on support matrix also helps in
enzyme immobilization.
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12.4 TERMINAL QUESTIONS
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1)

2)

3)
4)

What do you understand by statement “Liposomes are well known for
enzyme microencapsulation”? Explain the concept of microencapsulation.

Discuss ionic binding and covalent binding methods of enzyme
immobilization.

Elaborate on different types of immobilization by entrapment.

How cross-linked enzymes are formed? Explain with diagrams.

12.5 ANSWERS

Self-Assessment Questions

1)
2)

3)

a) True b) True c) low

a) Aminoacylase, Glucoamylase, D-glucose isomerase, pencillin
amidase and urate oxidase

b) True
c) False
d) False

a) covalent dependent, b) pH, ionic strength and temperature,
c) polyacrylamide gel, d) True

Terminal Questions:

1)
2)
3)
4)

Refer to microencapsulation section of 12.2.2
Refer to covalent and ionic bonding sections of carrier bound enzymes.
Refer to section Aof 12.2.2

Refer to section on cross linked enzymes of 12.2.2.
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