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v

Biotechnology has become one of the most important technologies in twenty-first 
century contributing every aspect of our life and industry. Biotechnology can con-
tribute to the problems of our human culture and civilization from health, food, 
energy, environment, and to materials issues. Biotechnology is therefore playing 
a key role in pharmaceutical, medical, chemical, electronics, energy, and environ-
ment industries.

For the development of biotechnology, deep understanding and fusions in biol-
ogy, chemistry, enzymology and engineering are required. One fundamental area 
of biotechnology is enzyme engineering which covers enzymology, enzyme tech-
nology, and engineering of enzymes. Enzymes have been used for food prepa-
rations such as cheese and alcohols from long time ago. In 1970s, immobilized 
enzymes have accelerated the development of enzyme engineering. In 1980s, 
the understanding of enzyme reaction in organic solvent has created a new area 
in enzyme engineering. Also with the energy and environment crisis, bio-based 
chemicals and bioenergy have opened a new area in enzyme engineering. With 
systems biology and metabolic engineering, enzymes for bio-based chemicals 
including polymers have become more and more important nowadays. Recently 
with the knowledge on molecular dynamics and quantum mechanics, computa-
tional tools have become stronger, which will contribute to the design of novel 
enzyme in the long run. Cheaper enzymes and more stable enzymes as well as 
more applications are required for their wide commercial use.

Even though enzymes are becoming more and more important, it is not easy to 
find a good textbook for the students to study the role of enzymes in biotechnol-
ogy area, except for handbook style books or books dealing with current issues 
and specific topics, which gave us an idea to start to write the book, Fundamentals 
of Enzyme Engineering.

This book is written mainly for senior level or graduate students in biotech-
nology. However, this book can be also used as a guidebook for an overview of 
enzyme engineering working in relevant industries. This book consists of four 
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parts with 15 chapters and deals with fundamentals of enzyme chemistry, classi-
cal enzyme reaction engineering, recent molecular level understanding of enzyme, 
and various applications of enzymes.

Even though there are so many research results and industrial experiences 
reported so far, fundamentals and basic concepts with some cases are introduced 
and emphasized in the text instead of a knowledge-oriented description of every 
case of enzyme engineering. For the details or for specific cases, reading and dis-
cussion using related references are desirable. Some of which are introduced in the 
text as case studies and examples. For industry, searching for the patents and dis-
cussion based on the patents are also desirable for understanding of the technology 
and for further development. Since our knowledge and understanding of enzymes 
is still not enough and many challenges are waiting, further discussions on these 
issues are therefore presented at the end of each chapter.

For students who are familiar with basic biotechnology including biochemistry 
and biology, it is recommended to emphasize advanced level and recent advance-
ment of enzyme engineering including molecular understanding and applications 
which are the integration of diverse principles. Reactor design and optimization 
which is generally required in industry are not described in detail in this text, 
which can be supported using the texts on reactor design.

We would like to express our gratitude to many colleagues, friends, students 
who gave tips, comments, and assistance during the development of this book as 
well as to the publisher who gave us a chance to publish this book.

We hope this book Fundamentals of Enzyme Engineering can be useful for the 
students in academia as well as the engineers in industry for the future develop-
ment of enzyme engineering and biotechnology.

Seoul, Korea 
Shanghai, China 
Ulsan, Korea 
Cebu City, Philippines	

Young Je Yoo
Yan Feng

Yong Hwan Kim
Camila Flor J. Yagonia



vii

Contents

Part I  Introduction to Enzyme Engineering

1	 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 3
1.1	 Brief History of Enzyme Engineering. . . . . . . . . . . . . . . . . . . . . .                      	 3

1.1.1	 Brief History. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 3
1.1.2	 Enzyme Technology and Engineering. . . . . . . . . . . . . . .               	 6
1.1.3	 Classification of Enzymes. . . . . . . . . . . . . . . . . . . . . . . .                        	 7

1.2	 Industrial Application of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . .                         	 9
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 12

2	 Biosynthesis of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 13
2.1	 Basic Enzyme Chemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 13

2.1.1	 Amino Acids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 13
2.1.2	 Nonstandard Amino Acids. . . . . . . . . . . . . . . . . . . . . . . .                        	 16
2.1.3	 Proteins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 17

2.2	 Biosynthesis of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 18
2.2.1	 Biosynthesis Mechanisms . . . . . . . . . . . . . . . . . . . . . . . .                        	 18
2.2.2	 Mathematical Modeling. . . . . . . . . . . . . . . . . . . . . . . . . .                          	 20

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 21

3	 Production of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 23
3.1	 Sources and Screening of Enzymes. . . . . . . . . . . . . . . . . . . . . . . .                        	 23

3.1.1	 Sources of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 23
3.1.2	 Screening of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 25

3.2	 Production of Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 27
3.2.1	 Media for Enzyme Production. . . . . . . . . . . . . . . . . . . . .                     	 27
3.2.2	 Fermentation Process. . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 28
3.2.3	 Separation and Purification of Enzymes . . . . . . . . . . . . .             	 29

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 33



Contentsviii

Part II  Enzyme Reaction Engineering

4	 Enzyme Reaction Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 37
4.1	 Michaelis–Menten Kinetics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 37

4.1.1	 Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 37
4.1.2	 Physical Meaning. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 38
4.1.3	 Parameter Estimation. . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 39

4.2	 Other Enzyme Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 40
4.2.1	 Inhibition Kinetics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 40
4.2.2	 Other Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 43
4.2.3	 pH Optimum of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . .	 46

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 48

5	 Regeneration of Cofactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 49
5.1	 Regeneration of Reduced Nicotinamide Cofactors. . . . . . . . . . . .            	 49

5.1.1	 Enzymatic Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 49
5.1.2	 Electrochemical Method . . . . . . . . . . . . . . . . . . . . . . . . .                         	 53
5.1.3	 Application to Industrial Processes. . . . . . . . . . . . . . . . .                 	 53

5.2	 Regeneration of Oxidized Nicotinamide Cofactors. . . . . . . . . . . .            	 55
5.2.1	 Enzymatic Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 55
5.2.2	 Electrochemical Method . . . . . . . . . . . . . . . . . . . . . . . . .                         	 56
5.2.3	 Photochemical Method. . . . . . . . . . . . . . . . . . . . . . . . . . .	 57

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 58

6	 Immobilized Enzyme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 59
6.1	 Methods of Enzyme Immobilization. . . . . . . . . . . . . . . . . . . . . . .                       	 59

6.1.1	 Immobilization Methods . . . . . . . . . . . . . . . . . . . . . . . . .                         	 59
6.1.2	 Recent Advances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 61

6.2	 Characteristics of Enzyme Immobilization. . . . . . . . . . . . . . . . . .                  	 62
6.2.1	 Mass Transfer Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 63

6.3	 Reactor System and Engineering Consideration. . . . . . . . . . . . . .              	 66
6.3.1	 Reactor Types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 66
6.3.2	 Engineering Considerations. . . . . . . . . . . . . . . . . . . . . . .                       	 68

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 72

7	 Enzymes in Non-conventional Media . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 75
7.1	 Enzymes in Non-conventional Media . . . . . . . . . . . . . . . . . . . . . .                      	 75

7.1.1	 Enzymes in Organic Solvents . . . . . . . . . . . . . . . . . . . . .                     	 75
7.1.2	 The Role of Solvent Properties . . . . . . . . . . . . . . . . . . . .                    	 77
7.1.3	 The Role of Water Molecules on Enzyme Activity  

and Stability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 78
7.1.4	 Other Non-conventional Media. . . . . . . . . . . . . . . . . . . .                    	 79

7.2	 Stability in Organic Solvent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 81
7.2.1	 Molecular Understanding. . . . . . . . . . . . . . . . . . . . . . . . .                         	 82

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 83



Contents ix

Part III  Molecular Understanding of Enzymes

8	 Engineering Tools for Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 87
8.1	 Random Mutagenesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 88

8.1.1	 Random Mutagenesis for Genes . . . . . . . . . . . . . . . . . . .                   	 89
8.1.2	 Molecular Breeding of DNA. . . . . . . . . . . . . . . . . . . . . .                      	 91

8.2	 Rational and Computational Design . . . . . . . . . . . . . . . . . . . . . . .                       	 94
8.2.1	 Rational Design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 94
8.2.2	 Computational Design. . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 96
8.2.3	 De Novo Enzyme Design. . . . . . . . . . . . . . . . . . . . . . . . .                         	 97

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 99

9	 Enzyme Catalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 101
9.1	 Mechanism of Enzyme Activity. . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 101

9.1.1	 Chemical Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 101
9.1.2	 Transition State Theory. . . . . . . . . . . . . . . . . . . . . . . . . .                          	 102

9.2	 Enzyme Dynamics and Flexibility. . . . . . . . . . . . . . . . . . . . . . . . .                         	 107
9.2.1	 Enzyme Dynamics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 107

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 109

10	 Specificity of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 111
10.1	 Substrate Specificity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 111

10.1.1	 Understanding of Substrate Specificity. . . . . . . . . . . . . .              	 111
10.1.2	 Engineering Substrate Specificity . . . . . . . . . . . . . . . . . .                  	 112

10.2	 Enantioselectivity of Enzymes. . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 117
10.2.1	 Measurement of Enantioselectivity. . . . . . . . . . . . . . . . .                 	 117
10.2.2	 Kinetic Resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 118
10.2.3	 Dynamic Kinetic Resolution . . . . . . . . . . . . . . . . . . . . . .                      	 118
10.2.4	 Deracemization and Stereoinversion. . . . . . . . . . . . . . . .                	 119
10.2.5	 Desymmetrization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 120
10.2.6	 Asymmetric Synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 120

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 124

11	 Thermodynamics and Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 127
11.1	 Enzyme Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 127

11.1.1	 Understanding of Enzyme Stability. . . . . . . . . . . . . . . . .                 	 127
11.1.2	 Measurement of Stability. . . . . . . . . . . . . . . . . . . . . . . . .                         	 130

11.2	 Stabilization of Enzyme. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 134
11.2.1	 Enzyme Stabilization. . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 134
11.2.2	 Applications to Enzyme Pharmaceuticals. . . . . . . . . . . .            	 136

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 139

Part IV  Applications of Enzymes

12	 Enzymes for Chemicals and Polymers . . . . . . . . . . . . . . . . . . . . . . . . .                         	 143
12.1	 Chemicals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 143



Contentsx

12.1.1	 Semisynthetic Penicillins and Cephalosporins. . . . . . . . .	 143
12.1.2	 Bulk Chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 146
12.1.3	 Enzymes for Metabolic Engineering. . . . . . . . . . . . . . . .                	 149

12.2	 Polymers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 150
12.2.1	 Synthesis of Phenolic Polymers. . . . . . . . . . . . . . . . . . . .                    	 151
12.2.2	 Synthesis of Polyester . . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 158
12.2.3	 More Cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 160

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 161

13	 Enzymes for Food and Energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 163
13.1	 Enzymes for Food Industry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 163

13.1.1	 Dairy Products. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 163
13.1.2	 Bread Making. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 165
13.1.3	 Starch Processing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 166
13.1.4	 Application to Textile Industry . . . . . . . . . . . . . . . . . . . .                    	 169
13.1.5	 Brewing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 170
13.1.6	 Enzymes for Other Food Applications. . . . . . . . . . . . . . .               	 171

13.2	 Enzymes for Bioenergy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 171
13.2.1	 Bioethanol from Starch . . . . . . . . . . . . . . . . . . . . . . . . . .                          	 171
13.2.2	 Bioethanol from Lignocellulose. . . . . . . . . . . . . . . . . . . .                    	 172
13.2.3	 Application to Pulp and Paper Industry. . . . . . . . . . . . . .              	 175
13.2.4	 Biodiesel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 176
13.2.5	 Enzymes for Other Bioenergy. . . . . . . . . . . . . . . . . . . . .                     	 177

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 178

14	 Enzymes for Biosensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 181
14.1	 Enzymatic Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 181
14.2	 Applications of Enzyme Biosensor. . . . . . . . . . . . . . . . . . . . . . . .                        	 184
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 186

15	 Enzymes for Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 189
15.1	 Enzymatic Removal of Pollutants . . . . . . . . . . . . . . . . . . . . . . . . .                         	 189

15.1.1	 Aromatic Pollutants. . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 190
15.1.2	 Nitrogen Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 193

15.2	 Carbon Dioxide Conversion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 195
15.2.1	 Carbon Dioxide to Formic Acid. . . . . . . . . . . . . . . . . . . .                    	 195
15.2.2	 Carbon Dioxide for Carbonate. . . . . . . . . . . . . . . . . . . . .                     	 198

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 202

Index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                         	 205



Part I
Introduction to Enzyme Engineering



3

1.1 � Brief History of Enzyme Engineering

The microorganisms were widely used among ancient people. The manufacture of 
cheeses, breads, alcoholic beverages, and many other applications depends upon 
microorganisms which were found from ancient text of Babylon, Greece, Egypt, 
China, and India. Enzymes were the main components in microorganisms for the 
food manufacturing and other applications. However, ancient applications were 
relied upon observations and repeated experiences rather than scientific and techno-
logical. From the early of nineteenth centuries, enzymes have been investigated by 
scientists in a more systematic way. Tables 1.1 and 1.2 show the milestone and some 
Nobel Prize winners during this period. Many books relating to enzyme technol-
ogy and engineering have been introduced (Wang et al. 1979; Dordick 1991; Fersht 
1999; Bommarius and Riebel 2000) which can be good references in this area.

1.1.1 � Brief History

The steroid biotransformations in the 1950s replaced the chemical reactions 
required to introduce a hydroxyl group at the 11α position and this marks the first 
bioconversion of industrial importance. Peterson et al. (1952) described this ster-
oid modification using Rhizopus nigricans. Two other steroid modifications were 
also reported about the same time using Curvularia lunata and Corynebacterium 
simplex (Shull et al. 1953; Nobile et al. 1955).

There have been historically four steps of technology advances which brought a 
big impact for enzyme as alternative catalysts on bioconversions namely: enzyme 
isolation, enzyme immobilization, enzymes in non-conventional media, and 
recombinant DNA technology (Lilly 1994).

Chapter 1
Introduction
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The technology development for the separation of enzymes from microor-
ganisms is one of the important technological advancements. The disruption 
of microorganisms by mechanical means (e.g., high-pressure homogenizer) 
allowed the isolation of intracellular enzyme. However, isolation of these intra-
cellular enzymes was quite expensive; thus their applications had been limited. 
Engineering them for repeated use, higher activity and stability has allowed more 
feasible processes.

Table 1.1   History and trends of enzyme engineering

Year Significant event/discovery

1890 “Lock-and-Key” model was proposed (Fisher)

1893 Definition of the term “catalyst” (Ostwald) was introduced

1897 Explained that enzymes do not require a cell (Buchner)

1926 Enzyme was proved to be a protein (Sumner)

1952 Steroid biotransformation was performed

1958 “Induced-fit” model was proposed (Koshland)

1963 Amino acid sequence of ribonuclease was identified

1965 “Allosteric model” of enzyme was proposed (Monod)

1970 Immobilized enzymes were used for the production of HFCS

1980 Enzymatic synthesis of chiral compounds and polymers in organic solvent were 
reported

1990 Protein engineering including directed evolution was used

2000 Computational design of enzyme was introduced

2010 Enzymes for metabolic engineering become popular

Table 1.2   Nobel prize winners on enzymes/proteins

Year Prize winner Scientific discovery

1907 Eduard Buchner Alcoholic respiration with cell-free extract

1909 Wilhelm Ostwald Definition of the word “catalyst”

1946 James B. Sumner Urease enzyme crystallized from jack beans

1958 Frederick Sanger Structure of insulin

1972 Stanford Moore and William Stein Connection between chemical structure and 
catalytic activity of ribonuclease

1993 Michael Smith Site-directed mutagenesis for enzyme 
sequence change

Kary B. Mullis Invention of polymerase chain reaction 
(PCR)

2002 John B. Fenn, Koichi Tanaka and 
Kurt Wüthrich

Tools (Mass Spec) for identification and 
structure analysis of biomacromolecules

2008 Martin Chalfie, Roger Y. Tsien and 
Osamu Shimomura

Green fluorescent protein (GFP)

2013 Martin Karplus, Michael Levitt and 
Arieh Warshel

Multiscale models for complex chemical 
systems (Quantum mechanics/molecular 
mechanics)
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Enzyme immobilization is a technique that converts a water-soluble enzyme 
into an insoluble form which can be easily recovered and reused. If properly 
designed, immobilization can enhance the applications of enzyme in many ways 
such as production of chemicals and pharmaceuticals, enzyme biosensor, etc. In 
the 1960s, several industrial technologies have been developed using immobilized 
enzymes, one example is the enzymatic isomerization of glucose to fructose for 
the production of high fructose corn syrup (HFCS). Clinton Corn Processing initi-
ated the commercial production of HFCS in 1974 using glucose isomerase immo-
bilized on an ion-exchange resin (Antrim et al. 1979). In 1976, the first continuous 
production process for HFCS was performed in Japan.

Generally, industrial enzymatic reactions before mid-1970s use substrates and 
products which are soluble in aqueous solutions. The production of cholestenone 
from cholesterol by Nocardia (NCIB 10554) in high proportions of water-immis-
cible solvent performed by Buckland et al. (1975) led to the third technological 
advance. Klibanov (1986) showed that enzymes can also function in organic sol-
vents. Since then, various enzymatic processes using organic solvents have been 
industrially set up (Table 1.3).

The next technological advancement is recombinant DNA technology. This 
technology together with protein engineering allows new and better enzyme vari-
ants to be quickly produced. Since around 1990, directed evolution has been used 
as a powerful tool for enzyme engineering. This method contributed a lot in the 
development of enzymatic processes for industrial applications to harness the 
capability of naturally occurring enzyme since in most cases, natural enzymes are 
not optimized for industrial reaction conditions.

Current issues and recent advances in enzyme engineering is the computa-
tional design. The computational design of enzyme is another method that has 
been developed around year 2000. This is accomplished using computer models 
to suggest sequences and structures that can work for the desired properties of the 
enzyme. Understanding the mechanism of enzymes in detail and the structure of 
functional enzyme can make enzyme technology jump one more step. At present, 
the study of enzymes is still one of the important issues to the scientific commu-
nity and to the industry sector in general. Artificial enzymes, catalytic antibody are 
examples of current issues in enzyme engineering. Recently, synthesis of ammo-
nia through enzymes was reported (Brown et al. 2016), which can be a break-
through of enzyme engineering in chemistry and chemical industry. Enzymes are 

Table 1.3   Industrial bioconversions of substrates which are poorly soluble in water

Process Enzyme Company Operating since

Fat interesterification Lipase Fuji Oil 1979

Ester hydrolysis Lipase Sumitomo 1988

Transesterification Lipase Unilever 1990

Aspartame synthesis Thermolysin DSM 1992

Acylation Lipase BASF 1996
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continuously utilized for many industrial applications including their recent usages 
in chemicals production as well as their traditional roles. Many challenging issues 
are still waiting.

1.1.2 � Enzyme Technology and Engineering

Enzyme technology is fundamental in biotechnology that the European Federation 
of Biotechnology defined: “Biotechnology is the integration of natural sciences 
and engineering sciences in order to achieve the application of organisms, cells, 
parts thereof and molecular analogs for products and services. In enzyme technol-
ogy, many products such as food, fine chemicals and pharmaceuticals have been 
and are being manufactured utilizing enzymes as biocatalysts. Aside from that, 
enzymes are applied for analytical and diagnostic purposes. They are also used 
in many fields including environmental remediation. In recent years, enzymes for 
chemical synthesis replacing petrochemicals and for carbon dioxide utilization are 
new topics in enzyme engineering society.”

Modern enzyme technology was started when it was shown that sugars can be 
obtained from starch using an alcohol precipitate of malt extract. The compound 
in the precipitate which can yield dextrins from starch was later called diastase. 
By the mid-nineteenth century, more enzymes were discovered including pepsin, 
invertase, and peroxidase.

After enzyme technology became established, enzymes as catalyst for 
industrial use were widely investigated. Taka-Diastase was patented for indus-
trial application: amylolytic enzyme produced by Aspergillus oryzae. Now 
enzymes are being utilized for various applications from pharmaceuticals to 
diagnostics.

Biotechnological processes use one or more enzymes as biocatalysts depending 
on the required process condition. Compared to fermentation processes, enzymatic 
catalysis with isolated or immobilized enzymes has the following advantages: 
(1) by-product formation is minimized by other enzymes in the cells, (2) no need 
for complex nutrients medium (e.g., carbon, nitrogen, and other nutrient sources 
essential for cell growth), and (3) smaller reactors can be used since higher pro-
ductivity can be obtained than with living cells. However, fermentation using liv-
ing cells are still suitable than isolated enzymes when several enzymes in series 
and cofactor regeneration are involved.

Enzymes are more selective than conventional chemical catalyst. High selectiv-
ity is one of the main advantages including reduced side reactions and thus easier 
separations. In addition, enzymatic catalysis can be carried out under mild reac-
tion conditions and it has, in many cases, high turnover numbers compared to the 
conventional chemical catalysis. Chemical catalysis is typically operated at much 
higher temperature and pressure.

However, there are also several issues associated with enzymatic catalysis for 
chemical synthesis: one of these is the difficulty for enzyme isolation. Enzymes 
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are inhibited by relatively low concentrations of end products, high temperature, 
extreme pH conditions, some metal ions, and solvents. In addition, some enzymes 
are still very expensive for industrial use and may require expensive cofactors for 
catalysis. Enzymatic catalysis tends to be too specific for general applicability. 
Table 1.4 summarizes the pros and cons of enzyme technology. Enzyme engineer-
ing is also widely used terminology covering traditional enzyme-related technol-
ogy and engineering of enzymes which is very critically important nowadays to 
enhance the applicability of enzymes.

1.1.3 � Classification of Enzymes

Approximately 5000 enzymes have been characterized so far, while more than 
300 enzymes are commercially available and supplied from enzyme manufactures. 
Depending on the reactions they catalyze, enzymes are grouped according to the 
report of the Nomenclature Committee of the International Union of Biochemistry 
(1984). The six distinct classes are shown in Table 1.5.

Enzymes are named by adding the suffix—ase to the name of their substrate. 
However, there are also enzymes that have been given names that do not denote 
their substrates such as pepsin and trypsin. To avoid ambiguities, International 
Union of Biochemistry (IUB) assigned each enzyme a name and a four-level 
number. The Enzyme Commission (EC) numbers divide enzymes into six main 
groups depending on the reactions they catalyze as shown in Table 1.5. For this 
EC number system, the first, second, third, and fourth number refers to the class 
of enzyme, subclass by the type of substrate or the bond cleaved, subclass by 
the electron acceptor of the type of group removed and serial number of enzyme 
found, respectively. For example, as shown in Fig. 1.1, glucose isomerase is EC 
5.3.1.5, also called xylose isomerase.

Some chemical reactions that are also catalyzed by enzymes are shown in 
Table 1.6. Alcohol dehydrogenase is also called aldehyde reductase. This 
enzyme acts on primary or secondary alcohols or hemi-acetals. Lipases can cat-
alyze transesterification and other reactions in organic solvent system includ-
ing esterification, amino lysis, acyl exchange, thiotransesterification, and 
oximolysis.

Table 1.4   Advantages and 
disadvantages of enzyme 
technology compared to 
chemical processes

Advantages Disadvantages

High degree of selectivity
Reactions at mild conditions

Expensive

Environmentally friendly Unstable

Catalyze broad spectrum of reactions Low productivities

Less by-products

Non-toxic and non-flammable
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Table 1.5   Classification of enzymes

No. Class Representative  
subclasses

Type of reaction Example

1 Oxido-
reductases

Oxidases, oxygenases, 
peroxidases, dehydro-
genases

Transfer of elec-
trons (oxidation 
and reduction)

–CH2OH ↔ –CH=O
–SH ↔ –S–S–
–CH2NO2 ↔ –CH = O

OH

OH

2 Transferases Glycosyltransferases, 
methyltransferases, 
transaldolases, tran-
sketolases, acultrans-
ferases, alkyltrans-
ferases, transaminases, 
sulfotransferases, 
phosphotransferases, 
nucleotidyltransferases

Group-transfer 
reaction

–CH3
–CH2OH
–CHO

3 Hydrolases Esterases, lipases, 
glycosidases, proteases, 
sulfatases, phos-
phalases, aminoac-
ylases, endo- and 
exo-nucleases, halohy-
drolases

Hydrolysis reac-
tions

–COOR ↔  
–COOH + ROH
–COSR ↔  
–COOH + RSH
–CONH2 ↔  
–COOH + NH3

4 Lyases Decarbosylases, 
aldolases, ketolases, 
hydratases, dehy-
dratases, polysaccharide 
lyases, ammonia lyases

Addition of 
groups to double 
bonds CH C OH C C + H2O

5 Isomerases Racemases, epimerases, 
isomerases

Transfer of 
groups within 
molecules to 
isomeric forms

Glucose ↔ fructose

CH
H2
C

COOH

CH2

H
C

COOH

6 Ligases Synthetases, carboxy-
lases

Formation of 
C–C, C–S, C–O 
and C–N bonds

COOH COOR

C

OH

C

NH2

Fig. 1.1   EC number system 
for glucose isomerase
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The quantification of enzymes is often difficult to determine in absolute terms 
such as grams, since the activity changes due to conformations and the environ-
ments such as temperature and pH. More relevant parameter is to express the 
enzyme activity in terms of the activity unit (U), which is defined as the amount 
which will catalyze the transformation of 1 µmole of the substrate per minute 
under standard conditions or optimum pH and temperature and in the presence 
of specific chemicals if required. Another parameter of interest is the specific 
activity (e.g., U kg−1) having some utility as an index of the enzyme purity.

1.2 � Industrial Application of Enzymes

Enzymes have numerous applications in food, medical, chemical, and pharmaceu-
tical industries. The industries have grown rapidly over the past decades and are 
expected to continue their growth. Table 1.7 shows the applications of biocatalysts 
and its production scale. For this enzymatic processes, various enzymes have been 
applied.

Table 1.6   Examples of enzyme-catalyzed reactions

aCOMT Catechol-o-methyltransferase

Reaction EC number Enzyme

Meerwein-Ponndorf-Verley reduction 1.1.1.1 Alcohol dehydrogenase

Baeyer-Villiger oxidation 1.14.13.22 BV monooxidase

Ether cleavage 1.14.16.5 Glyceryl etherase

Disproportionation 1.15.1.1 Superoxide dismutase

Etherification 2.1.1.6 COMTa

Transamination 2.6.1.x Transaminase

Oximolysis 3.1.1.3 Lipase

Aldol reaction 4.1.2.x Aldolase

Racemization 5.1.2.2 Mandelate racemase

Claisen rearrangement 5.4.99.5 Chorismate mutase

Table 1.7   Industrial application of enzymes and its production scale

Production scale Product Enzyme Company

>1,000,000 High-fructose corn syrup (HFSC) Glucose isomerase Various

>100,000 Lactose-free milk Lactase Various

>10,000 Acrylamide Nitrilase Nitto Co.

Cocoa butter Lipase (CRL) Fuji oil

>1000 Aspartame ® Thermolysin Tosoh/DSM

Nicotinamide Nitrilase Lonza

>100 Ampicillin Penicillin amidase DSM-Gist Brocades

(S)-methoxyisopropylamine Lipase BASF
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Biocatalysts in industries are generally used to produce their natural products 
and derivatives. Carbohydrates and fatty acid derivatives are mostly used in food 
industry, while other types of compounds are mostly applied in pharmaceutical 
and agro industries. Pharmaceutical sector especially dominates applications of 
biocatalysts (Straanthof et al. 2002).

As discussed above, enzymes are being applied in various fields from food, 
pharmaceuticals, chemicals, and other industrial applications. At present, more 
than 5000 enzymes are known. Approximately more than 200 microbial-origin 
enzymes are used commercially. Commercial enzyme production has grown 
during the past decades in response to increasing demands and application for 
enzymes. Table 1.8 shows the leading enzyme manufacturers. The enzyme 
manufacture is relatively concentrated on a few countries such as Denmark, 
Switzerland, Germany, Netherlands, USA, Japan, Russia, and Korea.

For more applications

Enzymes have been used from old days which resulted in more understanding in 
enzymes, increasing demand and applications. However, many researchers in 
academia and industry are still looking for more applications and better technol-
ogies. The relationship between structure and function has been extensively inves-
tigated, but still remains as one of the hottest current issues in enzyme engineering. 
Recently, CRISPER (Clustered Regularly Interspaced Short Palindromic Repeats)-
Cas system is widely investigated as a novel and powerful tool for studying gene 
regulation, gene expression, genome-wide screening after the introduction of DNA 
lyases long time ago and requires molecular understanding of the system to improve 
the specificity and other properties for further applications. With these backgrounds, 
activity and stability versus structure issues can find a solution for novel functions 
and applications. Since metabolic engineering can also contribute to the bio-based 
chemicals synthesis, enzyme engineering, and technology will play an important 
role as a key technology in metabolic engineering and systems biology. Also novel 
applications of current enzymes are also being considered as important issue. For 
example, in cosmetics industry, more natural and nontoxic ingredients are espe-
cially required, which can be obtained from natural products or enzymatic synthesis 
instead of chemical synthesis where by-products are in many cases formed.

Case Study: Enzymes in detergent industry

Enzymes have been used in detergent formulations since 1960s to overcome the 
eutrophication of water caused by phosphorus detergents. Proteases, amylases, 
lipases, and cellulases have been used to degrade protein, carbohydrate, and lipid 
stains on clothes. Using enzymes in detergent industry, energy can be saved by 
washing at lower temperatures with comparable efficiency with that at high tem-
perature and using traditional surfactants. In summary, enzymes in detergent 
industry have many advantages as follows:

–	 Lower cost since used at low detergent concentrations,
–	 Acceptable to environment: biodegradability and no harmful impact on sewage 

treatment processes;
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Table 1.8   Leading enzyme manufacturers

Company Location Established year Major products

Novozymes Bagsvaerd, Denmark 1921 Household care, food and 
beverage, bioenergy, feed 
and biopharmaceuticals

Dupont (Genencor) Delaware, USA 1982 Biofuels, food ingredients, 
animal nutrition, textiles 
and detergent

DSM Delft, the Netherlands 1952 Animal nutrition, food 
ingredients, personal care, 
pharmaceutical

Roche Grenzacherstrabe, Swit-
zerland

1896 Diagnostics, pharmaceu-
ticals

Amano Nagoya, Japan 1899 Pharmaceuticals, dietary 
supplement, biotransfor-
mation, diagnostics, food 
processing

BASF Luwigshafen, Germany 1865 Feed additives, pharmaceu-
ticals, detergents

KAO Tokyo, Japan 1882 Beauty care, health care, 
home care

AB Enzymes Feldbergstrasse, Germany 1907 Feed additives, food, 
textile, detergent, pulp and 
paper, biofuels

Verenium San Diego, USA 2007 Animal health and nutri-
tion, grain processing, 
oilfield services

Iogen Ontario, Canada 1970s Biofuels, pulp and paper, 
textile, grain processing 
and brewing, animal feed

Dyadic Florida, USA 1979 Food, brewing and animal 
feed enzymes, biofuels, 
pulp and paper, textile 
enzymes

Meiji Tokyo, Japan 1916 Food

Enmex Tlalnepantla, Mexico 1961 Alpha-amylase, alkaline 
protease

Nagase Osaka, Japan 1832 Pharmaceuticals, food, 
agriculture, household, 
textiles

Amicogen Jinju, Korea 2003 Functional food ingredients

InnoTech MSU Moscow, Russia 2009 Peroxidases, formate 
dehydrogenase, D-amino 
acid oxidase

SibEnzyme Novosibirsk, Russia 1991 Restriction enzymes, 
ligases, polymerases
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–	 Higher efficiency in stain removal,
–	 Less use of pollutants such as phosphate, bleach, and caustic.

The enzymes related to detergent have been traditionally isolated from nature, but 
nowadays are being engineered to provide better properties to meet the formula-
tion conditions and conditions of washing processes where high temperature and 
high pH conditions are sometimes required.

Further Discussion

1.	 What are the motivation and limit for the enzyme to be used in industry? How 
we can overcome the disadvantages of enzyme reaction compared to chemical 
catalysis and fermentation process?

2.	 Search the backgrounds and history of novel enzyme discovery such as enzyme 
for PCR and novel applications of the enzyme such as glucose isomerase.

3.	 What enzymes are being produced in leading enzyme producers? What are 
the main application areas for major enzymes produced by leading enzyme 
producers?

4.	 What properties are required for the enzyme to be used as detergent? Washings 
are being performed at low temperature or mild temperature depending upon 
the country and the pH for washing is not neutral.
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2.1 � Basic Enzyme Chemistry

2.1.1 � Amino Acids

An amino acid is a molecule that has the following formula:

The central carbon atom covalently bonded by amino, carboxyl, and R group 
in the structure is called the alpha carbon (Cα).The side chain R group, vary in 
chemical composition, size, and interaction with water as reflected in their polar-
ity. There are 20 standard amino acids used as common building blocks for pep-
tides and proteins. The properties and structures of the side chains of these 20 
naturally occurring amino acids are shown in Tables 2.1 and 2.2. Eight out of the 
20 standard amino acids are called essential amino acids because they cannot be 
synthesized in our body and must be supplied from outside as food. They are iso-
leucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and 
valine.

Amino acids are amphoteric compounds. They have both a carboxylic acid 
group and an amino group; so they function as either an acid or a base depending 
on the pH of the environment. These two functional groups undergo an intramo-
lecular acid base reaction to form a zwitterion (dipolar ion):

Chapter 2
Biosynthesis of Enzymes
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In the pH range near neutral the amino acid is in the dipolar ion form. In acidic 
solution, the carboxylate group becomes protonated and the amino acid is in its 
cationic form. At basic solution, the ammonium group gives up a proton and the 
amino acid exists as an anion:

Table 2.1   Name and properties of the 20 standard amino acids

Side 
chain

Name Abbrevia-
tion

Molecular 
weight

pKa of 
α-COOH

pKa of 
α-NH3

+
pKa of  
R group

pI

Nonpolar Glycine Gly or G 75.07 2.3 9.8 6.1

Alanine Ala or A 89.10 2.3 9.9 6.1

Valine Val or V 117.15 2.3 9.7 6.0

Leucine Leu or L 131.18 2.3 9.7 6.0

Isoleucine Ile or I 131.18 2.3 9.7 6.0

Methio-
nine

Met or M 149.21 2.1 9.3 5.7

Proline Pro or P 115.13 2.0 10.6 6.3

Phenylala-
nine

Phe or F 165.19 2.2 9.3 5.7

Trypto-
phan

Trp or W 204.23 2.5 9.4 5.9

Polar Serine Ser or S 105.10 2.2 9.2 5.7

Threonine Thr or T 119.12 2.1 9.1 5.6

Aspara-
gine

Asn or N 132.13 2.1 8.7 5.4

Glutamine Gln or Q 146.15 2.2 9.1 5.7

Tyrosine Tyr or Y 181.19 2.2 9.2 10.5 5.7

Cystine Cys or C 121.16 1.9 10.7 8.4 5.3

Acidic Aspartic 
Acid

Asp or D 133.11 2.0 9.9 3.9 3.0

Glutamic 
Acid

Glu or E 147.13 2.1 9.5 4.1 3.1

Basic Lysine Lys or K 146.19 2.2 9.1 10.5 9.8

Arginine Arg or R 174.20 1.8 9.0 12.5 10.8

Histidine His or H 155.16 1.8 9.3 6.0 7.6
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Table 2.2   Structures of the 20 standard amino acids

2.1  Basic Enzyme Chemistry
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The pH at which an amino acid has overall neutral charge due to an equal propor-
tion of negatively and positively charged groups is called the isoelectric point (pI).

2.1.2 � Nonstandard Amino Acids

In addition to the 20 standard amino acids, selenocysteine and pyrrolysine are 
now regarded as the twenty-first and twenty-second amino acids. Selenocysteine 
(Sec/U) is a cysteine analog but a selenium-containing selenol group instead of a 
thiol group which provides unique properties, such as lower pKa value (approxi-
mately 5.2) compared to that of cysteine (approximately 8.4) (Arnér 2010). On 
the other hand, pyrrolysine (Pyl/O) is an amino acid necessary for methanogen-
esis pathways (Krzycki 2013). Pyl contains a methylated pyrroline carboxylate in 
amide linkage to the ε-amino group of L-lysine (Hao et al. 2004).

Nonstandard amino acids are either found as minor components of some 
specialized type of proteins or through modifications of standard amino acids. 
4-hydroxyproline and 5-hydroxylysine are among those that are derived from one 
of the 20 natural amino acids and both are found in the fibrous protein collagen. 
Homocysteine is formed through the transsulfuration from cystein (Brosnan and 
Brosnan 2006). N-methyllysine is found in myosin, a muscle protein.

There are also amino acids that occur biologically in either free or combined 
form. Examples include ornithine and citrulline which are derivatives of arginine 
and serve as intermediates in the formation of urea, part of amino acid catabo-
lism (Curis et al. 2005). Aside from the derivatives of the α-amino acids found 
in proteins, some amino acids have their amino group in the β or γ position such 
as γ-aminobutyric acid (GABA) which serves as neurotransmitter and β-alanine 
which is an important precursor of the vitamin panthothenic acid. GABA is nowa-
days used as a starting substrates for bio-based chemicals. Examples of nonstand-
ard amino acids are shown in Table 2.3.

Table 2.3   Structures of nonstandard amino acids
Selenocysteine p-

Acetylphenylalanine
p-

Fluorophenylalanine 
L-DOPA

H2N

HSe

COOH

COOHH2N

O

COOHH2N

F

COOHH2N

HO

HO
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2.1.3 � Proteins

Amino acids can form amide bonds by condensation between carboxyl group and 
amino group as shown in Fig. 2.1. The amide bonds are specifically called the pep-
tide bonds.

If two amino acids are condensed, the product is called as dipeptide. When 
another amino acid condenses to this dipeptide, a tripeptide is formed. In this man-
ner, a chain of amino acids can be linked to make a polypeptide or a protein. On 
the basis of their physical characteristics, proteins can be classified into globu-
lar, fibrous, and membrane-bound classes. Globular proteins have polypeptide 
chains that are tightly folded into spherical shapes. They are soluble in aqueous 
systems and diffused readily. Fibrous proteins, on the other hand, are physically 
tough and water insoluble. The polypeptide chains in fibrous proteins are arranged 
in extended, parallel form along a single axis to give fiber structures. They func-
tion as structural or protective elements in the organism. The protein α-keratin for 
example is the major component of hair, feathers, nails, and skin. Another fibrous 
protein is collagen which is the major component of tendons.

Membrane proteins are also biologically important proteins. Within a cell and 
from cell to cell, membrane composition varies. Membrane proteins are found in 
a highly asymmetric environment which gives them unique properties. Outside 
the membrane is aqueous while the membrane interior is hydrophobic. Due to the 
two-dimensional surfaces of membrane proteins, they will concentrate or local-
ized cellular components that regulates the nature and directionality of cell signals. 
However, their structural information has been known on a relatively small num-
ber of membrane proteins since isolating and crystallizing them is difficult.

There are four levels of protein structure (see Fig. 2.2) which are organized 
hierarchically from so-called primary structure to quaternary structure. The pri-
mary structure is the amino acid sequence of the polypeptide. The polypeptide 
chain that results through condensation reactions of amino acids retains a charged 
amino group at one end of the chain, N-terminus, and a charged carboxylate at the 
other end, C-terminus. The individual amino acids in a protein are numbered start-
ing from the N-terminus.

Fig. 2.1   Formation of 
peptide bond

2.1  Basic Enzyme Chemistry
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Secondary structure of protein refers to local sub-structures. Alpha helix and 
the beta strand (or beta sheet) are the two main types of secondary structure. 
These secondary structures are formed through specific patterns of hydrogen 
bonds between the main-chain amide and carboxylate groups.

Tertiary structure is a three-dimensionally folded structure due to secondary 
structure elements and interactions between side chains of the amino acids.

An assembly of several polypeptide chains into one large protein molecule is 
called the quaternary structure. Hemoglobin was the first oligomeric protein for 
which the complete tertiary and quaternary structures were determined.

2.2 � Biosynthesis of Enzymes

2.2.1 � Biosynthesis Mechanisms

Enzyme biosynthesis can be classified into two types: the constitutive and the 
inducible. Enzyme that is produced at a constant rate is called constitutive 
enzyme. In contrast, inducible enzyme is expressed only under specific conditions 

Fig. 2.2   Levels of protein structure
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in which it can adapt to some environmental disturbance, thus its synthesis is not 
constant. One type of enzyme regulation is induction where enzyme expression 
is promoted by the presence of substrate or inducer. Contrary to the induction is 
repression where enzyme synthesis is suppressed by the presence of repressor 
molecules, for example intermediates or products of the enzyme reaction.

The foundation of enzyme production might be attributed to a genetic distur-
bance. The biosynthesis of an enzyme depends on (a) transcription of the genetic 
information from DNA or RNA into messenger RNA (mRNA) and (b) transla-
tion of the mRNA into polypeptide based on the genetic codon information in the 
mRNA. This is known as the operon model proposed by Jacob and Monod (1961).

The switching on and off for enzyme formation within a cell depends on the 
presence or absence of an effector molecule, which in turn is determined by the 
cell’s environment. Negative control and positive control are the two main control 
mechanisms for the enzyme regulation. Four models of the switch are shown in 
Fig. 2.3 (Toda 1981).

For negative control of enzyme synthesis, the repressor (or its precursor) 
attaches to an operator region (o) in the DNA by itself (R) or as a complex (Sr-
R) with an effector (Sr). This binding inhibits the transcription process, thus the 
reduced enzyme (E) synthesis.

Induction

Repression 

Fig. 2.3   Four types of enzyme regulation. Dashed lines indicate operator gene-repressor binding 
or promoter gene-activator binding. The bold arrows indicate the binding or the detachment of 
repressor or activator from the genes in the presence of an effector molecule. A activator; a gene 
of activator; E enzyme; e gene of enzyme; m and n stoichiometric constants; p promoter gene; R 
apo-repressor or repressor; r repressor gene; Si inducer; Sr co-repressor (Toda 1981)

2.2  Biosynthesis of Enzymes
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When an activator stimulates protein synthesis, this enzyme regulation is called 
positive control. The activator molecule (A) by itself or as a complex (Si-A) with 
an effector (Si) can bind on a promotor (p) in the DNA to enable transcription.

2.2.2 � Mathematical Modeling

The enzyme regulation can be described by assuming the binding equilibrium 
between effectors (denoted as Sr for the co-repressor and Si for the inducer), 
repressors (R and RSr

n) and the free operator gene (O) for the induction system 
(Toda 1981):

Total material balance for R and O gives

The enzyme biosynthesis rate (Q) or transcription rate is proportional to the ratio 
of free operator genes. For induction,

From Eq. 2.5 and for high concentration of inducer; Qi
∼= 1.0 which means full 

expression for enzyme biosynthesis.
However, for inducer concentration Si ∼= 0,

This means minimal expression of enzymes.
For the repression system

(2.1)R+ mSi ⇔
K1

Smi R K1 =

[

Smi R
]

[R][Si]
m

(2.2)R+ O⇔
K2

RO K2 =
[RO]

[O][R]

(2.3)[Rt] = [R]+
[

Smi R
]

(2.4)[Ot] = [O] + [OR]

(2.5)Qi =
[O]

[Ot]
=

1+ K1[Si]
m

1+ K1[Si]
m + K2[Rt]

(2.6)Qi
∼=

1

1+ K2[Rt]
�= 0

(2.7)R+ nSr ⇔
K1

RSnr K1 =

[

RSnr

]

[R][Sr]
n

(2.8)RSnr + O⇔
K2

ORSnr K2 =

[

ORSnr

]

[O]
[

RSnr

]
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Further Discussion

1.	 Explain how α-helix and β-sheet are formed. What are the roles of α-helix and 
β-sheet in enzyme structure and function? Helix might be used for flexible 
motion and sheet as rigid motion. Can we get new helix or sheet by changing 
one or more amino acids in helix or sheet, and how about the properties of the 
new helix or sheet?

2.	 How can nonstandard amino acids be incorporated into enzymes? What are the 
advantages that can be expected using nonstandard amino acids?

3.	 Induction and repression mechanism can be mathematically expressed in many 
ways. What are the advantages of expressing the mechanism mathematically 
and what applications?

4.	 Explain the induction mechanism and repression mechanism, respectively 
based on positive control mechanism.

5.	 Can we engineer inducible enzyme to constitutive enzyme? What could be the 
advantages and potential problems?
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3.1 � Sources and Screening of Enzymes

3.1.1 � Sources of Enzymes

The first step in enzyme production is the selection of the enzyme source. 
Enzymes can be derived from microorganisms through fermentation processes, 
as well as plant and animal sources. Table 3.1 presents industrially important 
enzymes and their sources.

Microorganisms are attractive sources of enzymes since they can be cultivated 
in a large scale (Fogarty 1983). Enzymes produced from microorganisms have, in 
many cases, better properties such as high stablity than enzymes from plant or ani-
mal sources. Identification of microorganisms that are suitable for the enzyme pro-
duction starts by screening a wide variety of generally recognized as safe (GRAS)  
organisms if possible. On the other hand, screening of microorganisms consider-
ing their growth condition can also be a possibility. Extremophiles are microbes 
that can live and reproduce in harsh environments. Class of microorganisms in 
terms of growth conditions and some of the available enzymes in the microorgan-
isms are shown in Table 3.2. Recent development in the applications of hyperther-
mophiles and their enzymes were reported (Atomi et al. 2011). There are many 
institutes where thermophilic and psychrophilic enzymes are being screened, and 
studied. One example is Exter Biocatalysis Center in University of Exter (United 
Kingdom).

Plants are not generally considered as sources of industrial enzymes since they 
are seasonal and the enzymes are intracellular, requiring additional processes to 
break the firm cell wall. However, despite these limitations, a number of enzymes 
from plant sources have been used in industry. For example, papain, cysteine pro-
tease can be obtained from the green fruit and leaves of the plant Carica papaya.

Chapter 3
Production of Enzymes
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Table 3.1   Industrially important enzymes and their sources

Enzyme Source Application

Derived from microbes

Proteases Bacillus amyloliquefaciens, 
B. subtilis, Aspergillus oryzae, 
Streptomyces spp.

Enzymatic hydrolysis of 
proteins

α-amylase Various bacilli and Aspergillus 
oryzae

Hydrolysis of starch

β-amylase Various bacilli, barley Degradation of starch

Glucoamylase Aspergillus niger, Rhizopus 
species

Starch hydrolyzed to glucose 
syrup.

Glucose isomerase Various bacilli, Streptomyces 
spp.

Glucose isomerized to fructose

Invertase Saccharomyces spp. Sucrose hydrolyzed to glucose 
and fructose

Penicillin acylase E. coli, various bacilli, Strepto-
myces spp.

Production of semisynthetic 
penicillins

Pectinases Aspergillus niger Enzymatic hydrolysis of pectin

Lipase Candida antarctica Hydrolysis of triglycerides

Derived from plants

Papain Carica papaya Meat tenderization

Bromelain Pineapple fruit/stem Chill proofing of beers

Actinidin Kiwi fruit Meat tenderization

Lipoxygenase Soybean Bread making and aroma 
production

Derived from animal sources

Chymosin (rennet) Stomach of calves Cheese manufacture

Ancrod Snake venom Anticoagulant

Urokinase Urine Thrombolytic

Trypsin Animal pancreas Digestive aid

Pancreatin (amylase, protease, 
lipase)

Pancreatic extract Digestive aid

Pepsin Stomach of animals Digestive aid

Acetyl-cholinesterase Bovine erythrocytes Analysis of organophosphorus 
compounds such as pesticides

Cholesterol esterase Porcine pancreas Detect serum cholesterol levels

Table 3.2   Classification of microbes in terms of growth condition

Microorganisms Growth condition Enzymes and other biomolecules

Thermophiles 50–110 °C Amylases, lipase, xylanases

Mesophiles 20–50 °C Almost all enzymes

Psychrophiles 1–20 °C Proteases, dehydrogenase

Alkaliphiles pH > 9 Cellulases, proteases

Halophiles 3–20% salts Compatible solutes, membranes
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Animal tissues and animal secretes are also a potential source of enzymes. 
Rennin, also known as chymosin, is one of the industrially important animal 
derived enzymes. Rennin, aspartic protease, obtained from the stomach or aboma-
sums of calves, is used for cheese production and as a digestive aid.

3.1.2 � Screening of Enzymes

Enzymes are essential since their catalytic power facilitates life processes. 
However, several factors have to be considered such as enzyme substrate specific-
ity, activity, selectivity, stability and recyclability to determine the usefulness of 
enzyme for biocatalysis. Enzyme activity, one of the most important properties, is 
affected by their structure and environment (see Fig. 3.1).

Nowadays, researches are geared toward modification of the enzyme to 
improve its catalytic potential for industrial use. Since the industrial application of 
enzymes depends on their activity, stability and cost; it is of great interest to engi-
neer enzymes (e.g., screen novel enzymes and find new functions of the enzymes) 
that satisfy producers and end users criteria. One of the most recent and efficient 
strategies to discover novel enzymes is to find microorganisms with their charac-
teristic diversity. Another strategy is the metagenome-based approach, the culture-
independent method using microbial genomic data (metagenome). The process 
consists of four main steps:

1.	 obtaining samples from environment,
2.	 isolation of DNA and manipulation of the genetic material,
3.	 construction of metagenomic library, and
4.	 screening of new function enzyme and sequencing of genetic material from the 

metagenomics library (Lorenz and Eck 2005).

Fig. 3.1   Factors affecting 
enzyme activity

Enzyme 
Activity

Cofactors

Inhibition

Stability / 
inactivation

Molecualr 
dynamics

Mechanism, 
Kinetics

3.1  Sources and Screening of Enzymes
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The followings are being considered for screening a microorganism for enzyme 
production: the microorganism should grow on cheap and readily available nutri-
ents, the enzyme is to be produced with high yield in a relatively short time, and 
the microorganism should be nonpathogenic (Cheetham 1987). A number of tech-
niques have been developed to obtain new enzymes. These include the following:

1.	 engineering at genetic level to mutate preexisting enzyme,
2.	 combining chemical and enzyme catalysts,
3.	 applying existing enzymes to novel unnatural substrate, and
4.	 use of different reaction conditions, such as solvent.

Examples of screening of novel enzymes

Traditional screening of novel enzyme is labor-intensive and time consuming. It 
was known that cephalosporin-synthesizing strain was screened from sewage in 
Sardinia, Italy. Acrylamide producing strain was screened from wastewater treat-
ment site in acrylonitrile plant in Japan. Once, strain for specific purpose was 
screened, then enzymes in the strain can be obtained. Only 1% of the microorgan-
ism in the world has been used for screening, which means there are huge poten-
tial in screening to find novel enzymes. There are many institutes in the world 
handling and doing collections of enzymes including extreme enzymes.

Thermophilic enzymes can be obtained from the thermophilic microorganisms 
which can be found from hot spring, submarine volcanic vents, etc. For example, 
DNA polymerase enzyme for PCR was found from hot spring in Yellow Stone in 
USA in 1968 and volcano in Italy in 1985. To obtain thermophilic enzyme, first 
thing to do is to grow the microorganism at elevated temperature and screen the 
enzyme later from the survived microorganisms.

Benzene-degrading enzymes can be found by microbial enrichment technique 
using samples from oil-refinery or petrochemical plant site. By growing the micro-
organisms using soil samples from such sites by increasing gradually the benzene 
concentration, benzene-degrading enzymes can then be obtained.

New techniques have been suggested to find new enzymes. By changing 
enzyme structure, specifically by changing amino acid sequence and by employ-
ing different amino acids, nonnatural enzymes can be generated. This kind of 
protein engineering can be used to find better enzymes. At present, two different 
approaches have been widely used independently or in combination to improve the 
enzymes, changing amino acid sequences of enzymes: rational design and directed 
evolution. Rational design uses the knowledge of enzyme’s structure-function rela-
tionship to modify the structure and improve the function. Directed evolution is 
similar to evolution and natural selection in the nature that random mutagenesis 
is introduced to an enzyme and the mutants with desirable properties are selected.

Sometimes, new unnatural substrates were found from existing enzymes: glu-
cose isomerase was obtained from xylose isomerase, after examining glucose 
instead of xylose as substrate.

Once the enzyme reaction is identified at the early development stage for com-
mercial application of enzyme, the first step is to find candidate enzymes using 
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protein data bases. Then, increase the activity and stability using directed evolu-
tion technology and/or rational design technology, followed by large-scale produc-
tion of the enzyme for real applications. The whole process in many cases takes 
around 6 months in industry.

3.2 � Production of Enzymes

3.2.1 � Media for Enzyme Production

There are various factors that influence a microorganism’s metabolism and the 
enzymes produced in the pathway. The media in which the microorganism is cul-
tured, for example, can affect the growth of microorganism and the production 
of enzymes. Culture conditions must be optimized for maximum production of 
microbial strains which in turn gives optimal production of the desired enzymes. 
Each microbial species grow at different rates with specificity to different sub-
strate in the culture medium. These growth conditions can influence the enzymatic 
activities.

Alpha-amylases are extracellular enzymes which randomly cleave the α-1,4 
glucosidic bonding of linear amylase and branching amylopectin. Bacterial 
α-amylases have been widely used in many industrial processes and can be pro-
duced by different microorganisms. An example of medium preparation for the 
bacterial amylase production is presented in Table 3.3 (Underkofler 1954).

Cellulase enzymes are becoming more important since they are recently 
applied for bioethanol production from lignocellulosic biomass. Cellulases can be 
produced using Trichoderma reesi. Ahamed and Vermette (2009) investigated the 
effects of fungal morphology on the cellulase productivity of Trichoderma reesi 
cultured in fed-batch bioreactor. The usage of a cellulose-yeast extract culture 
medium, as shown in Table 3.4 yielded the highest enzyme production.

Cheap carbon and nitrogen sources are very critical in industry to be competi-
tive in the market, while defined media is important in academia to find bottleneck 
or limiting component. For example, glycerol which can be obtained as by-product 

Table 3.3   Composition of 
medium for bacterial amylase 
production

Component Composition (%)

Ground soybean meal 1.85

Autolyzed brewers yeast fraction 1.50

Distiller’s dried soluble 0.76

Enzymatic casein hydrolysate 0.65

Lactose 4.75

MgSO4·7H2O 0.04

Antifoam 0.05

Water 90.40

3.1  Sources and Screening of Enzymes
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from biodiesel industry can be used nowadays as cheap carbon source for micro-
bial growth. Metabolic engineering should be thus incorporated if required for 
cheap media in industry.

3.2.2 � Fermentation Process

Enzyme production is still an important field of biotechnology. Patents and research 
articles are increasing in numbers and the sales for enzymes would be close to a 
billion of dollars annually. Fermentation processes for microbial production of 
enzymes can be carried out through solid state culture or using submerged culture 
of microorganisms. Most enzyme manufacturers have produced enzymes using 
submerged fermentation (SMF) techniques. Submerged fermentation is defined as 
fermentation in the presence of excess water. This fermentation technique offers 
better monitoring and control over the process parameters, such as temperature, pH, 
aeration, and dispersion for efficient growth. Another advantage will be the ease of 
handling and possible scale-up, thus almost all the large-scale enzyme producing 
facilities are using this technology. However, the titers of this technology are rela-
tively low. Product recovery cost is inversely proportional to product concentration 
in a fermentation broth, so the concentration in submerged fermentation must be 
optimized for a commercially feasible production of enzymes.

Solid state fermentation (SSF)  where the microorganisms are grown on mois-
tened solid substrate is still performed widely for cheap enzymes and where weather 
condition is good and labor is cheap. Microorganisms, such as fungi, yeast, some 
bacteria, or combinations of those can be used in SSF. The production of cheap 
glucoamylase and fungal spores for biocontrol can be produced by SSF (Ishida  
et al. 2000; de Vrije et al. 2001). SSF has many advantages over SMF in terms of 
simple operation, low capital investment, and low energy requirement. Agricultural 
wastes can be used as substrates without extensive pretreatment in SSF. However, 

Table 3.4   Cellulose-yeast 
extract medium

Component Composition (g/L)

Cellulose 10

Yeast extract 10

Glucose 10

(NH4)2SO4 1.4

KH2PO4 2

CaCl2·2H2O 0.4

MgSO4·7H2O 0.3

FeSO4·7H2O 0.005

CoCl2·6H2O 0.0037

MnSO4·H2O 0.0016

ZnSO4·7H2O 0.0014
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the development of SSF is slower than SMF since SSF has difficulties with process 
control and scale-up. Table 3.5 shows the difference between the two techniques.

3.2.3 � Separation and Purification of Enzymes

As a preliminary step, the enzymes must be extracted from their biological 
sources. See Fig. 3.2 for the extraction procedures. Each extraction or purification 
procedure entails an increase in production cost and consequently lowers enzyme 
yield. Specific enzyme activity can be increased by adding purification stages 
which require also additional cost.

Table 3.5   Different culture methods

Solid state fermentation Submerged fermentation

Requires much space for trays Uses compact and closed fermenters

Requires much labor Requires minimum of labor

Little power requirement Needs power for air compressors and agitators

Minimum control is necessary Requires control of culture condition

Not much separation for applications Various separation technology is required

Fig. 3.2   Preparation of enzymes

3.2  Production of Enzymes
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From the biological source, the enzyme protein content should be high in 
order to ease the downstream processes. Another important factor to consider is 
enzyme activity. Maximum activity should be retained during the preparation of 
the enzymes. Heat, proteolysis, pH, oxidation and loss of cofactors are among the 
factors that lower the enzyme activity. The most significant thing among these fac-
tors is probably the heat inactivation especially if insufficient cooling is available 
during extraction and purification. Microbial contamination with proteases is also 
another reason for enzyme inactivation. Proteolysis by protease can be occured in 
the early stage of enzyme extraction since the proteases for enzyme degradation 
are still present.

Enzymes that are produced extracellularly are sometimes used without isola-
tion and purification. On the other hand, cell disruption is required for the intra-
cellular enzymes be released from the cells into the solution before purification. 
Solid-liquid separation is required for cell mass separation and later cell debris 
separation after breaking the cell. Cell disruption is needed to excrete intracellu-
lar enzymes. It involves giving shear forces to cells or adding chemicals for cell 
lysis. For shear forces, the degree of energy required to break the cells depends on 
the organism. Intracellular enzymes may contain nucleic acids, which can interfere 
enzyme purification procedures due to an increase in viscosity. Nucleic acids must 
be removed by the addition of nucleases or by precipitation. However, precipitat-
ing nucleic acid using ammonium sulfate can also remove some valuable protein at 
the same time. Ammonium sulfate as precipitating agent is widely used because of 
its high solubility, cheap price, lack of toxicity to enzymes. Enzyme preparations 
that have been concentrated can be further purified by chromatography. Table 3.6 
shows the downstream processes for the separation and purification of enzymes.

Case Study: Expression and purification of Lipase A (Pfeffer et al. 2006)

Lipases from microorganisms have many industrial applications. Two lipases, 
lipase A and lipase B can be obtained from Candida antarctica. Candida antarc-
tica lipase B (CALB) is well characterized. Candida antarctica lipase A (CALA) 
on the other hand has fewer available data but it has a big potential for industrial 
applications. CALA might be useful for the conversion of highly branched sub-
strates that cannot be hydrolyzed by other lipases. The study was undertaken to 
characterize lipase A from C. antarctica which is expressed in the methylotrophic 
yeast P. pastoris. Figure 3.3 shows the methodology taken to obtain the desired 
enzyme product.

Two different fermentation methods were used: fed-batch and semi-continuous 
culture. The yield and other parameters are shown in Table 3.7. The protein con-
centration and the specific activity in the harvested culture supernatant were higher 
in the fed-batch process. However, the total activity of the purified CALA from 
the semi-continuous process was higher than in the fed-batch process. CALA has 
maximal activity at approximately 50 °C and about pH 7.0.
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Table 3.6   Example of downstream processes for enzyme separation and purification

Methods Description

Solid–liquid separation

Centrifugation Separates on the basis of the particle size and density differ-
ence between the liquid and solid phases
Efficiency depends on the solids volume fraction, the effective 
clarifying surface

Filtration Separates on the basis of particle size
Efficiency is limited by the shape and compressibility of the 
particles, the viscosity of the liquid phase and the maximum 
allowable pressures

Cell disruption

Ultrasonic cell disruption Utilizes the sinusoidal movement of a probe with in the liquid
Noise problem in lab and good for lab scale operation

Bead mills Cell suspensions are agitated in the presence of glass or steel 
beads
Cells are broken by the high shear gradients and collision with 
the beads

High-pressure homogenizer Main disruptive factor is the pressure applied and consequent 
pressure drop across the valve

Lytic method Enzymatic lysis has been used widely on the laboratory scale
Lysis by acid, alkali, surfactant, and solvents can be effective 
in releasing enzymes, provided that the enzymes are suffi-
ciently robust

Concentration

Precipitation Cheap method and first step in the purification of enzymes
Increasing the ionic strength of the solution that causes a suf-
ficient reduction in the repulsive effect of like charges between 
identical molecules of a protein and the forces holding the 
solvation shell around the protein for it to be precipitated

Ion-exchange chromatography Positively charged (e.g., pH below isoelectric point) enzymes 
bind to cation exchangers
Negatively charged (e.g., pH above isoelectric point) enzymes 
bind to anion exchangers
The binding strength is determined by the pH and ionic 
strength of the solution and the structures of the enzyme and 
ion-exchanger

Affinity chromatography Separates enzymes on the basis of a reversible interaction 
between the enzyme and a specific ligand immobilized to a 
chromatography matrix
High selectivity and capacity for the protein of interest

Gel exclusion chromatography Separates enzymes in the basis of their molecular size and 
shape
The larger the molecule the more difficult for it to pass 
through and penetrate the beads

3.2  Production of Enzymes
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Table 3.7   Overview of the results obtained with different lipase A expression strategies of and 
the subsequent purification of the enzyme (Pfeffer et al., 2006)

Parameter Shake flasks Fed-batch fermentation Semi-continuous fermenta-
tion

Processing time (days) 5 12 15

Protein concentration 
(supernatant) (g/L)

0.6 3.1 3.0

Specific activity (superna-
tant) (U/mg)

215 653 380

Specific activity (after 
purification) (U/mg)

– 2, 033 –

Total activity (U) 12,900 7, 530,000 10,233,000

Fig. 3.3   Experimental methods for the expression and purification of CALA
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Further Discussion

1.	 One of the popular enzyme is horseradish peroxidase (HRP) from plant. What 
kinds of plants? How to extract the enzyme and what applications?

2.	 Are the enzymes in thermophilic microorganisms also thermophilic?
3.	 What are the characteristics of thermophilic enzymes and psychrophilic 

enzymes compared to mesophilic enzymes? What principles can we apply to 
engineer mesophilic enzyme to thermophilic or psychrophilic enzyme?

4.	 How can we synthesize enzymes in vitro using the information on amino acid 
sequence?
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4.1 � Michaelis–Menten Kinetics

4.1.1 � Kinetics

Since enzyme reaction, in many cases, follows first-order kinetics at low sub-
strate concentration, and zero-order kinetics at high substrate concentra-
tion, simple enzyme reaction mechanism was suggested. During the course of 
enzyme, enzymes form a complex with the substrate. The mechanism is called as 
Michaelis–Menten kinetics for one-substrate reaction (Fig. 4.1).

The reaction sequence can be presented for one-substrate reaction as

where k1, k−1, and k2 are the respective rate constants.
The product formation rate, υ, is given as

The rate of the enzyme–substrate complex [ES] formation is

Enzyme balance is

enzyme+ substrate
K
↔ (enzyme− substrate complex)

k
→ enzyme+ product

(4.1)E + S
k1

←→
k−1

ES
k2
→E + P,

(4.2)υ =
d[P]

dt
= k2[ES].

(4.3)
d[ES]

dt
= k1[E][S]− (k−1 + k2)[ES].

Chapter 4
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Thus

Assuming that the reaction is under quasi steady-state condition which means the 
rate of formation of ES equals its rate of disappearance by product formation and 
reverse reaction to substrate, such as

From Eqs. 4.2 to 4.6, Michaelis–Menten equation is derived

where Km is the Michaelis constant and Vmax is the maximum rate of reaction.

4.1.2 � Physical Meaning

Km corresponds to the substrate concentration for half the enzyme molecules to 
bind to the substrate, therefore causing the reaction to proceed at half its maximum 
rate. Km changes depending upon substrate. Low Km value means binding affinity 
of the substrate to the enzyme is strong. For example, Km for hexokinase enzyme; 
for glucose Km = 0.05 mM, and for fructose Km = 1.5 mM, which means that the 
enzyme reaction rate reaches its maximum with less amount of glucose compared 
to the case of fructose.

k2 is often preferably substituted with kcat. kcat known as turnover number 
means the maximum number of substrate molecules that the enzyme can turnover 
to product in a set time. The ratio kcat/Km, known as catalytic efficiency, shows 
that the relative rate of reaction at low substrate concentration can be also inter-
preted as the utilization of different substrates for an enzyme.

(4.4)[E0] = [E]+ [ES].

(4.5)
d[ES]

dt
= k1([E0]− [ES])[S]− (k−1 + k2)[ES].

(4.6)d(ES)/dt = 0.

(4.7)υ =
k2[E0][S]

k2+k−1

k1
+ [S]

=
Vmax[S]

Km + [S]
,

Fig. 4.1   Experimental 
observation of enzyme 
reaction rate
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4.1.3 � Parameter Estimation

For enzymes to be used most efficiently, it is important to know the characteris-
tics of enzymes. The kinetic parameters Vmax, Km, and kcat/Km should be therefore 
known. There are two approaches to this determination: the initial rates of reaction 
(differential method) or the reaction progress curve (integral method).

Equation 4.7 can be linearized in double-reciprocal form given as

Plotting 1/υ versus 1/[S] will give a linear line with a slope of Km/Vmax and y-axis 
intercept of 1/Vmax, as shown in Fig. 4.2, which is called as Lineweaver–Burk plot. 
Other plots, such as Eadie–Hostee plot and Haues–Woolf plot, can be used for 
Michaelis–Menten kinetics.

Alternatively, the time course of variation of [S] in an enzyme reaction can be 
determined from

By integration, using the boundary condition that at time zero substrate concentra-
tion is [S0], it yields

Equation 4.10 is a form t = a + bx1 + cx2, and the constants a, b, and c can be 
obtained using least-squares method. From the constants, kinetic parameters can 
be also obtained. The parameter values of the equation can be used to predict the 
time for the substrate concentration reaches [S] from [S0] and for the design and 
optimization of the reactor (Table 4.1).

(4.8)
1

υ
=

1

Vmax
+

Km

Vmax

1

[S]
.

(4.9)υ = −
d[S]

dt
=

Vmax[S]

Km + [S]

(4.10)t =
Km

Vmax
ln

[S0]

[S]
+

1

Vmax
([S0]− [S]).

Fig. 4.2   Lineweaver–Burk 
plot

4.1  Michaelis–Menten Kinetics
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4.2 � Other Enzyme Kinetics

4.2.1 � Inhibition Kinetics

Inhibited Enzyme Reaction Kinetics. Enzyme inhibitors are compounds that 
reduce an enzyme reaction rate. The loss of enzyme activity may be reversible or 
irreversible. Reversible inhibitors dissociate more easily from the enzyme after 
binding to the enzyme through which the activity can be recovered. However, irre-
versible inhibitors (e.g., mercury and lead) can bind strongly to the amino acid 
backbone of the enzyme causing time-dependent loss of enzyme activity. There 
are three types of inhibitions—competitive, noncompetitive, and uncompetitive.

Competitive inhibition. Inhibitors compete with the substrate for the active site 
of the enzyme. The reaction involving competitive inhibitors can be modeled by 
the scheme

Assuming rapid equilibrium and with definition of

(4.11)

(4.12)

Km =
[E][S]

[ES]
, KI =

[E][I]

[ES]

[E0] = [E]+ [ES]+ [EI], υ = k2[ES].

Table 4.1   Example of kcat and Km for enzyme–substrate pairs

Enzyme Species Substrate kcat Km

Alcohol dehydrogenase Aeropyrum pernix Ethanol 0.233 13.7

Alcohol dehydrogenase Aeropyrum pernix 1-Butanol 0.411 0.596

Alcohol dehydrogenase Aeropyrum pernix 1-Hexanol 0.368 0.147

Alcohol dehydrogenase Oenococcus oeni Ethanol 5.2 10.4

Triose-phosphate 
isomerase

Gallus gallus D-glyceraldehyde 
3-phosphate

3190 0.29

Triose-phosphate 
isomerase

Gallus gallus Dihydroxyacetone 
phosphate

563 0.97

Triose-phosphate 
isomerase

Saccharomyces cerevi-
siae

D-glyceraldehyde 
3-phosphate

8700 1.5

Triose-phosphate 
isomerase

Saccharomyces cerevi-
siae

Dihydroxyacetone 
phosphate

1725 2.3

Carboxylesterase Ferroplasma acidiphilum 4-Nitrophenyl butyrate 55 0.32

Carboxylesterase Ferroplasma acidiphilum 4-Nitrophenyl acetate 13 0.73

Carboxylesterase Sulfolobus solfataricus 4-Nitrophenyl butyrate 4.7 0.93

Carboxylesterase Sulfolobus solfataricus 4-Nitrophenyl caprylate 1.8 0.028
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The following equation for the enzyme reaction rate can be developed:

Equation 4.13 can be linearized in double-reciprocal form given as

Compared to the double reciprocal of the Michaelis–Menten and Fig. 4.2, the 
y-intercept remains the same but the slope changes by the factor of 

(

1+
[I}
KI

)

 
(Fig. 4.3).

A similar effect is observed when different substrates coexist, as often found in 
industrial conversions. The reaction involved with two coexisting substrates each 
leading to a different product is shown by the following scheme:

The substrates compete for the same catalytic site and thus they behave as com-
petitive inhibitors of each other’s reaction. The P1 formation rate is given by

and the P2 formation rate is given by

(4.13)υ =
Vmax[S]

Km

(

1+ [I]
KI

)

+ [S]
.

(4.14)1

υ
=

1

Vmax
+

Km

(

1+
[I}
KI

)

Vmax

1

[S]

(4.15)

(4.16)υ1 =
Vmax1[S1]

Km1

(

1+ [S2]
Km2

)

+ [S1]
,

(4.17)υ2 =
Vmax2[S2]

Km2

(

1+ [S1]
Km1

)

+ [S2]
.

Fig. 4.3   Double-reciprocal 
plot for competitive inhibition

4.2  Other Enzyme Kinetics
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Noncompetitive inhibition. Inhibitors are not substrate analogs. These inhibitors 
attach on sites of other than the active site but decrease the enzyme’s affinity to the 
substrate. The scheme for noncompetitive inhibitions is described as follows:

With the definition of

The rate equation will be

Uncompetitive inhibition. Inhibitors bind to the ES complex not to the enzyme 
itself. Uncompetitive inhibition can be described as follows:

With the definition of

The rate equation will be

Equation 4.25 can be linearized in double-reciprocal form given as

(4.18)

(4.19)K ′
m =

[E][S]

[ES]
=

[EI][S]

[ESI]
, KI =

[E][I]

[EI]
=

[ES][I]

[ESI]

(4.20)[E0] = [E]+ [ES]+ [EI]+ [ESI], υ = k2[ES].

(4.21)υ =
Vmax

(

1+ [I]
KI

)(

1+
K ′
m

[S]

) .

(4.22)

(4.23)K ′
m =

[E][S]

[ES]
, KI =

[ES][I]

[ESI]

(4.24)[E0] = [E]+ [ES]+ [ESI], υ = k2[ES].

(4.25)

υ =

Vmax
(

1+ [I]
KI

) [S]

K ′
m

(

1+ [I]
KI

) + [S]

=
Vmax[S]

K ′
m +

(

1+ [I]
KI

)

[S]
.
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Compared to the double-reciprocal plot of Michaelis–Menten equation and 
Fig. 4.2, the slope remains the same but the y-intercept changes depending upon 
[I] by the factor of 

(

1+ [I]
KI

)

. (Fig. 4.4).
Substrate inhibition kinetics. Another case of uncompetitive inhibition is sub-

strate inhibition. This inhibition is usually observed at high concentrations of spe-
cific substrates. The substrate can bind to the enzyme–substrate complex which 
results in inactive complex and a decreased reaction rate.

The rate equation when substrate inhibition occurs will be

Vmax exists when [S] =
√
KsKm (Fig. 4.5).

4.2.2 � Other Kinetics

Reversible Reaction Kinetics. The reaction of glucose to fructose, catalyzed by 
glucose isomerase, follows reversible enzymatic reaction. This reversible reac-
tion can be represented by the following scheme: enzyme–substrate complex 

(4.26)
1

υ
=

1

Vmax

(

1+
[I]

KI

)

+
K ′
m

Vmax

1

[S]
.

(4.27)

(4.28)υ =
Vmax[S]

Km + [S]
(

1+ [S]
KS

) .

Fig. 4.4   Double-reciprocal 
plot for uncompetitive 
inhibition

4.2  Other Enzyme Kinetics
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formation, conversion to enzyme–product complex and then desorption of the 
product:

The total enzyme concentration remains constant thus

Following equations can be obtained for the intermediates ES and EP with the 
quasi steady-state assumption:

The rate of reaction may be denoted by

Substituting from Eqs. 4.31 and 4.32 yields

where a = k1k2k3[E0], b = k−2k−3[E0], c = (k−1k−2 + k−1k3 + k2k3), 
d = (k1k2 + k1k−2 + k1k3), e = (k1k2 + k1k−2 + k1k3).

Bisubstrate Reaction Kinetics. Many enzyme reactions involve two or more 
substrates. Examples are hydrolases (e.g., lipases) that utilize oil, alcohol, and 

(4.29)E + S
k1

←→
k−1

ES
k2

←→
k−2

EP
k3

←→
k−3

E + P.

(4.30)[E0] = [E]+ [ES]+ [EP].

(4.31)

[ES] =
(k1k−2 + k1k3)[E0][S]+ k−2k−3[E0][P]

(k−1k−2 + k−1k3 + k2k3)+ (k1k2 + k1k−2 + k1k3)[S]+ (k−1k−3 + k2k−3 + k−2k−3)[P]

(4.32)

[EP] =
k1k2[E0][S]+ (k−1k−3 + k2k−3)[E0][P]

(k−1k−2 + k−1k3 + k2k3)+ (k1k2 + k1k−2 + k1k3)[S]+ (k−1k−3 + k2k−3 + k−2k−3)[P]
.

(4.33)υ =
d[P]

dt
= k2[ES]− k−2[EP].

(4.34)

υ =
k1k2k3[E0][S]− k−2k−3[E0][P]

(k−1k−2 + k−1k3 + k2k3)+ (k1k2 + k1k−2 + k1k3)[S]+ (k−1k−3 + k2k−3 + k−2k−3)[P]

=
a(S)− b(P)

c+ d(S)+ e(P)
,

Fig. 4.5   Substrate inhibition 
kinetics curve
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water for esterification or transesterification reactions. Peptidases also require two 
substrates as well as lyases.

Ordered sequential Bi Bi mechanism. This mechanism is analyzed by considering 
an addition of two substrates (A and B) and the release of two products (P and Q):

The EAB and EPQ complexes can be lumped together as EXY:

With the quasi steady-state assumption, the following equation can be derived:

Overall reaction rate can be obtained using above equations. These equations can 
be solved in several ways and be used.

Ping Pong Mechanism. In this mechanism, the first step of a cascade of reac-
tion is carried out and the product is released before the substrate of the second 
step can bind. As shown in the scheme below, a free enzyme E and the first sub-
strate, A, bind and undergo the first reaction. Product release results in a modified 
enzyme F which binds to the second substrate B for the second reaction. When the 
second product Q is released, the enzyme is recycled back to the E form. The first 
binary complexes EA and FP and the second binary complexes FB and EQ are 
lumped and represented as EX and FY, respectively.

(4.35)A+ B+ E
k1

←→
k−1

EA+ B
k2

←→
k−2

EAB
k3

←→
k−3

EPQ
k4

←→
k−4

P + EQ
k5

←→
k−5

E + Q.

(4.36)

A+ B+ E
k1

←→
k−1

EA+ B
k2

←→
k−2

EAB
k3

←→
k−3

EPQ

EXY

k4
←→
k−4

P + EQ
k5

←→
k−5

E + Q

(4.37)[E0] = [E]+ [EA]+ [EXY ]+ [EQ]

(4.38)
d[EA]

dt
= k1[E][A]+ k−2[EXY ]− k−1[EA]− k2[EA][B] = 0

(4.39)
d[EXY ]

dt
= k2[EA][B]+ k−4[EQ][P]− (k−2 + k4)[EXY ] = 0

(4.40)
d[EQ]

dt
= k4[EXY ]+ k−5[E][Q]− k−4[EQ][P]− k5[EQ] = 0.

(4.41)
A + E = F + P

F + B = E + Q

Overall reaction is  A + B = P + Q

4.2  Other Enzyme Kinetics
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Derivation gives the following equations for the following enzyme forms:

Since [P] and [Q] are zero at the initial condition, this reaction can be expressed as

where

Applications
The kinetic equations can be used to discriminate the kinetics or to find the reac-

tion mechanism and for the design and optimization of the enzyme reactor system. 
Series enzymatic reactions are widely found in living cells as well as single-step reac-
tions. The whole enzymatic reaction is regulated by feedback inhibition mode, where 
the product from last reaction step regulates the enzyme of the first reaction step. Also 
product inhibitions are widely found in many enzymatic reactions, which means that 
if product concentration is high enough, the enzyme reaction is then no more neces-
sary in living cells. However, for industrial and economic applications, product inhibi-
tion should be minimized to obtain high product concentration. For this purpose many 
approaches have been suggested so far, such as engineering the enzymes to reduce the 
inhibition by changing the site of the enzyme where the product affects or binds, and 
in situ removal of the product or adopting efficient bioreactors. For refined practice, 
mathematical modeling of the reaction scheme is required.

4.2.3 � pH Optimum of Enzymes

The reaction rate is affected by temperature, pH, and other environmental factors. 
Enzyme reaction rate generally increases as the reaction temperature increases 

(4.42)[E] = k3k4(k−1 + k2)[B]+ k−1k−2(k−3 + k4)[P]

(4.43)[EX] = k1k3k4[A][B]+ k1k−2(k−3 + k4)[A][P]+ k−2k−3k−4[P][Q]

(4.44)[F] = k1k2(k−3 + k4)[A]+ k−3k−4(k−1 + k2)[Q]

(4.45)[FY ] = k1k2k3[A][B]+ k3k−4(k−1 + k2)[B][Q]+ k−1k−2k−4[P][Q].

(4.46)υ =
Vmax

1+ Ka

[A]
+

Kb

[B]

,

(4.47)Vmax =
k2k4[E0]

k2 + k4

(4.48)Ka =
k−4(k−1 + k2)

k1(k2 + k4)

(4.49)Kb =
k2(k−3 + k4)

k3(k2 + k4)
.
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until denaturation of the enzyme, where irreversible structural change in active 
site occurs. Also pH affects the enzyme reaction rate and pH optimum is usually 
observed, where highest reaction rate occurs.

Use of enzymes for industrial applications often requires harsh conditions of 
extreme pH. Some enzymes working in alkaline or acidic conditions have been 
utilized in a variety of applications (Table 4.2). However, most enzymes in nature 
have their maximum activity in around neutral pH conditions. Therefore, improve-
ment of enzyme function by controlling the pH dependence of enzymatic catalysis 
is of importance for industrial application of enzymes.

The change of pH in the reaction solution shifts the equilibrium concentrations 
of the protonated and deprotonated states of the titratable residues. This modifi-
cation changes the average charge of the residues. Electrostatic interactions are 
the primary factors upon which pH-related phenomena are dependent. Ionizable 
residues play key roles in enzymatic catalysis. The enzyme-mediated catalysis 
results from the ability of ionizable groups to function as nucleophilic, electro-
philic, or general acid–base catalysts. The pH-dependent activity is closely related 
to the pKa values of key ionizable groups within its active site (Neves-Petersen 
et al. 2001). It is important to define the factors that determine the pKa values of 
the catalytic groups, upon which optimum pH of enzymes sets. Understanding of 
the factors is also helpful for the engineering of enzymes with tailored pH optima. 
Ionizable groups in proteins are necessary for catalysis and most biological energy 
transduction. During the catalytic cycle, the internal ionizable groups undergo var-
ious microenvironments, thus variable pKa values and charged states (Rastogi and 
Girvin 1999). In highly polar microenvironments, most ionizable groups will be 
charged. In less polar microenvironments, neutral forms will be favored. In this 
case, the pKa values of acidic groups will tend to be higher than usual (Dwyer  
et al. 2000; Karp et al. 2007), while basic groups have lower pKa than the normal 
values (Fitch et al. 2002):

Table 4.2   Application of acidic and alkaline enzymes

Enzymes Application

Alkaline protease Detergent, dehairing, silk degumming, photographic gelatin hydrolysis to 
recover silver, feed, leather, baking, brewing, cosmetic, pharmaceuticals

Alkaline xyla-
nase

Pulp bleaching, detergent, fuel alcohol production

Acidic xylanase Food and feed

Acidic phytase Feed

Acidic amylase Glucose and fructose production

Alkaline amylase Detergent

Alkaline lipase Detergent, oleochemical

Acidic lipase Food, flavor, acid bating of fur and wool, enzyme therapy

Alkaline cel-
lulose

Pulp and paper industry

Acidic cellulose Deinking (paper recycling)

4.2  Other Enzyme Kinetics
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where pK1 and pK2 are pK values of the main catalytic residues.
For obtaining various pH-optimum enzymes, screening from nature, screen-

ing using metagenomics, and engineering of enzymes are required. In the case 
of engineering enzymes for different pH optimums, understanding of pK value is 
essential.

Further Discussion

1.	 For reversible enzyme reaction, S↔P, how is equilibrium concentration deter-
mined? How can equilibrium concentration be changed?

2.	 Can we engineer the enzyme to increase kcat value?
3.	 Can we engineer the enzyme to change Km value for higher catalytic 

efficiency?
4.	 For alcohol dehydrogenase enzyme in Table 4.1, calculate catalytic efficiencies 

for different substrates and discuss the meaning of the result.
5.	 For inhibition kinetics (substrate, product), can we engineer the enzyme or 

enzyme reaction system to reduce the inhibition of the enzyme?
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Enzymes such as oxidoreductases and transferases are able to catalyze industrially 
useful reactions. However, these enzymes are often cofactor dependent. Cofactors 
are relatively low molecular weight compounds that are required for the enzymatic 
reactions. Examples of cofactors, as shown in Table 5.1, are several organic com-
pounds, ATP, FAD, coenzyme A or the nicotinamide cofactors such as NAD(H) ,  
and NADP(H) . Among cofactors, NAD(H) , and NADP(H) have been investi-
gated extensively in recent years for applications to the synthesis of chemicals. 
Cofactors, since they act as stoichiometric agents in the enzyme reactions, react 
with substrates. Since these cofactors are often very expensive to be used as stoi-
chiometric agents, efficient in situ regeneration of the reacted cofactors is required 
in industry (Figs. 5.1 and 5.2).

Methods for the regeneration of nicotinamide cofactors includes: enzymatic, 
chemical, photochemical, or electrochemical. Enzymatic methods can be either 
through one enzyme utilizing both the reduced and oxidized forms of a cofactor 
via coupling the desired product synthesis with cofactor regeneration reaction, as 
in Fig. 5.3a, or through two enzymes each working on the product synthesis and 
on the cofactor regeneration as in Fig. 5.3b.

Several requirements such as (1) practical and inexpensive process, (2) stable 
regeneration system, (3) easy separation of product, and (4) negligible byproduct 
formation, are to be considered to develop an efficient regeneration system.

5.1 � Regeneration of Reduced Nicotinamide Cofactors

5.1.1 � Enzymatic Method

Several enzymes are known to catalyze the regeneration of reduced nicotinamide 
cofactors. The important ones are given in Table 5.2.

Chapter 5
Regeneration of Cofactors

© Springer Science+Business Media B.V. 2017 
Y.J. Yoo et al., Fundamentals of Enzyme Engineering,  
DOI 10.1007/978-94-024-1026-6_5
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Formate Dehydrogenase. Formate dehydrogenase (FDH) oxidizes formate 
to carbon dioxide and reduces NAD to NADH simultaneously. Carbon dioxide 
formed as a byproduct is chemically inert and can be emitted directly to the envi-
ronment. Formate is cheap and commercially available as well as being innocu-
ous towards most enzymes. Furthermore, the irreversibility of the reaction offers a 
major advantage for this enzyme for commercial uses (Fig. 5.4, Table 5.3).

Glucose dehydrogenases. Yun et al. (2003) investigated the synthesis of enan-
tiomerically pure (R)-1-phenylethanol and (R)-α-methylbenzylamine from racemic 
α-methylbenzylamine using glucose dehydrogenase (GDH)  for NADH regen-
eration. ω-Transaminase from Vibrio fluvialis SH1 and alcohol dehydrogenase 
(ADH) from Lactobacillus kefir were used for conversion in combination with 

Table 5.1   Examples of cofactors and their regeneration methods (Zhao and van der Donk 2003)

Cofactor Reaction type Representative regeneration method

NAD Removal of hydrogen Glutamate dehydrogenase with 
α-ketoglutarate

NADH Addition of hydrogen Formate dehydrogenase with formate

NADP Removal of hydrogen Glutamate dehydrogenase with 
α-ketoglutarate

NADPH Addition of hydrogen Glucose dehydrogenase with glucose

ATP Phosphoryl transfer Acetate kinase with acetyl phosphate

Sugar nucleotides Glycosyl transfer Bacterial coupling

CoA Acyl transfer Phosphotransacetylase with acyl 
phosphate

PAPS Sulfuryl transfer Aryl sulfotransferase IV with p-nitro-
phenyl sulfate

S-Adenosyl methionine Methyl transfer No demonstrated method

Flavins Oxygenation Self-regeneration

Pyridoxal phosphate Transamination Self-regeneration

Biotin Carboxylation Self-regeneration

Metal porphyrin com-
plexes

Peroxidation, oxygena-
tion

Self-regeneration

Fig. 5.1   Cofactor-mediated 
enzymatic reaction
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GDH from Bacillus subtilis (Fig. 5.5). The products of this reaction must be sepa-
rated since gluconic acid from glucose is also of importance.

Alcohol Dehydrogenase. Alcohol dehydrogenase (ADH) can be used to 
catalyze reactions for the production of chiral compounds or for the regen-
eration of the coenzyme due to the reversibility of this reaction. ADH from 
Thermoanaerobacter brockii (TBADH) is often used for NADPH regeneration, by 
simultaneous oxidation of 2-propanol to acetone.

Hydrogenase. Hydrogen dehydrogenase can be used to reduce electron 
acceptors by hydrogen, and NAD as an electron acceptor can be reduced by the 
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Fig. 5.2   Chemical structures of nicotinamide cofactors, NAD (above) and NADH (below), with 
an –OH group at R (NADP and NADPH have PO4

2− instead of the –OH group at R)

Fig. 5.3   Two enzymatic methods for the regeneration of nicotinamide cofactors

5.1  Regeneration of Reduced Nicotinamide Cofactors



52 5  Regeneration of Cofactors

hydrogen. Hydrogenases are considered in the regeneration processes since it can 
be easily isolated from microbial sources, the substrate hydrogen is cheap and the 
product separation is not affected by the regenerating system.

NADP+ H2 −→
hydrogenase

NADPH+ H

Table 5.2   Enzymes used for the regeneration of reduced nicotinamide coenzymes (Weckbecker 
et al. 2010)

Enzyme EC number Organism Activity (U mg−1)

Formate dehydrogenase EC 1.2.1.2 Candida boidinii 4–6

Candida methylica 4–6

Candida methanolica 4–6

Pseudomonas sp. 4–6

Thiobacillus sp. 7.6

Mycobacterium vaccae

Glucose-6-phosphate dehydrogenase EC 
1.1.1.49

Leuconostoc mesenteroides
Bacillus stearothermophilus

290

Glucose dehydrogenase EC 1.1.1.47 Thermoplasma acidophilum

Bacillus megaterium 550

Bacillus subtilis 375

Alcohol dehydrogenase (NAD+) EC 1.1.1.1 Saccharomyces cerevisiae

Horse liver

Alcohol dehydrogenase (NADP+) EC 
1.1.1.2

Saccharomyces cerevisiae
Thermoanaerobacter 
brockii
Lactobacillus brevis
Lactobacillus kefir

Hydrogenase EC 1.12.1.2 Alcaligenes eutrophus 54

Hydrogenomonas H 16

Hydrogenases EC 1.12.7.2 Pyrococcus furiosus 360

Phosphite dehydrogenase EC 1.20.1.1 Pseudomonas stutzeri 16

Fig. 5.4   Formate 
dehydrogenase (FDH) 
mediated oxidation of 
formate
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5.1.2 � Electrochemical Method

Electrochemical method employing enzymes and electrode are also being inves-
tigated to have various tools for cofactor regeneration. One example is shown in 
Fig. 5.6. The choice on what technology is adopted and used depends upon eco-
nomics, easiness of operation, etc.

5.1.3 � Application to Industrial Processes

Next step is to build a reactor system for cofactor regeneration. If the product is sol-
uble in organic solvent, add organic solvent after the reaction. Since enzymes and 
NAD are water soluble, separation of the solvent phase stream which contains the 
product from the aqueous stream makes the recycle of the regeneration system. 

Table 5.3   Enzymes for the regeneration of oxidized nicotinamide coenzymes (Weckbecker  
et al. 2010)

Enzyme EC number Organism Activity (U mg−1)

Glutamate dehydrogenase 
(NAD+) EC 1.4.1.2

Neurospora crassa

Glutamate dehydrogenase 
(NADP+) EC 1.4.1.4

Escherichia coli 130 (reductive amination of 
ketoglutarate)

Glutamate dehydrogenase; dual 
specificity EC 1.4.1.3

Bos Taurus 167 (oxidative deamination of 
L-glu)

L-Lactate dehydrogenase EC 
1.1.1.27

Lactobacillus casei
Lactobacillus lactis
Lactobacillus curvatus
Streptococcus epiderminis

2290 (pyruvate reduction)
2030 (pyruvate reduction)

NADH oxidase (H2O-forming) 
EC 1.6.3.1

Lactobacillus brevis
Lactobacillus sanfranci-
scensis

350

NADH oxidase (H2O2-forming) 
EC 1.5.99.3

Escherichia coli 5.2 (NADH oxidation)

Fig. 5.5   Synthesis of (R)-phenylethanol and (R)-α-methylbenzylamine

5.1  Regeneration of Reduced Nicotinamide Cofactors
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Membrane reactor system can be also used. In this case, cofactor can be remained 
inside of the membrane, once NAD can be combined with high molecular weight 
material such as PEG, where enzymes and PEG-NAD can be located inside of the 
membrane and substrate and product can be penetrated into and out of the membrane.

Carrea et al. (1988) coupled a NAD+ regeneration system using lactate dehy-
drogenase/pyruvate to a hydroxysteroid dehydrogenase-mediated oxidation 
reaction. The glutamic dehydrogenase/2-oxoglutarate system and the alcohol 
dehydrogenase/acetaldehyde system were also used. These systems have a quite 
favorable equilibrium for the regeneration of NAD+.

Baeyer–Villiger oxidations of prochiral ketones produce chiral lactones to 
be used for the synthesis of natural products. Rissom et al. (1997) synthesized 
ε-lactones using a cyclohexanone mono-oxygenase (CHMO) with NADPH regen-
eration system of an engineered formate dehydrogenase. 5-Methyloxepane-2-one 
was produced with a purity of >99% using a repetitive batch mode (see Fig. 5.7).

The poor solubility of some substrates in aqueous media led to the application 
of enzyme membrane reactors. Introduction of an emulsion membrane reactor can 
increase the substrate solubility while decreasing product inhibition via a coupled 
product separation step. Liese et al. (1998) showed that hydrophilic ultrafiltra-
tion membrane can separate an emulsion of 2-octanone and aqueous buffer solu-
tion, and the substrate dissolved in the aqueous phase is input into the emulsion 

Fig. 5.6   Electrochemical regeneration of NADH

Fig. 5.7   Process for mono-oxygenase catalyzed Baeyer–Villiger reaction. The reaction can be 
performed with repetitive batch mode—substrate filling, reaction, and separation of the product
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membrane reactor. A carbonyl reductase reduces 2-octanone to (S)-2-octanol 
enantioselectively and the product is extracted via the organic phase. NADH is 
regenerated simultaneously in the emulsion membrane reactor via formate dehy-
drogenase. (S)-2-octanol was produced with an enantiomeric excess of >99% dur-
ing four-month operation of the reactor.

5.2 � Regeneration of Oxidized Nicotinamide Cofactors

5.2.1 � Enzymatic Method

To date, many enzymatic methods have been developed for the regeneration of 
oxidized nicotinamide cofactors (Fig. 5.8).

Glutamate dehydrogenase (GluDH) was used for NADP+ regeneration in the 
synthesis of 12-ketochenodeoxycholic acid via 12α-hydroxysteriod dehydrogenase 
from Clostridium as in Fig. 5.9. L-Lactate dehydrogenase (L-LDH) can oxidize 
NADH to NAD by reducing pyruvate to (S)-lactate. This enzyme is very specific 
for pyruvate and short-chain 2-keto acids as substrates.

Fig. 5.8   Production of (S)-2-octanol with cofactor regeneration in emulsion enzyme membrane 
reactor (Liese et al. 1997)

5.1  Regeneration of Reduced Nicotinamide Cofactors
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5.2.2 � Electrochemical Method

Electrochemical cofactor regeneration uses cheap electricity instead of enzyme, 
making it simple and cost effective even though an electrochemical apparatus 
is required. An easy recovery of the desired product is possible because no co-
substrate, and therefore no byproduct, is present. The method for electrochemical 
regeneration of nicotinamide cofactors can be divided into two concepts: (a) direct 
regeneration and (b) mediated regeneration of cofactors (Fig. 5.10).

Fig. 5.9   Production of 12-ketochenodeoxycholic acid from cholic acid

Fig. 5.10   Scheme of a 
direct and b and c mediated 
electrochemical regeneration 
of NAD+
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Direct electrochemical oxidation of NAD(P)H to NAD(P)+ on the electrode 
surface can be successfully performed. However, relatively high oxidation poten-
tial is required which can lead to undesirable side reactions such as electrode pas-
sivation. The anodic potential depends on the electrode material, conditioning, and 
pretreatment methods used (Fig. 5.11).

In order to reduce the high potential in case of direct electrochemical regen-
eration, carbon electrodes are used because of their large surface. For the direct 
electrochemical oxidation of NAD(P)H, anode potentials should be larger than 
+900 mV compared to the normal hydrogen electrode (NHE). On the other hand, 
the introduction of an artificial electron transferring agent called mediator leads to 
an increase on electrons between NADH and the anode. Electron transfer occurs 
through the mediator under lowered overpotential than direct regeneration, thus 
diminish the occurrence of unwanted side reactions. However, the mediator might 
cause as an inhibitor to the enzyme and very expensive.

Recent advances. Direct electrochemical regeneration of a flavin-depend-
ent monooxygenase enzyme was performed for opticaly pure epoxides synthe-
sis (Hollman et al. 2005). New electrode material employing tin oxide electrode 
for the NADH oxidation under low overpotential without a mediator was sug-
gested (Kim and Yoo 2009). For the oxidation of 2-propanol to acetone, NADP+-
dependent alcohol dehydrogenase was used. The reduced cofactor by the enzyme 
reaction is electrochemically reoxidized on the anodic tin oxide electrode. 
Conversion of 91% was obtained for 51 h reaction time. This electrochemical 
regeneration system was also applied for the kinetic resolution of (rac)-2-pentanol 
which is coupled to thermophilic alcohol dehydrogenase. The system obtains 
50% conversion and an enantiomeric excess for (R)-2-pentanol of >99% after 9 h. 
TADH (thermophilic alcohol dehydrogenase) can convert (rac)2-pentanol to (R)2-
pentanol and 2-pentanon using tin oxide electrode system where the mediator was 
not required.

5.2.3 � Photochemical Method

Photochemical methods have been investigated to solve the problems in direct 
electrochemical oxidation of NAD(P)H. Photosensitizers that absorb vis-
ible light to convert the energy for electron transfer processes, such as orga-
nometallic complexes Ru(II)-tris-bipyridine (Ru(bpy)3)2+, metalloporphyrins 

Fig. 5.11   Schematic 
diagram of cofactor NAD 
regeneration using tin oxide 
electrode

5.2  Regeneration of Oxidized Nicotinamide Cofactors
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Zn-meso-tetramethyl-pyridinium porphyrin (Zn-TMPyP4+), and organic dye com-
pounds (i.e., acridine or flavin dyes), and semiconductor materials such as TiO2, 
CdS, or Fe2O3 in the form of powders or colloids are used to mediate electron 
transfer reactions (Willner and Mandler 1989).

Further Discussion 

1.	 Since formate dehydrogenase (FAD) is very important for cofactor regenera-
tion, much efforts have been made for the improvement of FAD. Discuss what 
attempts have been made to improve the properties of FAD?

2.	 How to regenerate ATP?
3.	 ATP and NAD(P) are very important and sometimes bottleneck for enzyme 

reaction. How ATP or NAD(P) pool are synthesized in living cells and can be 
increased?
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One of the factors that hinders the use of enzyme for industrial processes is 
their cost. Since enzymes are catalyst, they are not consumed during reactions. 
If enzymes are used as free form, they should be recovered after the reaction for 
reuses. The remaining enzymes might also contaminate the product if it is not sep-
arated during purification steps. Separating the enzyme from the product during 
or after the reaction using an aqueous/nonaqueous biphase system can be a solu-
tion. One phase contains the enzyme and the other phase contains the product. An 
example of two-phase system is immobilized enzymes: by fixing enzymes on or 
within support materials.

The important benefits derived from immobilization of enzymes are (1) ease of 
separation of the product from reaction medium and (2) reusability of the enzyme. 
Ease of separation of the enzyme from the product stream enables enzyme’s indus-
trial applications more efficient. Contamination of the product from the enzyme 
reaction can be prevented using immobilized enzyme which helps to reduce the 
downstream processing cost. Reusing the enzyme can provide cost advantages 
which are often an essential part for economically feasible commercial enzyme 
catalyzed processes (Tischer and Wedekind 1999). The comparison between 
immobilized enzymes and free enzymes is given in Table 6.1.

6.1 � Methods of Enzyme Immobilization

6.1.1 � Immobilization Methods

There are several methods for enzyme immobilization: physical methods and 
chemical methods. As shown in Fig. 6.1, physical methods include adsorption 
and entrapment; chemical methods include cross-linking and covalent binding 
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(Sheldon 2007). Regardless of the method of immobilization, the materials to be 
used for the enzyme immobilization should be insoluble in the reaction medium.

Immobilization of enzyme should offer good physical properties that are rel-
evant to industrial applications although it requires the support material to facili-
tate the diffusion of the substrate and product. For example, a nanostructured 
biocatalyst support matrix composed of an enzyme-entrapped hydrophilic phase 
and a hydrophobic domain for substrate and product diffusion was introduced to 
increase the turnover number up to 230-fold for horseradish peroxidase-catalyzed 
coupling reaction in heptanes (Bruns and Tiller 2005).

Adsorption. This method involves the physical attachment of the enzyme onto 
the backbone or support material such as DEAE-cellulose, activated carbon, in 

Table 6.1   Comparison of immobilized enzymes with free enzymes

Free enzyme Immobilized enzyme

Difficult to separate and reuse No need to separate from the product stream

Enzymes are generally expensive Can be reused several times, thus the cost for 
enzyme can be reduced

Activity is influenced by temperature, pH, 
and other operating conditions

Properties can be changed: activity, tempera-
ture profile, pH optimum

Fig. 6.1   Methods of enzyme immobilization
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this case the forces are weak, such as van der Waals, hydrophobic interactions or 
dispersion forces. Adsorption is still widely employed compared to other methods 
because of many advantages: (1) mild preparation conditions, (2) low cost, (3) no 
chemical reactions, and (4) high activity. However, since the force for the adsorp-
tion is usually weak, enzymes can be easily leached out and thus contaminate the 
product. In many cases, ion-exchange resin is widely used in industry to immobi-
lized enzymes, where the interaction between the matrix and the enzyme is much 
stronger than adsorption.

Entrapment. Enzymes are captured within the cavities of a matrix or micro-
capsule of polymer. Synthetic polymers such as polyacrylamide and polyvi-
nyl alcohol, natural polymers such as Ca-alginate and carrageenan can be used. 
Recently, sol–gel polymerization is used for this purpose where inorganic materi-
als can be also employed. This method usually reduces chances of leaching out of 
enzymes and improves stabilization, but results in mass transfer limitations of the 
substrate and the product.

Cross-Linking. This method can provide a three-dimensional network of 
enzymes by coupling reagent. The enzymes become stable because of the strong 
interaction between the enzymes and the carrier, but the cross-linking reagents and 
conditions used may damage the enzymes.

Covalent Binding. The covalent attachment to a matrix, which is widely used, 
has the advantage of strong interactions between the enzyme and the carrier mate-
rial which makes the enzyme very stable. –NH2 group in lysine or arginine, –
COOH group in aspartic acid or glutamic acid, –OH group in serine or threonine, 
and –SH group in cysteine can be used for cross-linking with the cross-linking 
reagents. Eupergit, commercial name, is known as one of the best immobilization 
matrices for high loading of enzymes on the matrix material, which is important to 
reduce the reactor size and to increase the reaction efficiency.

6.1.2 � Recent Advances

In addition to these traditional methods, many other methods have been recently 
developed.

–	 Encapsulation of enzymes in various forms of semipermeable membranes such 
as nylon or cellulose nitrate was introduced.

–	 Display of enzymes on the surface of microorganisms such as yeast was intro-
duced. This surface display method has also many advantageous since enzyme 
reaction and fermentation by microorganisms can be performed at the same 
time in the same reactor system.

–	 To prevent steric hinderance, site-specific immobilization was introduced 
(Hernandez and Fernandez-Lafuente 2011), where active sites of the enzyme 
are open to the substrates.

–	 Employing nanoparticles for enzyme immobilization matrix provides many 
advantages in properties and applications. Nowadays, nanotechnology has been 

6.1  Methods of Enzyme Immobilization
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developed and is widely applied in many fields including enzyme immobili-
zation (Min and Yoo 2014). For example, enzymes were immobilized as sin-
gle enzyme nanoparticles form, which gave many advantages in immobilized 
enzyme applications including high stability (Kim and Grate 2003) (Fig. 6.2).

Following are the checkpoints for enzyme immobilization. (1) enzyme should 
maintain high activity and stability, (2) carrier material for the immobilization 
should have strong mechanical strength, (3) immobilized enzyme should have 
no or little steric hindrance of the enzyme, and (4) the cost for enzyme immobi-
lization should be low. Table 6.2 gives the comparison of different immobiliza-
tion methods.

6.2 � Characteristics of Enzyme Immobilization

Immobilization of enzymes affects microenvironment of the enzyme and thus 
shows various characteristics, such as pH optimum, selectivity, stability, etc.

Enzyme Activity. Immobilized enzymes show in some cases higher activ-
ity than the free enzyme. This increase of the activity depends on many factors 
such as microenvironment, enzyme conformational change and orientation in the 
supporting matrix, and diffusion effects on substrates and products. For exam-
ple, some lipases can take both the closed (inactive) form and the open (active) 
form. In the open form, the lid covering the entrance to the active site is shifted to 
expose the active site to the reaction medium. The immobilization support can be 
designed to control the conformation of lipase to its active form.

Fig. 6.2   Schematic diagram of site-specific immobilization a not desirable b, c desirable

Table 6.2   Comparison of different immobilization methods (Zhang et al. 2012)

Characteristics Adsorption Entrapment Cross-linking Covalent bonding

Immobilization Easy Difficult Difficult Difficult

Interaction Weak Strong Strong Strong

Recovery of activity Low High Moderate Low

Regeneration of immobilized 
enzyme

Possible Impossible Impossible Impossible

Immobilization cost Low Low Moderate High
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Thermal Stability. The stability of the immobilized enzyme depends on the 
immobilization condition, the amount and strength of the interaction with the sup-
port, binding position, flexibility, structure of the support and microenvironment. 
Encapsulation provides the highest possibility to lengthen enzymes’ half-life, 
although mass transfer limitations can be a problem. Multipoint attachment of 
enzyme to a support decreases its structural flexibility and provides rigidity of the 
enzyme which is good for stability. Often times, the increase in enzyme stability 
through immobilization results in the decrease of the activity.

Solvent Stability. Organic solvents are detrimental to enzymes. Once 
enzymes make aggregates in organic solvents, substrate becomes inaccessible 
to the enzyme. However, immobilization of enzyme into mesoporous materials 
can improve their activity in organic solvents, if properly designed and selected, 
since the interaction between solvent and the enzyme can be changed to positive 
direction.

Selectivity. Enzyme-mediated asymmetric synthesis is in demand nowadays 
due to the increasing need of optically pure intermediates for pharmaceutical use. 
For example, a nonselective enzyme such as chloroperoxidase is transformed after 
immobilization into a stereoselective enzyme. The S-selective Candida rugosa 
lipase has also been converted to R-selective by covalent immobilization (Palomo 
et al. 2002). Immobilization may affect the enzyme structure, particularly in the 
active site to change the substrate selectivity. However, the theoretical and struc-
tural understanding on the improvement of enzyme selectivity by immobilization 
is not yet well known and should be investigated further.

6.2.1 � Mass Transfer Issues

Despite of the mentioned advantages of immobilized enzymes, there are inherent 
limitations such as enzyme leakage into the reaction medium, diffusional resist-
ance, decreased enzyme activity, loss enzyme activity during the immobilization 
and lack of appropriate control method for microenvironment. Reduced enzyme 
activity and loss of enzyme activity are caused mainly by unfavorable microen-
vironment surrounding enzymes. More favorable microenvironment can be made 
by optimizing matrix size and using different chemical compositions. Diffusion 
barrier problem is usually less severe in surface immobilized enzyme rather than 
encapsulated enzyme.

Whether diffusion barrier has an adverse effect on the reaction rate depends on 
the relative ratio between reaction rate and diffusion rate, which is represented by 
the Damkohler number (Da).

where [Sb] is substrate concentration in bulk solution and kL is the mass transfer 
coefficient.

(6.1)Da =
maximum reation rate

maximumdiffusion rate
=

Vmax

kL[Sb]
,

6.2  Characteristics of Enzyme Immobilization
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If Da ≫ 1, maximum reaction rate is much bigger than maximum diffusion 
rate, which implies that diffusion step is rate limiting. On the while, if Da ≪ 1, 
reaction step is rate limiting.

External mass transfer and internal mass transfer through the pores of immobili-
zation support can affect or even dominate the observed reaction rate if Da number 
is much bigger. External mass transfer limitations take place if the diffusive transport 
rate of substrate or product through the stagnating layer is seriously lower. Internal 
mass transfer limitation in porous matrix of supports implies that transport of sub-
strate or product from the surface of carrier to the active site of enzyme immobilized 
in the pore of support is the slowest step among overall mass transfer steps.

If external diffusion step is the rate determining one, remarkably decreased 
enzyme activity will be observed. The flux through the constant liquid film at the 
surface of immobilized enzyme can be expressed as the following equation:

where ks is the mass transfer coefficient of the limiting substrate, δ is the thickness 
of the liquid film layer on the immobilized enzyme, [S]b and [S]s represent con-
centration of limiting substrate at bulk liquid and surface, respectively. The mass 
transfer coefficient ks can be estimated by the relationship shown as follows:

where dp is the diameter of immobilized enzyme particle, D is the diffusion coef-
ficient of substrate, and ν is the dynamic viscosity.

External diffusion approximately shows the inversely proportional relationship 
with liquid film thickness (δ), which can be reduced significantly by vigorous stir-
ring since compaction of film layer is caused. If the observed reaction rate is not 
improved upon enhanced mixing, external mass transfer may not be rate limiting 
step. After the verification of external diffusion effect as rate determining step, 
internal diffusion through pore of matrix must be concerned.

As shown in Fig. 6.3, effectiveness factor (ratio between reaction rate consider-
ing internal diffusion and intrinsic reaction rate neglecting diffusion effect) can be 
seriously influenced by the particle radius and enzyme contents. If the radius of 
immobilized enzyme particle gives significant impact on observed reaction rate, 
internal diffusion must be considered.

Case Study: Immobilization of Candida antarctica Lipase B, CALB (Yagonia 
et al.2014)

Silica-based carriers are commonly used in enzyme immobilization. The sol–
gel technique was used to entrap the enzyme and to generate silica matrices using 
acid or base-catalyzed hydrolysis of hydrolysable silane compounds such as tetra-
ethyl orthosilicate (TEOS), Si(OC2H5)4. The chemical reaction in the sol–gel for-
mation is presented in Fig. 6.4. The liquid precursor, Si(OR)4, where R is CH3 or 
C2H5 was hydrolyzed with water forming hydrated silica tetrahedral and alcohol 

(6.2)mass tranfer flux through liquid film = (ks/δ) ∗ ([S]b − [S]s),

(6.3)
ks ∗ dP

D
= 2+ c

(

dP ∗ v

ν

)0.5

∗

( ν

D

)1/3

,
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as by-product. The hydrated silica tetrahedral then reacted in a condensation reac-
tion scheme to form ≡S–O–S≡ bonds. Linkage of additional ≡S–OH tetrahedral 
resulted in a SiO2 network.

Reetz et al. (1995) efficiently immobilized lipases in hydrophobic silicon oxide 
sol–gel matrix by entrapment. They presented that enhanced enzyme activity cor-
relates with the silicon oxide’s higher hydrophobicity. Interfacial activation trig-
gered by hydrophobic interactions led to a “lid-opened” state fixed in the matrix 
and thus constantly active form (Reetz 1997). Higher stability was also observed, 
due to multiple hydrogen bonding, hydrophobic interaction (van der Waals), and 
ionic interaction. However, enzymes are exposed to extreme environment dur-
ing the entrapment where solvent is used. Accessibility of the substrates to the 

Fig. 6.3   Influence of 
radius on the effectiveness 
factor of a spherical porous 
immobilized enzyme particle 
(enzyme contents [mg cm−3] 
are listed besides curves) 
(specific activity: 100 IU, 
Deff = 4 × 10−8 m2 s−1, 
[S]/KM = 10) (Regan 1974)

Fig. 6.4   Chemical reactions involved in sol–gel formation

6.2  Characteristics of Enzyme Immobilization
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entrapped enzymes might be reduced. Furthermore, enzymes may detach and slip 
out from the matrix over a period 

These disadvantages can be overcome by immobilizing enzyme on the solid 
carrier backbone. Yagonia et al. (2014) covalently immobilized CALB to modi-
fied sol–gel matrix via hydroxyl groups after polycondensation of the matrix. The 
enzyme can avoid the extreme conditions of encapsulation because it is immobi-
lized after the formation of sol–gel.

CALB is covalently immobilized on the surface of the support with its active 
site open to the substrate. Solvent accessible surface area (SASA) analysis indi-
cates that CALB has three exposed lysine residues used to react and form covalent 
bonds with aldehydes of the support. The lysine residues are far from the active 
site to reduce conformational variations that can decrease the enzyme activity.

Increasing the amount of enzyme loaded per gram weight of the support and 
decreasing the support’s particle size, with higher surface/volume ratio, can 
improve the activity of immobilized enzyme. CALB had higher activity on the 
sol–gel matrix with hydrophobic precursor.

6.3 � Reactor System and Engineering Consideration

Once enzymes are immobilized, appropriate reactor type is to be selected for 
industrial reactions. In choosing a reactor system for a particular process, several 
factors are considered as follows:

•	 Cost to meet the product’s specification (e.g., substrates, downstream 
processing)

•	 Kinetics of the reaction
•	 Chemical and physical properties of the immobilization support
•	 Methods for pH and temperature control
•	 Need of supplying and removing of gaseous components, if any and
•	 Stability of the enzyme

6.3.1 � Reactor Types

6.3.1.1 � Batch Reactors

These types of reactors consist of a tank having a stirrer and baffles inside to 
improve stirring efficiency and heat exchanger, if required. The enzyme and sub-
strate have same residence times within the reactor. However, there may be a need 
for interim additions of enzymes and substrate in fed-batch operation. The prod-
uct is removed after a fixed reaction time as rapidly as practically possible. Batch 
reactors are simple both in process development and operation. Thus, they are 
preferred for small-scale production with many different products. These reactors 
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could be used for a number of different reactions. However, there are considerable 
periods for regular cleaning, refilling, and emptying which require much labor and 
services. This makes the operating cost of batch reactors higher than that of con-
tinuous processes. Batch-to-batch variations are inevitable for batch reactors.

6.3.1.2 � Continuous Flow Reactors

Continuous flow reactor has also many advantages when using immobilized 
enzymes. Increased in productivity from same amount of enzyme can be achieved 
compared to that in batch processes, since the immobilized catalyst have higher 
residence time than the substrate within the reactor. These types of reactors offer 
constant reaction conditions thus more reproducible product can be obtained in 
quantity and quality. Continuous stirred tank reactor (CSTR), packed-bed reac-
tor (PBR) and fluidized-bed reactor (FBR) are the examples of a continuous flow 
reactor.

Continuous Stirred Tank Reactor (CSTR). This reactor means a well-stirred 
tank containing the immobilized enzymeC inside. There is a continuous feeding 
of substrate, and at the same time continuous removal of the product is performed. 
In ideal case, there is complete backmixing and the product concentration in the 
effluent stream is identical with the concentration in the reactor. Since the sub-
strate concentration is minimized due to backmixing, CSTRs are the preferred 
reactors for processes involving substrate inhibition. Control of temperature, pH, 
and the supply or removal of gases is easy. The shear from the mechanical stirring 
affects the immobilizing matrix material and thus limits the availability of the sup-
ports for the immobilized enzymes to prevent from easy disintegration.

Packed-Bed Reactor (PBR). Substrate stream flows at the same velocity, paral-
lel to the reactor axis with no backmixing in an ideal case. All products emerge 
with the same residence time. The longitudinal position within the PBR is pro-
portional to the time spent of the substrate and the product within the reactor. 
Consequently, the substrate concentration is maximum at the entry point of the 
reactor thus there is a possibility for substrate inhibition at the entry point. While 
product concentration becomes maximum at the outlet point, there is a possibility 
of strong product inhibition at the outlet of the reactor. PBRs are generally used 
with rigid immobilized catalysts, so it will not be compressed or distorted during 
the reaction with continuous flow. Particle deformation would result in reduced 
catalytic efficiency, poor mass transfer, and restriction to flow, which can lead to 
an increased pressure drop.

Fluidized-Bed Reactor (FBR). These reactors consist of a bed of immobilized 
enzyme which is fluidized by the upward flow of the substrate stream. The char-
acters of FBR generally are between CSTRs and PBRs. The FBR is applied when 
fairly small immobilized enzyme particles are used in order to achieve a high cata-
lytic surface area. Difficulties in scaling-up are the major drawbacks in the process 
development using FBR. Furthermore, changes in the flow rate of the substrate 

6.3  Reactor System and Engineering Consideration
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stream lead to changes in the flow pattern inside the reactor which in turn can 
cause unexpected results on the reaction.

Membrane Reactors. Semipermeable membrane where the free passage of the 
product molecules while retaining the enzyme within the membrane become pos-
sible is used for this reactor system. Therefore, there is no direct immobilization of 
enzymes. Membrane reactors can be applied in many cases as a continuous mode 
and allow an easy separation of the enzyme from the product. Soluble enzymes are 
generally used to avoid the cost and problems associated with other immobilization 
method. Membrane reactor systems are used for small-scale production. The major 
disadvantages of these reactors are the cost of the membranes and their need for 
frequent replacement or backwashing due to membrane fouling (Figs. 6.5 and 6.6).

6.3.2 � Engineering Considerations

There are many issues when considering commercialization of immobilized 
enzyme system. (1) Immobilization yield: how much enzyme can be immobilized 

Fig. 6.5   Scheme of immobilized enzyme bioreactors
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per gram of immobilization matrix? For commercial purpose, many matrices 
for immobilization of enzymes have been developed. Cost of the matrix and for 
immobilization is also important, (2) Enzyme reactor size, (3) Long term stabil-
ity, (4) Contamination by microorganisms should be avoided or to be minimal, 
(5) Impurity treatment in raw materials is important. Impurities in raw materials 
may affect the reaction rate and impurities after the reaction should be removed, if 
required.

In 1960s, Tanabe Seiyaku in Japan commercialized L-aspartic acid production, 
which is important as raw material for sweetener Aspartame. It is known that pol-
yacrylamide was used for immobilizing aspartase enzyme, where half-life of the 
immobilized enzyme at 37 °C was 120 days. By changing to carrageenan gel for 
the immobilization, half-life was increased to 680 days. This example shows the 
importance of the immobilization method, even though theoretical and molecular 
level mechanisms are not fully understood.

Engineering parameters are to be considered for scale-up of the reactor system: 
critical fluid velocity: fluid velocity affects shear rate which may weaken matrix, 
tensile strength is important when gas such as carbon dioxide is produced as a 
result of the reaction, external and/or internal mass transfer, operational stability 
(half-life), compression behavior, and pressure drop.

In industrial scale operation, if the cost of the enzyme is not expensive, free 
enzyme can be used instead of immobilized enzyme. Reuse of the immobilized 
enzyme is possible and can be considered. It depends on the cost of the immo-
bilized enzyme. If the enzyme is expensive, the immobilized enzyme can be 

Fig. 6.6   Optimal 
temperature profiles for 
three-stage reactor system 
(Operating period = 200 h)
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regenerated after the reaction. High temperature more than 60–70 °C can be 
employed instead of optimal temperature of the enzyme to avoid bacterial contam-
ination. Instead, fast deactivation can be occurred. Half-life in real operation can 
be different from the half-life in lab operation, since many conditions are different 
such as consistency of the substrate, shear rate, etc. Stability during storage and 
shutdown should be considered. Legislative approval is to be considered for safety, 
when used especially for food additives. Nontoxic matrix for immobilization is to 
be used and the product safety is to be checked after the reaction. Even distribu-
tion of the flow to the reactor is important, especially for downward flow, since 
this affects pressure drop of the reactor and reactor performance.

Basic control parameters in immobilized enzyme reactor operations are tem-
perature and pH. The reaction can be exothermic or endothermic and the pH of 
the solution can be changed as the reaction proceeds. It is not difficult to control 
these parameters in batch and continuous stirred tank reactors. However, it is not 
easy to control these parameters in packed-bed reactors which are the most widely 
employed commercially. If required, control of these parameters stagewise is used 
instead of single-stage operation.

More Issues

Another issue in immobilized enzyme reactor operation is the gradual decrease 
of the activity of the immobilized enzyme. This resulted in gradual decrease of 
the reaction rate and thus gradual decrease in the product concentration. As 
the enzyme activity decreases to a certain point such as half of the initial activ-
ity, then the reaction is stopped and used enzymes are replaced by new enzymes. 
Constant temperature or constant flow rate is desirable during the immobilized 
enzyme reactor operations. When considering gradual decrease of the activity, 
flow rate or temperature can be changed. For decreasing activity, flow rate can be 
thus decreased to keep the same reaction rate or the reaction temperature can be 
increased to compensate the decrease of the activity. In any case, the goal of the 
operation is to maximize the profit from the operation. For this purpose, optimal 
control of the reaction temperature in immobilized enzyme reactor was suggested 
(Yoon et al. 1989).

Reactivation of the immobilized enzyme was also suggested. After the reaction, 
the enzyme activity drops. If the cost of the enzyme is not high, used enzyme can 
be discarded. However, if the enzyme cost is very high, regeneration and reuse of 
the enzyme can be a good solution. First step of the regeneration is unfolding the 
irreversibly thermoinactivated enzyme using chemicals such as urea or guanidine 
chloride and splicing of the S–S bonds using mercaptoethanol or other chemicals. 
After unfolding, refolding step is required by reoxidation of S–S bonds or other 
reactions to make native enzyme conformation.

In situ separation of product to reduce the product inhibition and to recover 
the product at the same time is also important. For this purpose, many methods 
have been suggested such as aqueous 2-phase reaction and 2-phase reaction using 
organic solvent system.
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Also instead of single-stage reactor operation, multistage reactor operation and 
recycled reactor operation can be considered for efficient and economic operation. 
The details on the methods on reactor design and operation, specific reaction engi-
neering books and references can be a good guide.

Case Study: Production of High Fructose Corn Syrup (HFCS)

Glucose can be converted to glucose–fructose mixture using glucose isomer-
ases (EC 5.3.1.5). Glucose isomerase was initially known to convert xylose into 
xylulose, so-called xylose isomerase but later called as glucose isomerase since 
it also has an affinity toward glucose. Since it has an activity toward glucose, the 
enzyme is being used for the production of glucose–fructose mixture, a sweet 
alternative to sucrose. Glucose isomerase could convert glucose partially into fruc-
tose because of reversible reaction. Since the source of glucose is in many cases 
glucose from corn and the fructose concentration in the product is high, the prod-
uct is often called high fructose corn syrup. The sweetening power of glucose–
fructose mixture is almost the same as that of sucrose.

Clinton Corn Processing Company at the end of 1960s produced fructose from 
glucose at a large scale. Before the development of enzymatic isomerization, 
chemical isomerization process utilizing sulfuric acid was used, where decompo-
sition and production of harmful by-products and brownish coloring appearance 
were occured. Since the enzyme was expensive, it was challenging to make the 
production of fructose syrup using enzymes. This was addressed by immobilizing 
thermostable glucose isomerases in packed-bed reactor under 65 °C—high tem-
perature is preferred to prevent contamination from the microorganisms as shown 
in Fig. 6.7. 42% fructose mixture was produced on 100 ton per day in three 2.2 m3 
columns. The mixture was therefore concentrated up to 55% (55% fructose: 45% 
glucose, HFCS 55) by chromatography or other separation tools to meet the same 

Fig. 6.7   HFCS production reactors employing thermostable glucose isomerase. The reactor is 
packed with immobilized enzymes
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sweetness level with sucrose. The enzyme was initially immobilized using free-
form enzyme. Later, immobilization using whole cells was also introduced not to 
infringe the patent issue, where permeabilization important to allow the substrate 
can penetrate into the cells and to react with the enzymes in the cell and then the 
product diffuse out.

Further Discussion

1.	 How site-specific immobilization of enzyme can be done to allow for the active 
site open to substrate?

2.	 For substrate inhibition kinetics, what reactor type for immobilized enzyme is 
better and why? For product inhibition kinetics, what reactor type for immobi-
lized enzyme is better and why?

3.	 Enzymes in immobilized form also become deactivated. How can immobilized 
enzyme system be regenerated? Can the spent immobilized enzyme be continu-
ously replaced to new immobilized enzyme?

4.	 Sometimes whole cells are immobilized instead of free enzymes for industrial 
applications. What is the background of immobilizing whole cells and how to 
immobilize?
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7.1 � Enzymes in Non-conventional Media

Traditionally enzyme reactions have been in many cases performed in aqueous 
buffer systems. Since the environments inside the cells are rather hydrophilic in 
some part and hydrophobic in other part of the cells, enzyme reactions can be 
also performed in hydrophobic condition. Historically, organic solvent was used 
for steroid bioconversion. Since solubilities of substrate and product steroids are 
very low in water, they can be solubilized using organic solvent system. First, cells 
were cultivated to synthesize the enzyme for steroid biotransformation; the cell 
wall was then permeabilized; and finally two-phase reaction was performed to pro-
duce the steroid product (Carrea et al. 1988) (Fig. 7.1).

Non-conventional media refers to systems that employ solvents other than 
water. Solubility of organic solvents in water, depending upon the miscibility, 
results in many variations in reaction scheme. Enzyme reactions in solvent sys-
tems can be classified into three categories

(1)	 organic–aqueous biphasic systems (water-immiscible organic solvent),
(2)	 co-solvent systems (water-miscible organic solvent),
(3)	� enzymes in nearly anhydrous solvents (low water content, water-immiscible 

organic solvent).

7.1.1 � Enzymes in Organic Solvents

Enzyme reactions near anhydrous condition have been extensively studied since 
1980s. Minimal water layer and pH memory effect were investigated to explain 
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the behavior of enzymes and relationship between enzyme activity and solvent 
property, but not enough so far in explaining.

Enzymes in organic solvents have many advantages over the traditional aque-
ous bioconversions by showing different properties: (1) changes in the enantiose-
lectivity, (2) reversal of the thermodynamic equilibrium (e.g., synthesis of peptides 
from amino acids), and (3) inhibition of water-mediated side reactions (e.g., 
hydrolysis of acid anhydrides and acyl halides) (Castro and Knubovets 2003). 
The organic media is favored over aqueous one when substrates dissolve better 
in the organic solvent. Organic solvents reduce the risk of microbial contamina-
tion. Easy recovery and reuse of enzymes are possible even without immobiliza-
tion. However, there are also drawbacks with enzymes in organic solvents such as 
reduced stability and low reaction rate.

Various strategies to overcome the disadvantages of organic solvent systems, 
especially in terms of improving the enzyme activity and stability, include the 
following: solvent engineering; enzyme engineering; covalent attachment of 
amphipathic compounds (e.g., PEG, aldehydes, and imidoesters); non-covalent 
interactions with lipids or surfactants; entrapment in water–oil microemulsions or 
reverse micelles; immobilization; and utilization of lyophilized enzyme powders 
or cross-linked crystals.

pH memory of enzyme in organic solvent (Tao and Klibanov 1998) describes 
that enzyme molecules seem to “remember” the aqueous conditions from which 
they were prepared. When lyophilized enzymes were suspended in organic sol-
vent, very low specific activities were observed in many cases. However, if the 
enzymes were dissolved in water and then precipitated in anhydrous organic sol-
vents, activities were shown to be much greater. Thus, the pH of an enzyme-dis-
solved solution must be adjusted to an optimum prior to dehydration.

Deactivation of enzyme activity was also observed during lyophilization. A 
possible prevention of the enzyme inactivation can be achieved by adding lyo-
protectants such as polyethylene glycol, a polyol, which protect the enzyme 

Fig. 7.1   Scheme for 2-phase enzyme reaction
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conformation during dehydration. Another approach is to add phenolic and aniline 
substrates that bind to the hydrophobic active site pocket.

7.1.2 � The Role of Solvent Properties

Organic solvent’s ability to affect the properties of enzymes such as variable selec-
tivities is a major advantage. The term “medium engineering” was coined in this 
regard. Researches to predict the properties of an enzyme depending on the param-
eters of an organic solvent are carried out. The parameters include dielectric con-
stant, dipole moment, polarization constant, and most of all, log P value. Log P is 
the water/octanol partition coefficient, and defined as follows, where A is a dilute 
solution below the solubility limit:

n-Octanol is used as a reference because its hydrophobic tail and hydrophilic head 
resemble those of phospholipid in biological membranes. Log P values, boiling 
points, and enthalpies of evaporation for frequently used solvents are listed in 
Table 7.1.

(7.1)logP = log
[A]water

[A]n-octanol

Table 7.1   Log P values, 
boiling points, and enthalpies 
of evaporation for solvents

Solvent Log P B.P. (°C) ΔHvap (kJ/
mol)

1,4-dioxane −1.1 101.6 35.8

N,N-dimethylformamide −1.0 153.0 60.5

Methanol −0.76 65.0 35.4

Acetonitrile −0.33 82.0 32.7

Ethanol −0.24 78.5 40.5

Acetone −0.23 56.2 32.0

Tetrahydrofuran 0.49 67.0 28.8

Ethyl acetate 0.68 77.1 34.8

n-butanol 0.80 108 44.0

Diethyl ether 0.85 34.6 26.6

Methyl tert-butyl ester 1.15 55.2 29.7

Chloroform 2.0 61.1 29.7

Benzene 2.0 80.1 30.8

Toluene 2.5 110.6 39.2

Cyclohexane 3.2 80.7 32.8

Octane 4.5 125.3 34.6

Dodecanol 5.0 259 –

Dioctyl phthalate 9.6 – –

Water – 100 40.7

7.1  Enzymes in Non-conventional Media
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The enantioselectivity of the transesterification of vinyl butyrate with sec-phe-
nylethanol was greatly influenced by the solvent. However, it was the dielectric 
constant of the solvent, not log P, which correlated the best with the E values as 
shown in Table 7.2.

Interestingly, enantioselectivity of enzyme can be remarkably increased in 
organic solvent. Strikingly even enantioselectivity was inversed in some organic 
solvents. Nifedipines have been used in cardiovascular therapy as calcium antago-
nists. Pseudomonas sp. lipase catalyzed hydrolysis of methylene-oxypropiony or 
-pivaloyl diesters. Totally reversed enantioselectivity was found in organic sol-
vents (Table 7.3).

7.1.3 � The Role of Water Molecules on Enzyme Activity 
and Stability

Quite often, drastic decrease of enzyme activity has been observed in organic 
solvents compared with in water, which may be a main disadvantage of apply-
ing organic solvents for biocatalysis. Elevation of reaction temperature can com-
pensate the disadvantage by recovering enzyme activity to some extent since high 
temperature can increase flexibility of enzyme molecules. However, minimum 
content of water contained in enzyme molecule can influence significantly on 
enzyme activity and stability. Water concentration is expressed quantitatively as 

Table 7.2   Dependence of enantioselectivity E of subtilisin on solvent properties in the transes-
terification reaction

aTHF Tetrahydrofuran, DMF dimethylformamide, MAA metacrylamide

Solvent Dielectric constant ε Log P Enantioselectivity E

Dioxane 2.2 −1.1 61

Benzene 2.3 2.0 54

THFa 7.6 0.49 40

Pyridine 12.9 0.65 31

DMFa 36.7 −1.0 9

Nitromethane 35.9 0.35 5

Acetonitrile 35.9 −0.33 3

MAAa 191.3 – 3

Table 7.3   Asymmetric 
hydrolysis of nifedipine 
diester

R Solvent Configuration ee (%)

tBuC(O)OCH2 Cyclohexane R 88.8

tBuC(O)OCH2 Diisopropyl ether S >99

EtC(O)OCH2 Cyclohexane R 91.4

EtC(O)OCH2 Isopropyl ether S 68.1
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water activity aw, which is the product of the concentration of water and water 
activity coefficient. Figure 7.2 shows typical example of relationship between 
reaction rate and water activity.

In most cases enzyme activities increase up to a limit with gradual hydration 
of enzyme. In more hydrophilic solvents, the enzyme and the solvent compete 
for water, hence leading to more required water to reach the maximum activ-
ity. Almost identical patterns for enzyme activities based on the water content 
of enzyme were observed and about 1000 H2O molecules are known necessary 
to hydrate an enzyme by monolayer, which is corresponding with the maximal 
activity. Excess of water causes a decline of activity since the formation of a 
second hydration layer may act as a barrier to mass transport. In case of lipase-
catalyzed reaction in organic solvents, optimal water activity was reported as aw 
of 0.55 irrespective of solvent types, underscoring the importance of water activ-
ity of enzyme. Therefore, the water activity of the enzyme needs to be controlled 
for optimal reaction using saturated salt solutions. For example, 0.113 aw and 
0.936 aw of enzyme can be adjusted using LiCl and KNO3, respectively.

7.1.4 � Other Non-conventional Media

Modification with Polyethylene Glycols (PEGs)

Reactive groups on the surface of an enzyme, such as lysine ε-amino group, 
and amphipathic polymers such as PEG can form covalent bonds. The modifica-
tion involves the following stages: (1) the polymer’s functional group activation to 
increase activity; (2a) transient intermediate formed between the activated func-
tional group and the enzyme; (2b) formation of a stable enzyme–polymer complex 
from the intermediate; (3) purification of the complex from unmodified enzymes 
(see Fig. 7.3).

Polyethylene glycol is the most extensively studied polymer. “Pegylation” is the 
term applied for the modification process using PEG. p-nitrophenyl chloroformate, 
N,N-disuccinimidyl carbonate and cyanuric chloride are frequently used activators 
in pegylation of proteins, leading to significant improvements in their functions.

Fig. 7.2   Typical profile 
showing the relationship 
between reaction rate and 
water activity

7.1  Enzymes in Non-conventional Media



80 7  Enzymes in Non-conventional Media

Reverse Micelles

Reverse micelles are surfactant layers covering a pool of water, of which the 
hydrophobic group interacts the bulk solvent as shown in Fig. 7.4. This type of 
heterogeneous solvent system is similar to the natural environment in the cell, and 
thus it is attractive for biocatalysis. The sodium bis-2-ethylhexyl sulfosuccinate 
(AOT)/isooctane system is very stable without co-surfactants and frequently used 
for this purpose.

The selection of the reversed micelle system for an enzyme is typically based 
on the successes reported in the literature for similar enzymes and reactions due 
to complexity. Before its application at industrial scale, there are some issues to be 
solved. Industrial-scale product recovery is difficult due to the surfactants of the 

Fig. 7.3   Modification of a protein with methoxypolyethylene glycol (Castro and Knubovets 
2003)
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system. The use of ultrafiltration membrane could be a possible solution because it 
can retain the micelles and the enzyme while the small molecules of substrates and 
products pass freely. However, for continuous process using membrane reactors, 
the enzyme needs to be stable for long periods.

Supercritical Fluids

Supercritical fluids, which means a state between the gaseous and liquid phases 
of the compound, have hydrophobic solvent-like properties. Near-supercritical 
fluids such as carbon dioxide, freons, hydrocarbons (i.e., ethane, ethane, and pro-
pane) or inorganic compounds (SF6 and N2O) are exploited to create supercritical 
solvent systems. Supercritical carbon dioxide (scCO2) is the most commonly used 
fluid since it is non-toxic and can be removed easily after the reaction. The appli-
cation of supercritical fluids increases diffusion rates which can facilitate transport 
phenomena and increase the bioconversion rate. However, the main drawback of 
supercritical reaction media is the necessity of high pressure-resistant reactors and 
auxiliary which increases production cost.

Ionic Liquids (ILs)

Ionic liquids are liquid-phase organic salts where their properties can be 
tuned to modify enzyme activity and facilitate product recovery. Ionic liquids are 
claimed to contribute to green chemistry since they are nonvolatile at room tem-
perature, in contrast to organic solvents.

7.2 � Stability in Organic Solvent

Many technologies have been developed to prevent the enzyme deactivation in 
organic solvent system, such as solvent engineering, immobilization of enzyme, 
chemical modification of enzyme including PEglation, and protein engineering.

Simple methods for keeping enzymes active in organic solvents involved lyo-
philization or chemical modification. The enzymes can be potentially damaged 

Fig. 7.4   Scheme of a reverse micelle and chemical structure of AOT (Krieger et al. 2004)
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during lyophilization conditions, which affect their activity and other properties in 
organic medium.

On the other hand, chemical modification of enzyme, at the surfaces by intro-
ducing hydrophobic moieties to lysine residues, gives promising opportunity for 
enhancing solubility, stability, and substrate preference in organic solvents. The 
attachment of phthalic anhydride to horseradish peroxidase (HRP) increased the 
enzyme’s organic solvent stability twice and also led to an increase in thermal sta-
bility four times (O’Brien and Smith 2003).

Solvent selection is a way to avoid solvent effect of the enzyme activity. Since 
it is important not to destruct hydration shell of enzyme by solvent, solvent selec-
tion is an important issue.

Since polyols have high viscosity which is not good for mixing and low polar-
ity which gives low substrate solubility, polyols are not widely used for enzyme 
reaction as reaction media (Fig. 7.5).

7.2.1 � Molecular Understanding

One approach is to find stable enzyme and analyze the characteristics in molecu-
lar level. For example, thermostable alcohol dehydrogenase which can be used for 
asymmetric reduction of ketones in organic solvent was found and characterized 
(Hoellrigl et al. 2008). Mutation techniques such as directed evolution and site-
directed mutagenesis can be applied to alter enzyme specificity and enhance its 
activity in organic solvent. Directed evolution studies show that after two genera-
tions of mutations and activity screening, the activity of cytochrome P450 BM-3 
in organic co-solvent mixture increased tenfold over that of the wild type (Wong 
et al. 2004). By mutation of the residue, residues might prevent solvent access to 
the heme and reductase domains and act to maintain the enzyme domains in their 
proper orientation and geometry.

Fig. 7.5   Enzyme activity 
dependence on solvent 
a water, glycerol, EG, 
formamide b methyl 
formamide, dimethyl formate 
c methanol, ethanol, toluene
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The analysis on the mutants having high activity in organic solvent made by 
directed evolution showed that hydrogen bonds were strengthened. The result was 
successfully applied to increase the organic solvent stability of lipase, of which 
approach is widely used for enzymes in organic solvent system (Park et al. 2012).

Another approach is to search the penetration site of organic solvent molecules 
to enzymes. Ethanol molecules which penetrated into the lipase A enzyme were 
found by molecular simulation, which were considered to destabilize the confor-
mation of the enzyme by affecting hydrophobic interaction and hydrogen bond-
ing. By changing the amino acids which were affected by ethanol to bigger ones 
to prevent the ethanol penetration into the enzyme, organic solvent stability was 
improved (Park et al. 2013).

Interaction between enzymes and solvent was investigated. Structural motion 
of the enzyme lipase B in methanol was studied using molecular dynamics (MD) 
simulation. The surface residues of CALB which have higher root mean square 
deviation (RMSD) were considered to affect the enzyme motion. In general, over-
all RMSD in organic solvent is less than the overall RMSD in aqueous solvent. 
However, local RMSD changes are different depending on the particular amino 
acid residues of the enzyme. Thus the amino acid residues greatly affected by 
organic solvent were selected as candidate for mutations. By adopting computa-
tional design to lower the RMSD, the mutant enzymes which showed improved 
stability in organic solvent was made (Park et al. 2014).

Further Discussion

1.	 Hydrolase enzymes such as protease, lipase, and amylase show different reac-
tion schemes with or without solvent system. Find examples.

2.	 Why enzyme’s characteristics are changed in the presence of solvent, for exam-
ple, polymerization occurs under solvent condition?

3.	 Solvents in many cases are toxic and flammable. How to prevent such potential 
problems in industry?

4.	 Water activity was suggested to explain the enzyme activity in organic solvent 
system. What rationale was used for the explanation?

5.	 What enzyme engineering methods have been suggested so far to maintain or 
increase the enzyme activity and to prevent the enzyme from deactivation in 
organic solvent system?
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Since new millennia, application of industrial enzymes in manufacturing pro-
cess including pharmaceuticals, fine chemicals, bio-based chemicals remark-
ably gained much attention. There is a fundamental limitation to apply industrial 
enzymes since enzymes have not been evolved to meet the requirements as bio-
catalysts. Enzyme engineering can be used to satisfy the required performances of 
industrially applicable biocatalysts. To satisfy the critical demands as biocatalysts, 
enzymes must be evolved to show high specific selectivity as well as tolerances 
against high temperature and harsh pH conditions.

Site-directed mutagenesis was developed by Michael Smith in 1978 and 
enzyme properties were improved through error-prone PCR by Frances  
H. Arnold in 1993, and DNA shuffling was reported by W. P. C. Stemmer in 1994. 
Since then, various tools for enzyme engineering have emerged for two decades. 
Rational design based on structural information of enzyme and random approach 
including directed evolution not requiring 3-D structural information of enzyme 
may represent key enzyme engineering methods. A general scheme for these rep-
resenting methods is shown in Fig. 8.1.

Evolved substitution of amino acid residues in an enzyme and subsequen-
tial screening of positive clones showing desired traits are the basic procedure of 
directed evolution. On the while, rational design is dependent on the structural 
information to determine the target amino acid residues to substitute with proper 
ones. Directed evolution and rational design can be applied in tandem for better 
performances of enzymes applicable in an industrial scale.

Chapter 8
Engineering Tools for Enzymes
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8.1 � Random Mutagenesis

Before the development of protein engineering, random mutagenesis was an only 
method to get the mutants from the microoranisms. Natural selection, originally 
suggested by Darwin is a conceptual basis of directed evolution. Directed evolu-
tion is useful not only for enzymes of known structure, but also for those whose 
structure–function relationship is not well understood. Stemmer and Arnold sug-
gested directed evolution technology in the mid- and late 1990s. They invented 
molecular biology methods through which biocatalysts can be improved via an 

Fig. 8.1   Comparison of directed evolution and rational design when using E. coli as a host 
strain (Bornscheuer 2001)
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in vitro version. The creation of molecular diversity is the cornerstone of directed 
evolution. The generation of DNA sequence diversity is one of key steps for the 
successful directed evolution and many DNA manipulation techniques have been 
suggested to generate diverse DNA sequences with more feasibility. A wide range 
of strategies are now available for creating genetic diversity for directed evolution 
with different characteristics (Fig. 8.2).

8.1.1 � Random Mutagenesis for Genes

Random mutagenesis is the simple and easy method for generating DNA sequence 
diversities. Discovery of enzyme mutants showing desired traits can be much 
effectively performed when combined with high-throughput screening (HTS). 
Random mutagenesis of specific genes can be achieved by error-prone PCR or by 
sequence saturation mutagenesis. The experimental process of directed evolution 
using random mutagenesis is shown in Fig. 8.3. The comparison of experimental 
process of the main strategies for random mutagenesis is shown in Fig. 8.4.

DNA sequence is diversified by error-prone PCR (epPCR). Dramatic elevation 
of error rate of Taq DNA polymerase lacking of 3′ → 5′ exonuclease proofreading 
function is fundamental basis for epPCR. For example, non-optimal conditions for 
DNA polymerization including high concentration of Mg2+and Mn2+ions or the 
unbalanced dNTP concentrations, can result in the elevation of the error frequency 
of common DNA polymerase from 0.001 to 1%. However, most DNA fragments 
generated through epPCR failed to be cloned during the subcloning procedures, 
being a bottleneck in the construction of the mutant library. Wild enzyme coding 
gene is ligated with a plasmid as first step and then the plasmid ligated with target 

Fig. 8.2   Comparison of the strategies for directed evolution

8.1  Random Mutagenesis
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gene is polymerized by Taq DNA polymerase under error-prone conditions to gen-
erate diverse DNA sequences, followed by screening procedures (Fig. 8.4).

Mutator strains deficient of DNA repair machinery make it easy and simple to 
introduce point mutations randomly. In 1996, Greener developed mutator strain 
showing 5000 time higher mutation rate compared with wild one. This strain  
E. coli XL1-Red was constructed by knock-out of three DNA repair systems, 
MutS, MutD, and MutT (Greener 1996).

Sequence saturation mutagenesis (SeSaM) was suggested to replace epPCR 
(Wong 2004). Random substitution for a target DNA at the level of every sin-
gle base can be made in SeSaM. SeSaM is a four-step patented method which  
represents a breakthrough in directed evolution and can be accomplished within 
2–3 days.

Chemical mutagenesis has a long history and is regarded as DNA mutation 
method acceptable mainly for food industry, because it does not involve the intro-
duction of heterologous gene sequences. Since 1994, several chemicals have been 
used to introduce random mutations into a gene of interest in vitro, including ethyl 
methane sulfonate (EMS), nitrous acid (HNO2), hydroxylamine, bisulphate, meth-
oxylamine, and so on. The key merits of chemical mutagenesis are simplicity and 
low cost, and the main disadvantage is the lack of control of mutation rate and 
limited amino acid substitutions.

Fig. 8.3   Main experimental steps for random mutagenesis (Labrou 2010)
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8.1.2 � Molecular Breeding of DNA

Homologous DNA Shuffling

In 1994, Stemmer presented the DNA shuffling technique in the Nature 
(Stemmer 1994a) and PNAS (Stemmer 1994b), as the first homologous recombina-
tion method, and built a theoretical basis for developing new DNA shuffling meth-
ods. DNA shuffling commonly consists of the random digestion of parent genes by 
DNases into DNA fragments, and subsequent reassembly of the DNA fragments 
into a full-length gene by primerless PCR (self-priming PCR): sequence homology 
found on DNA fragments results in recombined annealed genes through template 
switch (Fig. 8.5). DNA shuffling result in not only molecular diversity by recombi-
nation but also combined effective mutations from source genes. Reassembly pro-
cess of DNA fragments into full-length gene through self-priming PCR makes the 
main difference distinguished from other random point mutagenesis.

Improved enzyme will be evolved successfully through DNA shuffling fol-
lowed by appropriate screening method. Classical DNA shuffling started from 
single gene and generated various diverse genes including randomized point muta-
tions. The evolution to enzyme showing a desired trait will be inefficient since the 

Fig. 8.4   Comparison of experimental process of the random mutagenesis strategies when using 
E. coli as a host strain

8.1  Random Mutagenesis
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accumulation of beneficial mutation is less compared with deleterious or neutral 
point mutations. In 1998, Stemmer presented a new tool DNA family shuffling 
(Crameri 1998). This technique utilizes native homologous genes from diverse 
species rather than in vitro-generated mutants as the driving force for directed evo-
lution. Reassembly of the randomized fragments using self-priming will result in 
the generation of newly diversified chimeric genes.

However, as one of the most powerful techniques for enzyme engineering, 
DNA family shuffling is not flawless and always includes the weak points caused 
by reassembling process (unshuffled molecules), because the formation of chi-
meric sequences is prevented. Single-stranded DNAs (ssDNAs) as the template 
instead of dsDNAs were used for the increased efficiency to hybrid formation. 
DNA shuffling can be improved using the endonuclease V to random DNA frag-
mentation instead of DNase I.

In 1998, Arnold’s group reported a new effective protocol method so called as 
staggered extension process (StEP) (Zhao 1998). StEP consists of using the tem-
plate sequences as self-primers, which subsequently performed through repeated 
cyclic denaturation and short annealing/elongation. Unlike classical DNA shuf-
fling generating random fragments by digestion, StEP uses elongation for further 
recombination by using primers to produce fragments.

In 1998, Arnold’s group presented a novel protocol, random-priming recombi-
nation (RPR) (Shao 1998), as a good surrogate. Randomized DNA oligomers are 
utilized to produce a lot of short fragments paired with different regions of the 
template DNA. These small fragments can act as primer each other due to close 
homology. This will result in the full-length genes through further reassembly pro-
cess by PCR procedures. The method RACHITT employs no PCR procedures, 
but short sized parental genes will be hybridized. RACHITT can increase recom-
bination frequency, thus leading to more comprehensive exploitation of sequence 
space. As a toolbox, RACHITT allows us with more rapid and efficient diversifica-
tion of genes.

The above DNA shuffling protocols are able to recombine only highly homol-
ogous sequences over 70% and produce crossovers in limited regions. However, 
most enzymes showing similar 3-D structures have less distinct similarity at 
the level of primary sequences. Various protocols to recombine genes with low 
sequence homology have been suggested.

Fig. 8.5   Main experimental process of DNA shuffling
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In 1999, Benkovic’s group developed a novel DNA shuffling tool referred as 
incremental truncation for the creation of hybrid enzymes (ITCHY) that gen-
erates a bunch of recombined gene sequences based on two genes regardless of 
gene sequence homology (Ostermeier 1999).One of fundamental procedures for 
ITCHY involves the fragmentation of parent genes with exonuclease with NaCl 
to limit the digestion speed less than 10 bases/min. The method ITCHY had two 
shortcomings: recombination must occur between two different parent genes and 
little hybrid variants were active. With regard to the former, in 2001, Benkovic’s 
group developed a novel tool termed SCRATCHY making the combinatorial 
approach for target enzymes showing very low homology each other (Lutz 2001). 
This approach recombines genes by combining gradual truncation for the genera-
tion of hybrids DNA. First, gradually cumulative truncation for the generation of 
hybrids DNA is necessary to generate a complete recombined DNA sequences. 
This newly created set of DNA is then shuffled again to increase the frequency of 
crossovers.

In recent years, other novel DNA shuffling tools have emerged, including ADO 
(assembly of designed oligonucleotides) in 2003, NRR (nonhomologous random 
recombination) in 2004, NexT (nucleotide exchange and excision technology) in 2005, 
and RAISE (random insertional deletional strand exchange mutagenesis) in 2006.

Circular Permutation

Circular permutation (CP) of an enzyme starts with the formation of a covalent 
linkage between the native amino and carboxy terminals by a linker region, fol-
lowed by random cleavage of the circular peptide to introduce new amino and car-
boxy terminal elsewhere. The process does not substitute amino acid residues, but 
only reshuffles the order of residues in the protein. Although modifying enzyme 
sequences can change the enzyme’s folding pathway, few changes occur to the 
overall structures as indicated by spectroscopic and X-ray crystallographic analy-
ses. Nevertheless, changes can be pronounced near the new terminal and the linker 
region. For some enzymes, the local changes in structure can turn into substantial 
conformational changes in the tertiary and quaternary structures, which will have 
effect on protein stability, catalytic activity or substrate preferences (Yu 2011).CP 
has offered an exciting new strategy for directed evolution. CP has been employed 
for improving the catalytic performance of the enzymes such as Candida antarc-
tica lipase B(CALB) and xylanase from Bacillus circulans (BcX).

Random Insertion/Deletion Mutagenesis

Randomized insertion or deletion of DNA sequences commonly results in the 
change of length of target enzyme, which will give another chance to make diverse 
enzymes which cannot be obtained by pointwise mutagenesis. In 1999, Urabe’s 
group described a new method random elongation mutagenesis (REM) (Matsuura 
1999). REM adds randomized peptide tails at C-terminal region. In 2000, random 
insertion and deletion (RID) mutagenesis was suggested to generate the set of 
mutant enzymes containing nonnatural amino acids (Murakami 2000). Deletion as 
well as insertion of an arbitrary number of DNA is a key step for RID.

8.1  Random Mutagenesis
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8.2 � Rational and Computational Design

8.2.1 � Rational Design

Rational designs are dependent on the available information of structures and 
relationships between sequence and function of enzymes. The fast accumulative 
number of enzyme structures information deposited on PDB database, and more 
available homology modeling and molecule substrate docking offer valuable assis-
tance for enzyme engineers to effectively identify active site and locate key resi-
dues forming the substrate-binding pocket (Eijsink et al. 2004).

Kazlauskas’s group studied the mutations to improve enzyme properties such as 
enantioselectivity, substrate selectivity and catalytic activity. It was revealed that 
proximal mutations (5–15Å from the active site) are in many cases more effec-
tive than distal ones (called as “closer is often better” principle) (Kazlaukas and 
Bornscher 2009 and Morley 2005). This suggests that focusing mutations near the 
substrate-binding site instead of the entire enzyme may increase the chance of suc-
cessful rational design.

Rational design for enzyme engineering involves one or combination of point 
mutations, recombination of secondary structural elements, and exchange of 
whole domains or subunits.

If unique amino acid site within an enzyme has been identified as essential one 
for enzyme function, identification of most suitable amino acid for that position 
is critically needed. Site saturation mutagenesis (SSM) enables the replacement 
of unique sites toward the other 19 amino acids at once. However, site-directed 
mutagenesis (SDM) is used to make specific substitution in the target position. 
SDM and SSM have become important techniques in the laboratory for enzyme 
engineering. Whole plasmid PCR and overlap extension PCR are often used 
for SDM and SSM, and can also be used to generate the insertion and deletion. 
Stratagene has developed whole plasmid PCR as the QuikChange® site-directed 
mutagenesis kit.

It has been suggested that introducing new catalytic activity or changing the 
substrate specificity of an enzyme would be not achieved by mutating single or 
few residues. The method grafting loops near active site have extended the use of 
enzyme engineering. To change a thioester to a β-lactam, insertion, deletion, and 
substitution of loops as well as amino acid substitutions were made (Park 2006). 
For the conversion of an esterase from Pseudomonas fluorescens into an epoxide 
hydrolase, the exchange with 20 amino acids at the supposed entrance to active 
site were needed (Jochens 2009).

Insertion and deletion of loops into enzymes at solvent accessible regions have 
been interesting points to improve the enzymatic properties or to endow new 
function. Loops structures have been introduced into enzymes to revise the cata-
lytic properties. Mutant generation by inserting loop structure has been used for 
O6-alkylguanine-DNA-alkyltransferase (AGT) catalyzing O6-propargylguanine 
as non-native substrate material (Heinis 2010). Deletion mutagenesis has been 
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used to enhance the enzymatic activity and thermostability. Co-improvement of 
catalytic activity and thermostability of the lipase from Fervidobacterium chang-
baicum has been achieved by deleting lower part of the NC-loop (Li 2012). 
Noncanonical amino acid incorporation (NCAAI) was suggested as an effective 
method to support rational design and directed evolution (Zheng 2012).

Semi-rational design applies the knowledge about enzyme sequence, structure 
and function to choose promising residues with high probability through computa-
tional method and generates the knowledge-based library.

For fragment random mutagenesis, only specific fragment of an enzyme, 
amino acid residue sequence is randomized while the overall scaffold of the 
enzyme remains unchanged. Multiple sequence alignments can effectively iden-
tify functional islands in enzyme sequence. Megaprimer PCR of whole plasmid 
(MEGAWHOP) can be used for fragment random mutagenesis. In MEGAWHOP, 
the mutated fragment of gene obtained by epPCR are used as a megaprimer that 
replaces a homologous region in the template plasmid. After running whole plas-
mid PCR using the megaprimer, the resultant mixture is treated by Dpn I. The 
DpnI-treated mixture is then transformed into E. coli to yield a library.

Different from fragment random mutagenesis, focused directed evolution (or 
targeted random mutagenesis) focuses on a structural region, a list of key residues 
forming the reactive site and substrate-binding sites.

The CAST (Combinatorial Active-Site Saturation Test) method (Reetz 2005) 
is based on analysis of enzyme structure, and during the saturation mutagenesis, 
several residues located nearby the substrate site are selected and randomized 
to generate focused candidate sequences. This takes advantages of both satura-
tion mutagenesis at single sites and simultaneous randomization at multiple sites. 
The CAST tool has been successfully applied in broadening the substrate scope 
of lipases and enhancing the enantioselectivity of a Baeyer–Villigerase and of an 
epoxide hydrolase.

Iterative saturation mutagenesis (ISM) (Reetz 2006) performs repeatedly 
saturation mutagenesis at preselected residues in an enzyme through rational 
approach. Improvements of enzyme catalytic performances will be the basis in 
target site selection. When enhancing thermostability, the criterion is based on 
B-factors. ISM is a knowledge-based approach which needs only small libraries 
and has proven to be more efficient than all previous systematic efforts.

To enhance the proportion of properly folded chimeras of recombination, 
Arnold’s group developed the SCHEMA, a structure-guided recombination 
method (Heinzelman 2009). SCHEMA uses the structural data of enzymes to 
preset borderline of amino acid “blocks,” which minimize the average number of 
side chain. Therefore, SCHEMA could choose the least disruptive crossover loca-
tions and design a library of enzyme chimeras. SCHEMA allows recombination 
of related enzymes with identities as low as 30%, and has been used to improve 
thermostability of fungal cellobiohydrolases.

Structure-based Combinatorial Protein Engineering (SCOPE) (O’Maille 2002) 
uses both structural information of enzymes and DNA handling methods simulta-
neously for the production of a bunch of crossovered gene sequences from genes 
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showing low identity. On the based on exon or domain shuffling concept, SCOPE 
employs 3-D knowledge to design corresponding gene coding sequences.

8.2.2 � Computational Design

Toolbox

Directed evolution to improve enzyme traits faces the bottleneck: for an average-
sized enzyme, the sequence space to be explored is huge; nevertheless practical 
screening capability is limited to thousands or millions of mutants. Virtual screen-
ing in silico can analyze a much more numbers of mutants and will increase the 
success rate to obtain the desired mutants.

ProSAR (protein sequence activity relationships) was presented for in vitro 
evolution by integrating computational analysis and experimental screening (Fox 
2007). ProSAR analysis can be used to classify mutations as beneficial, potentially 
beneficial, deleterious, or neutral, and these information can be used to design 
improved mutants in subsequent rounds. ProSAR-driven enzyme engineering 
reveals that sequence activity relationships can aid directed evolution for novel 
properties.

Web-based Mutagenesis Assistant Program (MAP) is a toolbox program to 
help directed evolution strategies by studying the effects of mutational biases of 
random mutagenesis protocol on any given gene (Table 8.1). The MAP 2.0 server 
suggests the substitution patterns after specific random mutagenesis. The inte-
grated information can be utilized to choose an experiments direction to elevate 
the chance of efficient and/or stable mutants in aspect of functionality. Therefore, 
the MAP web-based program helps preselecction in silico by predicting selection 
candidates (Table 8.1).

The procedure FamClash analyzes the incompatibilities in engineered hybrids 
using enzyme family sequence data and ranks the activity of engineered enzymes.

Table 8.1   Websites of the main computational tools for enzyme engineering

Computational tools Website

MAP http://map.jacobs-university.de/map3d.html

STAR http://pprowler.itee.uq.edu.au/star

HotSpot wizard http://loschmidt.chemi.muni.cz/hotspotwizard/

PoPMuSiC http://babylone.ulb.ac.be/popmusic

AUTOMUTE http://proteins.gmu.edu/automute

CUPSAT http://cupsat.uni-koeln.de/

SPROUTS http://bioinformatics.eas.asu.medu/sprouts.html

PiSQRD http://pisqrd.escience-lab.org/

http://map.jacobs-university.de/map3d.html
http://pprowler.itee.uq.edu.au/star
http://loschmidt.chemi.muni.cz/hotspotwizard/
http://babylone.ulb.ac.be/popmusic
http://proteins.gmu.edu/automute
http://cupsat.uni-koeln.de/
http://bioinformatics.eas.asu.medu/sprouts.html
http://pisqrd.escience-lab.org/
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STAR (Site Targeted Amino acid Recombination predictor) generates index 
showing the probability for disruption in structure triggered by recombination and 
assists in determining the useful recombination sites.

HotSpot Wizard is a web-based program to identify “hot spots” for changing 
enzyme traits such as substrate specificity. The “hot spots” are chosen by integrat-
ing information sourced from various knowledge.

OptZyme is a newly suggested computational routine to design for activity with 
a new non-native substrate. Transition state analogs are a starting basis.

PoPMuSiC is a tool for rational computer-aided design of point mutations. It 
performs all possible point mutations in silico in a given enzyme and the most sta-
bilizing or destabilizing or the neutral mutations with respect to thermodynamic 
stability are selected based on the solvent accessibility of the mutated position.

CUPSAT is a web program to forecast protein stability differences caused by 
substitution of residues. This program requires the enzyme structure in PDB for-
mat and location of the residues to be mutated.

SPROUTS is a database that can be used for the evaluation of protein stability 
upon point substitution. And this is a unique resource to analyze the effect of point 
mutations on protein structures.

PiSQRD is a web program to divide protein into several domains. This program 
requires the enzyme structure in PDB format.

For commercial program, Discovery Studio is one of the powerful tools for var-
ious simulations. First, this program can minimize protein structure to anticipate 
its structure. CHARMm molecular mechanics simulation program is included in 
the Discovery Studio, and for quantum mechanics-based studies, DMol progam is 
also included. Using these two programs, Discovery Studio can efficiently simu-
late protein structure.

Also, this program can simulate protein–ligand interaction. Binding energy and 
ligand-bound structure can be calculated and simulated. From the results, effective 
inhibitor or enzyme with different specificity can be anticipated.

8.2.3 � De Novo Enzyme Design

The total design of new biocatalytic enzymes for reactions not catalyzed by native 
enzymes is a big adventure in enzyme engineering. Recent advances in compu-
tational protein design have opened the new era for designing any enzymes for 
any target reaction. David Baker is a leader in this area. His team developed the 
Rosetta computational de novo enzyme design methodology and obtained the 
novel enzymes that catalyze the kemp elimination (Röthlisberger 2008), retro-
aldol (Jiang 2008), and diels-alder (Siegel 2010) reactions not catalyzed by nat-
urally occurring biocatalysts.de novo enzyme design program (Rosetta) can be 
employed to any targeted reaction in principle. Following four steps are required 
for de novo design of enzyme: (1) selection of a key mechanism for catalysis 
and model construction mimicking catalytic site, (2) screen the target scaffold to 

8.2  Rational and Computational Design



98 8  Engineering Tools for Enzymes

realize minimal catalytic sites, (3) optimize the nearby residues to stabilize the 
transition state, and (4) analysis of resulting design based on ranking.

Enzyme engineering via directed evolution or rational design methods has been 
a very powerful tool of improving enzyme properties. The tools are fundamentally 
different by available information. Therefore, the choice of tool is still a case by 
case depending on the knowledge in depth as well as on practical decision such 
as available HTS methods as shown in Fig. 8.6. Different methods have their own 
advantages and drawbacks. Identifying which tool is the best and why particular 
mutations lead to favored properties will set enzyme engineering forward rapidly. 
It is unlikely that one method dominates over others, as each problem has different 
goal, available information, and specifics of the enzyme.

Further Discussion

1.	 How to decide enzyme’s structure? What are the advantages using NMR com-
pared to X-ray crystallography?

2.	 How to select an appropriate tool of enzyme engineering for a specific 
enzyme? Summarize the common strategies for directed evolution and rational 
design. Describe the protocols for site-specific mutation and saturation muta-
tions. Search the cases for enzyme mutations in mammalian cells and plant 
cells.

Fig. 8.6   Schematic representation of enzyme engineering tools
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3.	 Solvent accessible surface area (SASA) and B-factor are also important 
parameters in explaining the enzyme’s behavior. How to calculate SASA and 
B-factor?

4.	 What is the ultimate goal for enzyme engineering, especially novel enzyme 
design?

5.	 What applications can we think on big data or bioinformatics analysis in 
enzyme engineering area?
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9.1 � Mechanism of Enzyme Activity

9.1.1 � Chemical Mechanisms

Enzymes catalyze efficiently various reactions with astounding rates. 
Understanding the dynamics and molecular mechanism of enzymes has been an 
important research goal for more than half a century. An enzyme has three-dimen-
sional cleft, called “active site”, which is composed of amino acids from differ-
ent residues. A substrate binds to this active site, through which reaction occurs. 
Enzymes increase a reaction rate by lowering the activation energy in the forma-
tion of a transition state intermediate. The three-dimensional configuration of 
atoms in the active site is critical for the reaction.

Lock and key model for enzyme action was suggested by Emil Fisher in the end 
of 19th century. In this model, the lock symbolizes the enzyme and the key is the 
substrate or substrates. The enzyme molecule provides a uniquely structured template 
on which the substrate can perfectly attach and interact subsequently (see Fig. 9.1). 
Once the substrate approaches to the enzyme’s active site, an enzyme-substrate (ES) 
complex is formed. After this transition, products will be released from the enzyme 
molecule and the enzyme could accommodate another substrate for reaction.

The lock and key model could explain why molecules larger than the enzyme’s 
substrate, but of similar chemical reactivity, are not catalyzed by the enzyme since 
they cannot access the enzyme’s active site. Same analogy can be made for smaller 
molecules; they might not be catalyzed because they do not fit to the active site to 
form ES complex. However, Koshland (1958, 1959) found that some smaller mol-
ecule which could fit into the active site and has the right chemical stereochem-
istry did not react. He suggested following model: The substrate causes a change 
in the three-dimensional structure of the active site geometry; through this the 
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substrate can access to the catalytic residues in the right orientation and distance. 
This theory has been called “induced fit”. The induced-fit model shown in Fig. 9.2 
assumes that the enzyme is flexible and its active site conformation can be thus 
changed to fit the substrate.

In induced-fit model, the final orientation of active state—the precise positions 
of catalytic groups and the residues ready for catalysis—is induced only after the 
binding of substrate changes the enzyme structure. In contrast, the conformational 
selection model captures the multiple conformational states adopted by the enzyme, 
with the substrate having a higher affinity for the active state (Boehr et al. 2009). In 
conformational selection model, the ligand is suggested to bind to the active state of 
the enzyme. The models presented constitute theories used to rationalize the mech-
anism by which an enzyme adopts its catalytically functional state (Sullivan and 
Holyoak 2008). However, these models fail to describe allostericity (change of an 
enzyme conformation resulting in change in function) and cooperative effects.

Allostric enzymes function by making reversible and noncovalent binding with 
regulatory compounds called allosteric effectors, which are usually metabolites or 
cofactors. In many allosteric enzymes, the binding sites for substrate and for the 
effector are different. Binding of the effector to its specific site causes the confor-
mational change of catalytic subunit, which results in the increased or decreased 
activity of allosteric enzyme (Fig. 9.3).

9.1.2 � Transition State Theory

Transition state occurs as the enzyme-substrate is aligned and transformed into 
right geometry to give a reaction for product formation. This becomes possible by 
precise alignment of catalytic groups of enzyme and substrate. Enzymes config-
ure the electronic status by electron transfer, geometric change, protonation and 
interaction with Lewis acids/bases (Schramm 1998). The summation of individual 

Fig. 9.1   Lock and key model

Fig. 9.2   Induced-fit model
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weak forces on the substrate results in relocation of electrons for breakage or for-
mation of bonds.

Substrate and enzyme mutually change their structures through realignment and 
decrease the binding energy of the transition state compared to the enzyme-sub-
strate complex, hence becoming more stable. The hydrogen bonds and ionic bonds 
between the substrate and the enzyme are dependent on bond angle, interatomic 
distance, solvent and relative pKa values. Ionic changes between the enzyme-sub-
strate complex and the transition state are characterized by distinct pKa values for 
substrate binding and turnover number, kcat (Parkin and Schramm 1995).

In order for the reaction product to dissociate, the transition state must be 
relaxed fast. As the bonds are broken to generate a repulsive interaction through 
electron distributions, the catalytic site is opened and the products are released 
(see Fig. 9.4).

In structural biology of enzymes, the structure-function paradigm has been 
progressively reassessed and extended to include dynamic effects as well as some 

Fig. 9.3   Allosteric enzyme model. After allosteric enzyme interacts with an effector molecule, 
substrate can thereby bind to the enzyme

Fig. 9.4   Reaction coordinate diagram for conversion of substrate (S) to enzyme-bound products 
(EP). Symbols are R–H-bond acceptor, H–H-bond donor, + and − are ionic charges, and > rep-
resents hydrophobic sites (Schramm 1998)

9.1  Mechanism of Enzyme Activity
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structural disorder. To understand enzyme action throughly, information on their 
crystal structures are to be known for every state of enzyme-substrate complex. 
Since it is impossible to watch experimentally the enzyme action, biophysical 
methods are used to infer enzyme dynamics from the measured physical proper-
ties. Enzymes undergo conformational fluctuations as discussed above, ranging 
from femto- to milliseconds, and amplitudes (see Fig. 9.5). This conformational 
range arises from local fast timescale side chain fluctuations and movements of 
active site loops and slow timescale global structural rearrangements includ-
ing: secondary structure reorganizations (Skinner et al. 2008), interconversion of 
enzyme fold (Yadid et al. 2010), and closed-to-open conformational transitions 
(Masterson et al. 2011) phenomena.

Slow timescales dynamics defines fluctuations between kinetically dis-
tinct states that are separated by energy barriers of several kT (the product of 
the Boltzmann constant and the absolute temperature). Enzyme catalysis, signal 
transduction and protein-protein interactions occur on the microseconds or slower 
timescale at physiological temperatures. The individual states of the enzyme con-
formation at this timescale can be observed real-time or after trapped.

Fig. 9.5   Timescale of protein motions (Henzler-Wildman and Kern 2007)
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Fast timescale dynamics defines more local, small-amplitude picosecond-to-
nanosecond fluctuations at physiological temperature. In contrast to the slow time-
scale dynamics, fast timescale dynamics requires a statistical description of the 
distribution (Henzler-Wildman and Kern 2007).

Variety of nuclear magnetic resonance (NMR) spectroscopic methods has been 
used to document enzyme motions in specific regions. Especially, relaxation dis-
persion experiments can give both structural and kinetic dynamic information. 
X-ray diffraction can give information on high resolution structures but a homo-
geneous crystal is needed. Advances in computational methods provide greater 
understanding of enzyme dynamics. The exact position of each atom at any given 
instant can be obtained from one high-resoltuion structure of a protein.

Several explanations for enzyme catalysis mechanism are presented due to the 
complex enzyme structure and deformation of enzyme and substrate. Induced-fit 
model proposes that the initial interaction between the enzyme in its native state 
and the substrate induces a conformational change which leads to stronger bind-
ing of the substrate to the enzyme. However, induced-fit model could not explain 
the real reason why activation energy barrier is lowered during enzyme catalysis. 
Some enzymes do not also take induced-fit mechanism. Now, the mechanism on 
how the enzyme lowers the activation energy barrier has been simulated and tested 
considering the molecular level of the substrate and the enzyme.

Bond strain is derived from the principles of induced-fit mechanism. By con-
formational change, bonds could be distorted, rotated, polarized or electronically 
relaxed in substrate or subtle part of the enzyme (Belasco and Knowles 1980 and 
Clarkson et al. 1997). This bond strain can lead reactions to occur easily. However, 
large bond strain is not expected since enzyme is relatively large and flexible mol-
ecule. Bond strain could not explain the transition state stabilization appropriately. 
It is rather substrate destabilization (Deng et al. 1992).

Proximity and orientation can change the substrate and side chain of catalytic 
residues due to the enzyme structure deformation (Robertus et al. 1972). The 
chemically reacted groups are closed geometrically and the reaction can occur eas-
ily. This mechanism is more useful especially for two substrates in one reaction.

Catalytic residues can serve as proton donor and acceptor. They activate nucle-
ophiles and electrophiles or stabilize the leaving group in acid/base reactions. The 
residues (e.g. Asp, Glu, His, Cys, Tyr and Lys) found near the active site have a 
role for functional group on acid/base catalysis. Histidine often functions as pro-
ton donor or acceptor because its pKa value is almost neutral. In serine protease, 
histidine in the active site accepts the proton from serine and serine as nucleophile 
attacks the peptide bonds of the substrate (Hedsrtom 2002).

Catalytic residues form an ionic bond or covalent bond with the substrate. Ionic 
bonding is formed by charged amino acids like Asp, Glu, Lys and Arg as well as 
metal ions. Thermolysin is one of the thermostable peptides which contains zinc ion. 
This metal ion is indispensable for catalysis because carbonyl oxyanion in the inter-
mediate is stabilized by this zinc ion (Matthews 1988). Ionic interaction or covalent 
interaction with the substrate or intermediate could stabilize the transition state.

9.1  Mechanism of Enzyme Activity
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Electrostatic reorganization has been considered as the main reason for lower-
ing the activation energy barrier in computational simulation field. The active site 
of the enzyme has partial dipoles while the solvent must pay more energy for reor-
ienting its dipoles during the reaction thus enzymatic reaction has lower energetic 
penalty than the reference reaction in solution (Warshel and Levitt 1976).

Enzyme dynamics is asserted to explain enzyme catalysis mechanism. Enzyme 
dynamics is broadly accepted as requisite to substrate recruiting, chemical trans-
formation and product release. The fast dynamic motions at femtosecond to pico-
seconds scale in the transition state can contribute to enzyme reaction. Dynamics 
couples a promoting vibration to a reactive bond in transition state (Schwartz and 
Schramm 2009).

As mentioned, MM, QM/MM and QM methods can provide new understanding 
on the enzyme catalysis. Changes in energy barrier caused by different enzyme or 
engineered enzyme can be explained by using these methods. Enzyme reactions 
can be largely classified into 3 steps—binding, reaction, and release. More details 
on the reaction steps can be also predicted using these methods. Sometimes, prod-
uct release step is known as the slowest step which means that product release is 
the rate-limiting step. From this knowledge, engineering of enzyme to accelerate 
the product release step can be suggested, which remains as future issue.

Case Study: Dihydrofolatereductase (DHFR)

Dihydrofolatereductase catalyzes the reduction of 7,8-dihydrofolate (DHF) to 
5,6,7,8-tetrahydrofolate (THF). The cofactor nicotinamide adenine dinucleotide 
phosphate donates a hydrogen atom to the C6 atom of the pterinnucleos, with pro-
tonation at N5 as shown in Fig. 9.6 (Nashine et al. 2010).

The detailed kinetic scheme by Escherichia coli DHFR is shown in Fig. 9.7: 
the enzyme, cofactor and substrate cycle through five intermediates under cellu-
lar conditions. The rate-limiting step is the release of THF from the E·NH·THF 
complex.

NMR relaxation dispersion was used to characterize the reaction steps. The 
rate constants obtained by pre-steady state and competitive trapping experiments 
are consistent with those measured for the transition between the excited and 
the ground state structures. The hypothesis that the chemical step and the ligand 

Fig. 9.6   Reaction catalyzed by DHFR
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release are governed by the rates of conformational changes in the reaction steps is 
supported by the experiment.

9.2 � Enzyme Dynamics and Flexibility

9.2.1 � Enzyme Dynamics

Dynamics of enzyme has been associated with catalysis mechanism. Enzyme con-
formational movements are necessary to enzyme function. The motions by internal 
dynamics are divided into three: the vibration of individual amino acids includ-
ing all atoms of the side chains, the movements of amino acid groups like helix 
and sheet, and domain motion. The time scale of these movements ranges from 
10−15 to 10−1 s for the vibration of atoms, 10−9−1 s for the group movement, and 
10−7−104 s for the domain movement. The group movement or rigid body move-
ment may be related to the catalysis mechanism because the time-scale is similar 
with the kcat.

Fig. 9.7   Catalytic cycle of E. coli DHFR, showing the conformation of the principal species

9.1  Mechanism of Enzyme Activity
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Each enzyme has different dynamics since the network inside the enzymes are 
different from each other. Comparing hyperthermophilic and mesophilic homologs 
of adenylate kinase showed the difference in residual flexibility in lid structure as 
measured by nuclear magnetic resonance (NMR) relaxation which mobility is the 
rate-limiting step in the reaction (Wolf-Watz et al. 2004). The hyperthermophilic 
homolog showed that catalytic activity at ambient temperature and the lid-opening 
rate decreased. High flexibility explains high catalytic activity of psychrophilic 
enzymes at low temperature.

Debye-Waller factor, also termed as B-factor, is one of the variables repre-
senting enzyme flexibility. It is calculated in X-ray crystallography data, having 
a unit Å2. B-factor describes the vibration of atoms. Atoms with high B-factor 
is usually in disordered or flexible structure, while atoms with low B-factor are 
in ordered and rigid structure. The spin relaxation in NMR has also been used 
to access the dynamics and mobility of enzymes. NMR relaxation could check 
fast ps and ns motions as well as slower microsecond to millisecond motions 
(Bracken 2001). The spin removal of some residues within the protein represents 
that the residues move so as to the fast indirection of spin means more mobile 
and flexible atom.

Root mean square deviation or distance (RMSD) and root mean square fluctua-
tion (RMSF) are commonly used to determine enzyme flexibility in computational 
simulations. During dynamics simulation, most atoms comprising the enzyme 
move. Two enzyme structures are superimposed then the distance from the origi-
nal position and the final one is measured to obtain the RMSD value. RMSF is 
averaged value of RMSD taken over a certain period of time to represent a more 
reliable comparison for residual flexibility.

Figure 9.8 shows one example of recent understanding on the enzyme’s struc-
ture. Compared to classical understanding which considers enzyme as one big 
globule, current understanding considers enzyme as mechanical machine function-
ing chemical reaction. In this machine, some domain mainly needs flexibility for 
catalytic motion, the other domains require rigidity to support the catalytic doman. 
Further analysis on enzyme’s mechanical structure having catalytic residues can 
be used to understand the enzyme structure versus function and eventually design 
a novel enzyme in the future.

Case Study: Flexibility Analysis

Many mutants were reported on the bacteriophage T4 lysozyme, where activity-
enhaced mutants were included. Flexibility analysis was performed for the activ-
ity-enhanced mutants of bacteriophase T4 lysozyme. Mutations of the amino acid 
residues on the edge of the helices towards more flexible amino acids showed the 
activity-enhanced results. This tendency was also confirmed using B-factor analy-
sis (Hong et al. 2014). Flexibility change can be used as a tool in enhancing the 
enzyme activity and was successfully applied for the increase of lipase enzyme 
(Hong and Yoo 2013).
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Further Discussion

1.	 What is the source of the energy for enzyme motion?
2.	 Enzyme reaction occurs through many steps, such as attachment of substrate to 

enzyme, reaction at catalytic site, and detachment of product(s) from enzyme’s 
pocket. How can we find the bottleneck in enzyme’s motion and make 
debottlenecking?

3.	 Discuss the relationship between flexibilities of amino acids and flexibility of 
enzymes. Can we change the flexibility of the enzyme by changing the amino 
acids at specific location, which eventually change the activity of the enzyme?

4.	 Enzymes show conformational motions and thus can be considered to move 
like a elastic body. However, it is not easy to understand the details of the 
conformational motion, instead domain-based analysis can be performed to 
understand the enzyme’s motion. Discuss how domain can be defined and the 
domain-based analysis can be used.
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10.1 � Substrate Specificity

10.1.1 � Understanding of Substrate Specificity

The enzymatic reaction starts with the binding of the substrate to the enzyme. 
When the substrate approaches to the active site of enzyme, the electrostatic 
microenvironment in the substrate-binding region changes to make the reaction 
proceeds to form the final products. In this process, the correct and exact binding 
of substrate to the substrate-binding site of enzyme is important. Thus, the speci-
ficity of enzyme is closely related to the binding configuration and affinity of the 
substrate to the active site of enzyme. One example of the substrate specificity is 
protease. There are many types of proteases, such as trypsin, chymotrypsin, and 
thrombin, which cleave peptide bond but acting on different peptide bonds. For 
example, trypsin acts on lysine or argine, chymotrypsin on tyrosine, tryptophan, or 
phenylalanine, and thrombin on arginine-glycine peptide bond.

As explained earlier, classical models which explain the enzyme-substrate 
reaction were based on the complementarity between the geometrical shapes of 
substrate and enzyme active site. The substrate-binding region of enzyme has a 
particular geometric shape that is complementary to that of the substrate mole-
cule. This indicates that enzymes react with specific compounds of geometrically 
similar structure. The specificity of an enzyme with a substrate can be explained 
by “Lock and key” model. In this model, the lock and key correspond to the 
enzyme and the substrate, respectively, and only the correctly shaped key can fit 
into the key hole (active site). This theory is based on the “rigid enzyme” model 
focused on the geometric complementarity between the shape of an enzyme and a 
substrate.
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The rigid enzyme model assumed in the lock and key model is not always 
valid for the explanation of experimental phenomena. A modified model called 
“Induced-fit theory” was postulated on the assumption that enzyme is partially 
flexible. The structure of enzyme is slightly changed by the initial binding of 
substrate to enzyme, and then the resulting shape of the enzyme is determined to 
accept the substrate with exactly right configuration. Some compounds can bind to 
the enzyme without undergoing a reaction. The phenomenon cannot be explained 
by the Lock and Key model but by the induced-fit theory; it is because even 
though the substrate can bind to the enzyme, the changed enzyme structure is not 
proper for the corresponding reaction to be occurred. Only the specific substrate 
can induce the proper configuration of the substrate-binding site.

How to predict the substrate specificity? Preliminary in silico high-throughput 
method was suggested (Tyagi and Pleiss 2006). By docking substrate into the 
enzyme, transition state analogous intermediates can be obtained. By examining 
the effect of side chain orientation and the affinity of the enzyme-substrate com-
plex, substrate specificity of the enzyme can be predicted and can be used for 
further applications such as virtual screening of potential substrates and enzyme 
engineering.

10.1.2 � Engineering Substrate Specificity

There has been growing interests in the use of enzymes for the production of 
industrial chemicals, biofuels, and high-value pharmaceuticals. Enzymes have 
advantages in the synthetic processes for their safe, energy saving, and environ-
ment-friendly natures. However, natural enzymes can be limited by their finite 
catalytic repertoire in the application of broad areas of biotechnology. It is because 
the natural enzymes evolved for the needs of their natural role, not for the human 
benefit. Thus, they are frequently not suitable for many industrial applications, 
and do not satisfy the requirements of industrial biotechnology. For instance, the 
development and improvement of the biosynthetic pathways for metabolic engi-
neering only with the natural enzymes could be restricted by the limited catalytic 
diversity. Therefore, understanding and engineering of the enzyme-substrate speci-
ficity is one of the most important issues in the area of enzyme applications. In the 
theory of enzyme-substrate specificity, the “binding” of substrate to the active site 
of enzyme is the main factor that determines the specificity of an enzyme In this 
regard, the engineering of the active site structure of enzyme is the essential design 
approach for the engineering of enzyme-substrate specificity; and thus, the rational 
and computational approach is mostly aimed at the modification of the substrate-
binding pocket (Wijma and Janssen 2013). The key steps for the engineering are 
(1) selection of the mutation sites in the binding pocket, and then (2) mutation of 
the selected residues to appropriate counterparts.

Among the nonstructure-based approaches in protein engineering, directed evo-
lution is a representative of random approach that requires no knowledge of the 
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enzyme structure or mechanism (Arnold and Volkov 1999). Directed evolution can 
be achieved either by DNA shuffling or error-prone PCR. This method requires no 
structural information with practically effective results. However, it usually needs 
multiple rounds of evolution and huge amount of variants to be screened. It is a 
time- and labor-consuming process. However, directed evolution is still the most 
widely used method due to the practical effectiveness of this approach.

The random approaches do not consider the relationships between the struc-
ture and function of enzymes, so that it is hard to understand the fundamental 
role of the applied mutations in the catalysis of the enzyme. Because of the large 
increases in the accumulation of enzyme crystal data and knowledge of enzyme 
catalysis, rational and computational approach or semi-rational design has become 
more favorable for the engineering of enzyme-substrate specificity. In addition, 
this approach provides comprehensible information to understand the structure–
function relationships involved in enzyme specificity.

In rational design, based on the data of protein structures, one can propose 
mutations which can be introduced by site-directed mutagenesis. Rational design 
is advantageous in that it can increase the probability of effective mutations and 
reduce the library size, and finally save effort and time for the library screening. 
Moreover, this method requires no high-throughput assay system that can signifi-
cantly reduce the experimental cost. The common process for rational design is 
performed by reshaping the structure of substrate-binding pocket considering the 
geometric and/or physico-chemical complementarity of the enzyme with the target 
substrate. In rational design, the commonly used strategies for the redesign proce-
dure are (1) to increase the binding pocket space to allow for a bigger substrate, 
(2) to decrease the binding pocket space to allow for a smaller substrate, and (3) 
to control the substrate-binding mode by adjusting the molecular interactions 
between the substrate and the amino acid residues in the active site (Manna and 
Mazumdar 2010; Mouratou et al. 1999; Sinclair et al. 1998). With the strategies, 
the mutation sites are selected and the amino acids to be substituted are decided. 
However, even though the approaches are based on the structural information of 
the enzyme and substrate, this is a qualitative approach that largely depends on the 
insight and ability of the researchers. In addition, the strategies are focused mainly 
on the “binding” character of the enzymes.

Recently, computational design is getting interest as an advanced engineer-
ing tool for the improvement of enzymes (Kiss et al. 2013). In this approach, 
the selection of mutation sites and decision of the substituents can be automati-
cally processed according to the applied computational algorithms. The calcula-
tions are performed for anything ranging from single to dozens of mutations at a 
time (Gordon et al. 2012; Khare et al. 2012; Murphy et al. 2009). Computational 
enzyme design algorithms seek to identify appropriate protein structures that are 
low in energy when folded to the prespecified target. Among the computational 
design programs, the most widely used are Rosetta design and K* algorithm. After 
putting the substrate compound in the active site of the target enzyme, in Rosetta 
design, amino acid residues surrounding the substrate are mutated and optimized 
to ensure good packing and fold stability (Kiss et al. 2013). On the other hand, 
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K* is an ensemble-based enzyme redesign algorithm that considers all rotamer-
based conformations for a protein-substrate complex, including all combinations 
of the rotamers for the active site residues as well as the substrate. However, this 
approach still has some problems with the large amount of computational load. 
Thus, the computing time and efficiency depend largely on the power of the com-
puter system. The accurate modeling with the approach is still a challenge due to 
the limited accuracy of the applied algorithms (Tyka et al. 2012).

A semi-rational approach that combines the rational and random approach 
also can be applied to improve the function of enzymes. In this case, the applica-
tion of saturation mutagenesis on the active site of enzyme is the most widely used 
approach for the design of enzyme-substrate specificity (Andrews and McLeish 
2013; Gao et al. 2013; Xie et al. 2014). Because the whole random approach can 
generate too many libraries that have the mutation sites far from the active site, 
focused mutagenesis on the active site residues can improve the efficiency of the 
design approach. The semi-rational approach can generate synergistic effects by 
taking advantages of the rational and random approach. Therefore, it is a practi-
cally efficient approach for the design of improved enzyme variants. However, this 
approach still depends on the experimental efforts in the mutation and selection 
step of the approach. The experimental dependency is significantly increased if the 
mutation sites are extended when considering all the amino acids as the substituents.

Case Study: Engineering Substrate Specificity of 3-Hydroxybutyrate 
Dehydrogenase (Yeon et al. 2013)

The substrate specificity of 3-hydroxybutyrate dehydrogenase (3HBDH, EC 
1.1.1.30) from Alcaligenes faecalis was changed to convert levulinic acid to the 
4-hydroxyvaleric acid by rational design (Fig. 10.1). Molecular docking simulation 
and enzyme-substrate interatomic contact analysis was applied for the engineering 
of 3HBDH. The binding energy and donor–acceptor distances were employed as 
key design parameters considering the H-transfer mechanism of the catalysis.

Fig. 10.1   a The reduction of acetoacetic acid by wild-type 3HBDH, b The reduction of levulinic 
acid by mutant 3HBDH
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Through molecular docking and enzyme-substrate interatomic contact analysis 
(Sobolev et al. 1999), six residues located in the substrate-binding site, Gln94, His144, 
Lys152, Trp187, Gln196, and Trp257, were selected as initial target residues for 
mutation. By rational design approach, the six residues were mutated to Gln94Asn, 
His144Leu, Lys152Ala, Trp187Phe, Gln196Asn, and Trp257Phe. By measuring the 
specific activities of the six mutants with levulinic acid, His144Leu mutant which has 
an activity was selected as the mutant for further improvement (Fig. 10.2).

From the first design results, His144 was identified as a key residue for the 
engineering of 3HBDH. Additional single and combitatorial mutations were 
tested. Based on this result, His144Leu/Trp187Phe was selected as the best dou-
ble mutant, in this study, for the enzymatic reduction of levulinic acid. The kinetic 
parameters (Km and kcat) for the mutants including the wild-type 3HBDH, are 
shown in Table 10.1. The H144L mutant showed an 8.6-fold increased catalytic 
activity (kcat/Km) relative to the wild-type and the H144L/W187F double mutant 
showed a 33.4-fold increase.

Case Study: Change of NAD(P) Specificity (Watanabe et al. 2005)

Xylose is one of the major compounds of hemicellulose. Saccharomyces cerevi-
siae, widely used for ethanol production, cannot uptake xylose as a carbon source, 

Fig. 10.2   Substrate contacting residues of 3HBDH; substrates (pink acetoacetate, white levulinic 
acid), contacting residues (orange in the entrance region of binding pocket, red catalytic residues, 
blue in the inside region of binding pocket)

10.1  Substrate Specificity
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and must be engineered to utilize glucose and xylose at the same time. For this 
purpose, the genes involved in xylose metabolism were introduced from other 
organisms such as Pichia stipitis. However, intercellular redox imbalance occurs 
because of the different coenzyme specificity of xylose reductase (NADPH-
dependent) and xylitol dehydrogenase (NAD+-dependent). To improve the pro-
ductivity, a change of specificity of xylitol dehydrogenase (XDH) to NADP+ is 
needed. In this study, XDH from P. stipitis (PsXDH) was used as a target enzyme.

XDH belongs to dehydrogenase/reductase (MDR), which constitutes a large 
enzyme superfamily. XDH belongs to the polyol dehydrogenase (PDH) subfam-
ily that includes sorbitol dehydrogenase (SDH) and other enzymes. In comparison 
with NADP+-dependent SDH from Bemisia argentifolii, Asp207, Ile208, Phe209, 
Asn211 in PsXDH were chosen as mutation targets to change the coenzyme speci-
ficity. The phosphate ion in NADP+ is found adjacent to Ala199, Arg200, and 
Arg204 in SDH. Ala199-Arg200 in SDH are homologous to Asp207-Ile208 in 
PsXDH. Neighboring residues were also chosen for expression of single, double, 
triple, and quadruple mutants (Fig. 10.3).

Triple mutant ARS (D207A, I208R, F209S) and quadruple mutant 
(ARS + N211R) showed improved NADP+ dependent activity. However, ther-
mostability was decreased. To improve thermostability, zinc metal ion was added 
to the enzyme. Many MDRs have one zinc atom at the catalytic site for activ-
ity. Some possesses structural zinc atom, which role has not yet been clarified, 
although the role seems to maintain the quaternary structure. The zinc atom was 
coordinated with four cysteine residues in the B. argentifolii SDH. From struc-
tural comparison, PsXDH was mutated to S96C, S99C and Y102C to introduce 
additional zinc atom. With triple/quadruple mutant, zinc atom introduced PsXDH 
shows high thermostability and NADP+ dependent activity.

Table 10.1   The structural and kinetic parameters of 3HBDHs with levulinic acid

3HBDH ∆Gb 
(kcal∙mol−1)

d1 (Å) d2 (Å) Km (mM) kcat (min−1) kcat/Km (M−1 s−1)

WT −10.3 4.4 6.7 0.78 ± 0.08 0.36 ± 0.05 7.68 ± 1.12

H144L −9.6 4.0 5.0 0.91 ± 0.09 3.61 ± 0.48 65.94 ± 8.42

H144L/
W187F

−11.0 3.3 3.4 0.64 ± 0.07 9.83 ± 1.08 256.54 ± 30.34

Fig. 10.3   Xylose reaction pathway for the production of ethanol
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10.2 � Enantioselectivity of Enzymes

Growing need for optically pure compounds in flavor chemical, agricultural, and 
pharmaceutical industries has driven the development in enantioselective synthesis 
(Rouhi 2004). Along with the interest in environmentally benign and sustainable 
processes, enzymes have drawn attention as intrinsically chiral and efficient cata-
lysts (Otten et al. 2009). Configurational complementarity between the enzyme’s 
active site and the substrate enantiomers is the single most important factor to 
determine which enantiomer reacts faster than the other, because the enantio-
meric pair shares the same chemical composition and bonds but only differs by 
3-dimensional configuration. An enzyme tends to have an asymmetrical active site 
which is tailor-made for the productive binding of the fast-reacting enantiomer. 
The slow-reacting enantiomer has limited interaction with the active site or binds 
in a nonproductive binding mode where the catalysis cannot take place properly. 
On the other hands, unnatural substrates do not have optimized configurations for 
the active site, leading to relatively low enantioselectivities. Most enzyme engi-
neering strategies to control enantioselectivity have evolved to affect the config-
urational complementarity by optimizing the interaction between the active site 
and the desired enantiomer while disrupting the interaction with the undesirable 
enantiomer.

10.2.1 � Measurement of Enantioselectivity

Enantioselectivity can be measured in two different ways. One is enantiomeric 
excess, ee, which is defined as purity of one enantiomer in a sample. The equation 
is as follows:

Fmajor is the fraction of major enantiomer and Fminor is the fraction of minor enan-
tiomer in a mixture. For example, in a mixture of enantiomers with 99:1 ratio, the 
calculated ee is 98%.

Another way to measure enantioselectivity is enantiomeric ratio, E, which is 
the selectivity of a catalyst or reagent for one enantiomer over the other and calcu-
lated as follows:

(10.1)ee =
Fmajor − Fminor

Fmajor + Fminor

(10.2)
E =

rate of formation of fast enantiomer

rate of formation of slow enantiomer

=
Kcat

Km

(fast)/
Kcat

Km

(slow)
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10.2.2 � Kinetic Resolution

In kinetic resolution, the reaction rate of two enantiomers of a substrate is different 
in an enzyme-mediated reaction (Fig. 10.4) (Keith et al. 2001).

In Fig. 10.4, the R-enantiomer is favored due to lower activation energy than 
that of the S-enantiomer, and the resolution capability is higher with greater 
ΔΔG‡. After the conversion of each substrate enantiomer into its corresponding 
product enantiomer, the faster reacting enantiomeric product is separated from 
the slower reacting enantiomeric substrate by conventional separation procedures, 
which is more efficient than attempting to separate an enantiomeric pair of the 
same compound by chiral separation methods.

The enantiomeric excess is affected by the conversion rate, where the eesubstrate 
increases along with the increasing conversion but eeproduct is decreased at the 
same time. As the fast-reacting enantiomer is converted to the product at a higher 
rate than the slow-reacting one, an excess of slow-reacting substrate enantiomer is 
recovered with higher purity for a larger conversion.

10.2.3 � Dynamic Kinetic Resolution

Kinetic resolution has limitations that it requires separation of the product from 
remaining substrate, and there is a drop in enantiomeric purity as the process 
nears 50% conversion. The theoretical yield is 50% at maximum, because only 
one enantiomer of the racemate is utilized. In order to overcome these issues, a 

Fig. 10.4   Free energy diagram for kinetic resolution. SMS and SMR are the substrate enantiom-
ers; PS and PR are the product enantiomers; TSS and TSR are the transition states, with ΔGS‡ and 
ΔGR‡ as activation energy, respectively; ΔΔG‡ is the difference in the activation energies of the 
two enantiomers; ΔGrac is the activation energy of racemization between the enantiomers
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notion of dynamic kinetic resolution can be coined. In dynamic kinetic resolution, 
a racemase is utilized to lower the ΔGrac, allowing interconversion between the 
substrate enantiomers (Fig. 10.5).

Racemization and kinetic resolution steps can be used simultaneously to 
increase the theoretical maximum yield from 50 to 100% for a single enantiomer. 
This assumes a Curtin–Hammett system in which the composition of products is 
determined by the relative free energies of the transition state, rather than the equi-
librium distribution of the starting material (Carey and Sundberg 1984).

For an optimized dynamic kinetic resolution, the kinetic resolution step should 
be irreversible and the enantiomeric ratio (E = kR/kS) should be large to ensure 
high enantioselectivity (Strauss et al. 1999). Furthermore, the racemization rate 
(kinv) should be at least equal or greater than the reaction rate of the fast enanti-
omer (kR) to avoid depletion of the SR. In case the E value is only moderate, kinv 
should be greater than kR by a factor of ~10. Any spontaneous racemization of the 
product should not occur.

10.2.4 � Deracemization and Stereoinversion

In cases of compounds with a configurationally stable chiral center, such as sec-
ondary alcohols, it is difficult to achieve in situ racemization. Deracemization is 
used in these cases to convert the chiral center to achiral, for example by oxidizing 
the alcohols to ketones. This changes the tetrahedral configuration into a triago-
nal planar, removing the chirality (Fig. 10.6). One enantiomer of a racemic alcohol 
is oxidized by enantioselective dehydrogenase while the other remains unreacted. 
The ketone is then reduced again by a different enzyme with opposite enantiose-
lective preference to create an inverted chiral center.

For optimal biocatalytic deracemization and stereoinversion, at least one of 
the two redox reaction steps has to be irreversible to pay for the entropy balance. 
Since the overall process constitutes of an oxidation and a reduction reaction, the 
net redox balance is zero. And no external cofactor recycling is necessary in an 
ideal case (Strauss et al. 1999).

Fig. 10.5   Reaction scheme for dynamic kinetic resolution and free energy diagram for dynamic 
kinetic resolution. ΔGrac is lowered to a level below the ΔGS‡ and ΔGR‡ by a racemase enzyme

10.2  Enantioselectivity of Enzymes
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10.2.5 � Desymmetrization

Selectivity is also the bases of this approach. Starting with symmetric substrate 
like meso-compounds or prochiral precursors, an enzyme converts only one of the 
functional groups, which results in desired molecule in theoretically 100% yield. 
Even though additional recycling or combination steps are required in kinetic reso-
lutions or deracemizations, desymmetrization can be performed in one step.

10.2.6 � Asymmetric Synthesis

In asymmetric synthesis, the substrates are prochiral precursors which can 
be turned into chirally active compound through enantio-selective reaction. 
The approach offers enhancement in product quantity and enantiomeric ratio. 
Table 10.2 shows the feasibility of producing fine chemical and pharmaceutical 
products on commercial scale.

Enzyme’s enantioselectivity depends also on the geometry of the enzyme’s 
structure, especially active site pocket. As an example, for subtilisin-catalyzed 
transesterification reaction among vinyl butyrate and S-, R-enantiomers of chi-
ral secondary alcohols, higher reactivity of S-enantiomer can be explained using 
steric hinderance and tight pocket size in the active site of the enzyme (Fitzpatrick 
et al. 1992).

Chirally pure D and L amino acids have great demands as versatile building 
blocks of peptide as well as key constituents of inject solutions, food ingredi-
ents and live-stock feed ingredients. One of the best established processes uses 
acylase to produce L-amino acids from the racemates of N-acetyl-DL-amino 
acids. Acylase specifically catalyzes the cleavage of N-acetyl-L-amino acid, which 
in turn produces L-amino acid and leaves N-acetyl-D-amino acids. Through ion-
exchange or crystallization L-amino acid was purified as product while N-Ac-D-
amino acids are recycled by thermal racemization. Of course, D-amino acid can 
be obtained if D-specific aminoacylase is applied. In situ racemization using race-
mase can yield significant improvement by eliminating cost intensive racemiza-
tion steps. German company Degussa employed acylase enzyme originated from 

Fig. 10.6   Scheme for deracemization and stereoinversion of a secondary alcohol

http://dx.doi.org/10.1007/978-94-024-1026-6_10
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Aspergillus oryzae to produce L-methionine with several hundred tons scale annu-
ally (Figure 10.7).

Most substrates are nonnatural in organic and industrial chemistry while 
enzymes typically show high enantioselectivity towards their natural substrates. 
Thus, enhancing enzymatic enantioselectivity toward the artificial substrates is 
necessary for creating superior practical biocatalysts. In the HRP-catalyzed reac-
tions, it can catalyze the oxidation of a variety of chiral phenols with hydrogen 
peroxide, with low enantioselectivity. To solve the problem, directed evolution 
has been combined with fluorescence-activated cell sorting (FACS) for improv-
ing the HRP’s enantioselectivity toward phenols, and the mutant enzyme with a 
single point mutation showed an 18-fold greater enantioselectivity than the native 
enzyme (Antipov et al. 2009) (Table 10.2).

Case Study: Enantioselective Enzymes by Computational Design (Wijima  
et al. 2015)

Enzyme’s enantioselectivity depends on the geometry of the enzyme’s struc-
ture. As an example, for subtilisin-catalyzed transesterification reaction between 
vinyl butyrate and S-, R-enantiomers of chiral secondary alcohols was exam-
ined using computer-assisted modeling. Higher reactivity of S enantiomer can be 
explained using steric hinderance as well as the orientation in the active site of the 
enzyme (Fitzpatrick et al. 1992).

A successful strategy to improve enantioselectivity was suggested recently by 
utilizing molecular dynamics (MD) simulation and epoxide hydrolase-catalyzed 
conversion of cyclopentene oxide to (R,R)- or (S,S)-cyclopentane-1,2-diol as a 
model system (Wijma et al. 2015). First, the substrate was placed in a desired ori-
entation for enantioselective catalysis in the active site. The orientation is based 
on the transition state for each enantiomer found by quantum mechanical mod-
eling (Hopmann et al. 2005). The active site was then redesigned to stabilize 
the orientation, via the RosettaDesign method (Hilvert 2013). Eleven positions 
in the active site were mutated in silico to one of the nine hydrophobic residues 
(AFGILMPVW) and RosettaDesign found protein sequences appropriate to 
increase the binding affinity between the substrate and the surrounding active site. 
These should correspond to the variants with the active site complementary to the 
substrate in the desired prochiral configuration with low energy. The method gen-
erated 236 and 230 pro-SS and pro-RR enzyme structures respectively.

R N
H

OHO

O

OH

Aminoacylase

N-Ac-DL-amino acid

R NH2

OHO

+

R N
H

OHO

O

OH

L-amino acid N-Ac-D-amino acid

Fig. 10.7   Aminoacylase catalyzed reaction for N-Ac-DL-amino acid to produce L-amino acid
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The method however, can also generate mutants with undesired substrate 
poses, thus a screening step is required to reduce such occurrences. Computational 
screening by high-throughput-multiple independent MD simulation (HTMI-MD) 
was carried out twice in order to rank the designed variant structures. In this step, 
the fraction of time that the enzyme-substrate complex spends in a pro-RR or pro-
SS conformation over MD timescale was calculated as an in silico measure of 
reactivity. The ratio of the in silico reactivity between the enantiomeric product 
pair would be an indication of in silico enantioselectivity. The geometric criteria 
for the pro-RR or pro-SS conformations are near attack conformations (NACs), 
which are the conformations that approach the transition state as indicated by 
quantum mechanical modeling. This includes key interatomic distances smaller 
than the van der Waals contact distances, the bond angles deviating less than 20° 
from those of the transition state, and all hydrogen bonds present as in the transi-
tion state.

The MD simulations indicated the initial designs could catalyze the reactions 
for desired enantiomers, but without exclusive selectivity for the enantiomer 
because there was too much space in the active site which allowed movement of 
the substrate into both pro-RR and pro-SS orientations. Additional discriminating 

Table 10.2   Enantioselective enzyme processes in Europe (from Schmid et al. 2002)

Strategy Product(s) Substrate(s) Catalyst(s)

Kinetic resolution (S)-2-Chloropropionic 
acid

Racemic 2-chloropro-
pionic acid

Whole cells, (S)-spe-
cific dehalogenase

Enantiopure alcohols Racemic alcohols Lipases

4-endo-hyroxy-2-
oxabicyclo[3.3.0]-
aoct-7-en-3-one

4-hydroxy-2-
oxabicyclo[3.3.0]-oct-
7-en-3-one butyrate 
ester

Triacylglycerol acylhy-
drolase

Various α-amino acids Lactams, N-protected 
racemic α-amino acid 
ester

Lactamases

Various D-amino 
acids

Racemic N-acylated 
amino acids

D-Aminoacylase

(2R,3S)-3-(p-meth-
oxyphenyl) glycidyl 
methylester

Racemic trans-3-(p-
methoxyphenyl) glyci-
dyl methylester

Lipase

(S)-2-phenylpropionic 
acid

Racemic-2-phenylpro-
pionitrile

Whole cells, Nitrile 
hydratase, Amidase

Dynamic resolu-
tion

(R)-mandelic acid Racemic cyanohydrins Nitrilase

Various (S)-ester 
amides

Racemic aralactones Immobilized triacylg-
lycerol acylhydrolase 
(triacylglycerol lipase)

Enantiopure L-amino 
acids

Racemic N-acetyl 
amino acids

L-Acylases

Enantiopure D-amino 
acids

Racemic hydantoins Hydantoinases, Decar-
bamylases
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power between the enantiomers was introduced by steric hindrance from spe-
cific bulky mutations, at L103, L114, I116, and F134 to block pro-RR orienta-
tion, and at L35, L74, M78, I80, and L103 to block pro-SS orientation. With the 
introduction of the steric hindrance, many more variants presented the desired 
enantioselectivity (twofold increase and tenfold increase for pro-SS and pro-RR 
orientations, respectively.

The method was validated experimentally by testing 10 and 27 pro-RR and 
pro-SS variants respectively, with the highest ranks from HTMI-MD. 28 out of 33 
active variants exhibited the desirable enantioselectivity, and nine of them were 
highly selective with an ee over 75%. The most enantioselective variant had an ee 
of 85.5% for RR and 90.2% for SS. These results show there is a good correlation 
in enantioselectivity between the computationally screened and the experimentally 
observed (Fig. 10.8).

Further Discussion

1.	 How can we explain the differences of enzyme’s function for different sub-
strate of the same enzyme?

2.	 What is the RosettaDesign method and advantages of using RosettaDesign in 
engineering enzymes?

Fig. 10.8   Scheme for designing the active site based on geometry of the substrate for prochiral 
orientations (Wijima et al. 2015) * NAC: near attack conformations, CPD: computational protein 
design

10.2  Enantioselectivity of Enzymes
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3.	 How can we design the pocket geometry of the enzyme’s active site for differ-
ent substrates?

4.	 Why some enzymes can react both forms and some enzymes act only one form 
of substrate in enantioselectivity? Discuss this difference in active site geom-
etry and other factors.
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There are many advantages of enzymes such as substrate specificity, mild reaction 
conditions. However, there are also disadvantages such as high cost and instabil-
ity of enzymes which give limitation for commercial applications. How can we  
overcome such disadvantages? By genetic engineering methods, over-production 
of enzymes becomes possible and cost of enzymes can be finally lowered. 
Practical application of enzymes as industrial scale requires stable enzymes 
at high temperature, pH extremes, and even at high concentration of salts, alka-
lis, and surfactants. For example since in starch gelatinization, the temperature 
would be around 100 °C and in textile desizing, the temperature range is from 
80 to 90 °C, enzymes tolerant at high temperature is therefore especially useful. 
Enzymes will be subjected to high salt concentration and in the presence of sur-
factants if they are used in food industry and detergents industry, respectively. 
Potential employment of enzyme will be feasible in the field of enzymatic analy-
sis for clinical, industrial, and environmental samples. These enzyme biosensors 
should be stable and easily calibrated. There is a need to stabilize enzyme not just 
to enhance its potential for industrial application but also for economic reasons. 
For unstable activity issues, finding or obtaining highly stable enzymes, improve-
ment of operating methods, or formulation of the enzyme solution, etc., can be a 
solution.

11.1 � Enzyme Stability

11.1.1 � Understanding of Enzyme Stability

During the life cycle of enzymes including enzyme manufacturing, storage and its 
utilization, enzymes undergo denaturation. Denaturation of protein is defined as 

Chapter 11
Thermodynamics and Stability
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the reversible phenomena that key residues of protein are not positioned appropri-
ately close enough for keeping participation in functional and stable structure any 
more due to disordered state of polypeptide. However, protein subjected to severe 
chemical alternation over threshold leads to an irreversible inactivation which is 
determined by complete loss of activity (Fagain 1995).

These unfolding events of polypeptide bring about two definitions of protein 
stability namely, thermodynamic stability and kinetic stability. The resistance of 
the folded protein conformation to unfolded one is denoted by thermodynamic sta-
bility. On the while, kinetic stability concerns the persistence of enzyme activity 
as shown in Fig. 11.1(b). In terms of thermodynamic stability and kinetic stability, 
enzyme number 2 is more stable compared to enzyme 1. These resistance types 
can be formulate as following;

where N, U, and I represents the native, unfolded, and inactivated state of proteins.

(1)	 Environmental Factors

Heat. Heat energy allows a protein structure more flexible and exposes the inner 
hydrophobic phases to the surrounding solvents, which is reversible to a certain 
level. However, when the temperature increases over a threshold, hydrogen bonds 
within α-helices and β-sheets begin to break down. The amide nitrogen and car-
bonyl oxygen within peptide bonds that used to form the hydrogen bonds in the 
secondary structures instead form hydrogen bonds to surrounding water mole-
cules, making the process irreversible.

Organic Solvent. The effect of organic solvent on protein stability is depend-
ent on the intrinsic characteristics of the solvent and the ratio of aqueous solvent 
mixture. In water/water miscible organic solvent, denaturation is fast as the solvent 
replaces water in hydrogen bonding to the protein. In water/water-immiscible sol-
vent, specific protein structural changes occur at the interface of the two solvents. 
For example, many lipases require certain structural changes mediated by the 

(11.1)N
K
↔U

k
→ I,

Fig. 11.1   Enzyme activity profile regarded on a thermodynamic (conformational) stability and b 
kinetic (operational) stability
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solvent interface for activation. In nearly dry organic solvent system, the degree 
of polarity of the solvent determines the enzyme activity and stability. As a rule of 
thumb, the surface sites of enzyme molecules can be replaced with hydrophobic 
residues to stabilize the enzyme in organic solvent, by forming a water-shell sur-
rounding the enzyme.

pH. Proteins are most stable at pH near the proteins’ isoelectric points. Most 
amino acid residues have a tendency to be charged with positive one at low pH 
and negatively charged at high pH, in both cases leading to increased electrical 
repulsion and instability.

(2)	 Intrinsic Factors

Thermodynamic stability of proteins can be affected by several factors as shown in 
Fig. 11.2 (Kumar et al. 2000 and Creighton 1997).

Hydrophobic Interaction. Hydrophobic residues of an enzyme molecule are 
exposed and come to contact with water molecules when proteins are unfolded, 
leading to ordering of the water molecules on the surface of proteins. In folded 
proteins, however, the hydrophobic residues are usually buried in the core of pro-
teins in folded proteins by forming hydrophobic patches to avoid direct touch with 
surrounding water molecules. Bunching up of hydrophobic residues helps to sta-
bilize a protein by lowering potential energy during protein folding. The hydro-
phobic interaction expelling water molecules from protein has been recognized as 
powerful driving force for folding.

Fig. 11.2   Major factors contributing to stability of a folded protein (Joo and Yoo 2009)

11.1  Enzyme Stability
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Hydrogen Bonding. This is one of the dominant factors that stabilizes 
α-helices and β-sheets of protein and finely tunes the water–protein interactions. 
Hydrogen bonds form when significant differences in the electronegativity of 
atoms, dictated by the Pauling rule, result in the pulling down of electrons and 
leave the protons partially unshielded (Jeffrey 1997).

Conformational Entropy. A protein harbors a specific conformation through 
the loss of conformational entropy. For example, glycine residue of one protein 
shows the largest conformational entropy because it carries only one hydrogen 
atom in the side chain, which gives more freedom of movement. On the contrary, 
proline residue has few conformations, which leads to the lowest conformational 
entropy. Substitution of a glycine residue in target protein to residues with less 
conformational entropy can stabilize the folding of a protein to a specific confor-
mation (Watanabe et al. 1997).

Electrostatic Interactions. Electrostatic interaction found on enzyme is one of 
common ionic interactions between oppositely charged residues. This interaction 
is affected by the interatomic distance and the dielectric constant of solvents. The 
electrostatic interactions get stronger when the distance is decreased, especially 
forming salt bridges or ion pairs under 4 Å. The electrostatic interactions are also 
stronger when there are large differences in dielectric constants of the solvents, 
such as in a nonpolar medium rather than in water.

Disulfide Bonds. These are made between two oxidized cysteine side chains. 
Disulfide bonds can be found within single polypeptide chain as well as between 
multiple polypeptides. It helps to stabilize folded proteins by an entropic effect, 
where the entropy of the unfolded protein is reduced since disulfide bonds exist 
covalently even in the unfolded state.

Aromatic–Aromatic Interaction and Cation–π Interaction. This is caused 
by the intimate interaction between aromatic residues (e.g., Phe, Tyr, and Trp). 
In addition, cation–π interaction exists where noncovalent bonds between aro-
matic residues and positively charged residues such as Arg, Lys, and His occur. 
Perpendicular positioning of these two interactions within 6 Å of the aromatic ring 
centroids is the most favored geometry found to facilitate the stabilization of pro-
tein marginally (Ma and Dougherty 1997).

Investigation on thermophilic enzymes has revealed many characteristics such 
as more hydrophobic residues, more disulfide bonds and more ionic interactions 
compared to mesophilic enzymes. Psychrophilic enzymes have shown more 
flexible characters by having small and easily movable amino acids such as gly-
cine. Sometimes, metals are important in stabilizing enzymes such as calcium in 
α-amylase (Fig. 11.2).

11.1.2 � Measurement of Stability

Proteins under the reversible folding process, with structural changes, can be 
monitored through the changes in the protein’s optical property, viscosity, light 
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scattering property, and turbidity. This thermodynamic (or conformational) stabil-
ity of proteins can be formulated as the difference of Gibbs free energy between 
the folded state and the unfolded state using the following equation,

where ∆Gf, Gf, Gu refers to the Gibbs free energy difference between folded 
and unfolded, Gibbs free energy of the folded state and Gibbs free energy of the 
unfolded state, respectively. ∆Gf will be negative if folding were thermodynami-
cally favored (Fig. 11.3).

Between native and engineered proteins, the difference in thermodynamic sta-
bility [∆∆Gf = ∆Gf(native)—∆Gf(mutant)] can be determined. Thermodynamic 
stability of the target protein can be measured by various methods including circu-
lar dichroism (CD), differential scanning calorimeter (DSC), and calorimetry. The 
reversibility of protein unfolding from Eq. 11.1 implies that the folded protein is in 
equilibrium with unfolded molecule. For small proteins, the equilibrium between 
the folded (N) and unfolded (U) form is described as follows:

,where FN and ∆Gf are the fraction of unfolded protein and Gibbs free energy 
change of unfolding, respectively. The more negative ∆Gf will be the less likely 

(11.2)�Gf = Gf − Gu,

(11.3)N
K
↔U and K =

U

N
=

FN

1− FN

(11.4)so that �Gf = −RT lnK

Fig. 11.3   Schematic demonstration of energetics regarding on protein folding procedures. a 
Proteins are stabilized by lowering the potential energy of the folded state (F) or increasing the 
potential energy of the unfolded (U) or through combined approaches. b Kinetic stability of pro-
teins can be improved by increasing ∆Ga. F, folded state; U, unfolded state; ∆Gf, Gibbs free 
energy difference between folded and unfolded states; ∆Ga, activation free energy of unfolding

11.1  Enzyme Stability
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is the presence of unfolded molecules. Once protein becomes unfolded, properties 
such as optical property, viscosity, and molecular size changes. Once aggregation 
occurs during unfolding, molecular weight also changes, Experimental data such 
as fluorescence versus urea concentration can be transformed to the plot unfolded 
fraction versus urea concentration.

The equilibrium constant can be calculated from K = FN
1−FN

 and then the free 
energy in the absence of denaturant can be estimated. Using this analysis, the 
obtained experimental data in Fig. 11.4a can be transformed into an estimated 
value curve of ∆Gf when the urea (denaturation reagent) concentration as inde-
pendent variable.

The free energy change in the absence of denaturant is not given directly and 
must be calculated through extrapolation from Fig. 11.4c. For many small pro-
teins, the experimentally determined plot of ∆Gf versus denaturant concentration 
is approximately linear. Consequently, the simplest way to estimate ∆G in the 

Fig. 11.4   Method to get 
free energy of unfolding (a) 
measurement, (b) calculation 
of unfolded fraction, (c) 
getting ∆G in the absence of 
denaturant
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absence of denaturant is to assume that this linear dependence continues to zero 
concentrations.

Thermodynamic stability. One of the analyzing the thermodynamic stability 
for a protein dissolved in dilute solution requires the determination of changes in 
the molar heat capacity of concerned protein under constant pressure condition 
(∆Cp). Heat capacity of a protein molecule mirrors its capability to absorb heat 
and expresses increased tendency in temperature. Heat energy is taken in by the 
protein and lead to unfold state over a temperature range and bring about a char-
acteristic endothermic peak for each protein (Fig. 11.5). During the formation of 
unfolded state, water molecules around the protein rearrange since more part of 
hydrophobic residues of protein are revealed. Once unfolding is over, heat absorp-
tion declines and a baseline is newly organized. Integration of the heat capacity of 
the sample versus temperature yields the enthalpy (∆H) of the unfolding process, 
which is caused by breaking of hydrogen bonds and disruption of hydrophobic 
interactions found in proteins (Ladburg et al. 1995).

The transition midpoint (Tm) can be defined as the temperature at which half of 
the proteins are assumed folded and the other unfolded state. The entropy (∆S) 
term is estimated from the integrated area under the line of Cp/T versus T.

Differential Scanning Fluorimetry (DSF).

(11.5)�H =

T2
ˆ

T1

CpdT

(11.6)�S =

T2
ˆ

T1

(Cp/T)dT

Fig. 11.5   Conceptual explanation of DSC data for Tm and enthalpy

11.1  Enzyme Stability
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Recently new method to estimate Tm based on fluorimetry has been suggested 
since relatively simple and cheap flurospectrometry is more available compared to 
DSC. Fluorescent dye such as SYPRO Orange makes nonspecific bonding with 
hydrophobic exposed patch of protein, on the while water molecules strongly 
extinguishes dye-protein fluorescence. Protein unfolding facilitates the exposed 
surfaces to bind more fluorescent dye molecules, which result in an enhanced sig-
nal in fluorescence by excluding water. The midpoint value on the curve between 
fluorescence and temperature is acquired by gradually stepping up the temperature 
up to peak point to unfold the protein (Fig. 11.6).

11.2 � Stabilization of Enzyme

11.2.1 � Enzyme Stabilization

As shown in Fig. 11.7, three kinds of methods can represent and be utilized for 
protein stabilization. The first method is to screen better enzymes among the vari-
ous kinds of qualified enzymes or randomly DNA molecules from environmental 
metagenomic libraries. The second method is the typical approach to modify pro-
tein’s environment such as freeze-drying, adding stabilizing agents and an immo-
bilization on carriers. The third method is protein engineering in which proteins 
are genetically modified.

For traditional approach, polyethylene glycol derivatives, functionalized 
β-cyclodextrin derivatives have commonly been used. Chemical modification can 
increase stability of enzyme in organic solvents or even thermostability. Added 
ingredients such as polyol and fumed silica were reported to give a stabiliz-
ing impact to enzymes. Protein immobilization can give higher stability towards 
organic solvents and temperature.

Fig. 11.6   Typical DSF analysis result for determination of Tm of target protein
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Screening. Extremophiles whose habitats are characterized by high tempera-
ture, pressure, pH, or salt concentration such as volcanic vents, hot spring, or deep 
sea are useful for isolating novel enzymes that are stable in such environment. 
From thermophile, psychrophile, acidophile, alkalophile, halophile, and baro-
phile, various enzymes that are stable for industrial applications were identified. 
For example, the enzymes used in saccharification of starch are from thermophilic 
microorganisms.

Additives. Various additives such as sugar, amino acid, detergent, fatty acid, 
metal, polyol, antioxidants are used to enhance the stability of enzymes. For exam-
ple, acidic amino acids are used to prevent loss of lysozyme by inhibiting the 
adsorption of the enzyme to glass instruments. Polyols such as sorbitol, glycerol, 
and mannitol are commonly used in the freeze-drying of proteins. Salts and anti-
oxidants are important components of protein drug formulations.

Immobilization. Enzymes can be immobilized on organic and inorganic car-
riers to increase their half-life. It is important to increase the amount of protein 
immobilized per g carrier, and doing so without losing significant enzyme activity. 
However, this approach is still at trial-and-error level, and researches to predict 
which carrier material is optimal for a specific enzyme and how to retain activity 
while increasing stability are ongoing.

Fig. 11.7   General approaches to improve protein stability (Joo and Yoo 2009)

11.2  Stabilization of Enzyme
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Chemical Modification. Certain amino acid residues on the enzyme surface 
are capable of chemical modifications such as glycosylation, methylation, and 
PEgylation. Enzymes can also be subjected to site-directed mutagenesis to intro-
duce such residues if there were none on the surface. PEgylation, where polyeth-
ylene glycol (PEG) with both hydrophobic/hydrophilic properties and variable 
molecular weight is attached covalently to the residues, is often used to modify the 
polarity of the enzyme surface. Researches are being carried out on various PEG 
substitutes.

Solvent Engineering. Specific solvents at their various concentrations lead 
to variable water activity, and enzyme stability and activity are thus changed. 
Currently, trial-and-error method is mostly used to try different solvents and see if 
the stability or activity is increased.

Protein Engineering. By mutating the amino acid residues in proteins, intra-
molecular interactions can be enhanced to increase stability. There are mainly 
three methods to induce mutation in protein structures.

First, rational design relies on protein structural information. Specific motifs 
such as proline, disulfide bond, hydrophobic cluster, hydrogen bonding are intro-
duced at appropriate locations in the protein structure via site-directed mutagenesis.

Second, directed evolution creates a random mutant library and uses high-
throughput selection methods to choose stability-enhanced mutants.

Third, computational design is similar to the rational design in terms of rely-
ing on protein structural information and site-directed mutagenesis, but with more 
help from computational tools such as docking, molecular dynamics simulation, 
and quantum mechanics-molecular mechanics simulation. Aside from rational 
design and directed evolution, recently de novo design through computational 
methods is getting attention for protein design. For de novo design, optimal poly-
peptide sequences must be searched to be fit with backbone of target protein.

In principle, increase of ionic interaction, increase of hydrophobicity in the 
core, shortening surface loops, increase proline content, increase disulfide bonds 
where possible are examples to increase the thermal stability.

Nowadays, combinations of the three are used rather than a single method to 
enhance the stability of enzymes. And domain-based approach to find efficient 
mutation strategy is desirable instead of aiming whole globular protein or neglect-
ing 3–5 Å boundary from the active site.

11.2.2 � Applications to Enzyme Pharmaceuticals

It is very important to maintain the activity of protein drug during storage. For this 
purpose, many researches have been performed. Protein drug including enzyme 
drug is to be analyzed for its safety, for example, molecular sizes, activity.

Formulation development is thus important and should consider also delivery 
method such as injection, aerosol, etc. (Shire 1996). For the formulation, manni-
tol, glycine, or other alcohols with buffering agents are usually added to protect 
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the protein from denaturation and aggregation during storage. The proteins tend 
to aggregate when stored, which affect the activity and immunological effect. 
Through molecular simulation study, protein region for potential aggregation can 
be predicted. Based upon the prediction, engineering of the protein for enhanced 
stability becomes possible (Chennamsetty et al. 2009).

Another approach is to modify the enzyme. Examples are modification using 
PEG (Polyethylene glycol) and making conjugates with other protein. Enzyme-
HSA (Human Serum Albumin) can be an example to increase the in vivo stability 
of the therapeutic enzyme.

Case Study: Structure-Based Pattern Analysis for Protein Stability (Pack 
and Yoo 2003)

One critically important factor “weak thermostability” may impede the appli-
cation of enzymes as useful biocatalysts in various industrial sections. This 
prompted biophysical and biotechnological efforts to understand the main reason 
and mechanism for weak thermostability of enzymes. Enzymes showing thermo-
philic properties retain the common fold shared in the peculiar protein family. 
Comparative studies compared the loop stability, compactness of thermophilic 
enzymes with their mesophilic proteins. However, no clear different characteristics 
in structures were found due to intrinsic limitation such as (1) similar common 
folds found both on thermophilic and mesophilic microbial and (2) no available 
analysis method capable of discriminating the details.

Pack and Yoo (2003) reported the comparison about the distribution and resi-
due structure distinctly found between 20 families of thermophilic and mesophilic 
counterparts. Table 11.1 shows the data set used in the investigation (Table 11.2).

Structural differences of amino acids can give effect on protein stability. 
Aliphatic amino acids including ALA may play a major role in the hydrophobic 
interaction, which is the major interaction to maintain conformational stability or 
core shield. Positive or negative charge containing amino acids would form elec-
trostatic bonds, which is crucial interaction for conformational stability at the 
surface part. On the while, aromatic amino acids can form cation–pi interaction, 
which can contribute structural stability of protein. The information obtained can 
be used for rational design of enzymes.

11.2  Stabilization of Enzyme

Table 11.1   20 different proteins pairwise data set

Protein name Thermophilic proteins Mesophilic proteins

PDB code/organism/tempera-
ture (°C)

PDB code/organism/tempera-
ture (°C)

Adenylate kinase 1zin/Bacillus stearothermo-
philus/40-65

1aky/Saccharomyces cerevi-
siae/25-30

Che Y 1tmy/Thermotoga mar-
itima/80-85

3chy/Escherichia coli/37

Citrate synthase 1aj8/Pyrococcus furiosus/100 1csh/Chicken heart/37

EF-TS and EF-TU-TS 1tfe/Thermus thermophi-
lus/70-75

1efu_b/Escherichia coli/37

(continued)



138 11  Thermodynamics and Stability

Table 11.2   Structural 
properties of the thermostable 
enzymes compared to 
mesophilic enzymes

Characteristics Location

Higher frequency of salt-bridge Exposed location

Lower frequency of flexible residue Fully-exposed loca-
tion

Higher frequency of flexible residue Boundary location

Higher frequency of hydrogen bonds Well-buried location

Protein name Thermophilic proteins Mesophilic proteins

PDB code/organism/tempera-
ture (°C)

PDB code/organism/tempera-
ture (°C)

Endo-1,4-b xylanase 1yna/Thermomyces  
lanuginosus/50

1xnb/Bacillus circulans/30-40

Glutamate dehydrogenase 1gtm/Pyrococcus  
furiosus/75-100

1hrd/Clostridium symbio-
sum/30-37

Glyceraldehyde-3-phosphate 
dehydrogenase

1hdg/Thermotoga  
maritima/80-85

1gad/Escherichia coli/37

Inorganic pyrophosphatase 2prd/Thermus thermophi-
lus/70-75

1ino/Escherichia coli/37

Lactate dehydrogenase 1ldn/Bacillus stearothermo-
philus/40-65

1ldg/Plasmodium falcipa-
rum/37

Malate dehydrogenase 1bdm/Thermus flavus/70-75 4mdh/Porcine/37

Manganese superoxide 
dismutase

3mds/Thermus thermophi-
lus/70-75

1qmn/Homo sapiens/37

Methionine aminopeptidase 1xgs/Pyrococcus  
furiosus/100

1mat/Escherichia coli/37

Phosphofructokinase 3pfk/Bacillus stearothermo-
philus/40-65

2pfk/Escherichia coli/37

3-Phospho glycerate kinase 1php/Bacillus stearothermo-
philus/40-65

1qpg/Saccharomyces cerevi-
siae/25-30

Reductase 1ebd/Bacillus stearothermo-
philus/40-65

1lpf/Pseudomonas fluores-
cens/25-30

Ribonuclease H 1ril/Thermus thermophi-
lus/70-75

2m2/Escherichia coli/37

Rubredoxin 1caa/Pyrococcus furiosus/100 8rxn/Desulfovibrio vul-
garis/34-37

Subtilisin 1thm/Thermoactinomyces 
vulgaris/55-65

1st3/Bacillus lentus/30

Thermolysin 1lnf/Bacillus thermoproteo-
lyticus/53

1npc/Bacillus cereus/30

Triose phosphate isomerase 1btm/Bacillus stearothermo-
philus/40-65

1ypi/Saccharomyces cerevi-
sia/25-30

Note PDB Code/organism/temperature denotes the Protein Data Bank code, source organisms of 
the protein and the optimum growth temperature of the source organism

Table 11.1   continued
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Further Discussion

1.	 What is the relationship between thermodynamic stability and kinetic stabil-
ity? Does high thermodynamic stability mean high kinetic stability? Can we 
increase thermodynamic stability and kinetic stability at the same time?

2.	 What are the basic principles to increase thermodynamic stability and kinetic 
stability?

3.	 Gibbs free energy can be expressed using enthalpy and entropy. Discuss stabil-
ity issues using enthalpy and entropy.

4.	 It happens frequently that increase of thermal stability resulted in the decrease 
of the activity. Can we increase the activity and stability of enzymes at the 
same time?

5.	 Find the story of isolation of thermophilic DNA polymerase enzymes.
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Isolated enzymes have been used as highly specific catalyst in organic chemicals 
synthesis. However, industrial significance of enzyme reactions was especially 
emphasized in the 1970s with the production of high fructose corn syrup (HFCS). 
Recombinant DNA technology also enables the efficient production of enzymes, 
making them cheaply available for use. The introduction of directed evolution tech-
nologies for enzyme improvement and the continuous development of new con-
cepts and technologies in biocatalysis expands the uses of enzymes for chemical 
and pharmaceutical industries (Drauz and Waldmann 1995). The outstanding prop-
erties in the aspect of functional selectivity, regioselectivity, and enantioselectiv-
ity made the enzymes suitable for fine chemicals and pharmaceutical applications. 
Precursors and active ingredients of pharmaceuticals, foods, flavors, etc., are widely 
synthesized using enzyme technology. Recently, cytochrome P-450 monooxygenase 
and tyrosinase and many other enzymes have been extensively used and studied for 
organic synthesis. Nowadays, with the development of metabolic engineering and 
systems biology, enzymes are becoming more and more important for bio-based 
chemicals and polymers synthesis. In this chapter the industrial applications of bio-
catalysis and some promising developments in chemicals and polymers production 
are emphasized and introduced as well as semisynthetic penicillins and cephalo-
sporins which are also very important and classical issues.

12.1 � Chemicals

12.1.1 � Semisynthetic Penicillins and Cephalosporins

Penicillin is the first found antibiotic from nature and nowadays it is one of the 
most bulk produced antibiotics approximately 30,000 tons/year. Penicillin G and 
penicillin V, which are classified as first generation antibiotics possess still major 
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commercial and clinical significance. However, even though these compounds 
are still useful antibiotics, most of these penicillins are nowadays produced for 
the production of β-lactam intermediates, 6-aminopenicillanic acid (6-APA) and 
7-aminodesacetoxycephalosporanic acid (7-ADCA). To further augment the 
potency of penicillins and broaden their antimicrobial range, the first generation 
penicillins are also used as precursors for semisynthetic penicillins.

Semisynthetic penicillins (SSPs) are engineered to improve side effect profile 
to have low toxicity and superior pharmacokinetics. The traditional chemical pro-
duction of SSPs carries out under exceptionally low temperatures to prevent break-
ing up of vulnerable β-lactam ring. Blocking reagent such as chlorosilanes are 
needed to shield the penicillin C(3)-carboxyl. Dilation of 6-APA leads to the target 
SSP. However, SSPs are routinely synthesized in a two-step mode; a schemes for 
the conversion of semisynthetic β-lactam is shown in Fig. 12.1. First, penicillins 

Fig. 12.1   Schematic diagrams for synthetic pathways including enzymatic procedures for the 
production of semisynthetic penicillins and cephalosporins



145

are transformed into 6-APA through enzymatic or chemical route. Next, it is fur-
ther converted into SSPs through enzymatic condensation with the various amide 
or ester. Biotransformation of 6-APA generally does not need harsh reactants or 
operating environments (Parmar et al. 2000; Wu et al. 2010).

6-APA and phenylacetic acid are produced from penicillin G by the enzyme 
reaction. Since phenylacetic acid is formed, pH of the reaction medium becomes 
low which affects the enzyme reaction. Control of pH is therefore very important 
as well as temperature control. For this purpose, recycled reactor system is pre-
ferred because of easy control of pH and temperature instead of simple packed bed 
immobilized enzyme reactor system Fig. 12.2.

Cephalosporins are antibiotics, β-lactam antibiotics. The cephalosporin mol-
ecule has the cefem group (linked β-lactam and dihydrothiazine ring) and the 
penam group (linked β-lactam and thiazolidine ring). The cefem and penam 
groups determine the antimicrobial activity of these two antibiotics; cleavage of 
the rings makes therefore loss of antimicrobial properties (Chandel et al. 2008).

From Fig. 12.1, cephalosporin G can be chemically synthesized upon oxi-
dative 5-membered thiazolidine ring expansion of penicillin G and consequent 
elimination of PAA (PATH 2). Penicillin G acylase (PGA) can biotransform ceph-
alosporin G to produce 7-ADCA. The production of 7-ADCA takes place under 
environmentally benign conditions. Instead semisynthetic cephalosporins can be 
produced from cephalosporin C as starting chemical through another intermediate 
of 7-aminocephalosporanic acid (7-ACA) in Path 3 in Fig. 12.1. d-amino acid oxi-
dase and glutaryl acylase are used to enzymatically hydrolyze cephalosporin C to 
produced 7-ACA. Recently, one-step reaction for 7-ACA synthesis is known to be 
developed using enzyme technology.

Fig. 12.2   Recycled enzyme reactor for 6-APA from penicillin G *pHC pH control, TC tempera-
ture control

12.1  Chemicals



146 12  Enzymes for Chemicals and Polymers

12.1.2 � Bulk Chemicals

The status of enzymes in the production of bulk chemicals seems very limited 
but there is significant success story despite the belief that enzymes can be only 
applied for the synthesis fine chemicals. The belief has background that enzymes 
are very expensive and limited life span due to low stability compared with con-
ventional chemical catalysts. If enzymes show sufficiently excellent stability and 
volumetric productivity, of course enzymes can occupy number one priority in the 
choice of catalysts for bulk chemical synthesis. Recently, protein engineering and 
novel selection tools based on metagenomic library and in silico genome data-
bases result in the development of exceptionally stable and productive enzymes for 
bulk chemical conversion. Not only the in vitro usage of enzymes but also in vivo 
application especially in microbial cell will be viable option in the production of 
bulk chemicals since key enzymes are being synthesized in the cell by consuming 
low-cost carbon sources (Table 12.1).

Acrylamide from Acrylonitrile

One of the most successful stories in enzyme technology came from hydration 
reaction of nitrile group. Polyacrylamide called as PAM in short is a polymer (–
CH2CHCONH2–) from acrylamide as monomer units. It can be polymerized 
either as a linear or branched structure. PAM shows characteristics such as excel-
lent water absorbing and forms soft gel with water hydration. These gel formation 
properties render it to be used in gel electrophoresis and soft contact lenses. In 
addition, recently aesthetic surgery began to employ this PAM as subdermal filler. 
However, the largest share of PAM can be found to flocculate suspended solid 
particles in water. This flocculation property is commonly applied in water treat-
ment and papermaking process. Even though PAM is being provided in a powder 
or liquid formulation, emulsion type PAM can be also found in supplied products. 
Highly viscous PAM solutions can be manufactured with dosage of little PAM on 
the spot and injected to oil well to enhance the oil recovery.

The degree of polymerization is known heavily dependent on the purity 
of monomer since metals and anions can retard the polymerization severely. 

Table 12.1   Examples of bulk chemicals production through enzyme catalysis

Enzymes Reaction Products Scale

Nitrile hydratase Hydration of nitrile 
group

Acrylamide 30,000 ton/year

Nicotin amide 3400 ton/year

Aminoacylase Hydrolysis Enantio-pure amino 
acids

50,000 ton/year

Glucose isomer-
ase

Isomerization HFCS (high fructose 
corn syrup)

Over several million 
tons/year

Hydroxylase Monooxygenation Herbicide intermediate Over hundred tons/year

Protease Peptide bond forma-
tion

Aspartame 12,000 ton/year
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Chemical process to produce monomer acrylamide from acrylonitrile has 
employed Cu based catalyst, which post removal of heavy metal Cu is essen-
tial unit process to guarantee the quality of monomer. Hideaki Yamada and his 
research team in Kyoto University of Japan screened and developed a process 
based on nitrile hydratase of Rhodococcus rhodochrous J1. Nitrile hydratases are 
harboring Fe3+ or Co3+ at active center and catalyze the hydrolysis reaction lead-
ing to amide synthesis as shown in Fig. 12.3.

On the while nitrilases catalyze the addition of two water molecules to pro-
duce carboxylic acid. Acrylonitrile as well as broad range of aromatic nitrile 
compounds was found to be hydrolyzed by nitrile hydratase. Interestingly excep-
tionally high concentration of substrate was converted to produce equivalent prod-
uct by nitrile hydratase (Table 12.2).

In case of liquid nitriles, neat solvent state was achieved during reaction. The 
extremely high concentration of substrate over 1000 g/L resulted in the very high 
volumetric productivity, which enabled the industrial application due to low capi-
tal cost.

Industrial scale-up was achieved by initially Nitto Chemical with scale 
of 30,000 ton per year by feeding 25–40% acrylonitrile at cool temperature 
(around 10 °C) with quantitative conversion as well as over 99.9% of selectivity. 
Nowadays this enzymatic process became standard process for the production of 
acrylamide since economic feasibility outcompete conventional chemical process.

Similar process to convert 3-cyanopyridine (nicotine nitrile) for the produc-
tion of nicotinamide was developed based on same nitrile hydratase as shown in 
Fig. 12.4.

R CN + H2O
R OH

O

+ NH3

Nitrilase

R NH2

ONitrile hydratase
Amidase

Fig. 12.3   Enzymes involved in the hydrolysis of nitrile compounds

Table 12.2   Various nitrile compounds with reactive concentration by nitrile hydratases (Yamada 
and Nagawawa 1990)

Amides Concentration (g/L) Amides Concentration (g/L)

Nicotin amide 1465 Difluorobenzylamide 393

Γ-Picolylcarboxamide 1099 2-thienylcarboxamide 254

α-Picolylcarboxamide 977 Indole-3-carboxamide 697

Pyrazine carboxamide 985 Benzylamide 848

12.1  Chemicals
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Nicotinamide finds application as vitamin B3 since vitamin B3 has huge 
demand in live stock feed as well as nutrient for humans and was commercial-
ized by Lonza (Swiss) by using licensed nitrile hydratase from Kyoto University. 
Lonza in China successfully produce nicotinamide with capacity of 3400 ton per 
year. The process is known composed of a number of stirred tank type reactors fed 
with 3-cyanopyridine as precursor. Over 99.3% of yield was reported without pro-
ducing by-product nicotinic acid, which may cause diarrhea in farm animals. Very 
selective conversion of this enzymatic process is the key factor to compete well 
with the chemical process.

Amino Acid Production

d-p-hydroxyphenyl glycine has been used for the production of semisynthetic 
cephalosporins and semisynthetic penicillines. The successful industrial imple-
mentation of kinetic resolution was carried out in Ajinomoto, Bayer and DSM. 
As shown in Fig. 12.5, these enzymes catalyze the hydrolysis of d-p-hydroxy-
phenyl glycine hydantoin, to d-p-hydroxyphenyl glycine, via N-carbanoyl-
d-p-hydroxyphenyl glycine on multi-thousand tons scale. The remaining 
l-p-hydroxyphenyl glycine hydantoin spontaneously racemizes to d,l-p-hydroxy-
phenyl glycine hydantoin.

Another example of amino acid is aspartic acid for aspartame. Aspartame 
showing 200 times sweetness compared with sucrose is being commonly adapted 

N

N

nitrile hydratase

+ H2O

N

NH2

O

Fig. 12.4   Schematic diagram of hydration reaction of 3-cyanopyridine to nicotinamide (Thomas 
et al. 2002)

Fig. 12.5   Production of d-p-hydroxyphenyl glycine by kinetic resolution by employing both a 
d-hydantoinase and a d-N-carbomoylase (Schulze and Wubbolts 1999)
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in various food products. The precursor of aspartame was enzymatically synthe-
sized using the enzyme thermolysin. The precursor formation uses the backward 
hydrolysis reaction of peptide bond. Successful commercialization of diet sweet-
ener Aspartame triggered the demand for l-aspartic acid. Although l-aspartic 
acid can be produced through aminoacylase process, selective addition reaction 
using aspartase proved superior since almost quantitative conversion is achieved 
compared with atmost 50% conversion of acylase reaction. Aspartase from 
recombinant Escherichia coli immobilized on carrageenan gel hardened by glutar-
aldehyde enabled the production of 1 M l-aspartate on a scale of 4000 ton per year 
Fig. 12.6.

12.1.3 � Enzymes for Metabolic Engineering

In metabolic engineering for synthetic pathway, what enzymes are to be inserted 
and deleted is a key issue. Liao group (Hanai et al. 2007) at UCLA,USA dem-
onstrated the production of isopropanol from E. coli. Even though Clostridium 
was known to produce isopropanol, the concentration from this microorgan-
ism was very low. They searched the genes from data bases required to synthe-
size isopropanol, and then the genes were cloned into E. coli, since E. coli is 
easier to do metabolic engineering than Clostridium. For industrial applications, 
debottlenecking of the rate-limiting step enzyme, increase the solvent resistance, 
reduce the product inhibition if exist are required as well as using cheap car-
bon source to make the product concentration high enough with high yield for 
commercialization.

Another example of using enzymes in metabolic engineering is the production 
of 1,4-butandiol (Liu and Lu 2015). 1,4-Butandiol, one of the important industrial 
chemicals can be produced from d-xylose as a starting carbon source using engi-
neered E. coli.

These examples show the importance of enzyme in metabolic engineering. 
After selecting the source of enzyme from protein data bases, it is also important 
to improve the enzyme for specific purpose such as substrate specificity, activity. 
Understanding of enzyme at molecular level is thus required for successful meta-
bolic engineering.

Fig. 12.6   l-aspartate from fumaric acid through enantiospecific addition of ammonia by 
aspartase

12.1  Chemicals



150 12  Enzymes for Chemicals and Polymers

12.2 � Polymers

Biocatalysis is being performed until recently under mild conditions like an aque-
ous solution and at room temperature/atmospheric pressure similar like in vivo 
condition. However, lift off in the 1980s the concept of biocatalytic reactions 
under non-natural environment such as organic solvent has been actively started.

The research applied to the field of polymer synthesis utilizing enzymes 
as active polymerization catalyst has been conducted systemically in many 
research groups such as Professor Shiro Kobayashi of Kyoto University, Japan 
and Professor Klibanov at MIT, USA. Enzyme-catalyzed polymerization here 
(Enzymatic Polymerization) refers to the “in vitro polymerization by non-bio-
synthetic pathway” using an enzyme as a catalyst. In recent years, the need for 
precisely controlling the structure of the functional polymeric material increased 
tremendously high. Polymerization using an enzyme have been noted as a new 
method of synthesis of polymers that meet these demand.

Over 5000 different enzyme are known to date, and this number is showing a 
tendency to increase year by year. Many of these enzymes have been classified 
into 6 groups as shown in Table 12.3 and enzymes belonging to 3 groups have 
been reported to be used as polymerization catalyst. Information such as the mod-
ification and hydrolysis of the polymer by the respective enzymes are shown in 
Table 12.3. Difficult synthesis of polymer through conventional synthetic method 
has been easily conducted by the catalytic action of the enzyme under in vitro 
condition.

In addition, the enzyme catalyst can be regarded as environmental-friendly 
catalyst since even the molecular weight of resulting polymer can be increased 
under mild conditions due to energy-saving properties. The toxicity level caused 
by the enzyme reaction system is known much less compared with the use of the 
conventional toxic metal catalyst. In many cases the starting materials of natural 

Table 12.3   Enzymes for polymer synthesis (Kobayashi et al. 2006)

Enzymes Polymer syn-
theses

Polymer modifi-
cation

Polymer 
hydrolysis

Typical polymers

Oxidoreductases
(peroxidase, lac-
case, etc.)

○ ○ ○ Polyphenols, 
polyanilines, vinyl 
polymers

Transferases ○ ○ Polyesters, poly-
saccharides

Hydrolases
(lipase, protease, 
cellulase, etc.)

○ ○ ○ Polyesters, 
polycarbonates, 
poly(amino acid)s, 
polysaccharides

Lyases ○
Isomerases ○
Ligases

Whole-cell ○ ○ ○
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resources such as biodegradable as well as environment-friendly polymer materi-
als can be utilized to produce polymer material through enzymatic catalysis. That 
is why enzyme is expected also as a green chemical catalyst in the polymerization 
because the recirculation of material obtained from the natural world is acceler-
ated. Materials can be modified or changed using enzymes in many aspects, but 
the common language of enzymes and materials is chemistry (Richter et al. 2015). 
Biomaterials like polyhydroxyalkanoates, cellulose, and lignin are directly and 
easily related to enzymes as enzymes are involved in their biosynthesis and modi-
fication. The enzyme applications related to many fields of materials science are 
shown in Fig. 12.7. In this chapter, recent trends utilizing the redox enzymes for 
phenolic polymer and hydrolyzing enzyme (lipases) for ester-based polymer are 
introduced.

12.2.1 � Synthesis of Phenolic Polymers

The formation of a polymer by the oxidation of phenols occurs in the natu-
ral polymer such as lignin and melanin through the catalysis of enzyme. Since 
the mid-1980s, the horseradish peroxidase (HRP) has been used to polymer-
ize the variety of phenols. One of these pioneering works was from Dordick et 
al. (1987) from MIT. Even though redox enzymes such as HRP can effectively 
generate reactive free radical from phenolics substrate, it is almost impossible to 
control the coupling reaction between free radicals of phenolics, which is thought 
as major defect of HRP catalyzed polymerization. However, the enzyme cata-
lytic polymerization of phenol has been attracting attention as environmentally 
friendly synthesis, which can take the place of conventional phenol formaldehyde 
resin (novolac resin, resol resin) synthesized with highly toxic formaldehyde. 

Fig. 12.7   Fields of enzyme application for materials

12.2  Polymers
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Peroxidase catalyzes the oxidation of various phenolic substances with hydrogen 
peroxide as an electron acceptor.

This enzyme, peroxidase, is present in a wide range of plant cells, and is 
deduced to be involved in defense against reactive oxygen species in the body 
alive. Polymerization mechanism by such peroxidase has long been known and 
peroxidases such as HRP and soybean peroxidase (SBP) are typical heme protein 
containing iron porphyrin at the reaction active sites for the oxidation of the sub-
strate and the release of a water molecule. As in Fig. 12.8, peroxidase can form 
two kinds of active oxygen complex by elimination of a hydrogen atom from the 
substrate as a result oxidizes the substrate by using the peroxide as the oxidizing 
agent. For the phenol oxidation by HRP, radical called phenoxyl radical is gener-
ated and polymerization is carried out by coupling of these radicals. For a simple 
phenol containing no substituent at phenol ring, soluble and structure-controlled 
polymer cannot be easily obtained since at least four reactive sites at one monomer 
phenol radical are present during the oxidative coupling.

The polymerization by using HRP as catalyst in the reaction medium consisting 
of mixed solvent of methanol and soluble buffer resulted in the soluble polyphe-
nolics in a high yield. The supposed structure of polyphenolics was composed of 
phenylene and oxyphenylene bond as shown in Fig. 12.9.

For peroxidase catalyzed polymerization of phenolics, aqueous organic sol-
vents are being commonly used as reaction medium. Prior to polymerization, 
the monomers phenol and the enzyme are dissolved in a homogeneous reaction 
medium, but the polymerization initiated by the action of hydrogen peroxide (oxi-
dizing agent) results in the reduced solubility of the resulting polymer. In accord-
ance with the decreased solubility of the reaction system the resulting polymer can 
be recovered through filtration or centrifugal precipitation.

Substituted phenols with an alkyl group in the meta position can be polymer-
ized as soluble polymer as shown in Fig. 12.9. Poly (m-cresol) obtained in aque-
ous methanol solution (pH 7, phosphate buffer) was soluble in the polar solvent 
and the glass transition temperature was at least 200 °C and the polymer exhib-
ited biodegradation properties in the soil. The smaller the size of the alkyl group 
of monomer phenolics, the more increased yield of polymer for HRP catalyst. 
However, this trend seemed opposite for soybean peroxidase (SBP) with increased 
the yield of polymer from the larger the size of substituent group. Since polym-
erization of phenol proceeds by free radical mechanism, the control of polymeri-
zation is not easy, however, changing the solvent composition (mixing ratio) of 
methanol and phosphate buffer can result in the differential range of phenylene 
units from 40 to 70%, which implies that the structure control is possible at certain 
degree. By varying log P of organic solvent phenylene/oxyphenylene unit ratio 
was controlled in the range of 94/6–4/96. In addition, polyethylene glycol (PEG) 
as a template made oxidative polymerization of the phenol conducted in pure 
water solution and resulting polymer containing 90% or more phenylene units was 
synthesized.

Recently, it was reported the polymerization of the phenol with laccase in 
the oxidation–reduction as a catalyst was performed. For peroxidase, hydrogen 
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peroxide is necessary in the polymerization as the oxidizing agent, but when 
using a laccase has the advantage that the oxygen in the air can be directly used 
an oxidizing agent. Polymerization behavior is very similar to the case of using 

Fig. 12.8   The mechanism of phenol substrate oxidation at the active center of peroxidase (Kob-
ayashi et al. 2006)

12.2  Polymers
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peroxidase as a catalyst, and reported to be also possible precision control of the 
structure by the solvent composition.

A summary of the characteristics of the polyphenolic synthesis using an 
enzyme as a catalyst as follows: (1) do not use a strong toxic formaldehyde, (2) 
is very high catalytic activity (turnover number over 100,000), (3) phenolic com-
pounds of the wide range of structures is polymerized otherwise difficult to yield 
with conventional polymerization method, (4) it is possible to control the solubil-
ity and molecular weight by the reaction conditions, (5) polymerization proceeds 
under mild conditions (room temperature, normal pressure), (6) the operation is 
simple, relatively easy separation and purification. Such a strategy of choice for 
many benefits reported on the synthesis of a variety of phenol-based polymer 
using the enzyme has been released.

Regioselective Polymerization

As shown in Fig. 12.10a, enzyme can make it possible to synthesize a phenolic 
polymer which is selectively oxidized otherwise cannot be obtained by using a dif-
ferent metal catalyst. Using a general oxidation catalyst results in the most radical 
generation and crosslinkage formation on acrylic groups, on the while for HRP/
hydrogen peroxide system selectively phenoxy radicals are generated to form C–C 
bond or C–O bond. In the case of arbutin being used as a core material of whiten-
ing cosmetics can only found on the ortho position that as a result radical cou-
pling regioselective synthesis of a polymer as shown in Fig. 12.10b. In addition, 
as shown in Fig. 10.3c are a case of syringic acid, a linear polymer is synthesized 
in this reaction while carbon dioxide is released as leaving group, which cannot 
be carried out by typical metal catalyst. Other method for synthesizing a phenolic 
polymer in addition to radical generation is using halogen-substituted aromatic 
compounds derivatized through nucleophilic substitution reaction using metal phe-
nolate as catalyst. However, these methods employ halogenated monomers envi-
ronmentally in question and at the same time there is a problem it is necessary to 
remove the salts formed with high temperature of the reaction.

OH

R

HRP/H2O2

OH

R

O

R

nR = H or Alkyl

Fig. 12.9   Polymerization of phenolics through oxidative coupling (Akkara et al. 1991)

http://dx.doi.org/10.1007/978-94-024-1026-6_10
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Chemoselective Polymerization Using Enzyme

If the phenolics harbor functional groups at their side position, chemoselective 
reaction between phenolic groups and functional groups can be achieved by perox-
idase. In the case of phenol having an ethynyl when polymerized using the HRP/
hydrogen peroxide it can be synthesized polymer in a state retained diacetylene 
group as compared with the other metal catalysis (copper/diamine complex).

It was reported that 4-phenylazophenol was synthesized into polymer a number 
average molecular weight of 3000 by HRP. As can be seen in Fig. 12.11, result-
ing polymers are mainly known to have the C–C coupling formed in the ortho 
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Fig. 12.10   Examples of regioselective polymerization of phenolics by enzymes (Ikeda et al. 
1998)
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position. It is noted that this polymer showed a fluorescent light and a number of 
unique optical properties.

Meta substituted natural phenol harboring unsaturated double bonds, CNSL 
(Cashew Nut Shell Liquid) is being produced about 1 million tons per year in 
Brazil and India as a sort of by-products after a cashew nut production. Only about 
20,000 tons of CNSL consisted of three derivatives (Fig. 12.12) are known to be 
used in industrial applications. The CNSL and formaldehyde or hexamethylenetet-
ramine has been used in many industrial applications to form a copolymer with of 
other phenols. After cardanol, one of pure constituent of CNSL was separated and 
purified through distillation, enzymatic polymerization was carried out.

Peroxidase may form a polymer in a state that does not impair the unsaturated 
double bonds present in the meta position, which is another example of chemose-
lective polymerization by enzyme as shown in Fig. 12.12. The polymer reaction is 
greatly influenced by the environment present in organic solvent.

In general, the enzyme reaction in an organic solvent generally depends on log 
P values, but it appears that the polymerization of cardanol was carried out with 
high yield in 2-propanol whose log P value is considerably small polar solvent. 
Average molecular weight of polycardanol polymerized using the SBP was shown 
to have from 8000 to 12,000 through GPC measurement, the average yield was 
determined to be 70% or more as shown in Table 12.4.

Figure 12.13 shows the comparison of the experimental results about poly-
cardanol stain resistance (Anti-fouling) toward the microorganism after the hard 
film coating using a cobalt-based catalyst on slide glass surface. Targeted micro-
organism has been known as a biofilm forming bacteria Pseudomonas fluorescens. 

OH

HRP/H2O2N

N

OH

N

N

n

Fig. 12.11   Chemo- and regioselective polymerization of phenol containing azo functional group 
by peroxidase (Alva et al. 1998)
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Fig. 12.12   Chemical 
structures of constituents of 
CNSL and chemoselective 
polymerization of cardanol 
(Kim et al. 2005)

OH

R

OH

R

COOH

OH

RHO

R = (3 %)

(34 %)

(22 %)

(41 %)

cardanol anacardic acid cardol

Table 12.4   Polymerization of cardanol in various aqueous organic solvents (Kim et al. 2003)

Cardanol (m mol) Organic solvent Enzymes Yield (%) Mn Mw

2.0 Methanol SBP 42.5 3540 12,808

2.0 Ethanol SBP 50.4 4096 10,974

2.0 Isopropanol SBP 72.5 3411 8221

2.0 t-butanol SBP 0 – –

2.0 1,4-dioxane SBP 0 – –

2.0 Isopropanol HRP 0 – –

Polycardanol                 slide glass

Fig. 12.13   SEM observation of biofilm on polycardanol coating and conventional slide glass 
(Kim et al. 2003) 

12.2  Polymers
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These microorganisms on the cured coating film of polycardanol were incubated 
in culture plate and then put together to observe the shape of the biofilm.

Urushiol is a monomer from Rhus vernicifua tree and have been used for coat-
ing wood materials from long time ago in Orient. Since Urushiol structure is very 
similar to cadanol except one more –OH at the ortho position, polymerization of 
Urushiol is possible by laccase to make oriental lacquer (Kim and Yoo 2001).

12.2.2 � Synthesis of Polyester

Aliphatic polyesters have characteristics of excellent biodegradability. In addition, 
biocompatible and permeable properties make aliphatic polyesters acceptable for 
biomedical applications. For example, resorbent implant may be the first candi-
date in tissue engineering. Recently, enzymes such as lipases and esterases have 
been increasingly used as biocatalysts for the production of aliphatic polyesters to 
avoid the trace metallic residues which can be found in using chemical catalysts 
(Kobayashi and Makino 2009; Zhang et al. 2014). Enzymatic polymerization has 
been regarded as environment-friendly for polymeric materials, providing a good 
example of “green polymer chemistry”. Lipase/esterase-catalyzed synthesis of 
aliphatic polyesters proceeds via two major modes (Fig. 12.14): (1) ring-opening 
polymerization of lactones, (2) polycondensation, and self-polycondensation of 
oxyacids or their esters subunit.

Fig. 12.14   Two major modes of lipase/esterase-catalyzed polyester synthesis
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In enzymatic ring-opening polymerization, no water or alcohol are produced in 
contrast to polycondensation. Thus, enzymatic ring-opening polymerization has 
been extensively investigated to synthesize polyesters, polycarbonates, polyphos-
phates and polythioesters using cyclic monomers as substrates (Yang et al. 2011). 
In enzymatic polycondensation reaction, various dicarboxylic acids and their acti-
vated or nonactivated esters polymerized with diols, and mercaptoacids or their 
esters have been employed to construct polyesters (Yu et al. 2012).

Though enzymatic polymerization has been rapidly developed, the range of 
available polymers is still limited. This could be overcome by a combination with 
chemical methods (Yang et al. 2014). To date, enzymatic polymerization has been 
successfully combined with atom transfer radical polymerization, kinetic resolu-
tion, reversible addition–fragmentation chain transfer, click reaction, carbene 
chemistry and ring-opening polymerization to construct polymeric materials like 
block, brush, comb and graft copolymers, hyperbranched and chiral polymers 
(Xiang et al. 2014). Thus, combining enzymatic polymerization with chemical 
methods will be an efficient tool to produce many polymer materials.

Enzyme-Catalyzed Synthesis of Polyester

Compared with conventional enzymes optimized at low temperature, thermophilic 
enzymes tolerant at high temperature originated from thermophiles have been rec-
ognized as potential catalysts in various applications due to their superior stabil-
ity against organic solvents, high temperature and chemical denaturants. Feng’s 
group once investigated the polyester synthesis using thermophilic esterase from 
Archaeoglobus fulgidus and a thermophilic lipase from Fervidobacterium nodo-
sum, using ring-opening polymerization of ε-caprolactone as a model (Ma et al. 
2009; Li et al. 2011a, b). By employing these enzymes, complete conversion of 
monomers to polyesters in organic solvents was achieved, yielding oligoesters with 
Mn <2500 g/mol. It was also found that these two enzymes had stronger affinity 
toward the monomer ε-caprolactone, which was confirmed by enzyme kinetic anal-
ysis and through docking simulation between the enzyme and the ligand.

Through a ring-opening polymerization of lactone compounds as a start-
ing material synthesis of the polyester polymers is catalyzed by enzyme lipases. 
Historically, the first one was reported by Professor Kobayashi group in Kyoto 
University of Japan (Kobayashi and Makino 2009) for polymer synthesis via ring-
opening reaction of the lactone compound. Lactone compounds consisting of 16 
carbons can be polymerized through a ring-opening reaction wherein produced 
polymer properties are known to be affected by the characteristics of the enzyme 
catalyst and lactone of the starting material. Of course, when using the ring-open-
ing polymerization of the lactone, even though general chemical catalyst is also 
available as a catalyst, particularly the lactone ring compound having a large size 
can be more easily polymerized by using enzymes as shown in Fig. 12.15.

12.2  Polymers
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12.2.3 � More Cases

Many other cases have been introduced. Homopolymers as well as copolymers 
are also important for industrial applications. To meet the property demand from 
the customers, many different and diversified properties are required. For this 
purpose, copolymer and polymer blend can be a solution. Modification of the 
natural polymers such as starch and cellulose is another way to change the prop-
erties of the polymer. Even though many polymers are being synthesized using 
chemical means, some polymers can be also synthesized using enzyme as cata-
lyst. In this case, properties of the enzyme-catalyzed polymers are different from 
the chemically synthesized polymers, in molecular weight, biodegradability, etc. 
Deplolymerization of the polymer is also an important issue—such as hydrolysis 
of starch, cellulose, and hemicellulose. Current issues are hydrolysis of polysac-
charides and bioremediation of the polymers in nature environment.

Further Discussion

1.	 Cephalosporins are very useful antibiotics. What progress have been made 
recently to improve the technology for cephalosporins, and what technology 
are to be developed for further development?

2.	 Cytochrome p-450 enzymes are widely investigated. What reactions and appli-
cations are possible with p-450 enzyme?

O
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m(H2C)

Lipase

m=2~14

O

* (CH2)m O *

n

m=2; PL                                     m=2; poly(3HP)
m=3; BL                                    m=3; poly(4HB)
m=4; VL                                    m=4; poly(5HV)
m=5; CL                                    m=5; PCL
m=10; UDL                               m=10; poly(UDL)
m=11; DDL                               m=11; poly(DDL)
m=14; PDL                               m=14; poly(PDL)

Fig. 12.15   Ring-opening polymerization of lactone compounds catalyzed by lipase enzyme 
(Kobayashi et al. 2006) PL propiolactone, Poly(3HP) poly-2-hydroxypropionate, BL butyrolac-
tone, Poly(4HB) poly-3-hydroxybutyrate, VL valerolactone, Poly(5HV) poly-4-hydroxyvalerate, 
CL caprolactone, PCL polycaprolactone, UDL 11-undecanolide, DDL 12-dodecanolide, PDL 
15-pentadecanolide
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3.	 Nowadays, chemicals production from biomass or using biotechnology is very 
promising. List up examples which are being commercialized or near commer-
cialization and discuss on the technology.

4.	 List up and discuss the most important technology for the bio-based chemicals 
production to replace the petrochemicals.

5.	 Cellulose and polysaccharides are also polymers from nature. Can we synthe-
size cellulose-like polymers by enzymatic means?

6.	 Many polyesters by enzymatic means are biodegradable. What characteristics 
of polyesters make the polyester biodegradable? Molecular weight of polyester 
is very important for commercial applications of polyesters. How can we con-
trol the molecular weight of polyesters when using enzymes?
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13.1 � Enzymes for Food Industry

Enzymes exist very widely in natural and processed foods. Industrial production 
of enzyme used for food processing since 1874, when Christian Hansen, a Danish 
scientist, obtained rennin (a kind of protease) from calves’ stomachs to apply for 
cheese preparation (Nielsen et al. 1994). Currently, many enzymes commonly 
consumed in food industry are originated from recombinant microbials. Often 
native enzymes cannot meet the demand of industrial scale, genetic techniques 
and enzyme engineering thus provide enzymes with improved properties for their 
development and manufacture.

Enzyme preparation used in food processing contains substances such as vis-
cosity modifiers, preservatives, and dispersants. Other enzymes and metabolites 
originated from microorganisms or substrates used to culture microorganisms 
can be contained. However, all these materials are known to be suitable for food 
and are expected to meet the requirement of current good manufacturing prac-
tice (cGMP). Safety considerations are required for both native and recombinant 
microorganism-derived enzymes. The essential procedure to guarantee the safety 
of enzyme is to use safe microbial as host (Pariza and Johnson 2001). Food and 
Drug Administration (FDA) of each country reviews generally recognized as safe 
(GRAS) affirmation petitions for enzyme preparation.

13.1.1 � Dairy Products

Dairy foods manufacturing industry uses many enzymes. Rennet preparations 
containing acid proteases extracted from animal tissue is the well-known dairy 
enzyme preparation (Harboe and Budtz 1999). Rennin is the active enzyme 
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found in rennet. It removes a highly charged peptide segment from κ-casein. 
Destabilized casein micelles make aggregation in the form of milk clot, then are 
acidified by lactic cultures, and finally cheese curd is formed. The dairy foods sec-
tor also use other enzymes, see Table 13.1.

Proteinases, peptidase, and lipases are the enzyme classes used in the commer-
cial ripening technology for cheese manufacturing. This list may extend if current 
researches on metabolic enzymes such as acetyl-CoA synthases and amino acid-
catabolizing enzymes to generate volatile esters and sulfur compounds would be 
successful. The mixture of more than one class of enzyme enhances or accelerates 
the cheese maturation process.

Accelase® is one of the commercially available enzyme preparations in the pro-
duction of cheeses and reduced fat variants. Food-grade proteinases, aminopeptidases, 
esterases, and flavor enzymes found in lactic acid bacteria are used in the formulation. 
This enzyme preparation can reduce the cheese maturity period from 9 to 5 months. 
Additionally, amino acid pool in the cheese can be increased, flavor and aroma are 
enriched and bitterness is suppressed. Another commercially available enzyme 
preparation for cheese-ripening are Rulactine (Rhone-Poulenc) and Flavorage (Chr. 
Hansen, US, Inc.), which are a proteinase from Micrococcus sp. and a lipase from 
Aspergillus sp. with proteolytic enzymes respectively. However, these two enzymes 
preparations have little information as to their efficacy in cheese manufacture.

Rennet. Calf rennet is considered to be a milk-clotting enzyme optimal for 
cheese making. Calf rennet is typically 80–90% rennin (EC 3.4.23.4). Pepsin 
(EC 3.4.23.1), the second enzyme in calf rennet, is thought to help the ripening in 
maturing cheese but without a concrete proof. Regions with a shortage of calves 
applied modern production methods to extract the important enzymes from yeast 
molds and fungi. Cheese makers nowadays make excellent cheese quality using 
pure rennin from genetically modified yeast and fungi expressing calf (pro)chymo-
sin gene. Rennet preparations can also be obtained from sheep, goat and pig, but 
not functionally ideal for cow milk (Foltmann 1992).

Lysozyme. In Gouda, Emmental and other hard and semi-hard cheeses, defec-
tive textures and irregular holes caused by butyric fermentation can occur. This 

Table 13.1   Enzymes applied in dairy food industry

Enzymes Application examples

Acid proteinases Milk coagulation

Neutral proteinases and pepti-
dases

Accelerated cheese ripening, debittering, enzyme-modified 
cheese, production of hypoallergenic milk-based foods

Lipases Accelerated cheese ripening, enzyme-modified cheese, 
flavor-modified cheese, structurally modified milk fat 
products

β-Galactosidase Lactose-reduced whey products

Lactoperoxidase Cold sterilization of milk, milk replacers for calves

Lysozyme Nitrate replacer for washed-curd cheeses and cheeses with 
eyes (e.g. Emmental)
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can be controlled by lysozyme (EC 3.2.1.17), which suppresses spores and vegeta-
tive cells. Since it binds to cheese curd, it is stable in the cheese matrix for long 
periods and less enzyme is lost on whey separation.

Lipases. Lipases intensify flavor development in cheese. Lipolysis of cheese 
not only contributes to the added flavor but it also accelerates ripening of the 
cheese. On the other hand, lipases released short to medium chain fatty acids and 
their chemical derivatives from milk for the creamy, buttery, and cheesy aroma of 
lipolyzed milk fat (LMF).

Transglutaminases. Protein-glutamine γ-glutamyltransferase (EC 2.3.2.13) is 
efficient in reducing syneresis in acid milk gels. It has been investigated for the 
texture improvement and shelf life of yogurt (Motoki and Seguro 1998). Its appli-
cation to gelation of caseins and whey proteins has been considered but the tech-
nology is not widespread yet.

13.1.2 � Bread Making

The application of enzymes is a huge contributor to the improvement in quality in 
terms of flavor, texture, and shelf life of bakery products. Baking enzymes are pri-
marily used as flour additives and dough conditioners. Baking industry makes use 
of amylase, protease, xylanase, oxidase and lipase.

Hydrolyases

Amylases. α-amylases (EC 3.2.1.1) are endoglucanases that hydrolyze α-1,4 and 
α-1,6 linkages of starch randomly. Suitable amount of amylase can lead to high 
quality of dough and final product. However, excessive amounts lead to sticky 
dough due to possible extensive degradation of starch. Although β-amylase and 
pullulanase two other amylases are capable of hydrolyzation of starch, their effect 
on dough properties and bread quality are limited.

Xylanases. Xylanase converts water-insoluble hemicelluloses into soluble 
polysaccharides. These dissolved hemicelluloses in water have capability to bind 
water in the dough, which result in the decrease of dough firmness and increase 
of volume. Xylanases make the dough more suitable for mass production through 
machine because it has low tendency to stick to machine surface (Rouau 1993). 
In bread making, the activity of xylanase is unpredictable, thus bread manufactur-
ers and bakeries need to find the optimal amount and mix of xylanases by trial for 
each application.

Lipases. Lipases can be employed as emulsifiers since the lipases hydro-
lyze polar wheat lipids to generate emulsifying lipids in situ (Collar et al. 2000). 
1,3-specific lipases can improve dough-handling properties, dough strength and 
stability and dough machinability, and increase oven spring. Lipase enriches the 
flavor of breads by releasing short-chain fatty acids from lipid. Aside from the 
above benefits, the service-life of most of bakery products can be extended by the 
help of lipases.

13.1  Enzymes for Food Industry
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Proteases. During bakery production, a protease originated from fungi is used 
to alter the properties of the mixture containing high gluten content. When these 
enzymes are mixed in the blend, the mixture experiences partly hydrolysis, which 
helps to increase softness. Proteases are added to decrease necessary mixing time, 
to maintain dough conformity, to control gluten firmness in bread, to modify bread 
texture and to enhance the flavor. Proteases give great effects on dough rheology 
and the quality of bakery products owing to influence on the gluten texture.

Oxidoreductases

Lipoxygenases. Linoleate oxygen oxidoreductase (EC 1.13.11.12) is a nonheme 
iron-containing dioxygenase. This enzyme catalyzes the oxidation of polyun-
saturated fatty acids containing cis,cis-1,4-pentadiene system to form fatty acid 
hydroperoxides using oxygen as oxidizing reagent. The commercially available 
lipoxygenases comes from soybean flour and other beans (e.g., fava beans). The 
short live and reactive radicals generated during enzyme catalyzed oxidation can 
oxidize pigments and protein thiol groups contained in the dough, which results in 
the production of hydroxyacids (Boussard et al. 2012). In bread making, lipoxy-
genase from soya flour is applied as bleaching agent to make the crumb white, as 
well as being used to improve the dough rheology, tolerate mixing, increase the 
volume of the loaf, and stabilize the gluten. However, lipoxygenase activity can 
bring about unwanted flavors such as ketodienes.

Glucose oxidases. β-d-glucose:oxygen:1-oxidoreductase (EC 1.1.3.4) oxi-
dizes β-d-glucose to d-glucono-δ-lactone and hydrogen peroxide simultane-
ously. Glucose oxidase depletes leftover glucose and oxygen in foods to extend 
the expiration date. This enzyme can be employed as oxidizing catalyst instead 
of potassium bromated, which is recognized as carcinogenic, in bread making. 
The hydrogen peroxide from the enzymatic reaction has antimicrobial properties. 
On the other hand, hydrogen peroxide promotes the oxidative crosslinks between 
either cysteines or tyrosines in the gluten structure. More disulfide cross-linking 
and/or oxidative gelation on the gluten network endows dough higher chance of 
machine application, improved gas retention, which result in increased bread vol-
ume and fine crumbs (Bekes et al. 1994).

Laccases. Benzenediol oxygen oxidoreductase (EC 1.10.3.2) belongs to multi-cop-
per containing polyphenol oxidases at the reactive center. The laccase added to dough 
in baking helps to elevate strength of gluten matrix through oxidation. It also added for 
the machinability of dough was intensively increased due to reinforced strength and 
longer duration time along with diminished sticky property. A number of industrial 
laccases are available but almost no laccase is commercialized directly for baking.

13.1.3 � Starch Processing

Starch, a renewable source, is an industrial raw material. It can be widely found as 
storage compound in plant materials such as corn, tapioca, wheat, rice, and potato. 
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Amylose and amylopectin are major components of starch molecules. Amylose is 
linear polymerized product composed of glucose as subunit via α-1,4 glycosidic 
linkages. On the while amylopectin is partly branched polymer up to 5% α-1,6 
linked side chains (van der Maarel et al. 2002). Depending on the sources, starches 
containing various ratios of amylose and amylopectin are found in starch granules 
as packed state. These components of starch can be altered through various chemi-
cal and enzymatic processes depending on the demand of food ingredients.

There is a list of enzymes reaction on starch molecules (see Fig. 11.1). Since 
starch polymer is a complex structure, combination of different hydrolases specific 
to various bonds in starch are required. The common enzyme for starch hydrolysis 
is amylases. Amylases can be subgrouped into four groups: endoamylases, exoam-
ylases, debranching enzymes, and transferases (van der Maarel et al. 2002; Nigam 
and Singh 1995).

Endoamylases. Endo-acting enzymes hydrolyze internal α-1,4 bonds in 
the amylose or amylopectin chain resulting in α-anomeric products. Enzyme 
α-amylase (EC 3.2.1.1) depolymerizes starch by the hydrolysis of internal α-1,4-O-
glycosidic bonds, still maintaining α-anomeric configuration in depolymerized one.

Exoamylases. Exoamylases hydrolyze α-1,4 or α-1,6 bonds of the external 
glucose residues of amylose or amylopectin and yield α- or β-anomeric products. 
Glucoamylases (EC 3.2.1.3) and α-glucosidases (EC 3.2.1.20) are among the 
exoamylase enzymes. β-amylases (EC 3.2.1.2) can exclusively hydrolyze α-1,4 
bonds producing maltose and β-limit dextrin.

Debranching enzymes. They hydrolyze α-1,6 bonds of amylopectin and/or 
glycogen polymer exclusively leaving long linear polysaccharides. Debranching 
enzymes are subclassified into three distinctive groups depending on their speci-
ficity: (1) pullulanases from microorganism and pullulan-6-glucanohydrolases, 
(2) isoamylases, and (3) amylo-1,6-glucosidases found in higher microorganisms. 
Pullulanase (EC 3.2.1.41) especially from microbial origin gain attention due to its 
specific activity on α-1,6 linkages in pullulan. Another debranching enzyme, isoa-
mylase (EC 3.2.1.68), is the only enzyme known to remove branches from glyco-
gen completely (Fig. 13.1).

Transferases. Transferases cut off the α-1,4 glycosidic bond of the donor 
molecule and transfer a donor fraction to a glycosidic acceptor to form a new 
glycosidic linkage. Amylomaltases (EC 2.4.1.25) catalyze the transfer to the non-
reducing ends of the side chains of amylopectin. Glycogen branching enzymes 
(EC 2.4.1.18) cleave an α-1,4 glycosidic linkage and form a new α-1,6 linkage 
after all.

Enzymes in Starch Hydrolysis

Gelatinization, liquefaction and saccharification are the steps involved in the starch 
hydrolysis (Fig. 13.2). In gelatinization, the water–starch slurry is quickly heated 
to break open the starch granules causing amylose to leach out. Before steam is 
injected into the jet-cooker, pH is adjusted for best amylase function, calcium is 
also added for amylase stability and finally a thermostable amylase is added such 
as that of Bacillus licheniformis. Gelatinization takes place at about 105 °C for 
about 5 min.

13.1  Enzymes for Food Industry
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The next step to gelatinization is liquefaction. The temperature of the slurry is 
adjusted to 95–100 °C and hold for 1–2 h. During this process, the thermostable 
amylase hydrolyze the α-1,4 linkages of the starch molecules drastically reduc-
ing the viscosity of the gelatinized starch solution. The depolymerization of starch 

Fig. 13.1   Schematic diagram for the hydrolysis of starch using different enzymes (van der 
Maarel et al. 2002)

Fig. 13.2   Steps in industrial starch hydrolysis (van der Maarel et al. 2002)
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during liquefaction produces dextrins. Liquefaction is permitted to be carried out 
until the target dextrose equivalent (DE) value (defined as “the number of reducing 
ends relative to a pure glucose of the same concentration”) is obtained.

In saccharification step, pullulanase, glucoamylase, β-amylase, or an α-amylase 
are added for further hydrolyzing starch containing target DE value into malto-
dextrins, maltose, or glucose syrups, respectively. Saccharification of starch is 
carried out at 60 °C and pH of 4–5. The temperature after liquefaction is cooled 
down as quickly as possible to avoid over degradation of the liquefied starch. 
Glucoamylases can hydrolyze α-1,4 bonds rapidly but hydrolyze the α-1,6 bonds 
much more slowly. This obstacle is overcome with the combined use of glucoam-
ylase and pullulanase. Pullulanase hydrolyzes the α-1,6 linkages rapidly, yielding 
straight-chain oligosaccharides that can be rapidly hydrolyzed by amyloglucosi-
dase. The usage of these amylolytic enzymes in hydrolysis, either singly or in 
combination, has been found to be effective.

Since temperature, pH and other operation conditions are different depending 
upon the steps from gelatinization to saccharification, novel idea and optimization 
of the whole process steps are required when considering energy efficiency and 
economics.

13.1.4 � Application to Textile Industry

Highly specific enzymes are becoming increasingly popular for various tex-
tile-processing applications because they can replace organic/inorganic agents. 
Pollution in the textiles industry is mainly related to the acids in cloths desizing 
process, bleaching agents, and dyes.

Removing starch paste from the fabric is called desizing, which used to be 
carried out by acid, alkali, or oxidizing agents, or by soaking in water for a long 
time. However, these methods can be hard to control and lead to damaging or 
discoloring the material. The problems could be overcome by introducing bacte-
rial amylases, especially the thermostable ones. In contrary to chemical methods, 
enzymatic methods were able to lower the pollution while keeping the fabric qual-
ity. Another area where the traditional practice is replaced by enzymatic methods 
is fabric softening. Enzymatic methods give a softness maintained over a number 
of washes.

Furthermore, enzymes like cellulases, hemicellulases, lipases, proteases, and 
pectinases are used in the cotton scouring (Buchert et al. 1998). Sodium hydrox-
ide, hydrogen peroxide, and sodium hypochlorite used to be employed in the pro-
cess to remove the impurities from the raw cotton, but the enzymatic treatment 
offers an ecofriendly replacement; for example, cellulases have been reported to 
improve the cotton wettability. Additionally, the cellulose treatment before alka-
line scouring could enhance the elimination of seed-coat fragments, improve 
whiteness of cotton fabrics, and reduce the consumption of hydrogen peroxide in 
the bleaching step (Csiszar et al. 1998). Cellulase, hemicellulase, pectinase, and 
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xylanase can also help remove cotton seed-coat from the desized cotton. Other 
uses include degradation of hydrogen peroxide in the wastewater (catalase), dye-
ing step (redox enzyme systems), the prewashing step to increase dye absorption 
(cellulases, amylases, and proteases), or improving whiteness prior to dyeing, 
color shade and the felting (lignin peroxidase, manganese peroxidase and laccase).

Case Study: Isomaltooligosaccharides Production (Kim et al. 2002)

Maltose is being transformed into isomaltooligosaccharides (IMO) by spe-
cific α-glucosidases (E.C. 3.2.1.3; 1,4-α-d-glucan glucohydrolase). The exo-
type enzymes hydrolyze amylose, amylopectin, and oligosaccharides as well as 
maltose. Interestingly maltose can be converted to isomaltose through coupling 
reaction via an α-1,6 linkage. Further glycosylation of isomaltose leads to isomal-
totriose formation consequently.

Isomaltooligosaccharides are commercialized and sold as probiotic fibers in 
Japan. The α-glucosidase originated from Aspergillus niger is commonly used. 
30% liquefied corn starch are converted to 68% IMO by adding α-amylase, pul-
lulanase, and α-glucosidase at following typical conditions: 48 h, 58 °C, pH 5.5.

13.1.5 � Brewing

Water, malted barley, hops, and yeast are necessary raw materials for brewing 
beer. The brewing process includes extraction and breaking the polysaccharides 
and protein mainly from malted barley. This process leads to aqueous solution 
containing plentiful sugars and proteins, which can be an ultimate resource for 
yeast fermentation.

Malted barley contains all the hydrolyzing enzymes required for the degra-
dation of starch, β-glucans, pentosans, lipids, and proteins. If low quality malt 
or high fraction of adjunct is supplied as raw material, additional hydrolyzing 
enzyme will be beneficial. More freedom to choose diverse raw materials will be 
given to beer brewers by employing appropriate commercial enzymes aiming vari-
ous beers.

Malting Process
For raw barley to be utilized for brewing beer, following pretreatment steps 

are required: (1) the seedling of barley grain to enhance the endogenous enzyme 
expression so called malting or (2) quenching of supplemented enzymes. The 
major purpose of malting is to stimulate the production of phytohormones and 
enzymes of the barley. For successful modified version of malting, several condi-
tions must be met during malting:

•	 Sufficient breakup of endosperm cell wall is needed to supply more surfaces to 
be subjected to degradation by enzyme. Glucans must be degraded fully enough 
to restrain viscous wort.

•	 Sufficient amylose hydrolyzing enzymes must be generated to degrade starch of 
endosperm.
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•	 Sufficient amino acids must be released during the hydrolytic degradation of 
proteins stored in malt to support the yeast growth during the fermentation.

•	 Undesired flavors originated from raw barley must be scattered and substituted 
with desired malt flavors.

Following three major steps including (1) steeping, (2) germination, and (3) kiln-
ing comprise malting process. Steeping process where barley is submerged in 
water at approximately 12–15 °C helps to elevate the moisture level of barley from 
10 to ~45%. To avoid anaerobic condition air is frequently supplied to submerged 
grain. Maintaining aerobic state is necessary for active metabolism within the 
embryo. The main purpose of steeping procedure is to make embryo hydrated and 
alert its activities.

13.1.6 � Enzymes for Other Food Applications

Enzymes for food applications can be extended to enzymes for fatty acids, vita-
mins, etc. Modification and hydrolysis of fatty acids are nowadays becoming more 
and more important because of health issues and to find useful components for 
cosmetics, food, and pharmaceuticals. For example, beta-carotene from plant can 
be converted to Vitamin A and Vitamin A analogs using enzymes. Many useful 
components can be found from enzymatic conversion of fatty acids.

13.2 � Enzymes for Bioenergy

Bioethanol can be produced from materials containing carbohydrates. The raw 
materials for bioethanol are classified into three categories: sucrose contain-
ing feedstocks, starch, and lignocellulosic materials. Brazil utilizes sugarcane for 
bioethanol production while the United States mainly uses starch from corn.

13.2.1 � Bioethanol from Starch

The production of bioethanol from starchy materials typically includes sequen-
tial processes such as gelatinization, liquefaction, and saccharification to pro-
duce glucose and then fermentation of glucose to yield bioethanol. During gelatin 
formation procedure, the excess water is mass-transported into the starch gran-
ule through diffusion causing swelling and resulting in a breakup of crystallin-
ity (Evans and Haismann 1982). Liquefaction of starch is consequently followed 
by enzymatic hydrolysis using thermostable amylases (Aiyer 2005). Alpha-
amylases (E.C.3.2.1.1) are endoamylases catalyzing the hydrolysis of internal 
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α-1,4-glycosidic linkages in starch in a random manner (Nigam and Singh 1995). 
The second stage of enzymatic hydrolysis is saccharification. During saccharifi-
cation, the products after liquefaction further breaks. Glucoamylases (E.C.3.2.1.3) 
or β-amylases (E.C.3.2.1.2) are the enzymes used for saccharification. The starch 
saccharifying enzymes catalyze the hydrolysis of α-1,4- and α-1,6-glycosidic 
bonds of starch from the nonreducing ends giving glucose as the final product. The 
yield of starch hydrolysis will be enhanced further if the saccharifying enzyme 
will be combined with pullulanase (E.C.3.2.1.41) or other debranching enzymes. 
Once the starch is converted to simple sugars, it is then fermented by microorgan-
isms such as yeast to produce bioethanol. The most commonly used yeast strain is 
Saccharomyces cerevisiae due to its high ethanol tolerance. Fermentation of sim-
ple sugars is a process following the hydrolysis of starch in the overall ethanol 
production. Doing sequential steps requires additional equipment and time to com-
plete the entire ethanol production process. It has also higher energy requirement 
since gelatinization and liquefaction are normally done at elevated temperature.

13.2.2 � Bioethanol from Lignocellulose

Nowadays bioethanol from renewable and lignocellulosic resources such as wood, 
corn stover, rice straw, switch grass, miscanthus as well as spent furnitures and 
waste paper is primary interest. Lignocellulosic biomass is composed of three 
crucial constituents namely hemicelluloses, cellulose, and lignin. Pretreatment of 
this biomass to release the simple sugars is necessary for bioethanol production. 
Pretreatment process means any physical and chemical treatments to increase the 
solubilization of these constituents of biomass. This pretreatment is performed to 
deconstruct the biomass network to decline the degree of crystallinity of the cel-
lulose, which is beneficial for enzymatic hydrolysis. The goals of pretreatment on 
lignocellulosic material are shown in Fig. 13.3. For an effective pretreatment pro-
cess, there should be a direct or subsequent sugar formation during hydrolysis, less 
degradation and loss of produced sugars, less formation of inhibitory products, 
reduction of energy demands and cost is minimized.

Generally there are three types of enzymes that are required to hydrolyze cel-
lulose materials into glucose monomers:

exo-1,4-β-glucanases (cellobiohydrolase) (e.g. EC 3.2.1.91 and EC 3.2.1.176),
endo-1,4-β-glucanases (e.g. EC 3.2.1.4) and
β-glucosidases (cellobiases) (e.g. EC 3.2.1.21).

Cellobiohydrolases hydrolyze the ends of cellulose chains while endo-glucosi-
dases cleave the cellulose chains in the middle and the degree of polymerization is 
thus decreased.

Hemicellulose has a varied composition in comparison to cellulose thus it 
requires a large number of enzymes to hydrolyze it effectively to simple sugars. 
Table 13.2 presents some enzymes used to degrade lignocellulosic materials.
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A lot of researches have been performed to reduce the cost of enzymes for 
bioethanol production from cellulosic materials, since enzyme cost is one of the 
dominating factor (Levine et al. 2011).

Biochemical conversion of lignocellulosic materials through saccharification 
and fermentation is a major pathway for bioethanol production. The use of lig-
nocellulosic material shows economical and environmental advantages, however, 
bioconversion of lignocellulosic to bioethanol has intrinsic difficulties owing to: 
(1) the recalcitrant properties of biomass; (2) rare sugars such as xylose to require 
specific metabolism to be metabolized; (3) high costs for collection and transport 
of lignocellulosic materials.

Bioethanol production involves sequential steps such as pretreatment, hydroly-
sis of feedstock materials to release fermentable sugars, fermentation, separation, 
and concentration of the product ethanol. For these sequential steps, each requires 
a unit of equipment. For pretreatment, steam explosion, dilute acid percolation, or 
ammonia percolation methods can be used. Enzymatic hydrolysis of lignocellulose 
biomass to fermentable sugars and consequent fermentation to ethanol can also 
be done in one reaction vessel in the process called simultaneous saccharification 
and fermentation (SSF), as shown in Fig. 13.4. SSF has some inherent advantages, 

Fig. 13.3   Pretreatment of lignocellulosic material

Table 13.2   Enzymes used to degrade lignocellulosic materials

Component Enzymes

Hemicellulose Endo-xylanase, acetyl xylan esterase, β-xylosidase, endo-mannanase, 
β-mannosidase, α-L-arabinofuranosidase, α-glucuronidase, ferulic acid  
esterase, α-galactosidase, p-coumaric acid esterase

Cellulose Cellobiohydrolyase, endoglucanase, β-glucosidase

Lignin Laccase, manganese peroxidase, lignin peroxidase

Pectin Pectin methyl esterase, pectate lyase, polygalacturonase, rhamnogalacturonan 
lyase

13.2  Enzymes for Bioenergy
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over separate hydrolysis and fermentation, such as the decrease in capital cost 
since an entire step could be eliminated. Glucose inhibition of the biocatalyst can 
be reduced since the sugars are directly metabolized after hydrolysis. One chal-
lenge of SSF is the different optimum temperature of the yeast used for fermenta-
tion and the enzyme used for saccharification. If microorganisms (e.g. genetically 
modified Zymomonas mobilis) capable of assimilating pentoses and hexoses are 
used, the simultaneous saccharification and cofermentation (SSCF) process could 
be applied. In SSCF, both fractions of the hemicelluloses hydrolyzate can be uti-
lized for bioethanol production. Once the fermentation has been achieved, the cul-
ture broth is sent to the downstream processing to get the final product quality.

For economic production of bioethanol, several technologies are to be devel-
oped further, such as technology for cheap and efficient cellulase, utilization of 
lignin, glucose and xylose fermenting yeast, and ethanol separation with less 
energy. Another approach is to get bioenergy from algae. In this case, various pol-
ysaccharides are synthesized and thus should be hydrolyzed to monosaccharides 

Fig. 13.4   Schematic diagram for bioethanol production
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which can be fermented by microorganisms. Enzymes are useful tools for the 
hydrolysis, such as laminarase in hydrolyzing laminarian to glucose.

13.2.3 � Application to Pulp and Paper Industry

The pulp and paper industry uses harsh chemicals and bleaching compounds and 
produces deleterious by-products at many stages, causing major environmental 
pollution. Application of enzymes in the pulp and paper industry has a high poten-
tial in economics of the process and in alleviating environmental burden.

The paper manufacturing mainly involves three steps: pulping, pulp dewatering, 
and refining. Lignocellulosic raw material is digested with calcium sulfite and then 
dewatered and refined. Afterwards, the refined pulp is bleached with Cl2 for whit-
ening. Meanwhile, the residual lignin could be completely removed in the bleach-
ing of pulp (Ahuja et al. 2004). The main focus areas of enzyme technology in the 
pulp and paper industry are as follows (Torres et al. 2012): (1) biopulping to save 
energy and replace harmful chemicals; (2) water treatment; and (3) to solve prob-
lems related to deinking, drainability, hornification, deposits of pitch and stickies, 
and biofilm formation, as shown in Fig. 13.5.

Generally, biopulping process makes use of the enzymes originated from fungi 
to reduce the consumption of chemicals in the pulping stage of wood chips, to 
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Fig. 13.5   Main processes in the pulp and paper industry with indication of present and potential 
points of enzyme application (Skals et al. 2008)
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increase the yield of fiber, to reduce further refining energy, or to provide specific 
fiber modifications. The treatment of wood chips using enzymes could open up 
the cell wall and thereby separate the fiber at preferable locations in subsequent 
refining. The wood chips become softened and porous to be easily broken apart 
during pulping and specifically during refining. As wood chips are treated at high 
temperature and basic pH, the enzymatic procedures require enzymes exhibiting a 
high thermostability and activity in a broad pH range. Enzyme treatment of wood 
chips or coarse fibers in mechanical pulping may lead to significant energy sav-
ing, but it is still urgent to develop an applicable technology at industrial scale. 
The enzymes involved in biopulping include cellulases, xylanases, laccases, man-
ganese peroxidases, amylases, and pectinases. If xylanases are used along with 
bleaching agents, the use of oxidizing chemicals can be reduced by 15–20%. If 
cellulases are used in deinking, usage of deinking chemicals can be reduced for 
environmental benefit.

13.2.4 � Biodiesel

Origin of diesel was biodiesel from plant oil before cheap oil from petroleum 
was used. Corn oil, palm oil, or rapeseed oil can be used to make biodiesel. Fatty 
acid methyl ester (FAME) is a methyl esters of long chain fatty acids. Biodiesel 
is synthesized by esterification of fatty acids or by transesterification of triglyc-
erides with short-chain alcohols as illustrated in Fig. 13.6. Vegetable oils, animal 
fat, waste cooking oil, greases, and algae can be used as feedstock materials for 
biodiesel production.

Biodiesel can be produced by chemical or biochemical catalysis method. 
Currently, the most common commercial process for biodiesel production is 
through chemical catalysis. Chemical catalysis offers high biodiesel yield, low 
catalyst cost, and high process productivity. However, soap formation, catalyst 
recovery after reaction, and wastewater treatment need are some of the problems 
associated for chemical method. Contrary to chemical catalysis, the enzymel 
method is now being considered due to the following merits: (1) it can be operated 
at milder reaction conditions, (2) more selection of feedstocks, (3) easier separa-
tion of the immobilized catalyst from the reaction mixture (4) easier for separation 
and purification of the product in downstream process, and (5) environmentally 
friendly processing. Recently, commercial production of biodiesel is being per-
formed in China, where repeated use of immobilized lipase is known as one of the 
key technology.

Lipases can catalyze mono-, di-, and tri-glycerides as well as the free fatty 
acids (FFA) to yield FAME in organic solvent. A wide range of lipases has been 
used for esterification and transesterification processes since they exhibit low 
product inhibition, low reaction time, reuse of the enzyme, high stability to tem-
perature and alcohol, and ease of lipase production.
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13.2.5 � Enzymes for Other Bioenergy

Even though bioethanol and biodiesel as popular bioenergy are currently produced 
and utilized, researches on other bioenergy production are required. Hydrogen can 
be produced by cyanobacteria, where nitrogenase and hydrogenase are involved. 
For efficient production of hydrogen from cyanobacteria, the enzymes involved 
are to be investigated in detail and engineered if required. Methane production 
from carbon dioxide and methanol from methane have also been important issues. 
Even though methane has been produced and utilized from anaerobic digestion, 
methane can be also obtained from different sources where the utilization as 
energy is remained as an important issue. To get ultimate bioenergy, deep under-
standing on photosynthesis is a challenging issue.

Further Discussion

1.	 What is gluten? What enzymes can be used to make gluten-free flour and 
gluten-reduced beer? Fatty acids are converted to functional ingredients by 
enzymes and beta-carotene can be also converted to Vitamin A and can be used 
as food supplement. Discuss on the use of enzymes in food industry.

2.	 Bioethanol is also being produced from sugar canes. Search the technology for 
producing bioethanol from sugarcanes.

Fig. 13.6   Synthesis of biodiesel
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3.	 Lignin is used as surfactant after chemical modification to sulfonates or used 
as energy fuel by burning the lignin. Lignin is to be treated or converted effi-
ciently for economic production of bioethanol from cellulosic biomass. In 
nature, lignin is also degraded. Discuss the technology for efficient lignin 
treatment.

4.	 For biodiesel production using enzymes, what technology is important to pro-
duce the biodiesel for commercial purpose?

5.	 Bioethanol or biodiesel from algae is very important area. What technology are 
to be developed for bioenergy production from algae?

6.	 Can we produce methane from carbon dioxide, methanol from methane, glu-
cose from carbon dioxide, water and light? What are the ultimate goals for bio-
energy production?
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14.1 � Enzymatic Measurements

A biosensor is defined by the National Research Council of the USA as a detec-
tion device that incorporates (1) a living organism or product derived from liv-
ing systems (e.g., an enzyme or an antibody) and (2) a transducer to provide an 
indication, signal, or other form of recognition of the presence of a specific sub-
stance in the environment. Biosensors must be able to detect molecules of ana-
lytical significance fast, accurately and reliably. Biosensors have important roles in 
environmental and industrial monitoring, medicine, agriculture, food, security, and 
bioprocessing. Significant improvements in biosensors’ selectivity and detection 
sensitivity have been made to facilitate their applications. Many different biosen-
sor-based transducers (see Table 14.1) have been developed and those are grouped 
as electrochemical (impedance-based, amperometric), optical (fiber optic, sur-
face plasmon resonance), thermometric (thermistor, pyroelectric), and mass based  
(piezoelectric, surface acoustic).

Enzyme sensors are a major part of biosensor technology, which currently rep-
resent a mature analog to instrumental analytical techniques in areas of health 
care, food industry, agricultural issues, as well as environmental monitoring. 
Enzymes possess high chemical specificity and have natural bio-catalytic signal 
amplification property. In an enzymatic sensing device, enzyme is combined with 
a transducer where it reacts selectively with its analyte and produces a signal cor-
responding to the target analyte concentration, in the form of proton concentration, 
release or uptake of gases, light emission, absorption or reflectance, heat emis-
sion, and so forth. The conversion of this signal into a measurable response is per-
formed by a transducer. Since enzyme-based bio-analytical devices offer several 
distinct advantages such as high sensitivity and specificity, portability, cost-effec-
tiveness, and the possibilities for miniaturization and mass production, it has been 
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extensively implemented in different aspects, some of which are briefly introduced 
in this chapter.

Glucose Sensor. Glucose sensor is widely used in hospital and industry and 
has been extensively developed from long time ago. When substrate or analyte 
reacts with enzyme-yielding product, the product can be measured using many 
methods, and then substrate concentration can be calculated. Figure 14.1 shows 
the scheme for typical and classical glucose sensor, where dissolved oxygen probe 
(galvanic or potentiometric type) is a part of glucose sensor.

Table 14.1   Examples of transducers

Bio-recognition elements Transducers Measured property

Enzymes, proteins, amino acids 
nucleic acids: DNA, RNA, PNA, 
antibodies, antigens, specific genes, 
organelles, microbial cells, plant and 
animal tissues

Electrochemical Potentiometric, conductometric, field 
effect amperometric voltammetric 
impedimetric
Surface conductivity, electrolyte 
conductivity

Optical UV absorption, fluorescence emission, 
optical quantitative imaging adsorp-
tion, bioluminescence, chemilumi-
nescence, optical grating coupler 
sensing technology, reflection, internal 
reflection spectroscopy, laser light 
scattering, grating based light diffrac-
tion, imaging ellipsometry

Mass sensitive Resonance frequency of piezocrystals, 
piezoelectric acoustic wave modes, 
quartz crystal, cantilever sensor 
technology

Thermal Heat of reaction, heat of adsorption, 
thermistor sensor

Fig. 14.1   Schematic 
diagram of glucose biosensor 
employing DO probe
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Enzyme reactions

glucose −→
glucose oxidase

gluconic acid+ H2O2

H2O2 −→
catalase

H2O+ O

Cathode: 1/2O2 + H2O+ 2e− −→
Pt

2OH−

Anode (galvanic type): Pb −→ Pb+ + 2e−

Anode (polarographic type): Ag + Cl− −→ AgCl + e−

When combining dissolved oxygen probe with immobilized enzymes, the elec-
trons released are in proportional to the glucose level within the calibration range.

Sensing Methods and Transducers

Electrochemical Sensors. In electrochemical sensors, pH changes, ions are 
formed or oxygen is consumed as a result of enzyme reaction with the substrate, 
which generate electrical signals on a transducer. Potentiometric, capacitive, and 
amperometric transducers have been used for such applications. One example is 
the glucose sensor. Alkaline phosphatase (AP) hydrolyzes p-nitrophenyl phosphate 
to phenol, which is detected by voltammetry. In light-addressable potentiometric 
sensors (LAPS), urease hydrolyzes urea to produce carbon dioxide and ammonia 
that change the pH.

Optical Biosensor. Fiber optic biosensor mechanism relies on fluorescently 
labeled analytes which are excited by laser upon binding to the surface of the bio-
sensor. The excitation leads to fluorescent signals detected in real time. Optical 
biosensors have been utilized to detect various pathogens and contaminants 
in food. In many cases, fluorophore-labeled antibodies are used to specifically 
bind to the analytes. FITC (fluorescein isothiocyanate) is the most widely used, 
followed by some lanthanides (Li et al. 2004). The labels are also used in PCR 
or ELISA. Fiber optic biosensor is one of the first commercially available opti-
cal biosensors which was used to detect food-borne and pathogens of biosecurity 
importance.

Surface Plasmon Resonance Biosensor. In surface plasmon resonance (SPR) 
sensor, antibodies to capture various pathogenic analytes are coated on thin gold 
film covering reflecting surface of waveguide. The sensing surface is located 
above or below a high index resonant layer and a low index coupling layer. When 
a visible light or a near-infrared (IR) light pass through the waveguide, an internal 
total reflection on the surface occurs. High resonance due to an interaction of the 
light with the electron cloud in the metal appears at specific wavelength. When an 
analyte binds to the metal surface via the antibodies, a shift in the resonance to 
longer wavelengths is observed. The amount of shift is correlated with the amount 
of the binding analyte. SPR biosensors have detection limits of femtomolar range 
(Banada et al. 2007; Rasooly and Herold 2006).

Piezoelectric Biosensor. Piezoelectric sensors are mass sensitive. When an 
analyte binds to a specific antibody immobilized on the surface of the sensors, 
increased mass of a quartz crystal causes a proportional decrease in the oscillation 
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frequency of the crystal, to be detected by the quartz crystal microbalance (QCM) 
on a transducer (O’sullivan and Guilbault 1999). Lithium niobate is a promising 
alternative to the quartz (Leonard et al. 2003). Piezoelectric biosensors are simple 
yet very useful real-time technique for detection of food-borne pathogen.

14.2 � Applications of Enzyme Biosensor

For Biomedical Analysis. Enzymatic biosensors broadly used in the biomedi-
cal sector are used to detect clinical biomarkers such as cholesterol, glucose, 
glutamate, lactate, and urea. Disposable blood glucose sensor is by far the most 
extensively studied and commercialized due to the large population of patients 
with diabetes and other metabolic disorders. Enzymatic biosensors for the real-
time detection of brain dopamine have also been reported as a replacement to the 
conventional fast scan cyclic voltammetry. Polyphenol oxidase, with an activity 
on dopamine, is utilized to produce dopaquinone detectable electrochemically at 
−150 mV (Njagi et al. 2008). Recently, microfluidic paper-based platforms have 
been combined with traditional electrochemical readers. The integrated device 
allowed rapid quantitative detection of clinical analytes; for example, glucose, 
cholesterol, lactate, and alcohol in blood and urine (Nie et al. 2010). Moreover, it 
has been reported the use of paper-based screen-printing electrodes for detection 
of glucose, lactate, and uric acid in human serum samples using their respective 
oxidase enzymes (Dungchai et al. 2009).

For Agricultural and Food Industry. Biosensors are used to check the fresh-
ness of raw foods and to control quality and safety during the production. In these 
cases, sensing appliances are used to measure various compositions and evaluate 
rancidity, maturity, decline, and shelf life of the food.

For instances, quantification of ethanol and methanol in foods is carried out to 
assess the food liveliness and the quality of alcoholic beverages. Enzymatic sens-
ing tools have been constructed, mostly using the alcohol dehydrogenase and oxi-
dase, and catalase less commonly (Valach et al. 2009). Alcohol oxidase biosensor 
to detect ethanol is the most abundant. Smyth et al. (1999) reported a biosensor in 
which an alcohol oxidase was co-immobilized with an alcohol peroxidase and a 
chromogen, for detection of damages in vegetables processed in low O2 environ-
ment. In addition, this biosensor could be applied where ethanol accumulation is 
related with a quality loss, such as the storage of apples in a controlled atmos-
phere and the decay in potato tubers (Castillo et al. 2003). Detection of organic 
acids and sugars as a measure to fruit and vegetable maturity and other food 
contaminants has also been investigated (Cnas and Macias 2004). Noguer et al. 
(2001) constructed a disposable aldehyde dehydrogenase (AlDH) sensor to detect 
MITC (methyl isothiocyanate), a metabolite of metam sodium. Benzoic acid in 
mayonnaise and soft drinks could be determined via a graphite–Teflon–tyrosi-
nase composite biosensor, with a low detection limit up to 9 × 10−7 mol−1, good 
renewability, high stability, and low cost (Morales et al. 2002).
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For Pesticide Detection. Herbicides, insecticides, fungicides, and rodenticides 
are heavily utilized in agriculture and need to be monitored by the industry, health 
care professionals, and regulatory agencies. Two methods dictate enzymatic bio-
sensors for pesticides: direct technique where the enzymatic reaction leads to a 
change in the amount of measurable chemical, and indirect technique which moni-
tors inhibition on the enzyme. Classification of enzyme based on pesticide biosen-
sors is presented (Fig. 14.2).

Inhibition Biosensor. Many analytes such as organophosphorous pesticide 
(OP), organochlorine pesticides, carbamate pesticides, and derivatives of insecti-
cides are inhibitors of various enzymes. Several enzymes such as acetylcholinest-
erase (AChE), butyrylcholinesterase (BChE), and urease are applied to make direct 
electrochemical biosensors for the inhibitory pesticides. In addition to a single 
enzymatic sensor, multi-enzyme sensing devices have been developed such as an 
integrated sensor where AChE and BChE are co-immobilized on the carbon-based 
ink-printed electrodes. Chlorfenvinphos and diazinon, organophosphate pesticides 
used in wool, could be determined by this type of biosensor (Collier et al. 2002).

Catalytic Biosensors. Another approach for detection of pesticides is to make 
use of the organophosphorus hydrolase (OPH), a type of bacterial phosphotri-
esterase, with a broad substrate specificity for various OP derivatives such as par-
aoxon, parathion, coumaphos, diazinon, dursban, and methyl parathion, and nerve 
gas like sarin and soman (Dumas et al. 1990). A number of OPH-based ampero-
metric, potentiometric, and optical devices have been constructed (Mulchandani 
et al. 1999; Viveros et al. 2006; Choi et al. 2010). Using genetically engineered 
microbes as sources of OPH enzyme, whole cells have also been utilized as bio-
sensors for the OP pesticides (Mulchandani et al. 2001).

For Monitoring Other Environmental Pollutants. A wide range of enzyme-
based sensing devices have been developed for environmental analysis. To date, 

Fig. 14.2   Classification enzyme-based biosensors for the pesticide analysis. AChE acetylcho-
linesterase, BChE butyrylcholinesterase, OPH organophosphorus hydrolase (Neelam and Atul 
2015)
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heavy metal contamination is a very common environmental issue. However, to 
determine the heavy metal in various water sources, a large number of ion sensing 
devices with low detection limits have been constructed. For instances, horserad-
ish peroxidase, glucose oxidase, invertase- and urease-based sensors for mercury, 
glutathione-S transferase for captan (Choi et al. 2003), and carboxyl esterase 
for selenium (Saritha and Kumar 2001) have been designed. Urease-based sen-
sors are suitable for copper and cadmium in addition to mercury in tap and river 
water (Tsai and Doong 2005). Furthermore, different oxidases are used for nitric 
oxide (NO) (Kilinc et al. 2000) and superoxide radicals (Campanella et al. 2000) 
detection.

More Issues for Enzyme Biosensor

There are many issues in developing enzyme biosensor such as What’s the sensing 
range? How about the sensitivity? How long can we use the sensor? How small? 
How to calibrate? How about the cost? Many sensors from chemical principles, 
physical principles, and microbial principles are competing with enzyme biosen-
sor. However, due to advantageous figure of enzyme-based biosensing appliances, 
researchers are paying more attention to generate more advanced devices such 
as nano-sensors, paper-based sensors, lab-on-a-chip, biochips, and microfluidic 
devices to meet growing demands of the world. The technology on enzyme bio-
sensor can also be applied to enzyme-based biofuel cells, which has several posi-
tive advantages (Minteer et al. 2007).

Further Discussion

1.	 Glucose monitoring from humans is very important. However, noninvasive glu-
cose monitoring is desirable instead of currently used invasive method. What 
technologies are being developed for this purpose?

2.	 Biosensor for organophosphate pesticide or nerve gas detection is very impor-
tant. Discuss the measurement range and sensitivity of the reported enzyme 
sensor for organophosphate detection.

3.	 When using enzymes for biosensing, enzyme deactivation during storage is 
important and should be considered for accurate measurement. What methods 
are being considered to overcome this instability of enzymes in biosensing?

4.	 Developing enzyme fuel cells is also an important issue. What is different in 
principle from enzyme biosensor? What idea from enzyme sensor technology 
can be used to develop enzyme fuel cell?
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15.1 � Enzymatic Removal of Pollutants

Strict regulations on the disposal of wastes to the environment require improve-
ment of waste treatment processes. In recent years, extensive research on bio-
logical processes has been conducted to enable industrial, agricultural, municipal, 
and commercial facilities to reduce their harmful impacts on the environment. 
Biological processes such as activated sludge process are the most economical 
method when treating broad range of compounds in aqueous solution. They can be 
conducted under mild conditions. Biological processes use the innate cell metab-
olism to convert chemical species into harmless and clean metabolites. These 
metabolic processes occur as a result of sequential enzymatic reactions inside the 
cell. However, metabolism of the microorganisms limits the rate of the reaction. 
Moreover, microorganisms require a supply of nutrients to support growth and 
often lead to excessive biomass quantity that must be treated again for the environ-
ment. Since biological processes are not selective in reducing toxic pollutants and 
not efficient enough in treating high concentration of pollutants, they may not be 
sufficient to improve water quality that meets increasingly strict discharge criteria.

Selective removal of a specific chemical compound may be very important to 
facilitate subsequent treatment (e.g., biological processes, since microorganisms 
can be inhibited by toxic substances) or to meet regulatory criteria upon disposal. 
Isolated enzymes have high selectivity which can be efficiently used to target-
specific pollutants for treatment. Enzymatic processes have higher reaction rates 
compared to biological process and lower quantity of sludge production since bio-
mass is not generated. Enzymatic treatment might be beneficial for the following 
applications:

Chapter 15
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(1)	 removal of a specific toxic compound from a complex waste mixture,
(2)	 removal of high concentrations of chemicals from waste stream for which 

conventional mixed culture treatment might not be possible,
(3)	 treatment of wastes generated infrequently or in isolated locations.

There are many enzymes that have been known for the treatment of waste mate-
rials that includes aromatic compounds, cyanide, color-causing compounds, pes-
ticides, surfactants, and heavy metals. Some of these applications are described 
below.

Enzymes can be directly used in pollutant removal to improve the efficiency 
in waste treatment plants. To date, there have been many reports on the use of 
enzymes in soil bioremediation, in the detoxification of industrial wastewater and 
the removal of phenol from coal conversion aqueous effluents using horseradish 
peroxidase, and enzymes in detoxifying pesticide-contaminated soils and waters.

15.1.1 � Aromatic Pollutants

Phenolic and aromatic amine compounds are pollutants regulated in many coun-
tries. They are normally contained in the wastewater of various industries such 
as coal conversion, petroleum refining, wood preservations, metal casting, res-
ins and plastics, textiles, and pulp and paper manufacturing. Most of these com-
pounds are classified as hazardous and toxic pollutants, and thus it is necessary 
that those compounds should be removed from wastes before discharging into the 
environment.

Horseradish peroxidase (HRP) can oxidize phenols, biphenols, anilines, ben-
zidines, and other heteroaromatic compounds. HRP is suitable for wastewater 
treatment because it has activity over a broad pH and temperature range. HRP 
treatment was proposed by Klibanov, which has been used to remove over 30 dif-
ferent phenols and aromatic amines from water with removal efficiencies for some 
pollutants exceeding 99% (Klivanov and Morris 1981). HRP catalyze the oxida-
tion of aromatic compounds with hydrogen peroxide which yields phenoxyl radi-
cals. These radicals couple to form insoluble oligomers and can be separated by 
filtration. However, the enzyme has short catalytic lifetime attributed to the inacti-
vation of the peroxidase during reaction.

Enzyme immobilization is one of the methodologies that improve useful life 
of the enzymes. Tatsumi et al. (1996) studied the clearance of diverse chlorophe-
nols (10–200 µM) from wastewater using immobilized HRP, reducing 100% of 
total organic carbon (TOC) and 90% of adsorbable organic halogen (AOX). The 
immobilized enzyme was more efficient than the free one, and physical adsorption 
on magnetite was better than cross-linking in terms of the immobilization method. 
Immobilized HRP on activated silica resulted in 37% decolorization, 60% miner-
alization, and no loss of activity after being frozen for 2 months or after 5 days in 
kraft effluent (Dezott et al. 1995).
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Cyanide Wastes

Cyanides are used in different industrial processes including the production of 
chemical intermediates, rubber, synthetic fibers, and pharmaceuticals. Since cya-
nide is a metabolic inhibitor toxic to humans and other organisms, its removal 
from effluents prior to discharge is essential.

Cyanidase enzyme converts cyanide into ammonia and formate in a prob-
able single-step reaction. Basheer et al. (1993) studied the detoxification of a 
cyanide-containing extract from debittering apricot seeds by cyanidase in the 
food industry. In this report, immobilized cyanidase was packed in a diffusional-
type, flat-membrane reactor for protecting enzymes from adverse effects of high 
molecular components contained in the extract, and thus the cyanidase retained its 
original activity for more than 400 h on steam. Different from cyanidase, cyanide 
hydratase has been reported to hydrolyze cyanide to formamide and remove the 
toxic HCN (Dumestre et al. 1997). Such enzymes can be immobilized and used in 
packed-cell columns to continuously degrade cyanides.

Pesticide Residues

Pesticides are widely used for crop protection and these include herbicides, 
insecticides, and fungicides. Common treatment methods for pesticides residues 
include incineration, chemical methods, and landfilling. However, these methods 
are of high cost and hazardous byproducts are also produced. Besides that, dis-
posal of chemical reagents and the susceptibility of sensitive biological treatment 
system are other problems to be addressed.

Synthetic organophosphate compounds are highly toxic due to their irreversible 
inhibition of central nervous system acetylcholinesterase in all vertebrates. The con-
tinuous and excessive use of these compounds as agricultural pesticides has led to the 
contamination of many terrestrial and aquatic ecosystems. One of the main compo-
nents of warfare agent, nerve gas, is also organophosphate, and detection and detoxi-
fication of the compounds are also very important for security purpose. Enzymatic 
degradation of organophosphate compounds has thus received considerable atten-
tion because both environmentally friendly and in situ detoxification are possible. 
Parathion hydrolase has been proposed for the detoxification of organophosphate pes-
ticides, being able to hydrolyze methyl and ethyl parathion, diazinon, fensulfothion, 
dursban, and coumaphos (Caldwell and Raushel 1991). Recently, Feng’s group has 
explored a new type of phosphotriesterase (PTE) from thermophile Geobacillus kaus-
tophilus HTA426 which could proficiently hydrolyze various lactones and possessed 
a weak PTE activity, and the enzymatic activity against organophosphate pesticides 
could be dramatically improved through crystallographic analysis and protein engi-
neering techniques (Dumas et al. 1990; Zheng et al. 2011; Zhang et al. 2012).

Case Study: Removal of Phenol by HRP

Phenolic compounds and direct dyes are widely distributed in the wastewa-
ter of the textile industry and they can be highly harmful toward aquatic life and 
humans. Up to now, a number of techniques including adsorption, chemical oxi-
dation, solvent extraction, and biodegradation have been developed to remove the 
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phenolic compounds and dyes from wastewaters. Among these treatment tech-
niques, the use of oxido-reductive enzymes such as horseradish peroxidase (HRP) 
to catalyze the removal of pollutes has become increasingly important.

As HRP could catalyze the oxidation of phenols, biphenols, anilines, benzi-
dines, and related heteroaromatic compounds, it is suitable for wastewater treat-
ment over a broad pH and temperature range. To further improve the enzyme 
operational stability and reduce the treatment cost, enzyme immobilization has 
been widely employed through different supports. For example, immobilized HRP 
on modified acrylonitrile copolymer membrane could achieve a high degree of 
phenol oxidation (95.4%) in phenol solution with 100 mg/L concentration, and 
only 50% deactivation of immobilized enzymes was observed after the 20th day 
of the enzyme operation (Vasileva et al. 2009). Other supports such as sodium 
alginate and phospholipid-templated titania have also been used for constructing 
immobilized HRP, and these enzymes exhibited good removal efficiency of mul-
tiple phenolic compounds and operational stability (Alemzadeh and Nejati 2009; 
Jiang et al. 2014).

Since peroxidase is rapidly inactivated caused by phenoxyl radicals formed 
during oxidative polymerization, engineering of peroxidase can be a solution for 
stable operation. Engineering of the peroxidase was successfully performed to 
retard the rapid inactivation of the wild-type peroxidase and can be thus efficiently 
used for the removal of phenolic compounds from industrial wastewater (Kim et 
al. 2014).

Enzymes in Leather Industry

In leather manufacturing, a large amount of waste material is generated from ani-
mal hides and skins. Generally, six steps are involved: curing, soaking, deharing, 
dewooling, bating, and tanning. The discharges and refuges disposed from all 
these steps in the leather production will cause severe health hazards and environ-
mental problems to the entire eco-system. The industrial effluents mainly contain 
higher amount of sulfide and chromium for improving the quality of tanning. The 
utilization of enzymes in the process has proved to be useful for both enhancing 
the leather quality and decreasing the pollutants (Choudhary et al. 2004).

Dehairing and dewooling are the largest process in leather production, which 
requires the involvement of industrial enzymes like proteases, amylases, and 
lipases (Thanikaivelan et al. 2004). In the traditional procedure, these two steps 
need an extremely alkaline environment in the soaked and swollen epidermis and 
corium of the skin, and then breaking the bonds of hair protein fibrils and dis-
solving the proteins of hair root by the reaction with sulfides. Employing protease 
in these steps could reduce the use of sulfides by 40%. Compared with lime and 
sodium sulfide that can degrade the hair and open up the fiber structure, enzymes 
do not dissolve the fiber and thus the hair can be removed easily from the liming 
float via filtration. Therefore, the chemical and biological oxygen demands could 
be dramatically reduced.

Bating is a key step to enhance the quality of leathers; stiff leather from light 
bating is used for soles, compared to soft leather from intense bating which is used 
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for gloves. Compared to traditional process, introduction of trypsin is reliable and 
can lead to a lower biological oxygen demand effluent. Degreasing of the leather 
before tanning, which is the removal of fat, is also very important for the effects of 
following chemical processes such as tanning, retanning, and dyeing if most of the 
natural fat has been removed. Lipases are environment-friendly means of remov-
ing the fat to ensure the final quality of product, and meanwhile it can allow the 
partial or full replacement of the harmful solvents or surfactants.

15.1.2 � Nitrogen Removal

Removal of nitrogen from wastewater is one of the processes that utilizes biologi-
cal means. Nitrogen compounds, such as ammonia and nitrate, are toxic to aquatic 
species and causes eutrophication in aquatic environments. They can be effectively 
removed through biological nitrification-denitrification. A number of nitrogen 
removal processes (e.g., simultaneous nitrification and denitrification, partial nitri-
fication and denitrification, and anaerobic ammonium oxidation) have been devel-
oped to facilitate nitrification and denitrification processes. When looking into the 
mechanism of nitrification and denitrification, we can find that the mechanisms are 
based on enzyme reactions. For more efficient treatment, it is desirable to under-
stand the enzyme reactions inside of microorganisms.

Conventional microbial nitrogen removal is based on autotrophic nitrification 
and heterotrophic denitrification (Jetten et al. 2001). Nitrification process involves 
two steps: (1) Membrane-bound ammonia monooxygenase (AMO) and hydroxy-
lamine oxidoreductase (HAO) in ammonia-oxidizing bacteria (AOB) oxidize 
ammonium 

(

NH+
4

)

 to nitrite 
(

NO−
2

)

 via hydroxylamine (NH2OH) and (2) mem-
brane-bound nitrite oxidoreductase (NOR) in nitrite-oxidizing bacteria (NOB) oxi-
dizes nitrite to nitrate 

(

NO−
3

)

:

where E1: AMO, E2: HAO, E3: NOR
In denitrification, nitrate and nitrite are reduced to gaseous nitrogen with four 

steps of enzyme reactions. When using microorganisms, a variety of electron 
donors such as methanol or acetate are to be supplied which gives burden as a 
cost:

where E1: nitrate reductase, E2: nitrite reductase, E3: nitric oxide reductase, and 
E4: nitrous oxide reductase.

(15.1)

(15.2)NO−
3 −→

E1
NO−

2 −→
E2

NO−→
E3

NO−
2 −→

E4
N2,
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Partial nitrification–denitrification process. In this process, nitrification and 
denitrification are correlated by NO−

2  instead of NO−
3 . Compared with the tradi-

tional nitrification–denitrification process, it has the following advantages:

(1)	 Lower oxygen consumption in the aerobic phase which implies lower energy 
requirement in the entire process;

(2)	 Lower requirement for electron donors in the anoxic phase; and
(3)	 Higher NO−

2  denitrification rate than NO−
3  denitrification rate.

Anaerobic ammonium oxidation (ANAMMOX) process. In ANAMMOX, 
anaerobic AOB oxidizes ammonia to nitrogen with nitrite as the electron accep-
tor. External carbon sources are not needed for the anaerobic AOB because carbon 
dioxide serves as the main carbon source (Jetten et al. 2001; Hu et al. 2013). The 
biomass yield for this process is very low which saves sludge treatment costs (Hu 
et al. 2011)

Case Study: Enzymatic Removal of Nitrate

As nitrate reduction requires an electron donor such as NAD(P)H, making carbon 
sources is necessary for its regeneration. A bioelectro-denitrification process was 
constructed using electricity instead of feeding carbon source as the electron donor 
(Choi et al. 2006; Kim et al. 2007). In this process, permeabilized Ochrobactrum 
anthropi SY509 was employed for the denitrification reaction owing to the pres-
ence of denitrifying enzymes. When growing the microorganism, the synthesis of the 
enzymes involved should be induced for maximized synthesis. Electrons could be 
transferred to the enzymes from an electrode via mediators. Thus, the treatment could 
increase the accessibility of the nitrate and mediators to enzymes, thereby improv-
ing the nitrate removal efficiency. Recently, the process employing three-dimensional 

(15.3)NH+
4 −→NO−

2 −→N2

(15.4)NH+
4 −→NO−

2

(15.5)2NH3 + NO−
2 −→N2 + NO−

3

Fig. 15.1   Schematic diagram of nitrate-containing water treatment system employing three-
dimensional bioelectrode
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bioeletrode which does not require the mediator was reported (Cho et al. 2008). 
Powder from electrode material was mixed with the permeabilized cells which con-
tained the enzymes for denitrification and then were polymerized using conducting 
polymer material for three-dimensional electrode. Further researches including further 
development of the technology and scale-up are required (Fig. 15.1).

15.2 � Carbon Dioxide Conversion

Carbon dioxide (CO2) concentration in the atmosphere has been increasing due 
to anthropogenic activities, and has become a major contributor to global warm-
ing. One solution to the problem on CO2 emission is carbon capture and storage 
(CCS). In this approach CO2 is captured in a power plant and sequestered in suit-
able geologic forms for long-term storage. This approach can be improved by 
converting CO2 into value-added products. The process is called CO2 capture and 
utilization (CCU).

Since carbon dioxide has very stable chemical properties, it is necessary to 
switch the oxidized state of CO2 to the organic compounds in a reduced state 
through the reduction reaction in order to produce useful compounds from CO2. 
Even though a reducing agent such as hydrogen has been available for the reduc-
tion reaction, recently novel method utilizing electric energy and hydrogen ion 
at the same time was introduced. Recent advances in the renewable energy make 
electrical reducing power increased interest for the reduction of carbon dioxide. In 
particular, using the electric energy produced from renewable resources energy to 
convert carbon dioxide into useful compounds has additional advantage in which 
the electrical energy can be stored in the compound derived from the carbon in 
addition to useful compounds. However, it is desirable to decrease the required 
electric energy through the co-use of hydrogen ion (Schneider et al. 2012).

Figure 15.2 shows the value of the compound produced and the invested energy 
for the compound from CO2. Given the reduction of energy and administered 
prices at the same time, formic acid and carbon monoxide are deemed useful as 
priority targets.

Despite of a large global demand for methanol, the price of the compound is 
expected to be rather low, and less economically efficient considering six electrons 
required for the electrochemical conversion of carbon dioxide. Finding efficient 
conversion catalyst is the universal challenge in the electrochemical conversion of 
carbon dioxide to produce useful chemical products such as formic acid.

15.2.1 � Carbon Dioxide to Formic Acid

Enzymatic catalyst to convert the carbon dioxide into formic acid has so far not 
been reported. However, there is a formate dehydrogenase mainly catalyzing the 
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oxidation to carbon dioxide and attempts to produce formic acid from CO2 with 
the reversibility of this enzyme reaction have been actively tried. Formate dehy-
drogenases present in the natural world are largely divided into NADH-dependent 
and independent one. In the case of NADH-dependent formate dehydrogenase, 
active site generally does not contain a separate metal causing oxygen sensitivity. 
Carbon dioxide reduction scheme by NADH-dependent formate dehydrogenase 
can be expressed in Fig. 15.3.

Currently, the biggest hurdle of formate formation is the gap between oxida-
tion rate of formate and reduction rate of CO2 since the oxidation of formic 
acid is known much dominant compared with reduction of CO2. The fact that 
it is almost impossible to obtain high concentration of formate with known for-
mate dehydrogenase give lesson that discovery of new types of enzyme or pro-
tein engineering of enzymes to improve the characteristics are essentially required. 
Recently, new formate dehydrogenase sourced from Thiobacillus showed much 

Fig. 15.2   Selection of most suitable target compound considering prices of products converted 
from CO2 and invested energy (DNV Report 2011)

Fig. 15.3   CO2 conversion scheme by NADH-dependent formate dehydrogenase
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higher performance than the conventional formatted dehydrogenases for conver-
sion of carbon dioxide (Choe et al. 2014). The enzyme three-dimensional struc-
ture revealed the entrance hole allowing carbon dioxide to transport smoothly 
(Fig. 15.4) and a relatively low activation energy for reduction of CO2 to formic 
acid was suggested by the QM/MM study (Choe et al. 2015). But formic acid 
production rate is not high enough to apply to commercial scale and a further 
improvement is required. In addition to the problem of enzyme, NADH regen-
eration is critically required since the reaction requires equivalent amount of 
NADH for the reduction of CO2. However, the electrochemical regeneration of 
NADH cannot be efficiently performed without using another catalyst such as Rh 
complex.

NADH-independent formate dehydrogenase is known to utilize directly elec-
trons supplied from the electrode without the need for expensive electron carrier 
such as NADH. This type of enzyme contains metal complex composed of Mo or 
W pterin ligand at the reaction active site and exhibits the hypothesized reaction 
mechanism as shown in Fig. 15.5.

These enzymes are capable of performing remarkably fast carbon dioxide 
reduction rate up to 3400 s−1 using electrons supplied from cathode shown in 
Fig. 15.6 with 95% of Faraday efficiency (Reda et al. 2008). However, extremely 
vulnerable property to oxygen and weak stability prevent the application of this 
enzyme at large scale.

Almost enzymes present in nature seem more adequately evolved for oxida-
tion to harvest energy from substrate rather than for reduction. Enzymes showing 
relatively superior performance for reduction reaction were characterized harbor-
ing metal atoms at the reaction site which may impose oxygen vulnerability since 
enzymes have been evolved in anaerobic environment. In order to execute industri-
ally mass-conversion of carbon dioxide improvement of enzyme is expected nec-
essary to increase applicability of enzyme. Based on the protein structure in silico 
designs actively employing computational chemistry techniques are expected to 
accelerate the improvement of enzyme for this purpose.

Fig. 15.4   Three-dimensional structure of Thiobacillus formate dehydrogenase (Choe et al. 2015)
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15.2.2 � Carbon Dioxide for Carbonate

Carbonic anhydrase (CA, EC 4.2.1.1) can be employed for CO2 sequestration. It 
accelerates CO2 capture from the extracellular environment into the intracellular 
system and is very important biocatalyst for hydration or dehydration reactions 
between CO2 and bicarbonate (Savile and Lalonde 2011). The steps involved in 
the indirect CO2 mineralization are given below:

(15.6)CO2(g) ⇋ CO2(aq)

(15.7)
CO2(aq) + H2O

k2
⇋

k−2

H2CO3

K2 = k2/k−2 = 2.6× 10−3

Fig. 15.5   Suggested reaction mechanism of formate dehydrogenase containing Mo-pterin for 
the reduction of CO2 to formate (Appel et al. 2013)
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1.	 CO2 is dissolved in water.
2.	 The aqueous CO2 reacts with water forming carbonic acid.
3.	 Carbonic acid ionized bicarbonate and carbonate ions.
4.	 Calcium carbonate precipitates by association of calcium and carbonate ions.

The rate-limiting step is the second reaction. In this reaction, CA increases CO2 
precipitation rate. Figure 15.7 shows the schematic representation of CO2 capture 

(15.8)
H2CO3

k3
⇋

k−3

H+ + HCO−
3

K2 = k3/k−3 = 1.7× 10−4

(15.9)HCO−
3 ⇋ H+ + CO2−

3

(15.10)Ca2+ + CO2−
3 → CaCO3 ↓

Fig. 15.6   Synthesis of 
formate from CO2 using 
NADH-independent formate 
dehydrogenase utilizing 
electrons supplied from 
cathode (Reda et al. 2008)
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and utilization. In this figure, CA is applied as a biocatalyst to a coal-fired power 
generation plant or other CO2-intensive industries. CA is immobilized on solid 
support and used in a scrubber column. Water is sprayed at the top of the column 
to wash the upgoing flue gas and captures CO2 from it. The immobilized CA upon 
contact with the aqueous solution captures and converts CO2 into bicarbonate ions, 
which is further converted into calcium carbonate by contact with calcium chlo-
ride solution.

Aside from the formation of limestone from CO2, organic acid such as oxaloac-
etate (OAA) can be produced using enzymes. Phosphoenolpyruvate carboxylase 
(PEPCase, EC 4.1.1.31) is the main anaplerotic enzyme, irreversiblely converting 
phosphoenolpyruvate into four-carbon organic acids, OAA using HCO−

3 . OAA 
is used for replenishing the intermediates of tricarboxylic acid (TCA) cycle and 
is a precursor of organic acids such as malic acid and succinate acid. Combining 
CA and PEPCase for an effective CO2 capture and utilization system was stud-
ied. Recombinant CA and the PEPCase from marine microalgae were expressed 
in Escherichia coli to investigate capturing of CO2 and converting it into valua-
ble four-carbon compounds in a sequential manner. The PEPCase 1 gene of the 
marine diatom Phaeodactylum tricornutum was cloned and induced to express 
a recombinant PtPEPCase 1. The purified PtPEPCase 1 had specific enzymatic 
activity (5.89 U/mg). Higher level of OAA was present when the CA from 
Dunaliella sp. and the PtPEPCase 1 coordinated the reactions than when only 
PEPCase was available. Recently, engineered enzyme was used for this purpose 
(Kim et al. 2012). However, for practical applications, high enzyme activity at 
high-temperature and long-term thermostability are to be high enough, which 
remains for further study (Fig. 15.8).

Two current cases are described as above. However, carbon dioxide reduction is 
an urgent global issue and thus many technologies are being developed including 

Fig. 15.7   Schematic diagram of carbonic anhydrase-catalyzed CO2 capture and utilization
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chemical, physical, and biological methods. Productions of bio-based chemicals 
and bioenergies from biomass are a good means to reduce carbon dioxide emis-
sions. Algae are also known to use carbon dioxide as a carbon source and thus 
cultivation of algae for just growth or for useful chemicals production from algae 
can be a good alternative to reduce carbon dioxide. Another trial was reported to 
convert carbon dioxide into formate by electrochemical means and then convert it 
into alcohols (Li et al. 2012). Further researches are urgently required to develop 
useful and efficient technologies on carbon dioxide issue. In any case, enzymatic 
method should compete with chemical or physical methods, and activity and sta-
bility issues are thus remained to be improved.

Further Discussion

1.	 Mercury ion can be reduced by enzyme, where reduced form is volatile and 
non-toxic compared to mercury ion. Discuss on the enzyme for mercury 
detoxification.

2.	 Many soils and lands are being contaminated by organophosphate pesticides. 
Discuss how to clean the site by bioremediation.

3.	 Algae can be used for carbon dioxide removal and for the chemicals produc-
tion, since algae can utilize carbon dioxide as a carbon source. What technol-
ogy is to be developed for the commercialization of this technology?

Fig. 15.8   Schematic diagram of carbonic anhydrase and phosphoenolpyruvate carboxylase-cata-
lyzed CO2 capture and utilization

15.2  Carbon Dioxide Conversion



202 15  Enzymes for Environment

4.	 Carbon dioxides are being emitted from the incineration after use of the chemi-
cals and polymers of petroleum origin. Can we reduce carbon dioxide emis-
sions using bioenergy and bio-based chemicals?
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