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ABSTRACT

Bacillus pallidus strain Dac521 was previously isolated as a novel thermophilic 

bacterium that can producing separate aliphatic nitrile and aromatic nitrile degrading 

enzymes. The optimum culture conditions for aromatic nitrile (benzonitrile) degrading 

enzyme production was investigated. The aromatic nitrile degrading activity was found 

to be induced when benzonitrile was used as sole carbon and nitrogen source and 

the induction was concentration dependent. The highest specific activity 

(0.035 + 0.002 U/mg protein) was found when benzonitrile was used at concentration of 

20 mM. The induction was repressed by readily utilisable carbon sources but not by 

weakly utilisable carbon source such as starch. However, induction was not repressed 

significantly by nitrogen sources and only partially repressed by complex nitrogen 

source such as casein and yeast extract. Studies on the effect of nitriles, acids and 

aromatic compounds as inducers show that benzonitrile and isovaleronitrile were the 

best inducers whereas other nitriles, acids and aromatic compounds acted as very poor 

inducers.

Nitrilase activity, specifically localised in periplasmic space, was purified to near 

homogeneity by a two step chromatographic procedure, resulting in a 35 fold 

purification with 64% yield. The purified enzyme had a native relative molecular mass 

of approx. 600 kDa with 41 kDa subunits suggesting an ccm-cĉ  quaternary structure. 

The N-terminal amino acid sequence of the nitrilase monomer was determined and 

compared to those of mesophiles. Homologies between 73% to 40% were observed 

between nitrilase subunit and the N-terminal sequences.

Enzymatic activity was constant between pH 6 and 9 with an optimum pH at 7.6. 

The optimal temperature for activity was 65°C and the enzyme was unstable at higher 

temperatures. The partially purified nitrilase had the following half-lives: 8.4 hr at 50°C,

2.5 hr at 60°C, 13 minutes at 70°C and less than 3 minutes at 80°C. The nitrilase 

catalysed the hydrolysis of aliphatic, aromatic and heterocyclic nitriles with widely 

varied kcat/KM values, primarily due to differences in substrate affinity. Of the nitriles 

tested, 4-cyanopyridine was hydrolysed at the fastest rate. Substitution of benzonitrile at
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the meta- or para- position had no effect on catalytic rate or enhanced kcat, while ortho 

substitution was strongly inhibitory, probably due to steric hindrance. The effect of 

catalytic inhibitors was consistent with the presence of active sites thiol residues 

although activity was little affected by putative thiol reagents such as iodoacetate, 

iodoacetamide and N-methylmaleimide. Ethylene glycol had some stabilising effect on 

the enzyme. The enzyme activity was increased 22% at 20% (v/v) ethylene glycol 

concentration and only 18% of activity was lost at 50% (v/v) ethylene glycol 

concentration. Other organic solvents tested, such as acetone, ethanol and methanol, had 

destabilising effects at concentrations of more than 20% (v/v).

B. pallidus Dac521 nitrilase catalysed the direct hydrolysis of 3-cyanopyridine to 

nicotinic acid without detectable formation of nicotinamide. The reaction conditions for 

nicotinic acid production were optimised using resting cells. Temperature and pH 

optima were 60°C and 8.0, respectively. Under optimised conditions, 100% of the 

3-cyanopyridine substrate could be converted to nicotinic acid at a conversion rate of 

76 pmol/min. Resting cells were effective in converting 3-cyanopyridine at 

concentrations of up to 0.3 M, but both 3-cyanopyridine and nicotinic acid inhibited the 

hydrolysis of 3-cyanopyridine at concentrations greater than 0.2 M. Immobilised 

bacteria in calcium alginate beads retained 98% of activity and were more stable than 

non-immobilised bacteria at 60°C. Calcium alginate immobilised bacteria used in 

a column bioreactor retained 100% of 3-cyanopyridinase activity for over 100 hr and 

10 hr when continuously supplied with 0.1 M 3-cyanopyridine at 50°C and 60°C, 

respectively.



4

ACKNOWLEDGEMENTS

I am greatly indebted to my family, especially my father, Ahmad Mohamad 

Almatawah for his encouragement, advice and concern. I am grateful for all the help, 

encouragement and support of my family throughout the period of my PhD programme.

I wish to express my gratitude and appreciation to my thesis supervisor Dr Don 

Cowan for his valuable supervision, advice and guidance throughout my project work. I 

would like to thank Thomas Jaenicke, Frank Udo Huneke and Dianna Wilkinson for 

being very helpful and kind.

Finally, my thanks to Kuwait Institute for Scientific Research for providing the 

financial support and the Biochemistry and Molecular Biology department for providing 

the facilities which made this work possible.



LIST OF ABBREVIATIONS AND SYMBOLS

A600 absorbance at 600 nm

°C degree Celsius

DEAE diethylaminoethyl

DNTB 5, 5’- dithiobis (2-nitrobenzoic acid)

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

g gram

AGstab net Gibbs energy of stabilisation

GLC gas liquid chromatography

hr hour

IEF isoelectric focusing

k Cat turnover number

kDa kilodalton

Kj inhibition constant

Km Michaelis constant

L litre

M molarity

MES 2-(N-Morpholino) ethanesulfonic acid

mM millimolar

pm micrometer

pmol micromole

mg milligram

pg microgram

min minute

ml millilitre

pi microlitre

Mr relative molecular mass

MW molecular weight

OD600 optical density at 600 nm



PAGE polyacrylamide gel electrophoresis

PMSF phenylmethylsulfonyl fluoride

Rf electrophoretic mobility

rpm revolution per minute

U unit

V volt

Vh volt hour

Vmax rate of enzyme catalysed reaction at infinite substrate concentration

W watt

xg times gravity



/

TABLE OF CONTENTS

Title page 1

Abstract 2

Acknowledgements 4

List of abbreviations and symbols 5

Table of contents 7

List of Table 12

List of Figures 14

Chapter 1: Introduction

1.1 Thermophlic bacteria 19

1.1.1 Definition and grouping 19

1.1.2 Thermophilic Bacilli 21

1.1.3 Bacillus pallidus 22

1.2 Thermozymes 24

1.2.1 Thermal properties of thermozymes 24

1.2.2 Enzyme thermophiliciiy and catalytic efficiency 27

1.3 Protein thermostability 30

1.4 Molecular mechanisms involved in protein thermostability 31

1.4.1 Intrinsic mechanisms 32

1.4.1 a Hydrophobic interactions and packing efficiency 32

1.4.1b Salt bridges 33

1.4.1 c Reduction of conformational strain 34

1.4.1 d Reduction of the entropy of unfolding 35

1.4.1 e a-Helix stabilisation 36

1.4. If  Hydrogen bonds 37

1.4.1 g Stabilisation of ioops 37

1.4.1 h Resistance to covalent destruction 38

1.4.2 Extrinsic mechanisms 39

1.4.2a Chemical cross-linking and immobilisation 40

1.4.2b Glycosylation 40



8

1.4.2c Exogenous salts 41

1.4.2d Pressure effects 42

1.5 Immobilised enzymes and whole cells 42

1.6 Nitriles 45

1.6.1 Microbial nitriles metabolism 45

1.6.2 Microbial benzonitrile metabolism 46

1.7 Nitrilase 48

1.7.1 Mechanism of nitrilases 50

1.7.2 Molecular and functional characteristics of nitrilases 52

1.7.3 Nitrilase gene structure and expression 55

1.7.4 Sequence homology 5 5

1.7.5 Evolutionary significance 56

1.7.6 Potential application of nitrilase in the chemical industry 56

1.8 The aim of the present study 58

Chapter 2: M aterials and method

2.1 Materials 60

2.1.1 Chemicals 60

2.1.2 Buffers 60

2.1.3 Media 61

2.1.3a Minimal medium 61

2.1.3b Rich medium 61

2.1.4 Reagents 61

2.1.5 Bacterial strain 62

2.2 General protocols 62

2.2.1 Starch hydrolysis test 62

2.2.2 Biomass optimisation 62

2.2.3 Biomass production 63

2.2.4 Preparation of cell-free extracts 63

2.2.5 Nitrilase localisation 63

2.2.6 Fractionational precipitation with acetone 64

2.3 Assays 64

2.3.1 Ammonia assay 64



9

2.3.2 Nitrile assay (Gas-liquid chromatography) 65

2.3.3 Protein estimation assay 66

2.4 Electrophoretic methods 66

2.4.1 Polyacrylamide gel electrophoresis 66

2.4.2 Activity staining 67

2.4.3 Isoelectric focusing 67

2.4.4 Western blotting 68

2.4.5 Immunodetection 68

2.5 Chromatographic methods 69

2.5.1 Hydrophobic interaction chromatography 69

2.5.2 Gel filtration chromatography 69

2.5.3 Anion exchange chromatography 69

2.5.4 Chromatofocusing 70

2.5.5 Cation exchange chromatography 70

2.5.6 Affinity Chromatography 70

2.5.7 Thin layer chromatography 71

2.6 Molecular weight determination 71

2.6.1 Gel filtration chromatography 71

2.6.2 Determination of subunit Mr and purity 71

2.6.3 Amino acid sequencing 72

2.7 Protein characterisation methods 72

2.7.1 Thermostability 72

2.7.2 Temperature-activity profile 72

2.7.3 pH-activity profile 73

2.7.4 Solvent stability 73

2.7.5 Substrate specificity 73

2.7.6 Inhibition studies 73

2.7.7 Kinetic constants determination 73

2.8 Cell application studies 74

2.8.1 Free-cell studies 74

2.8.2 Stability studies 74

2.8.3 Cell immobilisation 74

2.8.4 Packed-bed bioreactor preparation 75



10

2.8.5 Flow rate studies 75

Chapter 3: Biom ass and induction optim isation

3.1 Detection of nitrilase activity 77

3.1.1 Ammonia assay 77

3.1.2 Gas-liquid chromatography 77

3.2 Biomass and induction optimisation 80

3.2.1 Biomass and induction optimisation using different carbon sources 81

3.2.2 Biomass and induction optimisation using different nitrogen sources 84

3.2.3 Benzonitrile as sole carbon and nitrogen source 86

3.2.4 Growth and activity profiles in minimal medium 87

3.2.5 Peptone as a complex carbon and nitrogen source 88

3.2.6 Nitriles as sole carbon and nitrogen source 90

3.2.7 Substrate analogues as sole carbon or nitrogen sources 92

3.3 Induction with benzonitrile 94

3.4 Discussion 95

C hapter 4: N itrilase purification and N-term inal sequence

4.1 Nitrilase purification 99

4.1.1 Fractionational precipitation with acetone 99

4.1.2 Stability of acetone active fraction 100

4.1.3 Hydrophobic interaction chromatography 102

4.1.4 Gel filtration chromatography 102

4.1.5 Anion exchange chromatography 105

4.1.6 Cation exchange chromatography 106

4.1.7 Chromatofocusing 107

4.1.8 Affinity chromatography 108

4.1.9 Summary of the nitrilase purification 112

4.2 N-Terminal amino acid sequence 116



11

Chapter 5: N itrilase characterisation

5.1 Nitrilase localisation 119

5.2 Molecular mass determination 119

5.2.1 Detection of nitrilase activity in non-denaturing page 128

5.3 Temperature activity profile 128

5.4 Thermostability 131

5.5 pH-activityprofile 133

5.6 Effect of organic solutes 134

5.7 Isoelectric point 135

5.8 Substrate specificity 137

5.9 Reaction kinetics 141

5.10 Nitrilase inhibition 142

5.11 Discussion 146

Chapter 6: 3-C yanopyridine biotransform ation

6. 3-Cyanopyridine biotransformation 149

6.1 Substrate assay 149

6.2 Product assay 151

6.3 Optimisation of 3-cyanopyridine biotransformation 152

6.3.1 Effect of pH on 3-cyanopyridine biotransformation 152

6.3.2 Effect of temperature on 3-cyanopyridine biotransformation 153

6.3.3 Effect of cell concentration on 3-cyanopyridine biotransformation 154

6.3.4 Effects of substrate concentration on 3-cyanopyridine 

biotransformation 155

6.3.5 Effect of product concentration on 3-cyanopyridine biotransformation 156

6.3.6 Effect of substrate concentration on nitrilase stability 157

6.3.7 Effect of immobilisation on 3-cyanopyridine biotransformation 158

6.4 Continuous nicotinic acid production in packed-bed bioreactor 160

6.5 Discussion 164

General Discussion 166

References 171

Appendix 204



12

LIST OF TABLES

Chapter 1

Table 1.1 Grouping of thermophilic organisms.

Table 1.2 Physiological properties of B. pallidus.

Table 1.3 Comparison of xylose isomerase thermal parameters with the optimal 

growth temperature of the respective microorganism.

Table 1.4 Kinetic constants reported for type II xylose isomerases purified 

from mesophiles and thermophiles.

Table 1.5 Characteristics of mesophilic nitrilases.

Chapter 2

Table 2.1 Conditions for the analysis of nitriles by gas liquid chromatography.

Table 2.2 Polyacrylamide gels constituents.

Chapter 3

Table 3.1 Effect of supplementary carbon sources on B. pallidus Dac521 

growth and nitrilase induction in minimal media.

Table 3.2 Effect of supplementary nitrogen sources on B. pallidus Dac521 

growth and nitrilase induction in minimal media.

Table 3.3a Growth, benzonitrile degrading specific activities and benzonitrile 

concentrations in minimal medium containing 20 mM benzonitrile 

as the sole carbon and nitrogen source.

Table 3.3b Growth, benzonitrile degrading specific activity and benzonitrile 

concentration in minimal medium containing 20 mM benzonitrile 

and 1% peptone as additional carbon and nitrogen sources.

Table 3.4 Effect of nitriles on B. pallidus Dac521 growth and nitrilase induction 

in minimal media.

Table 3.5 Effect of substrate analogues on B. pallidus Dac521 growth and 

nitrilase induction in minimal media.

Table 3.6 Nitrile and amide hydrolysing activities in cells grown in minimal 

media containing acetonitrile and/or benzonitrile as carbon and

19

23

25

29

54

65

67

83

85

89

89

91

93



13

nitrogen sources. 94

Chapter 4

Table 4.1 Yields of nitrile-degrading activity in acetone fractions. 99

Table 4.2 Stability of the active fraction precipitated at 50% acetone saturation

at room temperature in the presence of various additives. 101

Table 4.3 Nitrilase purification table. 112

Chapter 5

Table 5.1 Location of nitrilase activity in cell fractions. 119

Table 5.2 Molecular weight and Kav values for the protein standards and

B. pallidus Dac521 nitrilase from Superose 12 gel filtration column 

under non-denaturing conditions. 120

Table 5.3 Molecular weight and Kav values for the protein standards and 

B. pallidus Dac521 nitrilase from Superose 12 gel filtration 

column under denaturing conditions. 121

Table 5.4 Molecular weight and relative mobility of the protein standards and

B. pallidus Dac521 nitrilase derived from non-denaturing PAGE. 124

Table 5.5 Molecular weight and relative mobility of the protein standards and 

B. pallidus Dac521 nitrilase derived from SDS-PAGE under reduced 

conditions. 126

Table 5.6 Molecular weight and relative mobility of the protein standards and 

B. pallidus Dac521 nitrilase derived from SDS-PAGE under non

reduced condition. 127

Table 5.7 Activity half-lives of B. pallidus Dac521 nitrilase at different

temperatures. 132

Table 5.8 Isoelectric points (pi’s) and relative mobility of the protein standards

and B. pallidus Dac521 semi-purified nitrilase. 136

Table 5.9A Substrate specificity of B. pallidus Dac521 nitrilase. 139

Table 5.9B Substrate specificity of B. pallidus Dac521 nitrilase. 140

Table 5.10 Kinetic parameters for selected nitrilase substrates. 141

Table 5.11 Effect of various compounds on the activity of nitrilase. 143

Table 5.12 Effect of putative substrate analogues on nitrilase activity. 144



14

LIST OF FIGURES
Chapter 1

Figure 1.1 Microbial nitrile metabolism pathways. 46

Figure 1.2 Benzonitrile metabolism pathways. 47

Figure 1.3 Nitrilase proposed mechanism. 51

Chapter 3

Figure 3.1 Standard curve of absorbance at 600 nm versus ammonia

concentration. 78

Figure 3.2 Ammonia release versus reaction time for benzonitrile hydrolysis. 79

Figure 3.3 Rate of benzonitrile hydrolysis at a range of cell concentrations. 79

Figure 3.4 Standard curve of GLC peak area versus benzonitrile concentration. 80

Figure 3.5 Growth and specific activity of B. pallidus Dac521 grown in minimal

media. 81

Figure 3.6 Growth and specific activity of B. pallidus Dac521 grown in minimal 

media with different benzonitrile concentration as the sole carbon 

and nitrogen source. 86

Figure 3.7 Growth and specific activity of B. pallidus Dac521 grown in minimal 

medium with 20 mM benzonitrile as the sole carbon and nitrogen 

source. 87

Chapter 4

Figure 4.1 Hydrophobic interaction column chromatography of B. pallidus Dac521 

benzonitrile hydrolysing activity. 103

Figure 4.2 Gel filtration chromatography of B. pallidus Dac521 benzonitrile

hydrolysing activity. 104

Figure 4.3 10% SDS-PAGE of active anion-exchange and phenyl-Sepharose

fractions. 105

Figure 4.4 Cation-exchange chromatography of B. pallidus Dac521 benzonitrile

hydrolysing activity. 106

Figure 4.5 10% SDS-PAGE of active cation-exchange and phenyl-Sepharose

fractions. 107



15

Figure 4.6 Imunodetection of GroEL-like proteins on x-ray film. 108

Figure 4.7 Affinity chromatography of B. pallidus Dac521 GroEL-like protein. 109

Figure 4.8 Immunodetection of GroEL-like protein on x-ray film. 110

Figure 4.9 Affinity chromatography of B. pallidus Dac521 GroEL-like protein. I l l

Figure 4.10 Immunodetection of GroEL-like protein on x-ray film. 111

Figure 4.11 Purification of nitrilase, monitored by 10% SDS-PAGE under

nonreducing conditions. 112

Figure 4.12 Nitrilase purification steps flow diagram. 115

Figure 4.13 N-terminal amino acid sequence alignment of B. pallidus Dac521

nitrilase with nine other mesophilic nitrilase sequences. 117

Chapter 5

Figure 5.1 Molecular weight standard curve for Superose 12 gel filtration column

under non-denaturing conditions. 120

Figure 5.2 Molecular weight standard curve for Superose 12 gel filtration column

under denaturing conditions. 121

Figure 5.3 Gel filtration chromatography of B. pallidus Dac521 benzonitrile

hydrolysing activity under denaturing conditions. 122

Figure 5.4 5% Native PAGE of a semi-pure nitrilase fraction. 124

Figure 5.5 Standard curve for molecular weight markers electrophoresed on

5% non-denaturing PAGE. 125

Figure 5.6 10% SDS-PAGE of a semi-pure nitrilase under non-reducing

conditions. 125

Figure 5.7 Standard curve for molecular weight markers electrophoresed on SDS-

PAGE (10%) under reduced conditions. 126

Figure 5.8 Standard curve for molecular weight markers electrophoresed on SDS-

PAGE (10%) under non-reduced conditions. 127

Figure 5.9 Rate of benzonitrile hydrolysing activity of B. pallidus Dac521 nitrilase

at a range of temperatures. 129

Figure 5.10 Temperature activity profile for nitrilase, expressed as Arrhenius

plots. 130

Figure 5.11 Thermostability profiles for B. pallidus Dac521 nitrilase. 131

Figure 5.12 Thermostability plots for B. pallidus Dac521 nitrilase. 132



Figure 5.13 pH-activity profile for B. pallidus Dac 521 nitrilase. 134

Figure 5.14 Organic solutes and solvents activity-profiles for B. pallidus Dac521

nitrilase. 135

Figure 5.15 Isoelectric focusing of semi-purified nitrilase. 136

Figure 5.16 Standard curve for isoelectric point (pi) markers electrophoresed

on 1% agarose IEF gels containing pharmalyte 4-6.5. 137

Figure 5.17-5.40 Kinetic linear plots. 222

Figure 5.41 Dixon plot for the effect of benzaldehyde on nitrilase activity. 145

Chapter 6

Figure 6.1 Standard curve of GLC peak area versus 3-cyanopyridine

concentration. 150

Figure 6.2 Gas-liquid chromatography retention time for 3-cyanopyridine in

Rt-Q PLOT capillary column. 150

Figure 6.3 Thin layer chromatography for 3-cyanopyridine biotransformation

product. 151

Figure 6.4 Effect of pH on the biotransformation of 3-cyanopyridine by B. pallidus 

Dac521 free resting cells. 153

Figure 6.5 Effect of temperature on the biotransformation of 3-cyanopyridine by

B. pallidus Dac521 free resting cells. 154

Figure 6.6 Effect of cell concentrations on the biotransformation of

3-cyanopyridine. 155

Figure 6.7 Effect of 3-cyanopyridine concentration on the production of nicotinic

acid by B. pallidus Dac521 free resting cells. 156

Figure 6.8 Effect of nicotinic acid concentration on the biotransformation of

3-cyanopyridine by B. pallidus Dac521 cells. 157

Figure 6.9 Effect of 3-cyanopyridine concentration on B. pallidus Dac521

nitrilase stability in free cells. 158

Figure 6.10 Effect of immobilisation on B. pallidus Dac521 3-cyanopyridinase

activity. 159

Figure 6.11 Effect of immobilisation on B. pallidus Dac521 3-cyanopyridinase

thermal stability. 160



17

Figure 6.12 Effect of the flow rate of the substrate in an immobilised B. pallidus 

Dac521 bioreactor on the conversion degree of 3-cyanopyridine to 

nicotinic acid. 161

Figure 6.13 Continuous conversion of 0.1 M 3-cyanopyridine to nicotinic acid by 

immobilised B. pallidus Dac521 in bioreactor operated at a constant 

substrate flow rate of 0.1 ml/min at 60°C. 162

Figure 6.14 Continuous conversion of 0.1 M 3-cyanopyridine to nicotinic acid by 

immobilised B. pallidus Dac521 in bioreactor operated at a constant 

substrate flow rate of 0.05 ml/min at 50°C. 163



Chapter 1 Introduction 18

CHAPTER 1 

INTRODUCTION



Chapter 1 Introduction 19

1.1 TH ERM OPH LIC BACTERIA

1.1.1 Definition and grouping

Attempts have long been made to classify thermophilic organisms on the basis of 

their temperature range of growth (Miehe, 1907). The cardinal growth temperatures are 

typically used as criteria for grouping these organisms. The cardinal temperatures can be 

defined as: Tmax = highest temperature where growth and multiplication are observed; 

Topt = the temperature at which the shortest doubling time occurs; Tmjn = lowest 

temperature at which growth and multiplication are detectable. Table 1.1 shows the 

grouping of thermophilic bacteria.

Table 1.1 Grouping of thermophilic organisms (Cowan, 1992).

Group Tmjn Topt Tmax

Thermophiles >30 >50 >60

Extreme thermophiles >40 >65 >70

Hyperthermophiles _ >100 <115

Slightly different terms and temperatures are used by other authors (Ljungdahl, 

1979; Sonnleitner and Fiechter, 1983; Wiegel and Ljungdahl, 1986) and the system is 

arbitrary to a certain degree. The determination of the cardinal temperatures is 

somewhat artificial because the data depend on media (Ljunger, 1970) and other growth 

conditions, including the purity of a culture. For example, an increase in the Tmax of

C. thermocellum in coculture with C. thermohydro sulfur icum from 66/67 to 70°C has 

been observed (Wiegel and Ljungdahl, 1986). It is likely that marginal temperatures and 

the doubling time measured in the artificial media are not the same as those occurring in 

nature, where the organisms are living attached to particles and in mixed cultures. The 

character of being thermophilic or extremely thermophilic is presently regarded as an 

intrinsic property and it cannot be gained by adaptation or single-step mutations 

(Singleton and Amelunxen, 1973; Tansey and Brock, 1978; Amelunxen and Murdock, 

1978a & b; Ljungdahl, 1979; Kogut, 1980). Although Tmaxand Topt values can be raised 

and Tmin can be lowered to some extent by manipulations through changes in the growth
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conditions (salt concentration, pressure, etc.) and by mutations, according to the present 

consensus, a mesophile cannot become a true thermophile. Furthermore, 

according to Wiegel and Ljungdahl (1986), no micro-organism has been described 

which has its Topt in the mesophilic range (Topt< 40°C) and is able to grow at 

temperatures of the extreme thermophilic range (Tmax̂  70°C).

Most bacteria grow in a temperature range of 25 to 35°C. An additional term was 

proposed for organisms which can grow over a temperature span significantly more than 

40°C (Wiegel, 1983). The organisms with the larger temperature span are called 

“ temperature tolerant organisms of the thermophilic, mesophilic or Kryophilic growth 

range” , respectively, depending on the range of Topt. The term “ facultative 

thermophiles” has been suggested for the organisms able to grow in the mesophilic as 

well as thermophilic range (Farrell and Campbell, 1969; Crabb et al., 1975). This 

terminology is also extended to facultative mesophiles, or facultative extreme 

thermophiles to cover the organisms able to grow in these temperature ranges over 

extended temperature spans. The extended temperature span for growth is speculated to 

be due to the presence of two sets of some critical enzymes: one which functions well at 

the lower and one which functions at the higher temperature range (Crabb et al., 1975; 

Wiegel, 1983). Using Bacillus stearothermophilus as an example, one set would be for 

the range of about 35 to 60°C and one for the range of 50 to 78°C. It is speculated that 

these organisms have assimilated a second set of enzymes during their evolution, 

enabling them to grow over an extended temperature range. A wide growth temperature 

range is sufficiently advantageous for some bacteria that they are ubiquitous today and 

can be isolated from soil of a cold climate as well as from hot springs. For example, the 

archaeon Methanobacterium thermoautotrophicum which has been isolated all over the 

world including from sediments of lakes where the temperature never rises above 15°C 

(Zeikus, 1977) as well as from hot springs of the Yellowstone National Park with 

temperatures of 80°C. Other examples include Clostridium thermohydrosulfuricum, an 

anaerobic spore-former, and Bacillus stearothermophilus, an aerobic spore-former, are 

also widely distributed (Wiegel et al., 1979; Holt, 1984).

The terms “ barothermotolerant” and “ barothermophilic” are suggested to 

indicate that the bacteria grow or like to grow, respectively, above 100°C if sufficient
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pressure is applied to prevent the water from boiling. Only organisms which have their 

Topt above 100°C are called barothermophiles; the others are classified as 

barothermotolerant. Another term “ pyrotolerant” and “ pyrophilic” are suggested for 

organism growing in this temperature range, Pyrodictium (Stetter and Stackebrandt, 

1983).

The term “ thermophilic” is not always in accordance with the definitions of 

Table 1.1, especially with yeast and other fungi. The term is sometimes used for 

organisms which just grow at temperature slightly above the Tmax of most yeasts 

(Crisan, 1973). Thermophilic fungi are defined as those with a Tmax above 50°C but 

without the restriction of a Topt above 45 or 43°C (Conney and Emerson, 1964). The 

common Saccharomyces cerevisiae is killed between 40 and 42°C whereas Torula 

thermophila can be regarded as a true thermophile since it has a Tmax of 58°C, and a Topt 

of 40 to 45°C, depending on the strains.

1.1.2 Thermophilic Bacilli

Thermophilic Bacillus species are numerous and have been isolated from a large 

variety of thermal and non-thermal environments (Sharp et al., 1992). These rod-shaped 

gram-positive organisms share many biochemical, phenotypic and morphological 

characteristics, paramount among which is the ability to form endospores. The first 

isolation of a thermophilic Bacillus has been attributed to Miquel who in 1888 described 

a thermophilic sporeforming strain isolated from the river Seine. Following this 

isolation, numerous Bacillus strains have been isolated and described from soil, sewage 

and spoilt food products, that were able to grow at or above 60°C (Cameron and Esty, 

1926).

Three major subdivisions were recognised among thermophilic bacilli 

(Klaushofer and Hollaus, 1970; Walker and Wolf, 1971), according to their 

physiological and biochemical characteristics. Members of one of these, including 

Bacillus stearothermophilus and B. thermocloacae, were characterised by their inability 

to hydrolyse starch (Daron, 1967; Epstein and Grossowicz, 1969; Demharter and 

Hensel, 1989). Subsequently, Bacillus species that were only able to weakly hydrolyse 

starch were also described, e.g. B. pallidus (Scholtz et al., 1987).
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1.1.3 Bacillus pallidus

The physiological and biochemical characteristics of Bacillus pallidus strains 

were first described by Scholz et al. (1987). The strains were isolated from the sewage 

of a yeast factory and from municipal surplus sludge that had been aerobically treated at 

50-60°C. The name pallidus is referring to the pale colony colour.

The vegetative cells of Bacillus pallidus strains are motile, Gram-positive, 

straight rods (0.8-0.9 by 2.0-5.0 pm), occurring singly, in pairs or in chains. The 

position of the ellipsoidal endospores is central to terminal and sporangium are slightly 

swollen. On agar plates, Bacillus pallidus colonies appear opaque, smooth, flat to 

convex, round or lobed. The organism grows between 30°C and 70°C with optimal 

growth between 60 and 65°C at pH 8.0-8.5, is a strict aerobe and has a generation time 

under optimal conditions between 17 and 45 minutes.

In the cells, the main isoprenoid quinone type is an unsaturated menaquinone 

type with 7 isoprene unit (Mk-7) and the main fatty acid is the straight chain fatty acid 

16:0. The molar ratios of the amino acids of the cell walls were meso-diaminopimelic 

acid (Variation A ly): glutamic acid: alanine = 0.8:1.0:1.8, indicating that the murein 

(peptidoglycan) is of the directly crosslinked A ly type usually found in bacilli. The G + 

C content of the DNA ranged from 39-41 mol% (Tm) (Scholz et al., 1987).

The physiological properties for Bacillus pallidus strains are shown in Table 1.4. 

These properties have been expanded by White et al. (1993) to included strains that 

release acid from cellobiose and mannose, stains that do not hydrolyse tributyrin and 

strains that do not grow in 10% sodium chloride. Furthermore, a strain of thermophilic 

bacillus producing nitrile-degrading enzymes was isolated and identified as B. pallidus 

strain Dac521 by Cramp et al. (1997). The morphological and physiological 

characteristics for this strain were found to be similar to those reported for the 

B. pallidus H I4 type strain (Scholz et al., 1987, White et al., 1993).
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Table 1.2 Physiological properties of B. pallidus (Scholz et ah, 1987).

Anaerobic growth -

Growth at 10% NaCl +

Catalase +

Oxidase +

Formation of

acetoine 

indole 

Hydrolysis of

Starch w

Casein -

Gelatin -

Tributyrin +

Aesculin d

Decomposition of urea -

Utilisation of citrate -

Reduction of nitrate to nitrite -

Denitrification -

Gas from carbohydrates -

Acid from

glucose, fructose & saccharose +

maltose & trehalose d

rhamnose, lactose, cellobiose, galactose, arabinose, mannose, ribose & xylose -

+ = positive; w = weakly positive; -  = negative; d = reactions differ
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1.2 THERMOZYMES
The understanding that proteins from thermophiles are inherently thermostable 

and active at the organisms optimum growth temperature came with the discovery in the 

early 1970s of thermostable protein-synthesis enzymes in Thermus aquaticus (Zeikus 

and Brock, 1971). Since then, increasing numbers of thermostable enzyme 

(thermozymes) have been characterised, both from thermophiles and extreme 

thermophiles (Vieille et al., 1996).

Thermozymes are enzymes that are derived from thermophiles, extreme 

thermophiles and hyperthermophiles and, excluding phylogenetic variations, 

thermozymes are similar to mesophilic enzymes (mesozymes). Their amino acid 

sequences are typically 40-85% similar to those of their mesophilic counterparts 

(DiRuggiero et al., 1993; Vieille et al., 1995; Burdette et al., 1996), their three- 

dimensional structures are often superimposable (Davies et al., 1993; Fujinaga et al., 

1993), and they frequently share the same catalytic mechanisms (Vieille et al., 1995; 

Voorhorst et al., 1995). With a few exceptions, cloned thermozymes can be successfully 

expressed in mesophilic organisms. The recombinant thermozymes produced in these 

hosts retain all the native enzymes biochemical properties, including thermostability and 

optimal activity at high temperatures (Zwickl et al., 1990; Tomschy et al., 1993; Vieille 

et al., 1995; Burdette et al., 1996).

Thermozymes, optimally active between 60°C and 125°C, have attracted 

increasing attention in recent years owing to their biotechnological potential. They are 

already used in molecular biology (e.g. Taq polymerase) and in the detergent 

(e.g. proteases) and starch-processing (e.g. a-amylases, glucose isomerases) industries. 

Thermozymes are excellent catalytic candidates for numerous additional applications 

that require high stability such as organic syntheses (e.g. lipases, proteases, 

oxidoreductases), diagnostics, waste treatment, pulp and paper manufacture, and 

manufacture of animal feed (Vieille et al., 1996).

1.2.1 Thermal properties of thermozymes

Most thermozymes characterised from thermophiles and hyperthermophiles are 

optimally active at temperatures close to the host organisms optimal growth
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temperature. For example, most enzymes characterised from thermophiles are optimally 

active at temperatures between 60 and 75°C, whereas enzymes purified from 

hyperthermophiles are optimally active between 70 and 110°C (Vieille et al., 1996). 

According to Vieille et al. (1996), this trend holds more stringently for enzymes within 

a single structural family (i.e., a-amylases, proteases, alcohol dehydrogenases (ADHs), 

glyceraldehyde-3-phosphate dehydrogenases (GAPDHs), etc.) than across a range of 

proteins, suggesting that stability is partly a function of the protein structural fold.

Table 1.3 shows the thermal and kinetic properties of xylose isomerases isolated 

from a mesophile, two thermophiles, and a hyperthermophile as well as the host 

organisms optimal growth temperature. All the thermal characteristics presented in this 

Table (i.e., temperature for maximal activity, half-life at 85°C, precipitation initiation 

temperature, temperature of 50% unfolding) increase with the host organisms optimal 

growth temperature. Although, the four enzymes are recombinant enzymes expressed in 

Escherichia coli, their thermal properties are clearly genetically encoded, and have 

adapted to the thermal environment of their bacterial source (Vieille et al., 1996).

Table 1.3 Comparison of xylose isomerase thermal parameters with the optimal growth 
temperature of the respective micro-organism (Vieille et al., 1996).

Micro-organism Organism Xylose isomerase

ToptTC) T maxb(°C) half-life (min at 85°C) Tmc(°C) TPP,yc)
Mesophile

E. coli 37 55 <1.0 52 53

Thermophile

Thermoanaerobacterium 60 80 45 80 80

thermosulfurigenes 

B. stearothermophilus 65 85 nd 93 85

Hyperthermophile

Thermotoga neapolitana 80 95 330 120 90

aOrganism optimal growth temperatures (Topt) are from the DSM catalog; temperature of 
maximal activity; Temperature of 50% enzyme unfolding; temperature of 50% enzyme 
precipitation, nd: not determined.



Chapter 1 Introduction 26

Extracelluar and cell-bound thermozymes are often optimally active at 

temperatures above or far above the host organisms optimum growth temperature, 

and are highly stable. For example, the extracellular enzyme amylopullulanase from 

Thermococcus litoralis is optimally active at 117°C, 29°C above the T. litoralis 

optimum growth temperature (88°C) (Brown and Kelly, 1993). Although, intracellular 

enzymes (e.g. as xylose isomerases, in Table 1.3) are optimally active at the organisms 

optimal growth temperature, they are usually less thermophilic than extracellular 

enzymes purified from the same host. Few exceptions to this trend exist for intracellular 

enzymes, such as Sulfolobus solfataricus glutamate dehydrogenase (Consalvi et al.,

1991) and Methanopyrus kandleri methylenetetrahydromethanopterin (CH2 = H4MPT) 

dehydrogenase (Klein et al., 1993a) which are optimally active 20°C below the 

organisms optimum growth temperature. This can be related to that extracellular 

enzymes are directly effected by the external environment than intercellular enzyme, 

therefore, it needs to be more thermostable.

The temperature range for significant thermozyme activity is often narrow. The 

narrow activity range makes thermozymes inactive or poorly active under mesophilic 

conditions. For example, the two T. maritima amylases (Schumann et al., 1991) show 

50% maximal activity or more between the range 73-100°C. However, at 40°C, the two 

T. maritima amylases show 0-5% activity (Schumann et al., 1991) and T. maritima 

lactate dehydrogenase shows less than 5% activity (Hecht et al., 1989). Moreover, 

P. furiosus and T. litoralis amylopullulanases show no detectable pullulanase or 

amylase activity at 40°C (Brown and Kelly, 1993). The low activity or inactivation of 

thermozymes under mesophilic conditions is related to the fact that these enzymes 

required higher temperature or additional energy to maintain their active conformation 

and dynamic states.

Although most pure enzymes are intrinsically very stable, some intracellular 

thermozymes get their high thermostability from intracellular environmental factors 

such as salts, high protein concentrations, coenzymes, substrates, activators, or general 

stabilisers such as thermamine (Vieille et al., 1996). For example, the stability of 

Thermus caldophilus lactate dehydrogenase at 100°C was increased 4-5 times in the 

presence of its activator fructose 1,6-bisphosphate (Taguchi et al., 1982). M. kandleri
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cells contain high concentrations of potassium and 2,3-diphosphoglycerate (Breitung et 

al., 1992) (>1 M and 1.2 M, respectively). Moreover, M. kandleri enzymes show 

a strong activation in the presence of salts (Breitung et al., 1991; Ma, 1991a & b; 

Breitung et al., 1992; Klein et al., 1993a).

Vieille et al. (1996) have suggested that since thermophilic organisms do not 

apparently grow faster than mesophilic organisms they may have an added metabolic 

burden from the high turnover of non-thermostable macromolecules (e.g. proteins, lipids 

and nucleic acids).

1.2.2 Enzyme thermophilicity and catalytic efficiency

Thermophilicity, the optimal activity temperature, is defined by the upper limit 

of the energy range in which an enzyme average conformation and active dynamic states 

are preserved. Arrhenius plots for enzyme activity are linear for most psychrophilic, 

mesophilic, and thermophilic enzymes, with few exceptions. For example, the four 

xylose isomerases in Table 1.3 (i.e., E. coli, T. thermosulfurigenes, B. s te ar other mop hi lus, 

T. neapolitana enzymes) show linear Arrhenius behaviours (Vieille et al., 1996). 

Psychrophilic enzymes, mesozymes, and thermozymes are more rigid at low 

temperatures than at higher temperatures in their respective temperature ranges (Vieille 

et al., 1996). Despite thermozymes being significantly more rigid than their mesophilic 

counterparts at room temperature (Fontana, 1990), increased rigidity at low temperatures 

and linear Arrhenius behaviours are general mechanisms affecting all enzyme 

categories.

There is a limited literature on the molecular basis for enzyme thermophilicity 

and the nature of enzyme thermophilicity is not well understood. Linear Arrhenius plots 

for numerous enzymes indicate that if there are structural changes in the catalyst 

throughout the active temperature range, they are either not catalytically significant or 

they are exactly compensatory. The discontinuous Arrhenius curves observed for 

catalysis by some enzymes (Hensel et al., 1987; Fabry and Hensel, 1987) indicate that, 

in these specific cases, temperature dependent, functionally significant structural 

changes may occur. It is believed that these discontinuous Arrhenius curves were 

a characteristic of thermozymes, but some mesophilic enzymes show this behaviour
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(Wrba, 1990). Explanations for this occurrence have been proposed that do not involve 

altering the catalysts structure (e.g. change in the slow step of the reaction) (Segel, 1975; 

Londesborough, 1980). The Arrhenius equation can describe enzyme activity in its 

active temperature range which can be derived from the temperature of maximal activity 

and the activation energy for the reaction. The Arrhenius equation, however, cannot 

predict the optimal temperature for an enzymatic reaction and an enzyme active 

temperature range appears to be determined at the lower end by the theoretical limitation 

on activity defined by the Arrhenius equation (Vieille et al., 1996). Therefore, it is 

suggested that partial protein unfolding or covalent chemical modifications appear to 

determine the upper limit, independently from the Arrhenius equation (Vieille et al., 

1996).

It is commonly accepted that high temperatures decrease enzyme catalytic 

efficiencies and that an increased temperature may cause a decrease of the enzymes 

affinity for its substrates (Hecht et al., 1989; Robb et al., 1992; Vieille et al., 1995). For 

example, a dramatic decrease of T. maritima lactate dehydrogenases affinity for both 

NADH and pyruvate have been shown with a rising temperature (Hecht et al., 1989). 

The same effect is observed with P. furious glutamate dehydrogenase (Robb et al.,

1992) and Thermotoga neapolitana xylose isomerase (Vieille et al., 1995). However, 

the effect of increasing temperature on enzyme substrate affinity does not mean that 

all thermophilic enzymes will have low affinities at high temperatures. Table 1.4 

compares the Michaelis constants of mesophilic, thermophilic and hyperthermophilic 

type II xylose isomerases. Although, the thermophilic enzymes kinetic constants 

(B. stear other mophilus, T. thermo sulfur igenes and T. saccharolyticum) were determined 

at much higher temperatures, they are still in the range of the kinetic constants for the 

mesophilic enzyme (E. coli). A similar observation was found for hyperthermophilic 

xylose isomerases (Tmari t ima  and T. neapolitana); no significant decrease in the 

hyperthermophilic xylose isomerase affinities for xylose was observed when comparing 

them to their thermophilic counterparts (Vieille et al., 1996).
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Table 1.4 Kinetic constants reported for type II xylose isomerases purified from 
mesophiles and thermophiles (Vieille et al., 1996).

Organism Temperature
(°C)

YAVm
(mM)

V max 
(pmol/min/mg)

kCat
(1/min)

kcat/K-m
(1/mM min)

E. coli 22-25 1 0 6 300 30

B. stearothermophilus 60 1 0 0 44.5 4900 49

T. thermosulfurigenes 65 2 0 15.7 3140 157

T. saccharolyticum 65 16 17.6 3520 2 2 0

T. maritima 90 74 68.4 8550 72.5

T. neapolitana 90 16 52.2 2654 166.8

kcat (indirectly, the maximum reaction velocity, Vmax) is the second intervening 

factor in the determination of an enzymes’s catalytic efficiency. According to the 

Arrhenius equation, Vmax increases with temperature. Although the Km values of 

T. neapolitana xylose isomerase for xylose, glucose, and fructose increase with 

temperature (Vieille et al., 1995), significant increases in kcat compensate for the Km 

increase to a great extent, keeping the catalytic efficiency in a similar range at different 

temperatures. Nevertheless, this observation can not be extrapolated to a comparison of 

kcat values from related enzymes at different temperatures. A comparison of the Vmax 

determined for mesophilic and thermophilic adenylate kinases showed that E. coil 

adenylate kinase has a Vmax of 1020 pmol/min/mg protein at 30°C (Glaser et al., 1992), 

B. stear other mophilus and S. solfataricus enzymes have a Vmax of 288 at 37°C (Glaser et 

al., 1992) and 433 at 70°C (Lacher and Schafer, 1993), respectively. However, E. coli 

and B. stearothermophilus adenylate kinases have similar specific activities 

(2,400 and 3,000 pmol/min/mg, respectively) at their respective optimal activity 

temperatures (45 and 65°C) (Glaser et al., 1992). Moreover, B. stearothermophilus 

xylose isomerase has also almost the same Vmax at 60°C (44.5 pmol/min/mg) as the 

T. neapolitana enzyme at 90°C (52 pmol/min/mg) (see Table 1.4).
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The fact that thermozymes are not more active than mesozymes at high 

temperatures still does not explain the lower growth rates of thermophilic organisms. 

This lack of catalytic rate optimisation in thermophiles is still not well understood. Is it 

related to the increases difficulty in molecular recognition at high temperature or related 

to the reaction rates limited by a minimum time requirement for adequate fidelity in 

protein molecular discrimination or related to the membrane transfer rates or other 

cellular compounds’ instabilities eventually limit the rate at which cytoplasmic 

metabolic processes can proceed, negating the advantage of further enzyme efficiency 

maximisation? However, thermophiles represent a more ancient form of life than 

mesophiles which evolved later (Achenbach-Richter et al., 1987). Evolutionary rates 

calculated from 16S rDNA comparisons, indicate that hyperthermophiles, including the 

eubacterial Thermotogales, are the slowest evolving organisms known (Achenbach- 

Richter et al., 1987; Bams et al., 1994). It is suggested, therefore, that thermophilic and 

hyperthermophilic proteins might represent less-evolved proteins and the energy 

required for thermostabilisation of these enzymes might also limit their catalytic 

efficiency at optimal temperatures (Vieille et al., 1996).

1.3 PRO TEIN THERM OSTABILITY

Protein thermostability is the proteins resistance to irreversible thermal 

inactivation which is due either to protein chemical modification that leaves the overall 

protein structure intact, or to protein denaturation (i.e., irreversible unfolding). 

Denaturation is believed to be a rapid co-operative process once a threshold molecular 

energy is reached. This threshold, which is enzyme-specific, is related to a characteristic 

molecular stabilisation energy in a particular environment. Typically, thermostability is 

measured as the fraction of activity remaining (determined by standard enzyme assay in 

the enzymes activity temperature range) in a sample after heating it at a constant 

temperature for a specific period of time. Although these measurements do not predict 

enzyme inactivation mechanisms, studies have shown that partial inactivation of 

a thermophilic secondary (2°) ADH corresponds to the complete inactivation of the 

precipitated enzyme fraction and the soluble fraction remains fully active (Burdette et 

al., 1996). These studies are consistent with the strong co-operativity of protein folding 

and unfolding and with protein folding intermediate instability (Alonso et al., 1991;
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Haynie and Freire, 1993). They also agree with the general model proposed for enzyme 

thermoinactivation (Tomazic and Klibanov, 1988a):

native enzyme <=> non-native —» scrambled structures

(Active) (inactive) (often precipitate)

Because thermozymes are optimally active under more severely denaturing 

conditions than mesozymes, they need to be more rigid than mesozymes. This increased 

rigidity is essential for preserving their catalytic active structure, and it protects them 

from unfolding. Such rigidity is demonstrated by lower hydrogen-exchange rates and by 

lower susceptibility to proteolytic degradation and chemical or thermal denaturant 

unfolding (Wrba et al., 1990; Kanaya and Itaya, 1992). Although no systematic amino 

acid substitutions are responsible for increased thermostability, observations from large 

groups of enzyme (Menendez-Arias and Argos, 1989) indicate that stabilising 

substitutions tend to improve the enzyme’s packing efficiency (e.g. through cavity 

filling and an increase in core hydrophobicity), and to increase overall enzyme rigidity 

(e.g. through a-helix stabilisation, electrostatic-interaction optimisation and 

conformational-strain reduction).

1.4 M O LECULAR M ECHANISM S INVOLVED IN PRO TEIN  

TH ERM O STABILITY

Protein stability has been actively studied for several decades, and early studies 

were of small, soluble, monomeric enzymes such as lysozyme and ribonuclease (Dill, 

1990). Current access to thermozymes now allows a more detailed determination of the 

extent to which these stabilisation mechanisms are employed, and also reveals whether 

additional mechanisms participate in the extreme stability of thermozymes. The 

molecular mechanisms responsible for protein thermostabilisation are subdivided into 

two parts; intrinsic factors and extrinsic factors.
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1.4.1 Intrinsic mechanisms

No universal mechanism explains the differences between thermozymes and 

mesozymes. Thermostability and thermophilicity properties are believed to be due to 

subtle changes in the whole amino acid sequence of the thermophilic enzymes (Argos et 

al., 1979). However, not all amino acid substitutions alter the function or stability of 

protein. Specific interactions, rather than specific amino acids, contribute significantly 

to protein structural stability (Matthews, 1993).

1.4.1a Hydrophobic interactions and packing efficiency

The energic driving force for proteins to fold in aqueous solutions is thought to 

be largely provided by hydrophobic interactions. A study of 72 side-chain aliphatic 

mutations in four enzymes revealed that each buried-CH2 contributes an average 

1.3 kcal mol’1 to the conformational stability of the enzyme (Pace, 1992). Moreover, 

3-isopropylmalate dehydrogenase from T. thermophilus contains two hydrophobic 

residues (Leu246 and Val249) at the dimer interface that are replaced by less 

hydrophobic residues (Glu and Met, respectively) in the E. coli enzyme. The E. coli 

dimer is more readily dissociated by urea than is the thermozyme. However, introducing 

Leu246 and Val249 into the E. coli enzyme stabilised it against dissociation and 

denaturation. These substitutions confirm the role that Leu246, Val249 and hydrophobic 

interactions play in the stability of 3-isopropylmalate dehydrogenase from 

T. thermophilus (Imada et al., 1991; Kirino et al., 1994). In proteins, closely packed 

perpendicular aromatic ring-ring interactions represent one type of hydrophobic 

interaction, with stabilisation energy of approximately 1 kcal mol' 1 (Burley and Petsko, 

1985). A large number of such aromatic interactions are believed to be one of the major 

stabilising factors of thermitase from Thermoactinomyces vulgaris (Teplyakov et al., 

1990).

In protein cores, increased packing efficiency is often correlated with increased 

hydrophobicity (Sandberg and Terwilliger, 1989). The potential to increase protein 

thermostability by filling hydrophobic cavities in the folded structure (Ishikawa et. al, 

1993 a) and by increasing hydrophobic packing has been demonstrated by 

crystallography-based site-directed mutagenesis (Shih et al., 1995; Shih and Kirsch, 

1995). Buried polar residues, however, do not necessarily destabilise the protein. For
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example, in the B. stearothermophilus neutral protease A lal6 6 Ser mutant, the Ser 

hydroxyl group displaced a buried H2O and improved the local hydrogen-bond network, 

increasing both packing and stability (Vriend et al., 1991). Furthermore, a buried polar 

residue at position 91 in chicken egg-white lysozyme is crucial for maintaining 

a hydrogen bond network (Shih et al., 1995). While a number of thermozymes show an 

increase in internal hydrophobicity (Vieille and Zeikus, 1996), some also show 

increased packing efficiency. For examples, the cavity volume in the thermophilic 

Thermoplasma acidophilum citrate synthase was only 30-40% of the cavity volume in 

the same enzyme from pig (Russell et al., 1994), and P. furiosus aldehyde ferredoxin 

oxidoreductase has a reduced surface area:volume ratio (Chan et al., 1995). However, 

the packing density of T. thermophilus seryl tRNA transferase was similar to that of its 

mesophilic counterpart (Fujinaga et al., 1993).

1.4.1b Salt bridges

Salt-bridges were identified, from a wide range of experimental data, as common 

interactions that stabilise proteins. Activities of ions immobilised on the same molecule 

are extremely high, even compared with those in bulk solution at molar concentrations 

(Creighton, 1993), suggesting that intermolecular protein surface salt-bridges are very 

stable- even when the protein is in a highly polar solvent environment. Salt-bridges can 

also stabilise secondary structures, enhancing their rigidity. For example, the role of 

additional salt-bridges in the stabilisation of RNase H from T. thermophilus is indicated 

by the strong effect of pH on the stability of this enzyme. A network of salt-bridges, 

which is absent in the E. coli enzyme, stabilises the p-strands. In the salt-bridges that 

stabilise the a-helix, the acidic residue is located closer to the positive amino-end pole 

of the helix, thus stabilising the a-helix by cancelling the dipole effect (Ishikawa et al., 

1993b). Moreover, the B. stearothermophilus phosphoglycerate kinase contains 15 

additional salt-bridges compared with the yeast enzyme (Davies et al., 1993). These ion 

pairs are located mostly in the N-terminal domain, which is known to be less stable than 

the C-terminal domain in the yeast enzyme, or at the domain interface; all these pairs 

link secondary structure elements that are spatially separated in the sequence. 

Furthermore, in the presence of high concentrations of inorganic salt, which are known 

to destabilise protein salt-bridges, the thermostable Bacillus licheniformis a-amylase
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was considerably destabilised, and became only marginally more stable than the 

mesophilic Bacillus amyloliquefaciens enzyme (Tomazic and Klibanov, 1988b).

Salt-bridges also appeared to be responsible for the enhanced thermostability of 

the Pyrococcus furiosus glutamate dehydrogenase (Rice et al., 1996). The comparison of 

the crystal structures and amino acid sequences of glutamate dehydrogenase from 

Pyrococcus furiosus and from other mesophilic representatives (<Clostridium 

symbiosum, E. coli and Neurospora crassa) revealed that the hyperthermophilic enzyme 

contains a striking series of networks of ion-pairs which are formed by regions of the 

protein which contain a high density of charged residues. Such regions are not found in 

the mesophilic enzymes and the ions-pair networks are clustered at both inter domain 

and inter subunit interfaces (Rice et al., 1996).

Thermozymes have been shown to have a higher ArgiLys ratio than mesozymes 

by statistical methods (Menendez-Arias and Argos, 1989). Arg has a higher pKa than 

Lys and because pKa values typically drop with increasing temperature, Arg is better at 

maintaining salt-bridges at high temperatures (Volkin and Middaugh, 1992). The Arg 

stabilising effect might also be due to the 6 -guanido group and its longer side-chain, 

which offers a wider range of possible salt-bridges than Lys (Mrabet et al., 1992). For 

example, stabilising salt-bridges involving two T. aquaticus GAPDH Arg residues 

(Arg22 and Arg248) were shown to be absent in the less thermostable 

B. stearothermophilus enzymes. The shorter side-chains of the corresponding residues, 

two Lys residues, were unable to establish the same stabilising interactions (Walker et 

al., 1980; Tanner et al., 1996).

1.4.1c Reduction of conformational strain

Non-Gly residues present in proteins with a left-handed helical conformation 

often cause protein instability when not stabilised by intermolecular non-covalent 

interactions. The close contact between the p-carbon and the carbonyl oxygen within the 

left-handed residue create a local conformational strain on the protein structure. For 

example, two left-handed residues, Glul5 in Bacillus subtilis DNA-binding protein HU 

and Lys95 in E. coli RNase HI, both of which are situated in turn regions, are 

substituted with Gly residues in their thermophilic counterparts (Kawamura et al., 1996;
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Ishikawa et al., 1993b). The contribution of the substitution to the thermozymes stability 

has been tested by site-directed mutagenesis in both cases. In E. coli DNA-binding 

protein HU, a Glul5Gly mutation provides a stability increase that accounts for 70% of 

the stability difference observed between the mesozyme and thermozyme (Kawamura et 

al., 1996). Furthermore, the Glyl5Glu mutation in the B. stearothermophilus enzyme, is 

located in the turn between helices a l  and a 2 , and opens the helix-al-tum-helix-a2  

conformation by suppressing one of the helix-tum-helix-stabilising hydrogen bonds 

(Kawamura et al., 1996).

A Lys95Gly site-directed mutant was constructed for E. coli RNase H in which 

the conformational strain created by Lys was eliminated (Kimura et al., 1992). With the 

Lys conformational strain gone, a better interaction between the two neighboring core 

elements stabilised the protein. Another mutant, Lys95Asn, also stabilised the enzyme. 

An intra-residue hydrogen bond formed in the Asn residue stabilised its left-handed 

conformation, creating a structural constraint analogous to the constraint introduced by 

Pro residues (Kimura et al., 1992). These two examples are shown that the stability 

gained by the conformational-strain release is enhanced by its stabilising effect on 

secondary-structure interactions and emphasises the fact that protein stabilisation often 

involves co-operative mechanisms (Vieille et al., 1996).

1.4.1d Reduction of the entropy of unfolding

Proteins of known three-dimensional structure could be stabilised by decreasing 

their entropy of unfolding (Matthews et al., 1987). Gly (without a p-carbon) is the 

residue that has the highest conformational entropy in the proteins unfolded state. In the 

folding process, much more energy is required to restrict the configuration of Gly than 

to restrict the configuration of any other residue. Pro residues, with their pyrolidine ring, 

can only adopt a few configurations, and they restrict the configurations allowed for the 

preceding residue. Substituting any other residue for Gly (or Pro in place of any residue) 

should decrease the entropy of a protein unfolded state (Matthews et al., 1987).

A direct correlation between enzyme thermostability and the increase in the 

number of Pro residues was extensively documented. For example, the comparison of 

five Bacillus oligo-l,6 -glucosidases with different thermostability revealed that
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enhanced thermostability could be gained by increasing the frequency of proline 

occurrence at P-tums and the total hydrophobic residues (Suzuki et al., 1987; Suzuki, 

1989). Moreover, a comparison of the amino acid compositions from the extreme 

thermophile Bacillus flavocaldarius KP 1228 pullulanase revealed that it has a higher 

proline content than the mesophile pullulanases (Suzuki et al., 1991).

Site-directed mutagenesis has also been used to study the effect of Pro residues 

on protein stability. Two T4 lysozyme mutants Ala82Pro (Matthews et al., 1987) and 

Ile3Pro (Dixon et al., 1992) were constructed. In the first mutant (Ala82Pro), the 

substitution stabilised the protein mainly by decreasing the entropy of unfolding. In the 

second mutant (Ile3Pro), the substitution eliminated a hydrogen bond and the 

hydrophobic interactions created by lie. The degree of enthalpic destabilisation was 

greater than the entropy gained by introducing the Pro residue; therefore, the mutation 

was destabilising. The effect the entropy of the unfolded state has on the AGstab is 

usually masked by other entropic and enthalpic effects (Alber et al., 1987). A study by 

Alber et al. (1987) showed that none of the mutations affecting the stability of T4 

lysozyme primarily affected the free energy of the unfolded state. Therefore, it is seen 

that mutations alter protein stability more by affecting the free energy of the native state 

(by affecting the density and rigidity of core packing) than by affecting the energy of the 

unfolded state.

1.4.1e a-H elix stabilisation

The introduction of residues with high helix propensity (such as Ala) can 

stabilise protein a-helices. Ala residues are prevalent in thermozyme helices 

(Menendez-Arias and Argos, 1989). The introduction of single and multiple Ala 

residues into a helix in T4 lysozyme increased the enzymes stability (Zhang et al.,

1992). Only one mutant (Leul33Ala) was destabilised because the substitution created 

an internal cavity and reduced the local rigidity of the helix. Moreover, several a-helix 

Lys residues that are present in the yeast enzyme are replaced by Glu residues in 

B. stearothermophilus 3-phosphoglycerate kinase (Davies et al., 1993), which are better 

helix stabilisers than Lys residues. These Glu residues might also stabilise the 

enzyme by electrostatically interacting with the positive side of the a-helix dipole,
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besides the effects of other charged residues present near the N-terminal end of 

B. stearothermophilus 3-phosphoglycerate kinase helices (Davies et al., 1993).

Of the 11 helices present in T4 lysozyme, seven already contained a negatively 

charged residue near their N-terminal end. Two Asp residues introduced into helix 

N-terminal regions increased the enzymes AGstab by approximately 0.8 kcalmol' 1 

(Nicholson et al., 1988). The smaller AGstab increase (1.01 kcalmol'1) provided by the 

introduction of four Ala residues into a T4 lysozyme a-helix (Zhang et al., 1992) 

indicates that these two a-helix stabilising mechanisms are not equally efficient.

1.4.1f Hydrogen bonds

The long-known contribution of hydrogen bonds (H-bonds) to protein 

stabilisation (Backer and Hubbard, 1984) had been supported by site-directed 

mutagenesis data (Heming et al., 1992; Shirley et al., 1992; Kawamura et al., 1996), but 

not until 1996, by comparing mesozyme and thermozyme structures. The elucidation 

of T. aquaticus GAPDH structure enable the comparison of the structural features 

for four types of GAPDHs: psychrophilic (lobster), moderately thermophilic 

(B. stearothermophilus), thermophilic (T. aquaticus), and hyperthermophilic 

(T. maritima) (Tanner et al., 1996). A strongest positive correlation was found between 

thermostability and the number of intra-subunit charged-neutral H-bonds. It was 

suggested that these H-bonds are favoured over salt-bridges or neutral-neutral H-bonds 

in thermozymes for two reasons: (1) the entropy cost for burying a charged-neutral 

H-bond is lower than for burying a salt-bridge, and (2) the enthalpy gained by burying 

a charged-neutral H-bond is greater than the enthalpy gained by burying a neutral- 

neutral H-bond (Tanner et al., 1996).

1.4.1g Stabilisation of loops

Loops are typically the regions with the largest thermal fluctuation in a protein 

structure, indicating that they are likely to unfold first during thermal denaturation. 

Thermozyme loops are often shorter than those in their mesozyme counterparts. Four 

loops present in pig citrate synthase are absent in the T. acidophilum enzyme; other 

loops located next to highly flexible a-helices in pig mesozyme citrate synthase are 

shortened in the thermozyme (Russell et al., 1994). These changes are believed to
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increase the compactness of the protein and reduce its flexibility (Russell et al., 1994). 

In addition, loops and turns participate in stabilising the interactions between secondary 

structures and between domains in thermozymes (Watanable et al., 1991). Several site- 

directed mutagenesis studies targeting p-turns have shown that releasing 

a conformational constraint (Kimura et al., 1992) or introducing an additional bend 

(Matthews et al., 1987) in a turn increases protein stability.

Pro residues located in constrained loops or turns often strengthen the 

stabilising interactions between the two adjacent core elements, thus increasing protein 

rigidity (Vieille et al., 1996). For example, B. stearothermophilus 3-phosphoglycerate 

kinase has been shown to contain shorter loops than yeast enzyme that are characterised 

by additional Pro residues (Davies et al., 1993). Moreover, 10% of the non-conservative 

substitutions between the 85%-similar secondary alcohol dehydrogenases from the 

mesophile Clostridium beijerinckii and the thermophile Thermoanaerobacter 

ethanolicus corresponded to additional Pro residues in the thermophilic enzyme. These 

Pro residues were either in short loops (2-4 residues) or in a longer loop containing 

multiple Pro residues (Burdette et al., 1996).

1.4.1h Resistance to covalent destruction

At elevated temperatures, irreversible enzyme denaturation by temperature 

induced covalent modifications (i.e. Cys destruction, Asn and Gin deamidation, Cys 

oxidation, and the hydrolysis of peptide bonds (Volkin and Middaugh, 1992)). 

Mesozymes typically inactivate by unfolding, followed by molecular scrambling 

(i.e. collapse into protein inactive forms), whereas thermozymes may additionally 

inactivate by covalent modification. For example, whereas B. amyloliquefaciens 

a-amylase was inactivated by unfolding, deamidation was responsible for inactivating 

the more rigid (and more stable) B. licheniformis enzyme (Tomazic and Klibanov, 

1988b). However, the more thermostable Pyrococcus woesei GAPDH showed higher 

resistance to deamidation and peptide-bond hydrolysis than the Methanothermus 

fervidus enzyme (Hensel et al., 1992). The resistance to deamidation and peptide-bond 

hydrolysis of GAPDH from P. woesei was shown to be related to the enzymes higher 

conformational stability (Hensel et al., 1992). While thermozymes appear to be 

susceptible to covalent modifications, the more stable example show greater resistance
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to covalent modifications (Hensel et al., 1992). The resistance of thermozymes to 

covalent modification was related to the presence of fewer susceptible residues and 

higher rigidity.

Disulphide bridges, which have been shown to stabilise thermozymes at 

temperatures up to 60-80°C (Matsumura et al., 1989), are often absent in thermozymes 

isolated from hyperthermophiles (Volkin and Klibanov, 1987; Chan et al., 1995). 

A direct correlation was shown between the Asn+Gln (residues susceptible to 

deamidation) content in type II D-xylose isomerases and their respective temperatures of 

maximal activity (ranging from 55°C to 95°C) (Vieille et al., 1996). Whereas the 

susceptibility of disulphide bonds to destruction has been shown to be independent of 

the primary and secondary structures of the protein (Volkin and Klibanov, 1987), Asn 

deamidation only occurs when the Asn side chain is in a specific configuration, 

attainable only in the protein’s unfolded state (Hensel et al., 1992). According to Vieille 

and Zeikus (1996), in highly stable thermozymes such as P. woesei GAPDH, not only is 

the enzyme core highly rigid, but the loops (which are often shorter and more rigid than 

in mesozymes) probably contain fewer asparagines. The only bonds hydrolysed in 

M. fervidus GAPDH were of Asn-Xaa bonds (Hensel et al., 1992). The process of 

hydrolysis, accompanied by the release of ammonia, is very similar to deamidation: the 

Asn side-chain amido group acts as a nucleophile, attacking the Asn carbonyl carbon 

(Wright, 1991).

The susceptibility of the Asp-Xaa peptide bond to hydrolysis at high 

temperatures and in acidic conditions is well documented. This hydrolysis is involved in 

the inactivation of ribonuclease and lysozyme under acidic conditions (Volkin and 

Middaugh, 1992). While the susceptibility of the Asn-Xaa peptide bond to hydrolysis at 

high temperatures is not extensively documented, it might be common among 

thermozymes (Vieille and Zeikus, 1996).

1.4.2 Extrinsic mechanisms

Enzyme activity is strongly affected by the nature and concentration of effector 

molecules present in solution as well as by environmental factors. Allosteric effectors, 

substrates, and ions (such as Ca and PO f ) are specifically bound by proteins.
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Therefore, it is not surprising that the thermostability of a number of enzymes is altered 

by such effectors (Kuroki et al., 1992). Substrate molecules have long been known to 

stabilise enzymes, presumably by interaction in specific binding sites (Kuroki et al., 

1989; Meng et al., 1993). Chemical cross-linking or immobilisation, glycosylation, 

inorganic salts, and high pressure also stabilise enzymes.

1.4.2a Chemical cross-linking and immobilisation

Chemical cross-linking has been shown to stabilise proteins by a thermodynamic 

mechanism similar to the one involved in stabilisation by disulphide bonds. In this 

mechanism, the conversion of thermolabile amino acids (such as amines) to more stable 

residues (Imanaka, 1990) and the reduction of entropy of the unfolded state relative to 

the folded state are implicated. Enzyme covalent immobilisation may be considered to 

be similar to cross-linking, and often leads to thermostabilisation of active enzymes; as 

reported for a Thermits sp. proteinase (Wilson et al., 1994). Enzyme long-term stability 

has also been dramatically improved by immobilisation. For example, industrial glucose 

isomerases are immobilised to maintain a half-life of several months at 60°C (Jensen 

and Rugh, 1987). However, immobilisation does not thermostabilise all enzymes. While 

a thermophilic kanamycin nucleotidyl transferase is stabilised by immobilisation, 

a single-point mutation that stabilised this soluble enzyme destabilised the immobilised 

enzyme (Koizumi et al., 1990).

1.4.2b Glycosylation

An number of bacterial extracellular enzymes have been shown to be 

glycosylated, including, for example, C. thermocellum cellulosome components and 

T. saccharolyticum endoxylanase (Ng and Zeikus, 1981; Gerwig et al., 1991; Lee et al.,

1993). Most glycosylated enzymes (bacterial, as well as eukaryotic) retain their 

catalysis and stability properties when expressed in mesophilic bacterial hosts which 

do not glycosylate proteins. Interestingly, a major source of destabilisation of 

A. missouriensis glucose isomerase has been shown to be the glycosylation of a Lys 

residue (Quax et al., 1991). However, while some glycosylated proteins have been 

shown to be more stable than their nonglycosylated forms (Hartog and Daniel, 1992; 

Tsuboi et al., 1978), glycosylation is not apparently a thermostabilisation method 

commonly found in nature (Meldgaard and Svendsen, 1994; Chen and King, 1991).
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1.4.2c Exogenous salts

Two mechanisms for protein stabilisation by inorganic salts have been 

described: 1) a specific effect, where metal ions interacts directly with the protein 

structure; and 2) a general salt effect, which mainly affects the water activity. An 

example of a specific ion effect is the binding Ca2+ to a-amylases. The a-amylase 

catalytic site is located in a cleft between two domains (an (a/p)s barrel and a large 

loop). Co-ordinated by ligands belonging to these two domains, Ca is essential for the 

a-amylases catalytic activity and thermostability (Boel et al., 1990). Similarly, xylose 

isomerases bind two metal ions (typically Co2+, Mg2+, or Mn2+). One cation is directly 

involved in catalysis (the catalytic metal) while the second stabilises the protein 

(the structural metal) (Marg and Clark, 1990; Whitlow et al., 1991). The two metal- 

binding sites have different specificities, and replacing one cation with another often 

significantly alters enzyme activity, substrate specificity, and thermostability (Kasumi et 

al., 1982; Marg and Clark, 1990).

Calcium-dependent stabilisation of lysozyme has been proposed to be due to 

a decrease in the entropy of the Ca -bound unfolded protein relative to the entropy of 

the unfolded protein in the absence of Ca2+ (Kuroki et al., 1992). In this specific 

salt effect the salt specificity was attributed to the characteristics of the specific binding 

sites (i.e., size, co-ordination number, and nature of the liganding residues) 

(Coolbearet al., 1992).

An example of a general salt effect, is the relative effects of salt (K3PO4 , 

Na3PC>4, K2SO3, Na2SC>3, KC1, and NaCl) on GAPDH thermostabilisation (Fabry and 

Hensel, 1987). The enzyme stabilisation was consistent with the propensity of the salt 

to reduce enzyme solubility in aqueous solution, relating to the varying effect on water 

activity (Fabry and Hensel, 1987). Studies on the effect of salts on the thermostability 

and activity of five M. kandleri methanogenic enzymes (Ma et al., 1991a & b; Breitung 

et al., 1991; Breitung et al., 1992; Klein et al., 1993b) showed that although the five 

enzymes were activated and stabilised by salts, the extent of the salt effect varied from 

enzyme to enzyme.
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The general salt effect was suggested to be due to direct electrostatic interactions 

between charged amino acids and salt counter ions (Stigter et al., 1991). A smeared 

charge repulsion mechanism was proposed: Salt-induced protein destabilisation was due 

to non-specific charge repulsion and to ionisation changes at the interface between 

complementary peptide surfaces in the partially unfolded protein. At high temperatures, 

the systems higher kinetic energy increases the potential for exposing buried surfaces to 

the solvent. Salt interactions with the less polar residues in the partially unfolded 

thermozyme are less favourable than the interactions with the more polar mesozyme 

residues. Greater solvent ionic character is expected to stabilise the folded thermozyme 

relative to its partially unfolded forms (Vieille et al., 1996).

1.4.2d Pressure effects

The observations that folded proteins have densities similar to crystalline solids 

is the theoretical basis for pressure as a general stabilising force (Miller et al., 1989; Hei 

and Clark, 1994). The ability of high pressure to stabilise some proteins has been 

reported (Miller et al., 1989; Hei and Clark, 1994). Unfolding a protein would increase 

its volume, making a partially unfolded protein less stable than the folded protein at 

increased pressures. Thus, the higher the pressure is, the more compact the protein is. 

A study on the effect pressure on enzymes from barophilic organisms (Hei and Clark,

1994) showed that some barophilic thermophiles have enzymes which are also 

barophilic (i.e., optimal activity at pressures from 200 to 400 atm). Moreover, barophilic 

enzymes had been isolated from organisms that are not, themselves, barophilic (Hei and 

Clark, 1994). Since numerous chemical reactions are performed at high pressures, 

enzyme stability at high pressures is potentially important for biocatalysis at high 

pressures (Aaltonen and Rantakyla, 1991).

1.5 IM M O BILISED ENZYM ES AND W HOLE CELLS

Many enzymes of mesophilic origin have been immobilised, frequently with 

the intention to increase their stability so that the enzymes could be reused or used 

on a continuous basis (Mosbach, 1980). Furthermore, beside increasing enzyme 

stability, immobilisation often increases the product yield from the raw substrate 

and reduces microbial contamination in the product; it also minimises the formation 

of bacterial biomass. Presently, two immobilised mesophilic enzymes are produced
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on a large scale: glucose isomerase (1980: 1400 ton/year) and penicillin-acylase 

(1980: 30 ton/year) (Poulsen, 1981). NOVO-industry (Denmark) uses homogenates 

from the mesophilic B. coagulans cross-linked with glutaraldehyde as the source for 

the glucose isomerase. The survival of such preparations is less than 3 months when 

dextrose concentrations of 40 to 50% (w/v) are applied at 60°C and pH 7.5 to 8.0.

This clearly indicates that enzymes which are more stable at 60°C or above would 

be of advantage. The use of thermophilic enzymes may increase the advantages of 

immobilisation. However, few reports exist on immobilised enzymes from 

thermophiles and on entrapped whole thermophilic cells.

Proteases are some of the most important industrial enzymes. An increase in 

the thermostability of immobilised caldolysin, the thermostable protease from Thermus 

T-351, was obtained when CM-cellulose or Sepharose was used as a matrix; the half- 

lives increased from 360 to 1060 min and from 28 to 128 min at 85 and 95°C, 

respectively. When controlled pore glass was used as the matrix, the thermostability was 

reduced. Although the protein binding efficiencies were above 88%, the yield of enzyme 

activity after immobilisation was 26% (Sepharose), 69% (CM-cellulose), and 95% 

(controlled pore glass) (Cowan and Daniel. 1982). The stability of a co-immobilised 

system involving formate dehydrogenase (yeast), malate hydrogenase, and a completely 

polymerizable NAD derivative increased from a few days to more than 3 weeks by using 

the malate dehydrogenase from Thermus thermophilus instead of the enzyme from pig 

heart (Yamazaki et al., 1982). After 3 weeks of continuous production of malate from 

formate and oxalacetate, more than 60% of the activity was retained.

The applications of two thermostable enzymes from B. stearothermophilus, the 

P-galactosidase (Griffiths et al., 1982) and the cyclodextrin glucanotransferase (Okada 

et al., 1981), after immobilisation have been patented. The P-galactosidase was 

immobilised either as purified enzyme on DEAE-cellulose or in the form of whole cells. 

The immobilised enzyme had a half-life of 1.5 hr at 55°C, 1 hr at 60°C, and 10 minutes 

at 65°C. The use of immobilised p-galactosidase had the advantage of hydrolysing 

lactose without contamination of the product with viable cells, which had been 

a problem in the past for the food industry. Immobilisation of cyclodextrin 

glucanotransferase resulted in a significantly faster rate of transferase activity per unit
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weight of enzyme compared to the non-immobilised enzyme. This resulted in a higher 

production rate of fructose-terminated oligosaccharides which were the desired 

products. Although the activity of the cyclodextrin glucanotransferase (EC 2.4.1.19) 

decreased 10 to 30% during immobilisation, the a-cyclodextrin activity was increased to 

130% compared with the free intact enzyme preparation. Immobilisation of acetate 

kinase from C. thermoaceticum and Pseudomonas thermoaminolyticus V-2 on activated 

CH-Sepharose 4B stabilised the enzymes at 30°C for more than 1 year when stored in 

50 mM phosphate buffer, pH 7.3 (Kazutomo, 1982).

Thermophiles do not apparently require any special techniques for 

immobilisation, and all four ways of immobilisation of cells or proteins can be used: 

covalent binding, entrapment, cross-linking, and adsorption. It was suggested that since 

components of thermophiles are more thermostable than those of mesophiles any heat 

produced in the polymerisation step is less critical for immobilisation of thermophiles 

(Wiegel and Ljungdahl, 1986).
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1.6 N ITRILES

Nitriles are cyano (-CN) substituted organic compounds, i.e. organic derivatives 

of hydrogen cyanide. They are exceedingly versatile compounds which find widespread 

use in the chemical industry. Nitriles can be used in the synthesis of a wide variety of 

compounds including amines, amides, amidines, carboxylic acids, esters, aldehydes, 

ketones, large-ring cyclic ketones, imines, heterocycles, orthoesters, and other 

compounds (Smiley, 1981). For example, two of the most commercially important 

nitriles are acrylonitrile used to make acrylic fibres, copolymer resins and nitrile 

rubbers, and acetonitrile, a common solvent. Other nitrile compounds are used as 

herbicides or in the synthesis of detergents, agglomerants or antiseptics (Smiley, 1981).

Besides synthetic nitriles there are naturally occurring nitriles such as the 

cyanoglucosides in fungi, plants and algae (Jallageas et al., 1980) and fatty acid nitriles 

found in some shale oils (Aislabie and Atlas, 1988). Despite their widespread use and 

occurrence nitriles are notoriously toxic, the toxicity being due to the release of cyanide 

(CN‘). The cyanide ion has been detected experimentally in the urine of rats after oral 

administration of an LD50 dose of nitrile (e.g. propionitrile) (Silver et al., 1982).

Nitriles are widely used as precursors for the preparation of compounds such as 

amides and organic acids in organic synthesis. Unfortunately, chemical conversion of 

nitriles presents several disadvantages: reactions require either strongly acidic or basic 

media; energy consumption is high; unwanted by products such as hydrogen cyanide or 

large amounts of salt are formed (Jallageas et al., 1980). Therefore, biological 

procedures currently being developed in which microorganisms are used as the catalysts 

are attractive because pH and temperature conditions are less severe than those of 

chemical processes. Furthermore, very pure products are formed without by-products 

and bioconversions can be stereo- and regio-specific. Nitrile-hydrolysing enzymes, 

therefore, have great potential as catalysts for converting nitriles to higher-value amide 

or acids on an industrial scale (Nagasawa and Yamada, 1989).

1.6.1 Microbial nitriles metabolism

Many microorganisms can use nitriles as a source of carbon and/or nitrogen 

for growth, and microbial nitrile metabolism is now well understood in term of
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microbiology and biochemistry (Harper, 1977 a & b, Yamada et al., 1980 and 

Bandyopadhyay et al., 1986). Enzymes capable of metabolising nitriles have evolved in 

many microorganisms apparently due to the widespread occurrence of natural nitriles 

and, many of these enzymes are also active against a range of synthetic nitriles 

(Ingvorsen et al., 1988).

Microbial nitrile metabolism occurs via a hydrolytic route yielding the 

corresponding carboxylate and ammonia. This can occur via two distinct modes; a one 

step mechanism catalysed by a nitrilase (E.C. 3.5.5.1) (Robinson and Hook, 1964) or 

a two step mechanism where the nitrile is converted to an amide via nitrile hydratase 

(E.C. 4.2.1.84) and the amide subsequently converted to the carboxylate with the release 

of ammonia via an amidase (E.C. 3.5.1.4) (Asano et al., 1980), Figure 1.1. This 

discussion will deal mainly with the description of nitrilase structural and functional 

properties.

Nitrilase
(i) R-CN + 2 H20 ----------------------► R-COOH + NH3

Nitrile hydratase Amidase
(ii) R-CN + H20  -----------------------► R-CONH2 --------------- ► R-COOH + NH3

+ h 2o

Figure 1.1 Microbial nitrile metabolism pathways: (i) Via nitrilase, where R can be a 

phenyl or a, P-alkenyl group, (ii) Via nitrile hydratase and amidase, where R can be an 

alkyl group.

1.6.2 Microbial benzonitrile metabolism

Benzonitrile is used as a solvent and chemical intermediate in the 

pharmaceutical, dyestuffs and rubber industries. It is highly toxic and harmful in contact 

with skin. The microbial degradation of benzonitrile proceeds through two enzymatic 

pathways. One is the nitrilase pathway, in which nitrilase directly converts benzonitrile
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to benzoate and ammonia (Kobayashi et al., 1989a), Figure 1.2. In a second pathway, 

this conversion proceeds by a combination of nitrile hydratase and amidase (Kobayashi 

et al., 1993b), Figure 1.2.

Benzonitrile

Nitrilase

Nitrile hydratase J

X
Benzamide

/

Amidase

Benzoate

♦
Benzoate Pathway

Figurel.2 Benzonitrile metabolism pathways.

Benzoate can be further degraded by different metabolic pathways. Under 

aerobic conditions, benzoate is catalysed to catechol by benzoate dioxygenase (Reiner, 

1971). Many bacterial species, exemplified by Acinetobacter calcoaceticus, carry 

chromosomal genes for enzymes that convert catechol to citric acid cycle intermediates 

via P-ketoadipate (Neidle and Omston, 1986; Shanley et al., 1986; Neidle et al., 1988; 

Neidle et al., 1989).

Under anaerobic condition, benzoate is converted to benzoyl-coenzyme A 

(benzoyl-CoA) by benzoate-CoA ligase (AMP forming) (EC 6.2.1.25). Benzoyl-CoA 

also figures prominently in the anaerobic catabolism of toluene, phenylalkane 

carboxylates, phenol, and many other aromatic compounds that are ultimately funnelled 

into the benzoate pathway to achieve complete degradation (Fuchs et al., 1994; Gibson 

and Harwood, 1995). The anaeobic benzoate pathway is characterised by an initial
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oxygen-sensitive reduction of benzoyl-CoA to a cyclohexadienecarboxyl-CoA 

intermediate (Gibson and Gibson, 1992; Koch et al., 1993). This is followed by a series 

of (3-oxidation-like modifications to generate a cyclic P-keto thioester which is cleaved 

to give a medium-chain dicarboxylic acid (pimelyl-CoA or a related compound) as 

a product (Dutton and Evans, 1969; Koch et al., 1993; Perrotta and Harwood, 1994). 

This sequence of reactions has been shown to occur in the denitrifying strain K172 

(Thauera aromatica) and in the purple nonsulfur phototroph Rhodopseudomonas 

palustris, as well as in a number of different bacteria.

1.7 NITRILASE

According to substrate specificity, nitrilases have been classified into three major 

categories: (a) aromatic nitrilase, which acts on aromatic or heterocyclic nitriles; (b) 

aliphatic nitrilase, which acts on aliphatic nitriles; and (c) arylacetonitrilase, which acts 

on arylacetonitriles (Kobayashi and Shimizu, 1994).

(a) Aromatic nitrilase

Aromatic nitrilases are nitrilases that catabolise aromatic and heterocyclic 

nitriles. For example, three soil microorganisms producing nitrilases, Nocardia sp. 

NCIB 11216 (Harper, 1977a) and sp. NCIB 11215 (Harper, 1985) and Fusarium solani 

(Harper, 1977b), were found to catabolise aromatic nitriles such as benzonitrile. 

Although Nocardia sp. NCIB 11215 could grow on /?-hydroxybenzonitrile as a sole 

source of carbon and nitrogen but not on benzonitrile, the purified nitrilase from this 

strain was able to attack both nitriles as substrates. These three nitrilases convert 

benzonitrile to benzoic acid without the formation of benzamide as an intermediate. 

Furthermore, nitrilases which degrade aromatic nitriles, but not aliphatic nitriles, 

were also characterised from Arthrobacter and Rhodococcus rhodochrous strains J1 

and ATCC 39484 (Bandyopadhyay et al., 1986; Kobayashi et al., 1989a; 

Stevenson et al., 1992).

Heterocyclic nitriles have been isolated from plants; for example, ricinine 

(A-methyl-3-cyano-4-methoxy-2-pyridone) from Ricinus communis (castor bean) and 

nudiflorine (A-methyl-5-cyano-2-pyridone) from Trexvia nudiflora Linn. (Fam. 

Euphorbiaceae) (Mukherjee and Chatterjee, 1966). A nitrilase which catalyses the
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hydrolysis of ricinine to A-methyl-3-carboxy-4-methoxy-2-pyridone was characterised 

from a Pseudomonas strain isolated from soil enrichment cultures with ricinine as a sole 

carbon source (Hook and Robinson, 1964; Robinson and Hook, 1964). This nitrilase 

catalysed the production of the acid, together with a small amount of the corresponding 

amide, although the amide was not a substrate for the enzyme.

(b) Aliphatic nitrilase

Most of the characterised aromatic nitrilases are unable to preferentially degrade 

aliphatic nitriles. However, a novel nitrilase was purified from Rhodococcus 

rhodochrous K22 induced by isovaleronitrile that exhibited broad substrate specificity 

towards unsaturated aliphatic nitriles such as crotononitrile and acrylonitrile, and even 

attacked saturated aliphatic nitriles such as acetonitrile and glutaronitrile (Kobayashi et 

al., 1990a). Since it's unable to degrade preferentially aromatic nitriles, it was classified 

as aliphatic nitrilase.

(c) Arylacetonitrilase

A nitrilase differing from the above classes of enzyme was found in Alcaligenes 

faecalis JM3 when grown on media containing isovaleronitrile (Nagasawa et al., 1990a). 

The purified nitrilase was incapable of utilising aromatic nitriles or aliphatic nitriles 

except for acetonitrile and acrylonitrile, but acted upon arylacetonitriles such as indole- 

3-acetonitrile, phenylacetonitrile (benzyl cyanide) and thiopheneacetonitrile, compounds 

substituted in the aromatic ring with indolyl, phenyl or thiophenyl groups, respectively. 

Another nitrilase, responsible for enantioselective hydrolysis of mandelonitrile, was 

purified and characterised from A. faecalis ATCC 8750 (Yamamoto et al., 1992). This 

enzyme was also found to be an arylacetonitrilase since it preferentially hydrolysed 

benzyl cyanide and ^-substituted compounds, but acted on aromatic nitriles with 

difficulty.

While nitrilases that act on aromatic or aliphatic are divided into two separate 

categories, some nitrilases can act on both aromatic and aliphatic nitriles with similar 

efficiency (Table 1.5). Therefore, these nitrilases may be considered additional category 

of enzymes. For examples, Rhodococcus rhodochrous NCIMB 11216 was found to 

catabolise aromatic and aliphatic nitriles with similar efficiency (Gradley et al., 1994)
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when induced with aliphatic or aromatic nitriles. The ability of aromatic or aliphatic 

nitriles to induce enzymatic activities toward both aromatic and aliphatic nitriles 

suggests that nitrilase substrate specificity does not depend on the aromaticity of the 

inducer.

Nitrilase from Rhodococcus rhodochrous J1 was highly active on aromatic 

nitriles and heterocyclic nitriles (Kobayashi et al., 1989a). However, when glycerol or 

ammonium sulphate was added to the reaction mixture, the purified nitrilase, underwent 

subunit association from dimer to dodecamer, the later being active on aliphatic nitriles 

such as acrylonitrile (Kobayashi et al., 1992b). This behaviour suggests that other 

factors can play a role in nitrilase substrate specificity.

1.7.1 M echanism  of nitrilases

Nitrilases operate by a completely different reaction mechanism to nitrile- 

hydratases (Huang et al., 1997; Kobayashi and Shimizu, 1998). They possess neither co

ordinated metal atoms nor cofactors, but do have an essential nucleophilic sulfhydryl 

residue (Asano et al., 1982). All nitrilases isolated so far contain a catalytically essential 

cysteine residue (Thimann and Mahadevan, 1964; Harper 1976; Harper 1977a & b; 

Harper, 1985; Bandyopadhyay et al., 1986; Stalker et al., 1988; Goldlust and Bohak, 

1989; Kobayashi et al., 1989a). They contains between four and five free cysteine 

residues, with the exception of Rhodococcus rhodochrous K22 nitrilase which has only 

one cysteine residue (Kobayashi et al., 1992c). However, for nitrilase activity, only one 

of these cysteine residues is essential (Kobayashi et al., 1993a) and is conserved in all 

nitrilases sequenced to date. For example, mutants of nitrilase from Alcaligenes faecalis 

JM3, Rhodococcus rhodochrous K22 and Rhodococcus rhodochrous JI have been 

constructed in which the cysteine residue at positions 163, 170 and 165, respectively, 

was replaced with alanine (Kobayashi et al., 1992a; Kobayashi et al., 1992c; Kobayashi 

et al., 1993a). The mutant enzymes containing alanine did not exhibit nitrilase activity, 

suggesting that this cysteine residue plays an essential role in the function of the active 

site.

A mechanism for the nitrilase reaction has been proposed (Thimann and 

Mahadevan, 1964; Harper, 1977a) based on the known reaction between thiols and
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nitriles (Zervos and Cordes, 1971), (Figure 1.3). The mechanism of action is similar to 

general base-catalysed nitrile hydrolysis (Chaturvedi et al., 1967). The first step of this 

mechanism is nucleophilic attack by the sulfhydryl residue on the nitrile carbon atom, 

forming an enzyme-bound imine (Nagasawa and Yamada, 1989), which is then hydrated 

to give a tetrahedral intermediate. An acyl-enzyme intermediate is then formed after the 

expulsion of ammonia. The intermediate is further hydrolysed to yield a carboxylic acid, 

simultaneously liberating the enzyme (Figure 1.3). This proposed mechanism has been 

supported by the detection of enzyme-substrate covalent complexes of the Rhodococcus 

ATCC 39484 nitrilase using ion spray mass spectroscometry (Stevenson et al., 1990).

R O N  + Enz-SH

Enz

+ Enz-SH

OH S— Enz

Figure 1.3 Nitrilase proposed mechanism.

In certain cases, amide was produced along with the corresponding acid from 

nitrile hydrolysis by some nitrilases, as in the case of the hydrolysis of ricinine by 

Pseudomonas strain (Hook and Robinson, 1964), nitrile hydrolysis by Fusarium 

oxysporum nitrilase (Goldlust and Bohak, 1989) and phenylacetonitrile hydrolysis by 

Rhodococcus ATCC 39484 nitrilase (Stevenson et al., 1992). It was found that the 

proportion of amide formed by the Fusarium oxysporum nitrilase was independent of 

the nature of the substrate used and of the reaction conditions employed (pH, 

temperature or salt concentration). Since the nitrilase had been purified to homogeneity
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and the activity was not due to a contaminating nitrile hydratase activity, it was 

suggested that the amide resulted directly from the nitrilase activity. This suggestion 

was explained by the ability of the nitrilase bound imine (Figure 1.3) to decompose by 

two methods. The predominant method involved decomposition with ammonia as the 

leaving group, but decomposition was also possible where the enzyme rather than 

ammonia was the leaving group, resulting in the formation of the amide (Hook and 

Robinson, 1964).

1.7.2 Molecular and functional characteristics of nitrilases

Most characterised mesophilic nitrilases are induced by nitriles, the exceptions 

being the constitutive nitrilases isolated from Acinetobacter sp. AK 226 and Klebsiella 

ozaenae (Table 1.5).

The majority of the isolated mesophilic nitrilases hydrolyse aromatic nitriles as 

preferred substrates (Table 1.5), leading to the assumption that nitrilases exclusively 

hydrolysed aromatic and heterocyclic nitriles whereas nitrile hydratases were specific 

for aliphatic nitriles. However, as new nitrilases are isolated this rigorous distinction can 

not be accepted. Nitrilase capable of hydrolysing only aliphatic nitriles were isolated 

from R. rhodochrous K22 (Kobayashi et al., 1990a) and Comamonas testosteroni sp. 

(Levy-Schil et al., 1995), and nitrilases that only hydrolysed substituted aliphatic nitriles 

were isolated from Alcaligenes faeclis strain JM3 and ATCC 8750 (Nagasawa et al., 

1990a; Yamamoto et al., 1992). Moreover, nitrilases that hydrolysed both aliphatic and 

aromatic nitriles were isolated from Fusarium oxysporum (Goldlust and Bohak, 1989), 

Acinetobacter sp. AK226 (Yamamoto and Komatsu, 1991), R. rhodochrous PA-34 

(Bhalla et al., 1992) and R. rhodochrous NCIMB 11216 (Gradley et al., 1994). Most 

mesophilic nitrilases are enantioselective and had optimum temperatures in the range of 

30 and 50°C and optimum pH’s in the range of 5.5 and 11 (Table 1.5). The characterised 

mesophilic nitrilases have pi values between 3.99 and 5.6 (Table 1.5).

To date, all the characterised mesophilic nitrilases have been found to be 

composed of identical subunits with a native relative molecular mass in the range of 

45 to 650 kDa and subunit sizes in the range of 32 to 76 kDa (Table 1.5). An apparent 

exception was Acinetobacter sp. AK 226 nitrilase which was thought to be composed of
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non-identical subunits (41 kDa & 43 kDa) based on SDS-PAGE results (Yamamoto and 

Komatsu, 1991). However, since these proteins had identical N-terminal sequences and 

a single protein band was detected using isoelectric focusing, it was suggested that the 

two bands observed on SDS-PAGE may have been the result of proteolytic cleavage 

during purification. Nitrilases are typically multimers or aggregate of a number of 

subunit in their active form. However, the active form for R. rhodochrous PA-34 

nitrilase has been proposed to be a monomer of 45 kDa (Bhalla et al., 1992), using gel 

filtration and SDS-PAGE experiments.

Nearly all mesophilic microorganisms express only a single nitrilase (Table 1.5). 

However, Arthrobacter J-l expresses two nitrilases, both of which are induced by 

benzonitrile and have very similar pis (Table 1.5) and substrate specificities 

(Bandyopadhyay et al., 1986), but different pH and temperature optima.

Mesophilic nitrilases are typically susceptible to thiol reagents, with the 

exception of R. rhodochrous K22 (Kobayashi et al., 1992c) which exhibited relatively 

high resistance to the thiol reagents that strongly inhibited other nitrilases (Kobayashi et 

al., 1990a). Therefore, it was suggested that since there is only one cysteine residue per 

subunit functioning in the active site, this cysteine may be buried and therefore not be 

easily inactivated with thiol reagents (Kobayashi et al., 1992c).



1.5
 

C
ha

ra
ct

er
is

ti
cs

 
of 

m
es

op
hi

lic
 

ni
tr

ila
se

s.
 N

D 
= 

no
t 

de
te

rm
in

ed
.

x
CO

2

ON
Os

CO
O■»->o
ECd
Ecd
><

co
•s
>3

€cdO.o
dJS3cd
m

cd 2  

Os G '

a> <u
^ IS ^ S5cdin ■>> cd cd 
bJ) X  cd O
Z  X

wd
Os
Os

X0 
001
£<o

2

Xr-f-ON

CO

I
X

Os
00
ON

3

2"o
a

3
t"
00
ON

<o
£

cd

cd
Wd

IN 00
ON O n
3—1

t-l Vh
CO <u

&
X

cd
z

=3
oooo
ON

X  cd cd <N 
+ j  ON 
CO ON

1 5
_ g  ONo 00.H  on

(N
ON
ON

CO
S3OC/D
S3<o>a>

00

cdo
ON
ON

cd
+->
CO

X
1 /1cdSh' 0)
X  &o
i, /  ^

CN
ON
ON

a>
2Idx
m

cj

2o<o
S3«

00
CO

13
o o
S3 S3 CO

>3
CO
>3

(U>3 O
>3

co
>3

CO

3-ac

c/3 03
<0 <0 CO

> 3
co CO

>3
CO
^ 1

CO
>3

CO>3 CO
>3
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1.7.3 Nitrilase gene structure and expression

Nitrilase structural genes are of the order of 1,000 base pairs in size (Kobayashi 

et al., 1992a and 1993a; Hillebrand et al., 1996) and are located in the parent genome 

(Kobyayashi et al., 1993b). An exception was Klebsiella ozaenae nitrilase which is 

plasmid-encoded (Stalker et al., 1988a).

Nitrilase gene expression has been studied in Rhodococcus rhodochrous J1 

(Komeda et al., 1996). Regions of 89 base pairs (upstream) and 957 base pairs 

(downstream) of the nitrilase structural gene were found to be required for the 

expression of active nitrilase. The 957 base pair open reading frame (nitR) coded for 

a 35.1 kDa protein (NitR) which is homologous to bacterial transcriptional regulators 

involved in xylene metabolism in Pseudomonas putida (XylS) and arabinose 

metabolism in E. coli (AraC) (Wallace et al., 1980; Inouye et al., 1988). It is assumed 

that the NitR protein functions as a transcriptional activator for the formation of the 

nitrilase (NitA), while the 89 base pair upstream region serves as a binding site for NitR 

(Komeda et al., 1996).

1.7.4 Sequence homology

Distinct nitrilases generally have between 25-43% amino acid homology 

(Bartling et al., 1994). For example, the nitrilase (NIT2) of Arabidopsis thaliana and 

Alcaligenes faecalis JM3 have 27.4% sequence homology (Bartling et al., 1994), the 

Klebsiella ozaenae nitrilase has 38% amino acid homology with the Rhodococcus 

rhodochrous K22 nitrilase (Kobayashi et al., 1992c) and 35% amino acid homology to 

that of Alcaligenes faecalis JM3 (Kobayashi et al., 1993a). Moreover, the Comamonas 

testosteroni sp. nitrilase has 33.7% homology to that of Rhodococcus rhodochrous K22 

(Levy-Schil et al., 1995). However, the three nitrilase isozymes of Arabidopsis thaliana 

share 85% amino acid homology (Bartel and Fink, 1994).

All sequenced nitrilase genes show highly conserved central regions containing 

the catalytically essential cysteine residue. In addition, the amino and carboxy-terminal 

regions are also conserved between nitrilases. For example, the amino terminal region is 

highly conserved between the Rhodococcus rhodochrous K22 and Klebsiella ozaenae 

nitrilases (Kobayashi et al., 1992c). Although, the amino terminal region is not
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conserved between the Arabidopsis thaliana nitrilase isozymes (Bartling et al., 1994), 

the amino- and carboxy- terminal regions are equally conserved between Arabidopsis 

thaliana nitrilases and Klebsiella ozaenae (Bartling et al., 1992). While the roles of the 

essential cysteine residue is identified, the roles of the C- or N- terminal regions are still 

not identified.

1.7.5 Evolutionary significance

Although nitrilases and nitrile hydratases hydrolyse the same substrates, their 

physical characteristics, mode of action, gene structure and gene regulation are quite 

distinct. Furthermore, according to the phylogenetic tree prepared by Novo et al., (1995) 

the nitrilases and nitrile hydratases do not share a common ancestry. The unrelatedness 

between nitrilase and nitrile hydratase is in agreement with the conclusions of other 

authors (Kobayashi et al., 1992a).

1.7.6 Potential application of nitrilase in the chemical industry

Recently, the chemical industry has begun to focus on enzymes as novel 

catalysts for organic synthesis. Nitrile-converting enzymes such as nitrilases have 

potential as biocatalysts for the synthesis of higher-value acids.

Nitrilase isolated from R. rhodochrous J1 cells have been used in the production 

of several industrial acids. The enzyme was successful in the production of vitamins 

such as nicotinic acid (172 g/L) (Mathew et al., 1988) and jp-aminobenzoic acid 

(110 g/L) (Kobayashi et al., 1989b) and an antimycobacterial agent pyrazinoic acid 

(434 g/L) (Kobayashi et al., 1990b) with a substrate conversion ratio of 100%. 

Moreover, the synthesis of aliphatic acids such as acrylic acid (390 g/L) and methacrylic 

acid (260 g/L) (Nagasawa et al., 1990b) were attained using the R. rhodochrous J1 

resting cells. In addition, the nitrilase from R. rhodochrous J1 could selectively convert 

aromatic dinitriles such as isophthalonitrile and terephthalonitrile into 3-cyanobenzoic 

acid and 4-cyanobenzoic acid, respectively (Kobayashi et al., 1988). The 

R. rhodochrous K22 nitrilase was also capable of hydrolysing only one cyano group of 

a dinitrile, glutaronitrile, to a carboxyl group (Kobayashi et al., 1990c). Similar 

specificities were found in the reaction by the R. rhodochrous NCIB 11216 nitrilase for 

1,3-dicyanobenzene (Bengis-Garber and Gutman, 1988) and fumaronitrile (Bengis-
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Garber and Gutman, 1989) as a dinitrile substrate. Asymmetric hydrolysis of racemic 

a-aminonitriles to optically active amino acids such as L-leucine was performed by 

a nitrilase from R. rhodochrous PA-34 (Bhalla et al., 1992), which was induced by the 

addition of butyronitrile into a medium. The stereospecific hydrolysis of racemic nitriles 

such as a-arylpropionitrile has also been examined using a nitrilase from 

R. rhodochrous ATCC 21197 (Kakeya et al., 1991).

The chiral intermediates of pharmaceuticals R-(-)-mandelic acid and S-(+)- 

ibuprofen (S-(+)-2-(4'-isobutylphenyl)propionic acid) were enantioselectively produced 

from the corresponding racemic nitriles by the nitrilases from A. faecalis ATCC 8750 

(Yamamoto et al., 1992) and Acinetobacter sp. strain AK226 (Yamamoto et al., 1991), 

respectively.

In modem agriculture, the use of herbicides to reduce losses in crop yield due 

to weeds is important. Recently, herbicide-tolerant crops have attracted 

increasing attention as a method of more effective and more environmentally 

compatible weed control. Bromoxynil (3,5-dibromo-4-hydroxybenzonitrile), which is 

a photosynthesis inhibitor in plants, is a popular broad leaf herbicide. A nitrilase from 

Klebsiella ozaenae, which was isolated through enrichment cultures (Stalker et al., 

1988a), is active on this herbicide. The nitrilase inactivates the herbicide by the 

hydrolysis of its cyano group into carboxylic acid (Stalker et al., 1988b). Tolerance to 

bromoxynil has been achieved by expressing the nitrilase gene from K. ozaenae in 

plants. Moreover, nitrilases were used in sludge detoxification (Kato and Yamamura, 

1976). Further developments in the use of nitrilases in the chemical industry are to be 

expected.
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1.8 THE AIM  OF THE PRESENT STUDY

While a number of mesophilic microbial nitrilases have been isolated and 

characterised, no study has yet been conducted on thermophilic microbial nitrilases. 

Therefore, the aim of this study was to purify and characterise the nitrilase from the 

thermophilic bacillus B. pallidus strain Dac521, an organism isolated in our laboratory 

and previously found to have inducible nitrilase activity. The aim included the 

development of a purification protocol for the generation of homogenous enzyme, 

investigation of the molecular and functional characteristics of the enzymes, particularly 

with reference to comparison with mesophilic nitrilases and investigation of the 

functional properties of the enzyme in a relevant biotransformation.
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CHAPTER 2 

MATERIALS AND METHODS
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2.1 M ATERIALS

2.1.1 Chemicals

Substrates and inhibitors were obtained from Aldrich Chemical Co. (Dorset, UK), 

buffer salts, organic solvent and other inorganic chemicals from BDH Laboratory 

Suppliers (Leicester, UK) and other chemicals from Sigma Chemical Co. (Dorset, UK). 

Acrylamide/Bis-acrylamide stock solution was from Severn Biotech Ltd (Kidderminster, 

England). Columns and molecular weight standards were from Pharmacia (Sweden).

2.1.2 Buffers

a) Phosphate buffer (0.1 M, ImM DTT, 5 mM EDTA, pH 7.0). The buffer was 

prepared by mixing 195 ml of 0.2 M solution of monobasic sodium phosphate 

(27.8 g/L) with 305 ml of 0.2 M solution of dibasic sodium phosphate (53.65 g of 

Na2HP0 4 .7 H2 0  or 71.7 g of Na2HP0 4 .1 2 H2 0  in 1L) and bringing the volume to 1 

litre with distilled water. DTT (0.156 g) and EDTA (1.86 g) were added prior to use.

b) SDS-PAGE electrode buffer 10X (pH 8.3)

Trizma base 30 g/L

Glycine 144 g/L

5 ml of 10% SDS added to 500 ml of IX buffer before use.

c) 5X SDS-PAGE sample loading buffer

Tris-HCl (pH 6.8) 

Glycerol 25%

60 mM

Bromophenol blue 

P-mercaptoethanol

0 .1%

14.4 mM

SDS 2%

d) 5X Native-PAGE sample loading buffer 

Tris-HCl (pH 6.8)

Glycerol

Bromophenol blue 0.05%

50%

312.5 mM
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e) Coomassie blue stain

Destain: 450 ml methanol, 100 ml acetic acid made up to 1 L in deionized water. 

Stain: 0.2 g Coomassie brilliant blue R-250 made up to 100 ml in destain.

f) Immunodetection buffer

TN buffer: 25 mM Tris-HCl in 0.5 M NaCl, pH 7.5 

TNT buffer: 0.1% Triton X-100 in TN buffer.

2.1.3 Media 

2.1.3a Minimal medium

To prepare minimal media, the following solutions were first prepared separately 

and filtered through 0.22 jam sterile Acrodisc (Gelman Sciences, low protein binding, 

non-pyrogenic):

(i) Biotin (0.73 mg/ml)

(ii) Thiamine (53 mg/ml)

(ii) FeS04.7H20  (263.3 mg/ml)

These were added to the following mixture only on use:

KH2PO4, 2 g/L; NaCl, 1.0 g/L; and MgS04, 0.2 g/L (pH 7.2) in one litre of distilled 

water. This mixture was autoclaved after adjusting the pH to 7.2. The filtered solutions 

were added to the autoclaved medium in the following concentration: Biotin, 2 pg/L, 

Thiamine, 0.4 mg/L and FeS04.7H20, 10 mg/L.

2.1.3b Rich medium

Rich medium contained the following per litre of distilled water: 5 g yeast extract 

(Beta Lab, Surrey, UK), 5 g bacto-peptone (Difco, Detroit, USA), 5 g of K2HP04, 0.2 g 

MgS04.7H20, 30 mg of FeS04.7H20 and 1 g of NaCl. Benzonitrile was added to the 

medium after adjusting the pH to 7.5 and autoclaved in 5 mM concentration.

2.1.4 Reagents

a) Ammonia assay reagents:

Reagent A: containing 0.59 M Phenol (55.5 g/L) and 0.001 M Sodium 

nitroprusside (0.336 g/L).



Reagent B: containing 0.11 M Sodium hypochlorite (7.48 ml/L) and 2 M 

Sodium hydroxide (20 g/L).

2.1.5 Bacterial strain

The bacterial strain used in the present study was isolated from thermal springs in 

New Zealand by selective culture on nitriles and has been identified by DNA-DNA 

hybridisation as a strain (Dac521) of Bacillus pallidus (Cramp, 1997). The strain had the 

following characteristics:

a) Gram positive, sporulating, non-motile rod (2.0 pm x 0.7 pm) occurring 

singly, in pairs or in chains and capable of growth between 35-70°C with an 

optimal growth temperature in liquid media of 50°C, produced flat to convex, 

round or lobed, smooth opaque colonies on nutrient agar.

b) Positive for catalase and oxidase production.

c) Weakly starch utiliser.

Stock cultures were suspended in 30% glycerol, stored in aliquots at -80°C and for each 

experiment a separate aliquot was used.

2.2 G ENERAL PRO TOCOLS

2.2.1 Starch hydrolysis test

Nutrient agar plates containing 10% soluble starch were inoculated with 

B. pallidus strain Dac521 and incubated for 3 to 5 days. The plates were flooded with 

diluted iodine solution. Hydrolysis is indicated by clear zones around the growth. 

Unchanged starch gives a blue colour.

2.2.2 Biomass optimisation

The organism was grown in liquid rich medium containing 5 mM benzonitrile at 

50°C for 24 hr. A 17% (v/v) inoculum of the previous culture was used to inoculate 

minimal medium containing 5 mM benzonitrile in 250 ml or 2 L shake flask containing 

50 ml or 500 ml respectively. The flasks were cultivated at 50°C with shaking at 300 

rpm in an Innova 4080 shaking incubator (New Brunswick Scientific, USA) or 

Gallenkamp orbital incubator (England). The growth of the organism was monitored by 

measuring the optical density of the culture medium at 600 nm. After 20 hr of 

cultivation, the cells were harvested by centrifugation at 12,000 xg (Sorval Instruments,
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Model RC-5B, USA) at 0°C and then washed twice with 0.1 M potassium phosphate 

buffer pH 7.0 containing 1 mM DTT and 5 mM EDTA.

2.2.3 Biomass production

The organism was routinely grown in liquid rich media with 5 mM bezonitrile at 

50°C for 6 hr (OD600 = 0.6-0.8). To induce benzonitrile hydrolysing activity, a 17% (v/v) 

inoculum of a freshly grown culture was used to inoculate a 500 ml sterile solution 

consisting of KH2P 0 4 (2 g/L), NaCl (lg/L), MgS04.7H20  (0.2 g/L), FeS04.7H20  

(30 mg/L) (pH 7.2) and 20 mM benzonitrile as inducer in 2 L flasks. The flasks were 

shaken at 300 rpm (Gallenkamp orbital incubator, England) for 20 hr at 50°C. The 

growth of the organism was monitored by measuring the OD600 of the culture medium. 

The cells were harvested by centrifugation in 500 ml tubes at 6,000 xg for 30 minutes at 

0°C, washed twice with 0.1 M potassium phosphate buffer (pH 7.0) containing 5 mM 

EDTA and stored at -80°C until required.

2.2.4 Preparation of cell-free extracts

Washed whole cells, obtained as indicated in sections 2.2.2 and 2.2.3, were 

suspended in the same buffer and disrupted by sonication using an MSE Soniprep 150 

(5 bursts of 1 minute duration, 14 micron amplitude, with 20 second intervals) at 0-4°C 

in an ice bath. The cell debris was removed by centrifugation at 15,000 xg for 15 

minutes at 0°C.

2.2.5 Nitrilase localisation

Cultures in the mid-exponential growth phase were harvested, washed and 

resuspended in 20 mM potassium phosphate buffer (pH 7.0). The culture supernatant 

was precipitated with 50% acetone and the precipitate was collected by centrifugation 

and dissolved with the same buffer. Washed cells (approx 20 mg wet weight/ml; 

OD600 =15) were suspended in the same buffer containing 0.9 M sucrose and 0.3 mg/ml 

lysosyme (Sigma grade 1), incubated at 37°C for 30 minutes and centrifuged at

13,000 xg (Model 5417 bench centrifuge, Eppendorf Ltd., Germany) for 20 minutes at 

room temperature to yield a supernatant (periplasmic fraction) and a protoplast pellet. 

Protoplasts were lysed by resuspending in cold 20 mM potassium phosphate buffer
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(pH 7.0). The lysate was centrifuged at 13,000 xg for 20 minutes to give a supernatant 

(cytosolic fraction) and a pellet (membrane fraction). The pellet was resuspended in the 

same buffer.

2.2.6 Fractionational precipitation with acetone

Frozen cells obtained from 2.5 litres of culture medium were thawed and 

suspended in 100 ml of 0.1 M potassium phosphate buffer pH 7.0 containing 5 mM 

EDTA. Cells were disrupted by sonication for 15 minutes using an MSE 150 W 

ultrasonic disintegrator at 14 amplitude and centrifuged at 8,000 xg for 30 minutes at 

4°C. The resulting supernatant (designated as “crude extract”) was subjected to acetone 

precipitation. Cold 100% acetone was added to the enzyme solution to a final 

concentration of 37.5%. After stirring for 10 minutes, the precipitate was removed by 

centrifugation for 20 minutes at 8,000 xg. The acetone concentration of the supernatant 

was increased to 50% by volume and the mixture again stirred for 10 minutes. The 

resulting precipitate was collected by centrifugation for 2 0  minutes at 8 ,0 0 0  xg and 

dissolved in 100 ml of the same buffer. The acetone concentration for the supernatant 

was increased to 61.5% and the resulting precipitate was collected by centrifugation.

2.3 ASSAYS

2.3.1 Ammonia assay

Nitrile degrading activity was assayed by measuring the production of ammonia 

during the hydrolysis of nitrile to the corresponding carboxylic acid using a modification 

of the phenol/hypochlorite method of Fawcett and Scott, (1960). The standard assay 

was performed in duplicate at 50°C for 15 minutes in 100 pi assay mixtures contained 

0.1 M potassium phosphate buffer, pH 7.0, 10% methanol, 5 mM EDTA, substrate 

(100 mM unless stated otherwise) and 50 pi cell-free extract or whole cell suspension 

or lpg enzyme. Methanol was added to enhance the solubility of the substrate. The 

reaction was quenched by the addition of 400 pi of Reagent A to the assay mixture 

followed by rapid addition of 400 pi of Reagent B with vigorous mixing and incubated 

at 50°C for 15 minutes. The absorbance was then measured at 600 nm in a Cecil 

(CE1020) 1000 series spectrophotometer.
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The amount of ammonia produced by the enzyme was determined by comparison 

with a NH4CI standard curve (0.2-0.8  pmol/ml). One unit of activity is defined as the 

amount of enzyme required to catalyse the formation of 1 pmol of ammonia per minute 

under standard assay conditions. The nitrile degrading specific activity (Units/mg) was 

therefore defined as the amount of enzyme required to catalyse the formation of 1 pmol 

of ammonia per minute per milligram of protein, where protein concentrations were 

calculated using the Bradford protein estimation assay.

2.3.2 Nitrile assay (Gas-liquid chromatography)

Nitrile degrading activity was assayed where necessary by gas-liquid 

chromatography (GLC). A Shimadzu GC-14B gas chromatograph with a flame 

ionisation detector was used for all analyses. The column used was Rt-Q PLOT capillary 

column (DVB PLOT column; 30 m x 0.53 mm I.D.)(RESTEK Corporation, USA). The 

column was conditioned and operated at 250°C; the detector and injector temperature 

were 250°C and the flow-rate of carrier gas (helium and nitrogen), hydrogen and air 

were 100, 50 and 50 kPa respectively.

Table 2.1 Condition for the analysis of nitriles by gas liquid chromatography 

Substrate Initial temp. Initial time Temp, change Final temp. Final time 

(°C) (min) (°C/min) (°C) (min)

3-Cyanopyridine/ 235 1 10 250 2

Benzonitrile

Standard assays were performed in duplicate in 10 ml jacketed stirred glass 

reactors at 500 rpm, equilibrated by circulating heated water, at 60°C. Nitrile 

concentration was determined by auto injection of 2  pi of an aqueous sample via an 

AOC-17 autosampler into the GC column. Integration and calibration of peak areas 

were done on a Shimadzu Chromatopac C-R6 A.
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2.3.3 Protein estimation assay

Protein concentration was determined using the Bradford protein determination kit 

(Bradford, 1976)(Bio-Rad Laboratories Ltd., Hertfordshire, England) with bovine serum 

albumin (Sigma Fraction V) as the protein standard. A typical Bradford standard curve 

is shown in Appendix I.

2.4 ELECTRO PH O RETIC M ETHO DS

2.4.1 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed according to the 

procedure of Laemmli, (1970), using a Hoefer Tall Mighty Small 11 cm vertical Slab 

Unit SE 280™ in conjunction with a Bio-Rad 3000/300 power supply. Analytical gel 

electrophoresis was carried out in 1.5 mm thick 10% (w/v) and 5% (w/v) 

polyacrylamide gels. Protein samples were suspended in sample loading buffer (4:1), 

boiled in sealed tubes for 5 minutes, and centrifuged for SDS-PAGE analysis. The 

samples were electrophoresed, at room temperature and under constant voltage at 60 V 

until the dye front had migrated into the running gel, followed by electrophoresis at 

120 V.

Non-denaturing (native) PAGE was performed under identical conditions except 

that samples were not boiled, SDS was omitted from electrophoresis solution and the 

electrode buffer pH was 8 .8 .
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Table 2.2 Polyacrylamide gels constituents

Reagents Separating gel (ml) Stacking gel (ml)

1 0 % 5% 5% 3%

H20 7.9 11.7 2.75 3.1

Acrylamide solution3 6.7 3.3 0.85 0.5

1.5 M Tris-HCl pH 8 .8 5.0 5.0 0 .0 0 .0

0.5 M Tris-HCl pH 6 .8 0 .0 0 .0 1.25 1.25

10% SDS 0 .2 0 .0 0.05 0 .0

10% Ammonium persulphate15 0 .2 0 .2 0.05 0.05

TEMED 0 .0 1 0 .0 1 0.005 0.005

Final volume (ml) 2 0 .0 2 0 .0 5.0 5.0

3 Acrylamide solution: 30% (w/v) acrylamide, 0.8% (w/v) N,N’-Methylenebisacrylamide 
b Ammonium persulphate was freshly prepared before used.

2.4.2 Activity staining

Purified nitrilase was electrophoresed on native-PAGE gels as mentioned in 

section 2.4.1. The electrophoresed gel was incubated in 100 mM potassium phosphate 

buffer, pH 7.0, containing 5 mM EDTA and 100 mM benzonitrile at 50°C for 1 hr or 

overnight and assayed for ammonia release as described in section 2.3.1 or by stain with 

bromocresol purple.

2.4.3 Isoelectric focusing

Isoelectric focusing was performed on Pharmacia Phast isoelectric focusing gels 

(pH range 4-6.5) using a Pharmacia Phast System (Pharmacia Ltd.), cooling bed and 

power pack. The conditions used were as follows: 2000 V, 2.0 mA, 3.5 W, 15°C for 

75 Vh followed by 15 Vh at 200 V, 2.0 mA, 3.5 W, 15°C and finally 410 Vh at 2000 V,

5.0 mA, 3.5 W, 15°C. The gels were fixed for 5 minutes at 20°C in 20% trichloroacetic 

acid, washed for 2 minutes at 20°C in aqueous solution of 30% methanol and 10% 

acetic acid, stained for 10 minutes at 50°C in an aqueous solution containing 0.02% 

PhastGel Blue R, 30% methanol and 10% acetic acid and finally destained for 

10 minutes at 50°C with an aqueous solution containing 30% methanol and 10% acetic 

acid. Following destaining, gels were air dried and stored.
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The following isoelectric point standards were used for calibration: pepsinogen, 

pi 2.8; amyloglucosidase, pi 3.5; methyl red (dye), pi 3.75; glucose oxidase, pi 4.15; 

soybean trypsin inhibitor, pi 4.55; P-lactoglobulin A, pi 5.2; bovine carbonic anhydrase 

B, pi 5.82 and human carbonic anhydrase B, pi 6.55.

2.4.4 Western blotting

Following separation of the proteins by gel electrophoresis on 10% SDS-PAGE, 

the gel was placed in transfer buffer (50 mM Tris-Cl pH 8.5 containing 20% methanol 

and 0.04% SDS), and gently agitated for 30 minutes at room temperature. Several pieces 

of filter paper (3 MM CHR Whatman) and the Problot PVDF membrane (ProBlott, 

Applied Biosystems, UK) were cut to the gel size. The membrane was soaked in AnalaR 

grade methanol for a few seconds and then soaked in the transfer buffer. The pre-cut 

filter papers were soaked in the transfer buffer and the transblotting sandwich was 

assembled and electroblotted at constant voltage of 50 volts (170 mA - 100 mA) at room 

temperature for 90 minutes. Prestained protein molecular weight markers (Calbiochem, 

Cambridge, UK) were used to visually confirm protein transfer without staining.

After the protein had transferred, the membrane was removed from the 

transblotting sandwich and rinsed with deionised water prior to staining or 

immunodection. The membrane was stained for 1 minute in 0.2% Coomassie blue 

R-250 and destained using 50% methanol until the protein bands became visible. The 

membrane was then washed several times with deionised water containing 0 .0 2  mg/ml 

DTT, air dried and used for subsequent N-terminal sequence analysis.

2.4.5 Immunodetection

The membrane was soaked in 5% (w/v) non-fat dry milk in TN buffer for 

45 minutes at room temperature to prevent non-specific binding. The membrane was 

then incubated with the primary antibody anti-GroEL (Sigma) in TN buffer for 1 hr at 

room temperature and thoroughly washed in TNT buffer three times, each for 

10 minutes. Incubation with the secondary antibody horseradish peroxidase-conjugated 

anti-rabbit IgG (Amersham Life Science, Buckinghamshire, UK) in TN buffer was 

carried out for 45 minutes at room temperature, after which the membrane was again
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washed in TNT buffer as above. The bands were then visualised on x-ray film using the 

Amersham ECL western blotting detection system.

2.5 CH RO M ATO G RAPH IC M ETHO DS

All chromatographic procedures were carried out on an automated Fast Protein 

Liquid Chromatography (FPLC) system at room temperature and enzyme activity was 

detected using the ammonia assay as described in section 2.3.1.

2.5.1 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography was carried out on the protein fraction 

precipitated at 50% acetone saturation. The protein was applied to a phenyl-Sepharose 

High performance 1 ml column (lx l ml, Hi Trap HIC test kit, Pharmacia) pre

equilibrated with 0.1 M phosphate buffer pH 7.0, containing 5 mM EDTA. Nitrilase was 

eluted with a gradient of increasing acetone concentration (0 -2 0 %) at a flow rate of 

0.25 ml/min. Two millilitre fractions were collected and assayed for enzyme activity. 

The active fractions were combined and concentrated by centrifugal ultrafiltration 

(Ultrafree-Cl PBHK, BioMAX-100, Millipore, Japan).

2.5.2 Gel filtration chromatography

Concentrated active fractions eluted from phenyl-Sepharose were 

chromatographed on a Superose 12 HR 10/30 column pre-equilibrated and eluted at 

0.4 ml/min with 0.05 M phosphate buffer, pH 7.0 containing 0.15 M NaCl. One 

millilitre fractions were collected and assayed for enzyme activity.

Gel filtration of the nitrilase on Superose 12 HR 10/30 column was also 

performed in the presence of substrate. The column was equilibrated and run with the 

same buffer containing 1 mM benzonitrile under the same conditions described above.

2.5.3 Anion exchange chromatography

Ion exchange chromatography was carried out using ion-exchange 

microcentrifuge tubes (Ultrafree-MC DEAE Centrifugal Filter Device, millpore, UK). 

The Ultrafree-MC DEAE centrifugal filter device consists of two parts: a microfuge
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tube and an insert. The microfiige tube serves as a collection vessel. The insert contains 

a DEAE-derivatized cellulosic membrane. Interaction of biomolecules with the 

derivatized membrane surface permits separations based on anion exchange 

chromatography. The sample was loaded and washed with 20 mM Tris-HCl pH 8.5 and 

eluted with the same buffer containing 1 M NaCl. Nitrile hydrolysing activities were 

assayed for both the washed and eluted fractions.

2.5.4 Chromatofocusing

Chromatofocusing was carried out using a Mono P HR 5/20 column with 

Polybuffer 74. The column was washed with 5 M NaOH and then equilibrated with 

25 mM Bis-Tris, pH 6.3 or 7.1, or equilibrated with 25 mM imidazole-HCl, pH 7.4. 

Samples were loaded and continually washed at flow rate of 1 ml/min to elute the 

non-bound fractions. When the protein absorbance (280 nm) reached the base line, the 

pH gradient was started with Polybuffer 74 pH 3.0-5.0. All eluted fractions were 

assayed for enzyme activity.

2.5.5 Cation exchange chromatography

Cation exchange chromatography was carried out using a Resource S column. 

The column was equilibrated with 20 mM MES buffer pH 5.0. Samples were loaded 

and eluted at a flow rate of 1 ml/min with 20 mM MES, pH 5.0 containing 0.5 M NaCl.

2.5.6 Affinity chromatography

Immuno-affinity chromatography was carried out using MAb Trap G 11 column 

(Sigma). The anti-hsp60 affinity column was prepared by covalently cross-linking the 

anti-GroEL to the Sepharose-protein G. The antibodies was passed through the column 

in 0.2 M sodium borate, pH 9 and incubated at room temperature for 1 hr. The column 

was then washed with the same buffer and equilibrated with same buffer containing 

20 mM dimethylpimelimidate and incubated for 30 minutes at room temperature. The 

reaction was stopped by washing the column once and equilibrated with 0.2 M 

ethanolamine, pH 8.0 and then incubated for 2 hr at room temperature. After covalently 

cross-linking of the anti-GroEL with the column matrix, the partially purified nitrilase 

was mixed 1:1 with 2% w-octyl-p-D-glucopyranoside (OGP) (1% final concentration) 

and passed through the column. The column was washed with 50 mM potassium
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phosphate buffer containing 0.5 M NaCl and 1% OGP, and hsp60 was eluted with 

100 mM glycine-HCl (pH 2).

2.5.7 Thin layer chromatography

Products of enzyme action on 3-cyanopyridine were identified by TLC. Ten 

microlitre of the products were applied to precoated alumina sheets with silica gel 60 

F-254 (5 x 10 cm) (Merck). Chromatograms were developed in the solvent system; 

chloroform/methanol/acetic acid (9: 1: 0.1, by vol.). 3-Cyanopyridine, nicotinamide and 

nicotinic acid were detected on chromatograms using the Sigma spray reagent 

iodoplatinate (potassium).

2.6 M O LEC ULAR W EIG H T D ETERM INATIO N

2.6.1 Gel filtration chromatography

Concentrated active fractions eluted from phenyl-Sepharose were 

chromatographed on Superose 12 HR 10/30 column under non-denaturing and 

denaturing conditions. Under non-denaturing condition, the column was pre-equilibrated 

and eluted as outlined in section 2.5.2. The column was calibrated with thyroglobulin, 

669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; bovine serum albumin, 67 kDa and 

ovalbumin, 43 kDa. Under denaturing condition, the column was equilibrated and eluted 

with 0.05 M phosphate buffer, pH 11.5, containing 0.15 M NaCl and 0.1% (w/v) SDS 

at a flow rate of 0.4 ml/min. The column was calibrated with albumin, ovalbumin, 

chymotrypsinogen A, 25 kDa and ribonuclease A, 13.7 kDa. One millilitre fractions 

were collected and assayed for enzyme activity. The void volume was determined with 

blue Dextran 2000. The enzyme molecular mass under denaturing and non-denaturing 

conditions was determined from plotting the logarithm of the standard proteins 

molecular mass against Kav values.

2.6.2 Determination of subunit Mr and purity

Samples were analysed by SDS-PAGE on 10% gels as outlined in section 2.4.1 

using the following Mr standards: phosphorylase b, 94 kDa; bovine serum albumin, 

67 kDa; chicken ovalbumin, 43 kDa; bovine carbonic anhydrase, 30 kDa; soybean
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trypsin inhibitor, 20.1 kDa and bovine a-lactalbumin, 14.4 kDa. For non-reducing 

conditions, the p-mercaptoethanol was omitted from the sample buffer. Proteins were 

visualised by staining with BM Fast stain (Boehringer Mannheim). The molecular 

weights of the putative nitrilase enzyme subunits were determined from their relative 

mobilities, using a plot of the logarithm of the molecular weights of the polypeptide 

chains of the standard proteins against their relative migration values (Rf).

2.6.3 Amino acid sequencing

Concentrated active fractions from gel filtration chromatography were blotted 

electrophoretically from SDS-PAGE gels to ProBlott (Applied Biosystems) membranes 

and the bands were visualised with Coomassie blue R-250 as described in section 2.4.4. 

The bands were sequenced by Dr Joe Gray, Molecular Biology Unit, University of 

Newcastle Upon Tyne, with a Beckman LF 3000 microsequencer.

2.7 PRO TEIN CH ARACTERISATIO N M ETH O DS

Concentrated active fractions eluted from phenyl-Sepharose were used for all 

characterisation studies unless otherwise specified.

2.7.1 Thermostability

Samples of nitrilase (3 pg) in 100 mM potassium phosphate buffer containing 

5 mM EDTA and ImM benzonitrile, pH 7.0, were incubated at the required temperature 

in 1.5 ml Eppendorf tubes. At specific time intervals, 100 pi samples were removed and 

placed on ice. The residual enzyme activity in all samples was assayed at 50°C using the 

standard ammonia assay. Half-life values for activity loss were estimated from plots of 

percentage initial activity versus time.

2.7.2 Temperature-activity profile

Samples of nitrilase in 100 mM potassium phosphate buffer containing 5 mM 

EDTA and 1 mM benzonitrile, pH 7.0, were incubated at the required temperature in

1.5 ml Eppendorf tubes for 15 minutes. The enzyme activity in all samples was assayed 

using the standard ammonia assay. The relative activities are expressed as percentages 

relative to maximum activity at 65°C (100%) under the experimental conditions used.
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The activation energy was determined using the Arrhenius equation (Ink = In A-Ea/RT) 

(where k = initial rate, Ea = activation energy, R = Universal Gas constant 

(8.31 J mol^K'1) and T = absolute temperature).

2.7.3 pH-activity profile

Samples of nitrilase were incubated with 1 mM benzonitrile for 15 minutes at 

50°C in the following 0.1 M buffer solution: citric acid/Na2HP0 4 , pH 3-7; 

KHEPCV^HPC^ pH 6 -8 ; boric acid/Nasborate, pH 1.6-92 and Na2C0 3 > pH 9.2-10.6. 

Buffers pHs were adjusted at 50°C before used. The enzyme activity in all samples was 

assayed using the standard ammonia assay.

2.7.4 Solvent stability

For solvent stability studies, the nitrilase in 100 mM potassium phosphate buffer 

containing 5 mM EDTA, pH 7.0, were supplemented with solvent to known 

concentrations, and incubated with 1 mM benzonitrile for 15 minutes at 50°C. Activity 

(ammonia release) was compared with control (unsupplemented) samples.

2.7.5 Substrate specificity

Various nitriles were tested as substrates for the nitrilase at a concentration of 

100 mM in the presence or absence of 100 mM urea. Samples were incubated for 

15 minutes at 50°C in 100 mM potassium phosphate buffer containing 5 mM EDTA, 

pH 7.0 and assayed for enzyme activity.

2.7.6 Inhibition studies

Various compounds were tested for their effect on nitrilase activity. The partially 

purified nitrilase was dialysed exhaustively against 100 mM potassium phosphate 

buffer, pH 7.0, incubated for 10 minutes with 1 mM of the specified compounds and 

the assay initiated by addition of ImM benzonitrile. After a further 15 minutes 

incubation at 50°C, the enzyme activity was assayed using the standard ammonia assay.

2.7.7 Kinetic constants determination

Kinetic studies were carried out at 50°C in 100 mM potassium phosphate buffer 

containing 5 mM EDTA, pH 7.0. Aliquots of 100 pi were removed at specific time



Chapter 2 Materials and Methods 74

intervals and were assayed for ammonia released. Initial rate data was fitted to the 

Michaelis-Menten equation using Hanes, Lineweaver-Burk and Eadie-Hofstee plots.

2.8 CELL APPLICA TIO N STUDIES

2.8.1 Free-cell studies

3-Cyanopyridinase activity in intact cells was measured by 3-cyanopyridine 

utilisation. Unless otherwise stated, the standard reaction mixture (5 ml) for nicotinic 

acid production contained 6  mg wet wt bacteria/ml and 20 mM 3-cyanopyridine in 

0.1 mM potassium phosphate buffer, pH 7.0. The reaction mixture was incubated in 

stirring cells for 2 hr at 50°C. However, for optimisation of reaction conditions, the pH, 

temperature, time, and concentrations of added substrate and cells were varied in each 

experiment, depending upon the reaction condition being examined. The reaction was 

stopped by adding 50 pi of 1 N HC1 to a 450 pi sample and centrifuging for 3 minutes 

at 13,000 xg in a Micro-Centaur bench centrifuge. The clear supernatant, diluted where 

necessary with buffer, was assayed for residual 3-cyanopyridine concentration by GLC.

2.8.2 Stability studies

The bacterial cells (12 mg wet wt bacteria/ml) were incubated with different 

concentration of 3-cyanopyridine (0-400 mM) for 2 hr at 60°C. The cells were then 

washed twice with 0.1 M potassium phosphate buffer (pH 8.0) and resuspended in the 

same buffer. Residual 3-cyanopyridinase activity was assay at 60°C for 15 minutes in 

100 pi assay mixtures contained 0.1 M potassium phosphate buffer (pH 8.0), 10% 

methanol, 10 mM 3-cyanopyridine and 0.12 mg wet wt bacteria. The activity was 

determined from the ammonia released.

2.8.3 Cell immobilisation

A 1 ml volume of bacterial suspension (24 mg/ml) was mixed with 1 ml of 

5% (w/v) sodium alginate solution. The mixture was slowly extruded as drops into 

0.1 M CaCl2 solution in 50 mM Tris-HCl buffer (pH 8.0) with stirring to produce 

spherical pellets of calcium alginate-immobilised bacteria, approximately 5 mm in 

diameter. The resulting beads were stirred in CaCb solution at room temperature for 

20 minutes and the supernatant decanted. No bacteria were detected in the supernatant 

by measurement of the OD6oo- The beads were washed with 50 mM Tris-HCl (pH 8.0)
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buffer and assayed for 3-cyanopyridinase activity using the GLC. The incubation 

mixture (4 ml) contained the immobilised material and 0.1 M 3-cyanopyridine in 50 

mM Tris-HCl buffer (pH 8.0) in a 10 ml stirring cells. A sample of non-immobilised 

bacteria was also assayed; the incubation mixture contained 4 ml of 12 mg dry wt 

bacteria/ml suspension instead of immobilised bacteria. The cells were incubated at 

60°C for 2-22 hr after which samples of the incubation mixtures were removed for GLC 

analysis (the sample of non-immobilised bacteria incubation mixtures was centrifuged at

13,000 xg for 3 minutes in Micro-Centaur centrifuge and the supernatant used for the 

analysis). The activity of the immobilised and non-immobilised bacteria was determined 

from the concentration of the remaining 3-cyanopyridine in the reaction mixture using 

the GLC.

2.8.4 Packed-bed bioreactor preparation

A 10 ml volume of the bacterial suspension (30 mg dry wt bacteria/ml) was 

mixed with 10 ml of 5% (w/v) sodium alginate solution. The resulting mixture was 

extruded dropwise as described in section 2.8.3. The resulting beads were collected by 

filtration and weighed; 16 g wet wt of spherical pellets, approximately 5 mm in 

diameter, containing 0.3 g dry wt bacteria, were recovered. Immediately after 

preparation, the beads were packed into a glass column ( 1 0  x 1 .6  cm diameter; 2 0  ml 

volume) surrounded by a water jacket thermostatted at 60°C. A solution of 0.1 M 

3-cyanopyridine in 50 mM Tris-HCl buffer (pH 8.0) containing 10 mM CaCL was 

continuously pumped upwards through the column.

2.8.5 Flow rate studies

The flow rate of substrate through the bioreactor was varied to determine the 

relationship between residence time of substrate in the reactor and the degree of 

conversion of substrate to product. A sample of the effluent was taken at each flow rate 

after at least 2  void column volumes of the substrate solution (i.e. 2  x 6  ml = 1 2  ml) had 

been pumped through the column at that flow rate. The samples were assayed by GLC 

to determine the degree of conversion of 3- cyanopyridine to nicotinic acid.
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CHAPTER 3

BIOMASS AND INDUCTION 

OPTIMISATION
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3.1 D ETECTIO N OF NITRILASE ACTIVITY

The activity of nitrilase, like any enzyme, may be measured by determining the 

rate of product formation or substrate utilisation during the enzyme-catalysed reaction. 

For many enzymes there are several alternative assay procedures available and the 

choice between them may be made on the grounds of convenience, cost, the availability 

of appropriate equipment and reagents, and the level of sensitivity required.

3.1.1 Ammonia assay

Nitriles are highly toxic, volatile and cannot be detected by direct 

spectrophotometric methods. Therefore, the detection of nitrilase activity depends on the 

detection of its degradation product ammonia. Ammonia can be readily, cheaply and 

quickly detected using a well-documented spectrophotometric assay (Fawcett and Scott, 

1960).

The assay is based on the reaction of ammonia with sodium phenate and 

hypochlorite to produce a coloured product in the presence of sodium nitroprusside as 

a catalyst. The product, 2,6 dichloroindophenol, has a blue colour that can be detected at 

600 nm. The assay was linear with respect to substrate concentration and time (Figures

3.1 & 3.2). Flowever, the assay was non-liner with respect to biomass concentration 

greater than OD600 = 20 (6.6 mg dry cells/ml) using 100 mM benzonitrile as substrate 

(Figure 3.3). Therefore, cell biomass with OD600 between 10 and 20 was routinely used 

in assaying the benzonitrile hydrolysing activity in whole cells in the presence of 100 

mM benzonitrile. The presence of nitriles was found to have no effect on the assay 

when monitored at a variety of temperatures, pHs and concentrations. Tris-HCl buffer 

was found to interfere with the assay, preventing colour development.

3.1.2 Gas-liquid chromatography

Gas-liquid chromatography is widely used for the qualitative and quantitative 

analysis of a large number of compounds because it has high sensitivity, reproducibility 

and speed of resolution. The technique is based upon the difference in the partition 

coefficients of the volatilised compounds between the liquid and gas phases as the 

compounds are carried through a column by a carrier gas. Gas-liquid chromatography
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was used to assay substrate utilisation during nitrilase-catalysed reactions. The assay 

was linear with respect to benzonitrile concentration (Figure 3.4).
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Figure 3.1 Standard curve of absorbance at 600 nm versus ammonia concentration. All 
assays were performed in triplicate at 50°C. Background absorbances at 600 nm for 
blanks were subtracted from all ammonia assay readings whenever the assay is used.
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Figure 3.2 Ammonia release versus reaction time for benzonitrile hydrolysis. 1 mM 
benzonitrile and B. pallidus Dac521 purified enzyme were incubated at 50°C. At the 
time intervals indicated, aliquots were removed and the ammonia concentration 
determined using the ammonia assay. All assays were performed in triplicate.
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Figure 3.3 Rate of benzonitrile hydrolysis at a range of cell concentrations. 1 mM 
benzonitrile was incubated with 100 pi of various concentrations of B. pallidus Dac521 
whole cells at 50°C. After 15 minutes incubation, the ammonia concentration was 
determined using the ammonia assay. All assays were performed in triplicate.
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Figure 3.4 Standard curve of GLC peak area versus benzonitrile concentration. All 
assays were performed in triplicate.

3.2 BIO M ASS AND INDUCTIO N O PTIM ISATIO N

B. pallidus Dac521 was previously found to produce separate aliphatic nitrile 

(nitrile-hydratase) and aromatic nitrile (nitrilase) degrading activities (Cramp et al., 

1997). Nitrile-hydratase was produced constitutively whereas nitrilase was induced by 

aromatic nitriles at much lower specific activity. Both the growth rate and biomass yield 

in benzonitrile-induced cultures were low. For further evaluation of the characterisations 

and applications of nitrilase, studies aimed at determining the optimum culture 

conditions for production of high nitrilase yields by B. pallidus Dac521 were 

performed.

Initially, the organism was grown in minimal medium (Section 2.2.2) containing 

5 mM benzonitrile as the carbon source and 8 .6  g/L ammonium sulphate as the nitrogen 

source. The nitrilase specific activity increased during the exponential phase and rapidly 

decreased at the end of the stationary phase (Figure 3.5), suggesting the "switch-off " of
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nitrilase gene expression coupled with an active degradation mechanism. Under the 

above condition, the maximum culture optical density and nitrilase specific activity 

obtained were OD600 = 0.73 + 0.13 and 0.012 + 0.002 U/mg, respectively.
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Figure 3.5 Growth (o) and specific activity (#) (cell-free extracts) of B. pallidus Dac521 
grown in minimal media. Data are mean values of triplicate experiments.

3.2.1 Biomass and induction optimisation using different carbon sources

To increase B. pallidus Dac521 biomass yields and to investigate the effect of 

carbon sources on nitrilase induction, the effects of various carbon sources added to 

minimal medium containing 5 mM benzonitrile at a final concentration of 1% (w/v), 

were investigated. The pH was adjusted to 7.2 and the fermentation was carried out for 

20 hr under the conditions described in section 2.2.2 (Table 3.1).

Studies on the effect of carbon sources on biomass yields showed that the 

addition of ammonium acetate, L-glutamic acid and sodium acetate increased the
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biomass yields by 4, 3.4 and 2 fold, respectively. Glucose, glycerol, soluble starch and 

sucrose did not result in significant increases in biomass yield. Ammonium citrate was 

found to be very strong growth inhibitor.

Studies on the effect of carbon sources on nitrilase induction showed that only 

soluble starch did not inhibit nitrilase induction; other carbon sources completely or 

partially inhibited nitrilase induction. B. pallidus Dac521 was very weakly starch utiliser 

as determined from starch hydrolysis test (Section 2.2.1). Therefore, in the presence of 

benzonitrile as an inducers and carbon source, starch might not be utilised and would 

therefore not be effected by starch product catabolite repression. However, the presence 

of starch particles in the medium appeared to have some activation; nitrilase specific 

activity was enhanced 28% in the presence of starch. Glycerol and L-glutamic acid 

partially inhibited nitrilase induction, while acetate, glucose and sucrose completely 

inhibited nitrilase induction. One possible mechanism is that these compounds could be 

catabolised to citrate (Moat and Foster, 1995). The organism was previously found to be 

unable to utilise citrate (Cramp et al., 1997). Therefore, citrate might accumulate in the 

medium and inhibit nitrilase induction, since benzonitrile was unable to support cell 

growth in the presence of ammonium citrate. The inhibition of nitrilase expression by 

citrate was also observed with mesophilic nitrilases. For example, the expression of 

Rhodococcus rhodochrous J 1 nitrilase was completely inhibited when the organism was 

grown in minimal medium containing isovaleronitrile as inducer and citric acid as the 

carbon source, although the biomass yield increased 6.4-fold in the presence of citric 

acid than in the presence of isovaleronitrile alone in minimal medium (Nagasawa et al., 

1988a).

From the above result, it is concluded that nitrilase formation is sensitive to 

catabolite repression from readily metabolisable carbon sources. Further studies are 

needed to elucidate the mechanism of nitrilase repression by carbon sources, particularly 

by citrate.
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Table 3.1 Effect of supplementary carbon sources on B. pallidus Dac521 growth and 
nitrilase induction in minimal media. The strain was grown at 50°C until late 
exponential phase when the cells were harvested, washed and protein concentrations and 
benzonitrile degrading specific activities were determined in cell-free extracts. 
Inhibition values are expressed relative to the activity in the cell-free extract in the 
presence of 5 mM benzonitrile as both carbon and nitrogen sources. Data are mean 
values of triplicate experiments.

Supplementary 
carbon source

Growth 
(pg of cell protein/ml 
of culture broth) ± SE

Specific activity 
(Units/mg of cell 

protein) x 1 O' 3 ± SE
% Inhibition

None 37.7 ±17.4 11.5 ± 2.5 0

Ammonium acetate 148.7 ±50.7 0.28 ±0.08 98

Ammonium citrate 0 0 -

Glucose 50 ± 16.9 0.64 ± 0.34 94

L-Glutamic acid 129.4 ±0.7 6 .2  ± 0 .2 46

Glycerol 25.7 ±2.4 5.7 ± 1 50

Sodium acetate 74 ±11.3 0.57 ±0.17 95

Starch 47.4 ±19.9 14.7 ±4.3 -28

Sucrose 48.8 ±5.2 2 ± 0.45 83
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3.2.2 Biomass and induction optimisation using different nitrogen sources

To further investigate the possibility that growth of B. pallidus Dac521 in the 

standard media (Section 2.1.3a) was nitrogen limited, the effect of various nitrogen 

sources was examined. Nitrogen sources were added to minimal medium containing 

5 mM benzonitrile at a final concentration of 1% (w/v). The pH was adjusted to 7.2 and 

the cultivation was carried out for 2 0  hr under the same conditions as described in 

section 2.2.2. To investigate the effect of nitrogen sources on nitrilase induction, 

enzyme activity was assayed at intervals throughout growth (Table 3.2).

The biomass yield was found to be enhanced by the complex nitrogen sources 

casein, peptone and yeast extract, 3.8, 2.0, 2.6 folds, respectively. However, simple 

nitrogen sources, NH4CI, NH4NO3 and (N ^^S O ^  did not result in significant change 

in biomass yields, nor did urea enhance growth. The organism was previously found to 

be unable to utilise urea (Cramp, 1997).

Nitrilase activity was poorly induced in the presence of casein and yeast extract. 

However, peptone and simple nitrogen sources had no significant inhibitory effect on 

nitrilase induction. On the basis of these results, additional nitrogen sources were 

omitted from the medium.

The previous data showed that nitrilase expression was favoured when 

benzonitrile was used as sole carbon source rather than as a nitrogen source, since 

simple nitrogen sources had no major effect on nitrilase induction. Although the 

complex nitrogen sources, casein and yeast extract, affected nitrilase induction, these 

compounds can serve as both nitrogen and carbon sources.
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Table 3.2 Effect of supplementary nitrogen sources on B. pallidus Dac521 growth and 
nitrilase induction in minimal media. The strain was grown at 50°C until late 
exponential phase when the cells were harvested, washed and protein concentrations and 
benzonitrile degrading specific activities were determined in cell-free extracts. 
Inhibition values are expressed relative to the activity in the cell-free extract in the 
presence of 5 mM benzonitrile as both nitrogen and carbon sources. Data are mean 
values of triplicate experiments.

Supplementary 
nitrogen source

Growth 
(p,g of cell protein/ml 
of culture broth) ± SE

Specific activity 
(Units/mg of cell 

protein) x 1 O'3 ± SE
% Inhibition

None 37.7 ±17.4 11.5 ± 2.5 0

Casein 143.4 ±10 3.5 ±0.5 70

NH4C1 53.5 ±3.8 6.7 ±0.2 42

NH4NO3 56 ±4.3 8.9 ±0.9 23

(NH4)2S04 50 ±4.7 12.5 ±0.1 -9

Peptone 78.3 ±9.8 8.7 ±0.2 24

Urea 30.4 ±9.1 12.6 ±0.4 -9

Yeast extract 98.6 ±6.4 2.5 ±0.45 79
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3.2.3 Benzonitrile as sole carbon and nitrogen source

Minimal medium without carbon or nitrogen sources was used to study the effect 

of benzonitrile concentration on nitrilase induction. B. pallidus Dac521 was cultivated 

in minimal medium with different concentrations of benzonitrile for 20 hr at 50°C 

(Figure 3.6). The biomass yields increased with increasing benzonitrile concentration, 

then decreased with the addition of more than 20 mM benzonitrile. No growth was 

observed after 48 hr with 40 mM benzonitrile. The highest specific activity was found in 

cells grown in 20 mM benzonitrile after 20 hr cultivation (0.035 + 0.002 U/mg protein). 

Considering the above results, a medium containing 20 mM benzonitrile was found to 

be most suitable for the preparation of cells exhibiting high nitrilase activity.
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Figure 3.6 Growth (o) and specific activity (#) of B. pallidus Dac521 grown in minimal 
media with different benzonitrile concentration as the sole carbon and nitrogen source. 
The strain was grown at 50°C until late exponential phase then the cells were harvested, 
washed and protein concentrations and benzonitrile degrading specific activities were 
determined in cell-free extracts. Data are mean values of triplicate experiments.
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3.2.4 Growth and activity profiles in minimal medium

B. pallidus Dac521 was grown in minimal media (Section 2.2.3) containing 

20 mM benzonitrile as the sole carbon and nitrogen source. Samples were removed 

aseptically at predetermined time intervals and the absorbance measured at 600 nm and 

assayed for benzonitrile degrading activities. The nitrilase specific activity increased 

during exponential phase and remained constant after the B. pallidus Dac521 cells 

entered stationary phase (Figure 3.7). Under the above conditions the maximum optical 

cells density and nitrilase specific activity obtained were OD600 = 1.04 + 0.09 and 

0.052 + 0.02 U/mg, respectively.
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Figure 3.7 Growth (o) and specific activity (•) (cell-free extracts) of B. pallidus Dac521 
grown in minimal medium with 20 mM benzonitrile as the sole carbon and nitrogen 
source. Data are mean values of triplicate experiments.
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3.2.5 Peptone as a complex carbon and nitrogen source

To further enhance B. pallidus Dac521 biomass yields, the effect of peptone as 

a complex carbon and nitrogen source was investigated. Peptone was found previously 

to enhance biomass yield 2-fold in the presence of 5 mM benzonitrile with only a small 

reduction of nitrilase specific activity (Section 3.2.2).

B. pallidus Dac521 was grown in minimal media containing 20 mM 

benzonitrile in the absence and presence of 1% peptone. After 18 hr incubation at 50°C 

(late exponential), cells optical densities, nitrilase specific activities and residual 

benzonitrile concentrations were determined at 2 hr intervals (Table 3.3a and 

Table 3.3b). When data in Table 3.3a was compared with data in Table 3.3b, it was 

found that the addition of 1% peptone in minimal medium decreased biomass yields, 

nitrilase specific activities and benzonitrile utilisation. After 20 hr of incubation, where 

the cells had the maximum nitrilase specific activity (0.052 + 0.02 U/mg) in minimal 

medium without peptone, the cells grown in the presence of 1% peptone had only a third 

of the biomass yield and tenth of nitrilase specific activity. Gas-liquid chromatographic 

analysis of benzonitrile concentrations in the media showed that benzonitrile was more 

slowly degraded by cells grown in the minimal medium containing peptone than by the 

cells grown in the minimal medium without peptone. Only 27% of benzonitrile was 

utilised after 20 hr incubation in peptone medium, whereas 69% of benzonitrile was 

utilised in the absent of peptone.

Increasing benzonitrile concentrations from 5 mM to 20 mM in minimal medium 

containing 1% peptone was found to be ineffective in enhancing either biomass yields or 

nitrilase induction. Cellular protein and specific activity, after 20 hr incubation, were

78.3 + 9.8 pg/ml and 8.7 x 10’3 + 0.2 x 10'3 U/mg , respectively, in the presence of 

5 mM benzonitrile (Section 3.2.2), and 64 + 9 pg/ml and 5 x 10’3 + 1 x 10‘3 U/mg, 

respectively, in the presence of 20 mM benzonitrile.
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Table 3.3a Growth, benzonitrile degrading specific activities and benzonitrile 
concentrations in minimal medium containing 20 mM benzonitrile as the sole carbon 
and nitrogen source. Data are mean values of triplicate experiments.

Time
(hr)

Growth 
(OD6oo±  SE)

Specific activity 
(Units/mg of cell 
protein) x l0 ’3± SE

% Benzonitrile ± SE*

18 0.85 ±0.12 34 ±5 44 ±2.7

20 0.98 + 0.12 52 ± 18 31 ±0.4

22 1.01 ±0.11 33 ± 9 22 ±5.7

24 1.04 ±0.09 38 ±1 8 ±8.4

26 1.0 + 0.12 36+1 7 + 6.6

* % Benzonitrile remaining in the medium (100% = 20 mM)

Table 3.3b: Growth, benzonitrile degrading specific activity and benzonitrile 
concentration in minimal medium containing 20 mM benzonitrile and 1% peptone as 
additional carbon and nitrogen sources. Data are mean values of triplicate experiments.

Time
(hr)

Growth
(OD60o± S E )

Specific activity 
(Units/mg of cell 
protein) x 10'3 ± SE

% Benzonitrile ± SE*

18 0.28 ± 0.04 6 ± 3 79 ± 15.5

20 0.33 ±0.04 5 ± 1 73 ±22

22 0.34 ±0.05 5 78 ±8.8

24 0.36 ±0.06 7 68 ± 11.5

26 0.4 + 0.08 6 + 1 68 + 13.7

* % Benzonitrile remaining in the medium (100% = 20 mM)
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3.2.6 Nitriles as sole carbon and nitrogen source

B. pallidus Dac521 nitrilase is induced by benzonitrile and cells cultivated 

without benzonitrile do not express this enzyme activity (Cramp et al., 1997). 

Alternative inducers capable of higher induction of nitrilase were screened using 

minimal media supplemented with various nitriles (Table 3.4). The nitriles were used at 

a concentration of 20 mM; nitriles that were found to be very strong growth inhibitors 

were used at a lower concentration. Nitriles used at lower concentration were 

4-hydroxybenzonitrile (5 mM) and acrylonitrile, isobutyronitrile and benzylcyanide 

(10 mM). The cultivation was carried out for 20 hr under the conditions described in 

section 2.2.3.

Unexpectedly, it was found that the enzyme was strongly induced with the 

aliphatic nitrile isovaleronitrile, although the nitrile did not support B. pallidus Dac521 

growth. Other nitriles tested were ineffective. The aliphatic nitriles, acrylonitrile and 

isobutyronitrile strongly inhibited cell growth at 10 mM or 20 mM. However, the 

addition of the aliphatic nitriles, acetonitrile, glutaronitrile and crotononitrile, to 

minimal media enhanced biomass yields 2.3, 1.7 and 2.2 folds, respectively. The 

aromatic nitriles tested, benzylcyanide, 4-hydroxybenzonitrile and 2-(methoxyphenyl) 

acetonitrile, did not act as effective inducers nor did they enhance B. pallidus Dac521 

biomass yields. Furthermore, the heterocyclic nitrile, 6-cyanopyridine, did not act as an 

effective inducer, but enhanced biomass yields by 3.8-fold. No suitable inducers other 

than benzonitrile were found among the nitrile compounds tested.
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Table 3.4 Effect of nitriles on B. pallidus Dac521 growth and nitrilase induction in 
minimal media. The strain was grown at 50°C until late exponential phase, the cells 
harvested and washed, and the protein concentrations and benzonitrile degrading 
specific activities were determined in cell ffee-extracts. Induction values are expressed 
relative to the nitrilase specific activity in the cell-free extract of cells grown in the 
presence of 20 mM benzonitrile as both nitrogen and carbon sources. Data are mean 
values of triplicate experiments.

Nitrile
Growth 

(pg of cell protein/ml 
of culture broth) ± SE

Specific activity 
(Units/mg of cell 

protein) x 10’3 ± SE
% Induction

None* 35.1 ±3.6 2.2 ±0.4 6.5

Aliphatic nitriles

Acetonitrile 80 ± 2 0 0

Acrylonitrile 6.8 ±3.4 0.77 ± 0.03 0

Glutaronitrile 60.9 ± 1.6 0 0

Crotononitrile 77.3 ± 1 0 0

Isobutyronitrile 21.4 ± 9.7 7.3 ±3.7 16

Isovaleronitrile 25.6 ±3.4 29.7 ± 11.9 87

Aromatic nitriles

Benzonitrile 150.6 ±22.6 34 ± 6 100

Benzylcyanide 18.1 ±10.9 3.8 ±0.2 5

4-Hydroxybenzonitrile 30 ± 9 6.3 ± 0.2 13

2-(Methoxyphenyl)acetonitrile 23.8 ±5.3 12.5 ±0.5 32

Heterocyclic nitrile

6-Cyanopyridine 132.4 ±0.6 5.9 ±0.2 12

* Minimal medium without nitrogen or carbon source inoculated with 17% rich medium containing 6 hr
grown B. pallidus Dac521.
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3.2.7 Substrate analogues as sole carbon or nitrogen sources

Substrate analogues, acids, amides, aromatic and heterocyclic compounds were 

tested as possible inducers of B. pallidus Dac521 nitrilase. The substrate analogues 

were used at 20 mM concentration or at a lower concentration (10 mM) when they were 

found to strongly inhibit growth (e.g., phenol, toluene). When compounds used as 

inducers could only be utilised as carbon sources (e.g., acids, phenol and toluene),

8.6 g/L (NFL^SCU was added to the minimal medium as a nitrogen source. Where 

necessary, the pH was adjusted to 7.2 with KOH. The cultivation was carried out for 

20 hr under the same conditions as described in section 2.2.3.

Most of the acids tested did not act as efficient inducers, although their addition 

led to abundant growth of B. pallidus Dac521 (Table 3.5). Acrylic acid was found to 

strongly inhibit cell growth and isovaleric acid did not enhance biomass yield. Benzoic 

acid and 4-hydroxybenzoic acid enhanced biomass yields by 2.5 and 4-fold, 

respectively. The amide benzamide did not act as an efficient inducer but enhanced 

biomass yield by 2.5-fold. Furthermore, the aromatic and heterocyclic compounds tested 

did not act as efficient inducers. The aromatic compounds, phenol and toluene were 

found to strongly inhibit cell growth at 20 mM concentration. Toluene did not enhance 

biomass yield but phenol enhanced biomass yield by 3.8-fold at 10 mM concentration. 

L-Glutamic acid y benzyl ester, which can serve as both carbon and nitrogen sources, 

enhanced biomass yield by 1.6-fold.

The heterocyclic or lactam compound s-caprolactam, that can serve as both 

carbon and nitrogen sources and induced nitrilase in Rhodococcus rhodochrous J1 

(Nagasawa et al., 1990c), was found to be ineffective in the induction of B. pallidus 

Dac521 nitrilase, but its addition in minimal medium enhanced B. pallidus Dac521 

biomass 1.5 fold.
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Table 3.5 Effect of substrate analogues on B. pallidus Dac521 growth and nitrilase 
induction in minimal media. The strain was grown at 50°C until late exponential phase, 
the cells harvested and washed, and protein concentrations and benzonitrile degrading 
specific activities determined for cell free-extracts. Induction values are expressed 
relative to the nitrilase specific activity in the cell-free extract of cells grown in the 
presence of 20 mM benzonitrile as both nitrogen and carbon sources (100% = 0.034 ± 
0.006 U/mg). Data are mean values of triplicate experiments.

Substrate analogue
Growth 

(fig of cell protein/ml 
of culture broth) ± SE

Specific activity 
(Units/mg of cell 

protein) x 10'3 ± SE
% Induction

None* 35.1 ±3.6 2.2 ± 0.4 6.5

Acids

Acrylic acid 0 0 0

Benzoic acid 88 ±22.4 1.1 ±0.2 0

4-Hydroxybenzoic acid 139 ±1.2 4.2 ±0.2 16

Isovaleric acid 36.7 ±3.2 7.1 ± 2 15

Amide

Benzamide 86.8 ±12.7 0.9 ±0.1 0

Aromatic compounds

L-Glutamic acid y Benzyl ester 56.8 ± 12.5 7.5 ±1.5 17

Phenol 132.8 ±31 0.29 0

Toluene 27.8 ±1 2.4 ±0.4 1

Heterocyclic compound

e-Caprolactam 51.9 ± 0.3 3.1 ±0.1 3

* Minimal medium without nitrogen or carbon source inoculated with 17% rich medium containing 6 hr
grown B. pallidus Dac521.
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3.3 INDUCTIO N W ITH  BENZONITRILE

Bacillus pallidus Dac521 grown in minimal medium containing benzonitrile as 

sole carbon and nitrogen sources (Section 2.2.3) not only expressed aromatic nitrile- 

hydrolysing activity but also expressed aromatic amide-hydrolysing activity (Table 3.6). 

The aliphatic nitrile, acetonitrile, did not induce aromatic nitrile or amide hydrolysing 

activities. Moreover, contrary to the observation of Cramp et al. (1997), some 

constitutively expressed aliphatic nitrile and amide hydrolysing activities were detected 

in cultures grown in the presence of benzonitrile. The differences in the obtained results 

might result from the different in the culture condition used. Bacillus pallidus Dac521 

biomass yield was 2.2-fold the biomass yield obtained by Cramp et al. (1997), although 

benzonitrile was used at the same concentration. Under our conditions, benzonitrile 

might be quickly utilised, therefore, the constitutively expressed aliphatic nitrile and 

amide hydrolysing activities are no more inhibited by benzonitrile.

The induction of aromatic nitrile and amide hydrolysis activities by 

aromatic nitrile was previously reported for mesophilic microorganisms. For example, 

2-phenylpropionitrile induced both nitrilase and amidase activities in Pseudomonas sp. 

(Layh et al., 1997).

Table 3.6 Nitrile and amide hydrolysing activities in cells grown in minimal media 
containing acetonitrile and/or benzonitrile as carbon and nitrogen sources. BNase = 
benzonitrilase; ACNase = acetonitrilase; ACAase = acetamidase; BAase = benzamidase 
(-) = no activity; (+) = activity.

Carbon and nitrogen source
Enzyme activity

ACNase ACAase BNase BAase

20 mM acetonitrile + + - -

20 mM benzonitrile + + + +

10 mM acetonitrile + 10 mM benzonitrile + + + +
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3.4 DISC USSIO N

The thermophile Bacillus pallidus was first isolated in 1987 (Scholz et al., 

1987). There have, however, been no previous studies outside this laboratory on the 

ability of this species to utilise nitriles or the ability of thermophilic bacteria to produce 

nitrilase. B. pallidus Dac521, used in this study, was previously found to produce 

separate aliphatic nitrile (nitrile-hydratase) and aromatic nitrile (nitrilase) degrading 

activities (Cramp et al., 1997). The aromatic nitrile degrading enzyme, nitrilase, was 

found to be inducible by benzonitrile.

The synthesis of enzymes of degradative pathways is in most cases controlled by 

induction and by catabolite repression. Catabolite repression (Magasanik, 1961), 

formerly referred to as the glucose effect, is exerted by glucose or by one of its 

catabolites. It is commonly accepted that a high concentration of glucose in a culture 

causes a low intracellular concentration of cyclic adenosine monophosphate (cAMP) in 

microbial cells. A deficiency of cAMP in cells reduces the production of some enzymes 

(van de Poll, 1973) by limiting the possibility of the attachment of ribonucleic acid 

(RNA) polymerase on to deoxyribonucleic acid (DNA) to enable transcription of the 

gene of a specific enzyme into messenger RNA (mRNA). In catabolite repression, the 

assimilation of complex substrates is inhibited until the more readily assimilable 

nutrients are depleted. Moreover, catabolite repression can be exerted by nitrogen 

compounds (Middelhoven, 1970).

B. pallidus Dac521 nitrile-hydratase was found to be insensitive to catabolite 

repression by glucose and by the nitrogenous compound ammonium sulphate (Cramp et 

al., 1997). In studying the optimum culture condition for the production of nitrilase from 

B. pallidus Dac521, this study found that B. pallidus Dac521 nitrilase was sensitive to 

catabolite repression by carbon sources, but not by simple nitrogen sources. Catabolite 

repression by carbon and or nitrogen compounds have been reported for mesophilic 

nitrile-hydrolysing enzymes. The formation of nitrile hydratase in Pseudomonas 

chlororaphis B23 and Arthrobacter sp. IPCB-3 was strongly repressed by glucose 

(Yamada et al., 1986; Ramakrishna and Desai, 1993). Conversely, nitrilase from 

Rhodococcus rhodochrous JI was insensitive to catabolite repression by carbon sources 

(Nagasawa et al., 1988a). The formation of nitrile hydratase in Pseudomonas
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chlororaphis B23 (Yamada et al., 1986) and Rhodococcus rhodochrous JI (Nagasawa et 

al., 1991) was sensitive to catabolite repression by nitrogen sources.

B. pallidus Dac521 nitrilase was induced most efficiently by benzonitrile as both 

carbon and nitrogen source. Surprisingly, nitrilase activity was also induced efficiently 

by the aliphatic nitrile isovaleronitrile. The induction by isovaleronitrile might be 

explained as follows; branched-chain aliphatic nitriles might act as substrate analogues 

for benzonitrile. As such, they would require high affinity for a putative benzonitrile 

repressor protein, such a proposed interaction could not simply be based on hydrophobic 

binding, since other branched-chain aliphatic nitriles showed no ability to induce the 

synthesis of nitrilase activity. In addition, the concentration of the isovaleronitrile 

inducer would remain constant since branched-chain aliphatic nitriles are not degraded 

by the nitrilase nor by the nitrile hydratase (Cramp, 1997). In contrast, Rhodococcus 

nitrilase was highly induced by isovaleronitrile, and the organism was able to utilise 

isovaleric acid as a growth substrate (Nagasawa et al., 1988a). B. pallidus Dac521 

nitrilase was not efficiently induced by organic acids as was found for the nitrilase 

produced by the mesophilic bacteria Rhodococcus rhodochrous JI (Nagasawa et al., 

1988a). Rhodococcus nitrilase was also highly induced by the lactam compound 

e-caprolactam (Nagasawa et al., 1990c). However, B. pallidus Dac521 nitrilase was not 

induced by this compound which may indicate a significantly different induction 

specificity for the nitrilases in the two bacteria.

The induction of B. pallidus Dac521 nitrilase by the aliphatic nitrile isovaleronitrile 

suggests that factors other than the aromaticity of the inducer are important for the 

induction of nitrilase expression. This was further confirmed by the inability of the other 

aromatic compounds to induce B. pallidus Dac521 nitrilase. Further studies are needed 

to elucidate the mechanism of nitrilase induction by isovaleronitrile.

B. pallidus Dac521 can utilise phenol or other aromatic compounds as a sole 

carbon source. This clearly indicated that this organism contained the enzymes of the 

aromatic degradation pathway. Many bacteria and fungi are known to metabolise 

phenol, and its hydroxylation to catechol as the substrate for ring-fission is well- 

established as the first step in the aerobic pathway (Feist and Hegeman, 1969; Gaal and
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Neujahr 1979; Krug and Straube 1986; Folsom et al., 1990; Middelhoven et al., 1992; 

Jones et al., 1995; Paller et al., 1995). Catechol is cleaved by a dioxygenase either by 

ortho- or meto-fission to compounds that can enter the citric acid cycle such as 

succinate, acetyl-CoA and pyruvate.
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4.1 NITRILASE PURIFICATION

Nitrilase from B. pallidus Dac521 has been previously purified (Cramp, 1997). 

The enzyme was purified 117-fold with a low recovery of approximately 1%. For 

enzyme characterisation studies, further attempts were made to improve the enzyme 

yield by modifying the purification procedure.

4.1.1 Fractionational precipitation with acetone

B. pallidus Dac521 cell-free extract was found to contains benzonitrile, 

acetonitrile, benzamide and acetamide hydrolysing activities. Acetone was used to 

fractionate nitrilase as described in section 2.2.6 and was found to be more efficient 

than ammonium sulphate. The benzonitrilase activity was precipitated at 65% (w/v) 

ammonium sulphate with 8% yield after overnight dialysis in potassium phosphate 

buffer containing 1 mM DTT and 5 mM EDTA. Therefore, acetone fractionation was 

investigated as an alternative method. The benzonitrilase activity was precipitated at 

50% (v/v) acetone with 115% yield. Trace amounts of benzamidase and acetonitrilase, 

and 58% acetamidase activities were detected (Table 4.1). On the basis of these results, 

fractionation with acetone was selected as the first step in benzonitrilase purification.

Table 4.1 Yields of nitrile-degrading activity in acetone fractions. Yield are expressed 
relative to the activities in the cell-free extract. 100% =12.7 + 1.7 Units benzonitrile 
degrading activity, 35.8 ± 4.0 Units benzamide degrading activity, 9.3 ± 2.3 Units 
acetonitrile degrading activity and 5607 ± 636 Units acetamide degrading activity. Data 
are mean values of triplicate experiments.

% v/v Acetone
% Yield

Benzonitrilase Benzamidase Acetonitrilase Acetamidase

0 100 100 100 100

37.5 3 ±0.7 0.33 ±0.015 1.8 ± 1.1 7 ± 3

50 115 + 5.7 2 ±0.4 16 ± 3 58 ± 18

61.5 1.7 + 0.16 37 + 7 78 + 6 20 + 6
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4.1.2 Stability of acetone active fraction

The active fraction precipitated at 50% acetone saturation was tested for 

stability at room temperature before use for further purification processes. Different 

additives were added to 0.1 M potassium phosphate buffer to improve the stability 

of benzonitrile hydrolysing activity and incubated at room temperature for 20 hr. 

The remaining benzonitrile hydrolysing activity was assayed using ammonia assay 

(Table 4.2).

The active fraction lost 70% of its activity when incubated at room temperature 

for 20 hr in potassium phosphate buffer without further additives. The additives were 

found to have some stabilising effect on the active fraction. Only NaCl did not stabilise 

the active fraction. The highest stabilising effect (29%) was found with EDTA, 

therefore, EDTA was included in potassium phosphate buffers in most purification 

steps.
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Table 4.2 Stability of the active fraction precipitated at 50% acetone at room 
temperature in the presence of various additives. After the enzyme was dialysed fully 
against 0.1 M potassium phosphate pH 7.0, it was incubated with various additives for 
20 hr at room temperature. The assay was initiated by the addition of 100 mM 
benzonitrile and assay for ammonia release. % Residual activity was determined 
relative to the activity of samples stored for a similar period at 4°C; 100% = 0.035 ± 
0.012 U/mg. Data are mean values of triplicate experiments.

Addition % Residual activity ± SE

None 30 ± 9

5 mM Butyric acid 46 ±15

5 mM CaCl2 43 ± 14

5 mM DTT 35 ±10

5 mM EDTA 58 ± 10

20% Ethylene glycol 51 ± 4

20% Glycerol 44 ± 8

5 mM MgS04 39 ± 12

0.5 M NaCl 28 ± 7

5 mM ZnCl2 50 ± 9

20% Acetone 51 ± 2

10% Acetonitrile 43 ±17



Chapter 4 Nitrilase Purification and N-terminal Sequence 102

4.1.3 Hydrophobic interaction chromatography

The enzyme was previously found to have high affinity for phenyl-Sepharose in 

the absence of any salt in the loading buffer. An elution buffer containing 20% 

acetonitrile was shown to be an effective eluant (Cramp, 1997). Therefore, the protein 

fraction precipitated at 50% acetone saturation was further purified on phenyl-Sepharose 

using an increasing gradient of acetonitrile. Although the enzyme was purified 

23 + 3 fold, the recovery was poor (9 + 1%). Therefore, a number of other eluants were 

tested. Replacing acetonitrile with 20% v/v ethylene glycol in the elution buffer was not 

effective in eluted the bound enzyme. However, replacing acetonitrile with 20% v/v 

acetone in the elution buffer was very effective in eluting the bound enzyme and in 

increasing enzyme yield. The enzyme was eluted with 80% yield and a 25 fold 

purification.

The benzonitrile hydrolysing activity was eluted stepwise, with elution buffer 

containing 20% acetone, as follows: 20 column volumes of 0% elution buffer, 

20 column volumes of 40% elution buffer, 20 column volumes of 80% elution buffer 

and finally 20 column volumes of 100% elution buffer (Figure 4.1). The benzonitrile 

hydrolysing activity was eluted at 80% elution buffer (16% acetone). However, when 

high amounts of protein were loaded on the column, some of the enzyme eluted at 

40% elution buffer.

4.1.4 Gel filtration chromatography

Fractions of partially purified nitrilase eluted from the phenyl-Sepharose column 

(Section 4.1.3) were pooled, concentrated and buffer exchanged with the relevant gel 

filtration buffer using repeated ultrafiltration and dilution with the new buffer. The 

sample (200 pi) was loaded on a Superose 12 column pre-equilibrated and eluted with 

50 mM potassium phosphate buffer containing 0.15 NaCl and 5 mM EDTA, pH 7.0.

Benzonitrile hydrolysing activity loaded was recovered with a 64% yield 

(Figure 4.2). Fractions from the centre of the eluted peak (fractions 8 to 11) were pooled 

(Figure 4.2), concentrated and electrophoresed on SDS-PAGE gels. Two bands were 

detected in SDS-PAGE gels (Figure 4.11), and attempts were made to increase 

purification by eluting in the presence of substrate. Purification of the Nocardia sp.
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11216 nitrilase, which exhibits substrate dependent subunit association, was increased 

three fold by elution in the presence of substrate (Harper, 1976; Harper, 1977a). 

However, inclusion of benzonitrile in the gel filtration buffer at a concentration of 

1 mM was not effective in improving the purification of B. pallidus Dac521 nitrilase; no 

benzonitrilase activity was detected in any eluted fraction.
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Figure 4.1 Hydrophobic interaction column chromatography of B. pallidus Dac521 
benzonitrile hydrolysing activity. The protein fraction precipitated at 50% acetone 
saturation was eluted with an increasing stepwise gradient of acetone in 0.1 mM 
potassium phosphate buffer containing 5 mM EDTA, pH 7.0. No proteins (A280) trace 
available because acetone is detected at A280-
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Figure 4.2 Gel filtration chromatography of B. pallidus Dac521 benzonitrile 
hydrolysing activity. Concentrated active fractions from hydrophobic interaction 
chromatography were loaded onto the Superose 12 gel filtration column, pre
equilibrated and eluted in 50 mM potassium phosphate buffer containing 0.15 NaCl 
and 5 mM EDTA, at pH 7.0.



4.1.5 Anion exchange chrom atography

The active hydrophobic interaction chromatography fractions were further 

purified by anion exchange chromatography. The concentrated fraction was fractionated 

using an Ultrafree-MC DEAE centrifugal filter device for rapid fractionation of complex 

protein samples according to the manufacture instructions. The sample was loaded and 

washed with 20 mM Tris-HCl buffer, pH 8.5. No activity was detected in the washed or 

unbound fractions. Elution with 20 mM Tris-HCl buffer, pH 8.5 containing 1 M NaCl 

resulted in the elution of all benzonitrile hydrolysing activity in the collected eluate. 

However, electrophoresis of the concentrated active eluate on SDS-PAGE gel showed 

that anion exchange chromatography did not help in further purification of the 

hydrophobic interaction chromatography fractions (Figure 4.3).

kl)a 1 2  3

4 3  -  m

29 —

Figure 4.3 10% SDS-PAGE of active anion-exchange and phenyl-Sepharose fractions. 

Lane 1 = molecular mass standards; Lane 2 = anion-exchange eluate; Lane 3 = phenyl- 

Sepharose eluate.
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4.1.6 Cation exchange chromatography

Cation exchange chromatography was used in a further attempt to purify the 

active hydrophobic interaction chromatography fraction. The concentrated fraction was 

applied to a Resource S column. The sample was loaded in 20 mM MES buffer pH 5.0, 

washed with three column volumes of the same buffer and eluted with 20 mM MES 

buffer pH 5.0 containing 0.5 M NaCl. Benzonitrile hydrolysing activity was detected 

after two column volumes of the elution buffer at fraction number five (Figure 4.4). 

However, electrophoresis of the concentrated fraction on SDS-PAGE gel shown that 

cation exchange chromatography did not help in a further purification of the 

hydrophobic interaction chromatography fraction (Figure 4.5).
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Figure 4.4 Cation-exchange chromatography of B. pallidus Dac521 benzonitrile 
hydrolysing activity. Partially purified benzonitrile hydrolysing activity was loaded onto 
the Resource S column, pre-equilibrated in 20 mM MES buffer pH 5.0 after washed 
with three column volumes. The sample was eluted with 20 mM MES buffer pH 5.0 
containing 0.5 M NaCl.
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Figure 4.5 10% SDS-PAGE of active cation-exchange and phenyl-Sepharose fractions. 
Lane 1 = molecular mass standards; Lane 2 = phenyl-Sepharose eluate; Lane 3 = ion- 
exchange eluate.

4.1.7 Chrom atofocusing

Attempts to improve the purification by chromatofocusing using a Mono P 

column that separates proteins on the basis of differences in isoelectric point (pi) were 

unsuccessful. Several pH ranges and the following buffers were used: 0.025 M 

imidazole-HCl buffer (pH 7.4) with poly buffer 74 (pH 4.0) to give pH gradients 

between 7 and 4; 0.025 M bis-tris buffer (pH 7.1) with poly buffer 74 (pH 5.0) to give 

pH gradient between 7 and 5 and 0.025 M bis-tris buffer (pH 6.3) with poly buffer 74 

(pH 3.0) to give pH gradient between 6 and 3. No benzonitrile hydrolysing activity was 

detected in any eluted fraction. The column was further eluted with 1 M KC1 to removed 

any bound proteins, but, no activity was detected.



4.1.8 Affinity chrom atography

N-terminal amino acid sequencing for the two SDS-PAGE bands derived from 

active gel filtration fractions (Section 4.1.4) revealed that the sequence of the first band 

had almost complete identity to a microbial GroEL protein whereas the sequence for the 

second band was partly homologous to the sequences of a number of bacterial nitrilase 

(Section 4.2). To clarify the question of whether the nitrilase and GroEL protein had co- 

purified through the purification protocol, or whether the two protein were associated in 

a more intimate manner, further attempts were made to purify the nitrilase by 

immunoaffinity chromatography.

Anti-GroEL was covalently linked to Sepharose-protein G in attempts to bind 

the GroEL-like protein band and separate it from the nitrilase band (Section 2.5.6). The 

affinity of the GroEL-like protein band to anti-GroEL was first confirmed by western 

blotting (Section 2.4.4) and immunodetection (Section 2.4.5). The band was found to 

have affinity to anti-GroEL and was detected in all purification fractions, including cell- 

free extracts of non-induced B. pallidus Dac521 cells (Figure 4.6).

1 2 3 4 5

73.4 kDa

Figure 4.6 Imunodetection of GroEL-like proteins on x-ray film. Lane 1 = induced cell 
free extract; lane 2 = acetone fraction; lane 3 = eluted from phenyl-Sepharose; lane 4 = 
eluted from Superose 12 HR; lane 5 = non induced cell free extract.
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Partially purified nitrilase from the hydrophobic interaction chromatography 

fractions was loaded on the immunoaffinity column as described in section 2.5.6. The 

nitrilase was washed immediately or after 1 hr incubation at room temperature with 10 

column volumes of 50 mM potassium phosphate buffer containing 0.5 M NaCl and 1% 

n-octyl-P-D-glucopyranoside, pH 7.0. The nitrilase and the contaminated proteins were 

eluted in the wash fractions and no proteins were detected when the column eluted with 

10 column volumes of 100 mM glycine-HCl, pH 2 (Figure 4.7). The benzonitrile 

hydrolysing activity in the wash fractions was detected using the ammonia release assay. 

Immunodetection of the wash fractions showed that the GroEL-like protein was eluted 

with the nitrilase (Figure 4.8).

0.6

0.3
Nitrilase & GroEL-like 
protein
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Figure 4.7 Affinity chromatography of B. pallidus Dac521 GroEL-like protein.



1 2 3

** GroEL-like protein

Figure 4.8 Immunodetection of GroEL-like protein on x-ray film. Lane 1 = GroEL 
antigen; lane 2 = eluted from phenyl-Sepharose; lane 3 = eluted from immunoaffinity 
column.

Another attempt was made using MAb Trap G 11 column kit following the 

manufactures instructions. The partially 'purified nitrilase was incubated with equal 

protein concentration of Anti-GroEL for 1 hr at room temperature in a binding buffer. 

The mixture was loaded on the MAb Trap G 11 column and incubated for further 1 hr. 

The column was washed with 10 column volume of binding buffer and eluted with 10 

column volume of elution buffer supplied with kit. The nitrilase and contaminate 

proteins were eluted in the wash fractions and the antibodies were eluted in the elution 

fractions (Figure 4.9). Immunodetection for the wash and the elute fractions showed 

that the GroEL-like protein was eluted with nitrilase in the wash fractions and no 

GroEL-like protein was detected with the antibodies fractions (Figure 4.10). The co

elution of GroEL-like protein with nitrilase suggests that the protein might be bind to 

nitrilase. However, because the primary function of chaperonins is to interact with 

proteins and peptides (Ellis, 1987), their purification is often a challenging process. 

Some authors claimed that the separation of GroEL protein from other proteins and 

peptides can be accomplished by including 20% methanol in gel permeation 

chromatography buffers (Joachimiak et al., 1997).
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Figure 4.9 Affinity chromatography of 5. pallidus Dac521 GroEL-like protein.
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Figure 4.10 Immunodetection of GroEL-like protein on x-ray film. Lane 1 = eluted 
from phenyl-Sepharose; lane 2 = anti-GroEL eluted from immunoaffmity column.



4.1.9 Sum m ary of the nitrilase purification

Nitrilase was purified to near-homogeneity from benzonitrile induced cells 

(Section 4.1.4). Yields and purification data are given in Table 4.3 and Figure 4.12; and 

SDS-PAGE analysis from the complete protocol is shown in Figure 4.11.

Table 4.3 Nitrilase purification steps table.

Step Protein
concentration

(mg/ml)

Total
protein

(mg)

Total
activity
(Units)

Specific
activity

(Units/mg)
Purification

(-fold)
Yield
(%)

Crude cell extract 4 504 15 0.03 1 100

50% acetone 5.5 276 16 0.058 1.9 107

Phenyl-Sepharose
Chromatography

0.99 15.8 12 0.76 25 80

Gel filtration 0.103 9.1 9.7 1.06 35 64

kDa 1 2 3 4 5 6

200  -

97 -

68  -

43 ~

M

-

H
Band A

M Band B

29 -

18.4 -  M m .__

Figure 4.11 Purification of nitrilase, monitored by 10% SDS-PAGE under nonreducing 
conditions. Lane 1 = molecular mass standards; lane 2 = non induced cell free extract; 
lane 3 = induced cell free extract; lane 4 = acetone fraction; lane 5 = eluted from phenyl- 
Sepharose; lane 6 = eluted from Superose 12 HR.
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The presence of benzonitrile in minimal culture medium was found to induce 

both aromatic-specific nitrilase (benzonitrilase) and benzamidase activities, the two 

activities being effectively separated by acetone fractionation. In the first step of the 

purification protocol, acetone fractionation, the nitrilase was purified 1.9-fold from cell- 

free extracts with a 107% yield, suggesting the removal of an inhibitor of nitrilase 

activity in this step. Even at relatively high concentrations, acetone had no apparent 

deleterious effects on the enzyme activities, in accord with the enhanced solvent 

stabilities of thermophilic enzymes (Owusu and Cowan, 1989).

In the second step of the purification protocol, hydrophobic interaction 

chromatography, the nitrilase was purified 25-fold from cell-free extracts with 

80% yield. Acetonitrilase and benzamidase activities were not detected after 

hydrophobic interaction chromatography but low acetamidase activity was present in 

active nitrilase fractions. Subsequent purification of the active fraction by gel 

permeation chromatography yielded enzyme preparation free from detectable 

acetamidase activity.

In the final step of the purification protocol, gel filtration chromatography, the 

nitrilase was purified 35-fold from cell-free extracts to near-homogeneity with a final 

yield of 64%, indicating that enzyme protein was less than 3% of the total soluble 

protein in benzonitrile induced cells.

The inclusion of other purification steps (e.g. cation and anion exchange 

matrices, octyl-Sepherose, chromatofocusing on Mono P and gel filtration in the present 

of 1 mM benzonitrile, affinity chromatography) in the protocol failed to improve the 

purification and resulted in substantially reduced enzyme yields.

The final enzyme preparation was shown by SDS-PAGE to be composed of two 

proteins. The N-terminal amino acid sequencing for these protiens revealed that the first 

protein is GroEL-like protein whereas the second protein is the nitrilase monomer. 

GroEL protein is one of the best characterised bacterial heat shock protein (Hsps) and 

a member of the highly conserved hsp60 or cpm family. It’s function as molecular 

chaperonin (Ellis, 1987) and the difficulty in separating this protein from the active
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nitrilase, is suggestive that this protein may bind to nitrilase. GroEL protein has been 

found to be required for proper folding and prevention of denaturation of cellular protein 

at high temperature in Bacillus subtilis (Chang et al., 1994). Moreover, GroEL protein 

from alkaliphilic Bacillus sp. strain C-125 was found to protect yeast a-glucosidase 

from irreversible aggregation at a high temperature (Xu et al., 1996). The intriguing 

possibility that GroEL protein binds to B. pallidus nitrilase to form GroEL-nitrilase 

complexes which could increase the stability of nitrilase at high temperature requires 

further investigation.
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Purification factor 

(fold)

Step yield

r0/

1 Cell-free extract 100

1.9 50% acetone fraction 107

25

35

Phenyl-Sepharose column

Superose 12 column

Nitrilase & GroEL-like protein

80

64

Figure 4.12 Nitrilase purification steps flow diagram.
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4.2 N-TER M INAL AM INO ACID SEQUENCE

The N-terminal amino acids for the two SDS-PAGE bands derived from active 

gel filtration fractions were sequenced as described in section 2.6.3. Twenty-five amino 

acids at the N-terminus of the first band and fifteen amino acids at the N-terminus for 

the second band were sequenced. The resulting sequences were aligned with other 

amino acid sequences in SWISS-Prot/Gene Bank database, using the alignment tool 

FASTA search programme (Appendix II).

A search of the first band (Band A) produced several matches with 60 kD 

chaperonin and heat shock protein GroEL from prokaryotic and eukarytic cells. The 

highest homology over the 25 amino sequence was with the Bacillus species 60 kD 

chaperonin and heat shock protein GroEL with a 80% identity. The lowest homology 

was with the Neisseria species 60 kD chaperonin and heat shock protein 63 with a 36% 

identity (Appendix II. 1).

The second band (Band B) search produced three matches with the Alcaligenes 

denitrificans cyanidase, nitrile hydratase (EC 4.2.1.84) and nitrilase (EC 3.5.5.1) with 

72.73%, 63.64% and 63.63% identity, respectively (Appendix II.2).

Comparison of the fifteen sequenced N-terminal residues of the second band of 

B. pallidus Dac521 with those of nine published mesophilic nitrilase sequences 

indicated a partial degree of homology, not reported from the FASTA, BLAST and 

BLITZ searches (Figure 4.13). The compared nitrilases were from Rhodococcus ATCC 

39484 (Stevenson et al., 1992), R. rhodochrous J 1, PA-34 & K22 (Kobayashi et al., 

1992a; Bhalla et al., 1995; Kobayashi et al., 1992c), and Klebsiella pneumoniae sub sp. 

ozaenae (Stalker et al., 1988a) with 46.67% identity, Acinetobacter sp. AK226 

(Yamamoto and Komatsu, 1991) with 60% identity, Alcaligenes faecalis JM3 & ATCC 

8750 (Nagasawa et al., 1990a and Yamamoto et al., 1992), and Comamonas testosteroni 

sp. (Levy-Schil et al., 1995) with 40% identity. The overall homology of this short 

protein sequence, and particularly the presence of the VAAVQA consensus region, lead 

to the conclusion with reasonable confidence that this is derived from the nitrilase 

monomer.
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CHAPTER 5

NITRILASE

CHARACTERISATION
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5.1 NITRILASE LO CALISATIO N

The location of nitrilase in B. pallidus Dac521 cell was determined as described 

in section 2.2.5. Table 5.1 shows the nitrilase activity of the various cell fractions. 

Nitrilase activity was primarily located in the periplasmic fraction. No activity was 

detected in the culture supernatant, indicating that nitrilase was not excreted into the 

medium.

Unlike mesophilic bacterial nitrile-hydratases (Thalenfeld and Grossowicz, 

1976; Miller and Knowles, 1984), the thermophilic Bacillus pallidus nitrilase is 

apparently periplasmic rather than cytoplasmic, as demonstrated by the release of 

activity on the formation of protoplasts (Table 5.1).

Table 5.1 Location of nitrilase activity in cell fractions.

Fraction
Total activity Specific activity 

Units /mg (x 10'3)Units (xlO'3) % Activity

Culture supernatant 0 0 0

Periplasm 19.6 + 3.0 85 ± 2.4 10.9 ±0.4

Cytosol 2.1 ±0.6 9.3 ± 0.6 4.5 ± 1.3

Membrane 1.3+ 0.2 5.7+ 0.7 2.5+ 0.5

5.2 M O LECULAR M ASS DETERM INATIO N

The molecular mass of the native enzyme was determined by gel filtration on 

Superose 12 HR under non-denaturing and denaturing conditions (Kato et al., 1980). 

Under non-denaturing condition, the column was calibrated with molecular weight 

markers (Table 5.2) and the native molecular mass was estimated from a calibration 

curve (Figure 5.1). The nitrilase eluted from Superose 12 HR column in a single activity 

peak with an elution volume (Ve) of 9 ml (Figure 4.2). The elution volume 

corresponded to a relative molecular mass of approximately 600 kDa.
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Table 5.2 Molecular weight and Kav values for the protein standards and B. pallidus 
Dac521 nitrilase from Superose 12 gel filtration column under non-denaturing 
conditions.

Protein MW (kDa) logMW Kav

Thyroglobulin 669 2.825 0.063

Ferritin 440 2.643 0.158

Aldolase 158 2.199 0.234

Albumin 67 1.826 0.282

Ovalbumin 43 1.633 0.331

Nitrilase 600 2.778 0.102

0.4

0.3

y = -0.2018x + 0.6627 
R2 = 0.9534

0.1

0.0
31.4 1.8 2.2 2.6

Log MW

Figure 5.1 Molecular weight standard curve for Superose 12 gel filtration column under 
non-denaturing conditions.
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Under denaturing condition, the column was calibrated with molecular weight 

markers (Table 5.3) and the subunit molecular mass was estimated from a calibration 

curve (Figure 5.2). The nitrilase eluted from Superose 12 HR column in a single activity 

peak with an elution volume (Ve) of 7.34 + 0.01 ml (Figure 5.3). The elution volume 

corresponded to a molecular mass of 44.7 kDa, suggesting that the native enzyme was 

composed of 12 subunits of similar molecular mass.

Table 5.3 Molecular weight and Kav values for the protein standards and B. pallidus 
Dac521 nitrilase from Superose 12 gel filtration column under denaturing conditions.

Protein MW (KDa) logMW Kav

Albumin 67.0 1.826 -0.011

Ovalbumin 43.0 1.633 0.010

Chymotrypsinogen A 25.0 1.398 0.040

Ribonuclease A 13.7 1.137 0.095

Nitrilase 44.7 1.650 0.007

0.10

0.07

0.04

0.01

1.2 1.61.4 1.8
- 0.02

Log MW

Figure 5.2 Molecular weight standard curve for Superose 12 gel filtration column under 
denaturing conditions.
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Figure 5.3 Gel filtration chromatography of B. pallidus Dac521 benzonitrile 
hydrolysing activity under denaturing conditions. Concentrated active fractions from 
hydrophobic interaction chromatography were loaded onto the Superose 12 gel filtration 
column, pre-equilibrated and eluted in 50 mM potassium phosphate buffer containing 
0.1% SDS, at pH 11.5. Enzyme activity was detected using the ammonia assay after 
samples diluted (1:10) with 100 mM potassium phosphate buffer, pH 7.0.

The active fractions from Superose 12 HR under non-denaturing conditions 

was electrophoresed on 5% non-denaturing PAGE gel and two protein bands 

were detected (Figure 5.4). A calibration curve for non-denaturing PAGE protein 

markers (Table 5.4) were prepared (Figure 5.5), and the predominant bands between 

669 kDa and 67 kDa markers were estimated to be approximately 538 + 99 kDa and 

318+ 57 kDa.

The subunit molecular mass of B. pallidus Dac521 nitrilase was determined 

from SDS-PAGE (Lane 6, Figure 4.11 and Lane 6, Figure 5.6) using SDS molecular 

weight markers (Tables 5.5 & 5.6) from which a standard curve was generated 

(Figures 5.7 & 5.8). The active eluent from Superose 12 HR under non-denaturing
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conditions migrated on SDS-PAGE as two major bands with a relative molecular mass 

of 72.4 ±1.1 and 40.9 ±1.1 kDa under reduced conditions and as also two major bands 

with relative molecular masses of 58.5 ± 1.2 and 45.3 ± 1 .7  kDa under non-reduced 

conditions. The electrophoretic mobility was identical under reducing and nonreducing 

conditions, indicating the absence of disulphide linkages between the subunits.

B. pallidus nitrilase was found to have a relative molecular mass of 

approximately 600 kDa as determined by gel permeation chromatography. Furthermore, 

non-denaturing PAGE of gel permeation chromatography active fraction revealed two 

bands with relative molecular mass less than 600 kDa (Figure 5.4). Although, it was 

failed to verify which band is the nitrilase band (Section 5.2.1), the result suggest that 

the native enzyme is multimer, since it had a subunit size of approximately 40.9 kDa 

determined from SDS-PAGE. This is consistent with the multimeric compositions of 

mesophilic microbial nitrilases. For example, the nitrilases from Nocardia sp. NCIB 

11215 & NCIB 11216 had a native molecular mass of 560 kDa with twelve 46 kDa 

subunits (Harper, 1977a; Harper, 1985) while R. rhodochrous K22 nitrilase was 650 

kDa enzyme composed of fifteen or sixteen 41 kDa subunits (Kobayashi et al., 1990a). 

However, the finding that GroEL-like protein had high affinity to nitrilase 

(Section 4.1.7), suggested that nitrilase relative molecular mass estimated from gel 

permeation chromatography might be overestimated.
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Figure 5.4 5% Native PAGE of a semi-pure nitrilase fraction. Lane 1 = molecular mass 
standards; lane 2 = non induced cell free extract; lane 3 = induced cell free extract; lane 
4 = acetone fraction; lane 5 = eluted from phenyl-Sepharose; lane 6 = eluted from 
Superose 12 HR.

Table 5.4 Molecular weight and relative mobility of the protein standards and 
B. pallidus Dac521 nitrilase derived from non-denaturing PAGE (Figure 5.4).

Protein MW (kDa) Log MW Rr

Thyroglobulin 669 2.83 0.270

Catalase 232 2.64 0.430

Lactate Dehydrogenase 140 2.15 0.570

Albumin 67 1.83 0.930

Band A 538 2.72 0.320

Band B 318 2.50 0.464

kDa
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Figure 5.5 Standard curve for molecular weight markers (Table 5.4) electrophoresed on 
5% non-denaturing PAGE.
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Figure 5.6 10% SDS-PAGE of a semi-pure nitrilase under non-reducing conditions. 
Lane 1 = molecular mass standards; lane 2 = non induced cell free extract; lane 3 = 
induced cell free extract; lane 4 = acetone fraction; lane 5 = eluted from phenyl- 
Sepharose; lane 6 = eluted from Superose 12 HR.
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Table 5.5 Molecular weight and relative mobility of the protein standards and 
B. pallidus Dac521 nitrilase derived from SDS-PAGE under reduced conditions 
(Figure 4.11).

Protein MW (kDa) Log MW Rf

Myosin (H-chain) 200.00 2.300 0.060

Phosphorylase b 97.00 1.987 0.230

Albumin 68.00 1.830 0.350

Ovalbumin 43.00 1.633 0.530

Carbonic Anhydrase 29.00 1.460 0.800

P-Lactoglobulin 18.40 1.265 0.990

GroEL-like protein 72.37 1.860 0.386

Nitrilase 40.85 1.610 0.624

2.4

y = -1.045x + 2.2625 
R2 = 0.9648

1.2

0.8
10 0.2 0.4 0.6 0.8

Relative migration value (Rf)

Figure 5.7 Standard curve for molecular weight markers (Table 5.5) electrophoresed on 
SDS-PAGE (10%) under reduced conditions.
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Table 5.6 Molecular weight and relative mobility of the protein standards and 
B. pallidus Dac521 nitrilase derived from SDS-PAGE under non-reduced condition 
(Figure 5.6).

Protein MW (kDa) Log MW Rf

Phosphorylase b 94.0 1.970 0.120

Albumin 67.0 1.826 0.270

Ovalbumin 43.0 1.630 0.350

Carbonic Anhydrase 30.0 1.480 0.530

Trypsin Inhibitor 20.1 1.300 0.790

a-Lactalbumin 14.4 1.158 1.000

GroEL-like protein 58.5 1.767 0.285

Nitrilase 45.3 1.656 0.406

2

1.8

1.6

1.4

y = -0.9136x + 2.0266 
R2 = 0.9651.2

1
0 0.4 0.80.2 0.6 1

Relative migration value (R f)

Figure 5.8 Standard curve for molecular weight markers (Table 5.6) electrophoresed on 
SDS-PAGE (10%) under non-reduced conditions.
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5.2.1 Detection of nitrilase activity in non-denaturing PAGE

Several attempts were made to directly detect benzonitrile hydrolysing activity 

in native PAGE gels, to confirm the native molecular weight for the enzyme.

In the first attempt, active gel filtration fractions were loaded onto parallel lanes 

in 5% polyacrylamide gels under non-denaturing conditions (Section 2.4.1) and 

electrophoresed. The two lanes were separated and one lane stained with BM fast stain. 

Sections corresponding to stained bands were excised, resuspended in phosphate buffer 

and assayed for benzonitrile hydrolysing activity using the ammonia assay. No activity 

was detected and a high background was observed which might be caused by the 

presence of ammonia persulphate in the gel.

A further attempt was made using the pH indicator bromocresol purple. 

Bromocresol purple has a yellow colour at acidic pH and a violet colour at alkaline pH. 

The native PAGE gels were overlaid with filter paper pre-soaked with 100 mM 

benzonitrile and incubated at 50°C for 1 to 20 hr. The filter paper and the gel were then 

soaked separately in 0.1% bromocresol purple to check for localised violet colour 

changes as an indication of ammonia production. No localised colour changes were 

observed possibly indicating the loss of enzyme activity or neutralisation of ammonia 

produced by the acid produced.

5.3 TEM PERATURE AC TIVITY PROFILE

The activity of B. pallidus Dac521 nitrilase was determined at various 

temperatures over a range of 25-80°C. Under the reaction conditions used 

(Section 2.7.2) nitrilase activity increased from 25°C to 65°C. Above 70°C, enzyme 

activity was rapidly lost (Figure 5.9). The temperature activity profile demonstrates that 

the nitrilase is susceptible to thermal inactivation at temperatures above 65°C and the 

‘optimum temperature’ was approximately 65 °C.

The temperature activity profile was replotted in the form of an Arrhenius curve 

(Figure 5.10). Above 70 °C the slope of the Arrhenius plot decreased, indicating 

denaturation of the enzyme at higher temperature. The activation energy was estimated 

from the slope of the linear portion between 25-65 °C. The Arrhenius activation energy
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was 36 kJ/mol and the increase in the activity for successive 10°C rises between 

25-65 °C (Qio) was 1.57.

The estimated activation energy is lower than that reported for the mesophilic 

Nocardia sp. NCIB 11215 nitrilase (Harper, 1985), 58.3 kJ/mol, but comparable with 

that of a thermophilic nitrile-hydratase (33 kJ/mol, Qio = 1.53) from Bacillus strain 

RAPc8 (Pereira et al., 1998).
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Figure 5.9 Rate of benzonitrile hydrolysing activity of B. pallidus Dac521 nitrilase at 
a range of temperatures (Section 2.7.2). The relative activity is expressed as percentage 
relative to the maximum activity at 65°C (100%) under the experimental conditions 
used.
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Figure 5.10 Temperature activity profile for nitrilase, expressed as Arrhenius plots. 
Natural logarithm of nitrilase activity versus the reciprocal of absolute temperature 
(Graph A). The activation energy was determined from the slope of the linear portion 
(Graph B); where slope = -Ea/R, T = absolute temperature (Kelvin x 10’3) and 
k = enzyme activity (jimoles NH^min/mg of enzyme).
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5.4 TH ERM O STABILITY

The stability of the enzyme was examined at various temperatures as described 

in section 2.7.1. The stability decreased with the increasing temperature (Figure 5.11). 

Figure 5.12 shows that at 50°C or 60°C, activity loss followed linear first order rate 

kinetics. This suggests that at these temperature the loss of nitrilase activity was due to 

denaturation and not proteolysis. However, activity loss at 70°C or 80°C was non-linear. 

After the enzyme lost 80% of its activity no more lost estimated. This behaviour might 

be relate to the presence of the GroEL-like protein, which might protect the enzyme 

from irreversible aggregation at a high temperature (Xu et al., 1996).

The half-life results, estimated from the natural logarithm plots in Figure 5.12, 

are summarised in Table 5.7. The nitrilase had the following half-lives: 8.4 hr at 50°C,

2.5 hr at 60°C, 13 minutes at 70°C and less than 3 minutes at 80°C. The half-lives were 

decreased with temperature increase.

100

0 10 20 30 40 60 120 180 300 420 540

Time (min)

Figure 5.11 Thermostability profiles for B. pallidus Dac521 nitrilase. Incubations were 
carried out between 0-8 hr at the following temperatures: 50°C (#), 60°C (□), 70°C (o) 
and 80°C (■  ). After the enzyme had been preincubated for specific time in 0.1 M 
potassium phosphate buffer pH 7.0 containing 5 mM EDTA, an aliquot of each enzyme 
solution was taken and the residual nitrilase activity assayed under standard assay 
conditions. Activity is expressed as percentage relative to the activity at 0 time (100%).
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Figure 5.12 Thermostability plots for B. pallidus Dac521 nitrilase. Data were taken 
from thermostability profiles at 50°C, 60°C, 70°C and 80°C, at pH 7.0.

Table 5.7 Activity half-lives of B. pallidus Dac521 nitrilase at different temperatures. 
Data were estimated from Figure 5.11.

Temperature (°C) Activity half-live

50 8.4 hour

60 2.5 hour

70 13 minutes

80 < 3 minutes
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5.5 PH -A CTIV ITY PROFILE

The state of ionisation of amino acid residues in the active site of an enzyme is 

pH dependent. Since catalytic activity relies on a specific state of ionisation of these 

residues, enzyme activity is also pH dependent. The pH dependency of the nitrilase 

activity was determined under standard assay conditions (Section 2.7.3) over a pH range 

of 3 to 10.6 obtained by using 0.1 M solutions of citric acid: Nascitrate, 

NaH2P0 4 :Na2HPC>4, boric acid:Na3.borate and Na2CC>3 buffers (Figure 5.13).

The enzyme showed a broad peak of activity between pH 6 and 9 and had > 50% 

activity in the pH range of 5 to 10.6. The enzyme was rapidly inactivated at lower pH 

which might be linked with protonation of an active site thiol residue. For example, in 

hydrophobic environments, a large shift occurs in the cysteine proteinase papain where 

the formation of the ion-pair state containing (Cys25)-S-/(Hisl59)-Im +H has pKa 3.3-

3.4 rather than a value around 8.5 typical of cysteinyl thiol groups (Mellor et al., 1993).

The broad pH activity-profile and pH optimum of B. pallidus Dac521 nitrilase 

was similar to that of the mesophilic nitrilases isolated from Fusarium oxysporum f. sp. 

melonis (pH 6-11) (Goldlust and Bohak, 1989), Fusarium solani (pH 7.8-9. l)(Harper, 

1977b), Nocardia sp. NCIB 11215 (pH 7-10) (Harper, 1985) and Rhodococcus 

rhodochrous K22 (pH 4.5-6) (Kobayashi et al., 1990a) and Alcaligenes faecalis ATTC 

8750 (pH 6.5-8) (Yamamoto et al., 1992). Rhodococcus rhodochrous K22 nitrilase had 

maximum activity in the more acidic region of pH 5.5, whereas the optimum pHs of the 

above mesophilic nitrilases were in the range of 7.5 to 9.

The enzyme activity was not effected by sodium borate buffer. In comparison, 

mesophilic Arthrobacter sp. strain J-l benzonitrilase A was completely inactive in 

0.1 M sodium borate buffer, while benzonitrilase B lost 36% of activity at pH 7.5 in 

borate buffer relative to that in potassium phosphate buffer (Bandyopadhyay et al., 

1986).



Chapter 5 Nitrilase Characterisation 134

1.2

1.0

I 1 0.8
3
■ f  0.6
(JCl

|  0.4
a

0.2

0.0
6 8 9 103 4 5 7

pH

Figure 5.13 pH-activity profile for B. pallidus Dac 521 nitrilase. Reactions were carried 
out for 15 minutes at 50°C in the following 0.1 M buffer solutions: Citrate (o ) ,  
phosphate (#), borate (□) and bicarbonate buffer (■).

5.6 EFFECT OF ORGANIC SOLUTES

The effect of different concentrations of organic solutes and solvents on the 

activity of nitrilase was determined as described in section 2.7.4. At concentrations 

between 20 and 30% (v/v), ethylene glycol was found to induce a small but significant 

activation (Figure 5.14). Hydrophilic organic solvents including acetone, ethanol and 

methanol reduced activity over the reaction period (15 minutes) in a concentration 

dependent manner.

Methanol was used in 10% (v/v) concentrations in the standard reaction assay 

to solubilised the enzyme substrates. Methanol in Figure 5.14 showed no detectable 

enzyme inactivation at 10% (v/v).
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Figure 5.14 Organic solutes and solvents activity-profiles for B. pallidus Dac521 
nitrilase. Reactions carried out under the standard assay conditions with solvent 
concentrations between 10 and 50% (v/v). The following solvents were used: acetone 
(# ) ,  ethanol (□ ), methanol (■ ) and ethylene glycol (o )- Activity is expressed as 
percentage relative to the activity at zero concentration (100%).

5.7 ISO ELECTRIC POINT

The semi-pure nitrilase was focused on pH 4-6.5 isoelectric focused gel using 

the Phast mini-gel system described in section 2.4.3.

Two distinct protein bands were observed when the sample was focused under 

standard conditions (Figure 5.15). The distance of the protein bands and the isoelectric 

point (pi) markers from the cathode were measured and plotted against the known pi of 

each of the standards (Figure 5.16). From this standard curve, unknown pis were 

determined. The two bands had pis of 6.0 and 4.9.

The reported mesophilic nitrilases and GroEL proteins have pis in the pH range 

of 3.99-5.6 (Table 1.5) and 4.7-5.4 (Joachimiak et al., 1997), respectively. The inability 

to develop an in situ activity assay unable the determination which estimated pi is the



nitrilase pi. However, the result suggests that the B. pallidus Dac521 nitrilase pi is in the 

acidic pH range, which is similar to mesophilic nitrilases.

pi 1 2

6.55 -
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3.50 -

Figure 5.15 Isoelectric focusing of semi-purified nitrilase. Lane 1 = Isoelectric points 
markers and lane 2 = semi-pure nitrilase after gel filtration.

Table 5.8 Isoelectric points (pi’s) and relative mobility of the protein standards and 
B. pallidus Dac521 semi-purified nitrilase.

Protein pH Distance from cathode (cm)

Human carbonic anliydrase B 6.55 0.7

Bovine carbonic anhydrase B 5.85 1.8

(3-Lactoglobulin A 5.20 3.6

Soybean trypsin inhibitor 4.55 5.3

Glucose oxidase 4.15 6.3

Amyloglucosidase 3.50 6.9

Band 1 6.00 1.8

Band 2 4.90 4.2

M Band 1

Band 2
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Figure 5.16 Standard curve for isoelectric point (pi) markers electrophoresed on 1% 
agarose IEF gels containing pharmalyte 4-6.5.

5.8 SUBSTRATE SPECIFICITY

Various nitriles were tested as substrates at a concentration of 100 mM in the 

presence and absence of 100 mM urea (Table 5.9A & B). Urea was added to the reaction 

mixture to inhibit residual amidase activity (Thalenfeld and Grossowicz, 1976), to 

further confirm that the nitrile hydrolysis activity is owing to nitrilase and not to nitrile- 

hydratase. The presence of urea did not have significant effect on the enzyme substrate 

specificity.

The data in Table 5.9B indicate that Bacillus pallidus nitrilase has a very broad 

substrate specificity, hydrolysing aliphatic, aromatic and heterocyclic nitriles. The 

highest apparent rate was obtained with 4-cyanopyridine. The comparative reactivity for 

series of substituted benzonitriles (Table 5.9B) suggests that electron-withdrawing ring 

substituents favour hydrolysis, presumably by enhancing the electropositivity of the 

nitrile carbon. This general mechanism, supported by the reduced activities on substrates 

substituted with electron-donating groups, is consistent with a reaction mechanism
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involving direct nucleophilic attack on the nitrile carbon. A similar trend was observed 

with electron withdrawing substituents on aliphatic substrates (e.g. acetonitrile c.f. 

chloroacetonitrile; butyronitrile c.f. 4-chlorobutyronitrile).

With the exception of 2-fluorobenzonitrile, ortho- substituted aromatic 

substrates, and multi-substituted aromatic halonitriles such as 3,5-dibromo-4-hydroxy- 

benzonitrile (bromoxynil), were hydrolysed either very slowly or showed no detectable 

hydrolysis. As the degree of hydrolysis was essentially independent of the chemical 

nature of the ortho-substituent, this effect may be attributed to steric hindrance as 

reported for mesophilic nitrilases (Harper, 1977a & b; Harper, 1985; Yamamoto and 

Komatsu, 1991; Goldlust and Bohak, 1989; Kobayashi et al., 1989a).

Bacillus pallidus Dac521 nitrilase preparations gave no detectable activity, 

determined by release of ammonia, with any amide substrate tested including acetamide, 

acrylamide, benzamide, 2-cyanoacetamide, fumaramide, nicotinamide, isonicotinamide, 

propionamide and p-toluamide. In addition GLC analysis of benzonitrile hydrolysis 

product showed benzoic acid as the sole product. On the basis of these data, it was 

confirmed that the enzyme is a broad specificity member of the aromatic-specific 

nitrilase class, EC 3.5.5.1.
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Table 5.9A Substrate specificity of B. pallidus Dac521 nitrilase. Activity data are 
derived from total ammonia release over a 15 minutes period at 50°C and pH 7.0 with 
a substrate concentration of 100 mM in the absence of urea. % Activity is relative to 
benzonitrile conversion (100%) under stated conditions.

Substrate % Activity ± SE Substrate % Activity ± SE

ALIPHATIC HETEROCYCLIC

Saturated 2-Cyanopyridine 99.7 ±3.8
3-Cyanopyridine 126.5 ±0.5

Acetonitrile 7.0 ±0.0 4-Cyanopyridine 286.5 ±0.5
Chloroacetonitrile 15.7 ± 1.9 1-Cyclopentene acetonitrile 6.5 ±0.5
Trichloroacetonitrile 0 1 -Cyanoacetylpiperidine 0
Propionitrile 0
Butyronitrile 26.0 ± 1.0 AROMATIC
Isobutyronitrile 0
4-Chlorobutyronitrile 146 ±5.5 Benzonitrile 100
Valeronitrile 49.7 ±0.3 4-Aminobenzonitrile 8.8 ±0.3
Isovaleronitrile 0 2-Chlorobenzonitrile 5.0 ± 0.7

3-Chlorobenzonitrile 50.2 ± 1.2
Saturated dinitrile 4-Chlorobenzonitrile 215.3 ± 10.0

2-Hydroxybenzonitrile 0
Malononitrile 0 3 -Hydroxybenzonitrile 64.7 ±2.0
Succinonitrile 0 4-Hydroxybenzonitrile 38.5 ±0.5
Glutaronitrile 22.5 ±0.4 4-FIuorobenzonitrile 152.0 ±4.4
Adiponitrile 15.0 ± 2.1 o-Toluonitrile 58.7 ± 1.9
Iminodiacetonitrile 0 m-Toluonitrile 37.3 ±0.3
3,3 -Iminodipropionitrile 4.0 ±0.0 p-Toluonitrile 99.7 ±4.3

3 -Chloro-4-fluorobenzonitrile 94.3 ±2.4
Unsaturated 3,4, Dibromo-4- 0

Hydroxybenzonitrile
Phenylacetonitrile 1.75 ±0.25

Acrylonitrile 12.0 ±2.0 4-Aminobenzylcyanide 0
Methacrylonitrile 7.0 ± 1.0 Mandelonitrile 0
Allylcyanide 26.0 ± 1.0 2-(Methoxyphenyl)acetonitrile 9.0 ± 1.0
Crotononitrile 87.3 ±4.4 3-(Benzylamino)propionitrile 0
Cis-2-Pentenenitrile 0 Cinnamonitrile 16.7 ±0.3
Trans-3-Pentenenitrile 32.5 ±0.5 Benzylidenemalononitrile 0
3-Aminopropionitrile 0
fumarate

Unsaturated dinitrile

Fumaronitrile 15.8 ±1.1
Mucononitrile 7.0 ± 1.0
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Table 5.9B Substrate specificity of B. pallidus Dac521 nitrilase. Activity data are 
derived from total ammonia release over a 15 minutes period at 50°C and pH 7.0 with a 
substrate concentration of 100 mM in the presence of 100 mM urea. % Activity is 
relative to benzonitrile conversion (100%) under stated conditions.

Substrate3 % Activity ± SE Substrate3 % Activity ± SE

ALIPHATIC HETEROCYCLIC

Saturated 2-Cyanopyridine 91.6 ± 1.2
3-Cyanopyridine 134.5 ± 1.5

Acetonitrile 2.9 ±0.3 4-Cyanopyridine 232 ±5
Chloroacetonitrile 10 ±0.3 1-Cyclopentene acetonitrile 0
T richloroacetonitrile 0 1 -Cyanoacetylpiperidine 0
Propionitrile 0
Butyronitrile 19.4 ±0.7 AROMATIC
Isobutyronitrile 0
4-Chlorobutyronitrile 109.6 ±6.6 Benzonitrile 100
Valeronitrile 43.3 ±4 2-Aminobenzonitrile 0
Isovaleronitrile 0 3-Aminobenzonitrile 23.7 ± 1

4-Aminobenzonitrile 3.1 ± 0.7
Saturated dinitrile 2-Chlorobenzonitrile 3.2 ± 1.1

3 -Chlorobenzonitrile 50.1 ±4
Malononitrile 0 4-Chlorobenzonitrile 191.5 ±0.5
Succinonitrile 0 2-Hydroxybenzonitrile 0
Glutaronitrile 10.9 ±0.4 3-Hydroxybenzonitrile 57.3 ±3
Adiponitrile 14.3 ±2.8 4-Hydroxybenzonitrile 29.1 ± 1.3
Iminodiacetonitrile 0 2-Fluorobenzonitrile 27.4 ±0.6
3,3 -Iminodipropionitrile 0 3-Fluorobenzonitrile 157.2 ±8.5

4-Fluorobenzonitrile 156.2 ±6.7
Unsaturated 2-Nitrobenzonitrile 2.1 ± 1.1

3 -N itrobenzonitri le 21.2 ± 1.7
Acrylonitrile 8.9 ±0.7 4-N itrobenzonitrile 22.9 ±2.5
Methacrylonitrile 2.4 ±0.6 o-Toluonitrile 43.7 ± 2.1
Allylcyanide 19.9 ± 1.9 m-Toluonitrile 30.2 ±0.3
Crotononitrile 80.3 ±9.8 p-Toluonitrile 77 ±2.4
Cis-2-Pentenenitrile 0 3-Chloro-4-fluorobenzonitrile 95.2 ± 1.2
T rans-3 -Pentenenitrile 22.8 ±2.7 3,4, Dibromo-4- 0

Hydroxybenzonitrile
3-Aminopropionitrile 0 Phenylacetonitrile 0.7 ±0.1
fiimarate

4-Aminobenzylcyanide 0
Unsaturated dinitrile Mandelonitrile 0

2-(Methoxyphenyl)acetonitrile 6.4 ± 1.2
Fumaronitrile 16.1 ±2.1 3-(Benzylamino)propionitrile 0
Mucononitrile 2.3 ±0.4 Cinnamonitrile 6.1 ±0.8

B enzy 1 idenemalononitri le 0
a The nitrile structures are shown in Appendix III.
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5.9 REA CTIO N K INETICS

The kinetic parameters of a selection of the most rapidly degraded substrates 

were determined (Table 5.10). The highest reaction rate was estimated for 

4-cyanopyridine which exhibited a turnover (kcat) of 37650 sec'1. Although, 

4-cyanopyridine exhibited the highest kcat, its specificity (kcat/KM) was 7.7 fold less than 

that for benzonitrile.

kcat/KM values varied widely with different substrates, primarily because of 

differences in Km values. Substitution of benzonitrile with chloro- group at the meta

position found decreased both Km and kcat by approximately an order of magnitude, 

while para-substitution did not affect either constant to a large extent. The co-ordinate 

change in kinetic parameters with the substitutions of aromatic and heterocyclic rings 

suggests that the electronic configuration of the ring structures affects binding and 

catalytic efficiency in a differential manner. While the presence of a bulky residue 

proximal to the cyano group clearly has adverse effects on substrate binding, and the 

positioning of electron withdrawing substituents to favour nitrile-carbon 

electropositivity consistently enhances catalytic rate, the significance of the positioning 

of the heterocyclic nitrogen with respect to the nitrile moiety in cyanopyridine 

derivatives is less clear.

Table 5.10 Kinetic parameters for selected nitrilase substrates. Substrates were assayed 
at various concentrations up to 140 mM, and Km and Vmax values calculated from direct 
linear plots. The data are mean values of data derived from three different linear plots 
(Appendix IV, Figure 5.17-5.40).

Substrate Km (mM) Vmax (U/mg) kcat (s’1) kcat/KM (s^mM'1)

Benzonitrile 0.92 2.69 14961 16262
3 -Chlorobenzonitrile 0.088 0.38 1375 15625
4-Chlorobenzonitrile 1.25 2.12 7659 6113
2-Cyanopyridine 0.41 0.56 2031 4990
3-Cyanopyridine 2.7 1.14 4123 1514
4-Cyanopyridine 17.7 6.78 37650 2122
4-Chlorobutyronitrile 35.7 1.87 10389 291
Crotononitrile 142.0 1.58 8778 62
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5.10 NITRILASE INH IBITIO N

The effect of various reagents on nitrilase activity is shown in Table 5.11. Silver 

and mercuric ions were found to be very powerful inhibitors. Other divalent metal 

ions had little or no significant affect on enzymatic activity unlike, for example, 

Nocardia sp. NCIB 11216 nitrilase (Harper, 1977a) is inhibited by Fe2+ and Mn2+. The 

effects of thiol reagents were reasonably consistent; 4-chloromercuribenzoic acid, 

p-hydroxymercuribenzoic acid and phenylmercuric acetate and the thiol exchange 

reagent DTNB were powerful inhibitors, strongly suggesting that one or more thiol 

residues are involved at the active site. This conclusion is supported by the sensitivity of 

the enzyme to Ag+ and Hg+ ions and, to a lesser extent, by the partial inactivation by 

iodoacetate and iodoacetamide and activation by the reductants cysteine and sodium 

hydrosulphide.

Metal ion chelators such as EDTA, 8-hydroxyquinoline, 1,10-phenanthroline and 

sodium azide had little or no significant effect on nitrilase activity. While these data 

suggest that B. pallidus nitrilase has no catalytic metal ion requirement, it is noted that 

chelating agents are equally ineffective in inactivating the Fe-containing nitrile 

hydratase (Huang et al., 1997). It is also noted that metal ions are not implicated in the 

catalytic mechanisms of any of the mesophilic nitrilases (Harper, 1977a; Goldlust and 

Bohak, 1989; Kobayashi et al., 1989a; Nagasawa et al., 1990a; Yamamoto and 

Komatsu, 1991; Yamamoto et al., 1992). Phenylhydrazine, a carbonyl reagent, did not 

affect nitrilase activity which inhibited the enzyme from Rhodococcus rhodochrous J1 

(Kobayashi et al., 1989a). Urea, a potent inhibitor of amidase activity, did not influence 

nitrilase activity.

Various aromatic compounds were tested as substrate analogue inhibitors 

(Table 5.12). Only benzaldehyde produced strong inhibition and was selected for more 

detailed study. Benzaldehyde was found to act as a competitive inhibitor with a Kj value 

of 12.4 pM, as determined from the Dixon plot shown in Figure 5.41 (Dixon, 1953).
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Table 5.11 Effect of various compounds on the activity of nitrilase. The enzyme was 
dialysed exhaustively against 100 mM potassium phosphate pH 7.0, incubated with the 
specified compounds (final concentration 1 mM) and the assay initiated by addition of 
benzonitrile (1 mM). After a further 15 minutes incubation under standard reaction 
conditions, the release of ammonia was determined (Section 2.7.6).

Group Addition % Relative activity ± SE

Control None 1 0 0

Metal ions AgN03 4.0 ± 1.3
CaCl2 90.3 ±2.3
CuCl2 90.0 ±2.9
CrCl3 92.3 ±2.2
FeS04 84.0 ±3.0
HgCl2 5.5 ± 1.8

Thiol active agents 4-Chloromercuribenzoic acid 0

DTNB 55.6 ±2.5
p-Hydroxymercuribenzoic acid 3.0 ±1.6
Iodoacetamide 86.7 ±2.3
Iodoacetic acid 75.3 ±0.7
Phenylmercuric acetate 0

Chelationg agents 8 -Hydroxyquinoline 63.8 ± 1.3
4,7 Phenanthroline 65.7 ±2.2

Reducing agents L-Cysteine 115.7 ±4.2
DTT 82.0 ±4.4
Glutathione (reduced) 76.7 ± 1.5
Sodium hydrosulfide 119.0 ± 3.5
Phenylhydrazine 86.0 ± 1.5

The following compounds gave no significant change in nitrilase activity (at ± 3 SE) 
compared with control experiments. AICI3, C0 CI2, FeCl3, MgCb, ZnC^, MnCb, NaCl, 
NaF, NiCb, PbCl2, EDTA, N-ethylmaleimide, 1,10-Phenanthroline, NaN3, PMSF, 
ascorbic acid, 2-mercaptoethanol. Data are mean values of triplicate experiments.
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Table 5.12 Effect of putative substrate analogues on nitrilase activity. The enzyme 
was assayed with 1 mM benzonitrile in the presence of 1 mM substrate at 50°C for 
15 minutes.

Substrate analogue % Relative activity

None 100

Acetophenone 96.3 ±6.7

Aniline 89.3 ±3.2

Benzaldehyde 4.8 ±0.9

Benzamide 90 ± 6

Benzamidine 78.7 ±0.3

Benzoic acid 78 ±2.9

Benzylamine 96.5 ±5.7

Benzy alcohol 88.5 ±6.4

Benzylbroinide 63.8 ±6.8

Benzylcyanide 84.5 ±4.7
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Figure 5.41 Dixon plot for the effect of benzaldehyde on nitrilase activity. The reaction 
was carried out in the presence of benzaldehyde concentration between 0.05-0.5 mM 
and assay under the standard assay conditions: (□) 0.5 mM (p) 1 mM benzonitrile.
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5.11 D ISC USSIO N

It has been suggested (Cashel and Freese, 1964) that enzymes which are 

periplasmic in Gram-negative organisms are typically secreted into the medium in 

Gram-positive organisms. The periplasmic localisation of a Bacillus subtilis nucleoside 

diphosphate sugar hydrolase (Mauck and Glaser, 1970), an enzyme normally 

periplasmic in Gram-negative organisms, led the authors to conclude that the location 

was the result of the large molecular size (137 kDa), preventing passage through the cell 

wall. The high molecular weight of the native B. pallidus nitrilase is consistent with this 

observation. Furthermore, it was suggested that the bromoxynil-specific nitrilase is 

a periplasmic or membrane-associated protein in K. ozaenae and E. coli, in accordance 

to the observation that whole bacterial cells synthesising the enzyme can be 

reproducibly assayed (Stalker et al., 1987).

As expected for a thermophile derived enzyme, both the apparent temperature 

optimum (65°C) and the thermostability in buffered aqueous solution (8 8 % and 50% 

activity retained at 50°C after incubation for 1 and 8  hrs respectively) were significantly 

higher than values reported for mesophilic nitrilases. For example, the highest optimal 

temperature reported for a mesophilic microbial nitrilase was 50°C; above 65°C the 

enzyme was rapidly inactivated (Yamamoto and Komatsu, 1991). The Rhodococcus 

rhodochrous J1 nitrilase retained only 6.9% of initial activity when incubated at 50°C 

for 1 hr (Kobayashi et al., 1989a).

B. pallidus Dac521 nitrilase was shown to have a very broad substrate 

specificity, hydrolysing a wide range of substituted aromatic, heterocyclic and aliphatic 

nitriles (Table 5.9B). This specificity is quite similar to that of nitrilases isolated from 

some mesophilic micro-organisms (Harper, 1977b; Harper, 1985; Yamamoto and 

Komatsu, 1991; Goldlust and Bohak, 1989; Kobayashi et al., 1989a). As a group, the 

microbial nitrilases typically demonstrate a much wider specificity than the nitrile 

hydratases. The B. pallidus enzyme showed a particularly high hydrolytic rate for 

4-cyanopyridine, a specificity previously observed in the mesophilic nitrilases isolated 

from Fusarium solani (Harper, 1977b) and Nocardia sp. NCIB 11215 (Harper, 1985). 

The Km value for benzonitrile was found to be 0.9 mM, within the range of benzonitrile 

Km values reported for mesophilic nitrilases (0.039-6.7 mM) (Harper, 1977a & b;
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Harper, 1985; Bandyopadhyay et al., 1986; Stevenson et al., 1992; Yamamoto and 

Komatsu, 1991; Goldlust and Bohak, 1989; Kobayashi et al., 1989a). The kcat value for 

benzonitrile was 14961 s' 1 which is higher than the only reported kcat value for the 

mesophilic nitrilase from Fusarium oxysporum f. sp. melonis, 39.5 s"1 (Goldlust and 

Bohak, 1989).

Nitrilases from mesophilic micro-organisms are typically inactivated by reagents 

which block thiol groups (Harper, 1977a & b; Harper, 1985; Bandyopadhyay et al., 

1986; Nagasawa et al., 1990a; Goldlust and Bohak, 1989; Kobayashi et al., 1989a; 

Yamamoto and Komatsu, 1991; Stevenson et al., 1992; Yamamoto et al., 1992). 

B. pallidus Dac521 nitrilase was inactivated by thiol reagents such as 

4-chloromercuricbenzoic acid, /?-hydroxymercuribenzoic acid and phenylmercuric 

acetate, but less effected by iodoacetate, iodoacetamide and N-methylmaleimide. It is 

notable that similar behaviour has been reported for nitrilases from some mesophilic 

micro-organisms (Goldlust and Bohak, 1989; Yamamoto and Komatsu, 1991). Thus 

while these data are suggestive of the presence of a catalytic thiol group they do not 

provide definitive confirmation. Metal-chelating agents did not influence the enzyme 

activity. A similar response to both sets of inhibition reagents for nitrilases from 

mesophilic micro-organisms (Harper, 1977a & b; Harper, 1985; Bandyopadhyay et al., 

1986; Nagasawa et al., 1990a; Goldlust and Bohak, 1989; Kobayashi et al., 1989a; 

Yamamoto and Komatsu, 1991; Stevenson et al., 1992; Yamamoto et al., 1992) argues 

for a structurally related catalytic centre.

Benzaldehyde was found to be a powerful competitive inhibitor of B. pallidus 

Dac521 nitrilase (Kj  = 12.4 pM) and the mesophilic nitrilase from Rhodococcus ATCC 

39484 (Stevenson et al., 1992). The authors suggested that, since aldehydes are good 

inhibitors of thiol proteases (Westerik and Wolfenden, 1972) and react with the active 

site cysteine to form thiohemiacetals, benzaldehyde could form such an intermediate 

with the essential thiol of nitrilase; the thiohemiacetal product would be an excellent 

mimic of the second tetrahedral intermediate in the proposed mechanism for nitrilase 

catalysis (Figure 1.3).



CHAPTER 6
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BIOTRANSFORMATION
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6. 3-CYANO PYRIDINE BIO TR ANSFO RM ATIO N

Nitrilases are promising as biocatalyst for nitrile hydrolysis under mild 

conditions particularly for the synthesis or transformation of labile organic molecules. 

Nicotinic acid is currently produced by chemical synthesis involving the oxidation of

2-methyl-5-ethylpyridine or the hydrolysis of 3-cyanopyridine, at high temperatures 

(330°C) and pressures (290 atm) (Offermanns et al., 1984). Nicotinic acid can also be 

produce under mild condition from the bioconversion of 3-cyanopyridine by microbial 

nitrilase (Mathew et al., 1988; Vaughan et al., 1989).

Nicotinic acid (niacin) is a form of vitamin B3 that found principally in plants. In 

cereals, such as com and wheat, it is bound to polysaccharides and peptides and is 

inactive as vitamin. A deficiency of the vitamin leads to the disease pellagra in human 

being, which results in death in severe cases. Nicotinic acid had many industrial 

applications. It is used for vitamin enrichment of cereal products (e.g. wheat flour, 

bread, macaroni, com products), as a meat additive and as a vitamin supplement for 

animal nutrition. In industry, nicotinic acid can replace nicotinamide as a brightener for 

zinc, cadmium and palladium in electroplating baths. Moreover, nicotinic acid and its 

ester and amide derivatives have widespread medical use as antihyperlipidemic agents 

and peripheral vasodilators (Offermanns et al., 1984).

Microbial hydrolysis of 3-cyanopyridine using mesophilic micro-organisms 

whole cells such as Rhodococcus rhodochrous (Mathew et al., 1988) or Nocardia 

rhodochrous (Vaughan et al., 1989) proceeds quantitatively whereas chemical 

hydrolysis is hampered by moderate yields and high cost.

6.1 SUBSTRATE ASSAY

The utilisation of the substrate 3-cyanopyridine was assayed by GLC as 

described in section 2.3.2. A series of 3-cyanopyridine working standard solutions were 

prepared by dilution of the stock solution (1 M in methanol) with 0.1 M potassium 

phosphate buffer, pH 7.0. 2 pi aliquots of the standard solutions were auto-injected 

into the GLC column at 250°C.The detection was linear with respect to 3-cyanopyridine 

concentration (Figure 6.1). The minimum detectable amount of 3-cyanopyridine in this 

assay was 1 pg and the retention time were 3.98 minutes (Figure 6.2).
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Figure 6.1 Standard curve of GLC peak area versus 3-cyanopyridine concentration. All 
assays were performed in triplicate.
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Figure 6.2 Gas-liquid chromatography retention time for 3-cyanopyridine in Rt-Q 

PLOT capillary column.



6.2 PRO D U CT ASSAY

Nicotinic acid, the 3-cyanopyridine biotransformation product, could not be 

detected by GLC due to its high boiling point (> 250°C), exceeding the maximum 

column operation temperature. Therefore, the production of nicotinic acid from the 

3-cyanopyridine biotransformation was confirmed by thin layer chromatography as 

described in section 2.5.7. 3-Cyanopyridine, nicotinamide and nicotinic acid were well 

resolved by this system, showing R f values of 0.68 + 0.01, 0.32 + 0.02, and 0.36 + 0.02, 

respectively (Figure 6.3).

It was previously noted (Section 5.8) that B. pallidus Dac521 nitrilase released 

ammonia in reaction with 3-cyanopyridine. TLC analysis showed that 3-cyanopyridine 

was converted by nitrilase to a compound with an identical Rf value (0.36 + 0.02) to the 

nicotinic acid standard (Figure 6.3). This provided confirmation that 3-cyanopyridine 

was converted to ammonia and nicotinic acid by the nitrilase.

1 2  3 4

Figure 6.3 Thin layer chromatography for 3-cyanopyridine biotransformation product. 
Lane 1 = 3-cyanopyridine; lane 2 = nicotinamide; lane 3 = nicotinic acid; lane 4 = 
3-cyanopyridine biotransformation product.
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6.3 OPTIMISATION OF 3-CYANOPYRIDINE BIOTRANSFORMATION

As B. pallidus Dac521 nitrilase showed high catalytic activity toward 

3-cyanopyridine (Section 5.8), the biotransformation of 3-cyanopyridine to nicotinic 

acid by B. pallidus Dac521 whole cells was studied in more detail. The study included 

the optimisation of the conversion of 3-cyanopyridine to nicotinic acid by free cells and 

the use of immobilised cells to convert the nitrile to the carboxylic acid in a continuous 

process.

6.3.1 Effect of pH on 3-cyanopyridine biotransformation

The effect of pH on the production of nicotinic acid by free cells was 

determined as described in section 2.8.1. The initial pH of the reaction mixture was 

adjusted to 5 and 6 with 0.1 M citric acid: Na3 citrate buffer, to 7 and 8 with 0.1 M 

KH2PO4-K2HPO4 buffer, to 9 with 0.1 M boric acid:Na borate buffer, and 10 with 0,1 M 

Na2CC>3 buffer.

The cells showed catalytic activity toward 3-cyanopyridine between pH 6 and 

10, with optimum at pH 8 (Figure 6.4). The activity was sharply decreased at lower pH. 

During the reaction a change in the pH of the reaction mixture was hardly observed, 

presumably due to the simultaneous production of ammonia. Changing the buffer at pH 

8.0 to 50 mM Tris-hydrochloride did not affect the activity of the cells.

The pH-activity profile for 3-cyanopyridine biotransformation by the whole 

cells was comparable to the pH-activity profile for benzonitrile hydrolysis by the partly 

purified nitrilase (Figure 5.13). However, 3-cyanopyridine hydrolysing activity was 

completely inhibited at pH 5.0, whereas benzonitrile hydrolysing activity was only 

completely inhibited at pH 4.0.
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Figure 6.4 Effect of pH on the biotransformation of 3-cyanopyridine by B. pallidus 
Dac521 free cell (# ). The reactions were carried out at the standard reaction condition 
for 3 hr at specified pH. At 30 minutes intervals, aliquots were removed and 
3-cyanopyridine concentration assayed by GLC. The conversion rates were determined 
from the plot of 3-cyanopyridine concentration against time for each pH (Appendix V). 
Benzonitrile hydrolysis specific activity (x) from Figure 5.13.

6.3.2 Effect of temperature on 3-cyanopyridine biotransformation

The effect of temperature on the production of nicotinic acid was determined as 

described in section 2.8.1. The biotransformation of 3-cyanopyridine increased from 

562 nmol/min at 40°C to 1347 nmol/min at 60 °C (Figure 6.5). The increase in the 

biotransformation was less between 40°C and 50°C (742 nmol/min) and a slight 

decrease in 3-cyanopyridine utilisation at 70°C (1335 nmol/min) was estimated. The 

highest utilisation was estimated at 60°C.

The temperature-activity profile for 3-cyanopyridine biotransformation by the 

whole cells (Qjo = 1.4) was comparable to the temperature-activity profile for 

benzonitrile hydrolysis by the partial purified nitrilase (Qio = 1.57).
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Figure 6.5 Effect of temperature on the biotransformation of 3-cyanopyridine by 
B. pallidus Dac521 free cell. The reactions were carried out at the standard reaction 
condition for 3.5 hr at specified temperatures. At 30 minutes intervals, aliquots were 
removed and 3-cyanopyridine concentration assayed by GLC. The conversion rates were 
determined from the plot of 3-cyanopyridine concentration against time for each 
temperature (Appendix VI).

6.3.3 Effect of cell concentration on 3-cyanopyridine biotransformation

The effect of cell concentration on the production of nicotinic acid was 

determined as described in section 2.8.1. Cell dry weights were estimated by drying 

a series of 1 ml volumes of washed cells, with known absorbance at 600 nm, on filter 

papers in a 60°C oven overnight. The filters papers were than cooled in a desiccator at 

room temperature and weighed. A standard curve was constructed from the dry cell 

weight versus absorbance at 600 nm (Appendix VII).

The rate in 3-cyanopyridine utilisation was increased semi-linearly with the 

increase in cell concentration (Figure 6.6). The conversion rate was increased 4.7-fold 

when cells concentration increased from 3 to 12 mg dry wt/ml cells.
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Figure 6.6 Effect of cell concentrations on the biotransformation of 3-cyanopyridine. 
The reactions were carried out at the standard reaction condition at 60°C at specified 
cell concentrations. At 30 minutes intervals, aliquots were removed and 3-cyanopyridine 
concentration assayed by GLC. The conversion rates were determined from the 
plot of 3-cyanopyridine concentration against time for each cell concentration 
(Appendix VIII).

6.3.4 Effects of substra te  concentration on 3-cyanopyridine 

b io transform ation

The ability of B. pallidus Dac521 to hydrolyse high concentrations of 

3-cyanopyridine was determined as described in section 2.8.1. At 100 and 200 mM 

concentrations the rates of 3-cyanopyridine utilisation were the same, 3.46 and 

3.45 pmol/min respectively (Figure 6.7). However, the rates of 3-cyanopyridine 

utilisation were significantly reduced at 300 and 400 mM. After a 22 hr incubation 

period, 3-cyanopyridine had been completely utilised at an initial substrate concentration 

of 300 mM but not at the concentration of 400 mM.

Cells concentration (mg dry wt/ml)
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Figure 6.7 Effect of 3-cyanopyridine concentration on the producton of nicotinic 
acid by B. pallidus Dac521 free cells. The reactions were carried out with 
12 mg dry wt/ml cells at 60°C for 5 hr. Different 3-cyanopyridine concentrations were 
used: 0,100 m M ;D , 200 mM; # , 300 mM; and ■ , 400 mM.

6.3.5 Effect of product concentration on 3-cyanopyridine biotransformation

The enzymatic conversion of 100 mM 3-cyanopyridine into nicotinic acid in the 

presence of 0 to 1 M nicotinic acid was determined as described in section 2.8.1. The 

rate of 3-cyanopyridine utilisation was decreased in parallel with the increase in the 

nicotinic acid concentration above 200 mM (Figure 6.8). The additions of nicotinic acid 

at concentrations of 0.5, 0.75 and 1 M inhibited 3-cyanopyridinase activity by 41%, 

58% and 77%, respectively, compared to the activity in the presence of 0.1 M 

3-cyanopyridine alone.
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Figure 6.8 Effect of nicotinic acid concentration on the biotransformation of 
3-cyanopyridine by B. pallidus Dac521 free cells. The reactions were carried out with 
a reaction mixture containing 12 mg dry wt/ml cells, 100 mM 3-cyanopyridine and 
different concentration of nicotinic acid at 60°C for 2 hr. 3-Cyanopyridine concentration 
was assayed by GLC. % Conversion is relative to the conversion of 3-cyanopyridine in 
the absence of nicotinic acid (100%).

6.3.6 Effect of substrate concentration on nitrilase stability

The effect of substrate concentration on 3-cyanopyridinase stability in 

B. pallidus Dac521 cells was determined as described in section 2.8.2. A reduction of 

85% in the cell 3-cyanopyridinase activity was estimated when the cell was incubated 

at 60°C for 2 hr in the absence of 3-cyanopyridine (Figure 6.9). The same effects were 

found with incubation of the cells in the presence of 100 and 400 mM 3-cyanopyridine, 

83 and 87% reduction, respectively. However, incubation of the cells in the presence of 

200 and 300 mM 3-cyanopyridine caused 64 and 69% reduction, respectively. It seems 

that 3-cyanopyridine at concentrations of 200 and 300 mM increased the cell 

3-cyanopyridinase stability at 60°C. This effect may explain the utilisation of 

3-cyanopyridine at 300 mM but not at 400 mM upon extended incubation (Figure 6.7).
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Figure 6.9 Effect of 3-cyanopyridine concentration on B. pallidus Dac521 nitrilase 

stability in free cells.

6.3.7 Effect of immobilisation on 3-cyanopyridine biotransformation

B. pallidus Dac521 cells were immobilised in calcium alginate beads as 

described in section 2.8.3. Tris-HCl buffer was used instead of phosphate buffer, since 

phosphate acts as a calcium chelating agent and disrupts calcium alginate gels by 

solubilising the bound calcium ions. CaC^ (10 mM) was also included in the substrate 

solution to prevent dissolution of the alginate beads.

The immobilised cells showed essentially the same time-dependent utilisation 

pattern as the non-immobilised cells (Figure 6.10). Non-immobilised bacteria exhibited 

a conversion rate of 75.8 + 7.5 nmol/min/mg dry wt at 60°C, whereas the immobilised 

bacterial preparation had a conversion rate of 74.3 + 4.2 nmol/min/mg dry wt under the 

same conditions. This value suggest that the immobilised cells retained 98% of their 

activity upon immobilisation.

Dead free cells (heated at 100°C for 1 hr) had no effect on 3-cyanopyridine 

concentration in the reaction mixture, whereas immobilised dead cells caused a 30%
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reduction of 3-cyanopyridine initial concentration after 1.5 hr incubation period. This 

effect might be attributed to the absorption of 3-cyanopyridine by the beads 

(Figure 6.10).
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Figure 6.10 Effect of immobilisation on B. pallidus Dac521 3-cyanopyridinase activity. 
The reactions were carried out at 60°C in a reaction mixture containing 12 mg dry 
wt/ml free cells (O); immobilised cells (□ ); free dead cells (•); immobilised dead cells 
(■ ) and 100 mM 3-cyanopyridine for 2 hr. % 3-Cyanopyridine remaining is expressed 
relative to its concentration at zero time.

It was demonstrated in section 6.3.6, that 200 mM 3-cyanopyridine had some 

stabilising effect on the intracellular nitrilase activity. Therefore, the free and 

immobilised cells were supplied with 200 mM 3-cyanopyridine at zero time and were 

supplemented with further 100 mM concentration of 3-cyanopyridine at 2 hr intervals 

(Figure 6.11). The data of Figure 6.11 therefore reflect both the stability of the enzyme 

and the degree of resistance to inactivation by accumulatry product (see Section 6.3.5). 

The conversion of 3-cyanopyridine by free cells was gradually decreased after 2 hr 

incubation; and there was no further conversion of 3-cyanopyridine after 6 hr 

incubation. However, the conversion of 3-cyanopyridine by immobilised cells was not
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effected after 2 hr incubation; and the cells still can convert 3-cyanopyridine upon 

extended incubation.
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Figure 6.11 Effect of immobilisation on B. pallidus Dac521 3-cyanopyridinase thermal 
stability. The reactions were carried out at 60°C with a reaction mixture containing 
12 mg dry wt/ml free cells (o  ) or immobilised cells ( # ) ;  initially 200 mM of 
3-cyanopyridine was added followed by 100 mM at 2 hr intervals. 3-Cyanopyridine 
concentration was assayed by GLC at 2 hr intervals both before and after the addition of 
3-cyanopyridine.

6.4 CONTINUOUS NICOTINIC ACID PRODUCTION IN PACKED-BED 

BIOREACTOR

A bioreactor containing calcium alginate immobilised B. pallidus Dac521 cells 

was constructed as described in section 2.8.4. The relationship between residence time 

of the substrate in the reactor and the degree of the substrate conversion to product 

was determined as described in section 2.8.5. The extent of 0.1 M 3-cyanopyridine 

conversion to nicotinic acid was increased, thus by decreasing the flow rate of substrate 

through the column increasing the contact time with the immobilised cells (Figure 6.12).
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Figure 6.12 Effect of the flow rate of the substrate in an immobilised B. pallidus 
Dac521 bioreactor on the conversion degree of 3-cyanopyridine to nicotinic acid. The 
residence times were 1 hr, 30 minutes and 20 minutes at the flow rates 0.1, 0.2 and 
0.3 ml/min, respectively.

After the determination of the degree of substrate conversion at different flow 

rates, the substrate was pumped through the column at a constant flow rate of 

0.1 ml/min at 60°C (Figure 6.13). The extent of substrate conversion for the first 10 hr 

of operation was constant and represented the conversion of approximately 208 mg 

(substrate), g (cells)’1, hr'1. The total amount of the converted 3-cyanopyridine at the 

first 10 hr was 624 mg. After 10 hr of operation, there was a gradual decrease in the 

degree of the substrate conversion, which might suggest a gradual loss of 

3-cyanopyridinase activity in the alginate immobilised cells. The possibility that this 

loss is associated with enzyme thermostability or substrate inactivation or product 

inactivation, is further investigated.
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Figure 6.13 Continuous conversion of 0.1 M 3-cyanopyridine (#) to nicotinic acid (o) 
by immobilised B. pallidus Dac521 in bioreactor operated at a constant substrate flow 
rate of 0.1 ml/min at 60°C. The data are mean values of two experiments.

An attempt was made to improve the bioreactor performance by incubating the 

column at the lower temperature of 50°C. To compensate for the reduced catalytic rate 

(see Figure 6.5), the flow rate was reduced to 0.05 ml/min (Figure 6.14). The extent of 

substrate conversion for the first 100 hr of operation was constant and represented the 

conversion of approximately 104 mg (substrate).g (cells)’1.hr'1. The total amount of the 

converted 3-cyanopyridine at the first 100 hr was 3.12 g. After 100 hr of operation, there 

was a slight gradual decrease in the degree of the substrate conversion by the column.

Incubating the column at 50°C was found to improve the column operation by 

approx 10-fold. This indicated that the decline in column activity at 60°C was caused 

by thermally induced denaturation.
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Figure 6.14 Continuous conversion of 0.1 M 3-cyanopyridine (#) to nicotinic acid (o) 
by immobilised B. pallidus Dac521 in bioreactor operated at a constant substrate flow 
rate of 0.05 ml/min at 50°C. The data are mean values of two experiments.
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6.5 DISCUSSIO N

Induction of nitrilase activity in B. pallidus Dac521 by benzonitrile was 

found (Section 5.8) to generate high activity toward 3-cyanopyridine. The conditions for 

3-cyanopyridine biotransformation to nicotinic acid by free cells were therefore 

optimised.

The optimum temperature was found to be 60°C, substantially higher than the 

optimum temperature reported for the biotransformation of 3-cyanopyridine by 

mesophilic nitrilases or nitrile hydratases (Mathew et al., 1988; Nagasawa et al., 1988b; 

Eyal et al., 1990). However, the optimum pH (8.0) was found to be similar to that 

reported for mesophilic nitrilases or nitrile hydratases (Mathew et al., 1988; Nagasawa 

et al., 1988b; Eyal etal., 1990).

Immobilisation of cells with calcium alginate did not effect specific activity. The 

cells retained 98% of initial activity upon immobilisation, significantly higher than that 

reported for mesophilic nitrilases. For example, calcium alginate immobilised Nocardia 

cells retained 38% of activity (Vaughan et al., 1989). This might be explained either by 

the higher rate of substrate diffusion from the liquid medium into the gel phase 

containing the immobilised cells at 60°C compared with 30°C and a resulting reduction 

of mass transfer limitation, or by the intrinsically higher stability of the thermophilic 

nitrilase.

Interestingly, enhanced stability was observed when B. pallidus Dac521 cells 

were immobilised with calcium alginate. This might possibly result from structural 

stabilisation and/or a lessening of possible degradation by B. pallidus Dac521 proteases 

(Goldberg and John, 1976). However, the periplasmic location of this enzyme make 

such conclusion speculative and further investigation is required. A similar effect was 

found with immobilisation of cyanide hydratase in fungal mycelia (Nazly et al., 1983). 

Although cyanide hydratase retained only 23.0 to 32.1% of activity upon 

immobilisation, stability was increased with respect to the free enzyme. Moreover, the 

Km value was increased 2-2.8 times that of the non-immobilised Km value without the 

alteration of Vmax.
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The bioconversion of 3-cyanopyridine to nicotinic acid by B. pallidus Dac521 

was inhibited by both nicotinic acid and the use of high concentrations of substrate. The 

inhibition of mesophilic bacterial nitrile hydratase and nitrilase by the nitrile substrate 

has previously been reported (Bui et al., 1984; Vaughan et al., 1989). For example, the 

bioconversion of acrylonitrile to acrylamide by Brevibacterium R312 nitrile hydratase 

was inhibited at concentrations of acrylonitrile greater than 200 mM. The enzyme 

was also inhibited by the product, acrylamide, which had a stronger inhibitory effect 

(Kj  = 60 mM) on the nitrile hydratase than the substrate, acrylonitrile (Bui et al., 1984). 

In addition, the bioconversion of 3-cyanopyridine to nicotinic acid by Nocardia 

rhodochrous LL100-21 nitrilase was inhibited at concentration of 3-cyanopyridine 

greater than 500 mM. The enzyme was also inhibited by the product, nicotinic acid, 

which had the same inhibitory effect on the nitrilase as the substrate, 3-cyanopyridine 

(Vaughan et al., 1989).

The column of alginate-immobilised B. pallidus Dac521, continuously supplied 

with 0.1 M 3-cyanopyridine at 50°C, was more stable than a column of alginate- 

immobilised Nocar dia rhodochrous LL100-21 continuously supplied with 0.3 M 

3-cyanopyridine at 30°C. The mesophilic bacterium, Nocardia rhodochrous LL100-21, 

lost all 3-cyanopyridinase activity after 270 hr operation at 30°C (Vaughan et al., 1989), 

whereas B. pallidus Dac521 lost only 30% of 3-cyanopyridinase activity after 500 hr 

operation at 50°C. While B. pallidus Dac521 immobilise nitrilase is more thermostable 

than Nocardia rhodochrous LL 100-21 immobilise nitrilase, its conversion rate for 

3-cyanopyridine was lower than the reported value for Nocardia rhodochrous LL 100-21 

immobilised nitrilase. At 50°C, the B. pallidus Dac521 immobilised nitrilase converted

3-cyanopyridine at a rate of approx 37 nmol min_1(mg dry wt)'1, whereas Nocardia 

rhodochrous LL100-21 immobilised nitrilase converted 3-cyanopyridine at a rate of 

61 nmol min_1(mg dry wt)'1 at 30°C. However, at the enzyme optimal activity, where it 

becomes less thermostable (60°C), the conversion rate was 74 nmol min'^mg dry wt)'1.
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Many industrial processes are carried out at temperatures of more than 50°C. 

Therefore, there is a considerable commercial pressure to develop thermostable forms of 

biocatalysts for use in modem biotechnological operations. The ability of many 

microorganisms to grow at high temperatures means that many of their cellular 

components, such as their proteins are inherently more stable to heat than those of 

‘mesophilic’ organisms. This thermal stability is not due to any gross molecular 

characteristic, but results from various changes that contribute to the whole stability of 

the protein in an additive manner (Section 1.4). Such enzymes are not only more 

thermostable, but also more resistant to chemical agents (Guagliardi, 1989) than their 

mesophilic homologues, making them particularly relevant for industrial processes. 

Despite this, most of the enzymes used at present in industrial processes have 

been isolated from mesophiles, due to in part the relatively limited understanding of 

thermophile biology and the difficulties in growing thermophiles on a large scale (Lasa 

and Berenguer, 1993).

Nitrile compounds are synthesised on a large scale as solvents, plastics, synthetic 

rubber, pharmaceuticals and herbicides. Since nitriles are toxic their degradation is an 

important environmental pollution problem. Furthermore, nitriles are also extensively 

used industrially as precursors to produce organic acids (Nagasawa and Yamada, 1989). 

However, chemical conversion of nitrile required very harsh condition, expensive and 

the reaction is often not stereo-specific. The mild conditions and stereo- and regio- 

specificity of nitriles conversion by nitrile-degrading enzyme lead to the current interest 

in these enzymes as biocatalyst.

The enzymatic hydrolysis of nitriles to their corresponding acids and 

metabolically available ammonia by a wide variety of both Gram-positive and 

Gram-negative bacteria is well documented (Nagasawa and Yamada, 1989; Chapatwala 

et al., 1990; Mauger et al., 1990; Nawaz et al., 1992). The hydration of nitriles in 

microorganisms is catalysed by two distinct enzymatic pathways (Nagasawa and 

Yamada, 1989). Typically, aromatic nitriles are catabolized to the corresponding acid in 

a single step reaction by a nitrilase. Alternatively, aliphatic nitriles are converted to 

amides by nitrile hydratases, then hydrolysed to acids by non-specific amidases.
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Exceptions to this exist with Rhodococcus sp. (Hjort et al., 1990) and Bacillus smithii 

SC-J05-1 (Takashima et al., 1995) nitrile hydratases, and Rhodococcus rhodochrous 

K22 nitrilase (Kobayashi et al., 1990a), both of which can hydrolyse both aliphatic and 

aromatic nitriles. This transformation, which is effected either as a one-step reaction by 

nitrilase, or as a two-step conversion mediated by nitrile hydratase and amidase 

(Ingvorsen et al., 1988), is applicable for the biotechnological production of both amides 

and acids (Nagasawa and Yamada, 1989; Nagasawa et al., 1988b).

Many nitrile-degrading microorganisms show a high degree of induction 

specificity. In Nocardia rhodochrous, for example, aromatic-specific nitrilase was 

induced by benzonitrile whereas aliphatic-specific nitrile hydratase and amidase were 

induced by acetonitrile (Collins and Knowles, 1983). Similar results were obtained with 

Arthrobacter sp. strain J-l (Asano et al., 1982; Bandyopadhyay et al., 1986) and with 

Fusarium solani (Shimizu and Taguchi, 1969; Harper, 1977b).

Nitrilases are of current interest in biotechnology as catalysts in organic chemical 

processes (Nishise et al., 1987; Mathew et al., 1988) and as detoxifying agents of nitrilic 

herbicides (Harper, 1985; Stalker et al., 1988a & b). In recent years, there has been 

much interest in the use of nitrilases to prepare carboxylic acids from their readily 

available nitrile analogues (Wyatt and Linton, 1988). The stereospecificity of this 

conversion has the attraction that permits the production of optically active acids from 

racemic nitriles (Yamamoto et al., 1990). Moreover, there is also an effort to clone 

nitrilases into crop plants to confer resistance to nitrilic herbicides (Stalker et al., 

1988b).

While many mesophilic nitrile-degrading enzymes catalyse potentially useful 

biotransformations (Jallageas et al., 1980), their application to the production of acids 

and amides on an industrial scale has been partly limited by their thermal instability at 

temperatures of 30°C and above. Therefore, to minimise the effects of this thermal 

instability, some biotransformations using mesophiles (Kobayashi et al., 1992b) are 

carried out at lower temperatures (10°C and below). However, at these lowered 

temperatures the enzymes specific activity is decreased and diffusion and other chemical
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processes are slowed, solubility of poorly soluble compounds is further reduces, mass 

transfer rates decrease and viscosity increases (Kristjansson and Stetter, 1992).

The fact that enzymes from thermophilic organisms are resistant to chemical and 

physical denaturation and to proteolysis (Amelunxen and Murdock, 1978b; Daniel et al., 

1982), led to the interest in the isolation of nitrile-degrading enzyme from the 

thermophilic bacterium Bacillus pallidus strain Dac521 (Cramp et al; 1997) and the 

interest in the development of nitrile-dependent biotransformations.

The Bacillus pallidus Dac521 nitrilase was found to be highly stable at lower 

temperatures and can be lyophilised without loss of activity (data not show). The 

optimal temperature for operating bioreactors to minimise energy input through cooling 

or heating is 45-50°C (Edwards, 1990). The Bacillus pallidus Dac521 purified nitrilase 

and immobilised whole cell activities were close to optimum at these temperatures. In 

addition, half-lives of 8.4 hr for purified nitrilase and more than 21 days for immobilised 

whole cell were observed for nitrilase activities at 50°C. Therefore, using Bacillus 

pallidus strain Dac521 in bioreactors would combine high activity, high thermal 

stability and highly efficient energy use.

Nitrilase thermostability is not an isolated property, but can also confer stability 

against solvent and solute induced denaturation, and proteolysis. For example, Bacillus 

pallidus Dac521 nitrilase was precipitated and purified in the presence of 50% and 16% 

acetone, respectively, without loss of enzyme activity. This indicated that the enzyme 

was stable to high concentrations of some hydrophilic organic solvents.

In nitrile waste treatment and detoxification, an organism capable of degrading 

nitriles, especially one whose enzymes tolerate exposure to high solvent concentrations, 

may have considerable potential in biological waste treatment. Bacillus pallidus Dac521 

might be an excellent candidate for thermophilic sludge treatment plants such as that 

operated in West Germany (Scholz et al., 1987). Thermophilic treatment has been found 

to be more economical than mesophilic treatment (Loll, 1984). Since aerobic sludge and 

waste treatment can lead to self heating if the waste is highly contaminated, 

thermophilic treatment, therefore, is ideal and eliminates the need for cooling.
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Moreover, thermophilic treatment of such wastes would have the added advantage that 

growth of most pathogens and environmental mesophiles would be prevented and any 

such contaminants already existing in the waste would be killed off. The thermophillic 

nature of Bacillus pallidus Dac521 along with its tolerance to nitriles would be of 

benefit for thermophilic nitrile waste treatment.

B. pallidus strain Dac521 nitrilase appears to be both structurally and 

functionally very closely related to mesophilic bacterial nitrilases. The conclusion that 

this enzyme is a relatively recent evolutionary product of a mesophilic precursor rather 

than an example of parallel or convergent structural evolution from a more distant 

ancestor is consistent with the recent phylogenetic origins of the thermophilic 

representatives of the genus Bacillus (Ochi, 1994; Rainey et al., 1994).
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Appendix I

Bradford Standard Curve
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Appendix II

II .l  B acillu spa llidu s  Dac521 band A am ino acids FASTA search  

Database: SWISS-prot & PIR-port

Program: fasta 
Specified parameters:
DB pir
DB swissprot
matrix BL50
mode 0

Query sequence:
> Band A:
AKEIKFSEEAYRAMLCGVDXLXDXV

FASTA searches a protein or DNA sequence data bank 
v2.0u6 Aug, 1996 
Please cite:
W.R. Pearson & D.J. Lipman PNAS (1988) 85:2444-2448

1998072921562893 86.query : 25 aa 
> band a: 25 aa 
vs library
searching /dbl/Fasta/Current/pir_all/pirprt.seq library 
searching /dbl/Fasta/Current/s\viss_rel/swissprt.seq library 
one = represents 269 library sequences 
for inset = represents 4 library sequences

52833943 residues in 159345 sequences 
statistics extrapolated from 20000 to 155317 sequences 
results sorted and z-values calculated from opt score 
17551 scores better than 62 saved, ktup: 2, variable pamfact 
BLOSUM50 matrix, gap penalties: -12,-2 
joining threshold: 36, optimization threshold: 24, width: 16 
scan time: 0:00:48

»Q07201|CH60_BACST|60 KD CHAPERONIN (PROTEIN CPN60) (GR (539 aa)
initn: 113 initl: 113 opt: 113 z-score: 233.2 E(): 5.5e-06 
Smith-Waterman score: 113; 80.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV

X : : : : : :  : : :  : : : : : : : :  : X
Q07201 MAKEIKFSEEARRAMLRGVDKLADAVKVTLGPKGRNVVLEKKFGSPLITNDG VTIAKEI 

10 20 30 40 50

»B49855|B49855|heat shock protein GroEL - Bacillus stea (539 aa)
initn: 113 initl: 113 opt: 113 z-score: 233.2 E(): 5.5e-06 
Smith-Waterman score: 113; 80.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV

X : : : : : : : :  : : : : : : : : : : X
B49855 MAKEIKFSEEARRAMLR GVDKLADAVKVTLGPKGRNVVLEKKFGSPLITNDGVTIAK 

10 20 30 40 50
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»P28598|CH60_BACSU|60 KD CHAPERONIN (PROTEIN CPN60) (GR (543 aa)
initn: 113 initl: 113 opt: 113 z-score: 233.1 E(): 5.5e-06 
Smith-Waterman score: 113; 80.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : : : : : :  : : : : : : : : : : X
P28598 AKEIKFSEEARRAMLRGVDALADAVKVTLGPKGRNVVLEKKFGSPLITNDGVTIAKEI 

10 20 30 40 50 60

»B41884|B41884|58K heat shock protein GroEL - Bacillus (544 aa)
initn: 113 initl: 113 opt: 113 z-score: 233.1 E(): 5.5e-06 
Smith-Waterman score: 113; 80.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLC GVDXLXDXV 

X : : : : : : : :  : : : : : : : : : : X
B41884 MAKEIKFSEEARRAMLR GVDA LADAVKVTLGPKGRNVVLEKKFGSPLITNDGVTIAK 

10 20 30 40 50

»JQ1195|JQ1195|heat shock protein TGroEL - thermophilic (538 aa)
initn: 109 initl: 109 opt: 109 z-score: 225.2 E(): 1.5e-05 
Smith-Waterman score: 109; 76.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X: . : : : : : : :  : : :: : : : : : X
JQ1195 MAKQIKFSEEARRAMLRGVDKLADAVKVTLGPKGRNVVLEKKFGSPLITNDGVTI 

10 20 30 40 50

»P26209|CH60_BACP3|60 KD CHAPERONIN (PROTEIN CPN60) (GR (538 aa)
initn: 109 initl: 109 opt: 109 z-score: 225.2 E(): 1.5e-05 
Smith-Waterman score: 109; 76.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : :: : : : : : X
P26209 MAKQIKFSEEARRAMLR GVDKLADAVKVTLGPKGRNVVLEKKFGSPLITNDGVTIA 

10 20 30 40 50

»A60146|A60146|65K heat shock protein homolog - Bartone (36 aa)
initn: 83 initl: 83 opt: 83 z-score: 188.6 E(): 0.0017 
Smith-Waterman score: 83; 56.000% identity in 25 aa overlap

10 20
band AKE IKFSEE AYRAMLCGVDXLXDXV 

X . : . : : : : : :  : X
A60146 AAKEVKFGNDARERMLRGVDILA DAVKVTLGPVGVN 

10 20 30

»P48218|CH60_STAEP|60 KD CHAPERONIN (PROTEIN CPN60) (GR (538 aa)
initn: 90 initl: 90 opt: 90 z-score: 187.0 E(): 0.002 
Smith-Waterman score: 90; 60.000% identity in 25 aa overlap

10 20
band AKEIKFSE EAYRAMLCGVDXLXDXV 

X : . : :: : : : : . X
P48218AKDLKFSEDARQAMLRGVDKLANAVKVTIGPKGRNVVLDKDYTTPLITNDG VTIAK 

10 20 30 40 50
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» P 4 8 2 121CH60_CLOTM|60 KD CHAPERONIN (PROTEIN CPN60) (GR (540 aa)
initn: 82 initl: 82 opt: 87 z-score: 181.0 E(): 0.0044 
Smith-Waterman score: 87; 60.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : :. : :. : X .:
P48212 AKQIKFGEEARRALER GVNQLADTVKVTLGPKGRNVVLDKKFGSPMITNDGVTIAK 

10 20 30 40 50

»S45615|S45615|chaperonin 60 - Thermoanaerobacter brock (43 aa)
initn: 74 initl: 74 opt: 79 z-score: 179.6 E(): 0.0053 
Smith-Waterman score: 79; 52.000% identity in 25 aa overlap

10 20
band AKEIKF SEEAYRAMLCGVDXLXDXV 

X: : : : . : : . . X. :
S45615 AKQIKYGEEARRALERGVNAVA DTVKVTLGPRGXNVVLDKKYA 

10 20 30 40

»Q08854|CH60_STAAU|60 KD CHAPERONIN (PROTEIN CPN60) (GR (538 aa) 
initn: 75 initl: 75 opt: 85 z-score: 177.0 E(): 0.0073 
Smith-Waterman score: 85; 58.333% identity in 24 aa overlap

10 20 
band AKEI KFSE EAYRAMLCGVDXLXDXV 

: . . X : : : . : . : : : : : : : . X
Q08854VKQLKFSEDARQAMLRGVDQLANAVKVTIGPKGRNVVLDKEFTAPLITNDGVTIAKEIEL 

10 20 30 40 50 60

»JN0601|JN0601|heat shock protein 60 - Staphylococcus a (539 aa)
initn: 75 initl: 75 opt: 85 z-score: 177.0 E(): 0.0074 
Smith-Waterman score: 85; 58.333% identity in 24 aa overlap

10 20
band AKEI KFSE EAYRAMLCGVDXLXDXV 

: .. X : : :. : . : : : : : : : . X
JN0601MVKQLKFSEDARQAMLRG VDQLANAVKVTIGPKGRNV VLDKEFTAPLITNDG VTI AKEI 

10 20 30 40 50 60

»JN0661|JN0661|heat shock protein groEL - Lactococcus I (542 aa)
initn: 70 initl: 70 opt: 84 z-score: 175.0 E(): 0.0096 
Smith-Waterman score: 84; 52.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYR AMLC GVDXLXDXV

. : . X : : : .: : : . : . : : X.  :
JN0661 MSKDIKFSSDARTAMMRG I DI LADTVKTTLGPKGRNVVLEKSYGSPLITNDGVTI 

10 20 30 40 50

»P37282|CH60_LACLA|60 KD CHAPERONIN (PROTEIN CPN60) (GR (542 aa)
initn: 70 initl: 70 opt: 84 z-score: 175.0 E(): 0.0096 
Smith-Waterman score: 84; 52.000% identity in 25 aa overlap

10 20
band AKE IKFSEEAYRAMLC GVDXLXDXV 

.: . X: : : . : : : . : . : : X . :
P37282 MSKDIKFSSDART AMMRG ID ILADTVKTTLGPKGRNVVLEKSYGSPLITNDGVT 

10 20 30 40 50
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»S32106|S32106|groEL protein - Lactococcus lactis (542 aa)
initn: 70 initl: 70 opt: 84 z-score: 175.0 E(): 0.0096 
Smith-Waterman score: 84; 52.000% identity in 25 aa overlap

10 20
band AKE IKFSEEAYRAMLCGVDXLXDXV 

. : .X: :: .: : :. : .: : X .:
S32106 MSKDIKFSSDARTAMMRGID I LADTVKTTLGPKGRNVVLEKSYGSPLITNDGVT 

10 20 30 40 50

»B43606|B43606|heat shock protein groEL - Pseudomonas a (547 aa)
initn: 83 initl: 83 opt: 83 z-score: 172.9 E(): 0.012 
Smith-Waterman score: 83; 52.000% identity in 25 aa overlap

10 20 
band AKEI KFSEE AYRAMLCGVDXLXDXV 

X . : . :: : : . : : X
B43606 MAAKEVKFGDSARKKMLVGVNVLADAVKATLGPKGRNVVLDKSFGAPTITKDGVS 

10 20 30 40 50

»P 3 0 7 18|CH60_PSEAE|60 KD CHAPERONIN (PROTEIN CPN60) (GR (547 aa)
initn: 83 initl: 83 opt: 83 z-score: 172.9 E(): 0.012 
Smith-Waterman score: 83; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSE E AYRAMLCGVDXLXDXV

X . : : : : . : : X
P30718 MAAKEVKFGDSARKKMLVGVNVLADAVKATLGPKGRNVVLDKSFGAPTITKDGVSV 

10 20 30 40 50

»B41872|B41872|heat shock protein groEL - Clostridium a (543 aa)
initn: 77 initl: 77 opt: 82 z-score: 170.9 E(): 0.016 
Smith-Waterman score: 82; 56.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV

X : :. : :: : : X .:
B41872 MAKQILYGEEARRSMQKGVDKLADTVKVTLGPKGRNVVLDKKFGAPLITNDGVSIAK 

10 20 30 40 50

»P30717|CH60_CLOAB|60 KD CHAPERONIN (PROTEIN CPN60) (GR (543 aa)
initn: 77 initl: 77 opt: 82 z-score: 170.9 E(): 0.016 
Smith-Waterman score: 82; 56.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : . : . . : : : : . : : : : : X . :
P30717 MAKQILYGEEARRSMQKGVDKLADTVKVTLGPKGRNVVLDKKFGAPLITNDGVSIA 

10 20 30 40 50

»P80502|CH60_SOLTU|MITOCHONDRIAL CHAPERONIN HSP60 (FRAG (40 aa)
initn: 73 initl: 73 opt: 73 z-score: 167.9 E(): 0.024 
Smith-Waterman score: 73; 56.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : : : . : : X
P80502 AAKDIKFGVEARGLMLQGVEQLADAVKVTMGPKGRNVVIE 

10 20 30 40
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»P95678|CH60_RHOCA|60 KD CHAPERONIN (PROTEIN CPN60) (GR (545 aa)
initn: 80 initl: 80 opt: 80 z-score: 166.9 E(): 0.027 
Smith-Waterman score: 80; 56.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X: : :: :: . : : X
P95678 MAAKEVKFSTDARDRMLKGVNILADAVKVTLGPKGRNVVIEKSFGAPRITKDGVSVAI 

10 20 30 40 50

»Q60024|CH60_THEBR|60 KD CHAPERONIN (PROTEIN CPN60) (GR (540 aa)
initn: 74 initl: 74 opt: 79 z-score: 165.0 E(): 0.034 
Smith-Waterman score: 79; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X: : : : . : : . . X. :
Q60024 AKQIKYGEEARRALERGVNAVADTVKVTLGPRGRNVVLDKKYGSPTVTNDGVTIARL 

10 20 30 40 50

»P35635|CH60_BARBA|60 KD CHAPERONIN (PROTEIN CPN60) (IM (543 aa)
initn: 79 initl: 79 opt: 79 z-score: 164.9 E(): 0.035
Smith-Waterman score: 79; 52.000% identity in 25 aa overlap

10 20
band AKE IKF S EEAYRAMLCGVDXLXDXV 

X : . . : : :: : : X
P35635 AAKEVKFGRDARERL LRGVD I LAD A VKVTLGPKGRN V VIDKSFG APRITKDG V S V AK 

10 20 30 40 50

»S37039|S37039|groEL protein - Bartonella bacilliformis (544 aa)
initn: 79 initl: 79 opt: 79 z-score: 164.9 E(): 0.035 
Smith-Waterman score: 79; 52.000% identity in 25 aa overlap

10 20 
band AKEIKF S E EAYRAMLCGVDXLXDXV 

X : : X
S37039 MAAKEVKFGRDARER L LRGVDI LADAVKVTLGPKGRNVVIDKSFGAPRITKDGVSV 

10 20 30 40 50

»P48220|CH60_ZYMMO|60 KD CHAPERONIN (PROTEIN CPN60) (GR (548 aa)
initn: 79 initl: 79 opt: 79 z-score: 164.9 E(): 0.035 
Smith-Waterman score: 79; 52.000% identity in 25 aa overlap

10 20
band AKE I KFSEEAYRAMLCGVDXLXDXV

X : . .: : : : : : X
P48220 MAAKDVKFSRDARERI LRGVD I LADAVKVTLGPKGVTLFWTKPLVLPYHQRWC 

10 20 30 40 50

»JC2564|JC2564|heat shock protein groEL - Zymomonas mob (549 aa)
initn: 79 initl: 79 opt: 79 z-score: 164.9 E(): 0.035 
Smith-Waterman score: 79; 52.000% identity in 25 aa overlap

10 20
band AKE I KFSEEAYRAMLCGVDXLXDXV

X : . . : : : : : :  X
JC2564 MAAKDVKFSRDARER I LRGVD I LAD A VKVTLGPKGRN VVLDKAF G APRITKDG V 

10 20 30 40 50
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»A43833|A43833|urease-associated heat shock protein HSP (44 aa)
initn: 70 initl: 70 opt: 70 z-score: 161.4 E(): 0.055 
Smith-Waterman score: 70; 52.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : : : :  . : . . :: : : X
A43 83 3 AKEIKFSDSARNLL FEGVRQ LHDAVKVTMGPRGRNVLIQKKYGA 

10 20 30 40

»B43827|B43827|heat shock protein groEL - Brucella abor (544 aa)
initn: 77 initl: 77 opt: 77 z-score: 160.9 E(): 0.058 
Smith-Waterman score: 77; 52.000% identity in 25 aa overlap

10 20 
band AKE I KFSEEAYRAMLCGVDXLXDXV

X . : . : : : : : : : X
B43827 MAAKDVKFGRTAREKMLRGVD I LAD A VKVTLGPKANVVIEKSFG APRITKDG VS 

10 20 30 40 50

» S 1 1159|HHRT60|heat shock protein 60 - rat (547 aa)
initn: 77 initl: 77 opt: 77 z-score: 160.9 E(): 0.058 
Smith-Waterman score: 77; 52.000% identity in 25 aa overlap

10 20
band AKE IKFS E EAYRAMLCGVDXLXDXV 

X : . . : : . . : : : : : : : : X
S11159 AKD VKF GAD ARAL MLQGVDLLADAVAVTMGPKGRTVIIEQSWGSPKVTKDG VTVA 

10 20 30 40 50

»S22342jS22342|chaperonin HSP60 - Clostridium perfringe (539 aa) 
initn: 70 initl: 70 opt: 76 z-score: 158.9 E(): 0.075 
Smith-Waterman score: 76; 52.000% identity in 25 aa overlap

10 20
band AKE I KFSEEAYRAMLCGVDXLXDXV 

X : . : . : : : : . : : : : X . . :
S22342 MAKTLLFGEEARRSMQAGVDKLANTVKVTLGPKGRNVILDKKFGSPLITNDGVTIA 

10 20 30 40 50

»P26821 |CH60_CLOPE|60 KD CHAPERONIN (PROTEIN CPN60) (GR (539 aa)
initn: 70 initl: 70 opt: 76 z-score: 158.9 E(): 0.075
Smith-Waterman score: 76; 52.000% identity in 25 aa overlap

10 20
band AKEIKF SEEAYRAMLCGVDXLXDXV

X: . : . : : : : . : : : : X . .:
P26821 MAKTLLFGEEARRSMQAGVDKLANTVKVTLGPKGRNVILDKKFGSPLITNDG VTIA 

10 20 30 40 50

»P35471 |CH63_RHIME|60 KD CHAPERONIN C (PROTEIN CPN60 C) (541 aa)
initn: 76 initl: 76 opt: 76 z-score: 158.9 E(): 0.075
Smith-Waterman score: 76; 52.000% identity in 25 aa overlap

10 20 
band AKE IK FSEEAYRAMLCGVDXLXDXV

X : . : : : : :  : . X
P35471 MAAKEVKFQTDARERMLRGVDV LANAVKVTLGPKGRNVVIDKSFG APRITKDG VS 

10 20 30 40 50
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»JN0512|JN0512|heat shock protein groEL (clone Rhz C) - (541 aa)
initn: 76 initl: 76 opt: 76 z-score: 158.9 E(): 0.075 
Smith-Waterman score: 76; 52.000% identity in 25 aa overlap

10 20
band AKE IKFSE EAYRAMLCGVDXLXDXV

X: : . : : : : : : . X
JN0512 MAAKEVKFQTDARERMLRGVDVLANAVKVTLGPKGRNVVIDKSFGAPRITKDGVSV 

10 20 30 40 50

»P35469|CH61_RHIME|60 KD CHAPERONIN A (PROTEIN CPN60 A) (545 aa)
initn: 76 initl: 76 opt: 76 z-score: 158.9 E(): 0.075 
Smith-Waterman score: 76; 52.000% identity in 25 aa overlap

10 20
band AK EIKFSEEAYRAMLCGVDXLXDXV

X . . . : : : :: : : X
P35469 MAAKEVKFGRSGREKMLRGVDI LAD A VKVTLGPKGRNVVIDKSFG APRITKDG VS V 

10 20 30 40 50

»JN0509|JN0509|heat shock protein groEL (clone Rhz A) - (545 aa)
initn: 76 initl: 76 opt: 76 z-score: 158.9 E(): 0.075
Smith-Waterman score: 76; 52.000% identity in 25 aa overlap

10 20
band AKEI K FSEEAYRAMLCGVDXLXDXV

X: :. : : . . . . : : : : : : : X
JN0509 MAAKEVKFGRSGREKMLRGVD I LAD A VKVTLGPKGRNVVIDKSFG APRITKDG VS 

10 20 30 40 50

» P 3 1 081 |P60_BOVIN|MITOCHONDRIAL MATRIX PROTEIN PI (P60 (22 aa)
initn: 66 initl: 66 opt: 66 z-score: 157.3 E(): 0.092 
Smith-Waterman score: 66; 52.381% identity in 21 aa overlap

10 20
band AK E I KFSEEAYRAMLCGVDXLXDXV 

X : . . : : . . : : : : : : X
P31081 AKDVKFGADARALMLQGVDLLA 

10 20

»A56868|A56868|heat shock protein 60 - bovine (fragment (22 aa)
initn: 66 initl: 66 opt: 66 z-score: 157.3 E(): 0.092 
Smith-Waterman score: 66; 52.381% identity in 21 aa overlap

10 20
band AKE I KFSE EAYRAMLCGVDXLXDXV 

X : . . : : . . : : : : : : X
A56868 AKDVKFGADARALMLQGVDLLA 

10 20

»P40171 |CH61_STRCO|60 KD CHAPERONIN 1 (PROTEIN CPN60 1) (539 aa)
initn: 69 initl: 69 opt: 74 z-score: 154.9 E(): 0.12 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : . : : . : X .:
P40171 AKILKFDEDARRALERGVNKLAD TVKVTIGPKANVVIDKKFGAPTITNDGVTIAR 

10 20 30 40 50
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»Q00767|CH61_STRAL|60 KD CHAPERONIN 1 (PROTEIN CPN60 1) (539 aa)
initn: 69 initl: 69 opt: 74 z-score: 154.9 E(): 0.12 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSE EAYRAMLCGVDXLXDXV 

X: : : . : : . : X .:
Q00767 AKILKFDEDARRALER GVNQLADTVKVTIGPKGRNVVIDKKFGAPTITNDGVT 

10 20 30 40 50

»P77829|CH61_BRAJA|60 KD CHAPERONIN 1 (PROTEIN CPN60 1) (539 aa) 
initn: 74 initl: 74 opt: 74 z-score: 154.9 E(): 0.12 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20 
band AKE I KFSEEAYRAMLCGVDXLXDXV 

X: : . : : : .: . : : : : . :  . X
P77829 AAKEVKFSTDARDRVLRGVDTLA NAVKVTLGPKGRNVVIEKSFGAPRITKDGVTV 

10 20 30 40 50

»S37566|S37566|groELl protein - Streptomyces coelicolor (540 aa)
initn: 69 initl: 69 opt: 74 z-score: 154.9 E(): 0.12 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X: : : . : :. : X . :
S3 7566 MAKILKFDEDARRALERGVNKLADT VKVTIGPKANVVIDKKFGAPTITNDGVTIA 

10 20 30 40 50

»B41325|B41325|heat shock protein 58 - Streptomyces alb (540 aa)
initn: 69 initl: 69 opt: 74 z-score: 154.9 E(): 0.12 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20 
band AKEIKFS EEAY RAMLCGVDXLXDXV 

X: : : . : : . : X .:
B41325 MAK ILKFDE DARRALER GVNQLADTVKVTIGPKGRNVVIDKKFGAPTITNDGV 

10 20 30 40 50

»JN0511|JN0511|heat shock protein groEL (clone Rhz B) - (541 aa)
initn: 74 initl: 74 opt: 74 z-score: 154.9 E(): 0.12 
Smith-Waterman score: 74; 48.000% identity in 25 aa overlap

10 20 
band AKE IKFSE EAYRAMLCGV DXLXDX V

X: : :: :: : . . X
JN0511 MAAKEVKFTSDARDRMLR GVDI MANAVRVTLGPKGRNVVIDKSFGAPRITKDGVS 

10 20 30 40 50

»JC4519|JC4519|heat-shock protein GroEL - Pasteurella m (547 aa)
initn: 74 initl: 74 opt: 74 z-score: 154.8 E(): 0.13 
Smith-Waterman score: 74; 48.000% identity in 25 aa overlap

10 20 
band AKE IK FSEEAYRA MLCGVDXLXDXV

X: : : : : : . : : X
JC4519 MAAKDVKFGNDARVKMLAGVNI LADAVKVTLGPKGRNVVLDKSFGAPTITKDGVS 

10 20 30 40 50
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»B42281|B42281|symbionin - pea aphid (548 aa)
initn: 74 initl: 74 opt: 74 z-score: 154.8 E(): 0.13 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20
band AKE I KFSE EAYRAMLCGVDXLXDXV 

X : : : : : . : : X
B42281 MAAKDVKFGNEARI KMLRGVNVLADAVKVTLGPKGRNVVLDKSFGAPSITKDGV 

10 20 30 40 50

»P25750|CH60_ACYPS|60 KD CHAPERONIN (PROTEIN CPN60) (GR (548 aa)
initn: 74 initl: 74 opt: 74 z-score: 154.8 E(): 0.13 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20
band AKE I KFSE EAYRAMLCGVDXLXDXV

X: : : : : : . : : X
P25750 MAAKDVKFGNEARIK MLRG VNVLADAVKVTLGPKGRNVVLDKSFGAPSITK 

10 20 30 40

»Q59177|CH60_BUCAP|60 KD CHAPERONIN (PROTEIN CPN60) (GR (551 aa)
initn: 74 initl: 74 opt: 74 z-score: 154.8 E(): 0.13 
Smith-Waterman score: 74; 52.000% identity in 25 aa overlap

10 20 
band AKE IKFSE EAYRAMLCGVDXLXDXV

X : : : : :. : : X
Q59177 MSKMGAKDVKFGNEARIKM LRGVNVLADAVKVTLGPKGRNVVLDKSFGAPSITKD 

10 20 30 40 50

»P34939jCH60_RHILV|60 KD CHAPERONIN (PROTEIN CPN60) (GR (546 aa)
initn: 72 initl: 72 opt: 73 z-score: 152.9 E(): 0.16 
Smith-Waterman score: 73; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLC GVDXLXDXV 

. X:: : : . . . . : : : : : : : X 
P34939 MASKEIKFGRTGREKMLRGVD I LADAVKVTLGPKGRNVIIDKSFGAPRITKDGV 

10 20 30 40 50

»P35861|CH62_BRAJA|60 KD CHAPERONIN 2 (PROTEIN CPN60 2) (549 aa)
initn: 72 initl: 72 opt: 72 z-score: 150.8 E(): 0.21 
Smith-Waterman score: 72; 52.000% identity in 25 aa overlap

10 20
band AKE IKF SEEAYRAMLCGVDXLXDXV 

X: : . :  :. .: : : :: : : . X
P35861 SAKE VKF G VD ARDRMLRG VDI LHNAVKVTLGPKGRNVVLDKSFGAPRITKDGVTV 

10 20 30 40 50

»S35309|S35309|heat shock protein groEL2 - Bradyrhizobi (550 aa)
initn: 72 initl: 72 opt: 72 z-score: 150.8 E(): 0.21 
Smith-Waterman score: 72; 52.000% identity in 25 aa overlap

10 20 
band AKE IK FSEEAYRAMLC GVDXLXDXV 

X: : :: : : : : . X
S35309 MSAKEVKFGVDARDRMLRGVDI LHNAVKVTLGPKGRNVVLDKSFGAPRITKDGVT 

10 20 30 40 50
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»B47292|B47292|heat shock protein groEL - Mycobacterium (539 aa)
initn: 43 initl: 43 opt: 71 z-score: 148.9 E(): 0.27 
Smith-Waterman score: 71; 48.000% identity in 25 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV

X: : : . : : X .:
B47292 M SKLIEYDETARRAMEVGMDKLADTVRVTLGPRGRHVVLAKAFGGPTVTN 

10 20 30 40 50

»S56371|S56371|GroEL protein - Escherichia coli (548 aa)
initn: 71 initl: 71 opt: 71 z-score: 148.8 E(): 0.27
Smith-Waterman score: 71; 48.000% identity in 25 aa overlap

10 20 
band AKE I KFSE EAYRAMLCGVDXLXDXV

X: : : : :: . : : X
S56371 MAAKD VKF GND ARVKMLRG VN VL AD A VK VTLGPKGRNV VLDKSFG APTITKDG V 

10 20 30 40 50

»S61397|S61397|heat shock protein hspB - Helicobacter p (545 aa)
initn: 70 initl: 70 opt: 70 z-score: 146.8 E(): 0.35
Smith-Waterman score: 70; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : : : : .  : . . :: : : X
S61397 MAKEIKFSDSARNLLF E GVRQLHDAVKVTMGPRGRNVLIQKSYGAPSITKDGV 

10 20 30 40 50

»P35862|CH63_BRAJA|60 KD CHAPERONIN 3 (PROTEIN CPN60 3) (545 aa)
initn: 70 initl: 70 opt: 70 z-score: 146.8 E(): 0.35 
Smith-Waterman score: 70; 52.000% identity in 25 aa overlap

10 20
band A KE IKFSE EAYRAMLCGVDXLXDXV 

X: : : : : : : : .  X
P35862 SAKEVKFGVNARDRMLRGVDI LANAVQVTLGPKGRNVVLDKSFGAPRITKDGVA 

10 20 30 40 50

»S35311|S35311|heat shock cognate protein groEL3 - Brad (546 aa)
initn: 70 initl: 70 opt: 70 z-score: 146.8 E(): 0.35 
Smith-Waterman score: 70; 52.000% identity in 25 aa overlap

10 20 
band AKE I KFSEEAYRAMLCGVDXLXDXV 

X: : : : : : : : . X
S3 5311 MS AKEVKFGVNARDRMLRGVDILANAVQVTLGPKGRNVVLDKSFG APRITKDG V 

10 20 30 40 50

»S36237|S36237|heat shock protein 60 - Helicobacter pyl (546 aa)
initn: 70 initl: 70 opt: 70 z-score: 146.8 E(): 0.35 
Smith-Waterman score: 70; 52.000% identity in 25 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X : : : : : : .  : . . : : : : X
S36237 MAKEIKFSDSARNLL FE GVRQLHDAVKVTMGPRGRNVLIQKSYGAPSITKDGV 

10 20 30 40 50
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»S23918|S23918|groEL protein - Agrobacterium tumefacien (544 aa)
initn: 69 initl: 69 opt: 69 z-score: 144.9 E(): 0.45 
Smith-Waterman score: 69; 52.000% identity in 25 aa overlap

10 20 
band AKE IKFSE EAYRAMLCGVDXLXDXV

X :: .: . X
S23918 MAAKEVKPGASAREKMLKGVD ILA DAVKVTLGPKGRNVVIDKSFGAPPITKDGV 

10 20 30 40 50

»PN0154|PN0154|groEL-like protein - Thermus aquaticus ((20 aa)
initn: 53 initl: 53 opt: 55 z-score: 135.8 E(): 1.4
Smith-Waterman score: 55; 52.632% identity in 19 aa overlap

10 20
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X: .: : . : : : : . : X .
PN0154 AKILKFDEAARRALER GVNA 

10 20

»P29842|CH60_NEIGO|60 KD CHAPERONIN (PROTEIN CPN60) (GR (544 aa)
initn: 62 initl: 62 opt: 62 z-score: 130.8 E(): 2.8
Smith-Waterman score: 62; 36.000% identity in 25 aa overlap

10 20
band AKE IK FS EEAYRAMLC GVDXLXDXV

X: . X
P29842 MAAKDVQFGNEVRQKMVNGVN I LANAVRVTLGPKGRNVVVDRAFGGPHITKDG 

10 20 30 40 50

»S61302|S61302|heat shock protein 63 - Neisseria flaves (544 aa)
initn: 62 initl: 62 opt: 62 z-score: 130.8 E(): 2.8 
Smith-Waterman score: 62; 36.000% identity in 25 aa overlap

10 20
band AKE I KFSEEAYRAMLCGVDXLXDXV

X: . . : . :: . : . X
S613 02 MAAKD VQFGNEVRQKM VNG VNI LAN A VRVTLGPKGRN V VLDRAFGGPHITKDG V 

10 20 30 40 50

»A48178|A48178|heat shock protein groEL homolog - Rhodo (38 aa)
initn: 54 initl: 54 opt: 54 z-score: 130.1 E(): 3
Smith-Waterman score: 54; 50.000% identity in 18 aa overlap

10 20 
band AKE IK FSEEAYRA MLCGVDXLXDXV 

X: . . : : . . : :: : X
A48178 AAKDVKFDTDARDXMLRGVAAKDVKFDTDARDXMLRGV 

10 20 30

»A44896|A44896|heat shock protein 18 - Streptomyces alb (17 aa)
initn: 47 initl: 47 opt: 51 z-score: 128.7 E(): 3.6
Smith-Waterman score: 51; 52.941% identity in 17 aa overlap

10 20 
band AKEIKFSEEAYRAMLCGVDXLXDXV 

X: :X . :
A44896 AKILKFDEDARRALERG 

10



AVPJJCUUIA /

»A39313|A39313|chaperonin, 58K - Thermus aquaticus (fra (43 aa)
initn: 51 initl: 51 opt: 51 z-score: 123.4 E(): 7.1 
Smith-Waterman score: 51; 40.000% identity in 25 aa overlap

10 20 
band AKEIKF SEEAYRAMLCGVDXLXDXV 

X: . : . : : : :  . : : . . . X
A39313 AKILVFDEAARRA LERGVNAVANAVKVTLGPRGNNVVLEKKFG 

10 20 30 40

»PC2372|PC2372|GroEL protein - Bacillus cereus ts-4 (fr (11 aa)
initn: 43 initl: 43 opt: 47 z-score: 123.2 E(): 7.3
Smith-Waterman score: 47; 80.000% identity in 10 aa overlap

10 20 
band AKEIKFS EEAYRAMLCGVDXLXDXV 

X: . : : : : X :
PC2372 AKDIKFSEXAR 

10

»S25181|S25181|heat shock protein groEL - Mycobacterium (537 aa) 
initn: 30 initl: 30 opt: 58 z-score: 122.9 E(): 7.6 
Smith-Waterman score: 58; 40.000% identity in 25 aa overlap

10 20 
band AKEIKFSE EAYRAMLC GVDXLXDXV 

.: : . . . : : .X : : . . : X. :
S25181 MSK LIEYDETARHAMEVGMNKLADTVRVTLGPRGRHVVLAKAFGGPTITNDGVTV 

10 20 30 40 50
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II.2 B acillus pa llidu s  Dac521 band B am ino acids FASTA search

Database: SWISS-prot & PIR-port

Program: fasta
Specified parameters:
DB pir
DB swissprot
matrix BL50
mode 0
showall on

Query sequence:
> Band B
SDFSNEKFTVAAVQA

FASTA searches a protein or DNA sequence data bank 
v2.0u6 Aug, 1996 
Please cite:
W.R. Pearson & D.J. Lipman PNAS (1988) 85:2444-2448 
199807292159247994.query : 15 aa 
> band b: 15 aa 
vs library
searching /dbl/Fasta/Current/pir_all/pirprt.seq library 
searching /dbl/Fasta/Current/swiss_rel/swissprt.seq library 
one = represents 276 library sequences 
for inset = represents 5 library sequences 
52833943 residues in 159345 sequences 
statistics extrapolated from 20000 to 152865 sequences 
results sorted and z-values calculated from opt score 
16581 scores better than 63 saved, ktup: 2, variable pamfact 
BLOSUM50 matrix, gap penalties: -12,-2 
joining threshold: 36, optimization threshold: 24, width: 16 
scan time: 0:00:43 

The best scores are: initn initl opt z-sc E( 152865)
A61148|A61148|cyanidase - Alcaligenes denitrifica 40 40 46 146.1 0.38 
JU0386|JU0386|nitrilehydratase (EC 4.2.1.84)-A 35 35 41 133.4 1.9
P33036|NRLA_ACISP|NITRILASE (EC 3.5.5.1) (FRAGMEN 35 35 41 133.4 1.9

»A61148|A61148|cyanidase - Alcaligenes denitrificans su (25 aa)
initn: 40 initl: 40 opt: 46 z-score: 146.1 E(): 0.38 
Smith-Waterman score: 46; 72.727% identity in 11 aa overlap

10
band SDFSNE KFTVAAVQA 

: X: .: : : : X
A61148 MKLRYNPKFKAAAVQASPVYLDLGA 

10 20

»JU0386|JU0386|nitrile hydratase (EC 4.2.1.84) - Acinet (21 aa)
initn: 35 initl: 35 opt: 41 z-score: 133.4 E(): 1.9
Smith-Waterman score: 41; 63.636%  identity in 11 aa overlap

10
band SDFSNE KFTVAAVQA 

: X: . : . : : X
JU0386 VSYNSKFLAATVQAEPVVLDA 

10 20
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»P33036|NRLA_ACISP|NITRILASE (EC 3.5.5.1) (FRAGMENT). (21 aa)
initn: 35 initl: 35 opt: 41 z-score: 133.4 E(): 1.9
Smith-Waterman score: 41; 63.636% identity in 11 aa overlap

10
band SDFSNEKFTVAAVQA 

: X: . : . : :X 
P33036 VSYNSKFLAAT VQAEPVVLDA 

10 20
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Appendix III

III .l A liphatic nitrile structures

Nitrile Structure

Saturated

Acetonitrile c h 3c n
Chloroacetonitrile C1CH2CN
Trichloroacetonitrile CCBCN
Propionitrile C2H5CN
Butyronitrile CH3CH2CH2CN
Isobutyronitrile (CH3)2CHCN
4-Chlorobutyronitrile C1(CH2)3CN
Valeronitrile CH3(CH2)3CN
Isovaleronitrile (CH3)2CHCH2CN

Saturated dinitrile

Malononitrile NCCH2CN
Succinonitrile NCCH2CH2CN
Glutaronitrile NC(CH2)3CN
Adiponitrile NC(CH2)4CN
Iminodiacetonitrile HN(CH2CN) 2

3,3-Iminodipropionitrile HN(CH2CH2CN) 2

Unsaturated

Acrylonitrile h 2c = c h c n
Methacrylonitrile H2C=C(CH3)CN
Allylcyanide h 2c = c h c h 2c n
Crotononitrile c h 3c h = c h c n
Cis-2-Pentenenitrile c 2h 5c h = c h c n
T rans-3 -Pentenenitrile c h 3c h = c h c h 2c n
3-Aminopropionitrile fumarate H2NCH2CH2CN. 1/2H02CCH=CHC02H

Unsaturated dinitrile

Fumaronitrile NCCH=CHCN
Mucononitrile NCCH=CHCH=CHCN
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III.2 H eterocyclic and arom atic nitrile structures

Nitrile Structure

Heterocyclic

Cyanopyridine ror™
X N X

1 -Cyclopentene acetonitrile C5H7CH2CN

1 -Cyanoacetylpiperidine

0
1

0  = c  —c h 2c n
Aromatic

Benzonitrile c 6h 5c n

Aniinobenzonitrile h 2n c 6h 4c n

Chlorobezonitrile c i c 6h 4c n

Hydroxybenzonitrile n c c 6h 4o h

Fluorobenzonitrile C6H4(F)CN

Toluonitrile c h 3c 6h 4c n

3 -Chloro-4-fluorobenzonitrile C1C6H3(F)CN

3,4,Dibromo-4-Hydroxybenzonitrile Br2C6H2(OH)CN

Phenylacetonitrile c 6h 5c h 2c n

4-Aminobenzlcyanide h 2n c 6h 4c h 2c n

Mandelonitrile C6H5CH(OH)CN

2-(Methoxyphenyl)acetonitrile c h 3o c 6h 4c h 2c n

3 -(Benzylamino)propionitrile c 6h 5c h 2n h c h 2c h 2c n

Cinnamonitrile c 6h 5c h = c h c n

Benzylidenemalononitrile C6H5CH=C(CN) 2
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Appendix IV

Km = 0.92 mM 
V™ =2.64 U/mg

0.6

0.4

0.2
y = 0.379x + 0.3495 

R2 = 0.9239
i i -------- 1-------fr-l i i i

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

[S]

Figure 5.17 Hanes plot for benzonitrile hydrolysis by B. pallidus Dac521 nitrilase. [S] = 
benzonitrile concentration (mM), v = reaction rate (U/mg).

y = 0.3642x + 0.3438 
R2 = 0.9942

4 6 8 10■2 0 2

1/[S]

Figure 5.18 Lineweaver-Burke plot for benzonitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = benzonitrile concentration (mM), v = reaction rate (U/mg).

1.2

0.8

-0.8725x + 2.5443 
R2 = 0.838

0.4

1.4 1.8 2.2 2.6

v/[S]

Figure 5.19 Eadie-Hofstee plot for benzonitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = benzonitrile concentration (mM), v = reaction rate (U/mg).



Appendix 223

Km = 0.085 mM 
Vmax = 0.38 U/mg

y = 2.6282x + 0.2247 
R2 = 0.9756

0.40.2 0.7 0.9- 0.1 1.2

[S]

Figure 5.20 Hanes plot for 3-chlorobenzonitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = 3-chlorobenzonitrile concentration (mM), v = reaction rate (U/mg).

y = 0.2341x + 2.625 
R2 = 0.8929

8 ■5 ■2 1 4-11 7 10
1/[S]

Figure 5.21 Lineweaver-Burke plot for 3-chlorobenzonitrile hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 3-chlorobenzonitrile concentration (mM), v = reaction rate 
(U/mg).

0.4

0.3

0.1 

0

0 1 2  3 4

v/[S]

Figure 5.22 Eadie-Hofstee plot for 3-chlorobenzonitrile hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 3-chlorobenzonitrile concentration (mM), v = reaction rate 
(U/mg).

0.0901x + 0.3834 
R2 = 0.7636
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Km = 1.32 mM 1.2 4 ^ .

Vmu = 2.23 U/mg 0.9

0 ,6 -
y = 0.4486x + 0.5919

0.3 R2 = 0.9577
- - — i i ------1--------- i i i i

-1.3 -1 -0.7 -0.4 -0.1 0.2 0.5 0.8 1.1

[S]

Figure 5.23 Hanes plot for 4-chlorobenzonitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = 4-chlorobenzonitrile concentration (mM), v = reaction rate (U/mg).

y = 0.5752x + 0.4894 
R2 = 0.9932

-1 1 3 5 7 9

1/[S]

Figure 5.24 Lineweaver-Burke plot for 4-chlorobenzonitrile hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 4-chlorobenzonitrile concentration (mM), v = reaction rate 
(U/mg).

1.2

0.8

0.4 y = -1.2435x + 2.1431 
R2 = 0.9042

1.40.8 1 1.2 1.6
v/[S]

Figure 5.25 Eadie-Hofstee plot for 4-chlorobenzonitrile hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 4-chlorobenzonitrile concentration (mM), v = reaction rate 
(U/mg).
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Km = 0.30 mM 
Vhhx = 0.53 U/mg

y = 1.832x + 0.5537 
R2 = 0.9938

-0.3 0.7 1.7 2.7 3.7 4.7

[S]

Figure 5.26 Hanes plot for 2-cyanopyridine hydrolysis by B. pallidus Dac521 nitrilase. 
[S] = 2-cyanopyridine concentration (mM), v = reaction rate (U/mg).

Km = 0.48 mM 3
V mix = 0.58 U/mg

2

1 y = 0.8174x + 1.7162
R2 = 0.9705

—- i i ------1--------- r - J i j i i

-2.1 -1.6 -1.1 -0.6 -0.1 0.4 0.9 1.4 1.9

1/[S]

Figure 5.27 Lineweaver-Burke plot for 2-cyanopyridine hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 2-cyanopyridine concentration (mM), v = reaction rate (U/mg).

0.6

0.4

0.2 y = -0.441x + 0.5745 
R2 = 0.912

0.2 0.4 0.6 0.8 10 1.2
v/[S]

Figure 5.28 Eadie-Hofstee plot for 2-cyanopyridine hydrolysis by B. pallidus Dac521 
nitrilase. [S] = 2-cyanopyridine concentration (mM), v = reaction rate (U/mg).
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Km =2.7 mM 
V™ = 1.13 U/mg

y = 0.8886x + 2.379 
R2 = 0.9815

0.3 3.3 6.3 9.3-2.7 12.3

[S]

Figure 5.29 Hanes plot for 3-cyanopyridine hydrolysis by B. pallidus Dac521 nitrilase. 
[S] = 3-cyanopyridine concentration (mM), v = reaction rate (U/mg).

Km = 3.0 mM 
Vnnx = 1.2 U/mg

y = 2.567x + 0.8526 
R2 = 0.9579

-0.05 0.55 0.85-0.35 0.25

1/[S]

Figure 5.30 Lineweaver-Burke plot for 3-cyanopyridine hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 3-cyanopyridine concentration (mM), v = reaction rate (U/mg).

1 Km =2.47 mM 
V™ =1.1 U/mg0.8

0.6
0.4
0.2

y = -2.4704x+1.1003 
R2 = 0.7674

0

0.2 0.3 0.40 0.1

v/[S]

Figure 5.31 Eadie-Hofstee plot for 3-cyanopyridine hydrolysis by B. pallidus Dac521 
nitrilase. [S] = 3-cyanopyridine concentration (mM), v = reaction rate (U/mg).
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Km = 22.5 mM 
V™* = 7.9 U/mg

y = 0.1267x + 2.8455 
R2 = 0.9228

14-22 -16 -10 4 2 8 20 26 32
[S]

Figure 5.32 Hanes plot for 4-cyanopyridine hydrolysis by B. pallidus Dac521 nitrilase. 
[S] = 4-cyanopyridine concentration (mM), v = reaction rate (U/mg).

Km = 13.52 mM 
Vm* = 5.83 U/mg1.2

0.8

y = 2.3176x + 0.1714 
R2 = 0.9768

0.4

-0.07 0.03 0.13 0.23 0.33 0.43 0.53

1/[S]

Figure 5.33 Lineweaver-Burke plot for 4-cyanopyridine hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 4-cyanopyridine concentration (mM), v = reaction rate (U/mg).

5

4

3

2
y = -17.215x + 6.7982 

R2 = 0.8031

0

0.13 0.23 0.33

v/[S]

Figure 5.34 Eadie-Hofstee plot for 4-cyanopyridine hydrolysis by B. pallidus Dac521 
nitrilase. [S] = 4-cyanopyridine concentration (mM), v = reaction rate (U/mg).
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Km = 43.7 mM 60 - —
Vimx = 2.12 U/mg

40

-  ♦ y = 0.4813x + 21.044

_— l H H 1
R2 = 0.9235

i i i

-50 -30 -10 10 30 50 70 90

[S]

Figure 5.35 Hanes plot for 4-chlorobutytonitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = 4-chlorobutytonitrile concentration (mM), v = reaction rate (U/mg).

Km = 29.7 mM 
Vimx = 1.66 U/mg

y = 17.879x + 0.6015 
R2 = 0.9414

0.15-0.05 0 0.05 0.1 0.2 0.25

1/[S]

Figure 5.36 Lineweaver-Burke plot for 4-chlorobutytonitrile hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 4-chlorobutytonitrile concentration (mM), v = reaction rate 
(U/mg).

Km = 33.7 mM
V™ = 1.83 U/mg

- y = -33.648x + 1.8261 * ♦
R2 = 0.73171 1 1

♦
i

0 0.01 0.02 0.03 0.04 0.05

v/[S]

Figure 5.37 Eadie-Hofstee plot for 4-chlorobutytonitrile hydrolysis by B. pallidus 
Dac521 nitrilase. [S] = 4-chlorobutytonitrile concentration (mM), v = reaction rate 
(U/mg).
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Km =123.8 mM 200 -

Vimx =1.43 U/mg 150 -

100 ♦— "♦

50 - y = 0.6998x + 86.623 
R2 = 0.9517---- 1 _j----------- 1 1 1

-125 -85 -45 -5 35 75 115 155
[S]

Figure 5.38 Hanes plot for crotononitrile hydrolysis by B. pallidus Dac521 nitrilase. [S] 
= crotononitrile concentration (mM), v = reaction rate (U/mg).

10 Km =189.1 mM
8 Vim, = 1.95 U/mg

6 -

4
^  y = 97.023x + 0.5131

2
i i

R2 = 0.9877
1 1 1

-0.01 0.01 0.03 0.05 0.07 0.09

1/IS]

Figure 5.39 Lineweaver-Burke plot for crotononitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = crotononitrile concentration (mM), v = reaction rate (U/mg).

J
i

♦7  
♦ 

/

♦7 

/ ♦

I 
1 

1
Km = 112.93 mM
Vrax = 1.35 U/mg

y = -112.93x + 1.3505 
R2 = 0.8624

l l

^  ♦

♦
♦

1

0.004 0.006 0.008 0.01 0.012
v/[S]

Figure 5.40 Eadie-Hofstee plot for crotononitrile hydrolysis by B. pallidus Dac521 
nitrilase. [S] = crotononitrile concentration (mM), v = reaction rate (U/mg).
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Appendix V

s

u
aoc
03

U

25

15

10

5

0

0.5 1 1.5 2
Time (hr)

2.5

pH 5 : Reaction rate = 0.01 pmol/min 
R2 = 0.0615

pH 6 : Reaction rate = 0.48 pmol/min 
R2 = 0.93

pH 7 : Reaction rate = 0.65 pmol/min 
R2 = 0.9994

pH 8 : Reaction rate = 0.74 pmol/min 
R2 = 0.9924

pH 9 : Reaction rate = 0.64 pmol/min 
R2 = 0.9939

pH 10: Reaction rate = 0.57 pmol/min 
R2 = 0.999
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Appendix VI

Go
• PM
-MMau
-MMa
(ja©w
0>a

"2'u>>a0 c<3
U1ro

25

o 40°C □ 50°C •  60°C ■ 70°C

20

15

10

5

0

0 0.5 1 1.5 2 2.5 3 3.5
Time (hr)

40°C: Reaction rate = 0.56 |imol/min 
R2 = 0.999

50°C: Reaction rate = 0.74 ^unol/min 
R2 = 0.9924

60°C: Reaction rate = 1.35 fioioi/min 
R2 = 0.9998

70°C: Reaction rate = 1.34 |xmoI/min 
R2 = 0.9865
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Appendix VII

Cell dry w eight standard curve

12

9

6

3
y = 0.3304x 
R2 = 0.9992

0
0 6 12 18 24 30 36

OD600
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Appendix VIII

us*>a0 c ea
u1

25

o 3 mg/ml □ 6 mg/ml •  9 mg/ml ■ 12 mg/ml

20

15

10

5

0

20.5 1 1.50
Time (hr)

3 mg/ml: Reaction rate = 0.86 |imol/min 
R2 = 0.9968

6 mg/ml: Reaction rate = 1.35 |imol/min 
R2 = 0.9998

9 mg/ml: Reaction rate = 2.02 ^mol/min 
R2 = 1.0

12 mg/ml: Reaction rate = 4.04 |j.mol/min 
R2 = 1.0


