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ABSTRACT

Thermal sediment samples were screened for the production of nitrile degrading enzymes 

on nitrile containing minimal nutrient media plates. Twenty-eight isolates which grew on 

these plates were investigated for growth on aromatic and aliphatic nitriles and amides. 

These isolates grew in a variety of different nitriles and amides but the maximum optical 

densities reached were less than 0.2 (@ 600nm).

Therefore, optimisation of growth and enzyme production was investigated and fourteen 

different minimal and complex media were tested. Repeat addition of nitrile to strains 

growing in a complex media resulted in high maximal optical densities and nitrile 

degrading specific activities for a high percentage of the strains. This media was used to 

investigate nitrile production in seven isolates. Expression of nitrile degrading enzyme 

activity ranged from intermittent to continuous and maximum specific activities ranged 

from 9 X 10"  ̂to 905 x 10'^ units per milligram of cells (wet weight).

A single strain that had high levels of nitrile degrading enzyme activity over the entire 

growth period was chosen for further study. This Bacillus pallidus Dac521 isolate grew 

in minimal media with acetonitrile, propionitrile, benzonitrile, acetamide, propionamide 

or benzamide as the sole carbon and nitrogen source and expressed a constitutive 

aliphatic nitrile hydratase and amidase in addition to an inducible aromatic nitiilase. The 

maximum rate of nitrile hydrolysis occurred at 55“C for whole cells and 50”C for cell- 

free extracts and both the nitrile hydratase and nitrilase were highly thermostable.

Cell-free extracts containing the induced aromatic nitrilase (benzonitrilase) degraded 

benzonitrile, propionitrile, isovaleronitrile and aciylonitrile, were highly thermostable 

and exhibited nitrile degrading activity up to 70 'C. This benzonitrilase was purified to 

apparent homogeneity in two chromatography steps with 117 fold purification and 1% 

recovery and was composed of identical subunits of 33kDa with a native mass of 

165kDa. The specific activity of this purified benzonitrilase, was 7 |imole of ammonia



per minute per milligram of protein based on benzonitrile hydrolysis at 5()“C in pH 7.2 

phosphate buffer.

The constitutive nitrile hydratase was also purified to apparent homogeneity. This 

involved a three step chromatographic procedure, resulting in a 49 fold purification with 

56% recovery. The nitrile hydratase was a 1 lOkDa tetrameric enzyme composed of two 

a  and tw o p subunits with relative molecular masses of 27,000 and 29,000, 

respectively. The specific activity of the enzyme was 68.4 p^mole of ammonia per minute 

per milligram of protein based on acetonitrile hydrolysis at 50“C in pH 7.2 phosphate 

buffer.

The N-terminal amino acid sequences of the nitrile hydratase subunits were determined 

and compared to those of mesophiles. Homologies between the p subunit, but not the a  

subunit, N-terminal sequences were observed. The native enzyme was stable over a 

broad pH range and exhibited ^  50% activity between pH 6.2 and 8.7. Two pis of 4.7 

and 5.5 were detenuined for the enzyme, suggesting the presence of isozymes.

The nitrile hydratase hydrolysed a narrow range of aliphatic substrates including 

acetonitrile, propionitrile and acrylonitrile but did not hydrolyse any of the cyclic, 

hydroxy, di or aromatic nitriles tested. In addition, the nitrile hydratase activity was 

irreversibly inhibited by the aromatic nitrile, benzonitrile. Determination of the kinetic 

constants of acetonitrile, acrylonitrile and propionitrile hydrolysis indicated that 

acetonitrile was hydrolysed with greatest efficiency.



AIM

The purpose of tliis work was to examine the occuiTence of nitrile degrading enzymes in 

thermophilic bacteria. Once identified the aim was to characterise both the bacterium and 

the nitrile degrading enzyme(s). Specific aims included the development of an efficient 

high-resolution purification strategy, a detailed investigation of both the fundamental 

molecular and functional properties of the purified enzyme and an investigation of the 

theimal stability of the enzyme(s) relative to the conesponding mesophiles.
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ABBREVIATIONS AND

Abs absorbance (-log transmission)

AôOO absorbance at 60()nm

ODôOO optical density at 600nm

AOD600 change in optical density at 600nm

AODmax maximum change in optical density

ACN aciylonitrile

AN acetonitiile

ATCC american type culture collection

BN benzonitrile

BSA bovine serum albumin

"C degrees Celsius

d days

DEAE diethylaminoethyl

Da daltons

g gram

GC gas liquid chromatography

GFC gel filtration chromatography

h hours

HIC hydrophobic interaction chromatography

H-NHase high molecular weight nitrile hydratase

lEF isoelectric focusing

IVN isovaleronitrile

km Michaelis constant

k cat turnover number

kDa kilo Daltons

Kr retardation coefficient

Ki inhibition constant

L-NHase low molecular weight nitrile hydratase



M molai'

mA milli amps

min minutes

ml milliliti'C

mM millimolai*

Ml relative moleculai’ mass

nm nanometer

PAGE polyacrylamide gel electrophoresis

PEI polyethylene imine

PMSF phenylmethylsulfonyl fluoride

PN propionitrile

Rf electrophoretic mobility

Tm melting temperature

u.v. ultraviolet

V volt

Vh volt hour

Vmax rate of enzyme catalysed reaction at infinite substrate

concentration 

Umax maximum growth rate

W watt
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1.1 THERMOPHILIC BACTERIA

1.1.1 Classification

Microorganisms are divided into three main groups; psychrophiles, mesophiles and 

thermophiles according to the temperature range at which they grow. Psychrophiles 

grow in the range -3-20“C, mesophiles 13-45'C and thermophiles >40“C (Edwards, 

1990). Thennopliiles are a diverse collection of organisms and have a wide variation in 

morphological, physiological and biochemical characteristics. They are grouped together 

as thermophiles due to their ability to survive at extreme conditions of temperature and 

resultant adaptive similarities. Within this definition, thermophiles can be subdivided into 

three approximate categories according to their growth range maxima, minima and 

optima. They are defined as thennopliiles, extreme thermophiles and hyperthermophiles 

(Table 1).

Classification Growth minimum 
C

Growth optimum 
“C

Growth maximum 
C

TheiTnophile >30 >50 <60
Extreme thennophile >40 >65 <70
HypeitheiTnophile Not defined >85 Cunently <115

Table 1: Nomenclature of high temperature bacteria (Cowan, 1992).

Traditionally bacteria have been classified according to characteristics such as 

morphology and physiology. However, with the entry of natural phylogeny into 

microbial systematics based on nucleic acid sequence data, it is now also possible to 

classify microorganisms on evolutionary ternis (Woese and Fox, 1977). Three primary 

kingdoms are now defined; the Bacteria, the Archaea and the Eukarya (Woese et a l, 

1990). Thennophiles are well represented in all three kingdoms (Cowan, 1992) but this
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thesis will deal mainly with themiophilic microorganisms with growth optima of 50"C in 

the kingdom Bacteria or Eukarya.

1.1.2 Habitat

Thermophiles (Table 1) are found in a number of biotopes which differ significantly in 

origin and heat source (Kristjannson and Stetter, 1992).

Biota in the temperature range 40-70'C are found commonly in self heating ore-tips, 

heated industrial waste, solar heated soil, decaying vegetation and hot water supplies 

(Sundaram, 1986). These environments are heavily colonised by thermophilic 

microorganisms, the majority of which are Bacteria or, at lower temperatures, (i.e. close 

to 40"C), Eukarya. Due to the common nature of such biota, organisms which multiply 

optimally at these temperatures have been known to exist for many decades.

The extreme and hyper-thermophiles are found in biotopes in the temperature range of 

70°C upwards and are located in tectonically active zones associated with areas of 

geotheiTnal activity (Stetter, 1986). When these zones are active large amounts of magma 

are thrust to the surface of the earth and act as a heat source. They give rise to active 

volcanic zones with temperatures >150 'C and dead magma chambers with temperatures 

<150"C.

Surface water percolating down to depths of 3,000 metres or less, is superheated by 

these sources. Although the water has been intensely heated it does not boil as it rises 

due to high pressure at these depths. When the water reaches the surface it is forced out 

of the earths crust through fissures and cracks. It can issue as thermal springs and 

geysers and, particularly if the water supply is low and the pressure high, as fumaroles 

(Kristjannson and Stetter, 1992). Due to the reactivity of hot water the issuing fluid can 

be extensively mineralised depending on the depth reached of tlie water and the chemistiy 

of the rocks at those depths. Common constituents are silica, chloride, iron, trace
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elements and dissolved gases such as methane, hydrogen sulphide, ammonia and carbon 

dioxide (Kristjannson and Stetter, 1992).

A typical type of thenual basin will have geysers and / or thennal springs at the bottom of 

the hill, sulphur and iron rich non-tlowing (or weakly flowing) springs on the flanks of 

the hill, and fumaroles on the highest ground.

The sulphur and iron rich springs are usually acidic, due to the presence of sulphuric acid 

as the main buffering system (pKa 1.8) and have a pH range of 1-2.5. These waters are 

usually generated by a low water supply which has not penetrated vei^y deeply into the 

magma. They are therefore poorly mineralised except for iron, and highly acidified due 

to the high concentration of sulphuric acid. The acid is derived from geothermal deposits 

of sulphide earned by steam to the oxygenated surface soil where it is oxidised to form 

sulphur (usually by non-biological means). Sulphur oxidising (mainly mesophilic) soil 

bacteria convert the sulphur to sulphuric acid which leaches into pools. Genera such as 

Sulfolobus (Brock et al., 1972) and Acidianus (Segerer et a l, 1986) have been found 

in such pools.

The geysers and flowing springs are generally neutral to alkaline in pH. These thermal 

sites are often generated from waters which have penetrated deep into the earths crust. 

These waters tend to be more highly mineralised and owing, usually, to a much more 

rapid water flow, are less affected by sulphuric acid. They tend to be buffered by sodium 

carbonate (pKa 6.3) and bicarbonate (pKa 10.2) resulting in a pH range of 6.0 to 8.5 and

contain organisms such as Thermophilum (Stetter, 1986) and Methanothermus (Stetter et 

a l,  1981).

Another type of geothermal habitat, that associated with deep sea geothermal vents, has 

an origin similar to that of the neutral thermal springs. In this case however, the saline 

water is highly reactive and the deep sea vents tend to be highly mineralised.
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Methanococcus, Desulfiirococcus (Adams, 1993) and Methanogenium  (Rivard and 

Smith, 1982) genera have been isolated from such "black smokers".

1.1.3 The nature of thermostability

Protein thermostability is not due to one single property, but is the result of a number of 

changes within the protein structure, relative to less thermostable proteins and/or changes 

in the external environment. Small alterations in hydrophobic interactions, disulphide 

bridges, hydrogen bonds and salt bridges that lead to increased intramolecular bonding 

are often sufficient to confer considerably increased thermostability to proteins. However 

external environmental factors including cations, substrates, co-enzymes, pH, 

modulators, polyols and the presence of other proteins can also increase protein 

thermostability (Cleverdon and Pelczar, 1949).

1 .1 .3 .1  Intrinsic thermostability

In order to determine the factors responsible for thermostability, the amino acid 

sequences and crystal structures of mesophilic, thermophilic and hyperthermophilic 

enzymes from the same family have been compared. This has led to numerous proposals 

for the mechanisms involved in enhanced protein thermostability. In addition, the 

engineering of thermostability into enzvmes from mesonhilic organisms has given 

indications of the factors that are crucial for their stabilities at high temperatures.

For example, comparison of the amino acid sequence of 3-phosphoglycerate kinase from 

both Saccharomyces cerivisiae and B. stearotherinophilus indicated some apparently 

significant amino acid substitutions; there were twenty substitutions of serine or 

threonine with alanine, and six substitutions of lysine with arginine or glutamate, in the 

thermophilic variant (Davies et a}., 1993). Alanine has a greater propensity for helix 

formation than either serine or threonine while glutamate is a strong a-helix stabilising
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amino acid, (the carboxyl side chain of glutamate interacts strongly with the helical dipole 

at the amino end of the a-helix and forms a strong stabilising interaction), thereby

suggesting that substitutions with these amino acids at key positions in the theiTuophile 

resulted in greater a-helical and therefore total enzyme theraiostability.

However, there was also an increase in the number of buried ion-pairs and hydrophobic 

residues in the thermophilic vaiiant relative to the mesophile. Therefore, it appeared that a 

greater number of ion-pairs, increased internal hydrophobicity and enhanced a-helix 

stability were responsible for the increased thermostability of the B. stecirothermophilus 

enzyme.

From stmctural studies of thermoohilic and mesonhilic variants (Rice et a l. 1996), ion- 

pair formation similarly appeared to influence the thermostability of indole 3

glycerolphosphate synthase (Hennig et a l, 1995; Andreotti et a l, 1994), aldehyde 

ferredoxin oxidoreductase (Chan et al., 1995) and rubredoxin (Day et al., 1992) 

enzymes.

Ion-pairs appeared to also be responsible for the enhanced thermostability of the 

Pyrococcus furiosus glutamate dehydrogenase compared to its mesophilic counterparts 

(Rice e ta l,  1996; Yip et a l, 1995). At 100''C the Pyrococcus furiosus enzyme half-life 

was twelve hours while the half-life of the Clostridium symbiosum enzyme at 52"C was 

only twenty minutes. Comparison of the ci-ystal structures and amino acid sequences of 

glutamate dehydrogenase from these strains and from two other mesophilic 

representatives indicated that the thermophilic enzyme had twice the number of surface 

residues foiming ion-pairs. However, although the themiophilic and mesophilic enzymes 

had similar numbers of charged residues, a greater percentage of these residues foiTued 

salt bridges in the themiophilic variant and the location of these bridges were at crucial 

inter-subunit domains.
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Comparison of the amino acid sequence clearly would not have indicated this 

phenomenon and illustrates the difficulty in determining factors responsible for 

thermostability using sequence information alone (Ruegg et al., 1982). In addition, it 

must be emphasised that these changes are proposed to be responsible for increased 

thermostability by elimination of other likely possibilities but unequivocal confiimation 

of their role has not been achieved. Finally, ion-pair formation is only one of a number 

of mechanisms that are utilised by proteins to enhance thermostability.

Wild-type phage T4 lysozyme is a disulphide free enzyme. However, its thermostability 

was significantly enhanced by preparing engineered disulphide mutants (Matsumura et 

a i,  1989). The addition of three disulphide bridges to the enzyme resulted in a 23"C 

increase in the unfolding temperature. Disulphide bridges were also thought to play a role 

in the increased thermostability of the 5'-methylthioadenosine phosphorylase of 

Sulfolobus solfataricus compared to its mesophilic counterparts since the themiophilic 

enzyme contains considerably more cysteine residues (Cacciapuoti et al., 1994). These 

cysteine residues were presumed to form disulphide bridges, thereby increasing the 

rigidity of the enzyme and confening increased thermostability .

However, a comparison of the glutamate dehydrogenases from Pyrococcus furiosus and 

Therinococcus litoralis showed a decrease in sulphur containing amino acids as the 

enzyme thermostability increased (Britton et a l, 1995). This suggests that although 

disulphide bridge formation can increase thermostability, it not a mechanism used 

universally by enzymes to achieve this.

In addition to engineering increasing theraiostability through the addition of disulphide 

bridges, site directed mutations that decrease the entropy of unfolding also increase 

thermostability. Two T4 lysozyme mutants were constructed, each of which contained a 

single amino acid substitution (alanine to proline; glycine to alanine) specifically chosen 

to decrease the entropy of unfolding. The activity and structure of the native and mutant
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enzymes were essentially identical, but the thermostabilities of the mutants were 

increased by approximately 50% (Matthews et a l, 1987).

Similarly, a change in a single amino acid residue in kanamycin nucleotidyltransferase 

gave rise to a 1()"C increase in enzyme thermostability (Matsumura and Aiba, 1985), 

while increasing the thermostability of the electron transport protein from P. furiosus, 

(rubredoxin) was achieved by removal of an amino terminal methionine. This left the 

amino terminal alanine in the thermophile free to bind to other residues in the proteins 13- 

sheet, thus preventing unravelling at higher temperatures (Day et a l, 1992).

If the mutation or deletion of a single amino acid of an enzyme results in increased 

thermostability, then the role of that amino acid in increasing stability is undeniable. 

However, determination of the factors responsible for thermostability by comparison of 

amino acid sequences or tertiary structures of a range of mesophilic and thermophilic 

enzymes can be flawed. The optimal growth temperature of the isolated thermophile in 

artificially rich media may be unrelated to the 'in vivo' optimum growth temperature. 

Therefore thennophilic enzymes may be readily mis-classified.

In addition, at temperatures above 8()"C chemical degradation may play a significant role 

in the loss of enzyme activity (Daniel et a l, 1996). Therefore, many of the changes in 

amino acid sequences and tertiary structures may be due to the prevention of chemical 

degradation processes as well as the prevention of dénaturation, but may be mis- 

attributed.

In summary, ion-pairs, increased internal hydrophobicity, disulphide bridges and many 

other mechanisms can be used by proteins to increase thermostability. However, no one 

mechanism is favoured and different families of proteins can employ some or all of these 

mechanisms for different proteins. The general feature is however, that all these changes 

decrease the flexibility of the enzyme tertiary structure and as a result increase the thennal 

stability (Daniel et al, 1996).
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1 .1 .3 .2  Extrinsic thermostability

In addition to increasing thermostability through changes in protein conformation or 

amino acid composition, protein thermostability can also be greatly enhanced by external 

factors.

For example, the presence of high concentrations (0.5mg/ml) of bovine serum albumin 

(BSA) resulted in a ten fold increase in the 60' C half-life of Streptococcus thennophilus 

p-galactosidase, without affecting the catalytic activity of the enzyme (Chang and 

Mahoney, 1994). Studies of the native tetrameric enzyme indicated that thermal 

dénaturation proceeded by dissociation of the enzyme into a less stable dimeric form, 

which still retained catalytic activity, followed, after further dénaturation, by fondation of 

inactive denatured aggregates. BSA acted by interacting with one of the dénaturation 

intermediates (the p-galactosidase dimer) probably through hydrophobic interaction and 

increasing its confoiTnational stability (Chang and Mahoney, 1994).

BSA has been shown to increase the thermostability of a variety of other enzymes, 

although the mechanism has not been elucidated. BSA may stabilise many enzyme- 

denaturation intermediates or it may affect the enzyme indirectly by increasing the 

interactions between water molecules, thus strengthening the enzyme hydrophobic 

interactions (Scopes, 1993).

Polyols and salts are commonly used to increase the strength of hydrophobic interactions 

within proteins, thereby increasing thennostability (McLinden, 1986). For example, the 

B. coagulans glycerophosphate dehydrogenase was completely inactivated at 55“C in 

cell-free extracts, whereas the high internal ionic strength of whole cells stabilised the 

enzyme in vivo and enabled the organism to grow optimally at this temperature 

(Amelunxen and Singleton, 1976).
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The theiTnostabilising effect of amino acids has also been investigated. The 45"C half-life 

of the Klyuveroinyces nmrxianus p-galactosidase was increased nine fold by the addition 

of O.lmM histidine (Surve and Mahoney, 1994). Other amino acids also increased the 

half-life to varying degrees. Although the mechanism of stabilisation is unknown, it has 

been established that the a-amino and N-1 ring nitrogens of histidine are required for this 

stabilising effect. It may be that histidine, similarly to polyols, salts and other amino 

acids may be preferentially excluded from the enzyme surface, thus increasing the 

enzyme thermostability (Ai'akawa and Timasheff, 1983).

One of the most common mechanisms used to thennostabilise enzymes is the addition of 

substrates. For example, the stability of the Streptococcus theiinophiliis lactase at 5 5 'C 

was increased seven, two and 1.5 fold by lactose, galactose and glucose, respectively, 

probably due to protection at the active site (Greenberg e ta l,  1985). However, addition 

of a number of sugars and other polyols to aqueous enzyme solutions has also been 

demonstrated to strengthen hydrophobic interactions among non-polar amino-acid 

residues, thereby making them more resistant to unfolding and thermal dénaturation 

(Klibanov, 1983). Thus the effect of sugars on the lactase thermostability may result 

from stabilisation of non-active site as well as active site enzyme regions.

In addition to the factors discussed, pH can affect enzyme thennal stability. Thennal and 

pH stability are often intenelated and the pH of maximal thermal stability may often be 

the isoelectric point of the enzyme rather than the pH optimum for activation (Wiseman, 

1978). Finally, the thermal stability of some enzymes can be increased by high solvent 

concentrations, such as in the case of pancreatic porcine lipase. The enzyme was 

instantly denatured at 1()()“C when prepared in phosphate buffer, but retained its activity 

for many hours at this temperature when prepared in 2M n-heptanol (in tributyrin), 

(Edwards, 1990).

Clearly therefore, the enhancement of protein thermal stability is mediated not only 

through changes in the protein, but also through changes in the external environment.
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There is no "universal" mechanism for promoting thermostability, but rather a diverse 

range of key modifications in the protein and/or its environment that results in a general 

increase in protein conformational rigidity and thus thermal stability.
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1.2 BACILLUS PALLIDUS

Members of the genus Bacillus are defined as aerobic spore forming rods (Wilson, 

1983). Many of the species are gram-positive, but variants that are gram-variable, gram- 

positive only during the early stages of growth, or gram negative have also been 

identified (Cowan and Steel, 1993). The common feature is that all have cell-walls which 

are structurally gram-positive in type. Neither the genus nor many of the species 

contained within it are taxonomically homogenous and this is reflected in the large 

variability in the primary characteristics used for identification, including motility, 

anaerobic growth and oxidase reaction.

According to White et a i, (1993) the first reported thermophilic Bacillus isolate was 

obtained from river sediment in 1888 and the first report of a Bacillus pallidus strain 

occurred in 1987, isolated from yeast factory sewage (Scholz et a i, 1987). However, 

two thermophilic strains isolated in 1967 (Daron, 1967) and 1969 (Epstein and 

Grossowicz, 1969), which were originally mis-classified have been designated B. 

pallidus by White et a l, (1993), suggesting that the first isolation actually occurred in 

1967.

B acillus pa llidus  colonies, as implied by their name (pallidus = pale), are 

characteristically pale and are convex, smooth and either round or lobed. Strains are 

typically found in tliermally treated wastes and grow between 30 'C-70 'C, with optimal 

growth between 60"C-65“C at pH 8.0-8.5.

Typical B. pallidus characteristics include the generation of acid from glucose, fructose 

and sucrose, positive tests for catalase and oxidase, and an inability to grow 

anaerobically. In addition, strains typically either do not hydrolyse starch or hydrolyse it 

poorly, are non-proteolyic and do not reduce nitrate as a terminal electron acceptor. 

These original species characteristics detailed by Scholz e ta l ,  (1987) have been 

expanded by White et a l, (1993). Strains designated B. pallidus now also include strains
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that release acid from cellobiose and mannose, those that do not hydrolyse tnbutyrin and 

those that do not grow in 10% sodium chloride.
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1.3 NITRILES

1.3.1 Occurrence

Organic nitriles are widely dispersed throughout the biosphere. They have been identified 

in both eukarya and bacteria but while they are well distributed throughout the plant 

kingdom, their presence is limited in the animal kingdom (Legras e ta l, 1990).

Nitriles are used for a variety of biological functions. Millipedes and centipedes both 

contain mandelonitrile in their defensive excretions (Nahrstedt, 1988), bacteria such as 

Chromobacterium violaceum, E. coll and Bacillus megaterium produce p-cyanoalanine

from cyanide (Wyatt and Linton, 1988; Legras et a i, 1990), utilising nitriles as cyanide 

detoxification products and strains of Streptomyces utilise nitriles in the production of 

the nitrile antibiotics, toyocamycin and treponemycin (Ohkuma, 1961; Singh e ta l ,  

1985). In addition, a-am inopropionitrile, glyoxlic acid cyanohydrin, 4-amino 

cyanobutyric acid and other nitriles have been found in fungi such as Basidoinycetes W2 

as metabolic inteiTnediate (Legras et a l, 1990).

However, by far the greatest proportion of nitriles are produced by plants. Indole-3- 

acetic acid is the major auxin found in many plants. It can be synthesised from 

tryptophan via indole-3-acetaldehyde or alternatively via the nitrile, indole-3-acetonitrile 

(Kobayashi et a i, 1993a). Phenylacetonitrile, isobutyronitrile and a range of other 

nitriles are found in plants such as Threobroma cacao (Legras e ta l,  1990). In addition, 

cyanolipids and cyanogenic glycosides are produced by a wide variety of plants 

including major crops such as cassava and sorghum (Wyatt and Linton, 1988).

Many nitrile compounds are also produced by industry on a large scale for use as base 

chemicals for polymer manufacture and a variety of other chemical synthesis such as 

solvents, plastics, synthetic rubber, pharmaceuticals and herbicides (Jallageas et a l, 

1980). In addition, automobile exhaust gasses produce one microgram of hydrogen
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cyanide per millilitre and one hundred micrograms of acetonitrile per millilitre 

(Schuchmann and Laidler, 1972).

However, nitriles are highly toxic. Crotonitrile and acrylonitrile, which have been 

proposed as specific reagents for the alkylation of protein sulphydryl groups, are not 

only toxic to the central nervous system of animals but are mutagenic by virtue of their 

conjugated bonds (Milvy and Wolff, 1977). Therefore, due to the prevalence and toxicity 

of nitriles, it is not suiprising that a variety of plants, bacteria and fungi produce of nitrile 

degrading enzymes.

1.3.2 Degradation

Nitriles can be degraded in a number of different ways. Reduction, hydrolysis and 

oxidation can eliminate the CN function, while a number of other pathways can be used 

to transform the nitrile into a less toxic form, but retain the CN moiety.

Nitrile reduction is catalysed by ATP requiring nitrogenases found only in bacteria and 

blue-green algae and results in conversion of the nitrile to the corresponding hydrocarbon 

and ammonia (Jallageas et al., 1980). Hydrolysis, catalysed by nitrile hydratases or 

nitrilases, is far more common and results in formation of the corresponding amide or the 

corresponding acid with the release of free ammonia, respectively (Legras et a l,  1990), 

while oxidation of cyanide to carbon dioxide and ammonia catalysed by a NAD(P)H 

dependent oxygenase/dioxygenase had only been found in Pseudomonas fluorescens 

(Harris and Knowles, 1983) and since widely in other organisms.

However, nitrile degradation can also occur without CN group elimination. Organic 

nitriles can be oxidised to hydroxynitriles (cyanhydrins) by oxygenases which have been 

identified in a large number of organisms, including plants, fungi, insects, algae, 

sponges and mammals. The hydroxynitriles may in turn be converted to the homologous 

ketone and cyanhydric acid by hydroxynitrile lyases and oxynitrilases, enzymes which
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have also been found in a wide variety of organisms. Finally, the enzyme used to 

detoxify cyanide in humans, rhodanase, can convert cyan ate to non toxic thiocyanate by 

reaction with sulphur (Westley, 1981).
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1.4 NITRILE HYDROLYSING ENZYMES

As nitriles, amides and acids are of considerable commercial importance (sections 

1.4.1.11 and 1.4.3.10), enzymic nitrile hydrolysis has received considerable interest. 

This hydrolysis has been found to proceed by two major pathways which have been 

described in bacteria, plants and fungi.

One pathway involves the sequential hydrolysis of the nitrile molecule to its 

corresponding carboxylic acid via an amide intermediate. This reaction sequence is 

catalysed by two enzymes, a nitrile hydratase and an amidase (a). The other major route 

of nitrile hydration is the reaction catalysed by nitrilases which hydrolyse their substrate 

directly to the conesponding carboxylic acid (b).

nitrile hydratase amidase + H2 O
(a) R-CN + H2 O  ►  R-CONH2 ------------------- ►  R-COOH + NH3

nitrilase
(b) R-CN + 2H2O ----------------- ►  R-COOH+ NH3

Nitrile hydrolysing enzymes have been studied in some considerable detail, described in 

the following sections.
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1.4.1 Nitrile hydratases

1.4.1.1 Enzyme induction

Apart from the constitutive photosensitive nitrile hydratases of Brevibacterium  R312 

(Nagasawa et a l ,  1986), R hod o co ccu s  N-771 (Nagamune et a l,  1990) and 

Rhodococcus N-774 (Endo and Wantanabe, 1989), ail nitrile hydratases characterised to 

date are inducible.

Many of these inducible nitrile hydratases are induced by amides rather than nitriles.

These include the Rhodococcus rhodochrous J-1 H-NHase and L-NHases which are

induced by urea and cyclohexanecarboxamide respectively (Nagasawa et a l, 1988a; 

Kobayashi et a l, 1993b), the Myrotheciuin verrucaria nitrile hydratase which is induced 

by cyanamide (Maier-Greiner et a l, 1991) and the P. chlororaphis B23 nitrile hydratase 

which is induced by methacrylamide (Nagasawa et al, 1987a).

Thus the control of nitrile hydratase expression in some strains is regulated by the 

products of niti'ile degradation rather than the substrates. Most nitrile hydratase genes are 

co-transcribed with the relevant amidase genes (section 1.4.1.8) and in some cases the 

amidase is required for the production of active nitrile hydratase (Hashimoto et a l, 

1994). Thus amides may play a pivotal role in the induction of expression of the "nitrile 

degrading enzyme system" of nitrile hydratase, amidase and related proteins.

Since isovaleronitrile induces the nitrilase of Rhodococcus rhodochrous J 1 (Kobayashi et 

cd., 1992a) and amides induce the nitrile hydratases (Komeda et a l, 1996a), it could be 

concluded that amides induce the nitrile hydratase enzymes and nitriles induce nitrilases. 

However this is not a general rule. For example, although the C orynebacteriiun  

pseudodiphteriticwn nitrile hydratase is maximally induced by methacrylamide, the nitrile 

hydratase is also induced, but with lower specific activity, by other amides and nitriles 

(Li et a l, 1992). Similarly, Arthrobacter ]-l tmé Arth rob acte r sp. IPCB-3 nitrile
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hydratases aie also induced by both nitriles and amides (Asano et al, 1982; Ramakrishna 

and Desai, 1993).

1.4.1.2 Relative molecular mass and subunit size

The majority of nitrile hydratases studied to date are multimers composed of distinct a  

and p subunits (Table 2). The subunits are similar in relative molecular mass but the N- 

terminal sequences are quite distinct (Section 1.4.1.9). The subunit relative molecular 

masses range from 22,000 to 29,000 and the active enzyme is composed of multimers 

between two and twenty subunits. An exception to this is the nitrile hydratase of the 

fungus, Myrotheciuin verrucaria 2087, which is a multimer composed of identical 

subunits (Maier-Greiner et a l, 1991). However, this enzyme is unusual in many 

respects, including substrate specificity and nitrile hydratase amino acid homology, and 

is therefore not representative of most nitrile hydratases.

The nitrile hydratases produced by Rhodococcus sp. N-774, N-771 and Rhodococcus 

(formerly Brevibacterium) R312 were originally characterised as distinct enzymes. 

However, Mayaux et a l,  (1990 and 1991) and Tsujimura e ta l ,  (1996) have detennined 

that the nitrile hydratases from these three stains are 1 0 0 % identical at the nucleotide 

level, suggesting that all three strains express the same enzyme. This suggests that either 

the nitrile hydratase gene was transferred between strains or that the strains themselves 

are identical. The nitrile hydratase produced by these strains is uniquely photoactivated 

and henceforth will be referred to as the photoactivated nitrile hydratase.
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Isolate Relative molecular mass 

Enzyme Subunit PQQ

Cofactors
Metal

pi Nitrile

substrates
Reference

^Rhodococcus sp. N774 70,000
ap

a=  28,500 

p= 29,000
No ND ND aliphatic Endo & Watanabe (1989) 

Ikehata et a l  (1989)

^Brevibacterium R312 85,000
aP

a=  26,000 

p= 27,500
No 3Fe 5.7 aliphatic Duran e ta l  (1992) 

Tsujimura a/. (1996)

^Rhodococcus sp. N771 60,000
aP

a=  28,500 

P= 29,000
No 22Fe ND aliphatic Nagamune et a l  (1990) 

Honda e ta l  (1992)

P. chlororaphis B23 1 0 0 ,0 0 0

2 o 2 p
a=  2 2 ,0 0 0  

p= 25,000
ND 4Fe ND aliphatic Nishiyama et aZ. (1991) 

Nagasawa et a l  (1987)

Myrothecium verrucaria 
DSM 2087

162,000
6 x

x= 28,000 ND 3Zn ND aliphatic Maier-Greiner et a l 
(1991)

Arthrobacter sp. J-1 420,000
8 aSP

a=  24,000 
P= 27,000

ND ND 3.6 aliphatic Asano e ta l  (1982)

C. pseudodiphteriticum 
ZBB-41

80,000
«P

a=  25,000 

P= 28,000
ND 3Fe 4.2 aliphatic U e t a l  (1992)

P. putida NRRL-18668 54,000
ap

ND ND ICo ND ND Payne e ta l  (1997)

R. rhodochrous J 1 HNHase 530,000
lOalOp

a=  23,000 
p= 26,000

ND llC o ND ahphatic4-
aromatic

Kobayashi e ta l  (1991)

R. rhodochrous J 1 LNHase 130,000
2 o 2 p

a=  23,000 
P= 25,000

ND XCo ND aliphatic Kobayashi e ta l  (1991)

ê

Table 2: Nitrile hydratase characteristics. PQQ = pyrroloquinoline quinone; ND = not detennined; (1) = The nitrile hydratase produced by these strains are identical 
(Tsujimura et a l, 1996) (2) = The active enzyme contains 2Fe^+, the inactive enzyme contains lFe^+ and lFe^+; (3) = The specific activity of the nitrile hydratase was 
enhanced when the strain was grown in the presence of metal ions (especially iron) suggesting that iron may be a cofactor; HNHase = high molecular weight nitrile 
hydratase; LNHase = low molecular weight nitrile hydratase.



1.4.1.3 Enzyme cofactor

All the nitrile hydratases characteiised to date contain one or more metal ions that are 

essential for activity. For example, the high molecular weight nitrile hydratase (H- 

NHase) of Rhodococcus rhodochrous J1 has approximately eleven cobalt atoms 

associated with the native 22 subunit enzyme (Nagasawa et a i ,  1991a). However, 

although the enzyme contained a large number of metal ions, dialysis of the purified 

enzyme with lOmM EOT A for one week did not affect enzyme activity, suggesting that 

the metal ions may be buried in the active site and/or tightly associated with the enzyme.

In Rhodococcus rhodochrous J l, the metal ion appears to be essential for both correct 

folding of the native enzyme and its catalytic activity. For production of active nitrile 

hydratase, the strain must be grown in the presence of both urea (inducer) and cobalt. 

This was confirmed in experiments in which the nitrile hydratase structural genes were 

cloned into E. coll (Kobayashi et a i ,  1991). In the presence of cobalt in the growth 

medium, active nitrile hydratase was expressed, but in its absence the nitrile hydratase 

was expressed as an insoluble inactive protein. Therefore, it is probable that the cobalt 

ions assist the correct folding of the individual subunits, or correct association of a 

number of subunits to fonn an active multimer, or the stabilisation of the folded fonu.

The metal ion associated with nitrile hydratases is not always cobalt. The photoactivated 

nitrile hydratases of Rhodococcus sp. N-771, N-774 and Brevibacterium  R312 have an 

essential iron atom associated with the enzyme (Nagasawa et a l ,  1986), while that of 

Myrothecium verrucaria has three zinc atoms associated with the enzyme (Maier-Greiner 

et. a l ,  1991). In addition, although the presence of metal ions in the nitrile hydratase 

expressed by Corynebacterium verrucaria ZBB-41 has not been directly determined, 

growth of the strain in basal medium containing iron, nickel, calcium or magnesium 

resulted in an increase in the nitrile hydratase specific activity, suggesting that a metal ion 

may be important to nitrile hydratase activity (Li e ta l ,  1992).
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Most of the nitrile hydratases have a single metal ion associated with each a(3 subunit 

pair and the exact location and coordination sphere of one such metal ion has been 

determined. The Rhodococcus (fomieiiy Brevibacterium) R312 nitrile hydratase metal 

ion location has been deduced from analysis of the enzyme crystal structure (Huang et 

a l, 1997). The iron atom is coordinated by a total of six ligands comprising three 

sulphur, two nitrogen and an oxygen atom. The three sulphydryl groups are provided by 

three cysteine residues and the two nitrogen atoms are provided by a serine residue and 

one of the cysteine residues. A water molecule provides the sixth ligand which is 

replaced by the substrate during hydrolysis (section 1.4.1.7).

Although the nitrile hydratase metal ion is directly coordinated by residues of the a  

subunit, two highly conserved arginine residues located on the (3 subunit are also 

required for catalytic activity. These residues hold two of the metal ligands (cysteine 

residues) in the coirect orientation for coordination to the metal ion. The nitrile hydratase 

0 Ï Rhodococcus rhodochrous Jl is purported to contain a cobalt ion in an identical ligand 

field, suggesting that nitrile hydratases are metalloenzymes that coordinate the active site 

metal ion in a unique unprecedented ligand field (Huang e ta l,  1997).

1.4.1.4 Pyrroloquinoline quinone

Pyrroloquinoline quinone (PQQ) was first proposed as a covalently bound cofactor of the 

Brevibacterium R312 photosensitive nitrile hydratase by Nagasawa et a l,  (1987b). The 

PQQ moiety was proposed to be covalently attached to the enzyme and directly involved 

in catalysis from experiments where the enzyme was subjected to acid hydrolysis and 

protease digestion to release the proposed PQQ cofactor and the resulting (proposed) 

chromophores were purified and characterised. As a result of the similarity of 

fluorescence and absorption spectra of these isolated chromophores to those of enzymes 

proposed to contain PQQ, and the ability of the isolated chromophores to reactivate a 

PQQ dependent enzyme, it was suggested that the nitrile hydratase contained PQQ.
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However, Tsujimura et ciL, (1996) and Duine, (1991a) have suggested that these 

methods are not definitive for the identification of PQQ. A number of other enzymes, 

including copper amine oxidases, dopamine beta-monooxygenases and galactose 

oxidases, previously identified as quinoproteins using the aforementioned experimental 

methods, have been shown to contain modified aromatic residues as the prosthetic group 

instead of PQQ (Klinman et al,. 1991). In addition, Huang et a i,  (1997) have 

determined the crystal structure of the Rhodococcus (formerly Brevibacterium) R312 

nitrile hydratase and have clearly shown the absence of PQQ in the enzyme. Both these 

findings discredit the original suggestion that PQQ is a cofactor of nitrile hydratases.

1 .4 .1 .5  Enzymatic mode of action

Many mechanisms for the hydrolysis of nitriles by nitrile hydratases have been 

proposed. It is clear that a metal ion is required for activity, but its direct involvement in 

catalysis has not been definitely proven. However, analysis of ESR and resonance ram an 

spectra after the addition of substrates, inhibitors or the substrate analogue 

iodoacetonitrile to Brevibacterium R312 nitrile hydratase strongly suggests that the metal 

ion is closely involved in catalysis and shows that the metal ion is located at the active 

site (Huang e ta l ,  1997).

The coordination sphere of the metal ion of the Brevibacterium R312 nitrile hydratase has 

been investigated and experiments have confiiTned that the iron ligand is hexacoordinated 

(Nelson et a l, 1991; Huang et a l, 1997) and as the cobalt ions in the Rhodococcus 

rhodochrous ] I nitrile hydratase are similarly coordinated, it is puiposed that the mode of 

action of this nitrile hydratase may be representative of the mode of action of many nitrile 

hydratases.

On the basis of the active site information accumulated to date, three possible 

mechanisms of nitrile hydratase catalysed hydrolysis have been proposed by Huang et
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a i, (1997) and are described below. The previously proposed mechanism involving 

PQQ (Nagasawa et al., 1989) has largely been discredited due to the absence of PQQ in 

the enzyme. A second proposed mechanism involving nucleophilic attack by a conseiwed 

cysteine residue of the nitrile, followed by hydrolysis of the resulting thioimide (Kopf et 

a i,  1996), has also been discredited due to the absence of free cysteine residues that 

could be involved in nucleophilic attack, all the cysteine residues at the active site being 

directly involved in metal coordination.

In the first step of the first proposed mechanisms (Huang et al., 1997) of nitrile 

hydratase action (a), the approach of the nitrile substrate towards the enzyme active site 

results in displacement of the water molecule coordinated to the metal ion by the nitrile 

substrate. Binding of the nitrile substrate to the low spin ferric iron results in activation 

of the CN group of the nitrile. The CN bond is then hydrated by activated water, thus 

foiTning a carboxamide moiety in a single step. The amide and ammonia are released and 

a water molecule again coordinates the metal ion.

In the other two proposed mechanisms the metal ion is not in direct contact with the 

substrate. It is proposed, in the second mechanism, that the metal ion activates a metal 

bound hydroxide ion. This then acts directly as a nucleophile and upon approach of the 

substrate attacks the cai bon atom of the nitrile and fomis an amide in a single step (b).

Alternatively, in the final proposed mechanism, the hydroxide ion may act as a general 

base activating a water molecule at the active site (c). This water molecule can then 

directly attack the nitrile and form an amide in a single step. In this third mechanism an 

enzyme bound intemiediate is not formed, instead an outer sphere complex is generated. 

Due to tlie nature of the ligand interactions, this third proposed mechanism is believed to 

be the most probable mode of action (Huang et a l, 1997).
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Figure 1: Proposed nitrile hydratase modes of action (Huang et a i, 1997).

1 .4 .1 .6  Photoactivation

Unlike most nitrile hydratases characterised to date, the nitrile hydratases of 

Rhodococcus N771 and Coinainonas testosteroni N il are photoactivated (Honda et a i, 

1992; Bonnet et a i ,  1997). Light irradiation of the Rhodococcus N771 enzyme results in 

an increase of up to 30 fold in the enzyme specific activity (Honda et a l ,  1992). The 

photoactivation process involves oxidation of the Fe^+ chromophore and it is suggested 

that the efficiency of photoactivation is increased in the presence of butyric acid although 

the mechanism of increasing the efficiency is unknown (Honda et a l,  1994).
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Resonance Raman spectroscopy has shown that nitric oxide is bound to the active site 

feiTOus iron (located in the a  subunit) in the dark inactivated nitrile hydratase (Noguchi 

et a l, 1996). During light activation of the enzyme, nitric oxide is released and the metal 

is oxidised from the ferrous to the ferric form. It has been suggested that the nitric oxide 

ligand functions as an electron acceptor and becomes NO" upon release from the enzyme 

(Noguchi et a i, 1995). It is clear, therefore, that the photosensitive nitrile hydratase is 

controlled by a combination of nitrile oxide and light.

The nitric oxide effect appears to be highly specific, since photo-irradiation experiments 

on the separated R hodococcus  N771 nitrile hydratase a  and P subunits have 

conclusively shown that photoactivation results in a conformational change in the a  

subunit of the nitrile hydratase, whereas the p subunit is unaffected (Tsujimura et a i, 

1996).

Nitric oxide serves as a neurotransmitter and regulates blood vessel dilation, immune 

function and cGMP activity (Lowenstein and Snyder, 1992). For example, it activates 

guanyl cyclase by binding to the enzyme haem iron, thus regulating cGMP generation 

(Tsai, 1994; Ignarro, 1992). Thus the role of nitric oxide in the regulation of enzyme 

activity is not unusual.

1.4.1.7 Substrate specificity

Both aromatic and aliphatic nitriles are hydrolysed by nitrile hydratases. Many of the 

nitrile hydratases preferentially hydrolyse aliphatic nitriles and only hydrolyse aromatic 

nitriles to a limited degree (Table 2) and some, such as P. chlororaphis B23, hydrolyse 

only aliphatic nitriles and show no hydrolysis of aromatic nitriles (Nagasawa et a l, 

1987a). Thus aliphatic nitriles are the preferred substrates for many of the nitrile 

hydratases characteiised to date (Table 2).
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The relative rates of hydrolysis of aliphatic and aromatic nitriles by the niti’ile hydratase 

of Rhodococcus sp. N774 were compared to those of Rhodococcus erythropolis 

JCM6823 (Duran et al., 1993). Rhodococcus sp. N774 hydrolysed aliphatic nitriles 50- 

100 fold faster than aromatic nitnles but Rhodococcus erythropolis JCM6823 hydrolysed 

both categories of nitrile at roughly the same rate. However, the two nitrile hydratases 

had 96% amino acid identity in the (3 subunit and 95% identity in the a  subunit, with 

most of the significant changes in the properties of the amino acid residues occurring in 

the a  subunit. This suggests that the a  subunit might be responsible for changes in 

substrate turnover, playing a significant role in substrate recognition and supporting the 

assumption that the active site of all nitrile hydratases is located in the a  subunit.

1.4.1.8 Gene structure / organisation

The location of the genes encoding nitrile hydratase a  and P subunits has been 

determined for a number of strains. Typically, the coding sequence for the a  subunit is 

located upstream of the P subunit coding sequence. The spacing between these genes is 

26 base pairs in Rhodococcus sp. N774 and Rhodococcus erythropolis JCM6823 and 42 

base pairs in Pseudoimmas chlororaphis B23 (Nishiyama et a l, 1991). The distances are 

similarly short in many other strains expressing nitrile hydratases and suggest that these 

two genes are co-transcribed (Kobayashi et a l, 1991). It is probable that there is a 

promoter upstream of the coding region for the a  subunit.

Nitrile hydratases are generally expressed in association with an amidase and the amidase 

genes are generally located upstream of the nitrile hydratase a  subunit open reading 

frame. There is a typically short distance between the end of the amidase open reading 

frame and the start of the nitrile hydratase a  subunit open reading frame. These genes 

were separated by 94 base pairs in Pseudomonas chlororaphis B23, 75 base pairs in 

Rhodococcus sp. N774 and 73 base pairs in Brevibacterium  R312 (Nishiyama et a l, 

1991; Hashimoto et a l, 1991; Mayaux e ta l ,  1990). In these regions separating the 

genes, there was no evidence of transcription start or stop sequences. This suggests that
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the amidase, nitrile hydratase a  subunit and nitrile hydratase p subunit are all co

transcribed in the order; amidase, a  subunit, p subunit.

Rhodococcus rhodochrous J l expresses two inducible nitrile hydratases; a high 

molecular weight nitrile hydratase (H-NHase) and a low molecular weight nitrile 

hydratase (L-NHase) (Komeda et a i, 1996a; Kobayashi et aL, 1993b). Both enzymes 

are composed of a  and p subunits, although the subunits from each enzyme are 

different. Sequencing of part of the Rhodococcus rhodochrous J 1 genome indicated that 

the coding sequence for the p subunit of each nitrile hydratase was upstream of the 

coding sequence for the a  subunit. The genes encoding the subunits of a Rhodococcus 

sp. isolated by Mayaux et a i, (1991) were also located in the order; p subunit, a  

subunit. This is the reverse of the order seen for most other nitrile hydratases.

On the genome of Rhodococcus rhodochrous J 1 the gap between the stop codon for 

translation of the P subunit and the start codon for translation of the a  subunit were 13 

and 63 base pairs for the H-NHase and L-NHase respectively. This suggested that the a  

and p subunits were part of the same operon and were transcribed on a single mRNA 

strand, similar to the other nitrile hydratases.

1.4.1.9 Control of gene expression

The control of nitrile hydratase gene expression has been examined in Pseudomonas 

chlororaphis B23 (Nishiyama et a l, 1991), Rhodococcus sp. N774 (Hashimoto et a l, 

1994) and Rhodococcus rhodochrous Jl (Komeda e ta l,  1996a).

Six Pseudomonas chlororaphis B23 genes involved in nitrile hydratase expression have 

been cloned in E. coli. These have been designated P38K, amidase, a  subunit, p 

subunit, P47K and Or IT and are located in that order on the genome. The distance 

between the termination codon of the amidase and the start codon of the a  subunit is 42 

base pairs; the start codon of P47K shares two bases with the termination codon for
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subunit p; and the putative start codon for OrtE is only 17 base pairs from the 

termination codon of P47K. As the open reading frames are separated by these short 

distances, it suggests that these genes are polycistronic.

Various transformants with deletions in some of the six genes described above were 

prepared (Nishiyama et a l, 1991). The results indicated that the coexistence of the six 

open reading frames was necessary for maximum expression of nitrile hydratase activity. 

Deletion of the P38K gene resulted in loss of 33% of the nitrile hydratase activity 

detected, while deletion of both the P38K and amidase genes resulted in complete loss of 

nitrile hydratase activity detection, despite the structural genes of both the a  and p 

subunits being present in both transformants.

The expression of the Rhodococcus sp. N774 nitrile hydratase cloned into E. coli 

showed similarities to the expression of the Pseudomonas chlororaphis B23 nitrile 

hydratase. In addition to the expected structural genes for the Rhodococcus sp. N774 

amidase and nitrile hydratase a  and P subunits a further open reading frame (ORF1188), 

encoding a 396 amino acid protein (Mr = 43,000), was located just 98 base pairs 

downstream of the P subunit (Hashimoto et a i, 1994). This ORFl 188 gene, the a  and p 

subunit structural genes and the carboxy terminal portion of the amidase gene, were all 

required for expression of active nitrile hydratase. In the absence of the ORFl 188 gene 

product but presence of the other genes, the nitrile hydratase was produced as inactive 

inclusion bodies.

The P47K gene of Pseudomonas chlororaphis B23 and the ORFl 188 gene of 

Rhodococcus sp. N774 share 44% homology including two consensus sequence motifs 

found in ATP binding proteins (Hashimoto et a l, 1994). This suggests that they require 

ATP for their function, and may act as chaperones in ensuring the correct folding of the 

nitrile hydratase a  and p subunits. The role of the amidase protein is not as clear, but it 

might play a role in stabilisation or activation of the nitrile hydratase.
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The genome of Rhodococcus rhodochrous J 1 which expressed H-NHase was found to 

contain five open reading frames in close proximity to the H-NHase subunit structural 

genes. They were designated H-ORF 1 to 5 and were located on the genome as follows: 

H-ORF 1, H-ORF 2, H-ORF 3, H-ORF 4, p subunit gene, a  subunit gene and H-ORF 

5. No sequence homologous to any amidase sequences was found upstream of the H- 

NHase structural genes. However, transcription initiation sequences were located 71 and 

48 base pairs upstream of the p subunit and a transcription termination sequence was 

located just downstream of the H-NHase genes suggesting that, unlike other nitrile 

hydratases, the H-NHase subunit structural genes (and H-ORF 5) are transcribed in a 

single mRNA and ai e not part of a larger operon that includes the amidase gene (Komeda 

e ta l,  1996a).

The role of the five open reading frames was examined by construction of mutants 

containing deletions of these genes. From the results it appeared that H-ORF 1 and H- 

ORF 2 were essential to the production of active nitrile hydratase, although H-ORF 1 and 

2 appeared to be transcribed separately to the nitrile hydratase subunit structural genes. 

H-ORF 1 showed significant homology to the negative regulator AmiC of an aliphatic 

amidase gene in Pseudomonas aeruginosa (Wilson and Drew, 1991). The H-NHase of 

Rhodococcus rhodochrous J 1 was known to be induced by amides but the mechanism of 

induction of enzyme activity by the reaction products was initially unclear. However, 

since AmiC is induced by amides and H-ORF 1 is homologous to AmiC, it suggests that 

the induction of the Rhodococcus rhodochrous J1 H-NHase by amides is due to the 

interaction of the amide with H-ORF 1 and not with the H-NHase.

H-ORF 5 was homologous to the amino teiTninal of portion of each p subunit of H- and 

L-NHases, but mutants lacking H-ORF 5 were not constmcted and the role of this gene 

cannot be defined. Mutants lacking H-ORF 3 and H-ORF 4 showed that these genes 

were not required for nitrile hydratase expression.
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The Rhodococcus rhodochrous J1 L-NHase gene organisation was also examined 

(Komeda et a i, 1997). The genome of Rhodococcus rhodochrous J1 was found to 

contain a number of open reading frames in close proximity to the L-NHase a  and p 

subunit structural genes. These open reading frames were designated nhlD, nhlC, nhlB, 

nhlA, nhlE, nhlF and amdA and were located on the genome in this order, where nhlB, 

nhlA and amdA were the structural genes for the nitrile hydratase p and a  subunits and 

an amidase, respectively.

NhlC and nhlD were positive and negative regulators, respectively, required for the 

amide dependent induction of the nitrile hydratase and nhlE coded for a 144 amino acid 

protein whose function was not elucidated. NhlF encoded a purported membrane 

protein, that had significant sequence homology to nickel transport proteins from A. 

eutrophus and Bacillus sp. and was directly responsible for cobalt intake into the cell. 

This protein was essential for expression of active nitrile hydratase and is believed to be a 

cobalt transport protein.

Therefore nitrile hydratase expression appears to be inextricably linked to amidase 

expression in many organisms, is controlled by specific regulatory proteins (in 

Rhodococcus rhodochrous J l)  and in at least one strain appears to require the co

expression of a metal ion transport protein.

1.4.1.10 Sequence homology

The sequence similarity of a number of nitrile hydratases was examined. No homology 

was observed when individual a  subunits were compared with individual p subunits. 

However comparison of a  and p subunits with the subunits of other strains indicated 

some significant homologies. The H-NHase of Rhodococcus rhodochrous J 1 had 45% 

and 37% amino acid homologies with the a  and p subunits of the Rhodococcus sp. 

N774 nitrile hydratase (Kobayashi et al., 1991). The L-NHase of Rhodococcus  

rhodochrous Jl was similar. It had 47% and 39% amino acid homology with the a  and
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p subunits of the Rhodococcus sp. N774 nitrile hydratase. Many nitrile hydratases from 

different organisms have similarly high levels of sequence homology.

The Myrotheciwn verrucaria nitrile hydratase is a homohexameric enzyme that catalyses 

the hydrolysis of cyanamide to urea. The gene encoding the enzyme is a 795 base pair 

DNA sequence containing a 63 base pair intron (Maier-Greiner et a i, 1991). The nitrile 

hydratase had no sequence homology with the nitrile hydratase of Rhodococcus sp. 

N774 or the cyanide hydratase of Fusarium laterithiin (Cluness et a i,  1993), suggesting 

that this nitrile hydratase is quite distinct from both nitrile and cyanide hydratases.

1.4.1.11 Biotransformations / applications

Nitriles are the precursors for the production of a variety of amides and acids used in the 

pharmaceutical, petrochemical and manufacturing industries (Wyatt and Linton, 1988).

Although attempts have been made to develop mild procedures for the hydrolysis of 

nitriles, the chemical hydrolysis of these molecules to carboxylic acids and amides 

usually requires rather drastic, basic or acidic conditions, often incompatible with 

molecules carrying sensitive functionalities. In addition, in large scale transfomiations 

considerable quantities of inorganic salt are produced as by-products with unfavourable 

ecological consequences and which makes purification and isolation of products difficult. 

The use of biotransformations using nitrile degrading enzymes can overcome many of 

these problems and in certain cases can result in an enantioselective product (Bianchi et 

aL  1993).

Acrylamide and methacrylamide are produced industrially as monomers for the 

production of dyes, fibres and flocculants and other commodities (Kobayashi et a i, 

1992a). Chemical synthesis of these amides involves hydration of nitriles using 

sulphuric acid or using copper complexes as the catalysts with the disadvantage that the 

resulting amides are contaminated with un reacted substrate and copper (Yam ad a, 1993).
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Their removal and treatment for waste disposal is expensive. In addition, because these 

amides are readily polymerised, the process must be carried out under moderate 

temperatures, and this usually requires cooling.

Bio-production of these amides using nitrile degrading enzymes overcomes many of 

these problems and is simple, economical and versatile. Since 1985 the chemical 

synthesis of these amides has been superseded by the use of progressively more efficient 

nitrile hydratases produced by novel isolates. The strain Rhodococcus rhodochrous J l 

expresses a nitrile hydratase that catalyses the hydrolysis of acrylonitrile to acrylamide 

with a 100% conversion rate (Nagasawa et a i, 1988b). The strain produces 7,000 grams 

of acrylamide per gram of Rhodococcus rhodochrous J l cells and can tolerate 

aciylonitiile concentrations of up to 50% while retaining enzymatic activity (Kobayashi et 

a l, 1992b). This process is used by the Nitto Chemical Company in Japan to produce 

1 0 ,0 0 0  tonnes of acrylamide annually.

The nitrile hydratase and amidase of Rhodococcus equi TG328 are used to produced 

pharmaceutically active 2-aryl propionic acids (Gilligan et a l, 1993). These compounds 

are used as non-steroidal anti-inllammatory agents and several are in commercial use; 

e.g. ibuprofen, naproxen and fluorobiprofen (Effenberger and Bohme, 1994). The 

Rhodococcus nitrile hydratase hydrolyses racemic 2-phenylpropionitrile to the racemic 

amide, and the amidase converts this to optically pure S-(+)-2-propionic acid with 99.4% 

enantiomeric excess. The production of optically pure product is important, as the S 

enantiom er is considerably more active than the R enantiom er. Thus, this 

biotransformation provides a more economical production method than conventional 

synthetic methods.

2-Aryloxypropionic acids are herbicides which are cunently used as racemates although 

only the (R) enantiomers are biologically active. Therefore the preparation of the (R)- 

isomer in a high optical purity is practically desirable (Bianchi et a l, 1991). Several 

methods have been investigated for the resolution of these compounds by chemical
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methods, such as crystallisation of diastereomeric salts (Gottstein and Cheney, 1965), or 

by biological methods involving lipid catalysed enantioselective hydrolysis of racemic 

esters (Demoncour and Azerad, 1987).

The process based on the enzymatic ester hydrolysis does not afford a stereoselectivity 

high enough to be competitive with the chemical approach. However, combined use of 

the Brevibacteriiun impériale non-stereoselective nitrile hydratase and stereoselective 

amidase produced (R)-aryloxy acids with a high level of efficiency (Bianchi et a i, 

1993). There is a possibility that this method may compete with the chemical approach 

due to the higher siereospecificity.

Nitrile hydratases and amidases also have a variety of other industrial applications 

(Thompson eta!., 1988; Wyatt and Linton, 1988). However, their full commercial 

potential has unfortunately not yet been realised due in part to the thenrioinstability of the 

mesophilic enzymes, which result in difficulties in handling, storage and transport.
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1.4.2 Cyanide hydratases

Cyanide hydratases catalyse the hydrolysis of cyanide to formamide, but do not 

hydrolyse nitriles.

cyanide hydratase 
HCN + H2 O ----------------- ►  HCONH2

1.4.2.1 Relative molecular mass and subunit size

Although there is only one example of a homomeric nitrile hydratase, all the cyanide 

hydratases characterised to date are composed of identical subunits. The cyanide 

hydratases of Fusarium lateritium and Gloeocercospora sorghi are each composed of 

random aggregates of identical subunits (Cluness et. a i ,  1993; Wang and VanEtten, 

1992). The subunit relative molecular mass varies from 40,000 for Fusarium solani 

(Shimizu and Taguchi, 1969) to 45,000 for Gloeocercospora sorghi and, in both these 

strains, active aggregates have been detected with a minimum relative molecular mass of 

300,000. Similarly, active aggregates of between 272,000 and 1,217,000 have been 

detected for the Fusarium lateritium cyanide hydratase (Cluness et a l,  1993).

With respect to the subunit structure and mode of action, the cyanide hydratases and 

nitrile hydratases are dissimilar. In view of the fact that both enzymes hydrolyse a CN 

moiety and form the corresponding amide as product, this might be unexpected. 

However, the anionic nature of the cyanide hydratase substrate compared to the 

uncharged nature of the nitrile hydratase substrates might explain the difference.

The active Myrothecium verrucaria nitrile hydratase is a multimer of identical subunits 

which hydrolyses cyanamide (CN-NHj) to urea, but does not hydrolyse any other nitrile 

nor does it hydrolyse cyanide (Maier-Greiner et a l ,  1991). Thus this enzyme has the
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subunit structure typical of cyanide hydratases but the substrate specificity of nitrile 

hydratases. Comparison of the sequence of this enzyme with that of both types of 

hydratase would be most interesting in determining which group this enzyme most 

resembles at the nucleotide level.

1.4.2.2 Gene structure / organisation

The Fusarium lateritium cyanide hydratase is coded by a 1068 base pair DNA sequence 

containing two introns while the gene sequence of the Gloeocercospora sorghi cyanide 

hydratase is composed of a single open reading frame of 1,107 base pairs (Wang and 

Van Etten, 1992).

1.4.2.3 Sequence homology

Comparison of DNA sequences of the Fusarium lateritium and Gloeocercospora sorghi 

cyanide hydratases indicated that there was 35% and 37% homology with the 

bromoxynil specific nitrilase oi Klebsiella pneumonia (Cluness et a l,  1993). In addition, 

the Fusarium lateritium cyanide hydratase nucleotide sequence had 65% homology with 

that of Gloeocercospora sorghi and 35% homology with the nitrilase of Alcaligenes 

faecalis JM3 (Wang et ah, 1992).

The cysteine residue at position 163 in the A. faecalis JM3 nitrilase, which has been 

shown to be required for activity, was conserved in the F. lateritium cyanide hydratase, 

which indicated that the mode of action may be similar to that of the nitrilases (Cluness et 

a i ,  1993). In contrast, comparison of the F. lateritium cyanide hydratase nucleotide 

sequence with the nitrile hydratases of Rhodococcus sp. N774 and M yrothecium  

verrucaria indicated that there was no significant sequence homology. This suggests that 

cyanide hydratases are unrelated to nitrile hydratases but significantly similar to many 

nitrilases.
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1.4.2.4 Evolutionary significance

Although the cyanide- and nitrile- hydratases both catalyse the hydrolysis of R-CN to the 

corresponding amide, cyanide hydratases have greater sim ilarity in physical 

characteristics and mode of action to nitrilases than to nitrile hydratases. This is 

confirmed by analysis of the phylogenetic tree (Figure 2) prepared by Novo et a l, 

(1995), using the known DNA sequences of many cyanide hydratases, nitrile 

hydratases, nitrilases and amidases together with Phylotiee and rooted tree programmes. 

The Gloeocercospora sorghi and Fusarium lateritium cyanide hydratases were placed 

within the nitrilase branch of the phylogenetic tree, having no similarity to the nitrile 

hydratases. Nitrile hydratases were clearly unrelated to the nitrilases in agreement with 

the conclusions of other authors (Kobayashi et a l, 1992a).
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Figure 2: Phylogenetic tree indicating the relatedness of nitrile degrading enzymes, 
based on the phylogenetic tree of Novo et at., (1995). The numbers indicated are 
probability matrix (PAM) values, where one PAM corresponds to one accepted amino 
acid substitution per hundred sites; CH = cyanide hydratase; N = nitrilase; NIT 1/2 = 
nitrilase 1 or nitrilase 2 of Arabidopsis thaliana', A = amidase; R. = Rhodococcus', S. = 
Salmonella', M. = Mycobacterium', NH = nitrile hydratase; LNH = low molecular weight 
nitrile hydratase of R. rhodochrous J 1 ; HNH = high molecular weight nitrile hydratase 
of R. rhodochrous J 1 and cx/p = nitrile hydratase oc/p subunit.
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1.4.3 Nitrilases

Nitrilases catalyse the direct hydrolysis of nitriles to the corresponding carboxylic acid 

and ammonia:

nitiilase
R-CN + 2 H2 0  ------------------►  R-COOH + NH3

1.4.3.1 Relative molecular mass and subunit size

The nitrilases characterised to date are each composed of identical subunits (Table 3), 

with the possible exception of the nitrilase from Acinetobacter sp. AK 226 (Yamamoto 

and Komatsu, 1991). It was reported on the basis of SDS-PAGE that this nitrilase was 

composed of non-identical subunits (41 kDa & 43 kDa). However, these proteins had 

identical N-tenninal sequences and isoelectric focusing of the nitrilase activity resulted in 

detection of a single protein band. This therefore suggests that the two bands observed 

on SDS-PAGE may be the result of cleavage of a proportion of a single type of subunit 

during purification.

Active nitrilases are typically multimers or aggregate of a number of subunits (Table 3). 

For example, the nitrilase of F. oxy’sporum has a native molecular mass of 550,000 on 

gel filtration (Goldlust and Bohak, 1989), while, non-denaturing PAGE of the purified 

nitrilase indicated subunit aggregates of between 170,000-880,000 which had nitrilase 

activity. This suggested that the enzyme could form active aggregates of between four 

and twenty-four subunits. Many of the other nitrilases also form active aggregates 

containing a non-specific number of subunits.

It has been suggested ihat Arthwbacter J-1 expresses two nitrilases, both of which are 

induced by benzonitrile and have very similar pis (4.8 and 4.9) and substrate specificities 

(Bandyopadhyay et al., 1986). However, only one of these nitrilases, designated 

nitrilase A, was purified and repeated attempts could not purify the second nitrilase,
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nitrilase B. Given the author's inability to confinii the presence of the second nitrilase by 

purification and the extreme similarity of the two proposed nitrilases, nitrilase B might 

simply be a truncated fonn of nitrilase A. Sequencing of both proteins would clarify this 

situation.

Unlike most other nitrilases, the active form of the nitrilase from R. rhodochrous PA-34 

has been proposed to be a monomer of 45,000 (Bhalla et a i ,  1992), using gel filtration 

and SDS-PAGE experiments. However, the nitrilases of R hodococcus  39484 

(Stevenson er ah, 1992) and Nocardia  sp. 11216 (Harper, 1977a) also appeared as 

monomers using gel filtration and SDS-PAGE, but have been shown to exhibit co- 

operativity and are in fact multimers composed of fourteen and twelve subunits 

respectively. Thus, on the basis of the experimental evidence provided (Bhalla et aL, 

1992), it is concluded that the nitrilase oï' R. rhodochrous PA-34 is not necessarily a 

monomer.

Therefore apart from the anomalies discussed, most nitrilases are multimeric enzymes 

composed of identical subunits which can form active aggregates of large numbers of 

subunits.

1.4.3.2 Co-operativity

According to the experiments of Bandyopadhyay et a i ,  (1986), the nitrilase(s) of 

Arthrobacter J-1 appear to function co-operatively. The early phase of nitrile hydrolysis 

reactions were not linear with respect to time, especially at low enzyme concentrations, 

with both the proposed nitrilase A and nitrilase B enzymes showing time-dependent 

activation in the presence of substrate. After a short lag phase, in the presence of 

substrate, the reactions became linear. This indicates that the active enzyme was probably 

not a monomer (as suggested in the literature) but, as for other nitrilases, was an 

aggregate or multimer. The presence of substrate is presumed to promote conformational 

changes in the subunits which encourage association into the native nitrilase.
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Isolate Relative molecular mass Inducer Co- pi Nitrile Reference
Subunit Enzyme operativity substrates

Alcaligenes faecalis 8750 32,000
14x

460,000 n-butyronitrile yes ND aromatic Yamamoto et al. (1992)

Alcaligenes faecalis JM3 44,000
6x

275,000 isovaleronitrile no 4.9 arylacetonitriles Nagasawa et a l  (1990)

Nocardia sp. 11215 46,000
12x

560,000 p-hydroxy-
benzonitrile

no 4.3 substituted-
aromatic

Harper (1985)

Nocardia sp. 11216 45,000
12x

560,000 benzonitrile yes 4.2 aromatic Harper (1977b)

R. rhodochrous K22 41,000
16x

650,000 crotonitrile no ND saturated-
aliphatic

Kobayashi etal. (1990)

R. rhodochrous J 1 41,000
2x

78,000 isovaleronitrile no 5.6 aromatic Kobayashi etal. (1989)

Rhodococcus 39484 40,000
14x

560,000 isovaleronitrile yes ND aromatic 4- 
heterocyclic

Stevenson e ta l  (1992)

R. rhodochrous PA-34 45,000
1x1

45,000 isobutyronitrile ND ND aliphatic + 

aromatic
Bhalla e ta l  (1992)

Arthrobacter J-1 (nitrilase A) 30,000
1x1

30,000 benzonitrile yes 4.9 aromatic, not 
aliphatic

Bandyopadhyay et a l. 
(1986)

Table 3
Os

: Nitrilase characteristics. ND = not deteimined; (1) = The nitiiiases of/?, rhodochrous PA-34 and Arthrobacter .1-1 are probably not monomers (see text).



Isolate Relative molecular mass 

Enzyme Subunit

Inducer Co-
operativity

pi Nitrile

substrates
Reference

F. oxysporum 37,000 550,000 aliphatic + no <4.0 aliphatic -f- Goldlust & Bohak
14x aromatic nitriles aromatic (1989)

Fusarium solani 196840 76,000 620,000 benzonitiile no 4.2 aromatic Harper (1977)
8x

Rhodococcus 39484 40,000 560,000 isovaleronitrile yes ND aromatic + Stevenson etal. (1992)

14x heterocyclic

Klebsiella ozaenae 37,000 72,000 bromoxynil no 2 5 .4 bromoxynil + Stalker e ta l  (1988)
2x related aromatic

Acinetobacter sp. AK 226 43,000 / 580,000 constitutive no 4.0 aromatic + Yamamoto & Komatsu

41,000 aliphatic (1991)

Table 3 (continued): Nitrilase characteristics. (2) = The pi was calculated rather than experimentally determined.
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The nitrilase A. faecalis ATCC 8750 also showed a non-linear lag period in the early 

stages of nitrile hydrolysis reactions (Yamamoto et ciL, 1992). This again was puiported 

to be due to the substrate activation process, in which the protein subunits aggregated in 

the presence of substrate to form an active multimer. However, HPLC of the 

unaggregated enzyme in the absence of substrate but presence of ImM DTT, resulted in a 

proportion (approximately 33%) of the subunits aggregating to form the proposed native

46,000 kDa enzyme. Thus dithioihreitol can also cause aggregation of the subunits, 

possibly by reduction of the active site sulphydryl groups, resulting in conformational 

changes which encourage association of subunits.

Where substrate activation has been observed, the rate of aggregation has in all cases 

been dependent on substrate concentration, enzyme concentration, pH and temperature. 

For the Rhodococcus ATCC 39484 nitrilase, aggregation was promoted not only by the 

benzonitrile substrate, but also by benzoic acid and by two inhibitors of enzyme activity, 

benzyl alcohol and benzaldehyde (Stevenson et a l,  1992). These inhibitors presumably 

modified the active site, thus promoting aggregation but inhibiting nitrilase activity by 

occupying the active site.

The multimeric phosphorylase a and phosphofructokinase enzymes also undergo slow 

association and dissociation reactions (Luther et at., 1983; Cai et aL, 1990). In muscle 

this dissociation is used as a form of regulation preventing rapid fluctuations in the 

environment as a result of high metabolic activity (Frieden, 1968). By analogy, 

therefore, the substrate dependent subunit association of nitrilases may be used as a form 

regulation of their activity.

Nitrilase activity is not oxygen dependent (Frieden, 1968) and therefore, under 

conditions of limited oxygen, the nitrilase may continue (if unregulated) to degrade 

nitriles faster than the reaction products are metabolised. Since ammonia is one of the 

reaction products, a failure to further metabolise this product could result in a rapid and 

toxic decrease in pH of the bacterial cell. Since the nitrilase association / dissociation is
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highly pH dependent, any overproduction of ammonia resulting in an intracellular pH 

change would result in a decrease in nitrilase activity through dissociation of the enzyme 

subunits, thus effectively reducing further ammonia production. This proposed feedback 

mechanism would thus prevent accumulation of potentially toxic reaction products and 

provide a possible explanation for the role of substrate dependent activation in these 

enzymes.

64



1.4.3.3 Nitrilase induction

Apart from the Acinetobacter sp. AK 226 nitrilase which is believed to be constitutive 

(Yamamoto and Komatsu, 1991), all of the nitrilases shown in Table 3 are induced by 

the nitriles indicated. Tho Acinetobacter nitrilase is an anomaly, however, since it was 

expressed at 23% of the soluble protein when it was grown in basal media without the 

addition of nitrile (Yamamoto and Komatsu, 1991). It is unlikely that a nitrilase would be 

expressed constitutively to this level and therefore it is possible that nitrilase is not 

constitutive but is induced by an unidentified media component.

1.4.3.4 Substrate specificity

Many nitrilases hydrolyse both aliphatic and aromatic nitriles (Table 3). However, apart 

from the nitrilase of Acinetobacter sp. AK 226 where the rate of hydrolysis of aromatic, 

aliphatic and heterocyclic nitriles are similar (Yamamoto and Komatsu, 1991), the rate of 

hydrolysis of one class of nitriles is generally negligible compared to the rate of 

hydrolysis of the prefened class of substrates, for most nitrilases.

A number of nitrilases producing optically pure acids have been identified. The 

Acinetobacter  sp. AK 226 nitrilase is enantioselective, converting racemic 2-(4'- 

isobutylphenyl) propionitrile to the corresponding S-acid (Yamamoto and Komatsu, 

1991). The nitrilase also hydrolysed the R-substrate when the S-substrate was 

exhausted, but at a 180-fold lower rate of hydrolysis. In addition, an Alcaligenes  

nitrilase showed enantioselectivity towards racemic mandelonitrile producing pure R(-) 

mandelic acid with a reaction yield of >90% (Yamamoto et a!., 1992). The 

enantioselectivity of these enzymes is of interest since production of optically pure acids 

can have substantial commercial importance (section 1.4.3.9).
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1.4.3.5 Mode of action

Apart from Rhodococcus rhodochrous K22 nitrilase which has only one cysteine 

(Kobayashi et a l, 1992c), most nitrilases contain between three and four free cysteine 

residues. However, only one of these cysteine residues is essential for activity 

(Kobayashi et ai, 1993a) and is conserved in all nitrilases sequenced to date. Mutants of 

nitrilases from Alcaligenes faecalis JM3, Rhodococcus rhodochrous K22 and 

Rhodococcus rhodochrous J l have been prepared in which the cysteine residue at 

position 163, (position 170 and 165 for R. rhodochrous K22 and R. rhodochrous J l, 

respectively), was replaced (Kobayashi et a l, 1993a; Kobayashi et a i, 1992c; 

Kobayashi et al, 1992a). In all three mutants the enzyme was completely inactivated.

In addition, many nitrilases, including the nitrilase of Rhodococcus rhodochrous J l ,  

require thiol compounds such as dithiothreitol, L-cysteine or reduced glutathione to 

exhibit maximum activity (Kobayashi et a l ,  1989a). Therefore, since most are 

inactivated by thiol reagents and all contain the catalytic ally essential cysteine residue, 

nitrilases are classified as sulphydryl enzymes.

Based on the known reaction between sulphydryl and nitriles a mechanism for the thiol 

nitrilase reaction has been proposed (Mahadevan and Thimann, 1964; Figure 3).

R—C = N  + Enz-SH
NH

O 

0 „

HgO

R— ^  + Enz-SH —

HoO

S — Enz

R

S — Enz

Figure 3: Nitrilase mode of action.
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The first step of this mechanism is nucleophilic attack by the enzyme sulphydryl group 

(ESH) on the carbon atom of the nitrile, with concomitant protonation of the nitrogen, 

resulting in the formation of an enzyme bound imine. This is hydrated to give a 

tetrahedral thioimidate intemiediate. Ammonia is then removed from the intermediate to 

form an acylenzyme, followed by its hydrolysis to an acid (Mahadevan and Thimann, 

1964; Harper, 1977a). Support for this proposed mechanism has come from the ion 

spray mass spectroscopic detection of enzyme-substrate covalent complexes of the 

Rhodococcus ATCC 39484 nitrilase (Stevenson e ta l,  1992).

Nitrilase catalysed hydrolysis of a number of nitriles, has in certain cases, resulted in the 

formation of amide in addition to the corresponding carboxylic acid. The nitrilase of 

Fusarium oxysporum hydrolysed nitriles to form carboxylic acids and ammonia as the 

major products and 4-6% amide as by-product (Goldlust and Bohak, 1989), while the 

hydrolysis of nitriles by the ricinine nitrilase resulted in 9% amide by-product formation 

(Hook and Robinson, 1964).

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). In addition, the nitrilase had been purified to 

homogeneity and therefore it was clear that this activity was not due to a contaminating 

nitrile hydratase activity. It was proposed, therefore, that the amide resulted directly from 

the nitrilase activity and therefore that the nitrilase bound imine (Figure 3) was capable of 

two methods of decomposition. 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, so resulting in the formation of the amide 

(Hook and Robinson, 1964).
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1.4.3.6 Gene structure / organisation

Nitrilase structural genes are typically composed of approximately 1,000 base pairs 

(Kobayashi et a l, 1992c and 1993a; Hillebrand et a l, 1996), and apart from the 

Klebsiella ozaenae nitrilase which is plasmid-encoded (Stalker et a l, 1988) are located in 

the parent genome (Kobayashi et a l, 1993b). Most strains express a single nitrilase, 

apart from Arabidopsis thaliana which expresses four nitrilase isozymes, the genes for 

three of which are located on chromosome 3, with the fourth gene located on 

chromosome 5 (Bartel and Fink, 1994).

1.4.3.7 Control of gene expression

The control of the expression of nitrilases has been examined in R hodococcus  

rhodochrous J l (Komeda et a l, 1996b). For expression of active nitrilase, an 89 base 

pair region upstream and 957 base pair region downstream of the nitrilase structural gene 

was required. The 957 base pair open reading frame codes for a 35 kDa protein (NitR) 

which is homologous to bacterial transcriptional regulators involved in xylene 

metabolism in Pseudomonas putida and arabinose metabolism in E. coli. (Inouye et a l, 

1988; W allace et a l, 1980). It is assumed that the NitR protein functions as a 

transcriptional activator for the fonnation of the nitrilase (NitA), while the 89 base pair 

upstream region serves as a binding site for NitR (Komeda e ta l,  1996b).

1.4.3.8 Sequence homology

Apart from three of the nitrilase isozymes of Arabidopsis thaliana which share 90% 

amino acid homology (Bartel and Fink, 1994), distinct nitrilases generally have between 

25-43% amino acid homology (Bartling et a l, 1994). For example, the nitrilase (NIT2) 

of Arabidopsis thaliana ‘ànd Alcaligenes faecalis JM3 have 27% sequence homology 

between them (Bartling et a l, 1994), the Klebsiella ozaenae nitrilase has 38% amino acid 

homology with the Rhodococcus rhodochrous K22 nitrilase (Kobayashi et a l, 1992c)
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and 35% amino acid homology to that of Alcaligenes faecalis JM3 (Kobayashi et a i, 

1993a). Finally, the Coinamonas testosteroni sp. nitrilase has 39% homology to that of 

Rhodococcus rhodochrous K22 (Levy-Schil et a i, 1995).

Analysis of nitrilase amino acid sequences indicates that the central portion of the 

sequence is highly conserved in all nitrilases sequenced to date and includes the 

catalytically essential cysteine residue. However, the amino and carboxy-temiinal regions 

are variously conserved between nitrilases. The amino terminal region is highly 

conserved between the Rhodococcus rhodochrous K22 and Klebsiella ozaenae nitrilases 

(Kobayashi et a i, 1992c), unconserved between the Arabidopsis thaliana nitrilase 

isozymes (Bartling et ah, 1994) and between the Klebsiella ozaenae 'ànd Arabidopsis 

thaliana nitrilases the amino- and carboxy- terminal regions are equally conserved 

(Bartling et cd., 1992). Therefore, although the role of the essential cysteine residue is 

clear, the roles of the C- or N-terminal regions are unknown.

1.4.3.9 Evolutionary significance

According to the phylogenetic tree prepared by Novo e ta l,  (1995) the nitrile hydratases 

and nitrilases do not share a common ancestry. Although they both hydrolyse the same 

substrates, their physical characteristics, mode of action, gene structure and gene 

regulation are quite distinct.

1.4.3.10 Biotransformations / applications

The production of acids from nitriles using mild and inexpensive conditions has been 

performed using nitrile hydratases and amidases (section 1.1.4.10). However, nitrilases 

are also used commercially for this puipose.

p-Aminobenzoic acid (PABA) is an important intemiediate in the production of sunburn 

preventatives, dyes and developers, and PABA esters are used as local anaesthetics
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(Kobayashi et al., 1989b). However, the synthetic production of PABA can be 

expensive and inefficient. As a result, the nitrilase expressed by R hodococcus  

rhodochrous J l is now used to produce PABA from p-aminobenzonitrile with 100% 

conversion yield in a simple, cheap and efficient method (Kobayashi et a l, 1989b).

The nitrilase expressed by A. faecalis ATCC 8750 converts racemic mandelonitrile to R- 

(-)-mandelic acid with a yield of 91% (Yamamoto et cd., 1992). R-(-)-mandelic acid is 

used in the pharmaceutical industry for the production of semi-synthetic cephalosporins. 

Although the conversion rate is 91% no S-(-)-mandelic acid remains since the S- 

mandelonitrile spontaneously racemises, owing to the chemical equilibrium, and is then 

used as substrate. The nitrilase catalysed conversion was more efficient then previously 

reported esterase, lipase or synthetic conversions and therefore may have industrial 

advantages.

Of even greater potential, however, would be the use of thermostable nitrile degrading 

enzymes. These have all the classic advantages of biological transformations over 

chemical methods and also possesses greater stability in high temperature reactions. 

These higher reaction temperatures would result in a higher substrate diffusion rate and 

higher solubilities of non-gaseous compounds which may lead to higher catalytic activity 

and efficiency.
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1.4.4 AMIDASES

Amidases catalyse the hydrolysis of amides to the coiTesponding carboxylic acids and 

ammonia:
amidase + H2 O 

R-CONH2 ------------------►  R-COOH + NH3

1.4.4.1 Physical characteristics

A number of amidases expressed in strains that harbour nitrile degrading enzymes have 

been characterised. These amidases are homo -dimers, -tetramers, -hexamers or 

-oc tamers of native relative molecular mass between 97,0(K) and 310,000 (Mayaux e ta l, 

1991; Asano et a l, 1982). The subunit relative molecular masses are between 33,000 for 

the Pseudomonas aeruginosa amidase (Ambler et a l, 1987) and 55,000 for the R. 

rhodochrous N-774 amidase (Hashimoto et a l, 1991).

1.4.4.2 Amidase induction

Many of the strains characterised harbour a large number of distinct amidase stmctural 

genes, typically with at least one amidase being constitutively expressed and the rest 

being inducible. For example, Brevibacterium  R312 expresses at least four distinct 

amidases, which are differentially induced, depending on the growth conditions and 

inducer used (Azza et a l, 1993). The expression of some amidases is induced by amides 

which often concurrently induce nitrile hydratase expression (section 1.4.1.5). In 

addition, amidase expression is often repressed by ammonia, the product of substrate 

hydrolysis, as in the case of Methylophihis methylotrophus amidase expression (Wyborn 

etal., 1996).
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1.4.4.3 Substrate specificity

Amidases hydrolyse a wide variety of aromatic and aliphatic amides and can exhibit 

enantioselectivity (Nawaz et a l, 1992; Gilligan et a l,  1993). For example, the 

Rhodococcus strain isolated by Mayaux et al., (1991) expresses at least one enantiomer- 

selective amidase that is active on several 2-aiyl propionamides while the Brevibacterium 

R312 expresses at least two enantioselective amidases (Azza et al., 1993).

1 .4 .4 .4  Mode of action

The amidases of P. aeruginosa and R. erythropolis have highly conserved cysteine 

residues at position 166 of the amino acid sequence (Novo et al., 1995). Point mutation 

experiments with the P. aeruginosa amidase have indicated that this cysteine residue is 

essential for catalytic activity (Novo et al., 1995). In addition, the amidase of the 

Rhodococcus strain, isolated by Mayaux eta l., (1991), required DTT for optimal 

amidase activity. These findings suggest that these amidases are sulphydryl enzymes.

Since the P. aeruginosa and R. erythropolis amidases have significant amino acid 

homology to nitrilases and contain an essential cysteine residue, it might be supposed 

that the amidase mode of action is similar to the mode of action of nitrilases (Figure 3). 

However, not all amidases share the same degree of homology to nitrilases (Figure 2). 

From a comparison of amidase amino acid sequences to those of other enzymes, the 

amidases have been divided into four distinct groups (Novo et al., 1995; Figure 2). 

Therefore, although the P. aeruginosa and R. erythropolis amidases are clearly 

sulphydryl enzymes, there is no evidence that the amidases in the other amidase groups 

are the same. Therefore conclusions about the mode of action of these enzymes cannot be 

readily made.
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1.4.4.5 Gene structure / organisation

The genes coding for ihe amidases involved in nitrile degradation are typically located 

upstream of the nitrile hydratase structural genes and are co-transcribed with the nitrile 

hydratase genes (see section 1.4.1.7). There is a typically short distance between the end 

of the amidase open reading frame and the start of the nitrile hydratase a  subunit open 

reading frame, suggesting that the amidase, nitrile hydratase a  subunit and nitrile 

hydratase p subunit are all co-transcribed in the order: amidase, a  subunit, p subunit.

The nucleotide sequence coding for the amidase expressed with the L-NHase of 

Rhodococcus rhodochrous Jl was located 1.9k base pairs downstream of the a  subunit 

(Kobayashi et a i, 1993b), unlike the nucleotide sequences of the amidases of other 

strains which are generally located upstream of the nitrile hydratase structural genes. This 

and the amidase gene of the Rhodococcus sp. isolated by Mayaux et a i, (1991) are 

believed to be the only amidase genes involved in nitrile metabolism that are located 

downstream of the nitrile hydratase gene.

1.4.4.6 Sequence homology

The nucleotide sequences of seven amidases have been compared (Mayaux et a l, 1991). 

This group includes the amidases of Rhodococcus sp. (Mayaux et al., 1991), 

Brevibacterium R312 (Mayaux et a i, 1990), Aspergillus nidulans (Conick et al., 1987), 

Flavobacterium  (Tsuchiya et al., 1989), A. tiimefaciens (Schroder et a l, 1984), 

Pseudomonas (Yam'd&d et al., 19^1), Bradyrhizobium japonicum {Sokim et al., 1989) 

and Saccharomyces cerevisiae (Chang and Abelson, 1990). Fifteen strictly conserved 

amino acids were detected, located between residues 137 and 260 of the proteins. An 

amidase consensus sequence, GGSSGG, was contained in this highly conserved region.

However, not all amidases associated with nitrile degradation show this homology. For 

example, the amidase of Pseudomonas aeruginosa exhibited no homology with the
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BrevihacTeriiim R312 or Rhodococcus sp. N774 amidases (Mayaux et a i, 1991). This is 

confimied by analysis ol’ the phylogenetic tree in Figure 2, which suggests that there may 

be up to four different families of amidases. Most amidases are part of the amidase 

signature group, but amidases with homology to nitrilases, ureases and acyl transferases 

are also identifiable.
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CHAPTER 2

MATERIALS
AND

METHODS
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2.1 MATERIALS

2.1.1 Chemicals

Acetonitrile, acrylamide, ethylenediamine tetra-acetic acid (disodium salt), 2- 

mercaptoethanol and iodoacetate were obtained from BDH Laboratory supplies. 

Acrylonitrile, benzamide, benzonitrile, isovaleronitrile, phenylmethylsulfonylfluoride 

(PMSF), propionamide and propionitrile were obtained from Aldrich Chemical 

Company. Acetamide, benzoic acid, calcium carbonate, Coomassie blue R-250, 

dithiothreitol (DTT), polyethyleneimine, sodium hydroxide, potassium hydroxide, 

sodium chloride, zinc sulphate, iron sulphate, cobalt sulphate, ammonium molybdenate, 

magnesium sulphate, biotin, p-aminobenzoic acid, folic acid, pantothenic acid, nicotinic 

acid, vitamin B 12 , thiamine, pyridoxine, thioctic acid, riboflavin, magnesium chloride, 

calcium chloride, iron chloride, ammonium sulphate, potassium phosphate, sodium 

phosphate, inositol, succinate, sodium nitroprusside, phenol, sodium hypochlorite, 

acrylamide, sodium dodecyl sulphate (SDS), ammonium persulphate (APS), N, N, N', 

N'-tetramethylethylenediamine (TEMED), sodium deoxycholate, trichloroacetic acid, 

bromophenol blue, 2 -mercaptoethanol, methanol, n-butyric acid, malonic acid, 

thioglycolic acid, glycerol, commercial amidase (acylamide amido hydrolase E.C. 

3.5.1.4., A-6691) and antifoam B were obtained from Sigma-Aldrich Company Ltd. 

Nutrient broth (No.2), lab-lemco powder, bactopeptone, yeast extract and purified agar 

were obtained from Oxoid, Unipath Ltd. API 20E and API 50CH analytical profile index 

kits and API 50 CHB media were obtained from Bio-Merieux. Working concentrations 

of benzonitrile were prepared in 10% (Wv) methanol. Phenyl-Sepharose, S-Sepharose 

and DEAE cellulose media and Superdex 200 and Superose 12 gel filtration columns 

were obtained from Pharmacia. ProBlott immobilisation membranes were obtained from 

Applied Bioscience Ltd.
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2.1.2 Assay buffer *

Unless otherwise stated in the text, the assay buffer was: 50mM KH2 PO4  / K2 HPO4 , 

ImM dithiothreitol and 20% glycerol, pH 7.2.

2.1.3 Trace element solution

2.1.4

Compound gl-^
H3 BO3 0.230
ZnS04.7H 20 0.174
FeS0 4 (NH4 )2 S0 4 .6 H2 0 0.116
C0 SO4 .7 H2 O 0.096
(NH4)6Mo7024-4H20 0 .0 2 2

CUSO4 .5 H2 O 0.008
M nS04.4H20 0.008

: Constituents of trace element solution.

Vitamin solution

Compound mgl-l

Biotin 40

p-Aminobenzoic acid 100

Folic acid 40
Pantothenic acid (Ca salt) 100

Nicotinic acid 100

Vitamin B 12 2

Thiamine HCl 10

Pyridoxine HCl 2 0 0

Thioctic acid 100

Riboflavin 10

Table 2.2: Constituents of vitamin solution.
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2.1.5 Mineral supplement

Compound gl-i
MgCl2.6H20 5.0
CaCl2 .2 H2 0 5.0

FeCl3 5.0

Table 2.3: Constituents of mineral supplement solution.

* media according to Catalogue of Bacteria and Bacteriophages (ATCC) 18th edition, 

1992.
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2.2  MEDIA

2.2.1 Isolation and screening media

2 .2 .1 .1  Solid media

Agar plates with nitriles or amides as the sole carbon source were prepared with the 

following: (N H 4)2S04,1.6g l'l; M gS04,0.25gl-l; CaCl2,0.05gl-l; KH2PO4 , O.Sgl’ l 

and purified agar, 20gl‘ l. Reagents were dissolved in one litre dH20, adjusted to pH 

7.5 with IM KOH and autoclaved. After autoclaving, 0.1% (v/v) of nitrile or 0.05% 

Ç^/y) of amide was added, i.e. 19.02 mM acetonitrile / 15.44 mM acrylonitrile / 14.02 

mM propionitrile / 9.56 mM isovaleronitrile / 9.78 mM benzonitrile / 4.13 mM 

benzamide / 8.46 mM acetamide or 6.84 mM propionamide. Isolates were spread on 

these plates and incubated at 50°C for up to ten days in sealed containers. Control plates 

which had no carbon source were also incubated at this temperature.

Acetonitrile has a low boiling point (8 rC )  and is volatile at elevated temperatures. 

During plate preparation with hot molten agar, significant amounts may be vaporised and 

lost. Therefore, after acetonitrile containing plates were poured, Whatmann No.5 filter 

paper was placed in the lid of each of these plates and lOOpl of acetonitrile was dispensed 

onto the paper. During incubation at 50 “C, the acetonitrile on the filter paper vaporised 

and became available as a carbon or nitrogen source for the plated bacteria.

2.2.1.2 Liquid media

For the preparation of liquid minimal media, with nitriles as the sole carbon or nitrogen 

source, the following constituents were used: MgS04, 0.25gT^; CaCl2 , 0.05gl“l; 

KH2PO4 , 0.5gl-*; C0CI2 .6H2O, 0.035gl-l and either (NH4)2S04, 8 .6gl-l (65.10 

mM) or 0.5% (Vv) glycerol (68.41 mM). Reagents were dissolved in one litre of 

distilled water, adjusted to pH 7.5 with IM KOH and autoclaved. After the media had
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cooled, 0.05% (^/v) of nitrile was added, i.e. 9.51 mM acetonitrile / 7.52 mM 

acrylonitrile / 7.01 mM propionitrile / 4.78 mM isovaleronitrile / 4.89 mM benzonitrile. 

Where the nitrile was both the carbon and nitrogen source, neither (NH4)2S04 nor

glycerol was added to the media but all other additions were identical. Experimental 

control media were prepared in the same manner but with the exclusion of the nitrogen 

and/or carbon source.

For the determination of growth in liquid minimal media, isolates from minimal media 

plates (section 2.2.1.1) were used to inoculate 15ml of liquid medium in 20 ml universal 

containers. The isolates were then grown, without shaking, in this media at 50°C for at 

least ten days. If no growth was detected within this period the sample was discarded but 

if growth was indicated the isolate was incubated until stationary phase. A one millilitre 

volume of culture was removed for optical density determination every 48 hours, which 

was measured at 600nm using a Cecil (CE1020) 1000 series spectrophotometer.

2.2.2 Media for growth of mesophilic strains

2.2.2.1 R, rhodochrous  33278 defined culture medium

An aliquot of Rhodococcus rhodochrous ATCC 33278 culture from a 20% glycerol store 

was spread onto two nutrient agar plates and incubated at 30°C for 48 hours. The 

resultant bacterial growth from both plates was removed and used to inoculate 20ml of 

starter culture (tryptone soya broth, pH 7.45) in a 100 ml conical flask, which was 

grown at a reciprocation rate of 180 r.p.m. for 30 hours at 30°C. This starter culture (20 

ml) was used to inoculate one litre of medium (Na2HP04, 6gl~^, KH2PO4 , 3gl"i and

NaCl, 0.5gl"^ adjusted to pH 7.2 with IM NaOH and autoclaved) in a 3 litre flask and 

incubated at 30°C with a reciprocation rate of 180 r.p.m.

After autoclaving 10ml of sterile filtered 0.0IM CaCl2 and 20mM propionitrile were 

added. The culture was incubated until late exponential phase (approximately 90 hours)
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and the cells were harvested by centrifugation at 7,500 r.p.m. for 20 minutes, (4"C). The 

pellet was resuspended in phosphate buffer (50mM KH2 PO4  / K2 HPO4 , 20% (^/v) 

glycerol and ImM DTT, pH 7.2) and re-centrifuged as before. Finally, the washed pellet 

was resuspended in 10 ml of this phosphate buffer and stored at -70"C.

2.2.2.2 Rhodococcus  sp. 39484 defined culture medium

An aliquot of Rhodococcus sp. ATCC 39484 culture from a 20% glycerol store was 

spread on a nutrient agar plate and incubated at 30"C for 48 hours. Single colonies were 

removed from the plate and used to inoculate two 4ml volumes of starter culture 

(bactopeptone, 5gT^; lab-lemco powder, 5gl"l; yeast extract, 0.5gl‘ ;̂ NaCl, 2gl"l, 

adjusted to pH 7.2 with IM KOH) which were grown at a reciprocation rate of 180 

r.p.m. for 30 hours at 30' C. These were used to inoculate one litre of nitrilase induction 

medium which was grown at 30 'C, at a reciprocation rate of 180 r.p.m..

The nitrilase induction medium (glycerol, 2gl’ ;̂ peptone, Ig l 'l ;  malt extract, 0.6gl"^ and 

yeast extract, 0.6gT^) was dissolved in one litre of distilled water, pH 7.2 (no 

adjustment necessary), autoclaved and 0.1% (^/v) isovaleronitrile added. After 55 hours 

of growth, 0.1% isovaleronitrile was added to the medium and at 77 hours, a further 

0.2% was added. Cells were harvested at 96 hours growth, using the same method as 

that for Rhodococcus rhodochrous 33278 (section 2.2.2.1), and stored at -70’C.

2.2.3 Biomass optimisation media

In order to optimise biomass yields (section 3.4.2), isolates were grown in 13 different 

experimental growth media. Details of the media constituents and growth conditions are 

contained in the Appendix section.
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2.2.4 Bacillus pallidus Dac521 media

2 .2 .4 .1  Nutrient rich media

Single colonies were removed from nutrient agar plates of B. pallidus Dac521 (grown 

overnight at 50' C) and were used to inoculate 20ml of nutrient broth. This starter culture 

was grown at 5()"C with a reciprocation rate of 300 r.p.m. until the optical density at 

600nm reached 1.2. 5ml of the starter culture was then used to inoculate 50ml of 

nutrient broth. Cultures were grown at 50“C in 250ml flasks at a reciprocation rate of 

300 r.p.m. or in 2 litre flasks containing 500ml media with a reciprocation rate of 180 

r.p.m. (Gallencamp orbital incubator). Where it is stated in the text that the strain was 

grown in nutrient broth in the presence of a compound (e.g. nitrile), this compound was 

added to all liquid media but not to the nutrient agai" plates.

2 .2 .4 .2  Minimal media

Single colonies were removed from nutrient agar plates of B. pallidus Dac521 (grown 

overnight at 5()‘ C) and used to inoculate 20ml of nutrient broth. This was grown at 50“C 

with a reciprocation rate of 300 r.p.m. until the optical density at 600nm reached 1.2, 

then 5ml of this growth was used to inoculate 50ml of B. pallidus Dac521 minimal 

media. The minimal media contained the following: KH2PO4 , 2.0gl"l; NaCl, l.O gl'l; 

M gS04.7H2O, 0.2gl“i;  thiamine, 0.4m gl"l; biotin, 2.0m gl"l; inositol, 2.0mgl’ l; 

FeS04.7H2O, lO.Omgl'P (NH4 )2 S()4 , 1.3gl"l and succinate, 5.4gl“l, made up to one 

litre with dH20, pH 7.2, then autoclaved. In section 3.8, 'minimal' in the text refers to 

the above media. Nitriles (20mM), were substituted for succinate and/or (NH4 )2 S()4 as 

the sole carbon and/or nitrogen source, respectively, except where otherwise stated. 

Cultures were grown at 50“C in 250ml flasks containing 50ml media with a reciprocation 

rate of 300 r.p.m. or in 21 flasks containing 500ml media with a reciprocation rate of 180 

r.p.m. (Gallencamp orbital incubator).
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2.3 ASSAYS

2.3.1 Ammonia assay

Nitrile degrading enzyme activity was assayed by measuring the production of ammonia 

using a modification of the phenol/hypochlorite method of Fawcett and Scott, (1960). 

The following reagents were used for ammonia detection: Reagent A contained 590mM 

phenol and ImM sodium nitroprusside, while Reagent B contained llOmM sodium 

hypochlorite and 2M sodium hydroxide.

The standard assay was performed in duplicate at 5()'’C in a reaction comprising, unless 

otherwise stated, 30()-x|il of 5()mM potassium phosphate buffer containing ImM 

dithiothreitol and 20%(^/v) glycerol, pH 7.2, xpl of cell-free extract or whole cell 

suspension and 5pl of 4.2M acetonitrile or 1.2M benzonitrile. Samples were incubated at 

50“C for 15 minutes unless otherwise stated. The cell-free extract reaction was quenched 

by addition of lOOpl of the assay mixture to 350pl of Reagent B followed by rapid 

addition of 35()pl Reagent A with vigorous mixing and incubation at 50"C for 15 

minutes. The whole cell reaction was quenched by centrifugation at 15,000 r.p.m for 3 

minutes (Model 5417 bench centrifuge, Eppendorf Ltd.) and addition of lOOpl of the 

supernatant to 350pl of Reagent B followed by rapid addition of 350pl Reagent A with 

vigorous mixing and incubation at 50 'C for 15 minutes.

The absorbance was then measured at 600nm in a Cecil (CE 1020) 1000 series 

spectrophotometer. The specific activity (Units / mg) was defined as pmoles of ammonia 

released per minute per milligram of protein. One unit of acetonitrile / benzonitrile 

degrading enzyme activity was therefore defined as the amount (pmoles) of ammonia 

released per minute per milligram of protein, under standard reaction conditions (pH 7.2, 

50°C, 70mM acetonitrile or 20mM benzonitrile as substrate), where protein 

concentrations were calculated using the Bradford protein estimation assay.
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2.3.2 Nitrile assay

Nitrile degrading enzyme activity was assayed where necessary by gas liquid 

chromatography. Substrate (nitrile) loss was directly quantified using a FS-Lipodex E 

(25m by 0.25mm, Chiraldex Ltd.) column in a Schimadzu GC-14B gas chromatograph. 

Helium was used as the carrier gas, oven temperature, 40-200"C (Table 2.4) with an 

injector and flame ionisation detector temperature of 220"C.

Standard enzyme assays were performed in duplicate at 40"C in stirred cells (550 

r.p.m.). Nitrile concentration was detemiined by removal of an aliquot of the reactants, 

addition of the aliquot to an equal volume (usually 2 0 0 |il) of dichloromethane and 

vortexing for ten seconds. The lower (DCM) layer, of the two resultant immiscible liquid 

layers, was placed in a glass sample vial for auto-injection and GC analysis. 10-50pl of 

sample was typically injected onto the column and eluted with a continuous temperature 

gradient. The conditions used to analyse the nitriles are described in table 2.4 and 

sections 2.7.6 and 2.7.7.

2.3.3 Protein quantification

Protein concentrations were detennined using the Biorad Bradford protein determination 

kit (Bradford, 1976) with bovine serum albumin (Fraction V; Sigma Chemical 

Company, Poole, Dorset) as the protein standard. The kit was obtained from Biorad 

Laboratories Ltd., Hertfordshire, England.
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Initial temp. Initial Temp. Final Final
Substrate (T ) time change temp. time

(min) (”C / min) C'C) (min)

Acetonitrile 65 1 2 67 0

Acrylonitrile 45 1.5 2 47 0

Adiponitiile 195 1 2 197 1

Allyl cyanide 80 1 2 84 0

Benzonitrile 145 1 2 147 0

Butyronitrile 90 1 2 92 0

4-Chlorobutyronitrile 155 1 2 157 0

Cinnamonitrile 205 1 2 207 0

Crotonitiile 85 1.3 2 87 0

Cyclopenteneacetonitrile 140 1.5 2 142 0

Glutaronitrile 195 1 2 197 0

3-Hydroxypropionitrile 188 1 2 190 0

Isobutyronitrile 80 1 2 82 0

Isovaleronitrile 100 1 2 102 0

Malonitrile 160 1 2 162 0

Methaciylonitrile 50 1 2 52 0

2-Pentenenitrile 85 1 2 90 0

Propionitrile 70 1.5 2 72 0

Trans-3-pentenenitiile 100 1 2 102 0

Valeronitrile 110 1 2 112 0

Table 2.4: Conditions for the analysis of nitriles by gas liquid chromatography, where 
temp. = temperature.
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2.4 GENERAL METHODS

2.4.1 Strain characterisation

Standard oxidase tests, spore staining, Gram staining, catalase tests and motility tests 

(Collins etaL, 1995) were peifomied using cultures grown on nutrient agar plates. Both 

20E and 50CH (Logan and Berkeley, 1984) analytical profile index (API) tests, were 

used to aid identification. These strips were filled with a suspension of bacteria prepared 

in API (50 CHB) medium or distilled water, respectively. The test strips were then 

sealed, incubated at 50"C and the experiments performed in triplicate according to the 

protocol set out in the API guidelines.

2.4.2 Strain identification

For hybridisation studies, chromosomal DNA was extracted from test strains using the 

method of White et a l ,  (1993). DNA from strain Dac521 was labelled with ^^P-dCTP 

by the random primer method of Gibco/BRL (Feinberg and Vo gel stein, 1983) and 

unincorporated nucleotides removed using N A P-10 columns. Probe DNA was 

hybridised to target DNA from 10 therm ophilic B a c i l l u s  species ( B . 

thermoglucosidashis, B. thermodenitrificans, B. caldovelox, B. stearothermophilus, B. 

pa llidus, B. caldolyticus, B. kaustophilus, B. smithii, B. thermocloacae and B. 

thermocatenulatus, kindly provided by Professor R. Sharp, CAMR, Porton Down, UK) 

and immobilised on nitrocellulose filters using a slot blot system (Schleicher and Schuel, 

Dassel, Germany) at 50 "C under non-stringent conditions.

Percentage homology was calculated from the radioactivity of the hybrids relative to non- 

homologous and homologous controls using a Joyce-Loebl chromoscan 3 densitometer. 

Unless otherwise stated, all protocols used during DNA-DNA hybridisation were from 

Sambrook, (1986). The assistance of Dr. Martin Gilmour in performing the DNA 

extractions and DNA-DNA hybridisations is gratefully acknowledged.
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2.4.3 Growth temperature range determination

Colonies of 5. pallidus Dac521 grown on nutrient agar plates were used to inoculate a 

volume of sterile nutrient broth, which was diluted with further amounts of nutrient broth 

until the solution had an optical density of 1.0 at 600nm. This starter solution was used 

to inoculate all flasks, at 10% of the final volume. These 250ml flasks containing 50ml 

nutrient broth were incubated shaking (300 r.p.m.) at temperatures ranging from 30 C  to 

75"C using an Innova 4080 orbital shaker incubator. The optical density at 600nm was 

monitored at specific timepoints for up to 72 hours. No growth was defined as no 

significant change in optical density at 600nm over the 72 hour period at that 

temperature.

In addition, B. pallidus Dac521 stock cultures stored in 50% glycerol were used to 

inoculate nutrient agar plates and incubated at temperatures from 30"C to 75“C to 

determine the growth range on solid media. No growth was defined as no visible 

colonies after 42 hours incubation at the defined temperature.

2.4.4 Growth rate determination

A series of growth flasks containing nutrient broth were incubated at specified 

temperatures. A single starter culture grown at 50"C was used to inoculate all flasks, at 

10% of the final volume. The optical density at 600nm was determined at specific time 

inteiwals during the growth period at each temperature and an aliquot of each culture was 

spread on a nutrient agar plate to check culture purity. All growth experiments were 

performed at a reciprocation rate of 300 r.p.m. and all growth experiments were 

peifoiTned at least in triplicate.

The maximum growth rate, defined as the growth rate during exponential phase, was 

determined using the fonnula, Inxt = I i i x q  + Pt» where ; xt = biomass concentration after
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time interval t hours, xq = original biomass concentration, |i = specific growth rate

t = time (h) and |imax = growth rate duiing exponential phase (h"l).

2.4.5 Preparation of whole cells and cell-free 
extracts

Bacterial cultures were harvested by centrifugation at 7,500 r.p.m. for 15 minutes 

(Sorvall RC5B refrigerated superspeed centrifuge, DuPont instruments), followed by 

washing with 50mM potassium phosphate buffer containing ImM dithiothreitol and 20% 

(^/v) glycerol, pH 7.2 and re-centrifugation for 15 minutes at 15,000 r.p.m. The pellet 

was resuspended in a minimal volume of 50mM potassium phosphate buffer containing 

ImM dithiothreitol and 20% (^/v) glycerol, pH 7.2. This whole cell preparation was then 

stored at -20"C.

For the preparation of cell-free extracts, whole cell preparations were sonicated in an ice 

bath using an MSE Soniprepl50 (5 bursts of 10 second duration, 10 micron amplitude, 

with 20 second intervals). Disrupted cells were then centrifuged at 15,000 r.p.m for 15 

minutes and the supernatant retained and stored at -20 'C.

2.4.6 Wet weight and dry weight determination

For the determination of wet and dry weights, 2.51 flasks containing 500ml nutrient 

broth were inoculated with 25ml nutrient broth starter cultures and grown at 50"C with a 

reciprocation rate of 200 r.p.m. At specific time intervals, 40ml aliquots were removed, 

the optical density at 600nm detemiined and the aliquots centrifuged for 15 minutes at

15,000 r.p.m. (The centrifuge pots used were previously dried in 60"C ovens for 24 

hours, capped, numbered, allowed to cool to room temperature and then weighed.) After 

centiifugation, the supernatant was discarded and the wet weight of the pellet detemiined 

by re-weighing the centrifuge pots. Dry weights were determined by drying the
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time interval t hours, xq = original biomass concentration, (I = specific growth rate (h‘ l),

t = time (h) and Pmax = growth rate during exponential phase (h 'l).

2.4.5 Preparation of whole cells and cell-free 
extracts

Bacterial cultures were harvested by centrifugation at 7,500 r.p.m. for 15 minutes 

(Sorvall RC5B refrigerated superspeed centrifuge, DuPont instruments), followed by 

washing with 50mM potassium phosphate buffer containing ImM dithiothreitol and 20% 

(^/v) glycerol, pH 7.2 and re-centiifiigation for 15 minutes at 15,000 r.p.m. The pellet 

was resuspended in a minimal volume of 50mM potassium phosphate buffer containing 

ImM dithiothreitol and 20% (^/v) glycerol, pH 7.2. This whole cell preparation was then 

stored at -20"C.

For the preparation of cell-free extracts, whole cell preparations were sonicated in an ice 

bath using an MSE Soniprepl50 (5 bursts of 10 second duration, 10 micron amplitude, 

with 20 second intervals). Disrupted cells were then centrifuged at 15,000 r.p.m for 15 

minutes and the supernatant retained and stored at -20 'C.

2.4.6 Wet weight and dry weight determination

For the determination of wet and dry weights, 2.51 flasks containing 500ml nutrient 

broth were inoculated with 25ml nutrient broth starter cultures and grown at 50“C with a 

reciprocation rate of 200 r.p.m. At specific time intervals, 40ml aliquots were removed, 

the optical density at 600nm detemiined and the aliquots centrifuged for 15 minutes at

15,000 r.p.m. (The centrifuge pots used were previously dried in 60"C ovens for 24 

hours, capped, numbered, allowed to cool to room temperature and tlien weighed.) After 

centrifugation, the supernatant was discarded and the wet weight of the pellet determined 

by re-weighing the centrifuge pots. Dry weights were determined by drying the

88



centrifuge pots containing the pellets in 6 (T'C ovens for 5 days, then capping the 

centrifuge pots, cooling to room temperature and re-weighing .

2.4.7 Large scale fermentation

An Inceltech LH (series 210) ten litre fermentor was used for large scale fermentation. 

Starter cultures (total 300ml) were prepared as described in section 2.2.4.1. When these 

starter cultures had reached an optical density of approximately 0.5, at 600nm, they were 

added to 6.7 litres of pre-heated nutrient broth, contained in the fermentor. The culture 

was agitated at 300 r.p.m. (50"C) unless otherwise stated and aerated using compressed 

air at a rate of 71 m in 'l. The pH and temperature were continuously monitored and the 

acetonitrile degrading activity was monitored at frequent intervals. When necessary anti

foam was added to reduce foaming.

2.4.8 Activity staining

Purified nitrile hydratase was electrophoresed on Pharmacia Phast pH 3-9 isoelectric 

focusing gels and on 7.5% polyacrylamide gels under non-denaturing conditions as 

described in sections 2.5.1 and 2.5.2. Protein bands were removed from the gel, 

resuspended in 50mM KH2 PO4  / K2 HPO4  buffer, pH 7.2 with 70mM acetonitrile, 

incubated for 40 minutes, 170 minutes or overnight at 50 C and assayed for ammonia 

release as described in section 2.3.1.

In a second activity stain experiment, purified nitrile hydratase was electrophoresed as 

described above and the resultant electrophoresed gels were overlaid for 15, 20 or 60 

minutes with substrate soaked filter paper. The paper was then removed, cut into 

sections and each section ammonia tested (section 2.3.1). The above experiments were 

also peifonued with highly active benzonitrilase enzyme and benzonitrile as substrate.
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2.5 ELECTROPHORETIC METHODS

2.5.1 Isoelectric focusing

Routine isoelectric focusing was perfomned on Phannacia Phast isoelectric focusing gels 

(pH range 3-9) using a Pharmacia Phast System (Pharmacia Ltd.) cooling bed and power 

pack. The conditions used were as follows: 2000V, 2.5mA, 3.5W, 15”C for 75Vh 

followed by 15Vh at 200V, 2.5mA, 3.5W, 15“C and finally 410Vh at 2000V, 2.5mA, 

3.5W, 15"C. The gels were fixed for 5 minutes at 20“C in 20% trichloroacetic acid, 

washed for 2 minutes at 20"C in an 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 of 30% methanol and 10% acetic acid. Following destaining, 

gels were ati dried and stored.

The following isoelectric point standards (Sigma) were used for calibration: 

amyloglucosidase, pi 3.50; soybean trypsin inhibitor, pi 4.55; P-lactoglobulin A, pi 

5.20; bovine carbonic anhydrase B, pi 5.85; human carbonic anhydrase B, pi 6.55; 

horse myoglobin-acidic band, pi 6.85; horse myoglobin-basic band, pi 7.35; lentil 

lectin-acidic band, pi 8.15; lentil lectin-middle band, pi 8.45; lentil lectin-basic band, pi 

8.65 and trypsinogen, pi 9.30.

2.5.2 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed using a BioRad Model 3000 

power pack and Hoefer Scientific (California) electrophoresis system.

Protein samples were electrophoresed according to the procedure of Laemmli, (1970), on 

gels prepared using the reagents described in Table 2.5. Samples were diluted (4:5) in 

sample buffer (0.0625M Tris-HCl pH 6 .8 , 2% SDS, 5% 2-mercaptoethanol, 10%
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glycerol and 0 .0 0 2 % bromophenol blue), boiled for between two and five minutes and 

placed on ice. The gel apparatus was filled with electrode buffer (14.4gl'^ glycine, 3gl‘  ̂

Tris and 5ml of 10% SDS) and then samples were loaded onto the gel.

Reagents Separating gel Stacking gel

15% 1 2% 1 0 % 7.5% 5.0%
H 2 O 4.6 6 .6 7.9 9.6 2.78
30% aciylamide solution^ 1 0 .0 8 .0 6.7 5.0 0.85
1.5M Tris-HCl pH 8.8 5.0 5.0 5.0 5.0 0 .0 0

0.5M Tris pH 6.8 0 .0 0 . 0 0 .0 0 . 0 1.25
10% SDS 0 .2 0 .2 0 .2 0 .2 0.05
10% APS 0 .2 0 .2 0 .2 0 .2 0.05
TEMED 0.008 0.008 0.008 0.008 0.005

Final volume (ml) 20 20 20 20 5

Table 2.5: Constituents of polyacrylamide gels. Where reagent values are expressed in 
millilitres and ( 1) = commercial acrylamide solution containing 30%; acrylamide and 
0 .8 %; bisaciylamide.

Protein standards (Sigma) of known relative molecular mass were also electrophoresed 

(phosphorylase b, 94kDa; bovine serum albumin, 67kDa; ovalbumin, 43kDa; carbonic 

anhydrase, 30kDa; soyabean tiypsin inhibitor, 20.1kDa and a-lactalbumin, 14.4kDa). 

The gel was electrophoresed at 20mA, room temperature, until the dye front had 

migrated into the mnning gel, followed by electrophoresis at 25mA until the dye front 

had run off the gel.

After electrophoresis, gels were either stained in 2gl‘ l Coomassie blue R-250 (in 40% 

methanol and 10%; acetic acid for 1 hour with agitation, followed by overnight destaining 

in 40%; methanol and 10% acetic acid) or silver stained using the Bio-Rad Silver Stain 

protocol and reagents.
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The relative molecular mass of the protein was determined by measuring the 

electrophoretic mobility of both the unknown protein and the marker proteins, where:

Rf = distance travelled by the protein
distance travelled by the tracking dye

Rf for each of the standards was plotted against the logarithm of their relative molecular 

mass (Mr) and from this plot the Mr of the proteins of interest was detemiined.

Non-denaturing (native) PAGE was performed using the procedure and reagents used 

for SDS-PAGE with the following alterations; the sample loading buffer was composed 

of 0.05M Tris-HCl pH 6 .8 , 10% glycerol and 0.1% bromophenol blue; the samples 

were diluted with an equal volume of sample loading buffer and loaded on the gel 

without boiling; SDS was not added to any of the electrophoresis buffers or solutions 

and electrophoresis was performed at 10mA. Protein standards (Sigma) used for the 

determination of relative molecular mass were; a-lactalbum in, 14.2kDa; carbonic 

anhydrase, 29kDa; chicken egg albumin, 45kDa; BSA (monomer), 6 6 kDa; BSA (dimer), 

132kDa; jack bean urease (trimer), 272kDa and jack bean urease, 545kDa.

2.5.3 Protein concentration for PAGE

The following method was used to concentrate dilute samples of protein prior to loading 

on SDS-polyacrylamide electrophoresis gels.

The volume of sample required for concentration was aliquoted into a reaction tube. 

Trichloroacetic acid to a final volume of 10%) and 5pl of 0.5% sodium deoxycholate was 

added and the solution cooled on ice for 30 minutes. The cooled solution was then 

centrifuged for 7 minutes at 15,000 r.p.m and the supernatant removed by vacuum 

drying in a desiccator connected to a vacuum pump for 30 minutes. Finally, the 

precipitated protein was redissolved in the appropriate volume of buffer (0.0625M Tris,
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2% SDS, 5% 2-mercaptoethanol, 10% glycerol and 0.002% bromophenol blue, pH not 

adjusted), prior to boiling and loaded on a denaturing electrophoresis gel.

2.5.4 Western blotting

Samples of nitrile hydratase, purified to apparent homogeneity, were loaded on a 0.5mm 

(width), 10% SDS polyacrylamide gel. Electrophoresis was performed as described in 

section 2.5.2 with the exception that the cathode buffer contained O.lmM (final 

concentration) thioglycolic acid and electrophoresis was performed at 15mA, constant 

current.

The immobilisation membrane (ProBlott PVDF) and a number of pieces of filter paper 

(Whatmann 3MM CHR) were cut to the area of the electrophoresis gel (8cm x 5cm). The 

ProBlott membrane was soaked in 100%) FPLC grade methanol for ten minutes and then 

soaked in transfer buffer (20%) MeOH in 25mM Tris, pH 10.4) for one hour. Six pre-cut 

filter papers were soaked in 20%) MeOH in 300mM Tris, pH 10.4 and placed on the 

blotting apparatus. A further six filter papers, soaked in transfer buffer, were laid on the 

stack, followed by the pre-soaked Problott membrane. The electrophoresis gel was 

quickly washed, but not soaked, in transfer buffer and placed on the Problott membrane. 

Finally, a further six papers soaked in 20% MeOH in 25mM Tris, pH 7.6 were laid on 

the stack. Electroblotting was performed at 200mA for one hour using a LKB 2117 

multiphor 2  electrophoresis unit.

After one hour the Problott membrane was removed and stained for five minutes in 

0.2% Coomassie blue R-250, and destained using 50%) methanol until the protein bands 

became visible. The ProBlott membrane was then air dried and used for subsequent N- 

terminal sequence analysis.

93



2.6 CHROMATOGRAPHIC METHODS

2.6.1 Ion-exchange chromatography

Mini-columns were prepared in 5ml syringes containing 1ml quantities of S-Sepharose 

or DEAE-Sepharose ion-exchange matrix (Pharmacia). The buffers used in mini-column 

trial binding experiments were: 0.5M Tris base pH 8.0; 0.5M Bis-Tris propane, pH 7.0 

and 9.0; 50mM KH2 PO4 / K2 HPO4 , ImM dithiothreitol, lOmM n-butyric acid pH 7.0; 

0.5M Bis-Tris pH 6.0; 50mM Malonic acid pH 5.0 and 6.0; 50mM KH2 PO4  / K2 HPO4  

pH 7.0 and 50mM Hepes pH 8.0. Cell-free extracts of B. pallidus Dac521, grown in 

nutrient broth, were filtered through a 0 .2 2  micron filter, equilibrated with the 

appropriate buffer and loaded onto the columns.

For large scale purification, an XK26 Pharmacia column packed with 40ml DEAE- 

Sepharose was used. All separations were performed at room temperature. The column 

was equilibrated with phosphate buffer, (50mM KH 2 P O 4  / K 2 H P O 4 , ImM 

dithiothreitol and lOmM n-butyric acid, pH 7.0), at a flow rate of 0.9 ml min'^ until a 

stable baseline at 280nm was recorded. Samples of cell-free extract, pre-equilibrated in 

the appropriate buffer, were filtered using a 0 .2 2  micron disposable filter and loaded into 

a 50ml superloop. The column and loop were then connected to a Phannacia (LKB LOG 

501 plus) FPLC apparatus.

The starting buffer used, unless otherwise stated, was 50mM KH2 PO4  / K2 HPO 4 , 

ImM dithiothreitol and lOmM n-butyric acid, pH 7.0 and the elution buffer was starting 

buffer plus IM NaCl. Non-bound material was removed by washing with 10 column 

volumes of starting buffer. Elution of bound material was performed using a 

combination of step and continuous salt gradient.
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2.6.2 Hydrophobic-interaction chromatography

Initial experiments to detemiine the conditions under which the acetonitrile degrading 

enzyme(s) would bind to a hydrophobic interaction column involved the use of 

Pharmacia prepacked 1ml Phenyl-, Butyl- and Octyl- Sepharose columns (HiTrap HIC 

test kit) at pH 7.0. The starting buffer was 50mM N aH2P04 / Na2 HP0 4  containing 

l.OM Na2S04, pH 7.0 and the elution buffer was 50mM NaH2 PÜ4  / N a2HP04, pH 

7.0. Columns were equilibrated by washing with ten column volumes of starting buffer 

before loading a sample of cell-free extract, filtered using a 0 .2 2  micron disposable filter 

and pre-equilibrated in the appropriate buffer. After removing the non-bound fraction by 

washing with five column volumes of starting buffer, the bound proteins were eluted 

with a continuous decreasing salt gradient.

For nitrile hydratase large scale purification, fractions containing semi-purified nitrile 

hydratase from DEAE-Sepharose ion-exchange chromatography were pooled and 

concentrated using an Amicon ultrafiltration unit equipped with a PDIO (lOkDa 

molecular weight cutoff) filter. The enzyme solution was exchanged with 50mM 

N aH 2P04 / N a2H P04 buffer, pH 7.0, using the ultrafiltration unit, until the residual 

NaCl concentiation in the sample was below ImM. The ultrafiltrate was then added to an 

equal volume of 50mM NaH2P04 / Na2HP04 containing 1.5M Na2S04, pH 7.0. The 

solution thus had a final salt concentration of 0.75M. This solution was then loaded onto 

a 30ml Phenyl-Sepharose column, pre-equilibrated in 50mM N aH 2P04 / N a2HP04 

containing 0.75M N a2S04, pH 7.0 (starting buffer). The elution buffer was 50mM 

NaH2P04 / Na2HP04, pH 7.0. The column was washed with three column volumes of 

starting buffer to remove unbound material, then the nitrile hydratase was eluted with a 

stepwise gradient.

Large scale purification of the benzonitrilase was perfomied using 50mM NaH2P04 / 

N a2H P 04, pH 7.0 start buffer and 50mM N aH 2P04 / Na2 H P0 4 , containing 20% 

acetonitrile, pH 7.0, as elution buffer. A sample of benzonitiile grown cell-free extract,

95



pre-equilibrated in start buffer and filtered using a 0 .2 2  micron disposable filter, was 

loaded onto the Phenyl-Sepharose column, which had been pre-equilibrated with ten 

column volumes of start buffer. Non-bound material was removed with 25 column 

volumes of start buffer. Enzyme elution was achieved using a stepwise gradient of the 

elution buffer.

2.6.3 Gel filtration chromatography

Gel filtration chromatography on the Hiload 16/60 prep grade Superdex 200 column was 

performed with 200mM KH2 PO4  / K2 HPO4 , ImM dithiothreitol, pH 7.0 buffer at a 

flow rate of 0.25 ml min"^. For the HR 10/30 Superose 12 gel filtration column, 50mM 

KH2 PO4  / K2 HPO4  ImM dithiothreitol, pH 7.0 buffer was used with a tlow rate of 0.5 

ml min" ̂ .

For calibration of the Hiload 16/60 Superdex 200 column, 50mM KH2 PO4  / K2 HPO4 , 

ImM dithiothreitol and 5% ammonium sulphate, pH 7.0 buffer was used at a flow rate 

of 0.25 ml min" 1. The column was calibrated using the following standards (Gel 

filtration molecular weight markers, MW-GF-1000, Sigma); carbonic anhydrase, 29kDa; 

albumin, 6 6 kDa; alcohol dehydrogenase, 150kDa; p-amylase, 200kDa; apoferretin, 

443kDa and blue dextran 2000kDa. The standards were prepared in the buffer specified 

above with 5% glycerol, at a concentration of 2 mg ml"l.

For calibration of the Superose 12 column, 200mM KH2 PO4  / K2 HPO4  and 100mM 

KCl, pH 7.0 buffer was used at a flow rate of 0.5 ml min"^. The column was calibrated 

using the same gel filtration molecular weight markers as that used for Superdex 200 

calibration, but with the exception that apoferretin (443kDa) was omitted.
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2.6.4 Gel filtration in the presence of substrate

Gel filtration of the nitrile hydratase on the Hiload 16/60 prep grade Superdex 200 

column was also perfomied in the presence of substrate. 200mM KH2 PO4  / K2 HPO4  

buffer, pH 7.0 containing lOmM acetonitiile was used to equilibrate and run the column. 

A flow rate of 0.25 ml miiT^ was used. Immediately prior to loading, 250pl of semi- 

pure nitrile hydratase (45.71 U/ml) was incubated at 50"C for ten minutes with 70mM 

acetonitrile. This solution was then cooled on ice and loaded onto the gel filtration 

column.
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2.7 PROTEIN CHARACTERISATION
METHODS

2.7.1 Thermostability

Aliquots of nitrile hydratase or benzonitrilase, in 50mM potassium phosphate buffer 

containing ImM dithiothreitol and 20% (^/v) glycerol, pH 7.2, were incubated at the 

required temperature. At specific time intervals, samples were removed and placed on ice 

for 30-60 minutes. Enzyme activity in all samples was subsequently determined using the 

standard ammonia detection assay (section 2.3.1).

2.7.2 pH stability

To determine the pH stability of the near-pure nitrile hydratase, the following buffers 

were used: lOOmM citric acid / sodium citrate, pH 5.0 and 6.0; lOOmM Na2 HP0 q / 

NaH2P04, pH 6.5, 7.0, 7.5 and 8.0 and 50mM glycine / NaOH, pH 8.5 and 9.0. 20|il 

of near-pure nitrile hydratase was added to 2.95ml of the appropriate buffer containing 

200mM acetonitrile and agitated at 300 r.p.m. (40 ’C). At specific timepoints an aliquot 

was removed for GC analysis as described in section 2.3.2. Controls were included in 

all experiments to monitor substrate decomposition in the absence of enzyme.

2.7.3 Activation energy

The Arrhenius equation (Ink = In A -Ea/RT) was used to determine the activation energy 

(where k = initial rate, Ea = activation energy, R = Universal Gas constant (8.31 J mol"^ 

K"l) and T = absolute temperature). Initial rates of nitrile hydratase catalysed acetonitrile 

hydrolysis were determined using the ammonia detection assay (section 2.3.1).

A series of reaction tubes containing 50mM potassium phosphate buffer containing ImM 

dithiothreitol and 20% (^/v) glycerol, pH 7.2, excess amidase and a final concentration
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of 50mM acetonitrile were equilibrated at temperatures from 25-45"C. When the tubes 

were at the required temperature, an aliquot of near-pure nitiile hydratase was added. 

After specific time intervals, an aliquot was removed and added to the ammonia assay 

detection reagents. Initial rates at each temperature were detennined at least in duplicate.

2.7.4 N-terminal amino acid sequencing

An applied Biosystems 470A amino acid sequencer was used to detennine the N-tenninal 

amino-acid sequence (kindly performed by Dr. Justin Hsu an, Ludwig Institute of Cancer 

Research, London) of the B. pallidus Dac521 nitrile hydratase subunits. Phenyl 

thiohydantoin derivatives were detected on an applied Biosystems 120A HPLC.

2.7.5 N-terminal amino acid sequence 
alignment

After the N-terminal amino acid sequence of both the nitrile hydratase subunits had been 

determined, they were aligned with 208,180 N-terminal regions in the SWISS PROT/ 

Gene Bank database using the BLAST search programme. A non-redundant GenBank 

CDS translations, PDB, SwissProt, SPupdate and PIR database was used at the National 

Centre for Biotechnology Infonnation (NCBI). The statistical significance threshold for 

reporting matches against database sequences was set at 1. 1, ensuring stringent matching 

conditions.

2.7.6 Substrate specificity determination

Analysis of nitrile degradation by the nitrile hydratase of B. pallidus Dac521 was 

determined as follows: 50mM (final concentration) substrate was added to 1400pi of 

50mM potassium phosphate buffer pH 7.2 at 40“C in a stirred cell (550 r.p.m.). When 

the solution reached 40 'C a 400pl aliquot was removed, the nitrile extracted in DMSO 

and the concentration of nitrile determined by GC analysis for the time zero reading
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(section 2.3.2). 25^.1 of nitrile hydratase (near-pure) was then added to the original 

solution and after 30 minutes incubation an aliquot was removed, the nitrile extracted in 

DMSO and the concentration of nitrile determined by GC analysis for the 30 minute 

reading. Control experiments where no enzyme was added were performed at the same 

time. All experiments were peifoimed in quadruplicate.

2.7.7 Inhibition profile

The effect of a variety of chemical agents and inhibitors on the nitrile degrading activity 

of B. pallidus Dac521 purified nitrile hydratase was determined as follows: 75}il of 

near-pure nitrile hydratase (in 1.4ml of 50mM phosphate buffer, pH 7.2) was pre

incubated with ImM of the chemical agents/inhibitors at 40"C in a stirred cell (550 

r.p.m.). After 15 minutes incubation 70mM acetonitrile was added. An aliquot was 

instantly removed and added to 200pl DCM for GC analysis (time zero nitrile 

concentration). After a further 15 minutes incubation the final nitrile concentration was 

again determined by GC analysis (section 2.3.2).

The progress curve of acetonitrile hydrolysis by B. pallidus Dac521 nitrile hydratase 

(purified to apparent homogeneity) in the presence and absence of EOT A was determined 

as follows: 125)il of the nitrile hydratase was incubated for 15 minutes with 5mM EDTA 

(made up to lOOOpl with 50mM phosphate buffer pH 7.2) in a stirred cell (550 r.p.m.) at 

40"C. Then 2()0mM (final concentration) acetonitrile was added and at specific time 

intervals aliquots were removed and the acetonitrile concentration in each aliquot was 

deteiTuined by GC.

2.7.8 Determination of Ki

For benzonitrile inhibition studies, 25pl of purified nitrile hydratase and 50|il amidase 

was added to 1925|il of 50mM potassium phosphate buffer containing ImM DTT and 

20% glycerol, pH 7.2. When the solution had reached 40”C, the appropriate quantity of
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benzonitrile and 70mM acetonitrile was added. At regular time intervals, 200|il of the 

solution was removed and the ammonia concentration determined using the ammonia 

assay (section 2.3.1). At the concentrations used, the amidase activity was not affected 

by benzonitrile.

2.7.9 Determination of kinetic constants

For the determination of kinetic constants, assays were performed as follows: x |il of 

substrate and 10()|il amidase was added to 825-x|il of 50mM potassium phosphate 

buffer, pH 7.2, in a stirred cell at 40"C, (550 r.p.m). When the temperature of the 

solution had reached 40"C, 75|il of purified nitrile hydratase was added. 100pi aliquots 

were removed at specific timepoints and were assayed using the ammonia detection assay 

(section 2.3.1). All experiments were performed in duplicate.

2.7.10 Absorption spectrum

The absorption spectrum of the purified nitrile hydratase was determined using a 

Schimadzu DU7400 spectrophotometer. 50pl of 22.6mg/ml nitrile hydratase was added 

to 450pl of 50mM potassium phosphate buffer, pH 7.0 and placed in a 1ml quartz 

cuvette. Assuming the nitrile hydratase had a mass of llOkDa this gave a final nitrile 

hydratase concentration of 20.5pM.

The absorption spectrum of oxidised nitrile hydratase was determined as follows: Ipl of 

IM potassium fenicyanide (final concentration 2mM) was added to a final concentration 

of 20.5 pM nitrile hydratase in 50mM potassium phosphate buffer, pH 7.0. The solution 

was incubated at room temperature for 30 minutes and the absoiption spectrum of the 

oxidised nitrile hydratase detenuined in a 1ml quartz cuvette.

The absorption spectrum of reduced nitrile hydratase was determined as follows: Ipl of 

2M dithiothreitol (final concentration 4mM) was added to a final concentration of
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10.25}iM nitrile hydratase in 50mM potassium phosphate buffer, pH 7.0. The solution 

was incubated at room temperature for 30 minutes and the absoiption spectrum of the 

reduced nitiile hydratase detenuined in a 1ml quartz cuvette.

For determination of the pyrroloquinoline quinone (PQQ) absorption spectrum, a 

solution of 5|ig/ml (15.1 pM final concentration) PQQ was prepared in 50mM potassium 

phosphate buffer, pH 7.0. The absorption spectnim of the PQQ was determined in a 1ml 

quartz cuvette. The absorption spectrum of 1ml of the 50mM potassium phosphate 

buffer, at pH 7.0 was also determined from 200-700nm and used as the background 

absorbance.

2.7.11 Electron spin resonance spectrometry

The presence of metal ions in the active site of the purified nitrile hydratase was 

investigated using a Jeol JES-RE IX ESR spectrometer equipped with an Oxford 

Instruments ESR9 liquid helium compartment. A sample of purified nitrile hydratase 

(22.6 mg/ml) in lOOmM KH2 PO4 / K2 HPO4  buffer, pH 7.0 was analysed. The sample 

was checked for acetonitrile activity both before and after analysis. Two runs were 

performed in duplicate at 13K and 74K, scan width 500mT, power ImW and 

modulation ImT.
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CHAPTER 3

SCREENING
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3.1 ENZYME ACTIVITY DETECTION

The detection of enzyme activity typically involves quantification of either substrate loss 

or product formation. However, the reaction catalysed by nitrile degrading enzymes 

involves the hydrolysis of nitriles, which are highly toxic, volatile and cannot be detected 

by direct spectrophotometric methods. In addition, one of the products of nitrile 

degradation, ammonia, can be readily, cheaply and quickly detected using a well 

documented spectrophotometric assay (Fawcett and Scott, 1960). Therefore, nitrile 

degrading enzyme activity was routinely determined by the quantification of ammonia 

formation.

3.1.1 Ammonia assay

The assay of ammonia in solution involves the reaction of phenol, sodium hypochlorite 

and ammonia to fonn a chromogenic product at basic pH with sodium nitroprusside as 

the catalyst. The product, 2,6 dichloroindophenol (Tillman's reagent), has a clear blue 

colour that has a broad absorbance spectrum (Figure 3.0) between 300nm and SOOnm. 

This assay is both sensitive and accurate: Ammonia concentrations of 20|iM are readily

detected and an accuracy of 99% has been determined for this assay (Fawcett and Scott, 

1960). The assay is pH sensitive but apart from that restriction, few substances, 

including amines, interfere witii this assay.

This colorimetric assay was found to be linear with respect to reaction time, enzyme 

concentration and substrate concentration (Figures 3.1, 3.2 & 3.3) and the presence of 

nitriles was found to have no effect on the assay when monitored at a variety of 

temperatures and concentrations.
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F igure 3.0: Absorbance spectrum of 2,6 dichloroindophenol. The chromogenic 
product was produced by reaction of 0.6mM ammonia with phenol and sodium 
hypochlorite at basic pH.

Both types of nitrile hydrolysing enzyme, (niüilases and nitrile hydratases), may be 

detected by this assay. Since nitrilases hydrolyse nitriles directly to the corresponding 

carboxylic acid and ammonia in a stoichiometric one to one ratio, the rate of ammonia 

release is a direct measure of nitrilase activity.

In contrast, nitrile hydratases hydrolyse nitriles to the corresponding amide with no 

release of ammonia. However, an amidase can hydrolyse the amide to the corresponding 

carboxylic acid with release of ammonia and, in addition, both enzyme conversions 

(nitrile to amide and amide to acid) occur in a stoichiometric one to one ratio. Thus, the 

ammonia detection assay will reflect the rate of nitrile hydratase activity if excess amidase 

is either added to the enzyme detection assay or is already present in the bacterial cell (by 

analogy with linked multi-enzyme assays).

The turnover of the B. pallidus Dac 521 amidase was found to be substantially higher 

than that of the nitrile hydratase for the substrates tested (Section 3.10.1) and it was 

concluded that the nitrile to amide conversion was rate limiting. Therefore, measurement

105



of ammonia release is a quantitative measure of both nitrile hydratase and nitrilase 

activity. Where necessary (e.g. in detecting purified nitrile hydratase after column 

chromatography) excess semi-purified B. pallidus Dac 521 amidase or commercial 

amidase (Sigma A-6691) was added to reaction mixtures to facilitate determination of 

nitrile hydratase activity. However, for analysis of nitrile hydratase stability, substrate 

and inhibitor profiles the ammonia assay was not used, instead substrate loss was 

measured directly using gas liquid chromatography (Section 2.3.2).
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Figure 3.1: Change in absorbance versus reaction time for acetonitrile hydrolysis. 
50mM acetonitrile and an aliquot of B. pallidus Dac 521 cell-free extract 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.

106



2.5

2.0

I
i

0.5

0.0
10.06.0 8.00.0 2.0 4.0

Concentration of enzyme ( |i 1)

Figure 3.2: Rate of acetonitrile hydrolysis at a range of enzyme concentrations. 5()mM 
acetonitrile was incubated with various concentrations of B. pallidus Dac 521 cell-free 
extract, at 50“C. After 5 minutes incubation, the ammonia concentration was detenuined 
using the ammonia assay. All assays were peifomied in triplicate.
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Figure 3.3: Standard curve of absorbance at 600nm versus ammonia concentration. All 
assays were perfomied in triplicate at 50"C.
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3.2 MESOPHILIC STRAINS

Since nitrile degrading enzymes had not previously been detected in thermophilic 

bacteria, thermophilic nitrile degrading enzymes were not available as positive enzyme 

assay controls. Therefore crude enzyme extracts from two mesophilic nitrile degrading 

enzyme producing strains were used instead. Conditions for growth are described in 

Section 2.2.2 and growth curves are shown in Figure 3.4. Rhodococcus species 39484 

reached stationary phase more rapidly but had a maximum optical density less than half 

that of Rhodococcus rhodochrous 33278.

Rhodococcus rhodochrous 33278 produced 1000 units of propionitrile degrading activity 

per litre of stationary phase cells, harvested at an optical density at 600nm of 0.914, 

while Rhodococcus species 39484 produced 3790 units of benzonitrile degrading activity 

per litre of stationary phase cells harvested at an optical density at 600nm of 0.345. All 

mesophilic enzyme assays were performed at 30°C and with 20mM substrate.

Rhodococcus rhodochrous 33278 

Rhodococcus species 39484
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Figure 3.4: Growth curves of Rhodococcus  species 39484 and R h o d o co ccu s  
rhodochrous 33278. Growth conditions of the mesophilic strains are given in Section 
2 .2 .2 .
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3.3 SCREENING

Nitrile degrading enzymes have been identified in a number of mesophilic organisms, but 

their occurrence in thennophiles had not been investigated at the commencement of this 

PhD. Therefore a number of sediment samples from thermal sites in New Zealand were 

screened for the presence of bacteria producing nitrile degrading enzymes. The samples 

were obtained from Tokaanu, Whakaiewaiewa, Waimangu and Taupo.

3.3.1 Growth on minimal nutrient plates with
nitriles

Aqueous suspensions of the sediment samples were spread on minimal nutrient plates 

with nitriles as the sole carbon source. Samples were also spread on control plates that 

contained minimal nutrients without a carbon source. Plates were incubated at 50“C for a 

period of at least ten days and visually distinct colonies on the plates were removed and 

re-plated (Section 2.2.1.1). This cycle was repeated until pure colonies were obtained 

and these were numbered and stored at -70'C in 20% glycerol. In a secondary screen, 28 

of the apparently pure thermophilic isolates were again streaked onto minimal salts agar 

plates containing a number of specified nitriles as the sole carbon source and on contiol 

plates. After incubation for ten days at 50“C, microbial growth was assessed visually. 

Growth was scored (Table 3.1) on the basis of colony size.
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Nitiile Isolate
number

Nitrile 
plate growth

Contl'ol 
plate growth

Growth

difference

AN 5 +++ ++ Y
45 +++ ++ Y
48 +++ + Y
49 +++ +++ No

51 +++ +++ No

53 +++ + Y
54 +++ ++ Y
55 ++ + Y
57 +++ + Y
58 ++ + Y
59 ++ + Y
60 ++ ++ No

61 +++ + Y
62 +++ +++ No

63 ++ + Y
64 ++ + Y
521 +++ + Y

BN 40 H—k + Y
43 ++ + Y

PN 6 ++ + Y
44 +++ + Y
46 +++ +++ No

47 ++ + Y
50 ++ + Y

IVN 7.1 ++ + Y
7.2 +++ + Y
9 +++ ++ Y
10 +++ + Y

Table 3.1: Growth of strains on minimal nutrient media plates with nitriles (0.1% ^/v) 
as the sole carbon source. (+) = poor growth; (++) = moderate growth; (+++) = good 
growth; (Y) = growth difference between control and test plates observed; (No) = no 
growth difference between control and test plates observed; AN = acetonitrile; BN = 
benzonitiile; PN = propionitrile and IVN = isovaleronitrile.
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Growth of the strains was detected on the control plates, probably due to the presence of 

impurities in the purified agar which acted as a caibon source. Therefore a positive result 

was defined as preferential growth (i.e. greater colony size or greater number of 

colonies) of isolates on minimal media plates relative to the control plates. The results 

(Table 3.1) indicate preferential growth of 82% of the strains on the nitrile plates. The 

strains grew slowly on the nitrile plates, (taking up to ten days for colony detection) 

compared to growth on nutrient agar plates where colonies were clearly visible after 

twelve hours incubation at 50“C.

3.3.2 Growth on minimal nutrient plates with 
amides

The growth of nitrile isolated strains on minimal nutrient media plates with an amide as 

the sole carbon source would be indicative of the presence of amidase activity and might 

therefore imply the presence of a nitrile hydratase, as these enzymes are frequently co

expressed. Eleven strains were therefore grown on minimal nutrient plates with 0.05% 

(^/v) amide as the sole carbon source, to investigate the presence of such enzymes (Table

3.2).

Strains which grew on the amide minimal nutrient media plates also grew on the control 

plates, probably due to impurities in the purified agar. Therefore a positive result was 

defined as preferential growth on the amide containing plates. Seventy-two percent of the 

strains grew more rapidly on one of the amide plates than on the control plates, 

suggesting that the majority of isolates produced an amidase and therefore might express 

a nitrile hydratase. Dac 10 and 44 did not show preferential growth on the amide plates, 

but indicated preferential growth on minimal media plates containing the corresponding 

nitriles (Table 3.1), suggesting that these isolates expressed a nitrilase rather than a nitrile 

hydratase and amidase.
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Strain
(Dac)

Benzamide 
plate growth

Acetamide 
plate growth

Propionamide 
plate growth

Control 
plate growth

Preferential
growth

6 - 4- 4- - Y
7.1 ++ 4-4- 4-4- ■4- Y
7.3 +++ 4-4-4- 4-4- 4- Y
7.4 - 4-4- - - Y
10 4- 4- 4- 4- No
41 + 4-4- 4-4-t- 4- Y
44 4- 4- 4- 4- No
48 4-4- 4-4-4- 4-4- 4- Y
60 - 4- - 4- No
521 4-4- 4-4- 4-4- 4- Y
522 4-4- 4-4- 4-4- 4- Y

Table 3.2: Growth of isolates on plates with amides (0.05% ^/v) as the sole carbon 
source. (+) = poor growth; (++) = moderate growth; (+++) = good growth; (-) = no 
growth: (Y) = preferential growth on amide plates relative to control and (No) = Growth 
not preferential. Media details are in Section 2.2.1.1.

3.3.3 Growth in liquid minimal nutrient media

The twenty eight thermophilic isolates were grown in minimal salts liquid media 

containing 0.05% (^/v) nitriles as the sole carbon and sole nitrogen sources, at 50“C. 

However, when nitriles were the sole carbon source in liquid minimal media, no growth 

of any of the strains was detected after ten days (change in optical density at 600nm was 

less than 0.02) and therefore the data are omitted from this thesis.

Ninety-three percent of strains grown in minimal media with nitriles as the sole nitrogen 

source showed a change in optical density at 600nm greater than 0.02 (in at least one of 

the minimal media), within the ten day test period (Table 3.3). No growth was detected 

in the control media which lacked the nitrile (nitrogen source). Growth was typically 

slow, taking up to fourteen days for the optical density values to plateau. The maximum 

change in optical density at 6()0nm was 0.18 (strain Dac 7 with acetonitrile as sole
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nitrogen source). However, in later growth experiments using nutrient broth media and 

shaking during growth, stationary phase optical density values of up to 1.7 were 

achieved (strain Dac 521: section 3.6.2). Limited nutiients and low aeration (strains were 

not shaken during growth) of the minimal media was probably responsible for the low 

maximum optical densities achieved.

Only two of the strains tested, Dac 45 and Dac 55 did not grow in the liquid minimal 

media during the period tested (Table 3.3). Of the remaining isolates, a greater 

proportion reached a higher optical density value at stationary phase when grown in the 

aliphatic nitriles (acetonitrile, acrylonitrile, propionitrile and isovaleronitrile) than in 

benzonitrile. This may be due not only to a greater proportion of aliphatic nitrile 

degrading enzymes expressed in these strains but may also be related to the difficulties in 

metabolising the aromatic ring of benzonitrile.

These results provide preliminary infonuation on substrate specificities. Dac 10 showed 

a greater change in optical density in media with acetonitrile and isovaleronitrile as the 

nitrogen source than in media with acrylonitrile, propionitrile or benzonitrile suggesting 

that the former two nitriles were the preferred enzyme substrates. In contrast, Dac 49 

was unable to utilise acetonitrile or isovaleronitrile as a nitrogen source, suggesting that 

Dac 10 and 49 produce enzymes with significantly different substrate specificities.

However, the maximum optical densities reached, and therefore biomass yields, were 

prohibitive to further detailed characterisation and therefore attempts were made to 

increase biomass yields.
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Strain
(Dac) AN

Nitrile as sole nitrogen source 
BN PN ACN IVN

5 / + + + +

6 + - ++ - ++

7.1 +++ ++ + - +++
7.2 - + + - ++
9 - + + + ++

10 +++ + + ++ H—1—h

40 + ++ ++ + -

43 + +++ + +H—h +
44 + + +++ + ++
45 - / - - -
46 + + - - +
47 - + ++ ++ ++
48 ++ ++ + +++ ++
49 - ++ ++ - -
50 ++ - ++ + -

51 - ++ - + +
521 +++ + + - -
53 + - + + ++
54 + - + + -
55 - - - - -

57 ++ - + + -
58 + + + + -

59 ++ - + - +

60 - - - + +

61 ++ + - +
62 - + - + -

63 + - ++ + +
64 + - - - -

Table 3.3: Growth of strains in liquid media with 0.05% (^/v) nitrile as the sole 
nitrogen source (9.51 mM AN, 7.52 mM ACN, 7.01 mM PN, 4.78 mM IVN, 4.89 mM 
BN). The values expressed indicate the change in optical density at 6(X)nm (ODgoo) from
time zero to time of maximal optical density: (-) = no growth (change in OD^oo <0.020); 
(+) = change in OD^oo > 0.020 but < 0.050; (++) = change in ODôoo > 0.050 but < 
0.100; (+++) = change in ODôoo > 0.100 and (/) = not determined. Media details are in 
Section 2.2.1.2.
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3.4 BIOMASS OPTIMISATION

3.4.1 Biomass optimisation using nitriles

Five isolates which grew well (maximum change in optical density at 6(X)nm > 0.050) in 

minimal media containing nitriles as the sole nitrogen source were re-tested. These 

isolates were grown in minimal media with nitrile concentrations of 0.01%, 0.05% and 

0.10%, (^/v), in an attempt to significantly increase the maximum optical density reached 

and to investigate substrate toxicity. Preliminary characterisation of the five strains is 

indicated in Table 3.4A.

The results obtained (Table 3.4B) were consistent with those obtained previously at the 

same nitrile concentration (Table 3.3); strain Dac 6 did not grow in benzonitrile at any of 

the concentrations tested but grew in media containing the four other nitriles and Dac 7.1, 

10, 44, and 48 grew in minimal media containing all the nitriles tested, utilising them as a 

nitrogen source at varying concentrations. However, the maximum optical density 

reached by each of the isolates was not greatly enhanced by growth in these media.

Acrylonitrile was toxic to 80% of the strains tested at 0.1% (^/v), whereas acetonitrile, 

benzonitrile, isovaleronitrile and propionitrile sustained growth at this concentration with 

60% of the strains. Strain Dac 10 grew in acetonitrile as a nitrogen source only at the 

intermediate, 0.05%, nitrile concentration. This might indicate that 0.01% nitrile was 

insufficient to cause induction of the nitrile degrading enzymes while 0.1% nitrile was 

toxic to the strain. Strain Dac 48 grew equally well at all three acetonitrile concentrations 

suggesting that the maximum concentration of 0.1% was well below the minimum 

toxicity threshold for this strain.
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Preliminary characterisation of the isolates confirmed that the strains were probably 

distinct, although all the isolates were Bacillus species (Table 3.4A). Taxonomies were 

detenuined using API 50CH biochemical test strips which are specific for thermophiles 

(section 2.4.1).
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Strain (Dac) Oxidase test Catalase test Gram stain Taxonomy

6 + - variable B. stearothermophilus
7.1 + + 4- B. laterosporus

10 + - 4- B. stearothermophilus
44 + - mixed B. stearothermophilus

48 + - - B. lentus

Table 3.4A: Preliminary characterisation of thermophilic isolates. Standard oxidase tests. Gram staining, catalase tests and analytical profile index (AP 
50CH tests were performed using cultures grown on nutrient agar plates as described in section 2.4.1. The experiments were performed in triplicate.

Strain Acetonitrile (% Vv) Benzonitrile (% Vv) Propionitrile (% Vv) Acrylonitrile (% v/v) Isovaleronitrile(% Control

(Dac) 0.01 0.05 0.10 0.01 0.05 0.10 0.01 0.05 0.10 0.01 0.05 0.10 0.01 0.05 0.10

6 + + - - - - + ++ - - 4- -f"H -H

7.1 - +++ + - ++ + - + + + - -f- 4-4-4- -4—t—H

10 - +++ - ++ + - - + ++ + 4-4- 4-4—K 4-4—H

44 - ++ ++ - ++ + +++ +++ +++ ++ 4- ++ 4-4- -

48 ++ ++ ++ ++ ++ + + ++ - 4-4- 4-4-4- ■+• 4—4" 4-

Table 3.4B: Growth of strains in minimal media with 0.01, 0.05, 0.10 (% ^/v) nitrile as the sole nitrogen source. The values expressed indicate the change in 
optical density at 600nm (ODgOO) time zero to time of maximal optical density: (-) = no growth (change in OD^OO <0.020); (+) = change in OD^OO >
0.020 but < 0.050; (++) = change in OD̂ OO > 0.050 but <0.100 and (+++) = change in OD^OO >0.100. Media details are given in Section 2.2.1.2.



3.4,2 Biomass optimisation with different 
media

After ten days growth in liquid minimal medium with 0.05% nitriles as the sole nitrogen 

source, the maximum change in optical density at 600nm of the isolates was 0.18, (Table

3.3). Attempts to increase the maximum optical density and thus biomass production by 

altering the nitrile concentration in this medium proved unsuccessful (Table 3.4). 

Therefore a selection of the strains were grown in a variety of minimal and complex 

media containing trace vitamin solutions, trace element solutions, nitriles and various 

carbon sources (Table 3.5).

The optical density at 600nm of each strain was determined at time points which 

depended on the rate of growth in each medium. Uninoculated media controls were 

incubated for the same period as the test strains and assessed in an identical manner. 

Specific activity was only determined if a change in optical density at 600nm of greater 

than 0.2 was detected, since optical density changes up to 0.18 had already been detected 

in nitrile minimal medium (section 3.3.3).

The strains selected had a maximum change in optical density at 600nm < 0.20 in media 

A to I (M9 salts plus added constituents, with and without added nitrile), indicating no 

improvement in biomass compared to the media used for initial isolation. The maximum 

optical densities reached were slightly higher in media J to M, but nitrile degrading 

enzyme activity was not detected for the majority of strains. Isolates grown in medium L 

(nutrient broth plus nitrile) and medium M (nutrient broth) achieved the highest optical 

densities, presumably due to the high levels of nutrients in the medium.
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Strain

(Dac) Nitrile A B c D E-I
Media

J K L M N

6 PN + + + + +

7.1 IVN + + + + + + + + + + + + +

10 IVN + + + ++ ++ +++ +++

40.1 BN + + + + ++ ++ +++ ++ ++

40.1 AN ++

40.1 IVN +
40.2 BN + + + +

43 BN + + + + + + + + + + + + + +4-4-

43 AN + + +

43 IVN + + +

44 PN + + + + + + + + + + + + + + +

48 AN + + + + + + + + + +

56 AN + + + + +

56 BN + + + + +

56 IVN +

58 AN + 4- + + + + + + + + + + +

58 BN +

58 IVN +

63 AN + + + + + + + + + + + +

521 AN + + + + + +

521 IVN +

Table 3.5: Growth of isolates in a number of minimal and rich media. Nitrile refers to 
the nitrile added to medium A, B, C, D, L and N. Nitrile was not added to other media. 
(+) = maximum change in optical density at 600nm (ODgoo) < 0 2; (++) = maximum 
change in OD^oo > 0.2 & < 0.6; (+++) = maximum change in ODgoo > 0.6 & < 1.0; 
(++++) = maximum change in OD^oo > 1.0 and ([]) = nitrile degrading activity detected. 
The substrate used in specific activity measurements for each isolate was the nitiile which 
was added to the relevant media. Details of the composition of each medium are given in 
the Appendix section.
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Both nitrile degrading enzyme activity and relatively high maximum optical density 

values were achieved for a high proportion of the strains grown in medium N. This was 

a complex medium containing yeast extract, nitrile, malt extract, glycerol and peptone 

(Appendix section). Nitrile was added to this media at the time of inoculation (0.1% ^/v 

nitrile), at 54 hours growth (0.1% ^/v nitrile) and at 76 hours growth (0.2% ^/v nitrile).

Medium N was the only medium in which nitrile was repeatedly fed to growing cells and 

this may account for the detection of nitrile degrading enzyme activity in a high 

proportion of strains grown in this medium.

Growth of both Dac 48 and Dac 58 in Medium N resulted in a burst of enzyme 

production at 74 and at 96 hours growth (Figures 3.5 & 3.6). Both of these bursts in 

nitrile degrading enzyme activity occuned twenty hours after the addition of nitrile to the 

media and this activity was not detected at any other time during growth. This might 

suggest that both these strains displayed delayed enzyme induction or expression.

During growth of both Dac 48 and Dac 58 in medium N there was a sudden decrease in 

optical density at 600nm during late exponential or early stationary phase. These 

occurred directly after the addition of nitrile to the media, suggesting that addition of 

nitrile to late exponential phase cells may have caused a temporary inhibition of growth. 

The optical density of both strains increased again after a further interval of twenty-one to 

twenty-four hours, possibly due to the elimination of the toxic nitiile compounds by the 

induced nitrile degrading enzymes. Similarly, the addition of nitrile compounds to 

Rhodococcus N774 growth medium also inhibited growth of the strain (Wantanabe et 

a i,  1987), suggesting that nitrile addition may be toxic to a number of nitrile degrading 

enzyme producing bacteria.

In medium N, strains Dac 63, 43 and 10 also showed a transitory decrease in optical 

density during exponential phase which coincided with the addition of nitrile to the 

growth medium (Figures 3.7, 3.8 & 3.9). Dac 63 expressed nitrile degrading enzyme
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activity from mid-exponential to late stationary phase, but nitrile degrading activity was 

detected only at late exponential phase for Dac 43. No nitrile degrading enzyme activity 

was detected during growth of Dac 10 in medium N. This suggests delayed induction of 

nitrile degrading enzymes in isolates Dac 63 and 43 and either no induction or induction 

below the level of detection for isolate Dac 10, in medium N.
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Figures 3.5 and 3.6: Growth curves and nitrile degrading enzyme activities of strains 
Dac 48 (Figure 3.5) and Dac 58 (Figure 3.6) in medium N. 0.1% acetonitrile was added 
at zero and 54 hours and 0.2% was added at 76 hours of growth. AN = acetonitrile. 
Media composition and growth conditions are given in the Appendix section.
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Figures 3.7, 3.8 and 3.9: Growth curves and nitrile degrading enzyme activities of 
strains Dac 63 (Figure 3.7), Dac 43 (Figure 3.8) and Dac 10 (Figure 3.9) in medium N. 
0.1% nitrile was added at zero and 54 hours and 0.2% was added at 76 hours of growth. 
AN = acetonitrile, BN = benzonitrile and IVN = isovaleronitrile. Media composition and 
growth conditions are given in the Appendix section.
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Growth in Medium N did not appeai* to be adversely affected by the addition of nitrile for 

isolates Dac 56, 40.1 and 521 (Figures 3.10, 3.11 & 3.12). A burst of nitrile degrading 

enzyme activity was detected in strain Dac 56 between 74 and 78 hours, which rapidly 

decreased to a stable background level which was less than four percent of the maximum 

(Figure 3.10). The burst of nitrile degrading enzyme activity might indicate a sudden 

induction of enzyme production due to the addition of nitrile, followed by a decrease in 

the level of induction as the nitrile is removed by hydrolysis, or repression by the 

products of hydrolysis.

The nitrile degrading enzyme activity of isolate Dac 40.1 was detected from early to late 

stationary phase but no activity was detected during exponential phase. This suggests 

that expression did not commence until stationary phase and may indicate a delayed 

induction mechanism or loss of catabolite repression during stationary phase. However, 

Dac 521 showed a steady increase in enzyme production from early exponential phase, 

peaking at 96 hours and gradually decreasing to a plateau level during stationary phase.

Of the seven strains in which nitrile degrading enzyme activity was detected in medium 

N, Dac 63, 58, 48 and 43 had maximum specific activities of less than 0.02 x 10'^ units 

/ mg wet weight and Dac 40.1, 521, and 56 had between five and one hundred fold 

higher maximum specific activities (Table 3.6). From the results, it appeared that Dac 

521 produced high levels of nitrile degrading specific activity over a more extended 

period of time than the other six strains and had a higher maximum specific activity in 

this medium.

The results of the biomass optimisation experiments suggest that growth in media with 

frequent nitrile addition promotes nitrile degrading enzyme expression and high 

maximum optical density values.
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Figures 3.10, 3.11 and 3.12: Growth curves and nitrile degrading enzyme 
activities of strains Dac 56 (Figure 3.10), Dac 40.1 (Figure 3.11) and Dac 521 (Figure
3.12) in medium N. 0.1% nitiile was added at zero and 54 hours and 0.2% was added 
at 76 hours of growth. AN = acetonitrile, BN = benzonitrile. Media composition and 
growth conditions are given in the Appendix section.
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Strains Dac 56, 48 and 58 exhibited a short burst of nitrile degrading enzyme activity 

either directly after nitrile addition or at a later fixed timepoint, which suggested that 

induction of nitrile degrading enzyme activity in these strains was dependent on the 

presence of the nitrile or one of its degradation products and that expression was rapidly 

repressed after a burst of induction, possibly by one of the enzyme products. Similarly, 

expression of the amidase of Methylophilus methyltrophus is induced by amides but 

expression is quickly repressed by the hydrolysis product, ammonia (Wyborn et a l ,  

1996).

Strain
(Dac)

Maximum specific activity 
(units X 10"^/ mg wet weight)

Time
(hours)

Growth phase

63 0.022 215.0 very late stationary
58 0.018 74.0 late exponential
48 0.018 95.5 early stationary
43 0.009 144.0 eai'ly stationary

40.1 0.086 144.0 mid-stationary
56 0.421 74.0 mid-exponential

521 0.905 95.5 mid-exponential

Table 3.6: Maximum specific activities of isolates grown in medium N.

Strains Dac 63 and 40.1 expressed nitrile degrading enzyme activity over more 

prolonged periods of time, suggesting that the expression of nitrile degrading enzyme 

activity, once initiated, was not readily repressed in these strains, while, addition of 

nitrile to strains Dac 48, 58, 63, 43 and 10 resulted in a decrease in optical density when 

added to exponentially grown cells, suggesting that nitriles are toxic to these bacteria 

during this growth phase.

Lack of expression of nitrile degrading enzyme activity in media without added nitriles 

(media E-K and M) was not unexpected, since apart from the Acinetobacter sp. AK 226
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nitrilase (Yamamoto and Komatsu, 1991) and the photosensitive nitrile hydratase of 

Rhodococcus N-774 (Wantanabe et at., 1987a), all the nitrile degrading enzymes 

characterised to date are inducible (Table 3, chapter 1). Induction of nitrile degrading 

enzyme activity was only observed for one strain in nutrient broth media containing 

nitriles. However, it might be supposed that the lack of detection of activity in nutrient 

broth media containing nitriles was due to both the ready availability of carbon and 

nitrogen sources (other than nitriles) plus the rapid growth of many of the strains in this 

media. Rapid growth of the cells may limit the toxicity and inducing effect of the nitriles 

due to the greater number and more rapid turnover of the cells.

Although Medium N also contained cai bon and nitrogen sources other than nitriles (yeast 

exti'act, malt extract, glycerol and peptone), the media was less nutrient rich than nutrient 

broth and thus growth was considerably slower. For isolate Dac 521, stationary phase 

was reached after 150 hours growth in Medium N compared to 5 hours growth in 

nutrient broth (section 3.6.1), a 30 fold time difference. In addition to the differences in 

growth time and nutrient availability, there was a difference in the nitrile additions to the 

two media. Medium N was supplemented with nitriles three times during growth, but 

nitriles were added only once to the nutrient broth media. Repeat nitrile addition may be 

critical for the induction of many thermophilic nitrile degrading enzymes; similarly, 

repeat feeding of isovaleronitrile to Rhodococcus rhodochrous J1 growth media resulted 

in doubling of the specific activity of whole cells compared to media fed only once 

(Nagasawa e ta l ,  1988c).

The conditions required for expression of nitrile degrading enzyme activity can be highly 

specific for many bacteria. For example, the production of active high molecular weight 

nitrile hydratase in Rhodococcus rhodochrous J1 required the addition of both cobalt and 

an amide to the growth media. Although the nitrile hydratase was induced by amides, 

active nitrile hydratase was only detected in the presence of both amide and cobalt 

(Nagasawa et a l ,  1988a). Cobalt was assumed to be required for the correct folding or 

association of the nitrile hydratase subunits. In addition, the nitrile hydratase of
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Myrotheciiun verrucaria was only detected when the strain was grown in media with 

cyanamide as the sole nitrogen source (Maier-Greiner et aL, 1991); other amides did not 

induce any activity.

Therefore, it might be supposed that altliough nitrile degrading enzyme activity was only 

detected in 58% of the strains tested, the other 42% might also express nitrile degrading 

enzymes, but the conditions required for their expression have not yet been determined. 

Since all of the strains tested grew in media with nitriles as the sole nitrogen source, it 

can be assumed that some form of nitrile degrading enzyme is expressed, be it a nitrile 

hydratase, nitrilase, oxynitrilase, oxygenase or hydroxynitrile lyase.
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3.5 ISOLATE Dac 521

Isolate Dac 521 expressed nitrile degrading enzyme activity at relatively high levels in 

medium N over the entire growth period tested (Figure 3.12). In addition, this isolate 

grew on both aromatic and aliphatic nitrile-containing minimal nutrient media (Table 3.3) 

which suggested the expression of both aromatic and ahphatic nitrile degrading activities. 

This isolate was therefore chosen for further detailed study.

3.5.1 Morphology

Isolate Dac 521 was a gram-positive, sporulating, non-motile, rod shaped (2.0)im 

length, 0.7|im width) bacteria, which grew between 35“C and 70°C on solid media, up 

to 73°C in liquid media and had an optimal growth temperature in liquid media of 50°C 

(Table 3.11). It was identified as a themiophilic Bacillus species using the API 20E and 

50CH biochemical identification test strips (Tables 3.7 & 3.8; Logan and Berkeley, 

1984).

Test Result Test Result

Acetoin production - Ornithine decarboxylase -

Arginine dihydrolase - Citrate utilisation -

Beta-galactosidase - Tryptophan deaminase -

Indole production - Gelatinase +

Lysine de-carboxylase - H2 S production -

Urease -

Table 3.7: Strain Dac 521 characteristics detemiined from an API 20E biochemical test 
strip. Strips were inoculated with a suspension of Dac 521 cells, prepared in distilled 
water and incubated at 50“C. The strip was read at eight and twenty hours after 
incubation. A positive result is indicated by a (-I-). All experiments were performed in 
triplicate. Experimental details are outlined in Section 2.4.1.
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Substrate Feimentation Substrate Fenuentation Substrate Fermentation

Glycerol - Mannitol + Raffinose -

Erythritol - Sorbitol - Inositol -

D-Arabinose - Inulin - Glycogen +

L-Ai'abinose - Rhamnose - Xylitol +

Ribose - Amygdalin + Gentiobiose -

D-Xylose - Ai’butin + D-Turanose -

L-Xylose - Esculin - D-Lyxose -

Adonitoi - Salicin + D-Tagatose -

Dulcitol - Cellobiose + D-Fucose -

Galactose - Maltose + L-Fucose -

D-Glucose + Lactose - D-Arabitol -

D-Fructose + Melibiose - L-Arabitol -

D-Mannose + Trehalose + Gluconate -

L-Sorbose - Melezitose -

a-Methyl-D- - Amidon/ - a-Methyl- +

mannoside Stai'ch D-glucoside

N-Acetyl - 8-Methyl-D- - 5-Keto -

glucosamine xyloside gluconate

2-Keto- - Sucrose +

gluconate

Table 3.8: Strain Dac 521 characteristics determined from an API 50CH biochemical 
test strip. Strips were inoculated with a suspension of Dac 521 cells in 50CHB media, 
overlaid with glycerol and incubated at 5()"C. The strip was read at eight and twenty 
hours after incubation. A positive result indicates fermentation of the carbohydrate. All 
experiments were performed in triplicate.
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On nutrient agar plates, Dac 521 colonies were of non-uniform size, circular form, 

convex elevation, had a margin that was entire and had a pale yellow or grey colour. The 

strain was catalase and oxidase positive and femiented glucose, fructose and saccharose. 

According to the criteria reported by Scholz et a l, (1987), these characteristics were 

indicative of a Bacillus pallidus species designation.

In addition to the biochemical tests, DNA-DNA hybridisation studies in which 

radiolabelled Dac 521 DNA was hybridised to target DNA from 10 thermophilic Bacillus 

species were also performed (Section 2.4.2). Isolate Dac 521 showed 87% homology to 

B. pallidus and less than 15% homology to all other type strains tested (Table 3.9; Figure

3.13). According to White et a l, (1993), this level of homology is strongly indicative of 

species designation while morphological and physiological characteristics were similar to 

those reported for the B. pallidus H14 type strain (Scholz et a l ,  1987). The strain was 

therefore designated Bacillus pallidus Dac 521.

Test Species Homology 

% (S.D.)

Test Species Homology 

% (S.D.)

B. thennoglucosidasius (DSM 2542) 14 (4.8) B. pallidus (DSM 3670) 87 (17.7)

B. thernwdenitrificans (DSM 465) 15 (4.2) B. smithii (DSM 459) 6 (3.5)

B. thernrocateuulatus (DSM 730) 3 (3.2) B. caldolyticus (DSM 405) 2 (1.9)

B. thermo cloacae (DSM 5250) 4 (2.3) B. caldovelox (DSM 41 \) 2 (1.9)

B. stearothermophilus (DSM 22) 3 (2.4) Dac 521 100 (-)

B. ka us to phi I i us (DSM 2542) 3(2 .0) .

T able 3.9: Slot-blot hybridisation results. Percent DNA:DNA homology of ^^P- 
labelled Dac 521 DNA against membrane filter bound test DNA. Percentage homology 
was calculated from the radioactivity of the hybrids relative to non-homologous and 
homologous controls. Data are mean values of quadruplicate experiments with standard 
deviations (S.D.) in parenthesis.

131



I

St
3
4-
5
6

S
>0
tl
12
I
A
3
4
5
6 
? 
8 
q

II 
12

Ô

Figure 3.13: Slot-blot hybridisation (5 hours exposure). The concentrations of DNA in
columns A and B were 5.0pg and 0.5|ig respectively. Where 1 = B.
thermoglucosidasius, 2 = B. thermodenitrificans, 3 =B. caldovelox, 4 =5. pallidus, 5 = 
B. stearothermophilus, 6 = B. caldolyticus, 1 = B. kaustophilius, 8 = 5. smithii, 9 = 5 . 
thermocloacae, 10 = 5. thermocatenulatus, 11= strain Dac 521 and 12 =negative control 
(calf thymus DNA).
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3.5.2 Dry weight and wet weight determination

The wet weight and dry weight of B. pallidiu Dac 521 cells corresponding to known 

optical densities at 60()nm were determined as described in Section 2.4.6. An optical 

density of 1.0 at 600nm corresponded to a wet weight of approximately 1.7 gT^ and a 

dry weight of 0.4 gT^ (Figures 3.14 & 3 .If).
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Absorbance (600nm)

Figure 3.14: Bacillus pallidus Dac 521 wei biomass weight versus optical density 
measured at 600nm. The experiment was performed in triplicate. Weights were 
determined as described in Section 2.4.6.
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Figure 3.15: Bacillus pallidus Dac 521 dry biomass weight versus optical density 
measured at 600nm. The experiment was performed in triplicate. Weights were 
determined as described in Section 2.2.7.
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3.6 GROWTH ON NUTRIENT RICH MEDIA

3.6.1 Growth and activity profile

Bacillus pallidus Dac 521 expressed acetonitrile degrading activity when grown in media 

(nutrient broth or minimal nutrient media), without the presence of nitriles, suggesting 

that enzyme production was constitutive (Figure 3.16; section 3.8.3). This acetonitrile 

degrading enzyme activity was detected from early exponential to mid-stationary phase in 

nutrient broth cultures and the specific activity was highest at the transition from 

exponential to stationary phase. The strain had a short stationary phase followed rapidly 

by a decrease in absorbance at 600nm with concurrent decrease in the acetonitrile 

degrading activity, consistent with a reduction or cessation of expression of the relevant 

genes and induction of a specific degradation pathway (Morihara, 1974; Atalo and 

Gashe, 1993).

Rhodococcus N-774 (Wantanabe et a i, 1987a) also expressed constitutive nitrile 

degrading enzyme activity, but other than this species and B. pallidus Dac 521, no other 

nitrile hydratases have been reported to be constitutive.
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F igure  3.16: Growth and nitrile degrading enzyme activity (cell-free extract) of
Bacillus pallidus Dac 521 in nutrient broth, where U/mg = pmoles of ammonia produced 
per minute per milligram of protein (acetonitrile as substrate). Media composition and 
growth conditions are given in section 2.2.4.1.
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3.6.2 Effect of nitriles on growth in nutrient 
broth

T o  inves iigaie the clTcci o f  nitriles on the expression o f  nitrile degrad ing  e n z y m e s  (in non 

nutr ient- l imi ting condi t ions) ,  B. p a l l id u s  Dae  521 was  g row n in nutrient  rich medi a  in the 

p re s e n c e  and abs e n c e  o f  0 .1 %  nitri le (Tab le  3.10).  G r o w t h  in these m e d ia  resu l ted  in 

m a x i m u m  optical  densi t ies o f  app rox im ate ly  1.5 (Figure 3.17).  G r o w t h  curves  in each  of  

the m e d ia  w ere  s imi la r  u nder  these condi t ions,  as w ere  speci f ic  act ivi t ies (acetoni t ri le  as 

subs t r a te )  ex c e p t  in m e d ia  co n ta in in g  benzoni t r i l e .  As  the add i t i on  o f  ace ton i t r i l e  or 

isova leroni t r i le  had no effect  on the level o f  ace tonit r i l e  de g ra d in g  e n z y m e  act ivi ty,  this 

sugge s ted  that no induct ion or  repression o f  the acetonitr i le degrad ing  e n z y m e s  o c c u n e d  

on the addi t ion  o f  ni t ri l es and that the ace toni t r i le  d e g r a d in g  e n z y m e  act ivi ty  w as  not  

induc ible .

In c o n t r a s t ,  w h e n  B. p a l l i d u s  Dac  521 w a s  g r o w n  in nu t r ie n t  b ro th  c o n t a i n i n g  

benzoni t r i l e ,  ove r  9 5 %  less acetoni t r i l e  d e g rad in g  spec i f ic  ac t iv i ty  w a s  de t ec ted  than 

w h e n  the strain w as  grown in nutrient  broth alone.  T h e  decrea.se in acetonitr i le degrad ing  

e n z y m e  activity might  result from ei ther  inhibition o f  the acetonitr i le degrad ing enzyme(s)  

act ivi ty or  suppress ion  of  the re levant  gene express ion  by benzoni tr i l e.
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Nutrient brotli + 19.02 mM acetonitrile 
Nutrient brotli + 9.78 mM benzonitrile 
Nutrient broth + 9.56 mM isovaleronitrile 

Nutrient brotli
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—

2 3
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F i g u r e  3 .1 7 :  G r o w t h  o f  B. j)(dlidiis  Dac  521 in n u t r i e n t  b roth  w i th  and  w i t h o u t  
nitriles.  Me d ia  co m pos i t i on  and grow th  condi t ions  are g iven  in Sec tion  2.2.4.1.
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Media U X 10'^ / mg wet wt.

Nutrient broth 12.05 ±  0.82
Nutrient broth + 0.1% isovaleronitrile (9.56 mM) 11.81 ± 0 .7 4

Nutrient broth + 0.1% acetonitrile (19.02 mM) 10.72 ±  0.85

Nutrient broth + 0.1% benzonitrile (9.78 mM) 0.58 ±  0.01

Table 3.10: Whole cell specific activities of B. pallidus Dac 521 grown in nutrient 
broth in the presence of nitriles. The strain was grown at 50“C, 300 r.p.m. until late 
exponential phase then the cells were harvested, washed and the acetonitrile degrading 
specific activity determined.

3.6.3 Large scale fermentation

To produce a large biomass of B. pallidus Dac 521 cells, the strain was grown in nutrient 

broth in a ten litre Inceltech fennentor. However, in initial experiments, the acetonitrile 

degrading enzyme activity of the strain decreased rapidly during fermentor growth. In 

fact, the levels of acetonitrile degrading enzyine activity detected in the fermentor 

decreased from the point of inoculation with starter culture so that by the end of the lag 

phase of growth no acetonitrile degrading enzyme activity was detected. Since the loss of 

enzyme activity was rapid, it suggested that after enzyme expression terminated, either 

the nitrile degrading enzymes were highly unstable and readily denatured (later 

disproved: section 5.14.1) or an active degradation mechanism was involved.

The B. pallidus Dac 521 starter cultures had nitrile degrading activity directly before 

inoculation into the fermentor and it was therefore presumed that the cessation or 

decrease of nitrile degrading enzyme expression must have occurred after addition of the 

inoculum to the fermentor. Testing of the bacterium in the fermentor indicated the 

presence of only B. pallidus Dac 521 , therefore it was established that contamination of 

the fermentor growth with another bacterium was not responsible for the lack of nitrile 

degrading enzyme activity.
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The possibility existed that the addition of the B. pallidus Dac 521 inoculum, at 

approximately room temperature, to the fermentor media at 50"C may have caused 

cessation of expression of the acetonitrile degrading enzyme activity through heat shock. 

Therefore, in a subsequent fermentation, the fermentor media was maintained at 45“C 

until after addition of the 5% starter inoculum and the fermentor temperature was then 

raised to 50"C over a thirty minute time peiiod.

Under these conditions growth of pallidus Dac 521 was similar to that observed in 

shake flasks (Figure 3.18) and acetonitrile degrading enzyme activity was expressed 

throughout growth. Therefore, it appears that B. pallidus Dac 521 nitrile degrading 

enzyme expression is sensitive to heat shock but this phenomenon had not previously 

been observed since, unlike growth in the fermentor, growth in shake flasks did not 

require pre-heating of the medium before inoculation.
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F igure  3.18: Growth of B. pallidus Dac 521 in an Inceltech ten litre fermentor. 
Cultures were agitated at 300 r.p.m., 50"C, unless otherwise stated and aerated using 
compressed air at a rate of 71 miiT ̂ .
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For a typical fermentation (Figure 3.18; section 2.4.7), a series of 50ml B. pallidus Dac 

521 starter cultures, grown until mid-exponential phase, were used to inoculate 6.7 litres 

of nutrient broth pre-heated to 45 'C. Cells were aerated with compressed air at an initial 

flow rate of seven litres per minute (100% dissolved air) and this was increased to ten 

litres per minute at mid-exponential phase. Cultures were agitated at 300 r.p.m. and 

although the initial temperature was 4 5 'C this was increased to a final temperature of 

5()”C over a thirty minute time period. During fermentor growth, nitrile degrading 

enzyme activity was monitored every thirty minutes but was not quantified until the cells 

were harvested. The activity of the harvested cells was determined as 96 units of 

acetonitrile degrading enzyme activity per litre of culture. A maximum growth rate of 1.4 

h'^ with a doubling time of 0.5 hours was calculated for B. pallidus Dac 521 growth.
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3.7 GROWTH TEMPERATURE OPTIMUM

The growth rate of B. pallidus Dac 521 in nutrient broth was determined at a range of 

temperatures to determine the optimum temperature for growth (Table 3.11; Figure 

3.19). The strain was also grown in two minimal nutrient media at the optimum 

temperature to examine the effect of media on the growth rate (section 2.4.4).

Growth media Temperature

(T )
Umax
(h-i)

Nutrient broth 40 0.09 ±  0.007
Nutrient broth 45 0.46 ±  0.04
Nutrient broth 50 1.00 ±  0.01
Nutrient broth 60 0.66 ±  0.04
Nutiient broth 65 0.69 ±  0.02
Nutrient broth 70 0.68 ±  0.02
Nutrient broth 74 0.00*

Acetonitrile minimal media 50 0.28 ±  0.01
Benzonitrile minimal media 50 0.06 ±  0.01

Table 3.11: Maximum growth rates of B. pallidus Dac 521. Cultures were grown at 
the stated temperature with a reciprocation rate of 300r.p.m; |4max refers to the growth 
rate at exponential growth phase; Acetonitrile minimal media = acetonitrile as the sole 
carbon and nitrogen source in minimal nutrient media; Benzonitrile minimal media = 
benzonitrile as the sole carbon and nitrogen source in minimal nutrient media; (*) = no 
growth detected after 32 hours incubation. All experiments were performed in triplicate.

In nutrient broth, the maximum growth rate for B. pallidus Dac 521 was observed at 

50“C and the maximum growth rate remained high, between 66-69% of the 50“C value, 

at temperatures up to 70°C. However, no growth was detected at 74 C or above, 

suggesting that 71-73°C was the upper temperature limit for growth in this medium. At 

40°C the maximum growth rate fell to less than ten percent of the 50“C value. These 

results are consistent with the description of B. pallidus Dac 521 as a moderate 

thermophile.
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Figure 3.19: Maximum growth rates of B. pallidus Dac 521 at different temperatures.

At the optimum growth temperature of 5() 'C, the maximum growth rates of cultures 

grown in minimal nutrient media with acetonitrile or benzonitrile as the sole carbon and 

nitrogen source were approximately 28% and 6% respectively of that seen in nutrient 

broth. It appears from the four to five fold difference in growth rate that, of the two 

nitriles, acetonitrile was more readily assimilated as a carbon and nitrogen source than 

benzonitrile, probably due to difficulty in cleavage of the benzonitrile aromatic ring.
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3.8 B. PALLIDUS Dac 521 GROWTH
IN MINIMAL NUTRIENT MEDIA

3.8.1 Nitriles or amides as sole carbon and
nitrogen source

To examine the control of expression of the Bacillus pallidus Dac 521 nitrile degrading 

enzyme(s), the strain was grown in minimal nutrient media containing a variety of 

different nitriles and amides as the sole carbon and nitrogen sources (section 2.2.4.2).

B. pallidus Dac 521 grew in minimal nutrient media with both aromatic and aliphatic 

nitriles and amides as the sole carbon and nitrogen sources (Table 3.12). However, no 

growth was detected in minimal nutrient media with isovaleronitrile, acrylonitrile or 

acrylamide as the sole carbon and nitrogen source (Figures 3.20 & 3.21). Subsequent 

substrate degradation profiles (Section 3.10.1), indicated that isovaleronitrile was not a 

substrate for the acetonitrile degrading nitrile hydratase, explaining the inability of B, 

pallidus Dac 521 to utilise this nitrile for growth.

Carbon & nitiogen 

source

Growth Carbon & nitrogen 

source

Growth

Acetonitrile + Acetamide +

Benzonitrile + Aciylamide* -

Propionitrile + Benzamide +

Isovaleronitrile - Propionamide +
Aci'ylonitrile* -

Table 3.12: 5. pallidus Dac 521 growth in minimal nutrient media with nitriles or 
amides as the sole carbon and nitrogen source. (+) = change in optical density at 600nm 
> 0.020 within 24 hours; (-) = change in optical density at 600nm < 0.020 within 24 
hours; (*) = no growth detected within 93 hours. Growth was at 50“C, 300 r.p.m and 
experiments were performed in quadruplicate.
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Figure 3.20: Growth of B. pallidus Dac 521 in minimal niiirient media with different 
nitriles as the sole carbon and nitrogen (C&N) sources, where AN = acetonitrile; BN = 
benzonitrile; PN = propionitrile; ACN = acrylonitrile and IVN = isovaleronitrile. Media 
details and growth conditions are in section 2.2.4.2.
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Figure 3.21: Growth of B. pallidus Dac 521 in minimal nutrient media with different 
amides as the sole carbon and nitrogen (C&N) sources. Media details and growth 
conditions are in Section 2.2.4.2.
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Although aciylonitrile and acrylamide were not utilised for growth as the sole carbon and 

nitrogen source, both were subsequently found to be readily degraded by the acetonitrile 

degrading enzyme(s) expressed by B. pallidus Dac 521 in nutrient broth (Section 

3.10.1). It would therefore be expected that these compounds should sustain B. pallidus 

Dac 521 growth as nitrogen and possibly carbon sources.

Since no growth was observed however, this suggested a num ber of possible 

explanations. For example, the B. pallidus Dac 521 enzymes may be expressed in the 

minimal nutrient media but may have low affinity for the substrates and thus can not 

utilise them as a carbon or nitrogen source for growth, as was observed for a mutant of 

the cyanide hydratase producing Pseudomonas fluorescens NCIMB 11764 strain (Kunz 

et al,. 1994). However, later experiments (section 5.11) indicated that the B. pallidus 

Dac 521 nitrile hydratase had high affinity for acrylonitrile, so discrediting this theory.

Alternatively, these enzymes may not be expressed in acrylonitrile or acrylamide minimal 

nutrient media, or if they are expressed, that these substrates or their degradation 

products were not metabolisable or were toxic to B. pallidus Dac 521 growth. In light of 

the pattern of expression of mesophilic nitrile degrading enzymes, this third possibility 

seems most likely. A similar occurrence had been observed in a mesophilic nitrile 

degrading enzyme producing strain; Nocardia rhodochrous LL-100-21 was unable to 

utilise acrylamide or acrylonitrile as a sole carbon and nitrogen source, or as a sole 

carbon source but grew in media with these compounds as the sole nitrogen source 

(Collins and Knowles, 1983).

143



3.8.2 Minimal media substrate profile

As B. pallidus Dac 521 grew in a variety of nitriles and amides as the sole carbon and 

nitrogen source, the effect of growth on each of these compounds on the nitrile and 

degrading substrate profile of whole cell preparations was determined. Although these 

whole cell results do not unequivocably indicate which category of nitrile degrading 

enzyme(s) were expressed, they can be indicative.

For example, where mesophilic cells have been observed to hydrolyse a nitrile and 

corresponding amide, in mesophilic bacteria, this has generally resulted from expression 

of a nitrile hydratase and associated amidase rather than the combination of just a nitrilase 

and a non-specific amidase. For example, both A r th r o b a c te r  sp. J-1 and 

Corynebacteriuin nitrilophilus hydrolyse nitriles and amides and express a nitrile 

hydratase and amidase but not a nitrilase (Asano et a l,  1982; Amarant et a l,  1989). 

Alternatively, the hydrolysis of a nitrile and corresponding amide may be due to 

expression of a nitrilase, nitrile hydratase and amidase together, as in the case of 

Rhodococcus butanica ATCC21197 (Effenberger and Bohme, 1994).

The hydrolysis of the nitrile without hydrolysis of the corresponding amide is generally 

indicative of a nitrilase since there have been few reports of the expression of a nitrile 

hydratase in the absence of amidase expression. For example, the conversion of 

cyanopyrrolopyrimidine nucleoside to the conesponding amide by Streptomyces rimosus 

and conversion of 2,2-diphenyl-3(l-pyrrolidino)-propionitrile to the corresponding 

amide by a Pénicillium  species are two of the rare examples where nitrile hydrolysis 

terminates at amide formation (Jallageas e ta l ,  1980).

There have been some reports of the enzymatic degradation of nitriles to both the 

corresponding acid and the corresponding amide by whole cells but in the absence of 

amide degradation (Layh et a l, 1992). This is usually attributed to the side activity of
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certain nitrilases rather than expression of a nitrile hydratase and nitrilase together in the 

absence of an amidase (Hook and Robinson, 1964).

The results of B. pallidus Dac 521 whole cell nitrile specificity trials (Table 3.13) 

indicated that propionamide was hydrolysed at the same rate by whole cells from a 

variety of different media, consistent with expression of a medium independent, 

propionamide degrading amidase. Degradation of the other nitriles and amides occurred 

at a variety of rates and may indicate the expression of a number of distinct nitrile 

hydratases and amidases. These are presumed to be inducible and either may not be 

expressed in all of the media or may be expressed to varying degrees in each media.

Whole cells Substrate degradation (U x 10'^ / mg wet wt)
grown in: Acetonitrile Benzonilinle Acetamide Benzamide Propionamide

Acetonitiile as C&N 1.9 ±  0.9 0.0 3.5 ±  0.1 0.0 4.2 ±  0.3
Acetamide as C&N 9.4 ±  0.9 0.0 16.3 ±  0.8 0.0 4.9 ±  0.2
Propionamide as C&N 1.0 ±  0.1 0.0 9.2 ±  0.6 0.0 5.0 ±  0.5
Benzamide as C&N 9.9 ±  0.8 0.0 5.7 ±  0.4 0.20± 0.02 4.1 ±  0.3

Table 3.13: Specific activities of B. pallidus Dac 521 whole cells. The strain was 
grown in minimal nutrient media with either 20mM amide or 0.1% nitrile as the sole 
carbon and nitrogen source (C&N) and whole cells from each media were tested against 
a range of potential substrates. All experiments were peiformed at least in duplicate.

Thus B. pallidus Dac 521 appears to be capable of expression of a variety of nitrile 

degrading enzymes. Sim ilarly, Rhodococcus rhodochrous  J1 expresses an 

isovaleronitrile induced nitrilase, a urea and cobalt induced high molecular weight nitiile 

hydratase and a separate low molecular weight nitrile hydratase induced by 

cyclohexanecarboxamide and cobalt (Kobayashi et a l ,  1989a; Nagasawa et a l ,  1991a; 

Kobayashi e ta l ,  1991).
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Growth of Dac 521 in minimal nutrient media with benzamide as the sole carbon and 

nitrogen source resulted in the detection of benzamide degradation which was not 

detected in the other three media. Degradation of the conesponding nitrile, benzonitrile, 

was not detected in this medium nor in any of the other media tested. Thus banzamide 

appears to induce just amidase expression, not nitrilase or nitrile hydratase expression.

This is not unexpected, since although amides can induce the expression of high levels of 

nitrile hydratase and amidase expression in strains such as Rhodococcus rhodochrous J 1 

(Nagasawa et a l ,  1991a), amides also result in induction of expression of the amidase 

alone, as in the case of Nocardia rhodochrous LL 100-21 and Nocardia sp. 11216 

(Thompson et a l, 1988; Harper, 1977b), where growth in minimal media containing 

benzamide resulted in induction of an amidase without induction of the corresponding 

nitrile hydrolysing activity.
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3,8.3 Nitriles as sole carbon or nitrogen source

To investigate the effect of the carbon and nitrogen source on nitrile degrading enzyme 

production, B. pallidus Dac 521 was grown in a variety of different minimal nutrient 

media. These media contained ammonium sulphate and succinate as sole carbon and 

nitrogen sources except where stated in Table 3.14, when either the nitrogen or carbon 

source was replaced with acetonitrile.

Growth of B. pallidus Dac 521 in minimal nutrient media with or without yeast extract 

had no effect on the level of acetonitrile degrading enzyme expressed in the media at late 

exponential phase (Table 3.14). However, replacement of ammonium sulphate with 

acetonitrile as a nitrogen source resulted in greater than 70% decrease in the specific 

activity, while replacement of the carbon source with acetonitrile, resulted in an almost 

90% decrease. Thus the presence of acetonitrile in minimal nutrient media appears to 

either suppress acetonitrile degrading enzyme expression (perhaps through feedback 

regulation) or inhibit its activity.

Minimal nutrient media U X 10'3 / mg wet weight

1. Minimal 11.7 ± 0 .6

2. Minimal & Na2HP04 12.3 ± 0 .7

3. Minimal with 0.1% acetonitrile as nitrogen source 3.2 ± 0 .1

4. Minimal with 0.1% acetonitrile as carbon source 1.4 ± 0 .1

5. Minimal & trace elements 12.7 ±  0.8

6. Minimal & minerals & vitamins 12.0 ± 0 .1

7. Minimal & yeast extract 11.8 ± 0 .6

Table 3.14: Specific activity of B. pallidus Dac 521 whole cells grown in a selection 
of minimal nutrient media. A 1% inoculum grown in nutrient broth was used for all 
media. Minimal = succinate and (NH4)2S04 as sole carbon and nitrogen source with no 
added nitrile (section 2.2.4.2). Values are specific activities at mid-stationary phase and 
are averages of duplicate experiments.
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Similarities are evident between this repression or inhibition and that observed for the 

mesophile, Rhodococcus rhodochrous J l. Urea induces the expression of the high 

molecular weight nitrile hydratase of Rhodococcus rhodochrous J l  (Nagasawa et a l, 

1991b), but high levels of urea (20gl"l) in the growth medium decrease the nitrile 

hydratase specific activity by almost 30%, compared to growth in 7 .5gl'l of urea.

3.8.4 Benzonitrile as the sole carbon and 
nitrogen source

Bacillus pallidus Dac 521 was grown in minimal nutrient media (section 2.2.4.2) 

containing benzonitrile as the sole carbon and nitrogen source. No growth was detected 

with benzonitrile concentrations of 40mM or above after 24 hours incubation, but the 

strain grew in 20mM benzonitrile and benzonitrile degrading enzyme activity was 

observed from mid-exponential growth phase (Figure 3.22). No acetonitrile degrading 

activity was detected at any point during growth in this media.

In benzonitrile minimal media, the benzonitrilase specific activity increased during 

exponential phase and rapidly decreased during stationary phase, suggesting rapid 

"switch-off" of the benzonitrilase gene expression coupled with an active degradation 

mechanism. B. pallidus Dac 521 expressed approx. 0.2 units of benzonitrile activity per 

litre of culture under these conditions compared to an estim ated 5.0 units of 

benzonitrilase activity per litre of culture iox Rhodococcus rhodochrous J l (Nagasawa et 

a l ,  1988c).

Although B. pallidus Dac 521 grown in benzonitrile minimal nutrient media degraded 

benzonitrile to benzoic acid, no benzamide degradation was detected (cell extracts were 

tested over a range of enzyme and substrate concentrations). This suggested that
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benzonitrile degradation was catalysed by a nitrilase rather than a nitrile hydratase / 

amidase enzyme system.

Similar media dependent production of nitrile degrading activities under different 

conditions have been reported for mesophilic organisms. For example, growth of 

Nocardia rhodochrous in minimal nutrient media with benzonitrile resulted in induction 

of a benzonitrilase (Collins and Knowles, 1983), while growth in minimal nutrient media 

with acetonitrile resulted in expression of a nitrile hydratase and amidase, and no 

benzonitrilase activity was detected. Similar results have been reported for Arthrobacter 

sp. strain J-1 (Asano e ta l ,  1982; Bandyopadhyay et al., 1986), Nocardia rhodochrous 

LL100-21 (Collins and Knowles, 1983), Rhodococcus rhodochrous J1 (Kobayashi et 

a l, 1992a) and Fusariwn solani (Harper, 1977b; Shimizu and Taguchi, 1969).
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F igure 3.22: Growth and specific activity (cell-free extract) of B. pallidus Dac 521 
grown in minimal nutrient media with 20mM benzonitrile as the sole carbon and nitrogen 
source.
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3.8.5 Aliphatic and aromatic nitrile degrading 
enzyme expression

Benzonitrile degrading enzyme activity was detected when B. pallidus Dac 521 was 

grown in benzonitrile minimal nutrient media, while acetonitrile degrading enzyme 

activity was detected in both acetonitrile minimal nutrient media and nutrient broth. In 

attempts to simultaneously produce both the benzonitrile and acetonitrile degrading 

enzyme activity, B. pallidus Dac 521 was grown in minimal nutrient media with both 

acetonitrile and benzonitrile as the sole carbon and nitrogen source.

However, these attempts were unsuccessful (Table 3.15). At the four nitrile 

concentrations tested, only benzonitrile degradation was detected. This result suggested 

that the presence of benzonitrile (or one of its degradation products) in the growth media 

resulted in repression of acetonitrile degrading enzyme expression or inhibition of the 

expressed acetonitrile degrading enzyme (s).

Carbon and nitrogen source Acetonitrile Benzonitrile
degrading activity degrading activity

(Units mg‘ l) (Units mg”l)

20 mM acetonitrile 0.078 ±  0.04 0

20mM benzonitrile 0 0.128 ±  0 .0 0

5mM acetonitrile & 15mM benzonitiile 0 0.148 ±  0.01

lOmM acetonitrile & lOmM benzonitrile 0 0.177 ±  0.01

15mM acetonitrile & 5mM benzonitiile 0 0.098 ±  0.01

Table 3.15: Specific activity of nitrile degrading enzymes determined in various 
growth media. Details of growth conditions are given in section 2.2.4.2. Cultures were 
grown to early stationary phase before harvesting, sonication and determination of 
enzyme activity (acetonitiile or benzonitrile as substrate) and protein concentration. Data 
are mean values of triplicate or quadruplicate experiments i  standard errors; 0  = no
activity detected; Units/mg = pmoles of ammonia produced per minute per milligram of 
protein.
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The results clearly indicate that benzonitrilase expression was dependent on the presence 

of benzonitrile (but not on the absence of acetonitrile). Maximum benzonitrilase specific 

activity was obtained in the presence of lOmM acetonitrile and lOmM benzonitrile, while 

with 5mM benzonitrile, benzonitrilase specific activity was 44% less than with lOmM 

benzonitrile.

To investigate whether the products of benzonitrile degradation were responsible for the 

apparent repression of the aliphatic nitrile degrading activity, B. pallidus Dac 521 was 

grown in minimal media with benzamide as the sole carbon and nitrogen source (Table 

3.13). However, cell-free extracts degraded acetonitrile at the same rate as extracts of B. 

pallidus Dac 521 grown in nutiient broth (Table 3.10). It was concluded that benzamide 

(and putatively, its degradation products, benzoic acid and ammonia) did not affect 

acetonitrile degrading enzyme activity and that the absence of acetonitrile degrading 

enzyme activity (in benzonitiile grown cells) was due to the presence of benzonitiile.
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3.9 CATABOLITE REPRESSION

Microbial enzymes responsible for the catabolism of carbon compounds are often 

repressed by glucose and other hexoses (Toda, 1981; Tourneix et al., 1986; Magasanik, 

1961; Zimmerman and Scheel, 1977). Similarly, microbial enzymes intei*vening in 

nitrogen compound metabolism can be repressed by the ammonium ion (Yoch and 

Whiting, 1986). To investigate catabolite repression in B. pallidus Dac 521, the strain 

was grown in the presence of a variety of compounds which might result in induction or 

repression.

Cell-free extracts of B. pallidus Dac 521 grown in minimal nutrient media with succinate, 

pyruvate or glucose as the sole carbon source and ammonium sulphate as the sole 

nitrogen source showed similar acetonitrile degrading specific activities (Table 3.16). 

This suggests that there was no significant catabolite repression of the aliphatic nitrile 

degrading enzyme gene(s) expression by these compounds. Catabolite repression affects 

the expression of some but not all nitrile degrading enzymes. For example, although the 

expression of the nitrilase of Rhodococcus rhodochrous J1 (Nagasawa et al., 1988c) 

was also insensitive to catabolite repression from carbon sources such as glucose and 

glycerol, tlie production of the nitiile hydratases of Pseudomonas chlororaphis B23 and 

Arthrobacter sp. IPCB-3 were strongly repressed by glucose in the medium (Nagasawa 

et a i, 1988c; Ramakrishna and Desai, 1993).

The acetonitrile degrading activity of B. pallidus Dac 521 was not enhanced by the 

addition of acetonitrile to nutrient broth nor to minimal media with glucose or succinate 

as the sole carbon sources (Table 3.16). Thus the replacement of ammonium sulphate 

with another nitrogen source did not increase the specific activity, suggesting that nitrile 

degrading enzyme expression is not subject to fixed nitrogen repression. In contrast, the 

expression of the high molecular weight nitiile hydratase of Rhodococcus rhodochrous 

J1 was subject to nitrogen catabolite repression (Nagasawa e ta l ,  1991b).
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When acetonitrile was supplied as the sole carbon and / or nitrogen source, the enzyme 

specific activities decreased to between 2 % and 26% of those observed in nutrient broth. 

Lowest specific activity was recorded when glucose was supplied as the carbon source 

and acetonitrile as the nitrogen source. However, growth in minimal media with glucose 

and ammonium sulphate as the carbon and niti ogen sources did not result in a decrease in 

the specific activity, suggesting that acetonitrile and not glucose caused the decrease. 

Together, these results suggest that there was no identifiable induction of acetonitrile 

degrading enzyme activity but that the presence of the substrate acetonitrile may suppress 

expression of the acetonitrile degrading enzyme(s) or inhibit of the expressed enzyme(s).

Although lowest specific activity was recorded when glucose and acetonitrile were 

supplied as the carbon and nitrogen source respectively, a high maximum growth rate 

was observed. This indicated that a low level of acetonitrile degrading enzyme activity 

was sufficient to sustain a fixed nitrogen supply, supporting growth rates similar to that 

in nutrient broth.

Carbon and nitrogen source O.D.
600nm

Umax
(h-1)

Specific activity 
Units mg‘ l

Nutrient broth 1 .0 2 1 .0 0 0.44 ±  0.02
20mM succinate + 20mM (NH4)2S04 1 .2 2 0.39 0.40 ±  0.01
20mM pyruvate + 20mM (NH4)2S04 0 .8 8 0.41 0.59 ±  0.17
20mM glucose + 20mM (NH4)2S04 0.52 0.93 0.42 ±  0.06

20mM acetonitrile + 20mM glucose 0.60 0 .8 6 0 .0 1  ±  0 .0 0 1

20mM acetonitrile + 20mM succinate 0.99 0.57 0.05 ±  0.01
20mM acetonitiile + 20mM (NH4)2S04 0.54 0.30 0 .1 1  ±  0 .0 2

20mM acetonitiile 0.42 0.28 0.08 ±  0.04

Table 3.16: Specific activity of acetonitrile degrading enzymes determined in various 
growth media. Details of growth conditions are in section 2.2.4.2. Cultures were grown 
to late exponential phase before harvesting, sonication and determination of enzyme 
activity and protein concentration. Data are mean values of triplicate or quadruplicate 
experiments + standard errors. O.D. = optical density (600nm) of the cells when
haiwested and limax = maximum growth rate.
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3.10 SUBSTRATE SPECIFICITY: CELL-
FREE EXTRACTS

3.10.1 Substrate specificity of the acetonitrile
degrading enzyme system

Transport of both substrates and products across the bacterial cell wall have an effect on 

the quantification of enzyme activity and may also mask the substrate profile of the nitrile 

degrading enzyme(s). Thus cell-free extracts of B. pallidus Dac 521 were used to 

deteiTuine the substrate profile.

Cell-free extracts of B. pallidus Dac 521 grown in nutrient broth degraded acetonitrile, 

propionitrile, aciylonitrile, acetamide, propionamide and aciylamide (Table 3.17). Of the 

nitriles tested, degradation of acetonitrile was highest at both substrate concentrations 

followed by acrylonitrile and propionitrile. Of the amides tested at 20mM, acetamide 

degradation was highest followed by propionamide and acrylamide and at 70mM, 

acetamide and propionamide showed the highest rates of degradation. No degradation of 

benzonitrile, isovaleronitrile or benzamide was detected at either substrate concentration.

The nitrile hydratase of Pseudomonas chlororaphis B23 (Nagasawa et a l ,  1987a) also 

hydrolyses aliphatic but not aromatic nitriles. Few nitrile hydratases hydrolyse both types 

of nitrile although exceptions have been identified. For example, the high molecular 

weight nitrile hydratase of Rhodococcus rhodochrous J1 (Nagasawa et a l ,  1991a) and 

the nitiile hydratase of Corynebacterium nitrilophilus (Amarant et a l ,  1989) hydrolyse 

both categories of niti ile.

For Bacillus pallidus Dac 521 cells, the rate of degradation of the amide to the 

corresponding acid was up to 16 fold greater than the degradation of the corresponding 

nitrile (at 20mM). In light of these relative rates of substiate degradation of the aliphatic 

nitrile hydratase and amidase enzymes, the nitrile to amide conversion is rate limiting for
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the nitriles and amides tested (with respect to the coupled ammonia assay for nitrile 

degrading enzyme activity).

Substrate % rate relative to acetamide
20mM substrate 70mM substrate

Acetonitiile 71.5 ±  2.1 46.3 ±  0.5

Benzonitrile 0 .0 0 .0

Propionitrile 3.2 ±  0.3 1.6 ± 0.1

Isovaleronitrile 0 .0 0 .0

Acrylonitrile 7.2 ±  0.3 5.2 ±  0 .8

Acetamide 1 0 0 .0 ± 5.5 1 0 0 .0 ±  5.8

Benzamide 0 .0 0 .0

Propionamide 52.6 ±  1.2 100.4 ±  1.8

Acrylamide 53.5 ±  0 .8 80.1 ±  3.1

Table 3.17: Substrate specificity of B. pallidus Dac 521 aliphatic nitrile hydratase/ 
amidase at two substrate concentrations in cell-free extracts. Substiates (20/70mM) were 
incubated with a specified amount of cell-free extract for five to fifteen minutes at 50°C in 
50mM potassium phosphate buffer containing ImM dithiothreitol and 20% (^/v) 
glycerol, pH 7.2 and the specific activity was determined using the ammonia assay. All 
experiments were performed in triplicate. 100% = 0.50 i  0.03 units /mg at 20mM, 
100% = 0.67 ± 0.04 units /mg at 70mM.
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3.10.2 Substrate specificity of the benzonitrile 
degrading enzyme system

B. pallidus Dac 521 benzonitrile grown cells degraded benzonitrile, propionitrile, 

isovaleronitrile, acrylonitrile, acetamide, propionamide and acrylamide, but not 

acetonitrile or benzamide (Table 3.18). Since no degradation of benzamide was detected, 

it is probable that benzonitrile degradation occurs via the nitrilase pathway. Assuming 

that a single nitrile degrading was induced in this minimal media, the B. pallidus Dac 521 

benzonitrilase thus degrades both aromatic and aliphatic nitriles. Nitrilases with broad 

substrate specificities which hydrolyse both aromatic and aliphatic nitriles have also been 

identified in Acinetobacter sp. AK226 (Yamamoto and Komatsu, 1991), Rhodococcus 

rhodochrous K22 (Kobayashi et a i ,  1990) and Fusarium oxysporum  (Goldlust and 

Bohak, 1989).

Substrate % rate relative to benzonitrile
20mM substrate 70mM substrate

Acetonitrile 0 .0 0 .0

Benzonitrile 10 0 .0 + 2.4 1 0 0 .0 + 1.9

Propionitrile 12.3 + 1.2 25.8 + 1.3

Isovaleronitiile 7.2 ± 0 .6 7.6 + 0 .2

Acrylonitrile 283 ± 1.8 2 1 .2 + 0 .6

Acetamide 69 ^ ± 4.6 84.1 + 8.9

Benzamide 0 .0 0 .0

Propionamide 50.7 ± 3.1 106.8 ± 1.6

Acrvlamide 37.0 ± 3.7 72.7 + 0.3

Table 3.18: Substrate specificity of B. pallidus Dac 521 benzonitrilase in cell-free 
extracts at two substrate concentrations. Substrates (20/70mM) were incubated with an 
aliquot of cell-free extract for five to fifteen minutes at 50°C in 50mM potassium 
phosphate buffer containing ImM dithiothreitol and 20% (^/v) glycerol, pH 7.2 and the 
activity determined using the ammonia assay. All experiments were performed in 
triplicate. 100% = 0.100 ± 0.001 units /mg at 20mM, 100% = 0.096 i  0.001 units /mg 
at 70 mM.

156



Of the nitriles tested with B. pallidus Dac 521 benzonitrile grown cells, benzonitrile 

degradation was highest and isovaleronitrile degradation lowest. The aliphatic nitrile, 

acrylonitrile, is an effective nucleophilic agent for the modification of protein sulphydryl 

groups (Cavins and Friedman, 1968). However, despite its alkylating ability (nitrilases 

are sulphydryl enzymes, containing one or more essential cysteine residues), the B. 

pallidus Dac 521 nitrilase hydrolyses acrylonitrile at a rate greater than propionitrile or 

isovaleronitrile degradation (20mM substrate). Many other nitrilases hydrolyse 

acrylonitrile including the Rhodococcus rhodochrous K22 nitrilase (Kobayashi et a i, 

1990) and the nitiilase of Alcaligenes faecalis ATCC 8750 (Yamamoto et a l, 1992).

It is probable that a single nitrile degrading enzyme was induced in this media. The 

benzonitrilase was later purified to homogeneity (section 4.3.2) and benzonitrile 

degradation could therefore be unequivocably attributed to the nitrilase activity. 

However, the substrate profile of the purified benzonitrilase was not determined. 

Therefore, it must be noted (with respect to the cell-fee extract activities in Table 3.18), 

that since amidase activity is present in benzonitrile grown cells, hydrolysis of 

acrylonitrile or propionitrile might possibly proceed via a separate nitrile hydratase 

activity in conjunction with the amidase, although by analogy with mesophilic nitrile 

degrading enzyme induction, this would be unlikely.
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3.11 SUMMARY

Thermal sediment samples were screened for the production of nitrile degrading 

enzymes. Isolates were grown in minimal media plates with nitriles or amides as the sole 

carbon source and in minimal liquid media with nitriles as the sole nitrogen source. From 

these sediment samples, 28 distinct thermophilic isolates that grew in nitrile minimal 

media were identified. However, the maximum optical densities reached by the strains in 

the screening media were poor.

Attempts to increase the maximum optical densities reached by the strains by varying the 

nitrile concentration of the media proved unsuccessful. Further attempts to increase the 

maximum optical density and express nitrile degrading enzyme activity, using minimal 

and nutrient rich media, indicated that repeat addition of nitrile to a complex media 

resulted in detection of nitrile degrading enzyme expression in 60% of the strains tested 

and relatively high maximum optical densities were observed for these strains.

A single strain, Dac 521, was chosen for further study and identified as a Bacillus 

pallidus species. It expressed a constitutive acetonitrile degrading enzyme activity that 

was not subject to catabolite or fixed nitrogen repression and this constitutive activity 

degraded acetonitrile, propionitrile, acrylonitrile, acetamide, propionamide and 

acrylamide.

The strain grew in minimal media with acetonitiile, propionitrile, benzonitrile, acetamide, 

propionamide or benzamide as the sole carbon and nitrogen source and the substrate 

profile of the resulting cells indicated that different nitrile degrading enzymes were 

induced by the different media. Interestingly, growth of the strain in acetonitrile minimal 

media resulted in a decrease in the acetonitrile degrading specific activity through either 

repression of enzyme expression or inhibition of the expressed acetonitrile degrading 

enzyme activity.
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Growth of the strain in benzonitrile minimal media resulted in a complete absence of 

acetonitrile degrading activity, but benzonitrile degrading activity was detected. Cell-free 

extracts did not degrade benzamide and it was therefore concluded that the benzonitrile 

degrading enzyme activity induced in this media was a nitrilase.

Cell-free extracts of benzonitrile grown cells degraded benzonitrile, propionitrile, 

isovaleronitrile and acrylonitrile, suggesting that the nitrilase had a broad substrate 

specificity. However, propionamide and acrylamide were also degraded. Due to the 

nature of the enzyme detection assay, it was not clear whether growth in benzonitrile 

minimal media resulted in the expression of a single nitrilase responsible for the 

hydrolysis of a broad range of nitriles in addition to expression of an amidase, or 

whether a separate nitrile hydratase was also expressed (due to the presence of the 

amidase activity the presence of either (or both) a nitrile hydratase or nitrilase would 

result in ammonia release from the hydrolysis of a corresponding nitrile). Purification of 

both the constitutive acetonitiile degrading enzyme activity and the inducible benzonitrile 

degrading enzyme activity was therefore peifoiTned to clarify these observations (chapter

4).
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CHAPTER 4

PURIFICATION
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4.1 ION-EXCHANGE CHROMATOGRAPHY

4.1.1 Nitrile hydratase and amidase

Initial experiments to determine the conditions required for binding of the acetonitrile 

degrading enzyme(s) to an ion-exchange column involved the use of both cation and 

anion exchange resins in the pH 5-9 range. The buffers used in anion exchange 

experiments were: 0.5M Tris base pH 8.0; 0.5M Bis-Tris propane, pH 7.0 and 9.0; 

50mM KH2 PO4 / K2 HPO4 , ImM dithiothreitol, lOmM n-butyric acid, pH 7.0 and 

0.5M Bis-Tris, pH 6.0. Those used for cation-exchange were: 50mM Malonic acid pH

5.0 and 6.0; 50mM KH2 PO4  / K2 HPO4  pH 7.0 and 50mM Hepes pH 8.0. Cell-free 

extracts of B. pallidus Dac521, grown in nutrient broth, were filtered through a 0.22 

micron filter, equilibrated with the appropriate buffer and loaded onto the columns.

Little enzyme activity was detected using buffers at pH < 5.0, (74% loss in activity after 

15 minutes incubation at pH 5.0), while at pH 8.0 the assay sensitivity decreased three 

fold. Since it was considered important to retain optimal enzyme assay sensitivity and 

optimal enzyme activity, purification trials were confined to a pH range of 6.0-7.5. 

Small-scale trials were perfonned in 5ml syringes with 1ml quantities of S-Sepharose 

and DEAE-Sepharose ion-exchange matrix (Pharmacia).

Poor binding of the acetonitrile degrading enzymes was observed with S-Sepharose 

(Table 4.1) using buffers in the range 6 .0-7.5 with and without the addition of 

polyethyleneimine to aid purification (Scopes, 1993). Anion exchange chromatography 

(DEAE-Sepharose) using buffers in the pH 6.0-7.5 range resulted in variable binding of 

the acetonitrile degrading activity (Table 4.1). At pH 7.0, 100% of the activity was 

bound to the column and the acetonitrile degrading activity was readily eluted with over 

100% recovery using a IM NaCl gradient
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S-Sepharose DEAF- Sepharose
Activity Activity not Total Activity Activity not Total

pH bound (%) bound (%) recovery (%) bound (%) bound (%) recovery (%)

6 .0 8 92 95 80 2 0 86

6.5 8 92 94 - - -

7.0 7 93 96 100 0 105
7.5 6 94 97 87 13 100

Table 4.1: Binding of acetonitrile degrading enzyme activity to cation and anion 
exchange columns. Where; activity not-bound = percentage of total activity recovered 
that did not bind to the column (i.e. eluted without NaCl);bound = percentage of total 
activity recovered that was eluted with NaCl; total recovery = percentage of total activity 
loaded that was recovered (including both non-bound and eluted activities); IM NaCl 
was used as eluant and the ammonia assay was used to determine activity.

A number of trials involving the addition of 5mM EDTA or a combination of protease 

inhibitors (ImM PMSF, 0.05% 2-mercaptoethanol and 5mM iodoacetate) to the starting 

and elution buffers were performed in an attempt to optimise recovery from these 

columns, by the prevention of pro tease degradation. However addition of these chelating 

agents and protease inhibitors did not improve recovery and therefore were not included 

in any further trials.

On the basis of these results, DEAE-Sepharose ion-exchange chromatography with pH

7.0 phosphate buffers (50mM KH2 PO4  / K2 HPO4 , ImM DTT and lOmM n-butyric 

acid) was selected as the first step in acetonitiile degrading enzyme purification. During 

initial trials, the acetonitrile degrading enzyme activity was eluted with a continuous salt 

gradient from zero to l.OM sodium chloride over 10-20 column volumes.

This resulted in a ten percent overlap in the elution of the two enzymes, (a nitrile 

hydratase and an amidase), responsible for the acetonitrile degrading enzyme activity. 

Therefore, step elution of the two enzymes was attempted and resulted in baseline 

resolution of the enzymes (Figure 4.1). Thus the enzymes were eluted with an increasing 

stepwise sodium chloride gradient in all subsequent purifications.
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The experimental procedure finally used was as follows: The DEAE column was 

equilibrated with 10 column volumes of starting buffer (50mM KH2 PO4  / K2 HPO4 , 

ImM dithiothreitol and lOmM n-butyric acid pH 7.0) and cell-free extract, pre

equilibrated in start buffer, was loaded on the column. Then the following wash and 

elution steps were used (section 2 .6 . 1): 10 column volumes of starting buffer, 10  

column volumes of 7% elution buffer (50mM KH2PO4  / K2 HPO4 , ImM dithiothreitol, 

lOmM n-butyric acid and IM NaCl pH 7.0), a continuous gradient to 17% elution buffer 

over 8 column volumes, a stepwise increase in elution buffer to 2 0 % for 2  column 

volumes and a step to 100% elution buffer for 5 column volumes. A typical elution 

profile is shown in Figure 4.1.

The acetonitrile degrading nitrile hydratase was eluted at 7% elution buffer (70mM NaCl) 

and the amidase was eluted between 100-170mM NaCl. Complete separation of the two 

enzymes was achieved and no other acetonitrile degradation was detected in any of the 

other fractions, suggesting that B. pallidus Dac521 acetonitrile degradation was due only 

to a nitrile hydratase and amidase and not to a nitrilase.
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F igure  4.1: Ion-exchange column chromatography of B. pallidus Dac521 nitrile 
hydratase and amidase. B. pallidus Dac521 cell-free extract prepared in pH 7.0 
phosphate buffer (50mM KH2 PO4 / K2 HPO4 , ImM DTT and lOmM n-butyric acid), 
was loaded on a DEAE-Sepharose ion-exchange column. The nitrile hydratase and 
amidase enzymes were eluted with an increasing stepwise sodium chloride gradient from 
OmM to lOOOmM i.e. the scale indicted was = salt gradient multiplied by 0.2.
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4.1.2 Benzonitrilase

Initial experiments to determine the conditions under which the benzonitrile degrading 

enzyme(s) would bind to an ion-exchange column involved the use of both cation and 

anion exchange resins in the pH range 5.0-9.0, using the same buffers and conditions 

detailed in section 4.1.1. Apparent efficient binding of the benzonitrilase activity was 

achieved using DEAE-Sepharose with 50mM phosphate buffer (KH2 PO4  / K2HPO4 , 

ImM dithiothreitol and lOmM n-butyric acid, pH 7.0) as starting buffer. Efficient 

binding was assumed since no activity was recovered in the unbound fractions eluted 

from the column. However, attempts to elute the benzonitiile degrading activity using the 

above buffer plus IM NaCl, resulted in poor recovery and purification of the 

benzonitrilase.

Attempts to improve recoveiy of the bound benzonitrilase by using a variety of stepwise 

and continuous salt gradients over 20 column volumes proved unsuccessful. Depending 

on the elution conditions used, recovery ranged from 10-2 0 % of total activity loaded. 

Since hydrophobic interaction chromatography subsequently proved to be highly 

successful in comparison, ion-exchange was not further used as a step in benzonitrilase 

purification.
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4.2 HYDROPHOBIC INTERACTION
CHROMATOGRAPHY

4.2.1 Nitrile hydratase and amidase

Initial trials to examine the suitability of hydrophobic interaction chromatography for the 

separation and purification of the nitrile hydratase and amidase enzymes involved the use 

of Octyl-, Phenyl- and Butyl-Sepharose mini-columns (Section 2.6.2). These trials 

involved the use of crude cell-free extracts of B. pallidus Dac521. At pH 7.0 both the 

nitrile hydratase and amidase bound to the mini-columns readily and recovery of both 

from all three matrices using IM Na2 S0 4  were comparable. However, initial trials 

indicated that the most effective separation of the enzymes was achieved using the 

Phenyl-Sepharose column. Attempts to improve purification of the nitrile hydratase by 

decreasing the pH of the buffers (and thus alter the binding conditions) proved 

unsuccessful as at pH 6.5 and below; only the amidase bound to the Phenyl-Sepharose

column.

The pH of the buffer was thus maintained at pH 7.0 and the loading buffer salt 

concentration was varied from 1.5 to 0.4M Na2S04 in approximately 0.2M increments 

in attempts to improve the recovery and purification of the enzymes by altering the 

affinity of the enzymes for the matrix. Complete binding of the acetonitrile degrading 

enzyme activity was achieved at 1.5M N a2S04 but, on elution using a decreasing 

N a2S04 gradient to 0%, full recovery of activity was not achieved. At 0.4M N a2S04 

the enzymes did not bind to the column. Optimum recovery and resolution of both 

enzymes was observed at 0.75M Na2S04. Complete separation of the two enzymes was 

achieved using step elution with O.OM to 0.75M Na2S04 as elutant (Figure 4.2).
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Figure 4.2: Hydrophobic interaction column chromatography of B. pallidus Dac521 
nitrile hydratase and amidase. Fractions resulting from ion-exchange chromatography 
containing acetonitrile degrading activity were loaded onto the Phenyl-Sepharose 
column, pre-equilibrated in 50mM N aH2P04 / N a2H P04 + 0.75M N a2S04 pH 7.0. 
The enzymes were eluted with a decreasing stepwise disodium sulphate gradient.
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F igure 4.3: Hydrophobic interaction column chromatography of B. pallidus Dac521 
nitrile hydratase. Semi-purified nitrile hydratase was loaded onto the Phenyl-Sepharose 
column, pre-equilibrated in 50mM NaH2P04 / Na2HP04 + 0.75M N a2S04 pH 7.0 and 
eluted with a decreasing stepwise disodium sulphate gradient.
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Initial ion-exchange purification experiments resulted in elution of the amidase and nitrile 

hydratase enzymes with up to 10% overlap (section 4.1.1). Thus preparations containing 

both enzyme activities were further separated using Phenyl-Sepharose columns and this 

is reflected in Figure 4.2. However, improvements in the ion-exchange elution 

conditions eventually resulted in baseline separation of the enzymes during ion-exchange 

chromatography. Therefore subsequent purifications, including large scale purification, 

involved purification of only the nitrile hydratase on Phenyl-Sepharose columns (Figure 

4.3). The amidase was not purified to homogeneity and not subject to further 

characterisation. However, DEAE-Sepharose ion-exchange chromatography of the crude 

enzymes resulted in the elution of nitrile hydratase-free amidase activity. This activity 

was concentrated and used in the coupled assay for nitrile hydratase detection by the 

ammonia assay (Section 3.1).

For large scale nitrile hydratase purification, fractions containing semi-purified nitrile 

hydratase from DEAE-Sepharose ion-exchange chromatography (Section 4.1.1) were 

concentrated, equilibrated and loaded onto a Phenyl-Sepharose column. The starting and 

elution buffers were; 50mM N aH 2P04 / N a2H P 04 + 0.75M N a2S04 pH 7.0 and 

5OmM NaH2P04 / Na2HP04, pH 7.0 without Na2S04, respectively (Section 2.6.2). 

The column was washed with 100% starting buffer to remove unbound material and 

nitrile hydratase activity was eluted with a decreasing stepwise salt gradient as follows; 

65% starting buffer for 5 column volumes, 10 column volumes of 50% starting buffer 

and finally 0% starting buffer for 5 column volumes (Figure 4.3). The nitrile hydratase 

was eluted at 50% starting buffer (375mM Na2S04).
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4.2.2 Benzonitrilase

A series of trials were conducted to determine whether the benzonitrilase would bind to 

the Phenyl-Sepharose matrix. Samples of cell-free extract, grown in benzonitrile minimal 

media, were pre-equilibrated in start buffer and filtered using a 0.22 micron filter. These 

samples were loaded onto a 1ml Phenyl-Sepharose column in 50mM, pH 7.0 sodium 

phosphate buffers containing N a2 S 0 4  concentrations from 2.0-0.0 M (0.4 M 

increments). In all cases the benzonitrilase bound readily to the Phenyl-Sepharose 

column (since no activity was recovered in the unbound fractions eluted from the 

column, and separate experiments indicated that benzonitrilase activity was not affected 

by high N a2S04 concentrations). However, elution of the benzonitrilase from the 

column using a decreasing salt gradient proved unsuccessful since no benzonitrilase 

activity was detected in the eluted fractions.

However, benzonitrilase activity loaded in 0.4M N a2S04 was successfully eluted with 

60% ethylene glycol, but with a recovery of less than five percent. Separate experiments 

indicated that incubation of the benzonitiilase with 75% ethylene glycol for 15 minutes at 

50°C resulted in loss of up to 87% of the enzyme activity. A number of other eluants 

were therefore tested. An eluting buffer containing 20% acetonitrile proved more 

successful. The acetonitrile did not affect the benzonitrilase activity but recovery 

remained poor. However since purification was high the low recovery was deemed 

acceptable and 20% acetonitrile in 5()mM sodium phosphate buffer at pH 7.0 was used 

as the elution buffer.

For large scale purification of the benzonitrilase, cmde cell-free extracts of B. pallidus 

Dac521, grown in benzonitrile minimal media, were filtered through a 0.22 micron filter 

and the filtrate retained. This was then exchanged with 50mM NaH2P04 / Na2HP04

start buffer at pH 7.0. The sample was then loaded on the pre-equilibrated 30ml Phenyl- 

Sepharose column and the non-bound material was eluted.
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The benzonitrilase activity was eluted with a stepwise 20% acetonitrile gradient as 

follows: 10 column volumes of 25% elution buffer, 20 column volumes of 50% elution 

buffer, 10 column volumes of 75%; elution buffer and finally 30 column volumes of 

100% elution buffer (Figure 4.4). The benzonitrilase was eluted at 50% elution buffer 

(10% acetonitrile).

The high affinity of the benzonitrilase for the Phenyl-Sepharose matrix resulted in high 

purification of the enzyme, as most of the other proteins were eluted in the unbound 

fraction (Figure 4.4). Up to 30% recovery of activity was achieved. The high affinity of 

the enzyme for the Phenyl-Sepharose matrix in the absence of any salt in the loading 

buffer suggests that the binding of the nitrilase to the column was possibly due to affinity 

of the enzyme for the phenyl side groups on the matrix which closely resemble the 

benzonitrilase substrate.
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Figure 4.4: Hydrophobic interaction column chromatography of B. pallidus Dac521 
benzonitrilase. B. pallidus Dac521 cell-free extract grown in benzonitrile minimal media 
was prepared in 50mM N aH2P04 / Na2HP04, pH 7.0 start buffer and loaded on the 
Phenyl-Sepharose column. The benzonitrilase was eluted with an increasing stepwise 
gradient of acetonitrile in 50mM NaH2P04 / Na2HP04 buffer, at pH 7.0.
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4.3 GEL FILTRATION CHROMATOGRAPHY

4.3.1 Nitrile hydratase

The nitrile hydratase was further purified using both Superdex 200 (16/60 prep grade) 

and Superose 12 (HR 10/30) columns (Section 2.6.3). A low flow rate was used to aid 

resolution of the enzyme. In order to obtain highly purified nitrile hydratase only a part 

of the total nitrile hydratase activity eluted from the Phenyl-Sepharose column was 

loaded onto the gel-filtration columns. Those fractions conesponding to the centre of the 

Phenyl-Sepharose nitrile hydratase elution peak (having the highest specific activity and 

least number of protein bands when electrophoresed on SDS-PAGE gels) were 

concentrated and loaded on the column. Elution profiles for both Superdex 200 and 

Superose 12 are shown in Figures 4.5 and 4.6. Recoveries of 72% and 49% were 

obtained from the Superdex 200 and Superose 12 columns respectively.

Fractions with the highest nitrile hydratase activity were pooled and electrophoresed on 

denaturing SDS-PAGE gels. During electrophoresis the nitrile hydratase fractions from 

Superdex 200 gel filtration separated into two protein bands (Figure 4.7) and the nitrile 

hydratase fractions from Superose 12 gel filtration separated into numerous protein 

bands (Figure 4.8). This suggested that superior purification and recovery was achieved 

using the Superdex 200 gel filtration column compared to the Superose 12 column, 

consistent with the specific activities of the respective samples.

It had been reported (Harper, 1976 and 1977a) that the purification of a Nocardia sp. 

11216 nitrilase was increased threefold by pre-treatment of the enzyme with substrate 

and filtration through a gel filtration column in the presence of substrate, compared to gel 

filtration of untreated enzyme in the absence of substrate.
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F igure 4.5: Gel-filtration chromatography of B. pallidus Dac521 nitrile hydratase. 
Semi-purified nitrile hydratase was loaded onto the Superdex 200 gel filtration column, 
pre-equilibrated in 200mM KH2 PO4  / K2 HPO4 , ImM dithiothreitol, pH 7.0 buffer. The 
nitrile hydratase was eluted with this buffer.
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F igure  4.6: Gel-filtration chromatography of B. pallidus Dac521 nitrile hydratase. 
Semi-purified nitrile hydratase was loaded onto the Superose 12 gel filtration column, 
pre-equilibrated in 50mM KH2 PO4  / K2 HPO4  ImM dithiothreitol, pH 7.0 buffer. The 
nitrile hydratase was eluted with this buffer. The specific activity of the nitrile hydratase 
was determined with acetonitrile as substrate.
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Figure 4.7: SDS-PAGE (15% gel) showing the stages of nitrile hydratase purification. 
Lane \ & 1 = molecular weight markers (94, 67, 43, 30, 20.1 and 14.4kDa, section
2.5.2); lane 3 = crude B. pallidus Dac521 cell-free extracts; lane 4 = semi-purified nitrile 
hydratase after DEAE-Sepharose chromatography; lane 5 = semi-purified nitrile 
hydratase after hydrophobic interaction chromatography; lanes 6 , 8 & 9 = puiified nitiile 
hydratase after Superdex 200 gel filtration.
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Figure 4.8: SDS-PAGE (15% gel) of B. pallidus Dac521 nitrile hydratase after 
Superose 12 purification. Lane 1 = purified nitrile hydratase after Superose 12 gel 
filtration (fraction corresponding to highest specific activity) and lane 3 = molecular 
weight markers (43, 30, 20.1 and 14.4kDa, section 2.5.2).
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Association of the nitrilase subunits was dependent on the presence of substrate and thus 

gel filtration in the presence of substrate resulted in the purification of the native high 

molecular weight enzyme with increased efficiency. Although this method was relevant 

to nitrilases it had been uninvestigated in thermophilic nitrile hydratases. This method 

was thus investigated for B. pallidus Dac521 nitrile hydratase purification.

The nitrile hydratase was first separated on a Superdex 200 column using the conditions 

described in Figure 4.5, i.e. in the absence of substrate. All fractions containing nitrile 

hydratase activity were pooled, concentrated, pre-incubated with acetonitrile (section 

2.6.4) and re-loaded on the column. The column had been washed and re-equihbrated in 

potassium phosphate buffer containing lOmM acetonitrile and this buffer was used to re- 

elute the nitrile hydratase at a flow rate of 0.25 ml min"l. All active nitrile hydratase 

fractions eluted from both columns were pooled and electrophoresed on SDS-PAGE gels 

(Figure 4.9).

From these gels it was clear that nitrile hydratase fractions resulting from both types of 

chromatography had approximately the same number of contaminating protein bands. 

Since there was no apparent increase in purification, subsequent gel filtration 

chromatography was performed in the absence of substrate. The result suggests that the 

relative molecular mass of the nitrile hydratase did not alter detectably in the presence and 

absence of substrate, since for both gel filtrations the nitrile hydratase elution volume 

was the same. This suggests that, unlike the Nocardia  sp. nitrilase, the B. pallidus 

Dac521 nitrile hydratase subunits do not undergo substrate dependent dissociation 

(section 1.4.3.2).
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Figure 4.9: SDS-PAGE (10% gel) of B. pallidus Dac521 nitrile hydratase resulting 
from gel filtration in the presence an absence of acetonitrile. Lane 1 = molecular weight 
markers (94, 67, 43 & 30kDa, section 2.5.2); lane 2 = pooled nitrile hydratase after 
Superdex 200 gel filtration in the presence of substrate (all active fractions pooled) and 
lane 4 = pooled nitrile hydratase after Superdex 200 gel filtration without substrate (all 
active fractions pooled).
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4.3.2 Benzonitrilase

Fractions of semi-purified benzonitrilase eluted from the Phenyl-Sepharose column 

(Section 4.2.2) were pooled, concentrated and the buffer was exchanged with the 

relevant gel-filtration buffer using repeated ultrafiltration and dilution with the new buffer 

until the residual acetonitrile concentration in the buffer was less than 0.03% (section

2.6.3). 200|il of this sample was then loaded on both Superdex 200 and Superose 12 gel 

filtration columns (Figures 4.10 & 4.11). A low flow rate was used for both columns to 

aid resolution (section 2.6.3). 200mM KH2 PO4  / K2 HPO4 , ImM dithiothreitol, pH 7.0 

buffer was used for Superdex 200 gel filtration and 50mM KH2 PO 4  / K2 HPO4 , ImM 

dithiothreitol, pH 7.0 buffer was used for Superose 12.

29% of the benzonitrilase activity loaded was recovered from the Superdex 200 column 

and 8 % from the Superose 12 column. Fractions from the centre of the peak eluted from 

each column containing the highest benzonitrile activity were pooled, concentrated and 

electrophoresed on SDS-PAGE gels. A single protein band was detected in fractions 

eluted from the Superdex 200 column (Figure 4.12) but a number of protein bands were 

detected in fractions eluted from Superose 12 (Figure 4.13). Since apparently 

homogenous benzonitrilase was eluted from the Superdex 200 column this was routinely 

used as the second step in purification.

Purification of the Nocardia  sp. 11216 nitrilase, which exhibits substrate dependent 

subunit association, was increased threefold by elution in the presence of substrate 

(Harper, 1976 and 1977a; section 1.4.3.2). However, since the B. pallidus Dac521 

benzonitrilase eluted at a volume corresponding to that expected for a native nitrilase 

molecular weight, substrate dependent subunit association was deemed unlikely. In 

addition, apparently pure nitrilase was achieved readily in the absence of substrate, and 

therefore no attempts to increase purification by eluting in the presence of substrate were 

made.
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Figure 4.10: Gel-filtration chromatography of B. pallidus Dac521 benzonitrilase. 
Semi-purified benzonitrilase was loaded onto the Superdex 200 gel filtration column, 
pre-equilibrated in 200mM KH2PO4  / K2 HPO4 , ImM dithiothreitol, pH 7.0 buffer and 
eluted with the same buffer.
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Figure 4.11: Gel-filtration chromatography of B. pallidus Dac521 benzonitrilase. 
Semi-purified benzonitrilase was loaded onto the Superose 12 gel filtration column, pre- 
equilibrated in 50mM KH2 PO4  / K 2 HPO 4  ImM dithiothreitol, pH 7.0 buffer. The 
benzonitrilase was eluted with this buffer. Details of experimental conditions are in 
section 4.10.
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67kDa

43kDa

30kDa

Figure 4.12: Silver stained SDS-PAGE (10% gel) showing the stages of 
benzonitrilase purification. Lane 2= benzonitrilase after Superdex 200 gel filtration; lane 
4 = benzonitrilase after hydrophobic interaction chromatography; lane 5 = crude 
(benzonitrile grown) B. pallidus Dac521 cell-free extracts and lane 7 = molecular weight 
markers (67, 43 & 30kDa, section 2.5.2).

Figure 4.13: Silver stained, SDS-PAGE (7.5% gel) showing benzonitrilase after 
Superose 12 purification. Lane 1 = benzonitrilase after Superose 12 gel filtration 
(fraction containing highest specific activity) and lane 2 = benzonitrilase after Superose 
12 gel filtration (fraction containing second highest specific activity).
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4.3.3 Amidase

Using ion-exchange chromatography the acetonitrile degrading nitrile hydratase and 

amidase of B. pallidus Dac521 were separated as described in Section 4.1 (Figure 4.1). 

For the purpose of molecular weight determination aliquots of semi-purified amidase 

eluted from the DEAE-Sepharose column (corresponding to highest specific activity) 

were pooled and loaded on a Superdex 200 gel filtration column (section 2.6.3) and 

eluted using 200mM KH2 PO4  / K2HPO4 , ImM dithiothreitol, pH 7.0 buffer at a flow 

rate of 0.25 ml min"  ̂ (Figure 4.14). Active fractions (highest specific activity) were 

pooled and electrophoresed on 10% SDS-PAGE gels (Figure 4.15). As can be seen from 

the gel the amidase was only partially purified since the enzyme separated into a number 

of discrete protein bands when electrophoresed.

67kDa 

^ 43kDa

3()kDa

1 6 7 8 9 10

Figure 4.15: SDS-PAGE (10% gel) of B. pallidus Dac521 amidase after gel filtration. 
Lane 1 = amidase after Superdex 200 gel filtration; lane 9 = crude B. pallidus Dac521 
cell-free extract and lane 10 = molecular weight markers (67, 43 & 30kDa, section 
2.5.2).
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F igure  4.14: Gel-filtration chromatography of B. pallidus Dac521 amidase. Semi
purified amidase was loaded onto the Superdex 200 gel filtration column, pre- 
equilibrated in 200mM KH2PO4  / K2 HPO4 , ImM dithiothreitol, pH 7.0 buffer. The 
amidase was eluted with this buffer.
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4.4 SUMMARY OF PURIFICATION

4.4.1 Nitrile hydratase

Purification of the B. pallidus Dac521 nitrile hydratase is summarised in Table 4.2. 

141% of the nitrile hydratase enzyme activity loaded on the DEAE-Sepharose ion- 

exchange column was recovered, suggesting the removal of an inhibitor of nitrile 

hydratase activity in this first step. After three chromatography steps the nitrile hydratase 

was purified 49 fold with 56% recovery (Table 4.2). The nitrile hydratase 

electrophoresed as a single band in a silver stained 12.5% native gel (Figure 5.16), 

suggesting purification of the nitrile hydratase to homogeneity. A flow diagram of the 

complete purification process is shown in Figure 4.16.

All purification procedures, for both the nitrile hydratase and nitrilase, were carried out at 

room temperature due to the high thermal stability of the enzymes. In contrast, 

purification of most mesophilic nitrile degrading enzymes including those of Nocardia 

sp. 11216, Pseudomonas chlororaphis B23 and Corynebacterium pseudodiphteriticum  

ZBB-41 were carried out at temperatures below 4°C due to enzyme thermal instability 

(Harper, 1977a; Nagasawa er a/., 1987a; Li gr a/., 1992).

Volume
(ml)

Total
[protein]

(mg)

Total
activity
(units)

[Protein]
(mg/ml)

Specific
activity

(units/mg)

Purification
factor

Yield
(%)

Cell-free
extract

45 323 466 7.2 1.4 1 100

DEAE-
Sepharose

52 33 656 0 .6 19.9 14 141

Phenyl-
Sepharose

18 9 359 0.5 39.9 28 77

Superdex
2 0 0

5.5 3.8 260 0.7 68.4 49 56

Table 4.2: Nitrile hydratase purification table.
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specific  activity P rocess Y ield
(units/mg) (%)

1.4 Cell-free exti'act 100

i
Load on column 

Elute with NaCl gradient

i
19.9 DEAE-Sepharose 141

i
Concentrate active nitrile hydratase 

Load on column 
Elute with Na2S04 gradient

i
39.9 Phenyl-Sepharose 77

i
Concentiate active nitiile hydratase 

Load on column 
Elute with phosphate buffer

i
68.4 Superdex 200 56

Pure nitrile hydratase

Figure 4.16: Flow diagram indicating the steps in nitrile hydratase purification.

186



4.4.2 Benzonitrilase

A summary of the B. pallidus Dac521 benzonitrilase purification is given in Table 4.3. 

29% of the benzonitrilase activity loaded on the Phenyl-Sepharose column was recovered 

with a 22 fold purification. Approximately 1% of the benzonitrilase activity loaded 

initially was recovered after two chromatography steps with 117 fold purification (Table

4.3). The benzonitrilase electrophoresed as a single band in silver stained 10% and 7.5% 

SDS PAGE gels (Figures 4.12 & 4.13) suggesting purification of the benzonitrilase to 

homogeneity. A flow diagram of the complete purification process is shown in Figure 

4.17.

The yield of benzonitrilase from Nocardia  sp. 11216 was similarly low (0.7%) and 

purification was 37 fold (Harper, 1977a), although this was not typical as yields of 53% 

were obtained for the nitrilase of Klebsiella ozaenae (Stalker et a i ,  1988) in a ten fold 

purification.

Volume
(ml)

Total
[protein]

(mg)

Total
activity
(units)

[Protein]
(mg/ml)

Specific
activity

(units/mg)

Purification
factor

Yield
(%)

Cell-free
extract

5 24 1.4 4.8 0.06 1 100

Phenyl-
Sepharose

6 0.3 0.4 0.05 1.3 22 29

Superdex
2 0 0

0 .6 0 .0 0 2 0.014 0.003 7.0 117 1

Table 4.3: Benzonitrilase purification table.
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Spécifie activity P rocess Y ield
(units/mg) ( % )

0.06 Cell-free extract 100

i
Load on column 

Elute with acetonitrile gradient

i
1.3 Phenyl-Sepharose 29

i
Concentrate active benzonitrilase 

Load on column 
Elute with phosphate buffer

i
>7.0 Superdex 200 1

i
Pure benzonitiilase

Figure 4.17: Flow diagram indicating the steps in benzonitrilase purification.
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CHAPTER 5

CHARACTERISATION
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5.1 RELATIVE MOLECULAR MASS

5.1.1 Nitrile hydratase

The relative molecular mass of the B. pallidus Dac521 constitutive nitrile hydratase was 

determined using two different gel filtration columns. The Superdex 200 and the 

Superose 12 columns used fractionate globular proteins with relative molecular masses 

between 10,000 and 600,000 and 1,000 and 300,000 respectively.

Nitrile hydratase activity was eluted at an average volume of 69.2 ±  0.3ml from the 

Superdex 200 gel filtration column (Figure 4.5, experiment performed in triplicate). This 

corresponded to a relative molecular mass of 111,000 ±  1,000 (Figure 5.1). On the 

Superose 12 gel filtration column, the nitrile hydratase was eluted at 11.8 i  0.2ml 

(Figure 4.6, experiment performed in duplicate), giving a relative molecular mass of

97,000 i  2,000 (Figure 5.2). However, the nitrile hydratase peak was not well resolved 

using Superose 12 gel filtration and the enzyme was co-eluted with other proteins which 

may have affected the elution volume. Elution on the Superdex 200 column was 

therefore considered more accurate and the relative molecular mass determined from this 

column, (1 1 1 ,0 0 0  i  1,0 0 0 ) was considered to be the correct native relative molecular 

mass.

The purified nitrile hydratase was electrophoresed on 7% and 8 % native PAGE gels and 

a single protein band was observed, suggesting that the nitrile hydratase had been 

purified to homogeneity (Figures 5.3 & 5.4).

The purified nitrile hydratase was also electrophoresed on 10% and 15% SDS-PAGE 

gels (Figures 5.5 & 4.7). Two protein bands were detected. Since a single band was 

seen on the native gel for this enzyme, it was assumed that the two protein bands 

observed on denaturing gels were subunits of the enzyme, suggesting that it was 

composed of two subunits of different relative molecular mass.
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6.0
enzymes involved in nitrile degradation 
molecular weight standards

Amidase
Nitrilase

5.2 Nitrile Hydratase

4.8

4.4

4.0
1.4 1.6 1.8 2.0 2.2 2.4

Figure 5.1: Standard curve for the Superdex 200 gel filtration column. The column 
was calibrated using the following standards; carbonic anhydrase, 29kDa; albumin, 
6 6kDa; alcohol dehydrogenase, 150kDa; beta-amylase, 200kDa; apoferretin, 443kDa and 
blue dextran 2000kDa. Ve = protein elution volume (ml) and Vo = column void volume 
(ml). 50mM KH2 PO4  / K2 HPO4 , ImM dithiothreitol and 5% ammonium sulphate 
buffer, pH 7.0, was used at a flow rate of 0.25 ml min‘ 1, (section 2.6.3).

6.0
enzymes involved in nitrile degradation 
molecular weight standards

8  s a
B
MI'o
B

'ê  4.8

Nitrilase

Niuile Hydratase

4.0
1.4 1.5 1.6 1.81.7 1.9 2.0 2.1

Ve/Vo
Figure 5.2: Standard curve for the Superose 12 gel filtration column. The column was 
calibrated using the following standards; carbonic anhydrase, 29kDa; albumin, 6 6 kDa; 
alcohol dehydrogenase, 150kDa; beta-amylase, 200kDa and blue dextran 2000kDa. Ve = 
protein elution volume (ml) and Vo = column void volume (ml). The standards were 
eluted with 200mM KH2 PO4  / K2 HPO4  + lOOmM KCl buffer, pH 7.0, at a flow rate of
0.25 ml min"l, (Section 2.6.3).
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29kDa

132kDa

«
66kDa

14kDa

1

Figure 5.3: 1% non-denaturing PAGE of purified nitrile hydratase. Lane 1 = purified 
nitrile hydratase after Superdex 200 gel filtration; lane 2 = semi-puriried nitrile hydratase; 
lane 3 = protein standards (bovine serum albumin monomer, 6 6kDa and dimer, 132kDa) 
and lane 6 = protein standards (alpha-lactalhumin, 14kDa; carbonic anhydrase, 29kDa, 
section 2.5.2).

29kDa

6 6kDa

14kDa
45kDa

1 8

Figure 5.4: 8 % non-denaturing PAGE of purified nitrile hydratase. Lane 1 = protein 
standards (alpha-lactalhumin, 14kDa; carbonic anhydrase, 29kDa; chicken egg albumin, 
45kDa); Lanes 2-7 = different concentrations of purified nitiile hydratase after Superdex 
2(K) gel filtration; lane 8 = 5. pallidus Dac521 cell-free extract and lane 9 = bovine serum 
albumin protein standard, 66kDa. Experimental details are given in section 2.5.2.
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Figure 5.5: SDS-PAGE (10% gel) of purified nitrile hydratase. Lanes 1-4 & 6 = 
purified nitrile hydratase after Superdex 200 gel filtration; lane 7 = crude B. pallidus 
Dac521 cell-free extracts and lane 8 = molecular weight markers (94, 67, 43 and 30kDa, 
section 2.5.2).
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The putative a  subunit had a relative molecular mass of 27,000 ±  2,000 and the putative 

P subunit a relative molecular mass of 29,000 ±  2,000. (These average values were 

determined from the standard curves of both the 10% and 15% gels, shown in Figures 

5.6 & 5.7).

These results suggest that B. palU dus  Dac521 nitrile hydratase exists as a tetramer of 

approximately 1 lOkDa consisting of two a  and two P subunits of approximately 27kDa

and 29kDa, respectively.

Mesophilic nitrile hydratases have relative molecular masses that range from 54,000 for 

P. p u tid a  (Payne e t a L ,  1997) to 530,000 fo r  R hodococcus rhodochrous  J1 (Nagasawa 

e t al. y 1991a) and are usually composed of distinct a  and P subunits e.g. B revibacterium  

R312 (Nagasawa e t a l ,  1986) and P. ch lororaphis  B23 (Nagasawa e t a l ,  1987a). There 

is however one exception to this rule. The nitrile hydratase of M yro thecium  verrucaria  is 

the only reported nitrile hydratase which is not of the ap  form, being instead composed

of identical subunits (Maier-Greiner e t a l ,  1991).

The sizes of the mesophilic a  and p subunits are typically between 22,000 (Nishiyama et 

a l ,  1991) and 29,000 (Endo and Wantanabe, 1989), with the relative molecular mass of 

the a  subunit typically slightly smaller than that of the p subunit.

The B. p a llid u s  Dac521 nitrile hydratase was thus similar to the mesophilic nitrile 

hydratases having a native molecular weight, subunit composition and subunit molecular 

weight within the range of that observed for mesophiles.
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5.0
■ Relative molecular mass standards 
o Nitrile hydratase bands

a

I 4.8

P subunit
a  subunit

4.4
0.2 0.4 0.80.6 1.0

Relative mobility (Rf)
Figure 5.6: Standard curve for SDS-PAGE (10% acrylamide). The gels were 
calibrated using the following relative molecular mass standards; phosphorylase b, 
94kDa; bovine serum albumin, 67kDa; ovalbumin, 43kDa and carbonic anhydrase, 
30kDa (Section 2.5.2). Subunit values are averages of quadruplicate experiments and the 
protein standard values are averages of triplicate experiments, where Rf = distance 
travelled by the protein (mm) divided by the distance travelled by the tracking dye(mm).

5.0
Relative molecular mass standards 
Nitrile hydratase bands

p subunu®>^ 
a  subunit'3  4.4

hJ 4.2

4.0
0.0 0.2 0.4 0.6 0.8

Figure 5.7: Standard curve for acrylamide). The gels were
caHbrated using the following relative molecular mass standards; phosphorylase b, 
94kDa; bovine serum albumin, 67kDa; ovalbumin, 43kDa; carbonic anhydrase, 30kDa; 
soyabean trypsin inhibitor, 20.1kDa and lactalbumin, 14.4kDa. Subunit values are 
averages of triplicate experiments and the values of the protein standards are averages of 
duplicate experiments. Details of experimental conditions are in section 2.5.2.
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5.1.2 Benzonitrilase

The relative molecular mass of the benzonitrilase was also determined by both Superose 

12 and Superdex 200 gel filtration chromatography. The benzonitrilase was routinely 

eluted at 10.9 ±  0.6mls on the Superose 12 column (Figure 4.11), corresponding to a 

native relative molecular mass of 169,000 ±  9,000 (Figure 5.2). On the Superdex 200 

gel filtration column, the benzonitrilase was eluted at a volume of 64.5 i  0.5mls 

corresponding to a relative molecular mass of 161,000 ±  1,000 (Figures 4.10 & 5.1). 

On the basis of these results an average native relative molecular mass of 165,000 ±  

10,000 was assumed.

The purified benzonitrilase was electrophoresed on both 5% and 7% native PAGE gels 

and a single protein band was detected on both gels (Figures 5.8 & 5.9, silver stained). 

The benzonitrilase was also electrophoresed on 10% SDS-PAGE gels and resulted in the 

detection of a single protein band (Figure 4.12). The presence of a single protein band 

(in addition to some background staining of the gels) after both native and SDS-PAGE, 

suggested that the benzonitrilase had been purified to near homogeneity. It also 

suggested that the benzonitrilase was a multimer composed of one type of subunit of 

relative molecular mass 33,000 i  1,000, determined from the protein standard curve of 

the 10% SDS-PAGE gel (Figure 5.10).

These results suggest that the benzonitrilase was a 165,000 ±  10,000 protein consisting 

of a single type of subunit with a relative molecular mass of 33,000 ±  1,000. The relative 

values of the native enzyme and its subunits therefore suggest that the native enzyme was 

pentameric in composition.
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29kDa

1 2  3 4

F ig u re  5.8: S ilver stained, 5% non-denaturing PA G E of purified benzonitrilase. Lane 
1 = p ro te in  s tandard  (carbonic  anhydrase  29kD a) and lanes 3 & 4 = purified  
benzonitrilase after Superdex 2(K) gel filtration. Experim ental details are given in section 
2 .5 .2 .

29kDa

1 2

F ig u re  5.9: S ilver stained, 7% non-denaturing PA G E of purified benzonitrilase. Lane 
1 = protein standard (carbonic anhydrase, 29kDa) and lane 2 = purified benzonitrilase 
after Superdex 200 gel filtration. Expérim ental details are given in section 2.5.2.
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2.0
■ Molecular weight standards 

°  Benzonitrilase

e

I0
e

1
benzonitrilase

1.4
0.8 1.00.60.2 0.4

Relative mobility (Rf)
F igure  5.10: Standard curve for SDS-PAGE (10% acrylamide). The gels were 
calibrated using the following relative molecular mass standards; phosphorylase b, 
94kDa; bovine serum albumin, 67kDa; ovalbumin, 43kDa and carbonic anhydrase, 
30kDa. Subunit values are averages of an experiment performed in duplicate and the 
values of the standards are averages of experiments performed in triplicate. Details of 
experimental conditions are in section 2.5.2.

Mesophilic nitiilases typically have native relative molecular masses that range between

78,000 (R. rhodochrous J l)  and 650,000 (R. rhodochrous K22) and are composed of a 

single type of subunit with between 2 (R. rhodochrous J l)  and 16 {R. rhodochrous 

K22) subunits per enzyme molecule (Kobayashi et a l,  1989a, 1990 and 1992a). 

However, it appears that nitrilases often also form active aggregates of random numbers 

of subunits, such as the nitrilase of Fusarium oxysporum which forms active aggregates 

between 170,000-880,000 (Goldlust and Bohak, 1989). Not all mesophilic nitrilases 

therefore appear to be composed of a fixed number of subunits.

The subunit relative molecular masses of mesophilic nitrilases are typically greater than 

those of the nitrile hydratases and range from 32,000 for Alcaligenes faecalis ATCC 

8750 (Yamamoto et a l, 1992) to 46,000 for Nocardia sp. 11215 (Harper, 1985). The B.
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pallidas Dac521 benzonitrilase was therefore similar to the mesophilic nitrilases in native 

enzyme and subunit relative molecular mass.

The pentameric nature of the benzonitrilase, however, appears uncommon in mesophilic 

nitrilases. Although many of the nitrilases form aggregates, these appear to be of even 

numbers of subunits, such as dimers, tetramers or hexamers.

However, a number of other mesophilic proteins are pentameric. For example, 

phospholamban is a membrane protein whose pentameric structure is essential for its role 

as a regulator of cardiac muscle contraction. Phospholamban physically interacts with the 

calcium pump in the sarcoplasmic reticulum, inhibiting calcium intake and ultimately 

controlling cardiac muscle contraction (Colyer, 1993).

Many mesophilic, non-membrane proteins are also pentameric. For example lumazine 

synthetase, an enzyme involved in riboflavin synthesis, is expressed as a pen tamer in 

Sac char omy ces cerevisiae (Garcia-Ramirez et a l, 1995) as is the E. coll Do pro tease 

(Swamy et a l, 1983) and the 5-phospho-alpha-D-ribose-l-diphosphate synthetase of 

Salmonella typhimurium (Jai'ori et a i,  1995). Thus the apparent pentameric nature of the 

B. pallidas Dac521 benzonitrilase is not without precedent.
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5.1.3 Amidase

The relative molecular mass of the amidase was determined by Superdex 200 gel 

filtration chromatography. The activity was eluted at 61.7 di 0.3 mis (Figure 4.14) 

conesponding to a relative molecular mass of 200,000 i  2,000 (Figure 5.1). It must be 

noted however, that although the elution volume quoted refers to the centre of the 

amidase elution peak, the amidase eluted from the Superdex 200 column was not 

homogenous. Active amidase fractions were pooled and electrophoresed on 10% SDS- 

PAGE gels (Fig 5.11).

Mesophilic amidases have native relative molecular masses between 55,000 (Hashimoto 

et. a i, 1991) and 310,000 (Asano et ciL, 1982) and are composed of identical subunits. 

Thus the native relative molecular mass of the B. pallidiis Dac521 amidase is within the 

range expected, although the subunit composition, physical or functional properties of 

the amidase were not further investigated. The semi-purified amidase was simply used as 

the coupling enzyme in ammonia detection assays (section 3.1.1).

94kDa

67kDa

43kDa

30kDa

S S S

1 10

Figure 5.11: 10% SDS-PAGE of B. pallidus Dac521 amidase. Lane 1 = SDS 
molecular weight markers (section 2.5.2); lane 2 = 5. pallidus Dac521 cell-free extract; 
lane 7 = semi-pure amidase after hydrophobic interaction chromatography and lane 9 = 
pooled active amidase fractions after Superdex 2(X) gel filtration.
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5.2 ENZYME ACTIVITY DETECTION IN 
GELS

A number of attempts were made to directly detect benzonitrilase activity and nitrile 

hydratase activity in native PAGE and lEF gels (section 2.4.8).

Highly active purified nitrile hydratase and benzonitrilase were electrophoresed on 

Pharmacia Phast pH 3-9 isoelectricfocusing gels and on 7.5% polyacrylamide gels under 

non-denaturing conditions as described in sections 2.5.1 and 2.5.2. The single protein 

band resulting from separate electrophoresis of each enzyme, was then removed, 

resuspended in phosphate buffer and assayed for ammonia release in the presence of the 

appropriate nitrile. However no ammonia release was detected.

Attempts were also made to detect the enzymes by directly overlaying native PAGE and 

lEF gels, containing the purified enzymes, with substrate soaked filter paper. After 

incubation at 50' C for up to one hour, the paper was removed, cut into sections and each 

section ammonia tested. In testing the activity of the nitrile hydratase, excess amidase 

was added to the assays. However, no activity was detected using this method.

Without the availability of a chromogenic substrate that would enable visual identification 

of the enzyme activity, direct detection of the enzymes using methods other than those 

described above would be unlikely. Therefore, no further attempts at direct enzyme 

detection on gels were made.
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5.3 pH PROFILE

The pH dependency of nitrile hydratase activity was determined by GC analysis of 

substrate loss (section 2.3.2). At extreme pH values where rates of activity were low, the 

reactions were incubated for up to 30 minutes. Since the half-life of semi-purified nitrile 

hydratase at 50°C was 51 minutes (Table 5.8) it was predicted that thermal dénaturation 

would have a significant effect on the enzymatic rates of hydrolysis if pH activity 

determinations were carried out at 50"C.

In order to minimise enzyme dénaturation, all reactions were therefore performed at 

40°C. While the enzyme activity at 40"C was only 30% less than that seen at 50°C 

(Figure 5.32) the thermal stability was between 5 and 7 fold greater.

The nitrile hydratase had optimum activity between pH 7.0 and 7.5 (Figure 5.12). 

Activity decreased rapidly as the pH was reduced and at pH 5.0 the activity was 21 fold 

less than that at pH 7.0. Activity was less affected by increasing the pH above 7.0, since 

at pH 9.0 activity was only 2.5 fold less than that at pH 7.0. The enzyme had > 50% 

activity between pH 6.2 and 8.7.

0.5

0.1 -

=1

0.0
4 8 9 105 6 7

pH
Figure 5.12: Activity of B. pallidus Dac521 purified nitrile hydratase at different pH 
values. Purified nitrile hydratase was incubated with 200mM acetonitrile at 40°C in 
buffer of appropriate pH and the enzyme activity at each pH was determined using GC 
analysis of substrate hydrolysis. Details of experimental conditions are in section 2.7.2.
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The pH dependence of the mesophilic nitrile hydratase activities was similar to that of the 

thermophilic nitrile hydratase. Similarly to B. pallidus Dac521, the Rhodococcus sp. N- 

771 and P. chlororaphis B23 nitrile hydratases also had ^  50% activity between pH 6.0 

and 9.0, while the Corynebacterium nitrilophilus nitrile hydratase had ^  50% activity 

over a broader pH range, from pH 5.0-10 (Nagamune et n/., 1990; Nagasawa et a i ,  

1987a; Amarant et a l ,  1989). For each of the nitrile hydratases the activity fell 

dramatically below pH 5.0, but the decrease in activity was less steep at pH values above 

9.0.
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5.4 ISOELECTRIC POINT

Samples of purified nitrile hydratase which electrophoresed as a single band on native 

PAGE gels (section 5.1.1) were focused on pH 3-9 isoelectric focusing gels using the 

Phast mini-gel system procedure described in section 2.5.1.

Two distinct protein bands were observed when the nitrile hydratase was focused under 

standard conditions (Figure 5.13). Some of the bands on the gel were not sharply 

resolved and as a result an attempt was made to increase band sharpness. The nitrile 

hydratase was therefore electrophoresed using low voltage (lOOOV for 150 Vhours, 

200V for 15 Vhours and lOOOV for 820 Vhours, all other conditions being the same), 

but this had no visible effect on the sharpness of the resulting protein bands (Figure 

5.14).

The distance of the protein bands and the isoelectric point (pi) markers from the cathode 

was measured and plotted against the known pi of each of the standards. From this 

standard curve, unknown pis were determined. On each gel the ampholytes were 

distributed differently and thus the isoelectr ic point of the two proposed nitrile hydratase 

protein bands was determined from three separate gels and these values averaged. The 

putative nitrile hydratase bands had pis of 4.70 di 0.05 and 5.48 ±  0.36 and a 

representative standard cui*ve is shown in Figure 5.14.

The presence of two protein bands, when the nitrile hydratase was electrophoresed under 

essentially non-denaturing conditions, was unexpected. To ensure that the presence of 

two bands was not an artefact of electrophoresis on the Phast mini-gel system, a Phast 

native homogenous 12.5% PAGE mini-gel was also electrophoresed (Figure 5.16). Only 

one protein band was observed for the purified nitrile hydratase under these conditions, 

suggesting that the protein bands were not an artefact of electrophoresis using the Phast 

system.
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purif ied  nitrile  h y d ra ta se  after Superdex  200  gel f iltra tion and  L an e  4 = p i  s tandards  (pi 
3.50, 4.55, 5.20, 5.85, 6.55, 6.85, 7.35, 8.15, 8.45, 8.65 and 9.30). Figure 5.13 = 
standard  lE F  co n d i t io n s  and  F igure  5 .14  = low  vo ltage  lE F  cond it ions .
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F ig u re  5.16: 12.5% native PAGE Phast m ini-gel o f B. pallidus  Dac521 purified nitrile 
hydratase. Lane 1 = protein standard (bovine serum album in m onom er); lane 2 = protein 
standard (carbonic anhydrase) and lane 3 = purified nitrile hydratase after Superdex 200 
gel filtration. Experim ental details are given in section 2.5.2.

Therefore, the presence o f two protein bands m ay indicate that on elu tion  from  the 

Superdex 200 gel filtration colum n the nitrile hydratase w as not hom ogenous, but was 

eluted in the presence o f a protein of sim ilar native relative m olecular m ass but different 

p i. A lternatively , the bands could rep resen t two isoform s o f the n itrile  hydratase 

differing in p i by approxim ately 0.8 pH units.

M esophilic nitrile hydratases have pi values that range from 3.6 to 5.7 (section 1.4.1.2), 

thus the pi of the B. pallidus Dac521 nitrile hydratase lies within the expected range.
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5.5 N-TERMINAL SEQUENCE

Ten amino acids at the N-terminus of each of the B. pallidus Dac521 nitrile hydratase 

subunits were sequenced (section 2.7.4) and the resulting a  and p subunit sequences 

were aligned with N-terminal regions in the SWISS PROT/ Gene Bank database, using 

the BLAST search programme (section 2.7.5).

A match between the nitrile hydratase of Rhodococcus rhodochrous J l ,  purified from 

urea induced cells and that of B. pallidus Dac521 was found. The N-terminal sequences 

of the p subunits of these enzymes showed 70% homology (p=0.68) and the percent 

similarity (which includes both exact matches and replacement of an amino acid with a 

similar one) for this alignment was 90%. However, no other matches were found on the 

data base.

Comparison of the ten known N-terminal residues of the p subunit of B. pallidus 

Dac521 with those of six pubhshed nitrile hydratase sequences indicated a large degree 

of homology, not detected during the Blast search (Figure 5.17). In addition to the R. 

rhodochrous JI homology of 70%, 40% homology was observed with the ten amino 

acid N-tenninal sequences of the p subunits of both R, erythropolis and P. chlororaphis 

B23 and 30% with Rhodococcus sp. N-774 (Nagasawa et a l,  1991a).

The N-terminal sequence of a purified nitrile hydratase from a taxonomically distinct 

thermophilic Bacillus strain (RAPl), (with optimal growth temperature of 60°C) was 

kindly provided by R. A. Pereira (unpublished results). There was 90% identity between 

the B. pallidus Dac521 and the Bacillus sp. RAPl p subunit N-termini. In addition, 70% 

homology was observed between the B. pallidus Dac52I and P seudonocard ia  

thermophilia p subunit N-termini (Yamaki et a l, 1997). Comparison of the p subunit N- 

termini of these three thermophilic nitrile hydratases with the N-termini of the other 

mesophilic stiains indicated some common substitutions and amino acid conservations.
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Figure 5.17: N-terminal amino acid sequence alignment of the B. pallidus Dac521 nitrile hydratase a  and p subunits 
with six other nitrile hydratase sequences. (1) = nitrile hydratases from mesophilic strains (Nagasawa et a l, 1991a), all 
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ëoo



The first three N-terminal amino acid residues of the p subunit were conserved in all the 

mesophilic nitrile hydratases. However, the thermophilic nitrile hydratases substituted 

asparagine for aspartic acid in position two (in effect a change in charge rather than side 

chain). At position seven, the mesophilic nitrile hydratases had either leucine or 

isoleucine, which was replaced by valine in the thermophilic enzymes and at the 

remaining six positions examined there was good homology between the various nitrile 

hydratases.

No sequence homology was observed between the a  subunit of the B. pallidus Dac521 

nitrile hydratase and N-teiTninal protein sequences contained in the Gene Bank database. 

However, analysis of the crystal structure of the Rhodococcus sp. R312 nitrile hydratase 

indicated that the first nine N-terminal amino acids of the a  subunit did not form a 

defined secondary stmcture in the active enzyme (Huang et a l ,  1997) and the lack of 

homology at the N-termini of the a  subunits of nitrile hydratases was not therefore 

unexpected.

It appears that the catalytic function of photosensitive nitrile hydratases is a property of 

the a  subunit, and that the p subunit has a more structural or stabilising function. This 

has been suggested since all the ligands to the essential active site metal ion of the 

Rhodococcus sp. R312 nitrile hydratase are located on the a  subunit, and two highly 

conseiwed arginine residues in the p subunit hold two of the active site metal ligands 

(cysteine residues) in the correct orientation for coordination to the metal ion (Huang et 

a l ,  1997).

From the crystal structure it is also clear that the first 30 residues of the nitrile hydratase 

P chain form a loop which wraps around the a  subunit in the active enzyme. If this loop 

is characteristic of nitrile hydratase teitiaiy stmcture, then it would be expected that many 

P subunit N-tei*minal amino acid residues would be conserved amongst nitrile hydratases 

and would shed light on the high homologies of the p subunit N-termini in Figure 5.17.
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However, it must be stated that the tertiary structure of the Rhodococcus sp. R312 nitrile 

hydratase might only be representative of photosensitive nitrile hydratases and in 

addition, the N-terminal sequence of the B. pallidus Dac521 nitrile hydratase is sufficient 

for only a veiy limited comparison of nitrile hydratase homologies.
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5.6 SPECTRAL PROPERTIES

The Brevibacterium  R312 photosensitive nitrile hydratase was proposed to contain 

pyrroloquinoline quinone (PQQ) as a covalently bound cofactor (Nagasawa et al. 

1987b). Therefore it was proposed that PQQ might be a general cofactor for many 

mesophilic nitrile hydratases. The PQQ moiety has a characteristic absorption spectrum, 

and thus the presence of PQQ associated with the purified nitrile hydratase was examined 

by determining the absorption spectmm of both the purified nitrile hydratase and PQQ 

(section 2.7.10).

The absorption spectrum of PQQ (15.1 |iM ) was determined from 200-700nm and 

showed a major peak at 249nm, a shoulder between 268nm and 278nm and a second 

peak at 331nm (Figure 5.18). This profile coincided exactly with published absorption 

spectra of PQQ (Nagasawa and Yamada, 1987b). The absorption spectrum of the 

purified nitrile hydratase (20.5 pM  purified nitrile hydratase prepared in 50mM 

potassium phosphate buffer pH 7.0) was also scanned over the same wavelength range 

(Figure 5.19). The enzyme had a peak of absorbance at 280nm and a shoulder between 

288nm and 291nm. However no characteristic PQQ peaks were observed in the nitrile 

hydratase spectrum.

For direct comparison, the B. pallidus Dac521 nitrile hydratase and PQQ spectra are 

shown together (Figure 5.20). Assuming that one mole of PQQ was associated with each 

mole of nitrile hydratase, then 20.5pM PQQ should be present in the nitrile hydratase 

solution (if PQQ is a cofactor). Table 5.1 indicates the calculated absorbance at a series 

of characteristic wavelengths of 20.5 pM PQQ, and the actual absorbances observed for 

20.5 pM  nitrile hydratase. The results indicate that PQQ should have been clearly 

distinguished, if present, in the nitrile hydratase absorption spectrum.
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Figure 5.18: Absorbance spectrum of 15.1|iM PQQ.

1.0

0.0
200 300 400 500 600 700

Wavelength (nm)

Figure 5.19: Absorption spectrum of 20.5|iM B. pallidus Dac521 purified nitrile 
hydratase, prepared in 50mM potassium phosphate buffer pH 7.0.
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Figure 5.20: Overlay of the absolution spectrum of purified nitrile hydratase and that 
of PQQ. This figure combines Figures 5.18 and 5.19.
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Figure 5.21: Absorption spectrum of 20.5 pM B. pallidus Dac521 purified nitrile 
hydratase, after treatment for 30 minutes with 2mM potassium ferricyanide in 50mM 
potassium phosphate buffer, pH 7.0.
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Figure 5.22: Absorption spectrum of 20.5pM B. pallidus Dac521 purified nitrile 
hydratase, after treatment for 30 minutes with 4mM dithiothreitol in 50mM potassium 
phosphate buffer, pH 7.0.
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249 nm
Absorbance 
268-278 nm 331 nm

15.1 |iM  PQQ 1.36 1.03 0.64
20.5 |iM PQQ 1.85 1.40 0.87
20.5 p,M nitrile hydratase 0.26 0.53 - 0.65 0.02

Table 5.1: Absorbance of PQQ and B. pallidus Dac521 purified nitrile hydratase at a 
number of characteristic wavelengths. The nitrile hydratase and PQQ were prepared in 
50mM potassium phosphate buffer, pH 7.0.

As the PQQ moiety may be in a different oxidative state when associated with the nitrile 

hydratase enzyme compared to free solution, the absorption spectrum of both oxidised 

(Figure 5.21) and reduced (Figure 5.22) nitrile hydratase was also determined (section 

2.7.10). However, neither non-treated, oxidised nor reduced nitrile hydratase produced a 

characteristic PQQ absorption spectmm from 200-700nm and thus these results suggest 

that PQQ is not associated with the purified B. pallidus Dac521 nitrile hydratase.

The absorption spectium of the B. pallidus Dac521 nitrile hydratase was similar to that 

o i Arthrobacter  sp. J-1 which has a maximum absorbance at 280nm with a small 

shoulder at 290nm (Asano et a l, 1982) and researchers suggest that this nitrile hydratase 

does not contain PQQ. In addition, Tsujimura et a l, (1996) and Duine (1991a and 

1991b) have suggested that PQQ is not a nitrile hydratase cofactor, and that the original 

methods used to identify PQQ associated with nitrile hydratases were not conclusive. 

However, most conclusively, Huang et a l, (1997) have determined the crystal structure 

of the Rhodococcus R312 nitrile hydratase and have cleaiiy shown the absence of PQQ 

in the enzyme. These data now discredit the original suggestion that PQQ was a nitrile 

hydratase cofactor.
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5.7 METAL IONS INVOLVED IN 
CATALYSIS

All mesophilic nitiile hydratases studied to date have an essential metal ion as a prosthetic 

group. For example, M yrothecium verrucaria  expresses a zinc containing nitrile 

hydratase (Maier-Greiner et al., 1991) and Rhodococcus rhodochrous N771, (Honda et 

a l,  1992), P. chlororaphis B23, (Nagasawa et a i, 1987a) and Brevibacterium  R312, 

(Nagasawa et a l, 1986) all express iron containing nitrile hydratases. In addition, cobalt 

containing nitrile hydratases have been identified in Rhodococcus rhodochrous J l 

(Nagasawa et a l, 1988a) and Pseudomonas putida 18668 (Payne et a l, 1997).

As a result, the possible presence of a metal ion in the B. pallidus Dac521 nitrile 

hydratase was investigated using electron spin resonance (ESR), carried out with the 

kind assistance of Professor Mike Evans (section 2.7.11). The activity of the nitrile 

hydratase was determined before and after analysis to confirm that the enzyme remained 

active.

The result (Figure 5.23) indicated that no unpaired election associated with a metal centre 

was detected in the nitrile hydratase sample. The concentration of nitrile hydratase was 

205|iM  and, assuming that one mole of metal ion was associated with each mole of 

enzyme, (there may be more), then a minimal concentration of 205|iM metal ion would 

present in the sample, which is within the limits of detection of ESR. However, ESR can 

only detect unpaired electrons and therefore detection of metal ions is dependent on the 

their oxidation state. Zinc, nickel or ferrous iron cannot be detected, although ferric iron 

and cobalt are readily obseived.

Therefore the result is inconclusive as to the presence of a metal ion as a cofactor of the 

B. pallidus Dac521 nitrile hydratase.
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Figure 5.23: ESR spectrum of purified nitrile hydratase (205)iM) from B. pallidus 
Dac521. A Jeol JES-RE IX ESR spectrometer was used at 74K; scan width, 500mT; 
power, ImW; modulation, ImT.
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5.8 NITRILE HYDRATASE INHIBITION

The effect of a number of inhibitors and other chemical agents on the acetonitrile 

degrading enzyme activity of Bacillus pallidus Dac521 nitrile hydratase was determined 

(Table 5.2).

Enzyme sulphydryl groups react readily with alkylating and arylating reagents, are 

sensitive to oxidising agents and combine with many heavy metals (March, 1968). A 

number of these agents inhibited B. pallidus Dac521 nitiile hydratase activity, suggesting 

that the enzym e contains catalytically  essential sulphydryl group(s). p- 

Chloromercuribenzoate, cobalt, cupric ions and iodoacetate decreased the nitrile 

hydratase activity by approximately 20-30%, silver nitrate reduced the activity by 70% 

and hydrogen peroxide reduced activity by over 80%.

Huang et a l, (1997) have elucidated the essential active site amino acid residues of the 

Rhodococcus sp. R312 nitrile hydratase. These are three cysteine residues and a serine 

residue located on the a  subunit which fonu ligands with the active site metal ion and 

two arginine residues in the p subunit which hold the cysteine sulphur ligands in the 

correct orientation. The nitrile hydratase of Rhodococcus rhodochrous J l (Brennan et 

a l, 1996) has an identical ligand field and is assumed to have the same essential active 

site residues. The three cysteine and one serine residue of the a  subunit and two arginine 

and one tyrosine residue of the p subunit are conserved amongst both cobalt- and iron- 

containing nitrile hydratases sequenced to date and it is therefore assumed that these 

conserved residues are located at the active site of all nitrile hydratases (Huang et a l , 

1997).

Since three essential cysteine residues are located at the active site of nitrile hydratases, it 

is not surprising that many mesophilic nitrile hydratases including the Myrothecium  

verrucaria (Maier-Greiner et a l ,  1991) and Arthrobacter sp. J-1 (Asano et a l ,  1982) 

nitiile hydratases are inhibited by thiol reagents.
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Concentration
(mM)

% residual activity

CONTROL
Untreated enzyme 0.0 100 ±  2

SULPHYDRYL REAGENTS
p-Chloromercuribenzoate 1.0 80 ±  3
Copper sulphate 1.0 70 ±  3
Iodoacetate 1.0 67 ±  2
Silver nitrate 1.0 30 ±  2

CHELATING AGENTS
EDTA 1.0 99 ±  4
o-Phenanthroline 1.0 82 ±  3
EGTA 1.0 77 ±  1
Sodium azide 1.0 66 ±  3

OXIDISING AGENTS
Ammonium persulphate 1.0 90 ±  2
Hydrogen peroxide 1.0 18 ±  1

REDUCING AGENTS
DL-Dithiothreitol 1.0 106 ±  4
2-Mercaptoethanol 1.0 104 ±  3

CARBONYL REAGENTS
Semicaibazide 1.0 105 ±  3
D/L Penicilliamine 1.0 96 ±  1
Cysteamine 1.0 92 ±  1
Phenylhydrazine 1.0 67 ±  3
Hydroxylamine 1.0 5 ±  0.5

OTHER COMPOUNDS
Magnesium chloride 1.0 112 ±  6
Pyrroloquinoline quinone 1.0 97 ±  2
Ferrous sulphate 1.0 97 ±  3
Cobalt chloride 1.0 71 ±  2
Zinc chloride 1.0 49 ±  2

Table 5.2: The effect of a variety of chemical agents on the nitrile degrading activity of 
B. pallidus Dac521 nitrile hydratase. Purified nitrile hydratase was pre-incubated at 40“C 
for 15 minutes with ImM of the stated compounds. Acetonitrile (70mM) was then added 
and the percent degradation after a further 15 minutes incubation determined by GC 
analysis (section 2.7.7).
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The sensitivity of the B. pallidus Dac521 nitrile hydratase to heavy metals, oxidants, 

alkylating and arylating agents strongly suggests that this enzyme also contained a 

number of essential sulphydryl groups and may indicate that the essential active site 

residues are the same in B. pallidus Dac521 as they are in mesophilic nitrile hydratases.

Chelating agents had a varied effect on the B. pallidus Dac521 nitrile hydratase. ImM 

EGTA, sodium azide and o-phenanthroline inhibited enzyme activity, but EDTA at 

concentrations of ImM (Table 5.2) and 5mM (Figure 5.24) had no effect on the nitrile 

hydratase catalysed hydrolysis of acetonitrile. However, EDTA is a general chelating 

agent that binds most metal ions more strongly than EGTA or o-phenanthroline (Table 

5.3) and thus a reduction in the activity of the nitrile hydratase in the presence of EDTA 

would be expected if there was a metal ion at the active site.

c /2

c
20)

■ EDTA treated enzyme 
°  unseated enzyme

0 *
0 100 15050 Tirne (minute)

Figure 5.24: Progress curve of acetonitrile hydrolysis by B. pallidus Dac521 purified 
nitrile hydratase with and without 5mM EDTA (section 2.7.7).

Mg Ca

Log stability constants (Kj) 

Fe Co Ni Cu Zn

EDTA 8.7 10.6 14.2 16.0 18.6 18.8 16.4
EGTA 5.2 11.0 14.8 12.3 11.8 17.7 12.9
o-phenanthroline 1.5 0.5 5.8 7.3 8.6 6.3 6.4

Table 5.3: Logarithm of stability constants of a number of different chelating agents, 
data from Dawson er al., (1986).
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However, examination of the effect of EDTA on mesophilic nitrile hydratases, that are 

confirmed metallo-enzymes, indicates that its effect is not always as expected. For 

example, Rhodococcus rhodochrous J-1 nitrile hydratase is purported to contain 11 

atoms of cobalt per mole of (20 subunit) active enzyme (Nagasawa et a l,  1991a), but the 

activity of the active enzyme is not affected by dialysis with lOmM EDTA for one week. 

In contrast, the nitrile hydratase of Myrothecium verrucaria which contains four moles of 

zinc per mole of enzyme lost 90% of its activity after 15 minutes incubation with lOmM 

EDTA (Maier-Greiner gr a/., 1991).

In summary, the effect of chelating agents on B. pallidus Dac521 nitrile hydratase 

activity was varied and conclusions about the presence or absence of metal ions in the 

enzyme could not be made from these data alone, therefore the effect of a number of 

different metal ions on the nitiile hydratase activity was also examined.

Although silver, zinc, copper and cobalt inhibited enzyme activity, magnesium chloride 

appeared to fractionally increase the activity of the nitrile hydratase (Table 5.2). The 

inhibition of activity by these metal ions is probably due to their reaction with essential 

sulphydryl groups in the enzyme. The slight increase in B. pallidus Dac521 nitrile 

hydratase activity in the presence of magnesium ions is not necessarily indicative that 

magnesium is the active site metal ion, however. For example, the activity of the iron 

containing Rhodococcus sp. N771 nitrile hydratase was increased in the presence of 

calcium, cobalt and aluminium but decreased in the presence of iron (Nagamune et a l, 

1990). Thus, the inhibition or enhancement of activity by metal ions is not necessarily 

indicative of the active site metal ion.

The effect of carbonyl reagents on nitrile hydratase activity was used to investigate the 

presence of PQQ in nitrile hydratases. These experiments were conducted before it
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became evident that PQQ was not involved in mesophilic nitrile hydratase catalysis 

(Tsujimura et a l,  1996; Huang et a l,  1997).

The lack of increase in nitrile hydratase activity in the presence of PQQ and lack of 

significant inhibition by the carbonyl reagents, cysteamine, D/L penicilliamine and semi- 

carbazide, is not unexpected since it is clear that PQQ is not involved in catalysis. 

H owever unexpectedly, two other carbonyl reagents, phenylhydrazine and 

hydroxylamine strongly inhibited nitrile hydratase activity. Since hydroxylamine readily 

reacts with acetamide (March, 1968), inhibition may be due to reaction with acetamide 

while it is bound at the active site thus inhibiting further enzyme activity. Alternatively, 

both agents may inhibit the nitrile hydratase activity by interaction with catalytic 

intermediates.

The activity of the mesophilic Pseudomonas chlororaphis B23 nitrile hydratase was 

inhibited between 74% and 100% by carbonyl reagents (Nagasawa et a l, 1987a). In 

addition, the nitrile hydratases of both R. rhodochrous J 1 (low molecular weight nitrile 

hydratase) and M yrothecium verrucaria were also affected by carbonyl reagents 

(Kobayashi et a l, 1993c; Maier-Greiner et a l, 1991). The pattern of inhibition of the B. 

pallidus Dac521 nitrile hydratase by carbonyl reagents was therefore similar to that of 

mesophilic nitiile hydratase, although the site of inhibition by these agents is unclear.

The reducing agents DL-dithiothreitol and 2-mercaptoethanol had no effect on the B. 

p a llid u s  Dac521 nitrile hydratase activity, as observed with the R hodococcus  

rhodochrous J l (Nagasawa et a l ,  1991a) nitrile hydratase, suggesting that the cysteine 

residues are maintained in a reduced state at the active site. In contrast, the nitrile 

hydratases of P. chlororaphis B23 (Nagasawa et a l, 1987a) and Brevibacterium R312 

(Nagasawa et a l ,  1986) were highly sensitive to reducing agents.
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In summary, the thermophilic nitrile hydratase has a similar inhibition profile to 

mesophilic nitrile hydratases but the presence or absence of a metal ion at the active site 

could not be determined from the results obtained.
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5.9 EFFECT OF BENZONITRILE

Acetonitrile degrading activity was not detected when Bacillus pallidus Dac521 was 

grown in benzonitrile minimal media (section 3.8.4). It was not clear whether the 

absence of acetonitrile degrading enzyme activity was due to repression of expression at 

the gene level, or inhibition of the expressed nitrile hydratase activity. The effect of 

various concentrations of benzonitrile on the acetonitrile degrading enzyme activity was 

therefore examined (Figure 5.25).

The results indicate that benzonitrile inhibits nitrile hydratase activity and suggests that 

the failure to detect acetonitrile degrading enzyme activity during and after cultivation of 

B. pallidus Dac521 in minimal nuti'ient media with benzonitrile was due to inhibition of 

the acetonitrile degrading enzymes by benzonitrile rather than repression of enzyme 

expression.

The inhibition data was plotted as a graph of apparent rate versus the concentration of 

inhibitor (Figure 5.26). From this plot, an inhibition constant (Ki) of 220|iM  was 

determined indicating that benzonitrile was a powerful inhibitor of nitrile hydratase 

activity and has high affinity for the enzyme. In fact, benzonitrile has higher affinity for 

the B. pallidus Dac521 nitrile hydratase than Nocardia sp. 11216 benzonitrilase, of 

which it is a prefeiTcd substrate (Km = 4mM; Haiper, 1977a).

The type of inhibition occuning was deteimined using experiments with both whole cells 

and cell-free extracts of B. pallidus Dac521. When these "acetonitrilase" positive samples 

were incubated with 5mM benzonitrile for five minutes at 50°C, acetonitrile-degrading 

activity was completely inhibited. Attempts to recover activity in whole cells by 

centrifuging the benzonitrile inhibited samples and resuspending the cells in fresh buffer 

containing no benzonitrile (each sample washed three times) were unsuccessful 

suggesting that benzonitrile induced inhibition of "acetonitrilase" activity was 

irreversible.
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The nitrilase of Rhodococcus ATCC 39484 was also irreversibly inhibited by an 

aromatic substrate analogue, benzyl bromide (Stevenson et aL, 1992). In addition to 

benzonitrile, a number of other nitriles and cyanide readily inhibit nitrile hydratase 

activity. For example, the Corynebacteriwn pseudodiphteriticum  ZBB-41 nitrile 

hydratase was inhibited by cyanide, that of Corynebacteriwn nitrilophilus was inhibited 

by a-hydroxynitriles and the Brevibacteriwn R312 nitrile hydratase was inhibited by 

isobutyronitrile (Li et a l, 1992; Amarant et a l, 1989; Nagasawa et a l, 1986).

o  Ch

S  ^

00

820 4 6
[Benzonitrile] (mM)

Figure 5.25: Benzonitrile inhibition of purified nitrile hydratase activity (section 
2.7.8). The rate of hydrolysis of acetonitrile by purified nitrile hydratase in the presence 
of benzonitrile, at 40°C, was determined by the ammonia assay. At the concentrations 
used, the amidase activity was not affected by benzonitrile.
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Figure 5.26: Graph of (inhibitor concentration / apparent rate) versus concentration of 
inhibitor. Ki = benzonitrile inhibition constant.
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5.10 SUBSTRATE SPECIFICITY

The substrate specificity of the nitrile hydratase was determined using gas liquid 

chromatography (GC) analysis. An aliquot of purified enzyme was incubated at 40“C for 

30 minutes with the appropriate substrate. The concentration of substrate degraded after 

this time period was determined using GC analysis and expressed as a percentage of the 

initial concentration. Control incubations without enzyme were also prepared and treated 

in an identical manner.

The results show that the B. pallidus Dac521 nitrile hydratase did not hydrolyse dinitriles 

nor any of the cyclic, aromatic or hydroxy nitriles tested (Table 5.4). Saturated and 

unsaturated branched and unbranched nitriles were readily hydrolysed with crotonitrile 

the favoured substrate, followed by aci-ylonitrile and acetonitrile.

Although valeronitrile was a substrate for the nitrile hydratase enzyme, isovaleronitrile, 

the branched isomer of valeronitrile, was not a substrate. This may be due to the 

branching of isovaleronitrile at the third carbon atom, since two other branched nitriles, 

isobutyronitrile and methacrylonitrile, both of which are substrates of the enzyme, are 

branched at the second carbon atom. The presence of this extra carbon atom between the 

C=N moiety and the branched side group may result in steric hindrance at the active site 

and may explain why isovaleronitrile is not a substrate.

The percent degradation of the nitrile substrates after 30 minutes incubation did not 

appear to relate to hydrocaibon chain length for either saturated or unsaturated nitriles.
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% degradation after 30 mins 

Enzymatic Control Total

SATURATED NITRILES
Acetonitrile CH3 CN 34.0 ± 0 .4 5.8 ±  0.1 28.2 ± 1 .1

Propionitrile CH3 CH2  CN 27.2 ±  0.5 7.9 ±  0.7 19.3 ±  1.9
Butyronitiile CH3 CH2  CH2  CN 42.7 ±  0.2 16.8 ±  1 .6 25.9 ±  2.6
3 Hydroxypropionitrile HO CH2  CH2  CN 0 .0 0 .0 0 .0

4 Chlorobutyronitrile Cl CH2  CH2  CH2  CN 17.4 ±  1.2 0 .0 17.4 ±  1.2
Valeronitrile CH3 CH2  CH2  CH2  CN 45.1 ± 0 .5 22.2 ±  3.2 22.9 ±  3.4

BRANCHED CHAIN SATURATED NITRILES
Isovaleronitrile (CH3 ) 2  CH CH2  CN 39.3 ±  1.4 38.0 ±  1.0 0 .0

Isobutyronitrile CH3 (CH3 ) CH CN 37.2 ±  1.6 19.3 ±  2.6 17.9 ±  3.0

UNSATURATED NITRILES
Acrylonitrile CH2 =CH CN 52.5 ±  0.3 15.6 ± 0 .3 36.9 ±  0.9
Allyl cyanide CH2 =CH CH2  CN 26.5 ±  0.3 7.2 ±  0.3 19.3 ± 1 .0
Crotonitrile (isomer x)l CH3  CH=CH CN 38.4 ±  0.5 0 .0 38.4 ±  0.5
Crotonitrile (isomer y)l CH3 CH=CH CN 56.2 ±  0.3 0 .0 56.2 ±  0.3
Trans-3-pentenenitrile CH3 CH=CH CH2  CN 28.2 ±  2 .0 17.3 ± 0 .5 10.9 ± 0 .8
2-Pentenenitrile CH3 CH2  CH=CH CN 46.0 ± 1 .0 38.0 ±  0.6 8.0 ± 0 .3

BRANCHED CHAIN UNSATURATED NITRILES
Methaciylonitrile CH2 =C (CH3 ) CN 65.2 ±  0.6 28.7 ±  2.6 36.5 ±  3.6

CYCLIC / AROMATIC NITRILES
Benzonitiile C6 H5 CN 3.3 ± 0 .3 4 .0 ±  0.5 0 .0

Cinnamonitrile C6 H5 CH=CH CN 0 .0 0 .0 0 .0

Cyclopenteneacetonitrile C5 H7  CH2  CN 0 .0 0 .0 0 .0

DINITRILES
Malonitiile CN CH2  CN 0 .0 0 .0 0 .0

Glutaronitiile CN (CH2)3 CN 0 .0 0 .0 0 .0

Adiponitrile CN (CH2)4 CN 3.9 ±  0.4 4.0 ±  0.5 0 .0

Table 5.4: Nitrile degradation by purified nitrile hydratase of B. pallidus Dac521 
(section 2.7.6). 50mM of the relevant nitrile was incubated with the nitrile hydratase for 
30 minutes at 40"C and the concentration of nitrile degraded in this time recorded. (1) = it 
was not possible to identify the R/S isomers of crotonitrile since optically pure isomers 
were not available as standards, therefore they were distinguished by arbitrary 
designation of the two crotonitrile peaks as x and y. All experiments were performed in 
quadruplicate.
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Similarly to the B. pallidus Dac521 nitrile hydratase, the nitrile hydratase of 

Pseudomonas chlororaphis B23 hydrolysed aliphatic nitriles including valeronitrile, 

methacrylonitrile and isobutyronitrile but did not hydrolyse isovaleronitrile or aromatic 

nitriles (Nagasawa et a l ,  1987a). However, unlike the B. pallidus Dac521 nitrile 

hydratase, crotonitrile was not a substrate for the Pseudomonas chlororaphis B23 

enzyme.

Although a few nitrile hydratases hydrolyse both aromatic and aliphatic nitriles, such as 

the nitrile hydratase of Corynebacterium nitrilophilus and Pseudomonas marginalis, most 

are selective for only one of the two categories of nitrile (Amarant et a l, 1989; Babu et 

a l, 1995).

In Table 3.17 (section 3.10.1), comparison of the rates of hydrolysis of acetonitrile, 

acrylonitrile and propionitrile, indicate that the rate of acetonitrile exceeds the rate of 

hydrolysis of both other substrates by at least ten fold, whereas in Table 5.4 the rate of 

acetonitrile hydrolysis was less than that observed for acrylonitrile and only 50% greater 

than that of propionitrile.

However, the former experiments were performed at 50"C using crude cell-free extract, 

with a reaction time of between 5 and 15 minutes and activity was determined using the 

ammonia assay, whereas the latter experiments were performed at 40°C using purified 

nitrile hydratase, with a reaction time of 30 minutes and activity was determined using 

gas liquid chromatography.

Therefore the apparent discrepancy between the different rates of hydrolysis may be 

attributed to these factors. In addition, the rates of hydrolysis were determined using 

single timepoint assays. Rates from single timepoint assays make the assumption of 

linearity over the entire reaction period; significant deviation from linearity during this 

period may result in severe underestimation of the tme initial rate of reaction. In light of
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these results, therefore, more detailed analyses of substrate kinetics were performed 

(section 5.11).
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5.11 REACTION KINETICS

The B. pallidus Dac521 nitrile hydratase catalysed hydrolysis of a number of substrates 

was examined further and kinetic constants were determined for a number of these 

substrates (Figures 5.27-5.31; Table 5.5).

The results indicate that the nitrile hydratase had highest affinity for acrylonitrile, but the 

fastest turnover of acetonitrile for the three substrates tested. The Michaelis constant 

(Km) of these substrates was of the same order of magnitude observed with the 

Arthrobacter sp. J1 nitrile hydratase, for which the values for acetonitrile, acrylonitrile 

and propionitiile were 5.8, 0.9 and 1.9mM respectively (Asano e ta l ,  1982). The Km of 

acrylonitrile and propionitrile were determined for the nitrile hydratase of Pseudomonas 

ch lororaphis  B23 (Nagasawa et a i, 1987a) and had values of 35 and 29mM, 

respectively.

Substi'ate Km
(mM)

Vmax
(U/mg)

kcat
(s-1)

kcat / Km
(s-1 M 'l)

Acetonitrile 8.40 ±  0.46 89.7 ±  2.6 165.3 ±  4.9 19,679

Acrylonitrile 0.68 ± 0 .1 4 3.9 ± 0 .1 7.1 ± 0 .2 10,499

Propionitrile 6.65 ±  0.29 0.6 ±  0.03 1.1 ± 0 .1 167

Table 5.5: Nitrile hydratase kinetic constants for a variety of substrates. Values quoted 
are averages determined from both Hanes and Eadie-Hofstee plots. All experiments were 
performed at 40°C using purified nitrile hydratase and performed in duplicate (section
2.7.9). Enzyme concentration = 265.4 )ig/ml and U/mg = jimoles of ammonia produced 
per minute per milligram of protein.

The maximum reaction velocity (Vmax) and Michaelis constant were determined for the 

nitrile hydratases of Brevibacterium R312, P. chlororaphis B23 and R. rhodococcus J1 

(Table 5.6) (Nagasawa e ta l, 1993).
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Figure 5.27: Hanes plot of acrylonitrile hydrolysis, where v = [imoles of ammonia 
produced per minute per milligram of protein and [S] = aci*ylonitiile concentration (mM).
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Figure 5.28: Eadie-Hofstee plot of acrylonitrile hydrolysis, where v = }imoles of 
ammonia produced per minute per milligram of protein and [S] = acrylonitrile 
concentration (mM).
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Figure 5.29: Hanes plot of acetonitrile hydrolysis, where v = jimoles of ammonia 
produced per minute per milligram of protein and [S] = acetonitrile concentration (mM).
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F igure  5.30: Eadie-Hofstee plot of acetonitrile hydrolysis, where v = |im oles of 
ammonia produced per minute per milligram of protein and [S] = acetonitrile 
concentiation (mM).
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Figure 5.31: Lineweaver-Burke plot of propionitrile hydrolysis, where v = |imoles of 
ammonia produced per minute per milligram of protein and [S] = propionitrile 
concentration (mM).
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It is clear from these results that although the affinities of the nitrile hydratases of 

Brevibacterium R312 and P. chlororaphis B23 for acrylonitrile were considerably less 

than that of B, pallidus Dac521, the maximum reaction velocities of all three mesophilic 

nitrile hydratases were considerably greater. However, the kinetic constants of the B. 

pallidus Dac521 nitrile hydratase were determined at 40“C and therefore the maximum 

velocity should be considerably greater at the optimum temperature of the enzyme (i.e. 

50°C).

Nitrile hydratase catalysed acrylonitrile hydrolysis generally proceeds at a rate which is 

considerably more rapid than nitrilase catalysed aciylonitrile hydrolysis. For example, 

the nitrilases of A. faecalis JM3 iind Acinetobacter sp. AK226 hydrolysed acrylonitrile at 

rates of 11 and 22 p,moles/min/mg protein (Nagasawa e t a l ,  1990; Yamamoto and 

Komatsu, 1991) and Fusarium oxysporum, Arthrobacter and Nocardia 11216 had 

rates between 0.1 and 144 |imoles/min/mg protein, at temperatures between 25°C and 

30“C (Nagasawa et a i, 1993). In contrast, nitrile hydratases have rates between 10 and 

15,000 fold greater (Table 5.6; Nagasawa et a l, 1993).

However the rate of acrylonitrile hydrolysis catalysed by the B. pallidus Dac521 nitrile 

hydratase was considerably less than that observed for mesophilic nitrile hydratases 

(Table 5.6). Clearly, therefore the B. pallidus Dac521 nitrile hydratase cannot readily 

compete with existing acrylonitrile producing strains used industrially, on the basis of 

reaction rate (Nagasawa etal ,  1993).

However, the B. pallidus Dac521 nitrile hydratase hydrolyses acetonitrile at rates 

comparable to many mesophiles, even at its sub-optimal reaction temperature. For 

example, the P. chlororaphis B23 and Arthrobacter sp. J1 nitrile hydratases hydrolysed 

acetonitrile at rates of 33 and 9 pmoles per minute per milligram of protein, at 20°C and 

30”C, respectively (Nagasawa et a l, 1987a; Asano et a l, 1982), compared to 90 jLimoles 

per minute per milligram of protein for the B. pcdlidus Dac521 nitrile hydratase.
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Therefore, coupled with the increased thermal stability, the B. pallidus Dac521 nitrile 

hydratase may have some industrial potential.

Strain Vmax (limoles / min /mg) Km (mM)

Brevibacterium R312^ 1470 16.7
P. chlororaphis B23^ 1490 34.6
R. rhodococcus J 1 ̂ 1760 1.9
B. pallidus Dac521 4 0.7

Table 5.6: Kinetic constants of various nitrile hydratases for the substrate acrylonitrile, 
where 1 = values obtained from Nagasawa et a l, (1993).
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5.12 TEMPERATURE ACTIVITY

The rate of acetonitrile degradation of B. pallidus Dac521 whole cell suspensions and 

cell-free extracts was detenuined at a range of temperatures (Figure 5.32). The maximum 

rate of acetonitrile degradation occurred at 55"C for whole cell suspensions and at 50°C 

for cell-free extracts. In comparison, purified nitrile hydratase from Pseudonocardia 

thermophilia JCM 3095 had "optimum activity" at 60“C (Yamaki etal ,  1997).

There was a sharp decrease in the appaient rate of acetonitiile degradation at temperatures 

above 55“C for whole cells and 5 0 ’C for cell-free extracts of B. pallidus Dac521, 

reflecting the decreased thermal stabilities of the enzyme systems above these 

temperatures. In contrast, the purified nitrile hydratase of Pseudono cardia thermophilia 

JCM 3095 was quite stable at both 50“C and 55"C and a sharp decrease in activity did 

not occur until temperatures of 60"C and above were reached (Yamaki et al, 1997).

At 30"C, the rate of acetonitrile degradation of the B. pallidus Dac521 nitrile hydratase 

was approximately 50% and 30% of the maximum rate for whole cells and cell-free 

extracts, respectively.

Not unexpectedly, the maximum rates of hydrolysis occur at considerably higher 

temperatures in the B. pallidus Dac521 and Pseudonocardia thermophilia JCM 3095 

nitrile hydratases than in those of mesophiles. These temperatures were 20°C, 25°C and 

35°C for P. chlororaphis B23, Brevibacterium  R312 and R. rhodochrous J1 nitrile 

hydratases, respectively (Nagasawa et a l, 1991a).
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Figure 5.32: Rate of acetonitrile hydrolysis of B. pallidus Dac521 whole cells and cell- 
free extracts at a range of temperatures (section 2.3.1).
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5.13 ACTIVATION ENERGY

The activation energy of tlie enzymatic acetonitrile degradation reaction was determined 

by monitoring initial rates of acetonitrile hydrolysis over a range of temperatures using 

purified nitrile hydratase (Table 5.7; section 2.7.3). A plot of log k versus 1/T was used 

to determine the activation energy (Figure 5.33). For the Arrhenius equation (Ink = In A 

-Ea / RT), k = initial rate, Ea = activation energy, R = Universal Gas constant (8.31 J 

moT^ K"^) and T = absolute temperature (Kelvin).

Initial rates of hydrolysis were detennined using the coupled nitrile hydratase / amidase 

enzyme assay. It is assumed that the rate of amide hydrolysis is more rapid than the rate 

of nitrile hydrolysis, at each temperature. This would ensure that in the coupled assay the 

rate of nitrile degradation was the rate limiting step, and hence the rates of ammonia 

release would directly reflect nitrile hydratase activity. However the stability of the 

amidase at these temperatures was not detenuined. Therefore it is unclear whether the 

activation energy relates exclusively to the nitrile hydratase activity or is influenced by the 

possible instability of the amidase.

Using the assumption that the nitrile hydratase had a relative molecular mass of 110,000 

(section 5.1.1), an activation energy of 15.1 kJ (mol)"^ was calculated for acetonitrile 

degradation. The activation energy of tlie mesophihc Arthrobacter sp. J1 nitrile hydratase 

was 40kJ (mol)"l (Asano et a l, 1982), that of the plant ricinine nitrilase was 60kJ (mol)" 

 ̂ (Thimann and Mahadevan, 1964), that of the Nocardia sp. 11216 nitrilase was 52kJ 

(mol)"^ (Harper, 1977a) and that for the nitrilase of Nocardia sp. 11215 was 58kJ (mol)" 

 ̂ (Harper, 1985). Clearly by comparison the B. pallidus Dac521 nitrile hydratase 

activation energy appears low.
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Temperature

(K)

k (jimoles ammonia / 

min/ ml enzyme)

298 2.84

301 3.45
303 3.61
305 4.48

310 5.21

313 6 . 11

315 6.34

318 7.26

Table 5.7: Rate of enzymatic acetonitrile degradation at a variety of temperatures. The 
initial rate of acetonitrile hydrolysis was determined at a range of temperatures using 
purified nitrile hydratase (section 2.7.3).
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Figure 5.33: Arrhenius plot; Natural logarithm of nitrile hydratase activity versus the 
reciprocal of absolute temperature. The activation energy was determined from the slope 
where slope = -Ea/R, T = absolute temperature (Kelvin x lO'^) and k = enzyme activity
(p.moles NH4/  min/ ml of enzyme).
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5.14 THERMOSTABILITY

5.14.1 Thermal stability of acetonitrile
degrading enzyme activity

The thennal stability of the B. pallidus Dac521 acetonitrile degrading enzyme system was 

determined for suspensions of whole cells, cell-free extracts and purified nitrile hydratase 

preparations over a range of temperatures (Figures 5.34-5.48, appendix II). 

Experimental details are given in section 2.7.1 and the activity half lives are given in 

Table 5.8.

The results indicate that the whole cell half-life at each temperature was between 1.1 and 

4 fold greater than that in cell-free extracts and between 1.2 and 17 fold greater than that 

in purified prepai ations. It is of to note that the ionic strength, pH and local concentration 

of stabilising proteins in whole cells may be very different from that in cell-free extracts 

or purified preparations and such factors may play a role in the increased stability of the 

whole cell enzyme activity, especially at lower temperatures.

Temperature
x: purified enzyme cell-fiee extract whole cells

4 ND ND 43.5 ± 0 .5  d
22 ND ND 25.0 ± 0 .3  d
30 7.0 ± 0 .1  h 40.0 ±  2.0 h 5.0 ± 0 .3  d
40 ND 15.0 ± 0 .5  h 66.5 ±  0.5 h
50 51.0 ± 3 .6  m 3.1 ± 0 .3  h 4.5 ±  0.3 h
55 27.0 ±  0.9 m 1.9 ± 0 .1  h ND

60 6.8 ±  0.3 m 7.3 ±  1.0 m 8.2 ±  1.0 m

Table 5.8: Activity half-lives of B. pallidus Dac521 acetonitrile degrading enzymes in 
whole cell, cell-free extract and purified nitrile hydratase preparations at a number of 
temperatures. Data are mean values of triplicate experiments. ND = stability not 
detennined at this temperature, d = days, h = hours and m = minutes.
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The whole-cell and cell-free extract stabilities refer to both the nitrile hydratase and 

amidase stabilities, since both enzymes are contained in these preparations, whereas 

purified enzyme stability refers only to the nitrile hydratase themial stability. The activity 

half life at 6 0 'C was similar for the three preparations indicated in Table 5.7. The 

decrease in half-life between 50-60 C of 25 fold for cell-free extracts and 33 fold for 

whole cells suggests that this temperature range is close to the putative Tm of one of the 

two enzymes involved in aliphatic nitrile degradation, in comparison, the decrease in half 

life between 50-60"C was only seven fold for purified nitrile hydratase, suggesting that 

this temperature is close to the Tm of the amidase, not the nitrile hydratase.

In mesophiles, amidases are typically more stable than nitrile hydratases. For example, 

the Corynebacterium  sp. C5 amidase was ten fold more stable at 30“C than the 

corresponding nitrile hydratase (Yamamoto et al., 1992). Similarly, the amidase of 

Rhodococcus equi TG328 was more stable than its corresponding nitrile hydratase 

(Gilligan et a l, 1993). Incubation of the amidase for eight hours at 50“C resulted in no 

loss of activity but the conesponding nitrile hydratase lost all activity after 20 minutes. It 

is not clear whether these relative stabilities are characteristic of only mesophilic nitrile 

degrading enzymes or not.

Plots of the logarithm of residual enzyme activity versus time were approximately linear 

for each of the three preparations at each of the temperatures (Figures 5.49-5.63, 

appendix II). Such first order inactivation kinetics suggest that the loss of enzyme 

activity was due to dénaturation rather than proteolysis.

Biotransformations using mesophilic nitrile hydratases and nitrilases are typically canied 

out at low temperatures (0-10"C) due to the instability of the enzymes (Hwang and 

Chang, 1989; Gilligan et a l, 1993). For example, Brevibacterium. R312 and P. 

chlororaphis B23 nitrile hydratases were completely inactivated after ten minutes 

incubation at 30“C (Nagasawa et a l, 1993). For purposes of comparison, assuming first 

order decay of activity to zero over ten minutes, the nitrile hydratases of Brevibacterium
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R312 and P. chlororaphis B23 may have half-lives of 1-3 minutes. In comparison, cell- 

free extracts of B. pallidus Dac521 had an activity half-life at 30 'C of 40 hours (Table 

5.8). Thus it suggests that 5. pallidus Dac521 nitrile hydratase is approximately 1500 

fold more stable at 30"C than its mesophilic counterparts.

Immobilised Brevibacterium CHI cells (used industrially for acrylamide production) had 

an activity half-life of 7.5 hours at 35"C (Hwang and Chang, 1989). In comparison, 

non-immobilised B. pallidus Dac521 cells had activity half-lives of 5 days at 30“C and 

66 hours at 40 'C. On the basis of thermal stability alone, these results suggest that the B. 

pallidus Dac521 nitrile hydratase may have significant industrial advantages over its 

mesophilic counterparts.

However, the nitrile hydratase of the thermophile, Pseudonocardia therinophilia JCM 

3095 was more stable than that of B. pallidus Dac521 (Yamaki et a i, 1997). 

Approximately 100% and 90% of the P. therinophilia JCM 3095 purified nitrile 

hydratase activity remained after incubation of the nitrile hydratase for two hours at 50°C 

and 60"C, respectively. This compares to B. pallidus Dac521 nitrile hydratase half-lives 

of 51 and 7 minutes at 50 C and 60"C. However, the P. therinophilia JCM 3095 nitrile 

hydratase was incubated in the presence of n-butyric acid, a strong stabilising agent that 

has been shown to increase the stability of nitrile hydratases (Nagasawa et a l, 1987a; 

Kopf et a l, 1996) and thus the stabilities of the nitrile hydratases from these two 

thermophiles may be more similar under equivalent conditions.
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5.14.2 Benzonitrilase thermal stability

The thermal stability of the B. pallidus benzonitrilase was determined for suspensions of 

whole cells and cell-free extracts over a range of temperatures (Figures 5.65-5.73, 

appendix II). Experimental details are given in section 2.7.1 and the activity half lives are 

given in Table 5.9.

The stability half-life of the benzonitrilase in whole cells was between 1.7 and 3.5 fold 

greater than in cell-free extracts, possibly due to the different pH or ionic strength of 

whole cells compared to cell-free extiacts. There was a shaip decrease in the activity half- 

life of the benzonitrilase from bO' C to 7()'’C: an eleven fold decrease was observed for 

whole cells and a fifteen fold decrease for cell-free extracts. This suggests that the 

putative Tm of the benzonitrilase is around the 60"C to 7()°C temperature range.

Temperature
cell-free extract whole cells

30 2.50 ± 0 .25  d 7.00 ± 0 .25  d

40 1.00 ±  0.05 d 3.50 ± 0 .05  d

50 3.80 ± 0 .25  h 6.50 ± 0 .25  h

60 15.0 ± 2 .5  m 34.0 ±  2.5 m

70 <1.0 m <1.0 m

Table 5.9: Activity half-lives of B. pallidus Dac521 benzonitrilase in whole cells and 
cell-free extracts at different temperatures. Data are mean values from triplicate 
experiments where d = days, h = hours and m = minutes.

Plots of logio (residual enzyme activity) versus time were approximately linear for both 

whole cells and cell free extracts at each of the temperatures (Figures 5.74-5.81, 

appendix II). This suggests that the loss of benzonitrilase activity was due to 

dénaturation and not proteolysis.
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The half-life of benzonitrilase activity was greater at each temperature tested than the half- 

life of acetonitrile degrading enzyme activity for both whole cells and cell-free extracts 

(Tables 5.8 & 5.9). The difference in stabilities of the two nitrile degrading enzyme 

systems may result from instability of the amidase. The half-life of the acetonitrile 

degrading enzyme system is the half-life of the least stable of the two enzymes, a nitrile 

hydratase and an amidase, involved in acetonitrile degradation. Thus it is not clear 

whether the nitrile hydratase activity is intrinsically more unstable than the nitrilase 

activity or whether it is a result of possible amidase instability.

At 40"C, benzonitrilase cell-free extracts had a five fold greater activity half-life than the 

acetonitrile degrading enzymes and the difference in stability decreased to 1.2 fold at 

50'C. The least difference in activity half-lives for cell-free extracts and whole cell 

preparations of the two enzyme systems was at 50 'C.

The theiTnophilic nitrilase was considerably more stable than its mesophilic counterparts. 

The Fusarium oxysporuin, Rhodococcus ATCC 39484 and Alcaligenes faecalis JM3 

nitrilases had zero activity after 10 minutes, 20 minutes and 30 minutes incubation at 

40"C, respectively (Goldlust and Bohak 1989; Stevenson et a l, 1992; Nagasawa e ta l,  

1990), compared to a half-life of one day for the B. paUidus Dac521 nitrilase. Clearly 

both the nitrile hydratase and nitrilase of B. pallidus Dac521 have considerable 

advantages in theiTnal stability over their mesophilic counteiparts.
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5.15 SUMMARY

The benzonitrilase was not characterised in detail, although the enzyme was purified to 

homogeneity. The 165kDa pentameric nitrilase was composed of identical subunits of 

33kDa, was highly thermostable and exhibited nitrile degrading activity up to 70“C.

Detailed characterisation of the B. pallidus Dac521 nitrile hydratase indicated that the 

1 lOkDa te tram eric enzyme was composed of two a  and two p subunits with relative 

molecular masses of 27,000 and 29,000, respectively. Although the enzyme 

electrophoresed as a single protein band on native PAGE, two protein bands with pis of 

4.7 and 5.5 were observed on lEF. These lEF bands may indicate the presence of a 

nitrile hydratase isomer or a previously unobserved protein contaminant in the enzyme 

preparation.

The nitrile hydratase was stable over a broad pH range and exhibited ^  50% activity 

between pH 6.2 and 8.7. The N-terminal amino acid sequences of the nitrile hydratase 

subunits were determined and compared to those of other nitrile hydratases. The results 

indicated that N-terminal poition of the proposed enzyme p subunit had up to 90% amino 

acid homology to other mesophilic and thermophilic nitrile hydratases but there was no 

such homology between the N-terminal residues of the a  subunits. This result was 

consistent with the N-terminal amino acid homologies observed between mesophilic 

nitrile hydratases.

A number of experiments designed to investigate the nitrile hydratase mechanism of 

action, indicated that the nitiile hydratase was a sulphydryl enzyme that did not contain 

PQQ as a prosthetic group. It was not clear whether the nitrile hydratase was a 

metalloenzyme since the enzyme activity had a varied response to metal ions and 

chelating agents.
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The nitrile hydratase hydrolysed a narrow range of aliphatic substrates and did not 

hydrolyse any of the cyclic, hydroxy, di or aromatic nitriles tested. In addition, the nitrile 

hydratase activity was irreversibly inhibited by the aromatic nitrile, benzonitrile. 

Determination of the kinetic constants of acetonitrile, acrylonitrile and propionitrile 

indicated that the rates of hydrolysis and turnover of acetonitrile compares favourably 

with those of mesophilic nitrile hydratases.

The maximum rate of nitrile hydrolysis occurred at 50°C for cell-free extracts of B. 

pallidus Dac521 and the activation energy of the purified nitrile hydratase (15 kJ mol'^) 

was considerably lower than that of mesophilic nitrile degrading enzymes. In addition, 

the nitrile hydratase was up to 1500 fold more thermostable than it's mesophilic 

counterparts, a property that might prove industrially advantageous for storage and 

transport of the enzyme. This coupled with the favourable rates of hydrolysis of common 

nitriles suggest that the nitiile hydratase may be of some commercial importance.

245



5.16 GENERAL DISCUSSION

The purpose of this work was to investigate the presence of nitrile degrading enzymes in 

thermophilic bacteria. Although many mesophilic nitrile degrading enzymes catalyse 

potentially useful biotransformations (Jallageas et a l, 1980), their application to the 

production of acids and amides on an industrial scale has been mainly limited by their 

thermal instability at temperatures of 30°C and above.

In order to minimise the effects of this thermal instability, some biotransformations using 

mesophiles (Kobayashi et a l, 1992b) are carried out at lower temperatures (10°C and 

below), but at these lowered temperatures the specific activity of the enzymes is also 

decreased. In addition to the effect on biotransformations, the instability at low 

temperatures results in difficulties in storage and transport of the enzymes, which can be 

important factors for industrial scale production. For example, the Arthrobacter sp. J-1 

nitrile hydratase lost 40% of its activity after storage in 50% glycerol for six months at 

-20“C (Asano et a l, 1982). Furthermore, at lower temperatures diffusion and other 

chemical processes are slowed, reduced concentrations of poorly soluble compounds are 

possible, mass transfer rates decrease and viscosity increases (Kristjansson and Stetter, 

1992).

In contrast, the Bacillus pallidus Dac521 nitiile degrading enzymes were highly stable at 

lower temperatures and therefore readily overcome the storage and transport problems 

associated with mesophilic enzymes. In addition, the Bacillus pallidus Dac521 nitrile 

hydratase had an acetonitiile specific activity similar to that of mesophiles even at sub- 

optimal temperatures for the thermophile (section 5.11). Many thermophilic enzymes 

have specific activities of the same order as mesophilic homologues only at their 

optimum temperature, and therefore the Bacillus pallidus Dac521 nitrile hydratase may be 

of particular industrial interest.
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The sediment screening undertaken to isolate bacteria expressing nitrile degrading 

enzymes indicated that the enzymes are expressed by a wide variety of bacterial isolates. 

This therefore suggests that it may be possible to isolate thermophilic variants of many 

industrially relevant mesophilic enzymes by simple soil, sediment and waste effluent 

screening. In addition, each strain may express more than a single nitrile degrading 

enzyme activity. For example, although only two of the nitrile degrading enzyme 

expressed by Bacillus pallidus Dac521 were characterised in detail, from the substrate 

profiles of cells grown in a variety of minimal media (section 3.8) it is possible that the 

strain expressed more nitrile and amide degrading enzymes than those characterised.

The optimal temperature for operating bioreactors that minimises energy imput through 

cooling or heating is 45"C-50”C (Edwards, 1990). The Bacillus pallidus Dac521 whole 

cell activities were close to optimum at these temperatures and in addition half-lives of 

between four and six hours were observed for aliphatic and aromatic activities, 

respectively, at 50°C. Therefore, use of this isolate in bioreactors would combine high 

activity, high thermal stability and highly efficient energy use.

Protein conformational stability depends on protein stabilising forces (arising from a 

large number of weak interactions) being greater than the destabilising forces 

(conformational entropy). However, for most 'average' proteins the difference (net free 

energy of stabilisation) is equivalent to 40kJ mol'^ and considering that a single weak 

interaction can contribute 25kJ m o k \ a few key changes can significantly effect stability 

(Daniel et a l, 1996). Thus, thermostability has been shown to often result from a few 

minor amino acid substitutions or deletions, or from an alteration in the interaction of 

existing residues (Edwards, 1990). Since, apart from increased thermostability, the 

Bacillus pallidus Dac521 nitrile hydratase and nitrilase had characteristics within the 

range of those observed for mesophiles, this indicated that increased thermostability 

probably resulted from a few key changes in protein stabilising forces.
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The similarity of the mesophilic and thermophilic nitrile degrading enzymes suggests that 

the thermophilic enzymes aie variants of those obsei*ved in mesophilic strains, rather than 

belonging to a distinct phylogenetic category. This is consistent with the general view 

that thermophily originates independently within each phyletic line (Sundaram, 1986) 

and this accounts for the varied and diverse mechanisms used in nature to increase 

thermostability.

Thermostability is not an isolated property of enzymes and can also confer stability 

against dénaturation (Owsu and Cowan, 1989; Guagliardi et a l, 1989), detergents 

(Guagliardi et a l, 1989) and proteolysis (Daniel et a l, 1996). For example, 6- 

Phosphogluconate dehydrogenase from B. stearotherm ophilus, Saccharom yces  

cerivisiae and E. coli have been compared for acid, alkali, thermal and organic solvent 

stabilities and the B. stearothennophilus dehydrogenase showed greatest stability in all 

four conditions (Veronese et a l, 1984). In addition, although the stability of the Bacillus 

pallidus Dac521 nitrile degrading enzymes was not tested directly, purification of the 

nitrilase was performed in the presence of 20% acetonitrile without loss of enzyme 

activity, which indicated that the enzyme was stable to high concentrations of organic 

solvents, while growth of Bacillus pallidus Dac521 in minimal media containing nitriles 

also indicated tolerance to these solvents.

Nitriles are highly toxic due to the release of cyanide which has been detected 

experimentally in the brains, liver and kidneys of rats after oral administration of nitrile 

(Silver et a l, 1982). In addition, crotonitrile and acrylonitrile have been proposed as 

specific reagents for the alkylation of protein sulphydryl groups (Gavins and Friedman, 

1968; Friedman et a l, 1968) and are toxic in their own right especially to the central 

nervous system of animals. Therefore an organism capable of degrading such nitriles, 

especially one whose enzymes tolerate exposure to high solvent concentrations may have 

considerable potential in nitrile waste treatment and detoxification. Bacillus pallidus 

Dac52I fulfils these criteria.
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The thermophilic nature of Bacillus palUdus Dac521 would also be of benefit, as 

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. Several thermophilic 

sludge treatment plants are in operation in Western Germany (Scholz et al, 1987), where 

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 is ideal and ehminates the need for 

cooling.

Bacillus pallidus Dac521 is a highly versatile thermophilic bacterium, capable of 

expression of a variety of nitrile degrading enzymes which have potential in the 

biotransformation of nitriles to commercially viable amides and acids and also has 

potential in waste treatment and bioremediation.
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APPENDIX

Biomass optimisation media

Medium A
KH2 PO4  500mg/l

Glycerol lOml/1

Adjusted to pH 7.5 with KOH and autoclaved, then the following sterile filtered

solutions were added:
CaCl2 50mg/l
C0 CI2  34.5mg/l
M gS04 250mg/l
Trace element solution 2.5ml/l
Nitrile 5ml/l

Medium B
Na2HP0 4  6g/l

KH2PO4  3g/l
NaCl 0.5g/l

Made up to one litre with distilled water pH 7.2, autoclaved, then the following sterile

filtered solutions were added:
CaCl2 50mg/l
C0 CI2  34.5mg/l

M gS04 250mg/l
Trace element solution 2.5ml/l

Nitrile 20mM
Glycerol 0.5% (^/v)

Medium C : As for medium B replacing glycerol with 0.5% pyruvate as carbon source. 

Medium D : As for medium B replacing glycerol with 0.5% acetone as carbon source. 

M edium  E : Medium B with the addition of 0.01% yeast extract and 1.6g/l 

(NH4)2S0 4 , but no nitrile added.
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Medium F
(NH4)2S04 16g/l
Na2HP0 4 0.6g/l

KH2 PO4 0.3g/l

NaCl 0.5g/l

Made up to one litre with distilled water, pH 7.0, then the following sterile filtered

solutions were added:
Glucose 0.5%
CaCl2 50mg/l
C0 CI2 34.5mg/l
M gS04 250mg/l
Trace element solution 2.5ml/l
Vitamins 5ml/l

M edium G : As for medium F replacing glucose with lOml/1 glycerol as carbon source.

M edium  H
(NH4)2S04 1.6g/l
Na2 HP0 4 6.0g/l

KH2 PO4 3.0g/l

NaCl 0.5g/l

Made up to one litre with distilled water, pH 7.0, then the following sterile filtered

solutions were added
Glucose 0.5%
CaCl2 50mg/l
C0 CI2 34.5mg/l
M gS04 250mg/l
Trace element solution 2.5ml/l

Vitamins 5ml/l

Medium I: As for medium H replacing glucose with lOml/1 glycerol as carbon source.
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Medium J
KH2P0 4 2 g/l

NaCl lg/1
M gS04.7H20 0.2g/l

Thiamine 0.4mg/l

Biotin 2mg/l

Inositol 2mg/l
FeS04.7H 20 lOmg/1

Glucose m
(NH4)2S04 8.6g/l

Made up to one litre with tap water pH 7.0, then sterile filtered.

Medium K
Glucose 2gA

Na acetate 0.5g/l
Na2 HP0 4 2.5g/l

KH2 PO4 m
NH4 CI Igd

NaCl lg/1
Mineral supplement 1ml

Trace vitamin solution 5ml

L-arginine 105mg/l

L-cysteine 48mg/l

L-glutamic acid lOOmg/1

L-histidine 45mg/l

D, L-isoleucine 140mg/l

L-leucine 192mg/l

1-Lysine 195mg/l

D, L methionine 60mg/l

L-tryptophan 60mg/l

D, L valine 144mg/l

Pyridoxal 7.5mg/l

Made up to one litie with distilled water, pH 7.0, then sterile filtered.

Medium L

Nutrient broth 25g/l

nitrile 0.1% (V/v)

272



Medium M

Nutrient broth 25g/l

Medium N : As for Rhodococcus ATCC 39484 (Section 2.2.22).

Growth conditions (media A-K)

Single colonies were removed from nutrient agar plates and used to innoculate 20ml of 

the appropriate media, which was incubated shaking at 180 r.p.m., 50°C. At specific 

time intervals one millilitre volumes of culture were removed for A^OO measurement and 

enzyme activity detenuinations.

Growth conditions (media L and M)

Single colonies were removed from nutrient agar plates and used to innoculate 20ml of 

the appropriate media, which was then incubated for 24 hours at 180 r.p.m., 50°C. 

These starter cultures were used to inoculate one litre of the same media and incubated 

shaking at 180 r.p.m., 50"C. At specific time intervals a 40ml volume of culture was 

removed for A^OO measurement and activity detenuinations.

Growth conditions (medium N)

As for Rhodococcus ATCC 39484 (Section 2.2.2.2).
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APPENDIX II
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Fig 5.34: Stability of acetonitrile degrading 
enzyme activity in whole cells at 4C.
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Fig 5.35: Stability m  acetonitrile degrading 
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Fig 5.36: Stability oi acetonitrile degrading 

enzyme activity in whole cells at 30C.
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Fig 5.37 : Stability of acetonitrile degrading 
enzyme activity in whole cells at 40C.
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Fig 5.39: Stability of acetonitrile degrading 
enzyme activity in whole cells at 60C.
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Fig 5.40: Stability of acetonitrile degrading enzyme 

activity in cell-free extracts at 30C,
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Fig 5.41: Stability of acetonitrile degrading enzyme 

activity in cell-free extracts at 40C.
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Fig 5.42: Stability of acetonitrile degrading enzyme 
activity in cell-free extracts at 50C.
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Fig 5.43: Stability of acetonitrile degrading enzyme 

activity in cell-free extracts at 55C.
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Fig 5.44: Stability of acetonitrile degrading enzyme 

activity in cell-free extracts at 60C.
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Fig 5.45: Stability of purified nitrile hydratase 

at 30C.
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Fig 5.46: Stability of purified nitrile hydratase 
at 50C.
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Fig 5.47: Stability of purified nitrile hydratase 
at 55C.
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Fig 5.48: Stability of purified nitrile hydratase 
at60C.
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enzyme activity in whole cells at 50C.
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Fig 5.54: Log o f stability of acetonitrile degrading 
enzyme activity in whole cells at 60C.
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Fig 5.58: Log of stability of acetonitrile degrading 
enzyme activity in cell-free extracts at 55C.
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Fig 5.59: Log of stability of acetonitrile degrading 

enzyme activity in cell-free extracts at 60C.
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Fig 5.61: Log of purified nitrile hydratase stability 
at 50C.
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enzyme activity in whole cells at 30C.
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Fig 5.65; Stability of benzonitrile degrading 
enzyme activity in whole cells at 40C.
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Fig 5.67 : Stability of benzonitrile degrading 

enzyme activity in whole cells at 60C.
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Fig 5.68: Stability of benzonitrile degrading 

enzvme activitv in whole cells at 70C.
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Fig 5.70: Stability of benzonimle degrading enzyme 
activity in cell-free extracts at 40C.
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Fig 5.71: Stability of benzonitrile degrading enzyme 
activity in cell-free extracts at 50C.
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Fig 5.72: Stability of benzonitrile degrading enzyme 
activity in cell-free extracts at 60C.
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Fig 5.73: Stability of benzonitrile degrading enzyme 
activity in cell-free extracts at 70C.
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enzyme activity in whole cells at 30C.
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Fig 5.77: Log of stability of benzonitrile degrading 
enzyme activity in whcde cells at 60C.
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enzyme activity in cell-free extracts at 30C.

1000

■•= 100

10
1.50.5 1.00.0

Time (d)
Fig 5.79: Log of stabiiny oi Benzonitrile degrading 

enzyme activity in cell-free extracts at 40C.

1000

.EC'S
I

I

0 2 3 5 74 6 8

100

i
I

50 6010 20 30 400
Time (h)

Fig 5.80: Log of stability of benzonitrile degrading 
enzyme activity in cell-free extracts at 50C.

Time (m)
Fig 5.81: Log of stability of benzonitrile degrading 

enzyme activity in cell-free extracts at 60C.

2 8 3



Microbiology (1997), 143, 2313-2320 Printed in Great Britain

Novel thermophilic bacteria producing 
nitrile degrading enzymes

Rebecca Cramp, Martin Gilmour and Don A. Cowan

Author for correspondence: Don A. Cowan. Tel: +44 171 3877050. Fax: +44 171 3807193. 
e-mail: don.cowan@ucl.ac.uk

D e p a rtm e n t o f 
B iochem istry  a n d  
M o lecu lar B iology, 
U niversity C o llege  L ondon , 
G o w er S tree t, L ondon  
W C1E6BT,U K

The first known report of the Isolation of thermophilic bacteria which produce 
nitrlle-degrading enzymes Is presented. One of the strains Isolated was studied 
In detail. Strain Dac521, classified as Bacillus pallidus, was capable of growth 
on acetonitrile, benzonitrile, proplonltrlle, acetamlde, benzamlde and 
proplonamlde as the sole carbon and nitrogen source In minimal nutrient 
media. The strain produced separate allphatlc-nltrlle (e.g. acetonitrile)- and 
aromatic-nltrlle (e.g. benzonltrile)-degradlng activities. Acetonltrile-degrading 
activity was produced constltutively and enzyme production was not enhanced 
by the addition of substrate. Under conditions where benzonitrile was the sole 
carbon and nitrogen source in minimal nutrient media, acetonltrile-degrading 
enzyme activity was completely Inhibited and benzonItrlle-degradIng activity 
was induced. Growth on substrates as sole carbon and nitrogen sources, 
together with the substrate specificity of cell-free extracts, suggested that 
acetonitrile and benzonitrile degradation may have occurred via nitrile 
hydratase and nitrllase pathways, respectively. Both the acetonitrile- and 
benzonltrlle-degrading enzyme systems were significantly more thermostable 
In whole-cell preparations and cell-free extracts compared to their mesophlllc 
counterparts.

Keywords: Bacillus pallidus, thermophilic, nitrilase, nitrile hydratase

INTRODUCTION

Nitriles (i.e. organo-cyanides of the general formula 
RC=N) are common constituents of plants (Kobayashi 
et ai, 1989) and occur as intermediates of microbial 
metabolism (Kobayashi et al, 1993a). Their hydrolysis 
is catalysed by nitrile-degrading enzymes which occur in 
a wide variety of plants (Thimann & Mahadevan, 1964), 
mesophilic bacteria [e.g. Brevibacterium (Arnaud et a l, 
1977), Arthrohacter (Asano et al, 1982), Nocardia 
(Harper, 1985), Klebsiella (Stalker et al, 1988), Coryne- 
bacterium (Li et al, 1992) and Rhodococcus (Langdahl 
et al, 1996)] and fungi [e.g. Fusarium solani (Harper, 
1977), Myrothecium verrucaria (Maier-Greiner et al,
1991) and Fusarium lateritium (Cluness et al, 1993)].

Nitrile hydrolysis occurs by two major enzymic path
ways (Faber, 1992; Mahadevan & Thimann, 1964). One 
pathway (1) involves the sequential hydrolysis of the 
nitrile molecule to its corresponding carboxylic acid and 
ammonia via an amide intermediate, catalysed by two 
different enzymes: a hydratase and an amidase. The 
other (2 ) is the direct hydrolysis by a nitrilase to the 
corresponding carboxylic acid and ammonia.

Nitrile Amidase
hydratase +HgO

R -C N +H ,0 -4. R-CONH, R-COOH-l-NH

Nitrilase
R -CN +2H ,0 R-COOH-bNH,

3 

(1)

(2)

These enzymes are of particular interest as many nitriles 
and their hydrolysed derivatives are used in commercial 
processes including paper manufacture (Hwang & 
Chang, 1989) and waste treatment (Nazly e ta l, 1983) or 
to produce commercially viable compounds such as 
acrylamide (Kobayashi et al, 1993b), antibiotics (Jall- 
ageas et al, 1980), anti-inflammatory agents (Gilligan et 
al, 1993) and herbicides (Bianchi e ta l, 1991). Chemical 
hydrolysis of nitriles often involves relatively harsh 
conditions which precludes the use of nitriles carrying 
sensitive functionalities. In addition, unwanted by
products, including large amounts of salt, are often 
formed. Biotransformation of nitriles, using nitrile- 
degrading enzymes (Bengis-Carber 6c Gutman, 1988; 
Bhalla et al, 1992), overcomes these problems and 
may offer the additional advantage of stereospecificity 
(Bianchi et al, 1991; Kakeya et al, 1991; Layh et al,
1992). However, application of these enzymes in in-
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dustry is still limited, in part due to the intrinsic thermal 
instability (Nagasawa et al., 1993) of the known 
mesophilic enzymes. Here we report the isolation of 
thermophilic nitrile-degrading bacterial strains, together 
with evidence that the intracellular nitrile-degrading 
enzymes have substantially higher thermal stability than 
known mesophilic homologues.

METHODS

C h e m ic a ls . Acetonitrile and acrylamide were obtained from 
BDH. Acrylonitrile, benzamide, benzonitrile, isovaleronitrile, 
propionamide and propionitrile were obtained from Aldrich. 
Dithiothreitol and acetamide were obtained from Sigma- 
Aldrich. Nutrient broth no. 2 and purified agar were obtained 
from Oxoid. API 20E and API 50CH analytical profile index 
kits and API 50 CHB media were obtained from BioMérieux. 
Working concentrations of benzonitrile were prepared in 
10% (v/v) methanol.

M ic ro b ia l c u l tu re .  Cultures were grown on minimal nutrient 
plates at 50 °C for up to 7 d. The minimal nutrient plates 
contained: (NHJ^SO^, 1-60 g 1"^ MgSO^, 0-25 g 1”^  CaClg, 
0-05 g 1“ ;̂ KHgPO^, 0 50 g 1"̂  (pH 7-5); purified agar,
20 00 g 1"̂  ; and 010% (v/v) nitrile. Five different nitriles were 
used separately as the sole carbon source: acetonitrile, 
benzonitrile, isovaleronitrile, propionitrile and acrylonitrile.

Pure isolates were grown in liquid minimal media using each 
of the five nitriles separately as the sole nitrogen source. The 
minimal media contained: MgSO^, 0-25 g T^; CaClj, 
0 05 g KH2PO4, 0-50 g CoClg, 0-35 g 0-50% (v/v) 
glycerol; and 0-05% (v/v) nitrile.

Isolate Dac521 was routinely grown in the following minimal 
medium: KH^PO^, 2 g M;  NaCl, 1 g MgSO^, 0-2g 
thiamin, 0 4 mg biotin, 2 gg M ; inositol, 2 mg M;FeSO^, 
10 mg T^; (NH^)gSO^, 1-32 g sodium succinate, 5-4 g 
pH 7-2. Nitriles (20 mM) were substituted for succinate 
and/or (NHJgSO^ as the sole carbon and/or nitrogen source, 
respectively, except where otherwise stated. Cultures were 
grown at 50 °C in 250 ml flasks containing 50 ml media or in
21 flasks containing 500 ml media, with a reciprocation rate of 
300 r.p.m.

S tra in  c h a ra c te r iz a t io n .  Standard oxidase tests, spore staining, 
Gram staining, catalase tests and motility tests (Collins e t a i ,  
1995) were performed using fresh cultures of strain Dac521.

Analytical profile index (API) tests 50CH and 20E (Logan & 
Berkeley, 1984) were used to aid identification. API 50 CHB 
defined medium and distilled water were used to inoculate the 
test kits, respectively. Both 50CH and 20E API strips were 
incubated at 50 °C and the experiments were performed in 
triplicate according to the protocol set out in the API 
guidelines.

For hybridization studies, chromosomal DNA was extracted 
from test strains using the method of White e t al. (1993). DNA 
from strain Dac521 was labelled with [®^P]dCTP by the 
random primer method and unincorporated nucleotides were 
removed using NAP-10 columns. Probe DNA was hybridized 
to target DNA from 10 thermophilic Bacillus species {B. 
therm oglucosidasius, B. therm odenitrificans, B, caldovelox,
B. stearotherm ophilus, B. pallidus, B. caldolyticus, B. 
kaustophilus, B. sm ith ii, B. therm ocloacae  and B. therm o-

catenulatus-, kindly provided by Professor R. Sharp, CAMR, 
Porton Down, UK) immobilized on nitrocellulose filters using 
a slot blot system (Schleicher & Schuel) at 50 °C under non- 
stringent conditions. Percentage homology was calculated 
from the radioactivity of the hybrids relative to non- 
homologous and homologous controls using a Joyce-LoebI 
chromoscan 3 densitometer.

M a x im u m  g r o w th  r a t e  d e t e r m in a t i o n .  The same initial starter 
culture (10%, v/v), grown at 50 °C, was used to inoculate all 
flasks. Growth (ODjoq versus time) was monitored at each 
temperature at least in triplicate and an aliquot of each culture 
was spread on a nutrient agar plate to check culture purity. All 
growth experiments were performed at a reciprocation rate of 
300 r.p.m. Actual rates were determined using the formula 
In x^ =  In 4- where x^ =  biomass concentration after time 
interval t h, =  original biomass concentration, fi = specific 
growth rate (h"^), t =  time (h) and =  growth rate during 
exponential phase.

P r e p a r a t io n  o f  w h o le -c e l l  s u s p e n s io n s  a n d  c e l l- f re e  e x t r a c t s .
Cultures were harvested by centrifugation at 6000^ for 
15 min, then washed with 50 mM potassium phosphate buffer 
containing 1 mM dithiothreitol and 20% (v/v) glycerol 
(pH 7'2), and re-centrifuged for 15 min at 27000^. The pellet 
was then resuspended in a minimal volume of 50 mM 
potassium phosphate buffer containing 1 mM dithiothreitol 
and 20% (v/v) glycerol (pH 7-2). Cell suspensions were 
sonicated in an ice-bath using an MSE Soniprep 150 (five 
bursts of 10 s duration, 10 g amplitude, with 20 s intervals). 
Disrupted cells were centrifuged at 27000 g  for 15 min and the 
supernatant was retained.

P ro te in  d e t e r m in a t io n .  Protein concentrations were deter
mined using the Bio-Rad Bradford protein determination kit 
with bovine serum albumin (fraction V ; Sigma) as the protein 
standard.

N itr i le -d e g r a d in g  e n z y m e  a s s a y .  Nitrile-degrading enzyme 
activity was assayed by measuring the production of ammonia 
by a modification of the phenol/hypochlorite method of 
Fawcett & Scott (1960). In determining nitrile hydratase 
activity by ammonia release, the specific activity of intra
cellular amidase was consistently found to be higher than that 
of the nitrile hydratase for the substrates tested. In light of 
these relative rates, we concluded that the nitrile to amide 
conversion was rate limiting and that measurement of 
ammonia released was a quantitative measurement of nitrile 
hydratase activity.

The following reagents were used for ammonia detection. 
Reagent A contained 059 M phenol and 1 mM sodium 
nitroprusside. Reagent B contained 110 mM sodium hypo
chlorite and 2 M sodium hydroxide. The standard assay was 
performed in duplicate at 50 °C in a reaction comprising, 
unless otherwise stated, 300-x gl50 mM potassium phosphate 
buffer containing 1 mM dithiothreitol and 20% (v/v) glycerol 
(pH 7-2), X gl extract or whole-cell suspension and 5 g l 4-2 M 
acetonitrile or 1-2 M benzonitrile. Samples were incubated at 
50 ®C for 15 min. The cell-free extract reaction was quenched 
by addition of 100 gl of the assay mixture to 350 gl reagent B 
followed by rapid addition of 350 gl reagent A with vigorous 
mixing and incubation at 50 °C for 15 min. The whole-cell 
reaction was quenched by centrifugation at 2080 g  for 3 min 
after incubation, followed by addition of 100 gl of the 
supernatant to 350 gl reagent B, followed by rapid addition of 
350 gl reagent A with vigorous mixing and incubation at 50 °C 
for 15 min. The was then measured in a Cecil (model 
CE1020) spectrophotometer. One unit of acetonitrile- or
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benzonitrile-degrading enzyme activity was defined as the 
amount of enzyme capable of releasing 1 gmol ammonia min“  ̂
under standard reaction conditions (pH 7-2, 50 °C, 70 mM 
acetonitrile or 20 mM benzonitrile as substrate).

T e m p e ra tu r e  s ta b i l i ty  o f  e n z y m e  a c t iv i t ie s .  Aliquots of 
enzyme preparation, in 50 mM potassium phosphate buffer 
containing 1 mM dithiothreitol and 20% (v/v) glycerol 
(pH 7-2), were incubated at specified temperatures. At specific 
time intervals, samples were removed and placed on ice. 
Activity in all samples was subsequently determined using the 
standard enzyme assay procedure at 50 °C.

RESULTS AND DISCUSSION

Isolation strategies

Sediment samples collected from thermal sites in New 
Zealand (Tokaanu, Whakarewarewa, Waimangu and 
Taupo) were stored at —20 °C. Primary isolations were 
performed by spreading aqueous suspensions of these 
samples on minimal nutrient medium plates containing 
various nitriles as the sole carbon source. After in
cubation at 50 °C for 3-4 d, colonies were picked and re
streaked onto the same minimal nutrient medium plates. 
The plating cycle was repeated until pure cultures were 
obtained. Nitrile degradation was tentatively confirmed 
by incubating duplicate cultures on minimal nutrient 
medium plates supplemented and not supplemented 
with nitrile as the sole carbon source under otherwise 
identical conditions. The appearance of more rapid 
growth in the presence of the nitrile was taken as 
putative evidence for the presence of nitrile-degrading 
enzymes.

Nitrile-degrading isolates

Twenty-eight thermophilic isolates were examined for 
their ability to grow at 50 °C in liquid minimal nutrient 
media with nitriles (acetonitrile, benzonitrile, iso
valeronitrile, propionitrile or acrylonitrile) as the sole 
carbon or nitrogen source. Growth on acetonitrile, 
propionitrile and isovaleronitrile gave higher growth 
rates and biomass yields than growth on benzonitrile or 
acrylonitrile. A single strain (designated Dac521) which 
showed higher nitrile-degrading enzyme activity during 
growth in liquid minimal nitrile media relative to other 
isolates was selected for further characterization.

Morphology and taxonomy

Isolate Dac521, a Gram-positive, sporulating, non- 
motile, rod-shaped organism (2-0 x 0-7 pm) which grew 
between 35 and 70 °C on solid media and up to 73 °C in 
liquid media, was identified as a thermophilic Bacillus 
species using the API 50CH and 20E identification test 
strips (Logan & Berkeley, 1984). On nutrient agar 
plates, Dac521 colonies were of non-uniform size, 
circular form, convex elevation, with an entire margin 
and a yellow/grey colour. The organism was catalase- 
and oxidase-positive and fermented glucose, fructose 
and saccharose. Using DNA-DNA hybridization, strain 
Dac521 showed 87% homology to B. pallidus and less

Table 1. DNA hybridization results

Percentage DNA:DNA homology of ®̂ P-labelled Dac521 DNA 
against membrane-filter-bound test DNA. Percentage homology 
was calculated from the radioactivity of the hybrids relative to 
non-homologous and homologous controls. Data are mean 
values of quadruplicate experiments with standard deviations 
in parentheses.

Test species Homology (%)

B. thermoglucosidasius 14 (4-8)
B. thermodenitrificans 15 (4-2)
B. caldovelox 2 (1-9)
B. pallidus 87 (17-7)
B. stearothermophilus 3 (2-4)
B. caldolyticus 2(1-9)
B, kaustophilus 3 (2-0)
B. smithii 6(3-5)
B. thermocloacae 4(2-3)
B. thermocatenulatus 3(3-2)
Isolate Dac521 100 ( - )

than 15% homology to all other type strains tested 
(Table 1). According to White et al. (1993), this level of 
homology is strongly indicative of species designation 
and morphological and physiological characteristics 
were similar to those reported for the B. pallidus H14 
type strain (White et al, 1993; Scholz et al, 1987).

Temperature optimum

The optimum growth temperature for B, pallidus 
Dac521 in nutrient broth was 50 °C (maximum growth 
rate, /i^ax5 =  1 0 0  +  0 0 1  h"^). ^̂ 11 to less than 1 0 %
of this value at 40 °C. No growth was detected at 74 °C 
or above. These results appear consistent with the 
description of B. pallidus Dac521 as a moderate ther- 
mophile. The /^^^x of cultures grown in minimal nutrient 
media with acetonitrile or benzonitrile as the sole carbon 
and nitrogen source at 50 °C was 0*28 + 001 h"^ and 
0  06 + 0  01  h“ ,̂ respectively, approximately 28 % and 
6 % of the growth rates seen in nutrient broth at the 
same temperature.

Growth and activity profiles

B. pallidus Dac521 expressed aliphatic-nitrile- and 
amide-degrading activities when grown in nutrient broth 
(Fig. 1). Cell-free extracts from exponential and early 
stationary phase cultures degraded acetonitrile, prop
ionitrile, acrylonitrile and the corresponding amides but 
no degradation of benzonitrile, isovaleronitrile or benz
amide was detected. Nitrile-degrading enzyme activity 
was detectable from early exponential to mid stationary 
phase and the specific activity was highest at the 
transition from exponential to stationary phase. The 
specific activity was not enhanced by the addition of 
nitriles to the growth medium at the time of inoculation 
or at various times during culture growth (data not
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Fig, 1. G ro w th  o n  n u tr ie n t  b ro th  a n d  a c e to n it r i le -d e g ra d in g  
e n z y m e  activ ity  p ro file s  fo r  B. pallidus Dac521. C u ltu re  g ro w th  
w a s  m o n ito re d  by th e  ODgoo (□ ) .  A t specific  tim e -p o in ts , 
a liq u o ts  o f  th e  c u ltu re  w e re  re m o v ed , s o n ic a te d  a n d  
a c e to n it r ile -d e g ra d in g  activ ity  a n d  p ro te in  c o n c e n tra t io n  w e re  
d e te rm in e d . Specific activ ity  (■ }  is e x p resse d  as  p m o l a m m o n ia  
p ro d u c e d  m in “  ̂ (m g p ro te in )” ’ (U m g ”’).

shown). Under the culture conditions used, B. pallidus 
Dac521 had a short stationary phase followed by a rapid 
decrease in ODg^  ̂ with a concurrent decrease in de
tectable acetonitrile-degrading activity, consistent with 
a reduction or cessation of expression of the relevant 
gene(s) and induction of a specific degradation pathway 
(Morihara, 1974; Atalo & Gashe, 1993).

Under optimal conditions, B. pallidus Dac521 produced 
13 U acetonitrile-degrading activity (mg dry wt cells)“  ̂
compared to 0 1 U mg'^ for Arthrohacter sp. J-1 (Asano 
et al., 1982),

Acetonitrile-degrading activity

DEAE-Sephacel ion-exchange chromatography (data 
not shown) of cell-free extracts of B. pallidus Dac521 
grown in nutrient broth resulted in baseline separation 
of nitrile hydratase and amidase activities, capable of 
degradation of acetonitrile to acetamide and acetamide 
to acetic acid, respectively. As no other acetonitrile- 
degrading enzymes were detected in repeated chro
matographic separations, we propose that acetonitrile 
degradation occurs via a hydratase-amidase pathway. 
The nitrile hydratase was shown to act on acetonitrile, 
propionitrile and acrylonitrile while the amidase 
hydrolysed the corresponding amides.

Microbial enzymes responsible for the catabolism of 
carbon compounds are often repressed by glucose and 
other hexoses (Toda, 1981; Tourneix et a i, 1986; 
Magasanik, 1961 ; Zimmermann ÔC Scheel, 1977). Simi
larly, microbial enzymes intervening in nitrogen com
pound metabolism can be repressed by the ammonium 
ion (Yoch & Whiting, 1986). To investigate the possible 
occurrence of enzyme induction and/or repression, 
B. pallidus Dac521 was grown with a variety of carbon 
and nitrogen sources (Table 2 ).

Cell-free extracts of B. pallidus Dac521 grown in 
minimal nutrient media with succinate, pyruvate or

glucose as the sole carbon source and ammonium 
sulphate as the sole nitrogen source showed similar 
acetonitrile-degrading specific activities to that found in 
nutrient broth cultures, suggesting that catabolite re
pression or fixed nitrogen repression of aliphatic nitrile 
hydratase-amidase gene expression is not significant 
under the experimental conditions used. Other nitrile- 
degrading cultures (e.g. Rhodococcus rhodochrous J l;  
Nagasawa et al, 1988) have also been shown to be 
insensitive to catabolite repression from carbon sources 
such as glucose and glycerol.

The acetonitrile-degrading activity of B. pallidus Dac521 
was not enhanced by the addition of acetonitrile to 
nutrient broth or to minimal media with glucose or 
succinate as sole carbon source (Table 2). Conversely, 
when acetonitrile was supplied as the sole carbon and/or 
nitrogen source, the enzyme specific activities decreased 
to between 2  % and 26 % of those observed in nutrient 
broth. These results may be interpreted to imply that the 
aliphatic nitrile substrate suppresses expression of 
the acetonitrile-degrading enzyme gene, but may also 
suggest that expression is co-ordinately linked to cell 
growth parameters.

Aromatic-nitriie-degradlng activity

When B. pallidus Dac521 was grown in minimal nutrient 
media with benzonitrile as the sole carbon and nitrogen 
source (Fig. 2), no acetonitrile-degrading activity was 
detectable but a distinct benzonitrile-degrading enzyme 
activity was observed. After a sequence of DEAE- 
Sephacel ion-exchange, phenyl-Sepharose hydrophobic 
interaction, and Superdex 200 and Superose 12 gel 
filtration chromatography steps, a single peak of benz
onitrile-degrading activity was routinely eluted (data 
not shown). Using ammonia release assays, benzamide 
was not found to be a substrate over a wide range of 
concentrations (data not shown). Together these 
findings suggest strongly that benzonitrile degradation 
was via a nitrilase enzyme system.

Benzonitrilase specific activity increased during expo
nential phase but rapidly decreased during stationary 
phase, suggesting rapid ‘switch-off’ of benzonitrilase 
gene expression coupled with an active degradation 
mechanism. Maximum specific yields of benzonitrilase 
activity were approximately 02 U benzonitrilase activity 
(1 culture)"^ compared to 5 0  U 1“  ̂ for R. rhodochrous 
J l (Nagasawa et al, 1988).

Although benzonitrile-degrading (benzonitrilase) acti
vity was not detected until mid-late exponential growth 
phase (Fig. 2), acetonitrile degradation was not detected 
at any time during the growth phase. Furthermore, only 
benzonitrile-degrading activity was detectable in cult
ures grown in minimal media supplemented with both 
benzonitrile and acetonitrile (Table 2). These results are 
consistent with either total repression of ‘ acetonitrilase ’ 
gene expression (by benzonitrile) or quantitative in
hibition of ‘acetonitrilase’ activity. However, when 
benzamide was substituted for benzonitrile in the
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Table 2. Effect of carbon and nitrogen source on specific activities of acetonitrile-degrading enzymes

A 10% (v/v) inoculum of B. pallidus Dac521 grown in nutrient broth to an of 12 was used to inoculate all flasks. B. pallidus 
Dac521 was grown in 50 ml vols minimal nutrient media in 250 ml flasks at 50 °C with a reciprocation rate of 300 r.p.m. Cultures 
were grown to early stationary phase before harvesting, sonication and determination of enzyme activity (acetonitrile/benzonitrile as 
substrate) and protein concentration. Data are mean values of triplicate or quadruplicate experiments + standard errors. 0, No 
activity detected.

Carbon and nitrogen source Acetonitrile degradation
(U mg"')

Benzonitrile degradation
(U mg”')

Nutrient broth 0-45 + 0-02 0
20 mM succinate-1-20 mM ammonium sulphate 0-40 + 0-02 0
20 mM pyruvate-j-20 mM ammonium sulphate 0-59 + 0-17 0
20 mM glucose 4-20 mM ammonium sulphate 0-42+0-06 0
20 mM acetonitrile-j-20 mM glucose 0-01 + 0-001 0
20 mM acetonitrile-j-20 mM succinate 0-05+0-01 0
20 mM acetonitrile-f 20 mM ammonium sulphate 0-12 ±0-02 0
20 mM acetonitrile 0-08 + 0-04 0
20 mM benzonitrile 0 0-13+0-002
5 mM acetonitrile-fl5 mM benzonitrile 0 0-15+0-01

10 mM acetonitrile-t-10 mM benzonitrile 0 0-18 + 0-02
15 mM acetonitrile+5 mM benzonitrile 0 0-10+0-002
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Fig. 2. G ro w th  o n  m inim al m e d iu m  w ith  b e n z o n itr i le  a s  so le  
c a rb o n  so u rce  a n d  b e n z o n itr i le -d e g ra d in g  e n z y m e  activ ity  
p ro files  f o r  8. pallidus Dac521. C u ltu re  g ro w th  w a s  m o n ito re d  
by th e  ODggo (□)■ A t specific  tim e -p o in ts , a l iq u o ts  o f  t h e  c u ltu re  
w e re  rem o v ed , so n ica te d  a n d  b e n z o n itr i le -d e g ra d in g  activ ity  
a n d  p ro te in  c o n c e n tra tio n  w e re  d e te rm in e d . Specific ac tiv ity  
( I )  is e x p ressed  as p m ol a m m o n ia  p ro d u c e d  m in ”'' (m g 
p ro te in )” ' (U m g ” ').

conclude that inhibition of enzymic activity is the 
probable cause. Attempts to recover activity by centri
fuging the benzonitrile-treated samples and resuspend- 
ing the cells in fresh buffer containing no benzonitrile 
(each sample washed in triplicate) were unsuccessful 
(both positive and negative controls were as expected). 
Inhibition was therefore concluded to be effectively 
irreversible.

Similar patterns of enzyme activity, attributed to diff
erential control of gene expression, have been reported 
previously for a number of mesophilic micro-organisms, 
including Nocardia rhodochrous (Collins & Knowles, 
1983), Arthrohacter sp. strain J-1 (Asano et ai, 1982; 
Bandyopadhyay et al, 1986), R. rhodochrous J l (Koba
yashi et al., 1992) and Fusarium solani (Harper, 1977 ; 
Shimizu & Taguchi, 1969). However, both the results of 
our in vivo growth studies and in vitro inhibition assays 
strongly support the contention that the aliphatic- 
specific nitrile hydratase activity in B. pallidus Dac521 is 
inhibited rapidly and essentially irreversibly by benz
onitrile.

growth medium under otherwise identical growth cond
itions, acetonitrile-degrading activity was detectable, 
suggesting that the aliphatic nitrile hydratase activity 
was suppressed, whether at the gene or enzyme level, by 
benzonitrile and not by the aromatic moiety alone. To 
further test the mode of ‘inactivation’, whole cells or 
cell-free extracts of B. pallidus Dac521 containing 
acetonitrile-degrading enzyme activity were incubated 
with 5 mM benzonitrile for 5 min at 50 °C. Subsequent 
assays failed to detect ‘acetonitrilase’ activity. Since 
‘acetonitrilase’ activity was observed to be completely 
stable under similar conditions (50 °C, 5 min), we

Amidase expression

B. pallidus Dac521 appeared to express at least two 
distinct amidases. Growth in nutrient broth with benz
onitrile or acetonitrile as the sole carbon and nitrogen 
source induced expression of an amidase which de
graded acetamide but not benzamide. Conversely, 
growth with benzamide resulted in expression of a 
benzamide-specific amidase. In an analogous manner, 
R. rhodochrous J l expresses two distinct amidases in a 
mutually exclusive and inducer-dependent fashion 
(Kobayashi et al, 1993b).
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Fig. 3. T e m p e ra tu re -a c tiv ity  p ro file s  o f  B. pallidus Dac521 
a c e to n itr ile -d e g ra d in g  en zy m es. T h e  r a te  o f  a c e to n itr ile  
(20 mM ) d e g ra d a t io n  a t  a  ra n g e  o f  te m p e ra tu re s  w as  
d e te rm in e d  in 50 m M  p o ta ss iu m  p h o s p h a te  b u f fe r  c o n ta in in g  
1 m M  d ith io th re ito l  a n d  2 0 %  (v/v) g ly cero l (pH 7 2 ) . W hole-cell 
( # )  a n d  c e ll-free  e x tra c t  ( 0 )  specific  a c tiv itie s  a re  e x p resse d  as 
pm o l a m m o n ia  p ro d u c e d  m in “ ’ (m g p ro te in ) " ’ (U m g " ’).

Temperature-activity relationships

The temperature dependence of acetonitrile degradation 
by B. pallidus Dac521 whole-cell suspensions and cell- 
free extracts (Fig. 3) showed maximum rates at 55 and 
50 °C, respectively. It is notable that the values for 
the two reaction systems are significantly different 
(estimated to be approximately 1-3 and T9, respectively).

Stability

The thermal stabilities of the acetonitrile- and benz
onitrile-degrading enzyme systems were determined for 
both suspensions of whole cells and cell-free extracts

(Table 3). The greater apparent stability of both the 
acetonitrile- and benzonitrile-degrading enzyme systems 
in whole cells (compared with buffered cell-free extracts) 
may reflect either the release of compartmentalized 
degradation enzymes or a sensitivity to alterations in 
solution properties (pH, I, solutes, etc.). The substantial 
decrease in half-life between 50 and 60 °C (25-fold for 
cell-free extracts) for the acetonitrile-degrading activity 
suggests that this temperature range encompasses the 
putative Tĵ  of one of the two enzymes involved in 
aliphatic nitrile degradation.

Biotransformations using mesophilic nitrile hydratases 
and nitrilases are typically carried out at low temp
eratures (0-10 °C) due to the instability of the enzymes 
(Hwang & Chang, 1989; Gilligan et al., 1993). For 
example, Brevibacterium R312 and R. rhodochrous J l 
nitrile hydratases were completely inactivated after a 
10 min incubation at 30 °C (Nagasawa et a i, 1993). For 
purposes of comparison, assuming first order decay of 
activity to zero over 10 min, the nitrile hydratases of 
Brevibacterium R312 and R. rhodochrous J l may have 
half-lives of 1-3 min at this temperature. In comparison, 
cell-free extracts of B, pallidus Dac521 had activity half- 
lives at 30 °C of 40 h and 2-5 d for the nitrile hydratase 
and benzonitrilase, respectively (Table 3). Thus we 
estimate that B. pallidus Dac521 nitrile hydratase and 
benzonitrilase are, respectively, approximately 1500- 
fold and 2500-fold more stable at 30 °C than the 
Brevibacterium R312 and R. rhodochrous J l enzymes.

Immobilized Brevibacterium CHI cells (used indus
trially for acrylamide production) had a half-life of 
activity of 7-5 h at 35 °C (Hwang 8c Chang, 1989). In 
comparison, non-immobilized B. pallidus Dac521 cells 
had activity half-lives of 5 d at 30 °C and 66-5 h at 40 °C.

Table 3. Half-lives of acetonitrile- and benzonitrile-degrading enzyme activity in 
whole-cell suspensions and cell-free extracts

Aliquots of enzyme, in 50 mM potassium phosphate buffer containing 1 mM dithiothreitol and 20 % 
(v/v) glycerol (pH 7-2), were incubated at the specified temperatures. At specific time intervals, 
samples were removed and placed on ice. Activity in all samples was subsequently determined using 
the standard enzyme assay procedure at 50 °C. Data are mean values of triplicate 
experiments ±  standard errors, n d , Not determined.

Temp.
(°C)

Stability (ti) of acetonitrile- 
degrading activity

Stability (ft) of benzonitrile- 
degrading activity

Cell-free extract Whole cells Cell-free extract Whole cells

4 ND 43-5 + 0-5 d ND ND

22 ND 25-0+0-0 d ND ND

30 # 0 + 0-1  h 5-0+0-2 d 2-5+01 d 70+0-1 d
40 15-0+0-0 h 66-5+0-5 h 1-0 + Ol d 35+0-1 d
50 31+0-1 h 4-5 +0-0 h 3-8+0-2 h 6-5 ±  0-2 h
55 T9 + 0-1 h ND ND ND

60 73 + 0-1 min 8-2 + 01 min 14-9+ T1 min 340+2-0 min
70 ND ND < TO min < TO min
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On the basis of thermal stability alone, these results 
suggest that the B. pallidus Dac521 nitrile hydratase and 
nitrilase may have significant industrial advantages over 
their mesophilic counterparts.
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time interval t hours, xq = original biomass concentration, |i  = specific growth rate (h"l),

t = time (h) and |imax = growth rate during exponential phase (h"l).

2.4.5 Preparation of whole cells and cell-free 
extracts

Bacterial cultures were harvested by centrifugation at 6,00Qg for 15 minutes (Sorvall 

RC5B refrigerated superspeed centrifuge, DuPont instruments), followed by washing 

with 50mM potassium phosphate buffer containing ImM dithiothreitol and 20% (^/v) 

glycerol, pH 7.2 and re-centrifugation for 15 minutes at 27,000g. The pellet was 

resuspended in a minimal volume of 50mM potassium phosphate buffer containing ImM 

dithiothreitol and 20% (^/v) glycerol, pH 7.2. This whole cell preparation was then 

stored at -20“C,

For the preparation of cell-free extracts, whole cell preparations were sonicated in an ice 

bath using an MSE Soniprep 150 (5 bursts of 10 second duration, 10 micron amplitude, 

with 20 second intervals). Disrupted cells were then centrifuged at 27,000g for 15 

minutes and the supernatant retained and stored at -20°C.

2.4.6 Wet weight and dry weight determination

For the determination of wet and dry weights, 2.51 flasks containing 500ml nutrient 

broth were inoculated with 25ml nutrient broth starter cultures and grown at 50“C with a 

reciprocation rate of 200 r.p.m. At specific time intervals, 40ml aliquots were removed, 

the optical density at 600nm determined and the aliquots centrifuged for 15 minutes at 

27,000^ (The centrifuge pots used were previously dried in 60“C ovens for 24 hours, 

capped, numbered, allowed to cool to room temperature and then weighed.) After 

centrifugation, the supernatant was discarded and the wet weight of the pellet determined 

by re-weighing the centrifuge pots. Dry weights were determined by drying the


