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ABSTRACT  

Biocatalysis plays an important role in initiating environmentally-friendly processes during 

chemical synthesis. This involves the utilisation of enzymes from various biological systems 

during the synthesis of chemicals. The use of biocatalysts provides a sustainable alternative to 

metal catalysts when manufacturing pharmaceuticals and chemicals. Members of the genus 

Rhodococcus have been found to host many enzymes that can be utilised in biocatalysis due to 

their highly diverse physiological and metabolic functions. Rhodococcus rhodochrous is able 

to code for both a nitrilase and a nitrile hydratase which are necessary for the bioconversion of 

nitriles to carboxylic acids. Here, dimethylformamide successfully induced nitrilases from R. 

rhodochrous A29, A99 and ATCC BAA-870. These strains were cultured using a benchtop 

bioreactor. Benzonitrile was used as a substrate for an activity assay where benzoic acid was 

successfully produced. This was shown by using TLC, FT-IR and NMR spectroscopy. Next, 

Escherichia coli BL21 (DE3) containing two plasmids encoding a cobalt nitrile hydratase from  

R. rhodochrous ATCC BAA-870 was cultured in a bioreactor and induced with IPTG. Protein 

quantification showed an increase in total cellular proteins after induction. Benzamide was 

successfully produced by using benzonitrile as the substrate during an activity assay indicating 

successful heterologous expression of a nitrile hydratase. In addition, 100 % conversion rate 

was observed with a minimum of 32 U of enzyme activity for both enzymes. In future, the 

process whereby these enzymes are produced should be optimised and various substrates 

should be tested to determine the substrate specificity of nitrile hydrolysing enzymes from these 

strains.  
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CHAPTER 1: 

LITERATURE REVIEW 

1.1 BIOCATALYSIS 

There is an increasing inclination towards the utilisation of environmentally friendly and 

sustainable processes driven by current economical and sustainability concerns (De Regil & 

Sandoval, 2013; Truppo, 2017). However, both pharmaceutical and industrial sectors currently 

rely on traditional synthetic methods. This requires metal catalysts that are costly to obtain and 

unsustainable (Turner & Truppo, 2013). For example, the metal catalyst rhodium is highly 

useful in asymmetrical transformations but is costly and unsustainable due to its scarcity 

(Truppo, 2017). Therefore, green chemistry attempts to reduce the environmental impact 

caused by the synthesis and application of chemicals (Saleh & Koller, 2018).  

Biocatalysis comprises of the utilisation of enzymes from various biological systems in order 

for chemicals to be synthesised (Turner & Truppo, 2013). These enzymes can be used for 

reactions in various forms such as native whole cells, recombinant cells and isolated enzymes. 

This is determined by the process or enzyme required (Truppo, 2017). Currently, biocatalysis 

is a substantial part of environmentally-friendly production of chemicals, pharmaceuticals, 

food preservatives and cosmetics (De Regil & Sandoval, 2013).   

Environmental and economic advantages are present when converting chemocatalytic 

processes into biocatalytic methods.  Firstly, enzymes have the ability to biodegrade. Secondly, 

they are produced using low-cost renewable resources. Thirdly, a large supply of the enzyme 

can be produced and stored (De Regil & Sandoval, 2013). However, certain limitations need 

to be conquered before relying solely on biocatalysts. These include low reaction yields when 

placed in a non-aqueous environment, high enzyme selectivity, inhibition of products and 

substrates as well as instability, by denaturing, in vitro when faced with an extreme pH or high 

temperatures (Glazer & Nikaido, 2007; Kaul & Asano, 2012). However, there are several 

approaches in place to tackle these issues such as protein and genetic engineering, chemical 

modifications and the use of enzymes from extremophiles enabling them to survive in extreme 

conditions (De Carvalho, 2017; Osbon & Kumar, 2019). Therefore, the research of biological 
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enzymes is pivotal in order to comprehend their potential applications and abilities. Enzymes 

proven to have potential value in chemical synthesis are important in the industrial sector and 

have to be studied when devising appropriate production systems and formulations to ensure 

optimal processes are employed while pursuing environmentally friendly initiatives (Heinrich 

et al., 2002). Furthermore, systems to mass-produce both whole cells and isolated enzymes are 

required to commercialise biocatalysts with economic potential (Lin & Tao, 2017). 

1.2 BIOREACTORS 

Up-scaling certain processes and biomass for microbial cultures, has become important over 

the years in order to meet global demands. For instance, when Fleming (1929) discovered 

penicillin from the Penicillium fungus, the need for this antibiotic was high in demand in the 

pharmaceutical industry. In order to meet these demands, large scale production was 

undertaken in a bioreactor (Mandenius, 2016). In addition, up-scaling enzyme production in 

the industrial sector is both financially and commercially beneficial (Crater & Lievense, 2018).  

Bioreactors, also known as fermenters, are used to create a biosphere to maintain an optimum 

biological environment for an array of microbial growth or processes that produce commercial 

products, such as ethanol and penicillin (Obom et al., 2013). Bioreactors have innovative 

methods of dealing with factors that affect microbial growth compared to the shake flask 

system. Bioreactors are able to maintain precise temperature and pH of microbial cultures 

whereas shake flasks are incapable due to incubators having a range of ~ 5 ºC from the set 

temperature (Obom et al., 2013).   

In a bioreactor, the cooling jacket (Fig. 1.1) provides temperature control when the culture 

overheats or cools down. The temperature inside the culture is measured with a temperature 

probe to ensure the appropriate temperature is controlled between ~ 0.1 ºC from the intended 

setpoint. The pH is an essential factor in microbial growth, shake flasks run the risk of pH 

changes depending on the acidity or basic levels of their products from their metabolic 

pathways (Obom et al., 2013). Bioreactors are attached to acid and base reservoirs where when 

a change in pH is detected by the pH probe, the bioreactor will add either acid or base to 

maintain the intended pH. In a shake flask, the oxygen uptake and gas exchange are limited 

whereas a bioreactor has a polarographic probe where the oxygen levels are monitored and 

adjusted when necessary, by either pumping sterile air into the culture via the sparger (Fig. 1.1) 

or by increasing the speed of the impeller (Obom et al., 2013). However, if the impeller is too 
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fast, the cells can be damaged due to the force of the blades. This system has a vast number of 

benefits compared to the shake flask method. Therefore, a large biomass of microbial cultures 

as well as a high yield of proteins can be obtained when using a bioreactor for microbial growth 

and enzyme production.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Industrial Aerobic Bioreactor. An internal view of the construction of a general industrial aerobic 

bioreactor (Madigan & Martinko, 2006).  
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1.3 RHODOCOCCUS  

Species belonging to the Rhodococcus genus are exceedingly valuable in the industrial, clinical 

and environmental fields as they are highly diverse, both genetically and physiologically. Zopf 

first introduced the genus Rhodococcus belonging to the Norcardiaceae family in 1891. These 

obligate anaerobes are Gram-positive, catalase-positive, oxidase-negative and partially acid-

fast bacteria (Goodfellow & Alderson, 1977). They are incapable of forming endospores and 

are non-motile due to their lack of flagella (Majidzadeh & Fatahi-Bafghi, 2018). However, pili 

can be found in small numbers (Yanagawa & Honda, 1976). When cultured, a salmon-pink or 

red pigment is observed, caused by carotenoids, accompanied by filamentous branching 

coccobacilli (Zopf, 1891; Takaichi et al., 1989; Finnerty, 1992). Moreover, DNA of this genus 

is found to be rich in guanine and cytosine thereby increasing their DNA stability (Alvarez, 

2019). Rhodococcus can be isolated from diverse environmental niches such as soil, plants, the 

blood of Rhodococcus-infected and Rhodococcus-exposed healthy animals, marine sediments 

and within insects (Larkin et al., 2006). The larger portion of Rhodococcus species is known 

to be harmless. However, some species are able to cause infections by presenting pathogenic 

properties to some plants and animals. For example, the leafy-gall disease in plants caused by 

Rhodococcus fascians and pneumonia in foals caused by Rhodococcus equi (Busch et al., 

2019).  

Rhodococcus spp. are exceedingly versatile in their metabolic pathways and functions which 

increases their biocatalytic potential (Chen et al., 2013). Chen and co-workers (2013) 

discovered that R. rhodochrous ATCC 17895 hosts a full nitrile degradation operon which 

comprises of nitrile hydratase, amidase, aldoxime dehydratase and the necessary regulators. A 

total of 27 distinct monooxygenases and dioxygenases, 10 phosphatases and two ureases have 

also been found. However, the ability of R. rhodochrous to produce nitrile degradation 

enzymes, such as nitrilases or nitrile hydratases, is dependent on the media used (Nagasawa et 

al., 1991b). In addition, for commercial purposes, isolation and extraction of the selected gene 

from R. rhodochrous and ligating it into a vector for expression in a heterologous host such as 

Escherichia coli can produce considerable amounts of an isolated enzyme which has the 

potential for commercial value in the chemical, pharmaceutical and environmental industries 

(Fakruddin et al., 2012; Rosano & Ceccarelli, 2014). 
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1.3.1 Environmental Applications 

Bioremediation requires micro-organisms to aid in the clean-up of environmental pollutants. 

Members of the genus Rhodococcus play a large role in the degradation of certain hazardous 

pollutants. Rhodococcus corallinus B-276 is able to degrade the highly volatile, hazardous, 

industrial solvent trichloroethene (TCE) (Saeki et al., 1999). This solvent is used in a variety 

of applications and is known to contaminate aquifers. Rhodococcus corallinus B-276 degrades 

TCE when induced with propene, by forcing the bacteria to solely use propene as a carbon and 

energy source; this induces the alkene mono-oxygenase gene which catalyses the oxidation of 

TCE (Saeki et al., 1999). In order to confirm that the alkene mono-oxygenase gene catalyses 

the reaction, Saeki and co-workers (1999) used heterologous protein expression. This resulted 

in transformed E. coli exhibiting the same degradation of TCE as R. corallinus B-276.  

The contamination of soil and aquifers by petroleum hydrocarbons needs to be remediated as 

they are toxic to organisms (Namkoong et al., 2002). Hydrocarbon contaminated sites are 

common due to oil spillages and the emission of oily waste (Kis et al., 2017). Contaminated 

sites will usually contain bacterial strains that are able to metabolise these hydrocarbons (Kis 

et al., 2017). However, since hydrocarbons are insoluble in water, many micro-organisms do 

not possess the required pathway for metabolising this pollutant. Kis and co-workers (2017) 

discovered that Rhodococcus sp. MK1, isolated from an industrially contaminated site, is 

capable of degrading diesel oil components. Inadequate information is available about the exact 

pathways present in Rhodococcus sp. However, there are possibly several enzymes responsible 

for the degradation of these aliphatic and aromatic compounds (Kis et al., 2017).  

Haloalkanes are pollutants of aquifers and ecosystems in the biosphere. The degradation of 

haloalkanes requires the carbon – halogen bond to be cleaved (Curragh et al., 1994). There are 

three methods in which this can occur: 1) Oxidative dehalogenation where the reaction is 

catalysed by monooxygenases resulting in gem-halohydrins or halogenated epoxides (Curragh 

et al., 1994). This will then decompose into aldehydes whereby a halide ion is released. 2) 

Reductive dehalogenation methanogenic, sulphate reducing and denitrifying bacteria. 3) 

Hydrolytic dehalogenation which forms an alcohol and releases a halide ion. Curragh and co-

workers (1994) found that R. rhodochrous NCIMB 13064 isolated from an industrial site, is 

able to activate several pathways to use 1-haloalkanes as a carbon source. This bacteria codes 

for a type of dehalogenase enzyme which converts long-chain haloalkanes into lipids, thereby 
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removing the pollutant from the affected soil. This shows the importance of the Rhodococcus 

species in bioremediation. 

1.3.2 Industrial Applications 

Rhodococcus species show great value in synthesising compounds important to the industry as 

well as pharmaceuticals. For instance, Rhodococcus sp. 124 is able to use three independent 

enzymatic pathways in order to oxygenate indene which is used in the production of 

pharmaceutical drugs and industrial products (Chartrain et al., 1998; Buckland et al., 1999). 

First, naphthalene is used to induce a mono-oxygenase enzyme to allow an epoxide derivative 

of indene to be produced, which is resolved to cis-(1S, 2R)-indandiol or trans-(1R, 2R)-

indandiol (Chartrain et al., 1998). Secondly, naphthalene also induces a dioxygenase enzyme 

that produces cis-(1R, 2S)-indandiol (Chartrain et al., 1998). Thirdly, toluene is added and 

induces dioxygenase which produces the cis-(1S, 2R) enantiomer (Chartrain et al., 1998). This 

is possible due to the array of oxygenases present in the Rhodococcus species, that are able to 

catalyse a stereoselective reaction wherein oxygen is incorporated into hydrocarbons. 

Rhodococcus sp. I24 enzymes are able to oxygenate indene to form indandiols which is utilised 

in the production of the drug indinavir used as a protease inhibitor in the treatment of 

HIV/AIDS (Buckland et al., 1999). Therefore, Rhodococcus sp. I24 is highly beneficial to 

chemical synthesis in the pharmaceutical industry.  

Another useful group of enzymes produced by members of the genus Rhodococcus is epoxide 

hydrolase. These enzymes catalyse the hydrolysis of epoxides which are highly reactive (Van 

der Werf et al., 1998). The ability to degrade epoxides is crucial for organisms, as epoxides are 

carcinogenic, mutagenic and toxic to living cells (Van der Werf et al., 1998). Epoxide 

hydrolases are currently able to perform three essential functions in biological systems 

(Swaving & de Bont, 1998). First, in bacteria, they are able to degrade hydrocarbons. Second, 

in mammals, they are involved in detoxifying the body from epoxides formed during P450 

dependent mono-oxygenase pathways (Armstrong, 1987). Third, they are able to synthesise 

hormones in plants and insects, for example: leukotrienes which aid in immune reactions and 

juvenile hormones which ensure the growth of larvae (Samuelsson & Funk, 1989; Czarnetzk 

et al., 1990; Touhara & Prestwich, 1993). Van der Werf and co-workers (1998) showed that R. 

erythropolis DCL14 has the ability to utilise limonene as the sole carbon source which resulted 

in the induction of limonene-1,2-epoxide hydrolase. This enzyme then converts limonene-1,2-
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epoxide to limonene-1,2-diol epoxide hydrolase. This gives additional value to Rhodococcus 

species in biocatalysis.  

A highly sought-after group of enzymes are those which possess the ability to hydrolyse 

nitriles, such as nitrilases, amidases and nitrile hydratases. They are exceedingly valuable in 

the industry for their ability to convert nitriles to their corresponding amides and carboxylic 

acids. Several Rhodococcus strains are able to encode either one or all of these enzymes, such 

as R. rhodochrous J1, R. rhodochrous ATCC BAA-870, R. erythropolis 3843 R. rhodochrous 

tg1-A6 R. ruber NCIMB 40757 R. rhodochrous PA-34 Rhodococcus sp. NDB 1165 (Busch et 

al., 2019). The bioconversion of nitriles allows for the synthesis of products such as 

acrylamide, nicotinamide, acrylic acid and nicotinic acid (Busch et al., 2019). 

The first generation of acrylamide production in industry started in 1985, which utilised 

Rhodococcus sp. N-774 (Watanabe et al., 1987a; Watanabe et al., 1987b). This was then 

replaced by Pseudomonas chlororaphis B23 during the second generation approach (Nagasawa 

& Yamada, 1989; Nagasawa et al., 1989). This change brought about an improvement in 

acrylamide productivity. However, the co-factor of both these bacterial strains used ferric ions 

which were found to be less efficient when compared to a strain encoding nitrile hydratase with 

a non-corrinoid cobalt (III) centre at the active site (Nagasawa et al., 1986; Sugiura et al., 1987; 

Endo & Watanabe, 1989). This cobalt nitrile hydratase was discovered in R. rhodochrous J1 

and produced optimum results when induced with urea and supplemented with cobalt ions 

(Nagasawa et al., 1988a; Nagasawa et al., 1991a). This resulted in R. rhodochrous J1 becoming 

the most efficient producer of acrylamide compared to other acrylamide-forming bacterial 

strains. This represents the third-generation process where Nagasawa and co-workers (1993) 

discovered that R. rhodochrous J1 produced a more heat-stable nitrile hydratase which is able 

to tolerate higher concentrations of acrylonitrile and acrylamide compared to nitrile hydratase 

from P. chlororaphis B23 and Brevibacterium R312. R. rhodochrous J1 is highly tolerant and 

was able to catalyse the breakdown of acetonitrile even when 50 % (w/v) of acrylamide was 

present (Nagasawa et al., 1993). Various temperatures were evaluated during bioconversion 

and a 6 % level of acrylonitrile was continuously fed for 10 hours. The total acrylamide present 

was 65.6 % (w/v) at 10 ºC, 56.7 % (w/v) at 15 ºC and 56.0 (w/v) at 20 ºC. This portrays a highly 

stable enzyme that is able to continue converting acrylonitrile in high concentrations of 

acrylamide. Therefore, high yields can be manufactured at an optimal rate. The production of 
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nitrile hydrolysing enzymes increases the biocatalytic potential of the Rhodococcus genus in 

the pharmaceutical and industrial sectors.  

1.4 NITRILE HYDROLYSING ENZYMES  

Nitriles are widespread in the environment where many various plants have the ability to 

produce them (Howden & Preston, 2009). Since a cyano (CN) functional group is present in 

nitriles, they are considered to host toxic properties (Yamada & Kobayashi, 1996). 

Nonetheless, various bacteria and fungi are able to degrade nitriles (Kobayashi et al., 1992). 

During nitrile degradation, micro-organisms that encode nitrilases convert nitriles to their 

corresponding carboxylic acids (Scheme 1.1) (Yamada & Kobayashi, 1996). By contrast, 

micro-organisms that encode nitrile hydratases will convert nitriles to their corresponding 

amides (Asano et al., 1982). Amidases are responsible for degrading the resultant amide into 

the corresponding carboxylic acid (Scheme 1.1) (Asano et al., 1982). 

 

1.4.1 Nitrilases 

Nitrilases are thiol enzymes belonging to the first branch of its superfamily called nitrilase and 

can be located in many plants, animals, yeasts and prokaryotes (Pace & Brenner, 2001. These 

enzymes are utilised as biocatalysts for the production of carboxylic acids such as acrylic acid 

and nicotinic acid. Thimann and Mahadevan (1964) were the first to describe the nitrilase 

Scheme 1.1: Nitrile Degradation Pathways. At the top: Nitriles are hydrolysed by enzymes a two-step pathway 

whereby a nitrile hydratase hydrolyses the nitrile into its corresponding amide. This amide is then 

hydrolysed, by an amidase, into its corresponding carboxylic acid with the release of ammonia. At the 

bottom: The single reaction whereby nitriles are hydrolysed directly into their carboxylic acid derivatives 

by a nitrilase enzyme. Ammonia is released during this pathway. (Adapted from Angelini et al., 2015). 

+NH3 

Amide Nitrile 
Carboxylic Acid 
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enzyme mechanism. After extraction and isolation from the leaves of barley, the enzyme was 

tested on 27 different nitriles which were all converted to their corresponding carboxylic acid 

(Thimann & Mahadevan, 1964). This was due to a nucleophilic attack by a thiol group, on the 

nitrile carbon within the active site of the nitrilase enzyme resulting in thioimidate. 

Subsequently, hydrolysis of thioimidate occurs to form a thioester with the release of ammonia, 

after which, the acyl-enzyme is hydrolysed forming a carboxylic acid (Thimann & Mahadevan, 

1964).  

Soil isolated Pseudomonas sp. was the first bacterium from which a nitrilase was isolated and 

purified. This enzyme was induced by solely using ricinine (N‐methyl‐3‐cyano‐4‐methoxy‐2‐

pyridone) as a carbon source (Hook & Robinson, 1964; Robinson & Hook, 1964). Over 23 

organisms, including bacteria, fungi, yeasts and plants have well-characterised nitrilase activity 

(O’Reilly & Turner, 2003). A single polypeptide with a size range of 25 – 45 kDa is the most 

general characteristic for the majority of nitrilases (O’Reilly & Turner, 2003). In addition, 

nitrilases have a catalytic triad of amino acid residues, namely glutamate-lysine-cysteine with 

the enzymes representing a α-β-β-α sandwich fold (Pace et al., 2000). This is a highly 

conserved motif that is present in a majority of members belonging to the nitrilase family (Pace 

& Brenner, 2001).  

1.4.1.1 Factors Affecting Nitrilase Activity  

The activity and formation of these enzymes are dependent on its environment, such as the 

inducer, metal ions present, pH, carbon source, temperature, nitrogen source in the culture and 

bioconversion conditions (Gong, et al., 2012). For Rhodococcus species, the best nitrogen 

sources in the culture medium are yeast extract, casamino acid and peptone; while the best 

carbon sources are: starch, glucose, mannitol and sodium acetate (Gong, et al., 2012). Metal 

ions are not essential as a co-factor for nitrilase activity (Nagasawa et al., 1988a). Nitrilases 

can be induced using a wide variety of nitriles, amides, carboxylic acids as well as their 

analogues (Gong, et al., 2012). For example, in order to induce the nitrilase gene from R. 

rhodochrous J1, ε-Caprolactam was used and proved to be a potent inducer in many 

rhodococcal strains (Prasad et al., 2007).  

During bioconversion, it is vital that the most favourable conditions are maintained to ensure 

optimal nitrilase activity and preservation of the enzymatic structure. For most organisms 

hosting a nitrilase gene, a pH between 7.0 – 8.0 and a temperature between 30 ºC – 55 ºC should 
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be maintained (Gong, et al., 2012). Enzyme modifiers have a potent effect on the activity of 

nitrilases, especially thiol-binding reagents. These affect the thiol-containing cysteine residue, 

which has a pivotal role in the catalytic activity of nitrilases (Gong, et al., 2012). Examples of 

these reagents are copper (Cu2+), silver (Ag+), mercury (Hg2+), 2-nitrobenzoic acid, 

iodoacetamide and iodoacetic acid (Gong, et al., 2012). Carbonyl reagents did not affect the 

nitrilase from R. rhodochrous PA-34 but had an inhibitory effect on the R. rhodochrous J1 

nitrilase (Bhalla et al., 1992; Kobayashi et al., 1989).  

During the biotransformation process, a high concentration of nitriles as substrates exhibit 

inhibitory effects on nitrilase enzymes (Yamada & Kobayashi, 1996).  However, a high 

concentration of the substrate in the medium can also enhance the reaction rate (Costes et al., 

2001). Furthermore, organic solvents are used during a reaction in order to increase the 

solubility of products or substrates such as nitriles(Gong, et al., 2012). These solvents can also 

have a positive or negative effect on the catalytic activity of nitrilases. For example, methanol 

was found to increase the rate of the reaction with a nitrilase from Synechocystis sp. PCC6803 

(Heinemann et al., 2003). However, high concentrations of organic solvents can suppress 

conversion activity (Bauer et al., 1999). Therefore, it is important to ensure that all the factors 

are optimal when using nitrilases for catalytic reactions. Furthermore, it is essential to take into 

account from which organism the enzyme was derived (Yamada & Kobayashi, 1996).  

1.4.2 Nitrile Hydratases 

Nitrile hydratases are metalloenzymes utilised in biocatalytic processes for the production of 

amides as well as in bioremediation for the removal of toxic nitriles from waste streams (Huang 

et al., 1997). Asano and co-workers (1982) were the first to isolate a nitrile hydratase from 

Arthrobacter sp. J1, which was later recognised as R. rhodochrous J1 by Kato and co-workers 

(2000). Nitrile hydratases can be isolated from bacteria in the phyla, Cyanobacteria, 

Proteobacteria, Firmicutes and Actinobacteria as well as a few yeasts and moulds (Prasad & 

Bhalla, 2009). However, the eukaryotic choanoflagellate Monosiga brevicollis was found to 

possess a gene encoding a nitrile hydratase (Foerstner et al., 2008).  

Huang and co-workers (1997) were the first to determine the crystal structure of an iron-

containing nitrile hydratase from Rhodococcus sp. R312. Bacterial nitrile hydratases fall into 

one of two groups (Yamada & Kobayashi, 1996). The first group comprises of iron-containing 

nitrile hydratases where the centre of the protein is a non-haem iron (III) at the active site which 
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provides them with a grey-green hue (Yamada & Kobayashi, 1996; Mascharak, 2002). The 

second group includes the cobalt-containing nitrile hydratases with a non-corrinoid cobalt(III) 

centre at the active site (Mascharak, 2002). The cobalt-containing nitrile hydratases have been 

found to be more robust and possess broader substrate specificity (Mascharak, 2002). These 

enzymes are comprised of an α and a β subunit existing as a heterodimer of αβ that is 46 kDa 

in size or a tetramer of α2β2 that is 92 kDa in size whereby each αβ dimer is bound to one metal 

atom (Mascharak, 2002).  

1.4.2.1 Factors Affecting Nitrile Hydratase Activity 

Optimal conditions are required to culture bacteria, encoding nitrile hydratases in order for the 

enzyme to have optimal activity. A neutral pH range of 7.0 – 8.0 is required with a temperature 

ranging from 20 ºC – 35 ºC. The incubation time bacteria require to produce the highest amount 

of a nitrile hydratase, depends on the bacterial species. For instance, R. rhodochrous J1 takes 

76 – 80 hours to produce optimum levels of the enzyme whereas R. rhodochrous NHB-2 

requires 24 hours (Nagasawa et al., 1988a; Sankhian et al., 2003). Since bacteria produce a 

nitrile hydratase from the beginning of the exponential phase to the stationary phase, it is 

essential to understand the growth parameters of the bacteria being used to produce a nitrile 

hydratase and to adhere to its optimal parameters (Singh et al., 2018). 

The immobilisation of cells has an advantageous effect on the activity of nitrile hydratases as 

there is more stability in cells that are immobilised compared to free cells (Singh et al., 2018). 

Furthermore, immobilised cells can be reused (Singh et al., 2018). There are various processes 

to immobilise free cells, such as cross-linking, entrapment, adsorption and immobilisation of 

the cellular membrane (Singh et al., 2018). The addition of specific metal ions such as Fe3+ or 

Co2+, in the culture medium, is vital for the formation of nitrile hydratases (Prasad & Bhalla, 

2010). Lavrov and co-workers (2019) discovered that the cobalt-containing nitrile hydratase 

promoter can be activated by nickel ions in several Rhodococcus strains. However, the presence 

of cobalt ions was essential for the production of the nitrile hydratase.  

1.4.3 Industrial Applications 

Organic compounds such as amides and carboxylic acids are essential in chemical synthesis 

and the pharmaceutical industry (Brady et al., 2004). The conversion of nitriles can be used to 
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synthesise these compounds by utilising the hydrolysing biocatalytic properties of nitrile 

hydratases, amidases and nitrilases.  

1.4.3.1       Products from the Hydrolysis of Acrylonitrile  

The production of acrylamide (C3H5NO), from acrylonitrile (Scheme 1.2), is an important 

industrial process. Acrylamide is utilised in various processes such as the treatment of paper 

and the production of coagulators, adhesive, paper sizing, paint and soil conditioners (Yamada 

& Kobayashi, 1996). Traditionally, hydrolysis of acrylonitrile depended on copper salts to 

catalyse the reaction when forming acrylamide (Yamada & Kobayashi, 1996). This process 

was rendered as unnecessarily problematic as first, acrylic acid was formed at a higher rate 

compared to the rate of acrylamide. Second, polymerisation occurred at the double bond of the 

substrate and product. Lastly, the formation of nitrilotrispropionamide (3-[bis(3-amino-3-

oxopropyl)amino] propanamide, C9H18N4O3) and ethylene cyanohydrin (3-

hydroxypropanenitrile, C3H5NO) as by-products (Yamada & Kobayashi, 1996). Therefore, this 

increased the need to search for alternative catalysts such as nitrile hydratases encoded by 

micro-organisms. Members of the genus Rhodococcus encode nitrile hydratases which have 

the ability to synthesise acrylamide by hydrolysing acrylonitrile and additionally reducing the 

environmental risks posed by chemical synthesis. However, when using whole cells, a possible 

hinderance is the hydrolysis of acrylamide if an amidase gene is present, thereby resulting in 

low acrylamide yields (Yamada & Kobayashi, 1996).  

The production of acrylic acid (C3H4O2) from acrylonitrile (Scheme 1.2), is in demand in the 

industrial sector as it serves as an important substrate for the synthesis of acrylic esters 

(Tsukamoto et al., 2008). These esters are pivotal for the production of textile products, resin, 

paper, adhesives and polyacrylic acid. A biocatalytic approach by Kamal and co-workers 

(2010) found that using both a pure form of a nitrilase from Rhodococcus ruber AKSH-8 as 

well as the whole cells acrylonitrile was hydrolysed directly to acrylic acid. In order to extract 

acrylic acid from the mixture, ethyl acetate extraction was performed (Kamal et al., 2010). This 

provides acrylic acid which can be used in industrial processes.  
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1.4.3.2      Products from the Hydrolysis of 3-Cyanopyridine  

Nicotinamide (C6H6N2O), also known as niacinamide, is a variation of vitamin B3 which is 

important in combatting the effects of neurodegenerative disorders, injury or strokes, by aiding 

in the protection of neurons and the central nervous system (CNS) (Fricker et al., 2018). Nitrile 

hydratases can hydrolyse 3-cyanopyridine to form nicotinamide. Nagasawa and co-workers 

(1988b) were able to form nicotinamide by utilising a nitrile hydratase from R. rhodochrous J1 

(Scheme 1.3). When resting R. rhodochrous J1 cells were utilised at optimum conditions, there 

was a 100% conversion of 3-cyanopyridine to nicotinamide with no conversion to nicotinic 

acid. 

Nicotinic acid (C6H5NO2) also known as Niacin, is a variation of vitamin B3 much like 

nicotinamide. However, nicotinic acid is able to lower the level of all atherogenic lipoproteins 

(low-density lipoproteins) and raises the level of high-density lipoproteins (Carlson, 2005). 

This acid has great importance in the pharmaceutical industry where it is a powerful lipid-

modifying drug and vitamin (Carlson, 2005). Meat and legumes are natural sources of nicotinic 

acid (Çatak, 2019). However, in order to biologically synthesise this acid, nitrilases or the two-

step reaction can be used (Scheme 1.3). Mathew and co-workers (1988) successfully used R. 

rhodochrous J1 for the bioconversion of 3-cyanopyridine, using the nitrilase pathway, into 

nicotinic acid.  

H2O H2O 

2H2O 

Acrylamide 

Acrylic Acid  
Acrylonitrile 

+ NH3 

Scheme 1.2: Bioconversion of Acrylonitrile by Nitrile Hydrolyzing Enzymes. Acrylonitrile is converted to 

acrylic acid by a nitrilase. Acrylonitrile is then converted, by a nitrile hydratase, into acrylamide which 

can be subsequently converted to acrylic acid by an amidase. 

Nitrilase 

Nitrile 

Hydratase 

Amidase 
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1.4.3.3 Products from the Hydrolysis of Benzonitrile   

Benzamide (C7H7NO) and its analogues are highly important in the medical field as they 

exhibit anti-microbial,  pain-relieving, anti-inflammatory anti-depressant, anti-tumour and 

various other pharmacological activities (Asif, 2016). Hydrolysis of benzonitrile by nitrile 

hydratases produce benzamide (Scheme 1.4) which can be used to produce its analogues such 

as sulpiride, amisulpride, parsalmide and numerous others (Frederick et al., 2006; Asif, 2016). 

Furthermore, these analogues are used as drugs to treat medical issues.  R. rhodochrous ATCC 

BAA-870 exhibits a constitutive production of a nitrile hydratase that is capable of converting 

benzonitrile to benzamide without an inducer (Frederick et al., 2006).  

Benzoic acid (C7H6O2) is produced in two ways when using biocatalytic enzymes (Scheme 

1.4). It can be used in a multitude of different ways, for example, its antifungal and 

antimicrobial properties can be used in food preservatives, cosmetic, hygiene products, 

medicines such as topical and oral ointments (De Olmo et al., 2017). However, it is mostly 

used in nylon production by producing phenol and caprolactam (De Olmo et al., 2017). 

Therefore, it is crucial to produce this with the least amount of negative environmental effects. 

Nitrilase from R. rhodochrous J1 induced by isovaleronitrile displayed the ability to convert 

Scheme 1.3: Bioconversion of 3-Cyanopyridine by Nitrile Hydrolyzing Enzymes. 3-cyanopyridine is 

hydrolysed by a nitrilase forming nicotinic acid. 3-cyanopyridine is converted, by a nitrile hydratase, into 

nicotinamide which is then converted to nicotinic acid by an amidase (Sharma et al., 2006).  
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benzonitrile without the formation of benzamide suggesting that the nitrile hydratase/amidase 

two-step pathway did not have a role in the formation of benzoic acid (Kobayashi et al., 1989).  

1.5 HETEROLOGOUS PROTEIN EXPRESSION 

The ability to express sufficient amounts of a protein from specific genes used to be costly 

process where difficulty in accessing the gene of interest and producing vast amounts of pure 

protein proved to be arduous  (Devasahayam, 2007).  The discovery of recombinant DNA 

technology helped remedy this process. Genes are able to be placed and expressed in cells 

where the gene is not naturally found. This process is termed heterologous gene expression 

(Fakruddin et al., 2012). This process is exceedingly beneficial for pharmaceutical and 

industrial processes when producing isolated biocatalytic enzymes such as nitrilases and nitrile 

hydratases.   

Generally, bacterial or yeast systems can be used to host a gene of interest from an organism 

by using specific restriction enzymes to extract the desired gene from the native cell (Hoseini 

& Sauer, 2015). Next, DNA ligase is used to insert the gene into the cloning vector thereby 

forming recombinant DNA (Fig. 1.2). Subsequently, bacterial cells, for example, Escherichia 

coli, are transformed to host the vector thereby forming competent bacteria (Fig. 1.2) (Hoseini 

& Sauer, 2015). This gene can then be regulated by a native or an inducible promotor (Rosano 

& Ceccarelli, 2014). Afterwards, the desired gene will be expressed by using the new host’s 

Scheme 1.4: Bioconversion of Benzonitrile by Nitrile Hydrolyzing Enzymes. Benzonitrile is hydrolysed to 

benzoic acid by a nitrilase. Benzonitrile is converted, by a nitrile hydratase, into benzamide which is 

subsequently converted to benzoic acid by an amidase. (Scheme modified from Fisk et al., 2017).  

+NH3 

Benzonitrile 

Benzamide 

Benzoic Acid 
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Figure 1.2: Introduction of a Selected Foreign Gene into a Bacterial Cell. Step one shows the ligation of 

the isolated gene of interest into the plasmid forming recombinant DNA. Step two is the 

transformation of bacterial cells to form a competent bacterium. Step three is the replication and mass 

production of competent bacterial cells. Step four depicts the potential various applications of these 

cells (Campbell et al., 2008).   

cellular machinery (Rosano & Ceccarelli, 2014). In order to mass-produce the desired protein, 

competent bacteria can be cultured in a bioreactor and induced if necessary (Crater & Lievense, 

2018).  
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In the food industry, lysozymes play a vital role in eliminating bacteria (Khan et al., 2016). 

This increases the shelf-life of foods by inhibiting food spoilage which prevents colonisation 

of bacteria on foods such as, vegetables, cheese, meat and fish (Khan et al., 2016). Lysozymes 

from egg whites and humans possess antimicrobial properties which can be used against food 

spoilage, as anti-tumour drugs and as a treatment for HIV (Cao et al., 2015). However, human 

lysozyme has been found to have a specific activity three times higher than lysozymes in egg 

whites (Cao et al., 2015). Therefore, recombinant DNA technology has helped develop 

methods that allow transgenic plants, microorganisms and animals such as chickens and cows 

to produce human lysozyme (Cao et al., 2015; Ercan & Demirci, 2016). 

Vaccines produced by recombinant DNA technology have been found to have a higher efficacy 

and specificity than conventional vaccines (Khan et al., 2016). Encoding pathogen antigens 

into adenovirus vectors allowing for vaccinations through a painless, non-invasive nasal spray 

which is used against mucosal pathogens (Zhang et al., 2011). This vaccination method is not 

limited to humans, animals can also be mass immunized with these vectors (Zhang et al., 2011). 

Recombinant DNA technology enables mass production of vaccines at low costs as the required 

vectors can be mass-produced in serum-free suspension cells (Zhang et al., 2011). 

Recombinant hormones such as the Follicle-Stimulating Hormone (FSH) and Luteinizing 

Hormone (LH) are complex proteins from eukaryotes. With the use of recombinant DNA 

technology these proteins, from humans, can now be expressed in vitro (Fan & Hendrickson, 

2005; Assidi et al., 2008). This has enhanced both ovulation and pregnancy in patients being 

treated with LH and r-FSH (Fan & Hendrickson, 2005; Assidi et al., 2008). 

Genetically engineered microbes play a pivotal role in the environment as bio-remediators. 

Pseudomonas fluorescens HK44 engineered to contain a naphthalene catabolic plasmid 

(pUTK21) including a lux gene with a promoter produced by a transposon-based 

bioluminescence successfully degraded naphthalene with a bioluminescent effect. This effect 

allows for in situ monitoring of the bio-remedial process (King et al., 1990; Chatterjee & 

Meighen, 1995; Sayler et al., 1999; Ripp et al., 2000). In the industrial sector, recombinant 

DNA technology is useful for mass production of a required enzyme such as lipases, proteases, 

amylases or metabolites such as ethanol or anti-biotics (Waegeman & De Mey, 2012). The E. 

coli bacterium is a popular host in recombinant protein expression as it mass produces proteins 

efficiently at a low cost. 
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1.5.1 Advantages of Using Escherichia coli 

Escherichia coli is the most commonly utilised bacteria for heterologous protein production 

(Schumann & Ferreira, 2004). This is due to its ability to produce large quantities of the 

required protein in a short span of time due to its fast growth rate (Fakruddin et al., 2012; 

Rosano & Ceccarelli, 2014). In addition, a bioreactor is able to yield high amounts of protein 

by culturing large volumes of bacteria which results in an increase of final biomass in a short 

time frame (Fakruddin et al., 2012). No complex equipment is needed when using E. coli in 

the laboratory thereby increasing its appeal from an economic standpoint (Brown, 1995; 

Fakruddin et al., 2012). Since this bacterial system has been well studied, a wide variety of 

vectors and optimal strains exist and are already optimised for the expression of specific genes; 

thereby saving valuable time (Makino et al., 2011). Furthermore, the ideal composition of 

media and temperature ranges have already been identified for E. coli. A vast amount of 

knowledge pertaining to physiological and genetic aspects of this bacterium is already present 

thereby providing an exceptional understanding of the organism compared to other bacterial 

systems (Alteri & Mobley, 2012). Furthermore, various strains are utilised to optimise 

production such as E. coli BL21 which has low amounts of acetate production when glucose is 

present and has a protease deficiency (Kim et al., 2017). Lastly, many expression vectors are 

commercially accessible with various N and C terminal tags which adds to the list of benefits 

as to why E. coli is the ideal bacterial system for heterologous protein expression (Gomes et 

al., 2016).  

1.5.2 Limits of Using Escherichia coli 

The use of E. coli for gene expression exhibits certain limitations. The resulting protein may 

be insoluble if the cell is incapable of folding the protein correctly which may form inclusion 

bodies (Leonhartsberger, 2006 ;Fakruddin et al., 2012). This can occur when eukaryotic genes 

are expressed in an E. coli bacterial system as E. coli has a limited capacity for certain post-

translational modifications such as fatty acid acylation and the formation of disulphide bonds 

essential for adequate folding of certain proteins (Leonhartsberger, 2006; Fakruddin et al., 

2012; Tokmakov et al., 2012; Gomes et al., 2016). In addition, incorrect glycosylation can 

affect the protein’s activity, structure, function and stability (Jung & Williams, 1997). The 

expression of recombinant protein can also be affected by the nucleotide sequence of the gene 

of interest. If introns are present in the gene, E. coli will be unable to remove them as it does 
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not possess the required machinery. This can be remedied by utilising complementary DNA 

(cDNA) obtained from messenger RNA (mRNA) which does not possess introns (Gomes et 

al., 2016). Further complications can arise such as premature termination if the gene of interest 

possess nucleotide sequences acting as a termination signal for E. coli resulting in a lack of 

gene expression (Brown, 2006). Amino acid coding differences between prokaryotes and 

eukaryotes pose a problem during translation of eukaryotic proteins. When this occurs the term 

codon usage bias is used (Brown, 1995). However, in vitro mutagenesis could be conducted in 

order to modify potential termination sequences and to replace unfavourable codon biases with 

those supported by E. coli (Brown, 2006; Gomes et al., 2016).  
 

1.5.3 Factors Affecting Heterologous Expression   

There are several factors that can affect recombinant protein expression when placed under the 

control of an E. coli system. When protein synthesis occurs in the cytoplasm at a fast rate, 

inclusion bodies can be formed (Betts & King, 1999). These insoluble, spherical aggregates 

are formed when the cell fails to repair or remove proteins that are incorrectly folded 

(Blackwell & Horgan, 1991). The build-up in the cytoplasm can be avoided by using a secretion 

vector to relocate recombinant protein synthesis to another area, such as the periplasm (Fahnert 

et al., 2004). Moreover, proteins are protected from degradation by proteases when synthesised 

in the periplasmic space (Hoffman & Wright, 1985). In order to prevent inclusion bodies from 

forming, the process of recombinant protein production must be slowed (Schumann & Ferreira, 

2004). This can be done by 1) having a low plasmid copy number. 2) Decreasing the 

temperature during recombinant protein synthesis. 3) The co-expression of chaperone proteins. 

4) Using solubility partners. 5) The use of extreme pH values during fermentation (Schumann 

& Ferreira, 2004). This results in the synthesis of soluble recombinant proteins. 

After the addition of a plasmid in  E. coli cells, it is vital to ensure that the plasmid is stable, as 

instability can result in the loss of the plasmid. Instability can occur due to a multitude of 

reasons 1) cells that are grown for many generations can cause instability, particularly during 

large scale productions (Pierce & Gutteridge, 1985). 2) It is essential to take into account which 

hosts work best with certain plasmids as this can have both positive and negative effects on the 

overall stability of the plasmid (Rai & Padh, 2001). 3) The size and origin of the DNA inserted 

into the vector  has an effect on stability (Rai & Padh, 2001). 4) Plasmid loss can also occur 

due to plasmid-free E. coli cells in the culture, outcompeting plasmid-containing cells (Ashby 
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& Stacey, 1984). This is due to the growth rate of the plasmid-free cells being significantly 

higher than plasmid-free cells. This can be remedied by adding an antibiotic resistance gene 

into the plasmid for selection of plasmid-containing cells (Pierce & Gutteridge, 1985). 5) The 

physiological parameters such as temperature, pH, recombinant protein build-up, aeration and 

the growth medium, can affect the stability (Rai & Padh, 2001). 6) An error during the 

replication of an individual cell can affect the end population (Ashby & Stacey, 1984). 7) The 

increase in metabolic energy for plasmid function and maintenance may also cause instability 

(Aiba et al., 1982). This can be remedied by utilising runaway-replication plasmid vectors 

whereby the plasmid copy number is directly proportional to the temperature (Bittner & 

Vapnek, 1981). Therefore, high temperatures can be used for only a portion of the time during 

the growth cycle resulting in high expression levels of the gene of interest (Bittner & Vapnek, 

1981).  

The strength of a promotor has an effect on the expression of the gene whereby genes controlled 

by strong transcriptional promotors have an increase in expression levels (Carrier & Nugent, 

1983). Therefore, many vectors for both bacteriophages and plasmids, are specifically designed 

to station the gene of interest directly downstream from a strong promotor (Carrier & Nugent, 

1983). However, it is essential that the promotor for the gene of interest is highly regulated by 

either a change in temperature or a particular metabolite being added to the growth medium 

(Swartz, 2001). This ensures that there is no constitutive production of recombinant protein 

which has the potential to affect regular cellular functions when produced at a basal level. 

When the promotor is not strictly regulated it causes  “leaky” expression of the promotor and 

the resulting genes which can result in losing the plasmid or constitutive expression which can 

cause cellular death (Ringquist et al., 1992). In E. coli the tryptophan (trp) and the lactose (lac) 

are the most widely used operons containing strong transcriptional promotors (Glick & 

Whitney, 1987). 

1.5.4 The Lactose Operon System 

A widely used operon system in E. coli, is the lactose operon system. This operon is responsible 

for expressing β-galactosidase, lactose permease and thiogalactoside transacetylase with 

structural genes for these enzymes called lacZ, lacY and lacA, respectively (Fig. 1.3) (Ullmann, 

2001). The promotor upstream of the genes regulates their expression using an upstream gene 

(lacI) coding for the Lac repressor which has the ability to bind to the operator (encoded by 
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lacO) (Fig 1.3a). This blocks RNA polymerase from binding to the promotor thereby inhibiting 

expression of the genes (Yildirim, & Mackey, 2003). However, when an inducer is present, 

such as allolactose, it is able to bind to the allosteric or active site of the Lac repressor. 

Inhibiting its ability to bind to the operator by causing a conformational change (Yildirim, & 

Mackey, 2003). RNA polymerase is then free to bind to the promotor which allows expression 

of the genes as depicted in Fig. 1.3b.  

This operon is commonly used for the expression of exogenous genes, in E. coli. The gene of 

interest is inserted into the lac operon on the plasmid which is introduced into E. coli. 

Restriction enzymes are used to cut the DNA of the plasmid at the sites of interest and DNA 

ligase is used to join DNA. This allows the gene of interest to be placed on the lac operon 

which is then controlled by its promotor. Next, it is vital to ensure that an inducer is present or 

the gene will not be expressed. The most commonly used chemical inducer is isopropyl β-D-

1-thiogalactopyranoside (IPTG). Lactose can also be used as an inducer, however, a constant 

supply needs to be present as the cell will degrade the compound. In addition, IPTG will not 

be metabolised by the cell and is, therefore the preferred option.  

 

 

 

a) 

b) 
RNA Polymerase 

lacI               CAP Site                Promoter                Operator            lacZ               lacY              lacA 

Lac Repressor 
Lac Repressor 

b-Galactosidase Lactose 

Permease  
Thiogalactoside 

Transacetylase 

Inducer 

lacI               CAP Site              Promoter                Operator              lacZ              lacY              lacA 

Expression 
RNA Polymerase 

Lac Repressor 

Lac Repressor 

Figure 1.3: a) Negative Regulation of the lac Operon. When the Lac repressor (red) is encoded by the lacI 

gene, it is able to bind to the operator which blocks the binding of RNA polymerase (green). This results 

in lack of expression (blue) of lacZ, lacY and lacA genes. b) Presence of an Inducer on the lac Operon. 

If an inducer (yellow) is present, it will bind to the repressor (red) which will cause a conformational 

change. This decreases the ability of the repressor to bind to the operator. RNA polymerase (green) is 

then able to freely bind to the promotor which allows for the expression (blue) of lacZ, lacY and lacA 

genes which express b-galactosidase, lactose permease and thiogalactoside transacetylase, respectively.  
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1.6 RATIONALE  

The use of biocatalysts affords cheaper, sustainable alternatives compared to unsustainable, 

costly metal catalysts when chemically synthesising pharmaceuticals and other chemicals. 

Therefore, the production of biological enzymes required for bioconversion can prove to be of 

high value both commercially and environmentally. Rhodococcus spp. have also been found to 

host to numerous enzymes with biocatalytic potential, due to their highly diverse physiological 

and metabolic functions. The first section of the study includes the production of nitrilases from 

three Rhodococcus rhodochrous strains, namely A29, A99 and ATCC BAA-870, by induction 

through the addition of dimethylformamide. The next section of the study comprised the 

expression of a cobalt nitrile hydratase from R. rhodochrous ATC BAA-870 in an Escherichia 

coli BL21 (DE3) host. This cell line was cultured and induced with IPTG. In order to establish 

whether the enzyme of interest is present after induction of R. rhodochrous A29, A99 and 

ATCC BAA-870 as well as E. coli BL21 (DE3), activity assays using benzonitrile as the 

substrate, were performed and the presence of resulting product was confirmed to ensure 

enzyme production and enzyme activity.  
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CHAPTER 2:  

PRODUCTION OF NITRILASES  

2.1 INTRODUCTION 

Organisms that do not possess the constitutive production of nitrilases are required to be 

induced in order for nitrilase expression to occur. This can be done by introducing nitriles into 

the growth medium. However, if other nitrile-degrading enzymes are present, they may also be 

induced. Nitrile-containing inducers such as benzonitrile, acrylonitrile and 3-cyanopyridine 

managed to induce a nitrilase from Alcaligenes faecalis MTCC 10757 (Nageshwar et al., 2011) 

In addition, acrylonitrile was found to be the best inducer in this strain. A nitrilase from 

Stenotrophomonas maltophilia AC21 was successfully induced by acetonitrile in 2016 by 

Badoei-Dalfard and co-workers. As a nitrilase inducer, 2-cyanopyridine was shown to be 

effective in the filamentous fungus Fusarium solani IMI96840 (Vejvoda et al., 2010). 

Tetrachloroterephthalonitrile showed the best induction ability in Rhodococcus sp. CCZU10-1 

when compared to the induction ability of benzonitrile and phenylacetonitrile, (He et al., 2014). 

The nitrilase of Rhodococcus sp. NDB 1165 proved to be inducible by propionitrile (Prasad et 

al., 2007). Isovaleronitrile allowed the induction of the nitrilase in Rhodococcus rhodochrous 

J1 (Kobayashi et al., 1989) and Nocardia globerula NHB-2 was successfully induced by short-

chain aliphatic nitriles such as butyronitrile, valeronitrile, isobutyronitrile as well as 

propionitrile (Sharma et al., 2011). 

A risk of using nitriles as an inducer is the hydrolysis of the inducer by a nitrilase. Therefore, 

in order to prevent this, other inducers are an interest of study. For instance, ε-Caprolactam, 

has the ability to successfully induce nitrilase expression in Fusarium proliferatum AUF-2 

(Yusuf et al., 2013), Rhodococcus sp. CCZU10-1(He et al., 2014) and A. faecalis MTCC 10757 

(Nageshwar et al., 2011). However, it was found to be ineffective in N. globerula NHB-2 

(Sharma et al., 2011). In R. rhodochrous J1 ε-Caprolactam, γ-Butyrolactam and δ-valerolactam 

all proved to be effective as nitrilase inducers (Nagasawa et al., 1990). In addition, ε-

Caprolactam was highly successful in this strain due to the nitrilase making up 30 % of all 

soluble proteins produced when the culturing medium was infused with 0.5 % (w/v) of ε-

Caprolactam.  
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The expression of nitrilases in plants is caused by the presence of isothiocyanates and nitriles 

from glucosinolates (Miller & Conn, 1980). Since these compounds are toxic, plants express 

nitrilases in order to detoxify cells (Miller & Conn, 1980). It is predicted that expression of 

nitrilase when exposed to dimethylformamide (DMF), may be part of a cell detoxification 

pathway as DMF is known to be toxic to cells (Chhiba-Govindjee et al., 2018). Initially, DMF 

was used to boost both nitrilase and nitrile hydratase activity. However, Chhiba-Govindjee and 

co-workers (2018) were the first to successfully induced nitrilase expression in Pimelobacter 

simplex PPPPB BD-1781, R. rhodochrous ATCC BAA-870 and PPPB BD-1780 with DMF. 

Therefore, a different class of inducers, such as ε-Caprolactam, can be utilised instead of 

nitriles (Nagasawa et al., 1990). DMF also falls into this group as it has been found to share 

structural similarities, as ε-Caprolactam, which indicates that they may share the same 

mechanism of induction (Chhiba-Govindjee et al., 2018). Since DMF costs are cheaper than ε-

Caprolactam, it is found to be more commercially appealing (Chhiba-Govindjee et al., 2018). 

In this work, DMF was used as an inducer of nitrilase in Rhodococcus rhodochrous A29, A99 

and ATCC BAA-870. 

2.2 AIM AND OBJECTIVES 

2.2.1 Aim 

1)  To establish whether nitrilase activity is present in DMF induced R. rhodochrous 

A29, A99 and ATCC BAA-870 cells. 

2.2.2 Objectives 

1) To culture and induce R. rhodochrous A29, A99 and ATCC BAA-870 in a 

bioreactor.  

2) To test for nitrilase activity in R. rhodochrous A29, A99 and ATCC BAA-870. 
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2.3 METHODS AND MATERIALS  

2.3.1 Organisms  

2.3.1.1 Rhodococcus rhodochrous Isolates 

Three R. rhodochrous strains were used in this study. R. rhodochrous A29 and A99 strains 

were isolated from agricultural soil samples by Rapheela and co-workers (2017). R. 

rhodochrous ATCC BAA-870, also known as Ismall, was isolated from industrial soil samples 

in Modderfontein, Johannesburg by Brady and co-workers (2004) using an enrichment method 

by Layh and co-workers (1997). These cells were formerly cryopreserved in 100mM phosphate 

buffer with a 20 % (v/v) glycerol concentration at a pH of 7.2 and temperature of – 80 ºC 

(Chhiba-Govindjee et al., 2018).  

2.3.2 Biomass Production and Induction   

2.3.2.1 Pre-Culture 

The three R. rhodochrous strains were individually streaked on tryptone soy agar (TSA), 

containing 30 g/L of tryptone soy broth (TSB) (biolab®, Batch # 1043963) and 1 % (w/v) agar, 

(VWR Chemicals®, Batch # 16B180001) and incubated at 28 ºC for 72 hours. Afterwards, a 

single salmon-pink colony was selected and streaked on another TSA Petri dish and incubated 

at the previous conditions. A single salmon-pink colony, from the latter culture, was used to 

inoculate 5 mL of TSB. This was placed on a shaker at 180 rpm for 72 hours at 28 ºC. 

Afterwards, 3 mL of the previous culture was used to inoculate 200 mL of TSB in a 2 L 

Erlenmeyer flask and incubated on a rotary shaker at 180 rpm for 72 hours at 28 ºC. All steps 

were performed using aseptic techniques and required a control to ensure no contamination 

occurred. In addition, R. rhodochrous has a distinct salmon/red pigmentation (Zofp, 1891) 

which was observed in order to ensure that the appropriate bacterium was grown for each strain 

(Fig. 2.2).  

2.3.2.2 Biomass Production  

Once each strain was cultured, a 2 L aerobic benchtop bioreactor, with a BIOSTAT® B-plus 

benchtop controller (Sartorius Stedim Biotech, Fig. 2.1), was used to increase the biomass to a 

volume of 1.2 L. Minimal media was composed of 1 L distilled water, 15 g/L glucose (Sigma-
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Aldrich®, Batch # SZBF0200V), 7.5 g/L monosodium glutamate (MSG) (Merck Chemicals®, 

Batch # MF9M591241), 1 g/L yeast extract (Sigma-Aldrich®, Batch # BCBV8725), 0.5 g/L 

MgSO4 (Promark Chemicals®, Batch # 40900) anhydrous, 0.5 g/L KH2PO4 (Merck 

Chemicals®, Batch # 1034582) and 0.5 g/L K2HPO4 anhydrous (Merck Chemicals®, Batch # 

MB0M593278). This media was placed in the bioreactor and was sterilized by autoclaving at 

121 ºC for 20 minutes. For the inoculum, the shake flask seed culture of each strain was 

separately centrifuged at 3,836 × g (5,000 rpm) for five minutes at 4 ºC in a SorvallÔ RC 6+ 

Centrifuge. The supernatant was cast-off and the pellet was re-suspended in 200 mL minimal 

media. This was then aseptically pumped into the bioreactor (Fig. 2.1). In order to induce 

nitrilase production, 0.5 % (v/v) DMF was aseptically pumped into the bioreactor. The 

following parameters were set for biomass production: 72 hours incubation, pH of 7.2, 28 ºC 

incubation temperature, agitation at 600 rpm and a gas flow of 3.0 L/m. Biomass production 

for each strain required a control not induced with DMF. The absorbance, with a wavelength 

of 600 nm, was measured every 12 hours for each strain using a Beoco Germany S-20 

spectrophotometer.  

 

 

 

 

 

 

 

 

 

 

Rhodococcus rhodochrous 

Figure 2.1: Industrial Aerobic Bioreactor containing Rhodococcus rhodochrous. Rhodococcus rhodochrous 

was grown in a 2.0 L bioreactor with the following parameters: 72 hours incubation, pH of 7.2, 28 ºC 

incubation temperature, agitation at 600 rpm and a gas flow of 3.0 L/m. The distinct salmon-pink 

pigmentation of R. rhodochrous confirms its presence.  
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2.3.3 Cell harvesting and Storage 

Once biomass production and induction were completed, the cells were harvested by 

centrifuging the culture broth at 3,836 × g (5,000 rpm) for five minutes at 4 ºC in a SorvallÔ 

RC 6+ Centrifuge. The resulting pellet was stored at –20 ºC in sterile Falcon tubes in 200 mg 

aliquots.   

2.3.4  Nitrilase Activity Assay 

Benzonitrile (Sigma-Aldrich Chemicals®, Batch # STBC7761V) was used as a substrate to 

confirm the presence of nitrilase activity in induced R. rhodochrous strains. A volume of 1 µL 

of benzonitrile and 180 µL of 50 mM Tris buffer (ACE chemicals, Batch # 32165), at a pH of 

7.6, was added per milligram of wet cell paste. The assay was incubated for 30 minutes at 30 

ºC on a 180 rpm rotary shaker. The resulting product was expected to be benzoic acid. 

However, in R. rhodochrous ATCC BAA-870, benzamide is also expected to be produced. 

This is due to the constitutive production of a nitrile hydratase from R. rhodochrous ATCC 

BAA-870 (Chhiba-Govindjee et al., 2018). Moreover, uninduced R. rhodochrous strains were 

also tested as a control, to confirm the absence of nitrilase production. 

2.3.4.1 Thin-Layer Chromatography  

Thin-layer chromatography is an analytical technique that separates compounds in a mixture 

based on compounds varying in solubility and adsorption in the stationary and mobile phase 

(Fried & Sherma, 1999). This allows for the identification of compounds, their purity and to 

chart the advancement of a reaction. Rf (retention factor) is determined by the distance travelled 

by the spot divided by the distance travelled by the solvent.  

In this study aluminium thin-layer chromatography (TLC) sheets (Merck Chemicals ®, Batch 

# 040425002) were utilised in order to monitor the reaction to determine if a product was 

synthesised during the nitrilase activity assay. Negative controls contained 50 mM Tris buffer 

and induced R. rhodochrous cells to ensure no product was present before the addition of 

benzonitrile. Acrylamide, benzonitrile and 2-bromo-5-cyanobenzoic acid were used as positive 

controls (Fig. 2.2) to determine where on the TLC plate the amide, carboxylic acid and 

undegraded nitrile would be located. The TLC plates were spotted after the 30-minute 

incubation. These plates were run using 60 % hexane and 40 % ethyl acetate as the solvent.  
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2.3.4.2 Liquid-Liquid Extraction  

In order to extract the synthesised product, the reaction mixture after the nitrilase activity assay 

was mixed with dH2O to a final volume of 20 mL. This was then placed in a 100 mL separation 

column and 20 mL of ethyl acetate was added. The column was vigorously shaken in order to 

extract benzoic acid from the aqueous phase by allowing it to dissolve in the solvent phase 

(Fig. 2.3).  

The products of R. rhodochrous ATCC BAA-870 nitrile degradation included both benzoic 

acid and benzamide and had to be separated in order to obtain pure products. This was done 

using acid-base extraction, by adding 2 M of sodium hydroxide (NaOH) to the separation 

column before the mixture was shaken. Once shaken, the benzoic acid reacted with the NaOH, 

to form sodium benzoate (C6H5COONa), which remained in the aqueous phase while 

benzamide was extracted to the solvent phase. These phases could then be separated. 

Thereafter, benzoic acid was extracted from the aqueous phase by adding 2 M of hydrochloric 

acid (HCl) to the separation column before the mixture was shaken. This then caused sodium 

40 mm 

Figure 2.2: Positive Control TLC Plate Under UV Light. The solvent, 40 % ethyl acetate/hexane, travelled 40 

mm up the TLC plate. Spot 1 represents benzonitrile (Blue) with an Rf = 0.875 as it travelled 35 mm. Spot 

2 represents acrylamide (Red) with an Rf = 0.25 which travelled 10 mm. Spot 3 represents 2-bromo-5-

cyanobenzoic acid (Yellow) with an Rf = 0.625 which travelled 25 mm. 

        1        2        3 

35 mm 

25 mm 

10 mm 
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benzoate to be protonated thereby forming benzoic acid. This returned benzoic acid to the 

solvent phase after vigorously shaking the separating column (Nichols, 2017).  

Once the aqueous phase was separated from the solvent phase, for all strains and products of 

R. rhodochrous, one teaspoon (approximately 3 – 5 g) of MgSO4 anhydrous was added to the 

solvent phase as a drying agent. This was then filtered by means of a paper filter (Boeco 

Germany, Batch # 16-020) and the products were collected in a round bottom flask. 

Furthermore, a Büchi Rotavapor® R II was used to remove the remaining ethyl acetate in order 

to concentrate the product. 

 

 

 

 

 

 

 

 

 

 

 

2.3.4.3 Melting point  

Melting point is the temperature at which a compound or substance melts at atmospheric 

pressure. In order to attain fundamental physiochemical characteristics of organic compounds, 

it is vital to know the melting point (Yalkowsky et al., 1994). This is due to its relationship 

with vapour pressure and aqueous solubility. The purity of the compound can be established 

by the melting point range at which the compound begins to melt and when it is entirely melted. 

Figure 2.3: Aqueous and Solvent phases in a 100 mL Separating Column. After vigorous shaking of the 

column, the product enters the solvent phase from the aqueous phase.  
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Therefore, a shorter range depicts a purer compound than a longer range (Allen, 1942). 

Furthermore, a range narrower than 5 ºC is considered short and a range larger than 5 ºC is 

considered broad (Dent, 2006). In addition, melting points can also be depressed if the 

compound is impure (Dent, 2006). In order to establish the melting point of the synthesised 

product, a Stuart® SMP10 Melting Point Apparatus was used. The temperature was logged 

once the solid had started to melt and when the solid was completely melted.   

2.3.4.4 Fourier-Transform Infrared Spectroscopy  

Fourier-Transform Infrared (FT-IR) spectroscopy uses vibrations caused by infrared radiation 

absorption by molecular bonds to determine the structural properties and functional groups of 

specific compounds (Mollaoglu et al., 2018). The spectrum produced depicts the molecular 

structure of a compound with peaks and bands in specific positions which translate to a type of 

molecular bond. This is vital in portraying which functional group a compound possesses 

(Mollaoglu et al., 2018). FT-IR spectroscopy was conducted using the Bruker Tensor 27 FT-

IR system & OPUS data collection program (Version 6.5). This was conducted to confirm if 

the carboxylic acid functional group and the aromatic bonds of benzoic acid were present in 

the samples.  

2.3.4.5 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a vital analytical technique which aids in 

confirming and identifying the purity and molecular structure of a compound. In order to fully 

confirm that benzoic acid is present NMR was performed. Since the desired product is soluble 

in deuterated chloroform (CDCl3) (Sigma-Aldrich®, Batch # MKBP4908V), it was used as the 

solvent. Afterwards, 256 proton scans and 2048 carbon scans were run using a Bruker 400MHz 

NMR for both proton and carbon scans. Moreover, the resultant spectra were used to confirm 

if nitrilase activity was present in DMF induced R. rhodochrous strains. 

2.3.5 Calculations 

2.3.5.1 Growth Rate 

The exponential growth phase determines the growth rate of each bacterial strain. A line of 

best fit (Log Absorbance (OD600) vs Time) was used to calculate the growth rate (µ) for the 
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exponential growth portion of each strain. The following equation by Widdel (2007) was used 

for the calculation of the growth rates.  

𝜇 =
2.303	(𝐿𝑜𝑔10(𝑂𝐷!) − 𝐿𝑜𝑔10(𝑂𝐷"))

(𝑇𝑖𝑚𝑒! − 𝑇𝑖𝑚𝑒")
 

2.3.5.2 Statistical Analysis  

The growth rate of each uninduced strain was compared to the growth rate of the corresponding 

induced strain in order to determine if the presence of DMF has a significant effect on the 

growth rate. Levene’s test (F-Test: Two-Sample for Variances) was performed for the 

Absorbance (OD600) data of each strain (Table A1 & Table A2, Appendix A). This test is 

essential in statistics as it aids in selecting the appropriate test when analysing the data. Since 

the null hypothesis was accepted for Levene’s test, a t-test: Two-Sample Assuming Equal 

Variances was conducted to determine if the growth rates were significantly different. A 

significance level of 0.05 (α = 0.05) was used for all statistical tests. A single asterisk (*) is 

used in order to denote a P-value where P ≤ 0.05.  This implies a significant difference in the 

growth rate. All statistical analyses were performed using the Analysis ToolPak in Microsoft® 

Excel (Version 16.37).  

2.3.5.3 Number of Moles  

During the nitrilase activity assay, 100 mg of wet cell paste was used with 100 µL of 99 % 

benzonitrile in 18 mL of Tris buffer with a pH of 7.6. The number of moles converted, of 

benzonitrile, was calculated using the following equation:  

𝑀𝑜𝑙𝑒𝑠	(𝑚𝑜𝑙) = 	
𝑀𝑎𝑠𝑠	(𝑔)

𝑀𝑜𝑙𝑎𝑟	𝑀𝑎𝑠𝑠	(𝑔/𝑚𝑜𝑙) 

2.3.5.4 Enzyme Activity  

The minimum enzyme activity present during the nitrilase activity assay was determined using 

the following equation:  

𝐸𝑛𝑧𝑦𝑚𝑒	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(𝑈) = 	
µ𝑚𝑜𝑙

𝑀𝑖𝑛𝑢𝑡𝑒𝑠 
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2.4 RESULTS 

2.4.1 Growth Curves  

All R. rhodochrous strains were cultured for a total of 72 hours (Fig. 2.4; Table A1, Appendix 

A). All three strains reached an exponential growth phase 24 hours post-incubation. Each 

stained experienced exponential growth for a total of 36 hours after which a stationary growth 

phase occurred at 60 hours lasting 12 hours before the cultures were removed from the 

bioreactor and stored.  The wet cell weight produced by each strain, from 1.2 L of media, was: 

8.74 g for R. rhodochrous A99, 6.87 g for R. rhodochrous ATCC BAA-870 and 6.13 g for R. 

rhodochrous A29.   

 

Figure 2.4: Growth Curve of Rhodococcus rhodochrous A29, A99 and ATCC BAA-870.  R. rhodochrous A29 

(Green) started with the least number of cells followed by R. rhodochrous ATCC BAA-870 in the middle 

(Red) and R. rhodochrous A99 (Blue) starting with the most cells. All three strains endured a lag phase 

of 24 hours followed by an exponential phase of 36 hours and a stationary phase of 12 hours before 

removal from the bioreactor.  
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All three strains remained in the lag phase for 24 hours post-incubation (Fig. 2.5; Table A2, 

Appendix A). The subsequent exponential phase lasted for 24 hours in R. rhodochrous A29 

and ATCC BAA-870 and lasted for 36 hours in R. rhodochrous A99. The cultures were 

removed from the bioreactor 72 hours post-incubation which was approximately 12 – 24 hours 

into the stationary growth phase. The wet cell weight produced by each strain, from 1.2 L of 

media, was: 9.64 g for R. rhodochrous A99, 4.93g for R. rhodochrous ATCC BAA-870 and 

4.26 g for R. rhodochrous A29.  

Levene’s Test for all three strains accepted the null hypothesis which represents data with equal 

variances. There was no significant difference in the growth rates, presented in Table 2.1, 

before and after the addition of DMF according to the resulting P-values (P(T<=t) = 0,41, 

P(T<=t) = 0,64, P(T<=t) = 0,48) for R. rhodochrous A29, A99 and ATCC BAA-870, 

Figure 2.5: Growth Curve of DMF Induced Rhodococcus rhodochrous A29, A99 and ATCC BAA-870.  An 

addition of 0.5 % (v/v) DMF was added to each strain at the start of biomass production (zero hours). R. 

rhodochrous ATCC BAA-870 (Red) started with the least number of cells followed by R. rhodochrous 

A29 (Green) in the middle and R. rhodochrous A99 (Blue) starting with the most cells. All three strains 

endured a lag phase of 24 hours followed by an exponential phase of 24 for R. rhodochrous ATCC BAA-

870 and A29 and 36 hours for R. rhodochrous A99. Followed by a stationary phase of 24 hours for R. 

rhodochrous ATCC BAA-870 and A29 and 12 hours for R. rhodochrous A99 before removal from the 

bioreactor.  
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respectively. Therefore, the addition of 0.5 % DMF as a nitrilase inducer has no significant 

effect on the growth rate of induced R. rhodochrous A29, A99 and ATCC BAA-870 strains. 

Table 2.1: Growth Rate of Uninduced and Induced R. rhodochrous Strains per Hour and % per Hour 

 

2.4.2 Benzoic Acid Synthesis 

2.4.2.1 Thin-Layer Chromatography  

After the nitrilase activity assay, the products synthesised by uninduced strains of R. 

rhodochrous A29, A99 and ATCC BAA-870 were spotted at one, two and three, respectively 

on a TLC plate (Fig. 2.6). A product was not synthesised from R. rhodochrous A29 and A99 

strains, as only the substrate was present after the nitrilase activity assay. This indicates that no 

nitrilase enzyme was present in these uninduced strains. However, no benzonitrile was present 

in the reaction containing R. rhodochrous ATCC BAA-870. Instead, benzamide was produced 

due to the presence of a nitrile hydratase. On the TLC plate, benzonitrile from both R. 

rhodochrous A29  and A99 reactions had an Rf = 0.80 and the benzamide from the R. 

rhodochrous ATCC BAA-870 reaction had an Rf = 0.36.  

Rhodococcus rhodochrous Strain  Growth Rate (hour-1) Growth Rate 

(%/hour) 

Uninduced R. rhodochrous A29 0.2478 24.78 

DMF Induced R. rhodochrous A29 0.2043 20.43  

Uninduced R. rhodochrous A99 0.2215 22.25 

DMF Induced R. rhodochrous A99 0.2440 24.40  

Uninduced R. rhodochrous ATCC BAA-870 0.2714 27.24  

DMF Induced R. rhodochrous ATCC BAA-870 0.2720 27.20  
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Identical products were synthesised by all three DMF induced strain of R. rhodochrous, after 

the nitrilase activity assay. The reaction was spotted on a TLC plate at one, two and three for 

each strain, respectively (Fig. 2.7).  All three R. rhodochrous strains displayed a production 

benzoic acid. Benzamide was again synthesised by a nitrile hydratase expressed by R. 

rhodochrous ATCC BAA-870. 

A TLC plate (Fig. 2.8) was used to ensure that pure products were obtained after the acid-base 

extraction from R. rhodochrous ATCC BAA-870, as both benzamide and benzoic acid were 

present in the reaction after the nitrilase assay. Benzamide and benzoic acid were successfully 

separated and extracted from the mixture. 

 

 

 

Figure 2.6: Nitrilase Activity Assay Products from Uninduced R. rhodochrous A29, A99 and ATCC BAA-

870, on a TLC Plate Under UV Light. The solvent, 40 % ethyl acetate/hexane, travelled 45 mm up the 

TLC plate. Spot 1 represents benzonitrile (Blue), from R. rhodochrous A29, with an Rf = 0.80 as it 

travelled 36 mm. Spot 2 represents benzonitrile (Blue), from R. rhodochrous A99, with an Rf = 0.80 which 

travelled 36 mm. Spot 3 represents benzamide (Red), R. rhodochrous ATCC BAA-870, with an Rf = 0.36 

which travelled 16 mm. 

        1        2        3 

45 mm 

36 mm 

16 mm 
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Figure 2.7: Nitrilase Activity Assay Present Products from DMF Induced R. rhodochrous A29, A99 and ATCC 

BAA-870, on a TLC Plate Under UV Light. The solvent, 40 % ethyl acetate/hexane, travelled 39 mm up 

the TLC plate. Spot 1 represents benzoic acid (yellow), R. rhodochrous A29, with an Rf = 0.69 as it travelled 

27 mm. Spot 2 represents benzoic acid (yellow), R. rhodochrous A99, with an Rf = 0.69 which travelled 27 

mm. Spot 3 represents benzamide (Red) and benzoic acid (yellow), R. rhodochrous ATCC BAA-870,with 

an Rf = 0.28 which travelled 11 mm and Rf = 0.69 which travelled 27 mm, respectively. 

39 mm 

11 mm 

27 mm 

        1        2         3 

Figure 2.8: Acid-Base Extraction Products from R. rhodochrous ATCC BAA-870, TLC Plate Under UV Light. 

The solvent, 40 % ethyl acetate/hexane, travelled 51 mm up the TLC plate. Spot 1 represents benzamide 

(Red) with an Rf = 0.14 as it travelled 16 mm. Spot 2 represents benzoic acid (yellow) with an Rf = 0.67 

which travelled 34 mm. Spot 3 represents benzamide (Red) and benzoic acid (yellow) with an Rf = 0.31 

which travelled 16 mm and Rf = 0.67 and which travelled 34 mm, respectively. 

51 mm 16 mm 

34 mm 

        1        2         3 
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2.4.2.2 Chemical Analytical Data for Benzoic Acid (Strain A29) 

 

The desired product was extracted and concentrated and was afforded as a white solid. Rf: 0.69 

(40 % Ethyl Acetate/Hexane); Mp = 119 – 123 °C; IR(vmax/cm-1): 3300-2300 (O–H); 1677 

(C=O); 3017 (ArC–H); 1601, 1582 (ArC=C);  1H NMR (400 MHz, Chloroform-d): δ 12.51 

(s, 1H, OH), 8.21 – 8.11 (m, 2H, H2&H6), 7.63 (t, J = 7.4 Hz, 1H, H4), 7.50 (t, J = 7.7 Hz, 2H, 

H3&H5); 13C NMR (101 MHz, Chloroform-d): δ 172.68 (C7), 133.86 (C4), 130.25 

(C2&C6), 129.38 (C1), 128.51(C3&C5). 

2.4.2.3 Chemical Analytical Data for Benzoic Acid (Strain A99) 

 
The desired product was extracted and concentrated and was afforded as a white solid. Rf: 0.69 

(40 % Ethyl Acetate/Hexane); Mp = 119 – 123 °C; IR(vmax/cm-1): 3300-2300 (O–H); 1678 

(C=O); 3017 (ArC–H); 1601, 1582 (ArC=C); 1H NMR (400 MHz, Chloroform-d): δ 12.65 

(s, 1H, OH), 8.22 – 8.11 (m, 2H, H2&H6), 7.63 (t, J = 7.4 Hz, 1H, H4), 7.49 (t, J = 7.6 Hz, 2H, 

H3&H5); 13C NMR (101 MHz, Chloroform-d): δ 172.72 (C7), 133.86 (C4), 130.26 

(C2&C6), 129.40 (C1), 128.52 (C3&C5). 

2.4.2.4 Chemical Analytical Data for Benzoic Acid (Strain ATCC BAA-870) 
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The desired product was extracted and concentrated and was afforded as a white solid. Rf: 0.69 

(40 % Ethyl Acetate/Hexane); Mp = 118 – 123 °C; IR(vmax/cm-1): 3300-2300 (O–H); 1681 

(C=O); 3017 (ArC–H); 1601, 1583 (ArC=C); 1H NMR (400 MHz, Chloroform-d): δ 10.72 

(s, 1H, OH), 8.25 – 7.95 (m, 2H, H2&H6), 7.55 (t, J = 7.4 Hz, 1H, H4), 7.42 (t, J = 7.8 Hz, 2H, 

H3&H5); 13C NMR (101 MHz, Chloroform-d): δ 171.73 (C7), 133.61 (C4), 130.14 (C2&C6), 

129.67 (C1), 128.42 (C3&C5).  

 

2.4.3 Benzonitrile Conversion  

The TLC plate (Fig. 2.7), 1H NMR (Fig. A1, A3, A5, Appendix A), 13C NMR (Fig. A2, A4, 

A6, Appendix A), and FT-IR (Fig. A7, A8, A9, Appendix A) showed no signs of benzonitrile 

left in the reaction after 30 minutes. Therefore, 100 % of the benzonitrile substrate was 

converted to benzoic acid by a nitrilase expressed by all three strains. Therefore, 960 µmol of 

benzonitrile was fully converted to 960 µmol of benzoic acid in 30 minutes by a nitrilase 

enzyme with a minimum enzyme activity of 32 U. Since this was produced from 100 mg of 

cell paste then one gram of cell paste can afford 19.2 mmol of benzoic acid in an hour. 

Therefore, 1 kg of wet cell paste would produce 19.2 mol/kg/h (w/w) whereby a molecular 

mass of 122.12 g/mol would allow for the productivity of 2.34 kg/kg/h (w/w). Furthermore, 1 

µmol of benzonitrile is converted every minute by 32 U of nitrilase.  

2.5 DISCUSSION 

The addition of 0.5 % DMF was shown to have no effect on the growth rate of R. rhodochrous 

A29, A99 and ATCC BAA-870. Previous studies show that nitrile-based inducers such as 

isovaleronitrile, exhibit a reduction in cell growth when concentrations were increased. Since 

isovaleronitrile is metabolised by the cell, a high concentration is required in the culture for 

adequate induction. However, in R. rhodochrous J1 cells, isovaleronitrile was deemed toxic to 

its growth when present in high concentrations (Nagasawa et al., 1990). Studies done by 

Nagasawa and co-workers (1990) show similar findings when inducing R. rhodochrous J1 with 

0.75 % (w/v) ε-Caprolactam whereby the bacterial growth rate was found to decrease 

significantly. However, concentrations of 0.3, 0.4 and 0.5 % (w/v) were able to yield high 

specific activities of the nitrilase enzyme without the inhibition of cell growth. Since a 

concentration of 0.5 % (w/v) ε-Caprolactam produced the highest specific activity without 

growth rates decreasing, it was deemed the best concentration for nitrilase induction. Therefore, 
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increasing the concentration of DMF may also cause a decrease in cell growth. In addition, 

Bromley-Challenor and co-workers (2000) found that an increase in DMF concentration 

inhibited the growth of their bacterial consortium. When compared to nitrile-based inducers, 

ε-caprolactam was found to be the most powerful nitrilase inducer in R. rhodochrous J1 as it 

not metabolised by the cell while still providing a nitrilase with a high specific activity 

(Nagasawa et al., 1990). Since DMF is a cheaper alternative to ε-Caprolactam and has no effect 

on cell growth, it provides cause to further study the effects and induction properties of DMF 

in various organisms hosting the nitrilase pathway. 

During TLC analysis of the uninduced R. rhodochrous strains, benzonitrile was identified to 

be the sole compound present in both uninduced R. rhodochrous A29 and A99 due to the lack 

of the nitrilase enzyme. This suggests that uninduced R. rhodochrous A29 and A99 do not 

constitutively express nitrile hydrolysing enzymes. Therefore, they require an inducer to 

produce nitrile hydrolysing enzymes. Studies by Chhiba-Govindjee and co-workers (2018) 

corroborate this observation. By contrast, uninduced R. rhodochrous ATCC BAA-870 

converted benzonitrile into benzamide suggesting that this strain constitutively expresses a 

nitrile hydratase enzyme (Chhiba-Govindjee et al., 2018). Therefore, due to the lack of benzoic 

acid, it can be deduced that no constitutive nitrilase activity was present in R. rhodochrous 

A29, A99 and ATCC BAA-870. 

The TLC analysis conducted after DMF induction shows that all three R. rhodochrous strains 

produced the same compound as they have the same Rf value. After comparison to the positive 

control, it suggests that this product is benzoic acid. Thereby suggesting that DMF has induced 

nitrilase production in all three strains. When induced, R. rhodochrous ATCC BAA-870, once 

again, showed the production of benzamide along with benzoic acid.  

Charsley and co-workers (2006) determined the melting point of several organic compounds, 

with near-equilibrium conditions, including benzoic acid which was found to have a melting 

point of 122.41 °C. Barati and co-workers (2013) acquired a melting point of 121-123 °C for 

benzoic acid and Epishina and co-workers demonstrated that benzoic acid begins to melt at 121 

°C and completely melts at 122 °C. The melting point of the benzoic acid produced by both R. 

rhodochrous A29 and A99 was 119 – 123 °C and that of R. rhodochrous ATCC BAA-870 was 

118 – 123 °C. The previous research shows a smaller melting range meaning they obtained a 

reasonably pure form of benzoic acid. All three strains produced benzoic acid which had a 

range equal to or less than 5 °C. Small traces of impurities, such as ethyl acetate or the red 
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pigment in R. rhodochrous may account for the greater divergences observed here (Tao et al., 

2009). These impurities can be avoided by allowing the products to be dried completely by a 

vacuum pump for several hours after concentrating the product with the Büchi Rotavapor® R 

II. The red pigmentation can be avoided by lysing the cells and extracting the protein instead 

of using whole cells (Tao et al., 2009).  

The benzoic acid synthesised by R. rhodochrous A29, A99 and ATCC BAA-870 had similar 

FT-IR spectra as all the specific bond types fell within the same range of each other in all three 

spectra. The O–H bonds fell between 3300-2300 cm-1 in all three spectra. This is the expected 

range for an O–H bond in a carboxylic acid.  The aromatic (C–H) bonds were located in the 

O–H bond region, as a small peak at 3017 cm-1. Aromatic C–H bonds and C–H bonds for non-

aromatic compounds have a peak in different regions on the spectra due to hybridisation 

(Gable, 2006). Therefore, aromatic C – H bonds can be identified.  The aromatic C=C bonds 

had two small peaks at 1601 cm-1 and 1582 cm-1 for R. rhodochrous A29 and A99 spectra (Fig. 

A7 & A8) but 1601 cm-1 and 1583 cm-1 for benzoic acid from R. rhodochrous ATCC BAA-

870. The C=O bond had a long, sharp peak at 1677 cm-1for R. rhodochrous A29, 1678 for R. 

rhodochrous A99 and 1681 for R. rhodochrous ATCC BAA-870.  All the required bonds for 

benzoic acid are present and fall within the correct regions according to Gable (2019). These 

results portray the compound present in all three spectra as aromatic with a carboxylic acid 

functional group. This confirmed a benzoic acid structure which indicated the presence of 

nitrilases after DMF induction. 

Benzoic acid has six protons and seven carbons in total. Therefore, NMR spectra must display 

six protons and seven carbons in the correct chemical shift regions in order to confirm the 

synthesis of benzoic acid by a nitrilase in all three R. rhodochrous strains. The 1H NMR spectra 

for benzoic acid produced by a nitrilase from R. rhodochrous A29, R. rhodochrous A99 and R. 

rhodochrous ATCC BAA-870 presented similar peaks. However, the exact chemical shift 

values differed for each spectrum. All three spectra displayed the OH group as a singlet which 

was more downfield than the other peaks. This is due to the O atom de-shielding the H atom 

by reducing the electron density around the nucleus. This occurs as the electronegativity of O 

is greater than H and therefore attracts the electrons from the H atom. Therefore, the nucleus 

has an increased chemical shift compared to other H atoms present in benzoic acid. However, 

the chemical shift for benzoic acid from both R. rhodochrous A29 and R. rhodochrous A99 

fell in the 12.5 – 12.7 ppm region whereas benzoic acid from R. rhodochrous ATCC BAA-870 
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was observed at a chemical shift of 10. 72 ppm. Fortunately, it remains in the range where OH 

protons are expected to be located on an NMR spectrum.  

The rest of the H atoms were found in their respective chemical shift regions for all three 

spectra. The two protons (H2 and H6) accounted for appeared as a multiplet with a chemical 

shift ranging between 7.95 – 8.25 ppm. This is due to the interference of their neighbouring 

protons. A triplet occurred which represented one proton (H4) with a coupling constant (J 

value) of 7.4 Hz and a chemical shift falling in the range of 7.55 – 7.63ppm. This is due to the 

signal interference of neighbouring protons causing coupling to occur (Diehl, 2008). The last 

two protons (H3 and H5) appeared as a triplet with peaks occurring with a chemical shift falling 

in the range of 7.42 – 7.50. However, the J values differed for each spectrum. A J value of 7.7, 

Hz, 7.6 Hz and 7.8 Hz were observed for benzoic acid from R. rhodochrous A29, R. 

rhodochrous A99 and R. rhodochrous ATCC BAA-870, respectively. These triplets occur 

when the signals of H3 are affected by H2 and H4 and when the signal of H5 is affected by H4 

and H6. These 1H NMR spectra confirm the presence of six protons. These chemical shift 

values correspond with the work done by Nikishin and co-workers (2009) as well as Matsusaki 

and co-workers (2012). Furthermore, the chloroform-d solvent is indicated by a singlet peak 

and has a chemical shift of 7.26 ppm in all three spectra. This is peak was observed in the 

correct chemical shift region (Yuan et al., 2017). 

The 13C NMR spectra show the present C atoms from benzoic acid produced by a nitrilase from 

R. rhodochrous A29, R. rhodochrous A99 and R. rhodochrous ATCC BAA-870. All three 

spectra displayed peaks with extremely similar chemical shifts respective to the appropriate C 

atom. The C atom in the carbonyl group (C7) was observed at a chemical shift of ~172 ppm. 

This down-field location is due to the de-shielding effect of O. This carbonyl group location 

agrees with the range (160 – 220 ppm) where carbonyls are generally located (Diehl, 2008).  A 

peak with a chemical shift of 171.45 ppm was present on the 13C NMR spectrum for R. 

rhodochrous ATCC BAA-870. However, this can be attributed to the presence of ethyl acetate. 

The short single peak represents the next carbon (C4), in the para-position of the carbonyl 

group, was observed at a chemical shift of ~133 ppm. A single tall peak with a chemical shift 

of ~ 130 ppm represents two carbons (C2 and C6) as they share the same environment. This is 

due to the taller height of the peak compared to shorter peaks. This is also the case for C3 and 

C5 which have a tall single peak with a chemical shift of ~ 128 ppm. Lastly, one short peak, 

representing one C atom (C1) has a chemical shift of ~ 129 ppm. Therefore, 13C NMR showed 
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that a total of seven carbons were present in all three spectra with chemical shifts that 

correspond with the work done by Scott (1972), Nikishin and co-workers (2009) and Novak 

and co-workers (1995). Furthermore, the three chloroform-d solvent peaks present have a 

chemical shift of 77.39, 77.08, 76.76 ppm; 77.42, 77.10, 76.79 ppm and 77.48, 77.16 and 76.84 

ppm. According to Yuan (2017), the chemical shift for chloroform-d solvent in 13C NMR 

spectra should fall at ~ 77 ppm. Therefore, these chemical shifts fall within the correct range. 

These NMR results confirm the presence of benzoic acid synthesised by a nitrilase in all three 

strains.  

During the synthesis of benzoic acid 1 kg of wet cell paste could produce ~19.2 mol/kg/h (w/w) 

giving a productivity of 2.34 kg/kg/h (w/w). Since ~ 6 – 7 g of wet cell paste can be produced 

in a 1.2 L benchtop bioreactor in 72 hours then large quantities of benzoic acid can be produced 

and extracted for commercial use when produced in an industrial size bioreactor. However, in 

R. rhodochrous ATCC BAA-870, not all 960 µmol of benzonitrile was converted to benzoic 

acid as benzamide was formed due to the presence of a nitrile hydratase. Therefore, further 

studies, such as HPLC, could be performed to determine the specific activity and the rate of 

conversion of the nitrilase from this strain. Furthermore, heterologous expression could be used 

to increase the rate of enzyme production thereby allowing larger amounts of enzyme 

production in a shorter time frame.   

2.6 CONCLUSION  

Dimethylformamide was confirmed to induce nitrilase expression in Rhodococcus 

rhodochrous strains A29, A99 and ATCC BAA-870. The TLC analyses indicated that no 

nitrilase was expressed in uninduced R. rhodochrous A29, A99 and ATCC BAA-870 

suggesting that nitrilases are not constitutively synthesised by these strains. Further, TLC 

analyses detected the presence of a synthesised compound by DMF-induced R. rhodochrous 

A29, A99 and ATCC BAA-870. This compound was determined to be an aromatic carboxylic 

acid by FT-IR spectroscopy. The NMR spectra showed that the compound has six protons and 

seven carbons present, thereby confirming the presence of benzoic acid as the product formed 

from benzonitrile. In addition, a 100 % bioconversion of benzonitrile (960 µmol) to benzamide 

was observed as well as a minimum enzyme activity of 32 U. Therefore, the results of TLC, 

FT-IR spectroscopy and NMR spectra all indicate the bioconversion of benzonitrile to benzoic 

acid by nitrilases from DMF-induced R. rhodochrous A29, A99 and ATCC BAA-870. Since 
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DMF is commercially appealing, it can be studied further as a nitrilase inducer for alternative 

organisms hosting the nitrilase pathway.  

2.7 RECOMMENDATIONS 

In future, high-performance liquid chromatography (HPLC) can be performed to determine the 

exact concentration of benzoic acid synthesised after the bioconversion of benzonitrile as well 

as the rate of conversion. This will indicate the specific enzyme activity of the nitrilase. 

Transformation of E. coli BL21 (DE3) can be executed for heterologous protein expression. 

Optimisation of nitrilase expression should be studied and implemented in order to produce 

high levels of nitrilase efficiently using DMF as an inducer. In addition, various substrates 

should be tested to determine the substrate range of the nitrilase produced by each strain. 
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CHAPTER 3: 

HETEROLOGOUS EXPRESSION OF A 

NITRILE HYDRATASE 

3.1 INTRODUCTION 

Virtually every division of the biological field uses recombinant-DNA technology whereby 

genes of interest are expressed using the cellular machinery of an alternative host (Lodish et 

al., 2000). The end goals are to 1) perform reverse genetics where novel genes are identified 

from proteins with products that have not yet been isolated. 2) Use known gene products in 

order to study their regulation and functions. 3) Study and amend genetic defects. 4) Use 

heterologous expression of foreign genes, such as disease-resistance genes, to aid in disease-

susceptible hosts. 5) Produce vast quantities of a product of interest, for example, antibiotics 

and enzymes for bioconversion as well as for bioremediation (Carroll, 1993). These goals are 

met by extracting a gene of interest using restriction enzymes. This gene can then be modified 

after which it is amplified using polymerase chain reaction (PCR). This gene is then inserted 

into a vector which is placed into another host such as E. coli which will express the required 

gene (Lodish et al., 2000; Li et al., 2013; Hoseini & Sauer, 2015; Khan et al., 2016). 

Additionally, E. coli BL21 (DE3) strain is most commonly used in heterologous expression 

due to its lack of proteases which would degrade the protein of interest if it were produced, and 

it is used with the T7-pET system whereby induction occurs by using IPTG (Hausjell et al., 

2018).  

The production of nitrile hydratases via heterologous protein expression was successfully 

undertaken by Pei and co-workers (2014). The iron-containing nitrile hydratase gene from 

Pseudomonas putida F1 was expressed when cloned in E. coli BL21 (DE3) with an activator 

protein. The resulting iron-containing nitrile hydratase enzyme demonstrated a broad substrate 

specificity where the degradation of aromatic-nitriles, such as 3-cyanopyridine, 4-

cyanopyridine and benzonitrile, was effective. Furthermore, the presence of the activator was 

paramount for effective, soluble nitrile hydratase expression and activity. However, some 

chaperone proteins can be used when the activator gene is absent (Pei et al., 2014).  
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The α and β subunits of the iron-containing nitrile hydratase from Rhodococcus equi TG328-2 

were cloned and expressed in E. coli BL21 (DE3) by Rzeznicka and co-workers (2010). The 

IPTG inducible vectors pET21a and pET28a were used with a T7-RNA polymerase expression 

system instead of rhamnose inducible vectors (Rzeznicka et al., 2010). This was due to the lack 

of nitrile hydratase expression when using rhamnose inducible vectors. This resulted in high 

levels of the nitrile hydratase being produced. However, a two-construct system had to be 

employed as the activator protein was not detected when the genes were cloned in the same 

plasmid as the protein subunits (Rzeznicka et al., 2010). Therefore, the activator was cloned 

onto a separate plasmid and the E. coli BL21 (DE3) was transformed using both plasmids 

which resulted in the maximum amount of a nitrile hydratase, as a soluble protein, and 

maximum nitrile hydratase activity compared to previous attempts (Rzeznicka et al., 2010).  

Frederick (2013) designed a two-construct system to heterologously express cobalt-containing 

nitrile hydratase from Rhodococcus rhodochrous ATCC BAA-870 in E. coli BL21 (DE3) by 

using pRSFDuet-1 and pET21a (+) as expression vectors. The alpha subunit of the nitrile 

hydratase was cloned with the chaperone protein on a pRSFDuet-1 vector and the beta subunit 

of the nitrile hydratase was cloned onto the pET21a (+) vector. This two-construct system 

proved to be successful for the expression of nitrile hydratase from R. rhodochrous ATCC 

BAA-870. Therefore, this method was used by Schmid (2020) to transform E. coli BL21 (DE3) 

which are used in this study.  

3.2 AIM AND OBJECTIVES 

3.2.1 Aim  

1) To heterologously express a nitrile hydratase from transformed E. coli cells.  

3.2.2 Objectives 

1) To culture and induce transformed E. coli BL21 (DE3) cells hosting a cobalt nitrile 

hydratase gene, in a bioreactor. 

2) To quantify the total proteins present in each culture. 

3) To test that the nitrile hydratase was expressed. 
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3.3 METHODS AND MATERIALS  

3.3.1 Organisms  

The transformed E. coli BL21(DE3) cells used in this study were transformed using a heat 

shock method by Schmid (2020). The E. coli BL21(DE3) cells were used to host both plasmids 

(pRSFDuet-1 and pET-21a(+)), containing the chaperone protein, alpha and beta subunits, 

using a two-construct system. The gene coding for the alpha subunit and the chaperone protein 

were inserted into the second multiple cloning site (MCS) of the pRSFDuet-1 plasmid as a 

single construct. These genes were placed in between the Ndel and Pacl restriction sites. The 

gene coding for the beta subunit was inserted into the pET-21a (+) plasmid at the MCS between 

the Ndel and Xhol restriction sites. In addition, a carboxyl-terminal (C-terminal) His-tag was 

incorporated as the native stop codon from the gene was removed.  

The plasmid maps are presented in Fig. 3.1 and Fig. 3.2.  In order to optimise expression, the 

ribosome binding site (RBS) was removed from both the alpha and beta subunits (Frederick, 

2013; Schmid, 2020). Therefore, these sequences were inserted into the plasmid from their start 

codon. However, since the chaperone coding sequence is within the alpha subunit, its RBS was 

not removed. In addition, these plasmids also contained the gene for kanamycin and ampicillin 

resistance as a selectable marker (Schmid, 2020).  
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Figure 3.1: Plasmid Map of pRSFDuet-1. This map depicts the pRSFDuet-1 plasmid containing both genes 

coding for the alpha subunit of the nitrile hydratase and its chaperone protein. They were inserted into the 

plasmid at the second MCS between the Ndel and Pacl restriction sites (Schmid, 2020).  
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3.3.2 Biomass Production and Induction   

3.3.2.1 Pre-Culture 

Cryopreserved E. coli BL21(DE3), containing the nitrile hydratase encoding plasmids, were 

streaked on a Petri dish containing Luria Bertani (LB) agar (5 g/L of NaCl (Merck Chemicals 

Figure 3.2: Plasmid Map of pET-21a(+). This map depicts the pET-21a(+) plasmid containing genes coding for 

the beta subunit of the nitrile hydratase. They were inserted into the plasmid at the MCS between the Ndel 

and Xhol restriction sites (Schmid, 2020).  
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®, Batch # 1026871), 5 g/L of yeast extract, 10 g/L tryptone (Sigma-Aldrich®, Batch # 

SLBR3816V) and 1 % (w/v) agar) amended with 50 µg/mL kanamycin and 100 µg/mL 

ampicillin and incubated at 37 ºC overnight (approximately 16 hours). Next, a single colony 

was used to re-streak a new LB agar plate amended with 50 µg/mL kanamycin and 100 µg/mL 

ampicillin. This was incubated under the same conditions. A single colony was used to 

inoculate 5 mL of LB broth containing 50 µg/mL kanamycin and 100 µg/mL ampicillin. This 

was then left on a shaker at 180 rpm overnight at 37 ºC. Once the E. coli BL21(DE3) was 

grown, 3 mL of the latter culture was used to inoculate 200 ml of LB broth containing 50 

µg/mL kanamycin and 100 µg/mL ampicillin, in a 2 L Erlenmeyer flask and incubated at 180 

rpm at 37 ºC overnight. Each step was aseptically performed and included a control to ensure 

no contamination occurred. A control of E. coli BL21(DE3) was pre-cultured at the same 

conditions, excluding antibiotics.  

3.3.2.2 Biomass Production  

In order to increase the biomass to 1.2 L, a 2 L bioreactor with 1 L of LB broth was employed. 

Once the LB broth was placed in the bioreactor, it was autoclaved at 121 ºC for 20 minutes. 

The 200 mL culture from the pre-culturing phase was aseptically pumped into the bioreactor 

with the following parameters for biomass production: pH of 7.0, 37 ºC incubation temperature, 

agitation at 600 rpm and a gas flow of 3.0 L/m. The absorbance (OD600) was measured every 

hour using a Boeco Germany S-20 Spectrophotometer. The culture was grown to an absorbance 

(OD600) of ~ 0.3 after which the cells were induced and grown until the stationary growth phase 

was reached. A separate batch of transformed E. coli BL21(DE3) was cultured under the same 

conditions excluding cellular induction. As a control, E. coli BL21(DE3) was grown using the 

same bioreactor parameters without the use of antibiotics or induction.  

3.3.2.3 Induction 

In order to induce protein expression from the lac operon, 0.1 mM IPTG and 0.1 mM cobalt 

chloride (CoCl2) were added when the cells reached an absorbance (OD600) of ~ 0.3. The 

following bioreactor conditions were selected for biomass production after induction: pH of 

7.0, 25 ºC incubation temperature, agitation at 600 rpm and a gas flow rate of 3.0 L/m in. The 

absorbance was measured every hour and the cells were removed once the stationary growth 

phase was reached. When inducing the lac operon, several inducers such as thiomethyl 

galactosidase (TMG), IPTG, lactose and allolactose can be used to bind to the lac repressor. 
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Here, IPTG is used at a concentration of 0.1 mM to ensure that enough IPTG is present for the 

induction of protein expression without inhibiting cellular growth (Larentis et al., 2014). CoCl2 

was also added during induction as a metal source for the cobalt-containing nitrile hydratase 

(Nojiri et al., 2000). 

At the end of these procedures three types of biomass were obtained: 

1) Uninduced E. coli BL21 (DE3) cells lacking the nitrile hydratase coding plasmids 

(control). 

2) Uninduced-transformed E. coli BL21 (DE3) cells containing the nitrile hydratase 

coding plasmids. 

3) Induced-transformed E. coli BL21 (DE3) cells containing the nitrile hydratase coding 

plasmids. 

3.3.3 Cell harvesting and Storage 

Once the stationary phase was reached, the cells were harvested by centrifuging at 3,836 × g 

(5,000 rpm) for five minutes at 4 ºC in a SorvallÔ RC 6+ Centrifuge. Approximately 4 – 6 g 

of wet cell paste was harvested for the plasmid-free uninduced E. coli BL21(DE3), uninduced-

transformed E. coli BL21(DE3) and induced-transformed E. coli BL21(DE3). The wet cell 

paste was then stored at – 4 ºC in sterile Falcon tubes in 1 g aliquots. 

3.3.4 Cell Lysis 

In order to ensure lysis of the cell wall, bacterial protein extraction reagent (B-PERÔ) and a 

QSonica Sonicator (ModelCL-18; Serial Number: 2016080399) were used in conjunction. A 4 

mL volume of B-PERÔ (Thermo Fisher Scientific®, Batch # UCZ279161) was used per gram 

of wet cell paste. In this study, 0.5 g for each biomass was used. The cells were repeatedly 

pipetted up and down until a homogenous mixture was achieved.  Subsequently, this mixture 

was sonicated under the following parameters: 20 % amplification, 5 seconds pulse on followed 

by 10 seconds pulse off run for 30 cycles. This was repeated twice with a 30-second rest in 

between. Once the cells were lysed, the lysate was immediately centrifuged at 15,000 ´ g 

(9,900 rpm) for 5 minutes at 4 ºC in a SorvallÔ RC 6+ Centrifuge. 
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3.3.5 Protein Quantification  

A QubitÔ 2.0 fluorometer (Invitrogen, USA) was used to establish the concentration of total 

proteins present. A volume of 20 uL of the sample was added to a working solution of Qubit 

reagent (Thermo Fisher Scientific®, Batch # 2018269) diluted at a 1:200 ratio in Qubit buffer 

(Thermo Fisher Scientific®, Batch # 2018269) solution in Qubit assay tubes (cat. # Q32856). 

This mixture was then vortexed for 2 – 3 seconds and incubated at 25 ºC for 15 minutes. The 

tubes were then inserted in the QubitÔ 2.0 fluorometer and readings of the stock concentration 

were recorded.  

3.3.6 Nitrile Hydratase Activity Assay 

Benzonitrile was used as a substrate to determine if nitrile hydratase activity is present in the 

untransformed-uninduced E. coli BL21 (DE3) control, uninduced-transformed E. coli BL21 

(DE3) and induced-transformed E. coli BL21 (DE3). A volume of 1 µL of benzonitrile and 180 

µL of 50 mM Tris buffer (pH of 7.6) was added for every mg of wet cell paste and µL of the 

cell lysate used. In this experiment, 100mg wet cell paste and 100 uL of cell lysate were used. 

The mixture was then incubated for 30 minutes at 25 ºC on a shaker rotating at 180 rpm. This 

experiment was performed for both the whole cells before lysis and the cell lysate procured 

after lysis to ensure the presence of a nitrile hydratase both before and after lysis. 

3.3.6.1 Thin-Layer Chromatography 

In order to determine how many compounds are present in a mixture the TLC method is used. 

Each functional group determines the polarity of a compound which affects the Rf depending 

on the solvent used. Here, both a nitrile and an amide are run on the plate, which are both polar 

molecules. Therefore, 60 % hexane (non-polar) and 40 % ethyl acetate (polar) was found to be 

a good solvent ratio. After the nitrile hydratase activity assay was complete, thin-layer 

chromatography (TLC) was performed to determine if a product had been synthesised by a 

nitrile hydratase. Acrylamide and benzonitrile were used as positive controls (Fig. 3.3) to 

determine where an amide and benzonitrile would be present on the TLC plates when using 60 

% hexane and 40 % ethyl acetate as the solvent. This was performed for nitrile hydratase 

activity assay with cells before lysis and the cell lysate.  
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3.3.6.2 Liquid-Liquid Extraction  

In order to extract the synthesised benzamide from the reaction, an ethyl acetate/water 

extraction was performed. The nitrile hydratase assay reaction was mixed with dH2O until a 

total volume of 20 mL had been reached. A 100 mL separation column was then used which 

contained 20 mL of ethyl acetate and the dH2O mixed with the reaction. The separation column 

was shaken in order to allow benzamide to dissolve in the solvent phase. The aqueous phase 

and the solvent phase were then separated. Afterwards, one teaspoon (approximately 3 – 5 g) 

of MgSO4 anhydrous was mixed into the solvent phase as a drying agent. In order to remove 

the MgSO4 anhydrous, the mixture was filtered by using a paper filter (Boeco Germany, Batch 

# 16-020) while the remains were collected in a round bottom flask. Furthermore, a Büchi 

Rotavapor® R II was used to concentrate the product by eliminating all traces of ethyl acetate. 

3.3.6.3 Melting Point Analysis 

A Stuart® SMP10 Melting Point Apparatus was used to determine the melting point of the 

benzamide product synthesised during the nitrile hydratase assay. The temperature was 

recorded once the solid had started to show signs of melting and when the solid was entirely 

liquid. This is done to obtain a temperature melting range in order to determine the purity of 

the compound. 

 

 6 mm 

 26 mm 

 33 mm 

Figure 3.3: Positive Control TLC Plate Under UV Light. The solvent, 40 % ethyl acetate/hexane, travelled 33 

mm up the TLC plate. Spot 1 represents benzonitrile (Blue) with an Rf = 0.79 as it travelled 26 mm. Spot 

2 represents acrylamide (Red) with an Rf = 0.18 which travelled 6 mm.  

        1        2     
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3.3.6.4 Fourier-Transform Infrared Spectroscopy  

Fourier-Transform Infrared (FT-IR) spectroscopy was performed using the Bruker Tensor 27 

FT-IR system & OPUS data collection program (version 6.5) in order to confirm the presence 

of benzamide. This was done by establishing the present functional groups as this technique 

aids in the identification of compounds (Mollaoglu et al., 2018). For benzamide, aromatic 

bonds, a carbonyl group and NH2 bonds were expected to be found.  

3.3.6.5 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy was used to determine the structure of the product 

as well as its purity. Since the synthesised product was soluble in dimethyl sulfoxide (DMSO-

d6) DMSO (Merck Chemicals ®, Batch # 91624522), it was used as the solvent. Next, 256 

proton scans and 2048 carbon scans were run by employing a Bruker 400 MHz NMR for proton 

and carbon scans. The benzamide compound is expected to have seven protons and seven 

carbons in total. 

3.3.6.6 High Resolution-Mass Spectroscopy   

HPLC is used to separate the compound with (Mass Spectroscopy/ Mass Spectroscopy) 

MS/MS acting as the detector. This method is preferred over other detectors due to its high 

sensitivity and specificity (Pitt, 2009). Electrospray ionisation is used to ionise the compounds. 

Therefore, compounds are detected at their molar mass + H (positive mode). In this work, High 

Resolution-Mass Spectroscopy (HRMS) was performed, in positive mode, to determine the 

exact mass of the product. Since benzamide has a molar mass of 121.14 g/mol a peak of ~ 122 

g/mol was expected. This was performed on a Bruker compact 8255754.20116 using the 

Bruker Compass Data Analysis (Version 4.3) software package.  

3.3.6.7 High-Performance Liquid Chromatography  

An HPLC-MS/MS apparatus was used in order to establish the exact concentrations of 

benzamide and benzonitrile in the reaction. First, a nitrile hydratase assay was performed with 

the cell lysate, as described in section 3.3.6, and the reaction was stopped after 15 minutes 

using 0.2 mL of 1.0 M HCl. The resultant products were then run through two available reverse 

phase columns (50 x 2.10 mm Phenomenex and Thermo Scientific C18 2.1 x 50 mm). After 

ionisation, benzamide is expected to be identified at a peak of ~ 122 g/mol and benzonitrile at 
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~ 104 g/mol. The mobile phase consisted of HPLC gradient grade acetonitrile (VWR 

Chemicals®, Batch # 17J301493) and sterilised distilled water. In addition, formic acid was 

added in order to aid with the ionisation of benzonitrile. Various flow rates and ratios of the 

mobile phase were evaluated during method development.  

3.3.7 Calculations  

3.3.7.1 Growth Rate 

The exponential growth phase of each culture was used to create a line of best fit in a log 

absorbance OD600 vs time graph in order to calculate the growth rate (µ). The growth rate for 

each resultant biomass was calculated using the following equation by Widdel (2007).  

𝜇 =
2.303	(𝐿𝑜𝑔10(𝑂𝐷!) − 𝐿𝑜𝑔10(𝑂𝐷"))

(𝑇𝑖𝑚𝑒! − 𝑇𝑖𝑚𝑒")
 

3.3.7.2 Statistical Analysis  

The growth rates of both cultures containing the plasmid coding for a nitrile hydratase were 

compared in order to determine if the addition of 0.1mM CoCl2, during induction, hindered the 

growth rate of the culture in a significant manner. Using the exponential portion of the recorded 

absorbance (OD600) for both cultures (Table B1, Appendix B) both Levene’s test (F-Test: Two-

Sample for Variances) and well as a t-Test (Two-Sample Assuming Equal Variances) were 

conducted using the Analysis ToolPak in Microsoft® Excel (Version 16.37). A significant P-

value (P ≤ 0.05) is indicated by the use of an asterisk (*). In addition, the significance level 

used is 0.05 (α = 0.05). 

3.3.7.3 Number of Moles  

The number of moles present in 100 µL of benzonitrile (99 %) used during the nitrile hydratase 

assay was calculated using the following equation:  

𝑀𝑜𝑙𝑒𝑠	(𝑚𝑜𝑙) = 	
𝑀𝑎𝑠𝑠	(𝑔)

𝑀𝑜𝑙𝑎𝑟	𝑀𝑎𝑠𝑠	(𝑔/𝑚𝑜𝑙) 
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3.3.7.4 Enzyme Activity  

Once µmol of the substrate was determined, the minimum enzyme activity could be calculated 

with the following equation:  

𝐸𝑛𝑧𝑦𝑚𝑒	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(𝑈) = 	
µ𝑚𝑜𝑙

𝑀𝑖𝑛𝑢𝑡𝑒𝑠 

3.3 RESULTS 

3.4.1 Growth Curve 

Uninduced-untransformed E. coli BL21 (DE3) was grown in a bioreactor for a total of 16 hours 

at a constant temperature of 37 ºC (Fig. 3.3, Table B1). Exponential growth began at 

approximately one-hour post-incubation and lasted for eight hours. The cells were then 

removed after 16 hours when the stationary phase had been reached. Both the induced and 

uninduced transformed E. coli BL21 (DE3) were grown, for a total of 24 hours. Once these 

cultures reached an absorbance of OD600 ~ 0.3 the temperature was decreased to 25 ºC. For the 

uninduced-transformed E. coli BL21 (DE3) a lag phase of six hours and exponential phase of 

11 hours were observed. The other batch of transformed E. coli BL21 (DE3) was induced with 

0.1 mM of IPTG and CoCl2 when the temperature was decreased to 25 ºC. A lag phase of seven 

hours was observed for the latter culture followed by an exponential phase of 10 hours. The 

death phase was not reached for any batch cultures. The wet cell weight produced by each 

culture, from 1.2 L of LB media, was: 4.78 g of E. coli BL21 (DE3), 6.65 g of transformed-

uninduced E. coli BL21 (DE3) and 6.34 g of transformed-induced E. coli BL21 (DE3). 

The null hypothesis was accepted for Levene’s test thereby representing homogenous data. No 

significance (P(T<=t) = 0.63) was found between the growth rates of cultures containing the 

nitrile hydratase coding plasmids (Table 3.1). Therefore, the addition of 0.1mM of IPTG and 

CoCl2 has no significant effect on the growth rate. 
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Table 3.1: Growth Rate Escherichia coli BL21 (DE3) Cultures per Hour and % per Hour 

Bacteria Contain 

Plasmids 

Induced Growth Rate 

(hour-1) 

Growth Rate 

(%/hour) 

 

E. coli BL21 (DE3) 

 

No No 0.2871 28.71 

Yes No 0.1850 18.50 

Yes Yes 0.2185 21.85 
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Figure 3.4: Growth Curve for the Differently Treated Escherichia coli BL21(DE3) Cultures used in the 

Study. The absorbance (OD600) was recorded every hour for each culture. For the transformed-induced 

E. coli BL21 (DE3) induction took place after two hours (OD600 = 0.336) (red arrow) and the temperature 

was decreased to 25 ºC for the next 21 hours.   
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3.4.2 Benzamide Synthesis  

3.4.2.1 Thin-Layer Chromatography  

Before cell lysis, a nitrile hydratase activity assay was performed for E. coli BL21 (DE3), 

transformed-uninduced E. coli BL21 (DE3) and transformed-induced E. coli BL21 (DE3). The 

products were spotted on a TLC plate (Fig. 3.5). Only the substrate was present after the nitrile 

hydratase assay from both untransformed-uninduced E. coli BL21 (DE3) and transformed-

uninduced E. coli BL21 (DE3). Since this represents benzonitrile it suggests that no nitrile 

hydratase was present as the substrate was not converted. A product was synthesised by 

transformed-induced E. coli BL21 (DE3) as no substrate was present after the assay and a spot 

representing benzamide was present. Since this bioconversion was observed it suggests that a 

nitrile hydratase was present in the reaction. These exact results were produced, on the TLC 

plate, for the nitrile hydratase assay performed with the cell lysate (Fig. 3.6). This suggests that 

a soluble nitrilase hydratase was present after transformed-induced E. coli BL21 (DE3) cells 

were lysed.  

 

 

 

 

 

 

 42 mm 

 10 mm 

 50 mm 

        1         2        3 
Figure 3.5: Products of Nitrile Hydratase Assay from Whole Cells, on a TLC Plate Under UV Light. The 

solvent, 40 % ethyl acetate/hexane, travelled 50 mm up the TLC plate. Spot 1 represents benzonitrile (Blue) 

with an Rf = 0.84 as it travelled 42 mm. Spot 2 represents benzonitrile (Blue) with an Rf = 0.84 which 

travelled 42 mm. Spot 3 represents benzamide (Red) with an Rf = 0.20 which travelled 10 mm.  
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3.4.2.2 Chemical Analytical Data for Benzamide  

  

Rf = 0.19 (40 % Ethyl Acetate/Hexane); Mp = 126 – 128 °C; IR(vmax/cm-1): 3363, 3163 (N–

H2); 1656 (C=O); 3065 (ArC–H); 1577 (ArC=C); 1H NMR (400 MHz, DMSO-d6): δ 8.04 (s, 

1H, NH), 7.93 – 7.81 (m, 2H,H2,H6), 7.56 – 7.49 (m, 1H, H4), 7.48 – 7.34 (m, 3H, H3,H5, 

NH); 13C NMR (101 MHz, DMSO-d6): δ 168.51 (C7), 134.62 (C1), 131.73 (C4), 128.68 

(C3&C5), 127.90 (C2&C6). HRMS m/z: calculated for C7H7NO: 121.14, found: [M+H]: 

122.0777.  

 

 

 47 mm 

 9 mm 

 36 mm 

Figure 3.6: Products of Nitrile Hydratase Assay from Cell Lysate, on a TLC Plate Under UV Light. The 

solvent, 40 % ethyl acetate/hexane, travelled 47 mm up the TLC plate. Spot 1 represents benzonitrile (Blue) 

with an Rf = 0.77 as it travelled 36 mm. Spot 2 represents benzonitrile (Blue) with an Rf = 0.77 which 

travelled 36 mm. Spot 3 represents benzamide (Red) with an Rf = 0.19 which travelled 9 mm.  

        1         2        3 
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3.4.3 Benzonitrile Conversion  

A total of 100 µL of cell lysate containing a nitrile hydratase and benzonitrile was used with 

18 mL of Tris buffer (7.6 pH) for the nitrile hydratase assay. Since the resulting TLC plates 

(Fig. 3.5 & Fig. 3.6), NMR spectra (Fig. B1 & B2, Appendix B), and the FT-IR spectrum (Fig. 

B3, Appendix B) exhibit no presence of benzonitrile after the nitrile hydratase activity assay it 

suggests that 100 % of benzonitrile was converted. During the assay, 960 µmol of benzonitrile 

was present and was bio-converted to 960 µmol benzamide by a nitrile hydratase in 30 minutes. 

Therefore, at the end of the reaction, 960 µmol of benzamide was present. Every gram of wet 

cell paste produces ~ 2 mL of cell lysate after cell lysis. Since 100 µL of the cell-free extract 

produced 960 µmol of benzamide in 30 minutes then ~38.4 mmol of benzamide would be 

produced from 1.0 g of wet cell paste in an hour. Therefore, 1 kg of wet cell paste will afford 

~38.4 mol/kg/h (w/w) at which a molecular mass of 121.14 g/mol would give a productivity of 

4.65 kg/kg/h (w/w). In addition, a minimum of 32 U of the enzyme was required to catalyse the 

conversion of 1 µmol per minute. In order to determine the specific activity of the enzyme 

further tests, such as HPLC are required.  

3.4.3.1 HPLC-MS/MS 

The specific activity of the nitrile hydratase enzyme, encoded on the plasmids of the 

transformed-induced E. coli BL21(DE3), was determined using HPLC. Both columns 

presented unsuccessful results in the separation of benzamide from benzonitrile. Benzamide 

was identified at a peak of ~ 122 g/mol and benzonitrile at ~ 104 g/mol. Two peaks were present 

on the spectrum (Fig. B4, Appendix B) containing both compounds; this is due to splitting and 

not separation of the compounds as both the molar mass for both compounds were present in 

both peaks.  

3.4.4 Protein Quantification   

After lysis, the cell lysate was subject to protein quantification by an Invitrogen 2.0 

Fluorometer QubitÔ. The concentration (mg/mL) of total cellular proteins were detected 

(Table 3.2). There was an ~ 0.14 mg/mL increase in the concentration of total soluble proteins 

including a nitrile hydratase, present in the cell lysate from transformed-induced E. coli 
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BL21(DE3) compared to both untransformed-uninduced E. coli BL21(DE3) and transformed-

uninduced E. coli BL21(DE3).  

Table 3.2: Total Soluble Protein Concentration in Escherichia coli BL21(DE3) 

Bacteria Contain Plasmids Induced Total Soluble Protein 

Concentration  

 

E. coli BL21 (DE3) 

 

No No 1.89 mg/mL 

Yes No 1.9 mg/mL 

Yes Yes 2.13 mg/mL 

 

3.5 DISCUSSION  

During biomass production, all fermentations were stopped a few hours into the stationary 

phase and before the death phase. This is done to ensure that the maximum number of cells can 

be harvested and utilised. E. coli has the ability to grow over a range of ~ 40 °C (20 – 37 °C) 

(Farewell & Neidhardt, 1998). However, this bacterium has an optimum growth temperature 

of 37 °C. The untransformed-uninduced E. coli BL21(DE3) culture was grown for 16 hours as 

the stationary phase was reached faster than the other cultures as it was subjected to a constant 

temperature of 37 °C whereas the other cultures were lowered to 25 °C. The change in 

temperature is implemented to ensure correct folding of the protein which is important when 

attempting to produce soluble proteins (San-Miguel et al., 2013). Since, two-construct systems 

whereby cells contain two plasmids, has been found to have a slower growth rate than those 

with one plasmid (Pei et al., 2014), future studies should culture untransformed-uninduced E. 

coli BL21(DE3) which is initially grown at 37 °C and the temperature should be reduced to 25 

°C when an OD600 = ~ 0.3 is reached. This should be conducted in order to determine if there 

is a significant effect on the growth rate depending on the presence of plasmids.  

No significant effect was observed on the growth rate, after induction with 0.1mM IPTG and 

0.1mM CoCl2. These results are consistent with recent studies conducted by Han and co-

workers (2020), whereby green fluorescent protein (GFP) was inserted on the expression 

plasmid in order to view expression. Acceptable concentrations of CoCl2 are required to be less 

than 0.5mM. When increased, the concentration reached a toxic level which inhibited cell 

growth and gene expression as GFP expression was suppressed. Additionally, Han and co-

workers (2020) observed that the highest expression levels occurred when cells were induced 
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at an OD600 = ~ 0.6. Therefore, future studies should attempt at inducing plasmids containing 

the nitrile hydratase gene at this level of cell density in order to optimise expression levels.  

If the enzyme of interest is produced without the presence of an inducer, the expression is 

considered to be “leaky” (Briand et al., 2016). In this study, leaky expression was not observed 

when testing for the presence of the enzyme in an uninduced culture hosting the plasmids. If 

leaky expression does occur it can be avoided if 1 % of glucose is added to the culture medium 

or if the plasmid codes for a T7 phage lysozyme, such as pLysS or pLysE, in an E. coli 

BL21strain (Grossman et al., 1998; Stano & Patel, 2004). This will reduce the instability of the 

plasmid (Kang & Hoang, 2007). 

In order to confirm the presence of a nitrile hydratase enzyme benzonitrile was used as the 

substrate during the nitrile hydratase activity assay as benzonitrile is expected to be hydrolysed 

into its corresponding amide (Asano et al., 1982). If no enzyme was present then no reaction 

would take place and benzonitrile will still be present with no other observable spots. Before 

lysing the cells, nitrile hydratase activity assay was performed to confirm nitrile hydratase 

activity to ensure the plasmids and the method of induction and cell culturing were effective. 

Only the substrate was detected from both untransformed-uninduced E. coli BL21(DE3) and 

transformed-uninduced E. coli BL21(DE3) reactions. This is due to an absence of induction 

and an absence of the nitrile hydratase gene. However, transformed-induced E. coli BL21(DE3) 

formed a spot with the same Rf range as the amide in the positive control. An Rf of 0.3 for 

benzamide was determined by Maity and co-workers (2018). However, in this study, the Rf 

indices for amides in all TLC plates differed by 0.1. This may be due to the difference in the 

ratio of the mobile phase solvents. Maity and co-workers (2018) used 30 % ethyl acetate with 

70 % hexane, making the mobile phase less polar than the solvent used here (40 % ethyl acetate 

and 60 % hexane). Therefore, the less polar the mobile phase, the higher the Rf value will be 

for amides.  

After lysis, the same assay was run to ensure the protein of interest was soluble and present in 

the supernatant and not the pellet. The same results were observed for the nitrile hydratase 

activity assay both before and after lysis. When the compound formed was confirmed to be 

benzamide, it would indicate that a soluble nitrile hydratase enzyme had been successfully 

produced from the transformed-induced E. coli BL21(DE3) culture.  
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In order to confirm benzamide as the synthesised compound, the temperature at which 

benzamide melts at atmospheric pressure was established. The range from initial melting to the 

completely melted product was recorded as 126 – 128 °C. This shows a 3 °C range which is 

considered short, depicting a purer compound than a longer range (Allen, 1942). This is the 

same range was observed by Sathe and co-workers (2018) as well as Kuwabara and co-workers 

(2018). However, other researchers, such as You and co-workers (2017) and Hamed & Ali 

(2020) obtained a melting point range of 125-127 °C for benzamide while a higher melting 

point (127-129 °C) was observed by Srinivas and co-workers (2015). These differences can be 

attributed to the purity of each benzamide compound acquired, as well as the instrument used 

to determine the melting point. 

The benzamide produced by transformed-induced E. coli BL21(DE3) shows a spectrum where 

the required amide bond types fell within the expected range (Gable, 2006). The N–H2 bonds 

are portrayed as a scissoring peak with each point at 3363 and 3136 cm-1. This is the expected 

range for peaks from an N–H bond in an amide (Poeschl & Mountford, 2014; Saha & Desiraju, 

2018). The aromatic (C–H) bonds were located next to the N–H region, as a small peak at 3065 

cm-1. Aromatic C–H bonds and C–H bonds for non-aromatic compounds have a peak in 

different regions on the spectrum due to hybridisation (Gable, 2006). Therefore, the aromatic 

structure was confirmed in the compound. The aromatic C=C bonds had one peak, at 1577 cm-

1, next to the C=O bond which had a sharp peak at 1656 cm-1. All the required bonds for 

benzamide were present and fell within the correct regions according to Gable (2019) and work 

conducted by Poeschl & Mountford (2014). These results establish the presence of an aromatic 

amide as the product.  

Nuclear magnetic resonance spectroscopy aids in the confirmation, identification, purity and 

molecular structure of an organic compound. Both TLC and FT-IR spectroscopy indicate that 

the synthesised product, by transformed-induced E. coli BL21(DE3), is benzamide. The 

synthesised product had a 1H NMR spectrum showing split peaks for the H atoms in the NH2 

group. Sathe and co-workers (2018) also obtained a split in NH2 protons whereby one was 

found downfield of the peaks and the other upfield. This is due to the restricted rotation of the 

C–N amide bond (Quintanilla-Licea et al., 2002). The first NH proton was observed as a 

singlet, more downfield that of the other peaks, in the 8.04 ppm region. This is due to the 

electronegativity of the N atom de-shielding H by reducing the electron density around the 

nucleus. Therefore, the nucleus has an increased chemical shift. Two protons (H2 and H6) 
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appeared as a multiplet with a chemical shift of 7.93 – 7.81 ppm. Another multiplet occurred 

representing one proton (H4) with a chemical shift of 7.56 – 7.49 ppm. The last three protons 

(H3, H5 and NH) appeared as a multiplet with a chemical shift of 7.48 – 7.34 ppm. These 

multiplets are due to the signal interference of neighbouring protons (Diehl, 2008). Therefore, 
1H NMR showed that a total of seven protons were present. These results agree with the NMR 

results, performed using the same solvent and frequency, by Fu and co-workers (2016) as well 

as Shimokawa and co-workers (2016). 

The 13C NMR spectrum shows the carbon from the carbonyl group (C7) of benzamide with a 

chemical shift of 168.51 ppm. This down-field location is due to the de-shielding effect of the 

electronegative O atom. This carbonyl group location agrees with the range (160 – 220 ppm) 

where carbonyls are generally located, (Diehl, 2008).  The shorter peak with a chemical shift 

of 134.62 ppm represents one carbon (C1). The next carbon (C4), also with a short peak in the 

para-position of the carbonyl group, was depicted with a chemical shift of 131.73 ppm. The 

peak with a chemical shift of 127.90 ppm represents two carbons (C3 and C5) as they share the 

same environment. This is due to the tall height of the peak compared to shorter peaks. This 

also occurs for the last two carbons (C2 and C6) which have a chemical shift of 128.68 ppm. 

Therefore, 13C NMR showed that a total of seven carbons were present and the chemical shifts 

correspond with the work done by Scott (1972). Furthermore, the three DMSO-d6 solvent peaks 

present have a chemical shift of 40.46, 40.26, 40.05, 39.84, 39.63, 39.42 and 39.21 ppm. This 

corresponds to the work performed by Fu and co-workers (2016) which used the same NMR 

frequency and the same solvent. This confirms that benzamide was synthesised during the 

nitrile hydratase assay suggesting that a nitrile hydratase enzyme was successfully expressed.  

HRMS uses an electric and magnetic field is to determine the molecular weight (mass) of a 

compound (Baghel et al., 2017). This is done when the mass spectrometer generates ionised 

particles of the compound. Benzamide has a molar mass of 121.14. After ionisation, the mass 

was expected to be ~ 122.0, in positive mode.  In this study mass of 122.0777 was observed 

which is the expected mass of benzamide.  

During the conversion of benzonitrile to benzamide, approximately, 6 g of wet cell paste was 

produced in a 1.2 L, in a bioreactor in 24 hours. Therefore, large quantities of benzamide can 

be produced and extracted for commercial use. The minimum enzyme activity (32 U) expresses 

the minimum number of µmols, of the substrate, is converted per minute (Farrell & Taylor, 

2005). During HRMS, the standard of benzamide and benzonitrile was detected at a mass of 
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122.0520 g/mol and 103.9535 g/mol, respectively. When testing the sample, benzonitrile 

required formic acid to aid in ionisation in order to read an expected mass of ~104 g/mol instead 

of 103 g/mol. In the HRMS spectrum, peak splitting occurred during the separation of 

benzonitrile and benzamide whereby two peaks were observed and contained both compounds. 

This can be due to several factors such as the different strengths of the injected solvent and the 

mobile phase, incorrect pore sizes in the column for the compound, a blocked or plugged frit 

which will distort the flow, a channel or a void existing in the stationary phase of the column 

and an overloading of the column (Bidlingmeyer, 2001). Due to a limited selection of columns, 

this experiment could not be repeated. In future, various columns such as the 4.6 x 250 mm or 

a Luna C18 column manufactured by Phenomenex can be utilised as Frederick (2013) as well 

as Kamble and co-workers (2012) have successfully separated these compounds using these 

columns.  

In terms of the total protein concentration, determined by using a fluorescent dye that binds to 

any present proteins. The untransformed-uninduced control E. coli BL21(DE3) had a protein 

concentration (1.89 mg/mL) similar to that of transformed-uninduced E. coli BL21(DE3) (1.90 

mg/mL). This is expected since this culture was not induced and did not show any leaky 

expression as no nitrile hydratase was present as deduced from previous tests. However, 

transformed-induced E. coli BL21(DE3) had an increase in the concentration of total proteins 

(2.13 mg/mL). This 0.14 mg/mL increase in protein can be partially attributed to cobalt-

containing nitrile hydratase as the confirmation of benzamide proves that expression of nitrile 

hydratase was successful. In addition, the increase in protein is also caused by naturally 

occurring enzymes on the lac operon, b-galactosidase, lactose permease and thiogalactoside 

transacetylase. Therefore, the heterologous expression of nitrile hydratase was successful. 

3.6 CONCLUSION  

Transformed-induced E. coli BL21 (DE3) hosting plasmids coding for the R. rhodochrous 

ATCC BAA-870 nitrile hydratase gene and induced with IPTG and CoCl2, was found to 

successfully produce a nitrile hydratase. This was confirmed by performing an enzyme assay 

with benzonitrile as the substrate and using TLC plates, melting point, NMR spectroscopy, 

HRMS and FT-IR spectroscopy to confirm the presence of benzamide formed by a nitrile 

hydratase. A 100 % conversion of benzonitrile was observed after 30 minutes. Therefore, 960 

µmol was converted to 960 µmol of benzamide by a nitrile hydratase. This provides a minimum 
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enzyme activity of 32 U. Furthermore, no leaky expression was observed as there was no 

conversion of benzonitrile to benzamide observed in the enzyme essay when E. coli 

BL21(DE3) cells transformed with the nitrile hydratase plasmids but not induced with IPTG 

were utilized. This study may represent a suitable method of heterologous expression and 

production of nitrile hydratase for potential commercialisation. 

3.7 RECOMMENDATIONS 

In future, optimisation of nitrile hydratase expression should be explored to increase the yield 

of the enzyme at an efficient rate. It may be necessary to perform protein purification for 

commercial enzyme sales. A more robust HPLC approach may be able to provide a better 

insight into the specific activity of the heterologously expressed enzyme. Furthermore, testing 

the enzyme on various nitrile substrates to determine the substrate range of the enzyme should 

be conducted. 
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CHAPTER 4: 

SUMMARY 

The enzymes of importance in this paper are nitrilase and nitrile hydratase. Each enzyme 

provides a different pathway when hydrolysing nitriles in bacterial cells. This occurs as part of 

a detoxification pathway due to the toxic cyano functional group of nitriles. Nitrilase degrades 

the nitrile into a carboxylic acid whereas nitrile hydratase degrades the nitrile to an amide. The 

resulting compounds prove to be very useful in the chemical and pharmaceutical industries. 

The goal of this project was to successfully produce nitrile hydrolysing enzymes encoded by 

the bacterium, Rhodococcus rhodochrous. Each enzyme produced were encoded by genes 

naturally located in R. rhodochrous strains isolated from Gauteng, South Africa.  

During nitrilase production, R. rhodochrous A29, A99 and ATCC BAA-870 were utilised. The 

aim was to culture these cells in a bioreactor and induce nitrilase using the cost-effective DMF 

compound. The growth rates of the control and DMF induced cells were compared and 

statistical analyses show that there was no significant difference in growth rates after the 

addition of 0.5 % (v/v) DMF. This suggests that a concentration of 0.5 % DMF in the culture, 

had no significant effect on the growth rate of the bacteria. This is a beneficial property of using 

DMF as an inducer in the future. Next, an activity assay was performed in order to determine 

if nitrilase was induced. Benzonitrile was used as the substrate and therefore benzoic acid was 

the expected product if nitrilase expression occurred. Several analytical chemistry tests were 

done to determine whether benzoic acid was produced. TLC plates were run, FT-IR and NMR 

spectroscopy were performed. TLC plates showed that a 100 % conversion of benzonitrile 

occurred in all three strains after DMF induction. The FT-IR spectroscopy spectra showed that 

an aromatic structure with a carboxylic functional group was present in the product of all three 

strains. In order to determine how many carbons and hydrogens were present in the compound, 

NMR spectroscopy was performed. A total of six hydrogens and seven carbons were found for 

the compound thereby confirming the presence of benzoic acid. In addition, the melting point 

for each product was within the correct range for benzoic acid. Since no benzonitrile was 

present in the products, 100 % of the substrate was converted to benzoic acid. A minimum 

enzyme activity of 32 U was calculated for the reaction and a total productivity of benzoic acid 

~ 2.34 kg/kg/h (w/w) was determined.  
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During nitrile hydratase production, E. coli BL21 (DE3) hosting the plasmids encoding nitrile 

hydratase, from R. rhodochrous ATCC BAA-870, was used. The cells were also cultured and 

induced in a bioreactor. IPTG was used as an inducer and CoCl2 was added as a metal source 

for the cobalt-containing nitrile hydratase enzyme. Controls of untransformed-uninduced E. 

coli BL21 (DE3) and transformed-uninduced E. coli BL21 (DE3) containing the nitrile 

hydratase gene were also cultured separately in the bioreactor. Activity assays were performed 

with benzonitrile as the substrate. TLC plates were run and the controls showed no conversion 

of benzonitrile which indicates no leaky expression of the enzyme. The transformed-induced 

culture converted benzonitrile to benzamide. In order to confirm that benzamide was produced, 

FT-IR spectroscopy was performed to confirm the presence of an aromatic compound with an 

amide as the functional group. Next, NMR spectroscopy was performed to confirm the 

structure of benzamide by determining the number of carbons and protons present in the 

compound. A total of seven carbons and seven hydrogens were present which is expected for 

benzamide. The melting point and molecular mass (as determined by HRMS) also fell within 

the correct range for a benzamide compound. HPLC-MS/MS was unsuccessful due to 

complications with the columns. Since no benzonitrile was present in the enzyme assay 

product, 100 % was converted to benzamide. A minimum enzyme activity of 32 U was 

determined for the reaction with a productivity of ~ 4.65 kg/kg/h (w/w).   

From this work, it can be deduced that DMF is a suitable inducer for nitrilase in R. rhodochrous 

strains which host the nitrilase enzyme. It has more advantages compared to other inducers as 

firstly, it is not metabolised during induction and secondly it is obtained at a cheaper price than 

ε-Caprolactam. The production of nitrilase with a cost-effective inducer is beneficial when 

utilising this enzyme for the bioconversion of nitriles to their corresponding carboxylic acid 

which has a multitude of beneficial applications in pharmaceutical and industrial sectors. 

Subsequently, a two-construct system for the heterologous production of nitrile hydratase was 

successful. Therefore, the use of an E. coli host allows for efficient mass production of this 

enzyme compared to using the native host. This is beneficial as the bioconversion of nitriles to 

their corresponding amide has numerous pharmaceutical and industrial applications. In 

addition, this work is proof R. rhodochrous strains isolated from South African have the ability 

to produce nitrile hydrolysing enzymes of high catalytic potential. 
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APPENDIX A 

Table A2.1: Absorbance (OD600) of DMF Uninduced Rhodococcus rhodochrous 

Time (Hours) ATCC BAA-870 A29 A99 

0 2.124 2.364 2.694 

12 2.235 2.457 2.739 

24 2.307 2.595 2.928 

36 3.352 3.168 3.460 

48 3.975 3.905 4.100 

60 4.245 4.155 6.240 

72 4.590 4.332 6.496 

 

Table A2.2: Absorbance (OD600) of DMF Induced Rhodococcus rhodochrous 

Time (Hours) ATCC BAA-870 A29 A99 

0 1.578 1.350 2.352 

12 2.037 1.728 2.682 

24 2.168 2.288 2.932 

36 3.368 3.395 4.390 

48 4.182 4.086 4.926 

60 4.984 4.914 5.904 

72 5.292 5.096 6.040 
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NMR SPECTRA 

 

Figure A1: 1H NMR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous A29 
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Figure A2: 13C NMR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous A29 
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Figure A3: 1H NMR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous A99 
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Figure A4: 13C NMR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous A99 
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Figure A5: 1H NMR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous ATCC BAA-870 
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Figure A6: 13C NMR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous ATCC BAA-870 
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FT-IR INTERFEROGRAM  

 

 

Figure A7: FT-IR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous A29 
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Figure A8: FT-IR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous A99 
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Figure A9: FT-IR Spectrum for Benzoic Acid Bio-converted by a Nitrilase Produced by Rhodococcus 

rhodochrous ATCC BAA-870 
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APPENDIX B 

Table B1: Absorbance (OD600) of Escherichia coli Cells Grown in a Bioreactor. 

Time (Hours) E. coli Uninduced NHase E. coli Induced NHase E. coli 

0 0.326 0.237 0.201 

1 0.415 0.356 0.278 

2 0.867 0.411 0.336 

4 1.512 0.507 0.378 

5 2.433 0.698 0.427 

6 3.66 0.788 0.519 

7 3.89 0.895 0.635 

8 4.075 1.156 0.798 

9 4.49 1.408 1.174 

10 4.602 1.917 1.698 

11 4.638 2.457 2.187 

12 4.692 2.956 2.724 

13 4.704 3.488 3.032 

14 4.758 3.73 3.5 

15 4.794 4.435 3.985 

16 4.86 5.034 4.572 

17 - 5.355 5.005 

18 - 5.565 5.145 

19 - 5.568 5.328 

20 - 5.664 5.424 

21 - 5.68 5.48 

22 - 5.704 5.608 

23 - 5.841 5.634 

24 - 5.895 5.661 
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NMR SPECTRA 

 

Figure B1: 1H NMR Spectrum for Benzamide Bio-converted by a Nitrile Hydratase. 
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Figure B2: 13C NMR Spectrum for Benzamide Bio-converted by a Nitrile Hydratase. 
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FT-IR INTERFEROGRAM 

 

Figure B3: FT-IR Spectrum for Benzamide Bio-converted by a Nitrile Hydratase. 
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HPLC-MS/MS SPECTRA 

 

Figure B4: HPLC-MS/MS Spectra for Sample Containing Benzonitrile and Benzamide from a Nitrile 

Hydratase Enzyme Assay.  

 

 

 

 

 


