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Abstract 

Abstract 
 

 

The South African soil isolate Rhodococcus rhodochrous ATCC BAA-870 encodes a low-molecular mass 

nitrile hydratase (L-NHase), similar to that of from R. rhodochrous J1, which may be used to produce 

enantiopure β-substituted amides for use in peptidomimetics and other pharmaceuticals. This study 

aimed to compare the protein sequence of this enzyme with other known and novel NHase, 

heterologously express enzyme, identify residues involved in enantioselectivity of the L-NHase for β-

substituted nitrile substrates and finally to carry out directed evolution on the recombinantly expressed 

L-NHase to improve its enantioselectivity. Multiple South African soil isolates were genetically screened 

to identify any NHase genes. The NHase genes from R. rhodochrous ATCC BAA-870, R. rhodochrous J1, five 

South African Rhodococcal soil isolates and other reported NHase genes were compared to determine if 

patterns of gene sequence and substrate usage occurred. Homology modelling and previous studies were 

used to visualize residues within the substrate channel that may interact with substrates. Directed 

evolution using iterative saturation mutagenesis (ISM) and the combinatorial active site saturation test 

(CASTing) was done to introduce mutations to the selected residues. Chiral high performance liquid 

chromatography was attempted to test for enantioselectivity of the recombinant L-NHase. All of the 

Rhodococcus soil isolates were found to possess a gene for L-NHase but not H-NHase. With the L-NHases 

from R. rhodochrous J1 and BAA-870, they formed three separate homologous genetic groups, however 

these not appear to have associated substrate usage patterns. Database mining revealed a possible origin 

for the R. rhodochrous J1 H-NHase. ISM-PCR was successful in introducing mutations within the beta 

subunit of the recombinant L-NHase but unfortunately not in the target region of the gene. The L-NHase 

from R. rhodochrous ATCC BAA-870 was successfully recombinantly expressed and was able to fully 

hydrolyse the substrates 4-methoxybenzonitrile, 3-amino-3-p-tolyl propanenitrile and 3-amino-3-(4-

methoxyphenyl) propanenitrile, although enantioselectivity could not be quantified due to HPLC column 

degradation. Although some methods used in this study require optimisation, this is a promising approach 

to modify and possibly improve the enantioselectivity of the L-NHase from R. rhodochrous ATCC BAA-870 

for β-substituted amides.  
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

1.1 INTRODUCTION 

 

1.1.1 The genus Rhodococcus and its biocatalytic potential 

 

The bacterial genus Rhodococcus belongs to the phylum Actinobacteria; class Actinobacteria; family 

Nocardiaceae and suborder Corynbacterineae. As of this writing, there are 50 validly published and 

confirmed species in the genus (according to the online database 

http://www.bacterio.net/rhodococcus.html). They have been described as forming three subclades, one 

containing R. rhodochrous, R. erythropolis and R. equii, respectively, although there is uncertainty around 

the third subclade, in particular the classification of R. equii  (Mcminn et al., 2000; Goodfellow et al., 2012).  

 

These bacteria are gram-positive, aerobic, non-motile, non-sporulating and contain genomes with a high 

GC content. As members of the suborder Corynbacterineae, they produce mycolic acids, branched lipids 

which form part of the cell wall in a characteristic complex of mycolyl–arabinogalactan–peptidoglycan.  

Rhodococci tend to change morphology with age, starting as cocci, but then forming rods and branched 

filaments (Gürtler and Seviour, 2010). Many species produce colonies of a reddish-pink colour, hence the 

name of the genus. 

 

The Rhodococci are found commonly in soils, marine sediments and waste water (Gürtler and Seviour, 

2010), in nitrile-utilising plants and in agricultural soil enriched in nitrates (Rapheeha et al., 2017). They 

have also been isolated from air from a Russian space station and soil from an archaeological grave site. 

This variety in habitat is possibly due to the ability of Rhodococci to utilise a wide range of carbon and 

nitrile sources, possibly due to the genetic variety conferred by multiple large plasmids (Gürtler and 

Seviour, 2010). Because of their wide range of enzymes and environmental adaptations, the genomes of 

Rhodococci are a rich source of enzymes with potentially novel biocatalytic properties (McLeod et al., 

2006; Pathak et al., 2013). 

 

R. rhodochrous is the type species of its genus, while the type strain of R. rhodochrous is ATCC 372 (Zopf 

1891) Tsukamura 1974 (https://bacdive.dsmz.de/index.php?search=10908&submit=Search).  A search on 



 

2 
 

the National Centre for Biotechnology Information (NCBI) genome database 

(https://www.ncbi.nlm.nih.gov/genome/) yields 17 results as of March 2020, however only two of these 

are a complete genome (for strain NCTC10210). There are four scaffolds and ten contigs, shown in Table 

1.1. There are 14 plasmid sequences on the NCBI nucleotide database 

(http://www.ncbi.nlm.nih.gov/nuccore). 

 

Table 1.1: All available full and partial R. rhodochrous genome sequences* 

 

*This table is compiled based on the NCBI genome database and is accurate as of March 2020  

WGS = Whole genome shotgun project 

 

Brady et al. (2004) screened soil samples and identified Rhodococcus rhodochrous ATCC BAA-870, also 

known as “Ismall”, as a potentially useful nitrile-degrading organism with enantioselective capabilities. It 

was found that the NHase in this organism was able to hydrolyse β-hydroxynitriles (Kinfe et al., 2009) and  

β-aminonitriles (Chhiba et al., 2012) with varying levels of enantioselectivity. A later study of soil samples 

from various locations in South Africa found that the ability to hydrolyse β-substituted nitriles was most 

prevalent in Rhodococci isolated from agricultural soils (Rapheeha et al., 2017).   Five of these new 

Rhodococcal isolates were examined in the current study for their similarities to R. rhodochrous ATCC 

BAA-870.  

 

 

Strain Assembly Size (Mb) GC% Replicons WGS Genes Proteins
Release 

Date
Modify Date Level

NCTC10210 GCA_900187265.1 5.27476 68.2 Chromosome - 4839 4683 15 08 2017 21 12 2019

Complete 

Genome

ATCC BAA870 GCA_009883715.1 5.90382 67.8026

Chromosome and 

plasmid - 5315 5119 15 01 2020 17 01 2020

Complete 

Genome

EP4 GCA_003004765.2 5.71765 67.9 Chromosome - 5188 4932 18 09 2018 21 09 2019 Chromosome

NBRC 16069 GCA_001047055.1 5.20172 68.2 - BBXP01 4798 4646 24 06 2015 07 02 2020 Contig

DSM 43241 GCA_001646825.1 5.18405 68.2 - LRRK01 4805 4639 18 05 2016 08 02 2020 Scaffold

NCTC630 GCA_900455745.1 6.51314 70.6 - UGVK01 6064 5822 30 07 2018 17 08 2019 Contig

NRRL B-1306 GCA_000716895.1 6.77732 61.7 - JNWS01 6280 6066 01 07 2014 30 11 2019 Contig

J3 GCA_900177695.1 6.10685 67.9 - FXAV01 5594 5376 20 04 2017 30 07 2019 Scaffold

SPC17 GCA_009831075.1 4.98578 68.4 - WUUR01 4536 4398 06 01 2020 26 01 2020 Contig

J38 GCA_007830015.1 6.02043 67.9 - VLKA01 5531 5278 02 08 2019 07 08 2019 Scaffold

J45 GCA_007829555.1 6.36116 67.8 - VLJT01 5880 5545 02 08 2019 06 08 2019 Scaffold

ATCC 17895 GCA_000469645.1 6.86723 62.3 - ASJJ01 6419 6183 23 09 2013 29 11 2019 Contig

ATCC 21198 GCA_000517665.1 6.47755 70.2 - AZHI01 6003 5749 13 01 2014 10 02 2020 Contig

TRN71 GCA_001511235.1 4.87101 70.2 - FBUK01 4615 3189 04 01 2016 04 12 2019 Contig

KG-21 GCA_001278665.1 6.09995 69.6 - AZYO01 5661 5310 03 09 2015 11 02 2020 Contig

BKS6-46 GCA_000239135.3 6.21364 67.4 - AGVW02 5772 5517 20 12 2011 21 12 2019 Contig

11Y

GCA_002003765.1 

(contaminated) 8.58441 70.4 - JNVR01 8676 7062 17 02 2017 17 02 2017 Contig
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1.1.2 Nitrile hydratase enzymology and structure 

 

The first identification of a nitrile hydratase (NHase) was the NHase from Arthrobacter sp. J-1. (Asano et 

al. 1980). Asano et al. did recover active NHase, although no mention is made of any metal ions being 

necessary for expression.  NHases constitute their own protein family and are metalloproteins containing 

either a non-heme iron ion (Sugiura et al., 1987) or a non-corrin cobalt ion (Brennan et al., 1996a). R. 

rhodochrous strains contain cobalt, while R. erythropolis and R. equi strains contain iron.  

 

1.1.3 Central metal ion 

 

Sugiura et al. (1987) first identified that the NHases from Brevibacterium R312, later renamed to 

Rhodococcus sp. R312 (Brennan et al., 1996b), and Pseudomonas chlororaphis B23 both contained a 

central low-spin non-heme Fe(III) ion. Nelson et al. (1991) then identified the active site motif of C-X-Y-C-

Z at residues 110 to 155 of the alpha subunit in the Fe-type NHase from Brevibacterium sp. Nagasawa et 

al., (1988) found that R. rhodochrous J1 produced an NHase when the medium was supplemented with 

CoCl2 and that cobalt acted as an inducer of the enzyme (Nagasawa et al., 1988) as well as urea and amides 

(Nagasawa et al., 1991). Fe-type NHases are inhibited by nitric oxide (NO), which is released by light 

exposure, a process known as photoactivation (Nakajima et al., 1987; Mascharak, 2001).  

 

NHases consist either of αβ-dimers or α2β2-tetramers with a single ion per dimer (Huang et al., 1997), 

although they may form larger multimers (Zhou et al., 2010).  The conserved active site sequence in all 

NHases consists of α-subunit residues only and forms the pattern VC1(T/S)LC2SC3(Y/T), where the Co-type 

contains VCTLCSCY and the Fe-type contains VCSLCSCT (Payne et al., 1997). The metal ion is found at the 

α-β subunit interface. It is held in a claw-like complex by bonds to the sulphur atoms of the three cysteine 

residues, where C2 is modified by oxidation to cysteine sulfinic acid (Cys-SO2H) and C3 is modified to 

cysteine sulfenic acid (Cys-SOH) (Murakami et al., 2000). The other ligands are formed by two main-chain 

amide nitrogens, one from cysteine C3 and one from the adjacent serine. This coordinates the metal ion 

in an octahedral coordination sphere with the sixth position in the Co-type being occupied by a hydroxide 

ion involved in the catalytic mechanism (Huang et al., 1997) or an NO molecule in the Fe-type (Nagashima 

et al., 1998) (Figure 1.1). Despite some residues differing, the chemistry of the active site is retained in 

both Co- and Fe-type NHases, hence the coordination of the ion in both active sites is the same. The 
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structure of the NHase from R. rhodochrous ATCC has been predicted by homology modelling in the 

present study (see Sections 2.3.3.1 and 2.3.3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The nitrile hydratase active site coordination complex based on the crystal structure of the 

Co-type NHase from Pseudonocardia thermophila JCM 3095. The Co ion is coordinated by three cysteine 

residues and a serine from the alpha subunit as well as a hydroxide molecule (labelled water). βArg52 and 

βArg157 stabilise the active site through hydrogen bonds to the oxygen atoms (red spheres) of the 

modified cysteines. Reproduced from Miyanaga et al. (2001). PDB ID: 1UGQ. Residue numbers may be 

different in other NHases.  

 

1.1.4 Gene structure 

 

The operons of both Fe- and Co-type NHases contain corresponding genes, but in a differing order. It was 

found early on that NHase is co-expressed with an amidase (Asano et al., 1980; Nagasawa et al., 1988) 

and that they are found on the same operon (Nojiri et al., 1999). In the Fe-type, the amidase gene is 

located upstream of both the subunit genes while in the Co-type the amidase gene can be downstream 

of both subunits (Komeda et al., 1996) or upstream of both (Cameron et al., 2005). In the Fe-type, the α-

subunit gene is upstream of the β-subunit gene (Nojiri et al., 1999) and in the Co-type this is the opposite 
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(Kobayashi et al., 1991; Kim and Oriel, 2000). Finally there is an activator or chaperone protein, a 14kDa 

protein with 25% sequence identity to the beta subunit, which assists in inserting the cobalt ion into the 

alpha subunit (Cameron et al., 2005) via self-subunit swapping (Liu et al., 2012). It has been suggested 

that the differing gene organisation may be a result of gene rearrangement (Komeda et al., 1996). A 

number of regulator genes have also been identified on the operon which control the expression of NHase 

(Figure 1.2).  

 

Fe-type              

 

                        nhr1            nhr2            amdA                α                 β                 activator 

 

Co-type (low molecular mass) 

 

                       nhlD           nhlC             nhlB            nhlA            nhlE         nhlF           amdA           

 

Figure 1.2: Simplified schematic of the Fe-type and Co-type NHase genes. The open reading frames in 

each gene correspond to each other, although the order of α and β subunits is opposite. nhr1, nhr2, nhlD, 

nhlC: regulator proteins; amdA: amidase. nhlB: beta subunit ; nhlA: alpha subunit; nhlE: beta homologue; 

nhlF: Co transporter. Fe-type from Rhodococcus sp. N-771 (Nojiri et al., 1999); Co-type from Bacillus sp. 

BR449 (Kim and Oriel, 2000) and R. rhodochrous J1 (Komeda et al., 1996). 

 

1.1.5 Co-type: high and low molecular mass 

 

Studies on the Co-type NHase from R. rhodochrous J1 Kobayashi et al. (1991) showed that two types exist– 

one of low molecular weight at ~130 kDa (L-NHase) and one of high molecular weight at ~530 kDa (H-

NHase) – and that these types are coded for by two separate genes. Thus far, R. rhodochrous J1 is the only 

organism which possesses the H-NHase as well as the L-NHase, while R. rhodochrous ATCC BAA-870 and 

other Rhodococci possess only the low molecular weight Co-type NHase (Frederick, 2013). It was thought 

that the H-NHase arose from a unique gene duplication event in R. rhodochrous J1 (Komeda et al., 1996) 

however H-NHase sequences have since been reported in other bacteria.  A search for H-NHase sequences 

on the NCBI website gives 145 results (as of March 2020), although all except the R. rhodochrous J1 results 

appear to be gene sequences while the associated proteins have not yet been studied.  
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1.1.6 Enzymology 

 

The H-NHase has been reported to exist as a 530 kDa α10β10 oligomer (Nagasawa et al., 1991; Mizunashi 

et al., 1998; Lan et al., 2017). The L-NHase and H-NHase have different optimal pH and temperature 

conditions, as well as different substrate activity profiles (Wieser et al., 1998), as early research found that 

the H-NHase had a higher or similar affinity for aliphatic nitriles while the L-NHase had a greater affinity 

for aromatic nitriles (Kobayashi et al., 1992; Wieser et al., 1998). Urea acts as an inducer of H-NHase while 

amides induce both NHases and amidase. In L-NHase, nhlD represses NHase expression. Amides induce 

the nhlC gene, the protein product of which represses the nhlD gene, allowing the NHase to be expressed  

(Komeda et al., 1996). Crotonamide was found to be necessary for the H-NHase to assemble its oligomeric 

form (Mizunashi et al., 1998).  

 

An alignment of the amino acid sequences of the two NHases from R. rhodochrous J1 by Frederick (2013) 

indicated a 42.89% identity between the two proteins which suggested that they had arisen from a gene-

duplication event, and then diverged to act on different nitrile substrates, as originally suggested by 

Wieser et al. (1998). The alpha and beta subunits of each type are in fact of similar length, however the L-

NHase alpha subunit has a seven residue insertion at the N-terminus. The H-NHase beta subunit has a 

three residue insertion at the 64th position (Figure 1.3).  
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Figure 1.3: Alignment of the alpha and beta subunits from R. rhodochrous L-NHase and H-NHase. Both 

alignments were produced using EMBOSS NEEDLE on the EMBL-EBI website 

(https://www.ebi.ac.uk/Tools/psa/emboss_needle/) using the BLOSUM62 matrix and default gap 

opening and extension penalties. 
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1.1.7 Gene Structure 

 

The gene structure of both L-NHase and H-NHase is similar, with both genes encoding their respective 

alpha and beta subunits on a single mRNA. In both genes, the beta subunit occurs upstream of the alpha 

subunit with a short distance of 13 bp between the subunits (Kobayashi et al., 1991). Interestingly, the H-

NHase operon does not contain an amidase gene (Komeda et al., 1996). The nhhF gene encodes a 

transposase, an enzyme which can excise a DNA sequence and re-insert it elsewhere in the genome 

(Komeda et al., 1996). This supports the suggestion by Wieser et al. (1998) that the H-NHase arose from 

a gene duplication event. Figure 1.4 shows compares the Fe- and Co-type gene layouts.  

 

Low molecular mass 

 

                       nhlD           nhlC             nhlB            nhlA            nhlE         nhlF           amdA           

 

High molecular mass 

        

                        nhhC            nhhD            nhhE           nhhB             nhhA            nhhG 

 

Figure 1.4: Simplified schematic of the Co-type low and high molecular mass NHase genes. nhlD: down-

regulator of expression; nhlC: up-regulator of expression; nhlB, nhhB: beta subunit; nhlA, nhhA: alpha 

subunit; nhlF: cobalt transporter; nhlE, nhhG: beta homologue; amdA: amidase. Based on (Komeda et al., 

1996, 1997; Cameron et al., 2005). 

 

 

1.1.8 Nitrile hydratase: function and importance to industry 

 

Some of the most comprehensively studied Rhodococcal enzymes are those involved in nitrile 

degradation, particularly a group of three enzymes with interlinked functions. These are nitrile hydratase, 

amidase and nitrilase (Bunch, 1998).  Nitrile hydratase and amidase are able to accomplish the same 

hydrolytic pathway as nitrilase alone (Brady et al., 2004). The relationship between reactions catalysed by 

the three enzymes is shown in Figure 1.5.  
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Figure 1.5:  Nitrile Hydratase hydrolyses nitriles to amides which are then hydrolysed by amidase to 

carboxylic acids and ammonia. Nitrilase is able to catalyse hydrolysis of nitriles directly to carboxylic acids. 

Reproduced from Brady et al. (2004). 

 

 

The various Co- and Fe-type NHases have been shown to have highly varied substrate specificities, 

although Co-type NHases tend to act preferably on aromatic nitriles while Fe-type NHases hydrolyse 

mainly aliphatic nitriles (Brandao et al., 2003). More recent research by Rzeznicka et al. (2010) on the Fe-

type NHase from Rhodococcus equi TG328-2 found that this Fe-type NHase was able to hydrolyse aromatic 

and heterocyclic nitriles, but it had a greater preference for aliphatic nitriles, which is in line with the 

previously reported results. Work by van Pelt et al. (2011) showed that an Fe-type NHase from R. 

erythropolis AJ270 showed preference for hexanenitrile and the arylaliphatic substrate phenylacetonitrile, 

while the Co-type NHases used in the study showed a preference for the aromatic substrate benzonitrile. 

Using the crystal structure of the Co-type NHase from Pseudonocardia thermophila JCM 3095, Miyanaga 

et al. (2001) predicted that the conserved βTrp72 residue creates a larger space in the active site 

compared to the corresponding βTyr76 residue in the Fe-type, thereby contributing to the ability of the 

Co-type to accept larger, aromatic substrates. Mashweu et al. (2020) profiled the aromatic substrate 

scope of the L-NHase from R. rhodochrous ATCC BAA-870 and found that the NHase was able to hydrolyse 

many smaller aromatic nitriles, with increased size, position of ring substituents and steric hindrance 

around the cyano group decreasing the enzyme’s affinity. It is possible that the increased size of the 

substrate pocket causes reduced affinity for less bulky aliphatic nitriles by preventing or decreasing the 

strength of interactions between the substrate and residues within the active site.  
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The Co-type H-NHase from R. rhodhchrous J1 is used  as a third generation biocatalyst, replacing earlier 

Fe-type NHases (Kobayashi et al., 1992) to produce acrylamide from acrylonitrile by the Mitsubishi Rayon 

Co. (Kobayashi and Shimizu, 1998) and nicotinamide by Lonza AG (Wieser and Nagasawa 2000). An NHase 

has also been used to produce 5-cyanovaleramide, the starting material for the herbicide azafenidin by 

DuPont (Thomas et al., 2002). The Co-type H-NHase was found to tolerate a wider range of temperatures 

and to have a higher affinity for acrylonitrile than the older Fe-type NHase biocatalysts (Kobayashi et al., 

1992), as well as catalysing an almost 100% conversion of nitrile to amide (Yamada and Kobayashi, 1996). 

Other potential uses include producing intermediates in the synthesis of antiretrovirals (Priefert et al., 

2004) and beta-adrenergic agents (Rapheeha et al., 2017), as well as bioremediation in polluted 

environments (Kuyukina and Ivshina, 2010).  

 

It is likely that the wide variety of NHases could be applied to generating many chemicals, for both industry 

and pharmaceutical use. There are few commercially available NHases, hence the discovery and activity 

profiling of new NHases may be a profitable area. There are currently no NHase enzymes available on the 

Sigma-Aldrich website (www.sigmaaldrich.com). Creative Enzymes (New York, USA) provides seven nitrile 

hydratases, three of which are identified as originating from R. erythropolis, Rhodopseudomonas palustris 

and Sinorhizobium meliloti respectively. One Co-type NHase is available from Prozomix (Haltwhistle, 

England), although disclosure of the source organism requires an enzyme toolkit agreement to be signed 

first. Alternatively, NHase-producing organisms can be obtained from the ATCC (American Type Culture 

Collection) and DSMZ (German Collection of Microorganisms and Cell Cultures GmbH) culture collections. 

As of March 2020, there are 435 Rhodococcus results and 95 R. rhodochrous isolates in the ATCC 

collection. The DSMZ collection yields 320 results for Rhodococcus and 24 R. rhodochrous results.   

 

The use of enzymes allows for the use of cleaner “green” chemical processes. Traditional methods 

produce large amounts of toxic by-products or waste and require large inputs of resources and energy 

(Thomas et al., 2002). Biological molecules have the advantage of being stable and active at milder 

temperatures, pressures and conditions of acidity (Sheldon and Rantwijk, 2004), and so less energy is 

spent in maintaining the reaction at extreme conditions (Thomas et al., 2002). Because enzymes catalyse 

reactions under milder conditions, protecting groups do not have to be added to labile groups on the 

substrate, which decreases the number of steps in the process (Pollard and Woodley, 2006). As well as 

the environmental benefits, the discovery of new biocatalysts may allow the innovation of new industrial 

processes and products (Wong and Whitesides, 1994). 



 

11 
 

1.2 AIMS AND OBJECTIVES 

 

1.2.1 Aim 

 

The overall aim is to characterise the enantioselectivity of the nitrile hydratase enzyme of Rhodococcus 

rhodochrous towards β-substituted aminonitriles first based on genetic variability and then to determine 

if this can be improved through directed evolution targeting the nitrile hydratase gene. This is in order to 

produce enantiomerically pure β-substituted amides as intermediates for pharmaceutical and industrial 

applications.  

 

1.2.2 Specific objectives 

 

I. To evaluate the nitrile-hydratase activity of the new Rhodococcus Rhodochrous soil isolates as well as 

that of R. rhodochrous ATCC BAA-870 (“Ismall”) towards beta-substituted aminonitriles. 

 How does the activity of the isolates towards different substrates compare? 

 Do they show enantioselectivity? 

 Is the difference significant? 

 Minor aim: To synthesis the β-substituted nitrile substrates in the chemical laboratory. 

 

II. To sequence the nitrile hydratase gene(s) of each isolate. 

 Are both the high and low molecular weight genes present and can they be successfully isolated 

and sequenced? 

 How similar are the genes from different isolates? 

 Are any patterns evident between the sequences and the activity towards different substrates, 

e.g. SNPs 

 Can a particular gene feature be associated with greater activity? 

 Should the L-NHase or the H-NHase be the focus of directed evolution? 
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III. To determine the most active isolate and carry out directed evolution on its nitrile hydratase gene to 

see if enantioselectivity towards beta-substituted aminonitriles can be improved. 

 Use either the gene from Ismall or from another isolate. Multiple genes may be used if time allows. 

 Select a suitable method of directed evolution. 

 Find a suitable high throughput screening assay to analyse the large number of variant enzymes 

which will be produced through directed evolution. 

 It may be necessary to develop an enantioselective screening method. 

 Does enantioselectivity improve with successive rounds of evolution? 

 Can activity of the nitrile hydratase enzyme be maintained at a sufficient level with changes in 

enantioselectivity? Are there any other changes in the behaviour or stability with directed 

evolution? 

 

1.3 CHAPTER SUMMARY 

 

Chapter 2 

This chapter focuses on data mining and categorising the sequence differences between the various L-

NHase genes as well as examining the reported substrate profiles in the literature to determine if there 

are any similarities or differences which can be associated with substrate preference. Alignments of the 

alpha and beta subunits to the alpha and beta subunits from other Co- and Fe-type NHases will be 

discussed to see if there are any patterns of residue characteristics or noticeable differences which could 

be linked to substrate preference. This may allow the residues involved in enantioselectivity to be 

identified. A three dimensional homology model of the L-NHase from R. rhodochrous ATCC BAA-870 will 

be produced to study the three dimensional position of its residues and to see if there are any patterns in 

the residues that can be associated with reported activity and enantioselectivity. Finally residues will be 

selected which can be mutated using iterative saturation mutagenesis and the combinatorial active site 

saturation test (CASTing) to improve enantioselectivity for either the R- or S-enantiomer of a chiral 

substrate. 
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Chapter 3 

This chapter discusses the attempt to produce recombinant active L-NHase using a two-construct plasmid 

system in E. coli BL21(DE3) and then documents the process of introducing mutations to the selected 

residues in the beta subunit via iterative site saturation mutagenesis PCR and iterative cycles of CASTing. 

It also covers the investigation of activity in the samples prior to mutation and during storage and 

discusses the results of the mutagenic PCR. 

 

Chapter 4 

This chapter covers the synthesis of chiral β-substituted nitrile substrates for the L-NHase from R. 

rhodochrous ATCC BAA-870 followed by activity tests of the wild type enzyme. It discusses the 

development of a high-performance liquid chromatography (HPLC) method to quantify enantioselectivity 

as well as discussing the difficulty and future possibility of developing a high-throughput screening assay 

for enantioselectivity.   
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Chapter 2: COMPARING THE SEQUENCE VARIATION AND SUBSTRATE SPECIFICITY 

OF NITRILE HYDRATASES WITHIN AND BEYOND THE RHODOCOCCUS GENUS 

 

2.1 INTRODUCTION 

 

2.1.1 Directed evolution as a means to improve industrial enzymes 

 

Although enzymes are viable targets as novel catalysts, they may have characteristics which are not 

conducive to large scale industrial processes. For example, in some cases the enzyme may not be stable 

under the conditions required to produce the greatest reaction yield (Burton et al., 2002), it may not be 

selective or specific enough for the substrate or catalyse at a fast enough rate (Burton et al., 2002), or it 

may be necessary to widen its catalytic activity towards unnatural substrates or to reverse its 

enantioselectivity (Nair et al., 2010). When engineering an enzyme for improved enantioselectivity, 

according to Carrea and Riva (2008), the eventual effect of the introduced mutations is to make the 

activation energy for one enantiomeric transformation much lower than for the other enantiomeric 

transformation. If the enzyme is to be used to produce pharmaceuticals, enantiopurity of the product is 

often required as only one enantiomer is active, or in some cases, one enantiomer may cause negative 

side effects (Caner et al., 2004). In order to change the selectivity of an industrially useful enzyme, it is 

useful to determine which residues in the amino acid sequence should be targeted to produce the desired 

effect, instead of taking a completely random approach. 

 

Guidelines for the selection of residues for directed evolution have previously been described by Acevedo-

Rocha et al. (2014). The following analyses in this chapter were motivated by these guidelines. 

Briefly, the process involves: 

1) Visualising the structure either using a crystal structure or a homology model. 

2) Identifying residues necessary to the function you want to improve (activity, 

enantioselectivity, stability). This can be done using docking studies and by reviewing previous 

studies. The residues are then grouped into clusters based on their position in the gene 

sequence. A cluster of residues is then mutated at the same time. 
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3) Deciding what technique to use to introduce mutations – often this involves error prone PCR 

(ePCR) or another variation on PCR. In this step, mutagenic primers are designed, often using 

a reduced amino acid alphabet to decrease the screening effort when selecting recombinant 

colonies. 

4) Choosing an assay to test for the desired characteristic (preferably high or medium 

throughout) as well as doing quick quality control (QQC) on the library to ensure the expected 

level of diversity has been achieved. 

 

In order to choose residues as targets for directed evolution, a homology model was created for this study 

using the amino acid sequence of the low molecular mass nitrile hydratase (L-NHase) from Rhodococcus 

rhodochrous ATCC BAA-870, characterised by Frederick (2013). L-NHase structures available on the 

Protein Data Bank were used as templates for the modelling. The literature was consulted to understand 

patterns of activity and enantioselectivity found in other nitrile hydratases as well as to determine if any 

residues could be associated with enzyme behaviour. 

 

2.1.2 Substrate specificity and geographic origin 

 

Brandao et al. (2003) conducted a study of various nitrile hydratases extracted from R. erythropolis 

isolates from distinct geographical regions, concluding that the variation in the gene sequences and thus 

the amino acid sequences was influenced by the different environments, conferring unique substrate 

specificity based on geographic source. They further found that the amino acid variations were located 

near the active site, contributing to the stabilisation of the active site. Hence, different residues in the 

vicinity of the active site would confer slight conformational differences, resulting in differing substrate 

specificities (and potentially enantioselectivity). This idea of nearby residues influencing the active site 

conformation is supported by the findings of Morley and Kazlauskas (2005), who analysed multiple 

enzymes and concluded that the residues within a 10Å radius of the active site residues tend to have the 

greatest effect on enantioselectivity and selectivity. 

 

A study by van Pelt et al. (2011) found that Co-type NHases were more active towards aromatic substrates, 

and the particular Co-type NHases utilised were selective towards (S)-2-phenylpropionitrile. They also 

found that enantioselectivity was reduced when the aromatic nitrile substrate contained a hydroxyl group 

on the alpha carbon, and was reduced even further by the presence of an amine group in the same 
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position. Although they do not discuss which residues may interact with the atoms of a bound substrate 

molecule, it may be possible to analyse such interactions using molecular docking and hence determine 

which residues could be altered to improve or change enantioselectivity. 

 

Another geographic survey of Co-type NHases was conducted by Rapheeha et al. (2017), who studied the 

substrate selectivity of both Fe- and Co-type NHases from various South African agricultural soil isolates, 

with a focus on the Co-types. The isolates which produced Co-type NHases were identified by 16s rRNA 

analysis as R. rhodochrous, except one (designated A99), which was identified as Pimelobacter sp. It was 

further found that both the Fe- and Co-type NHases specifically from Rhodococci were able to hydrolyse 

β-substituted aromatic nitriles (Chhiba et al., 2012). It is the NHases from these isolates which were used 

in the present study. In the current study, the gene sequences of the L-NHases from these isolates were 

compared to the activity data to determine if any activity patterns could be correlated to genetic variation.  

 

The closely related South African soil isolate, R. rhodochrous ATCC BAA-870, was studied to determine its 

enantioselectivity to various β-substituted hydroxynitriles  and aminonitriles (Chhiba et al., 2012). Despite 

the previous finding that an amino group decreased enantioselectivity (van Pelt et al., 2011), 

enantioselectivity was still observed, in particular towards the (S)-enantiomer. However, it is not certain 

which residues in the protein are responsible for this characteristic.  

 

2.1.3 Substrate channel amino acids may be a target for directed evolution 

 

It is known that the conserved residues in the active site are those which are important to enzymatic 

capability and structural integrity and therefore remain unchanged (Huang  et al., 1997). However, crystal 

structures of NHase indicate that the enzyme contains a channel for substrate molecules at the interface 

of the alpha and beta subunit. Some of the residues in this channel are not conserved, suggesting a role 

in substrate specificity. These residues were identified by Huang et al. (1997) on a crystal structure of the 

Fe-NHase from R. erythropolis R312. The alignments constructed in this study were analysed to identify 

the Co-type residues which corresponded with the substrate channel residues in the Fe-type enzymes, in 

order to identify residues which may play a role in substrate specificity and possibly enantioselectivity. 

The non-conserved residues identified in the R. erythropolis R312 enzyme were αGln91, αTrp118, 

αSer114, βTyr37, βVal52, βArg56, βTyr67, βTyr72, βArg75, βTyr76 and βArg141. They concluded that the 
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majority of these residues were variable, with the only strictly conserved residues being βArg56, βTyr72 

and βArg141, with the variable residues contributing to selectivity differences between NHases. 

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Materials 

 

2.2.1.1 Chemicals 

 

Chemicals were obtained from Sigma-Aldrich (Now Merck; Modderfontein, South Africa) unless otherwise 

stated. Reagents for microbiology and protein biochemistry were obtained from BioRad (California, USA) 

and Lasec (Thermo Fisher Scientific, Massachusetts, USA).  

 

2.2.1.2 Organisms and media 

 

The South African agricultural soil isolates of R. rhodochrous (A12, A19, A29, A73, A98, A99) as well as 

ATCC BAA-870 were obtained from Dr Varsha Chhiba at the CSIR, Pretoria, South Africa. Cells containing 

recombinant nitrile hydratase from BAA-870 were provided by Dr Brandon Weber at the University of 

Cape Town.  

 

2.2.1.3 Primers and sequencing services 

 

Forward and reverse primer pairs for the low molecular mass and high molecular mass NHases of R. 

rhodochrous were previously designed by Frederick (2013) based on the low and high molecular weight 

cobalt NHases from R. rhodochrous J1. The primer sequences were designed to amplify the gene cassette 

consisting of the alpha subunit, beta subunit and chaperone and were as follows: 
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L-NHase forward primer: 5’-CATATGGATGGAATACACGACCTCGGT-3’ 

L-NHase reverse primer: 5’-AAGCTTCTACCCGTCGGAGTCAGTGGT-3’ 

 

H-NHase forward primer: 5’-CATATGGATGGTATACACGACACAGGC -3’ 

H-NHase reverse primer: 5’-AAGCTTTCAGTCGATGATGGCCAT -3’ 

 

PCR Primers were ordered from Inqaba Biotec (Pretoria, South Africa). Inqaba Biotec was also employed 

to sequence the identified NHases from the isolates and BAA-870.  The sequencing method involved 

amplifying the gene from extracted gDNA in a PCR reaction using EconoTaq 2x GreenMasterMix (Lucigen, 

USA) and then sequencing using the BigDye version 3.1 (Thermo Fisher Scientific, Massachusetts, USA) 

kit.  

 

2.2.2 Methods 

 

2.2.2.1 Glycerol stocks 

 

Overnight cultures of 100 ml of tryptone soya broth (Merck, New Jersey, USA) were inoculated with a 

single isolate colony (one colony per culture per isolate). The culture was grown overnight for 

approximately 16 h at 30°C with continuous shaking at 200 rpm. Following growth, 500 µL of cells were 

mixed with 500 µL of sterile 80% glycerol in a Cryo. STM cryogenic vial (Greiner Bio One, Frickenhausen, 

Germany). The vials were snap frozen in liquid nitrogen and stored at -80°C.  

 

2.2.2.2 Extraction and identification of nitrile hydratase genes from South African agricultural soil 

isolates via polymerase chain reaction 

 

For each isolate, a culture of 100 ml of tryptone soya broth was inoculated with 100 µL from a thawed 

glycerol stock. The culture was grown for approximately 16 h at 30°C and 200 rpm. Tryptone soya agar 

plates were then streaked with the culture and grown at 30°C for a maximum of 72 h. A single colony was 

selected from the plate and inoculated into a new 100 ml tryptone soya broth culture and grown for 

approximately 12 h.  
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Bacterial cells were pelleted in a MiniSpin Plus Microfuge (Eppendorf, Hamburg, Germany) and then 

resuspended in nuclease-free water. The cells were then either ground in liquid nitrogen or lysed with 2.5 

mg.ml-1 lysozyme (Sigma-Aldrich) in order to weaken the cell wall. Genomic DNA was then extracted using 

the ZR Fungal/Bacterial DNA MiniPrep™ kit (Zymo Research, California, USA). 

 

The polymerase chain reaction method to amplify the low and high molecular mass NHases (if present) 

was modified from that of Frederick (2013). Taq polymerase (NEB, Massachusetts, USA) and a Bio-Rad 

C1000 Touch Cycler (Bio-Rad,California, USA) were used. Cycling conditions for the L-NHase PCR were as 

follows: initial denaturation at 94°C for 1 min; followed by 30 cycles of denaturation at 94°C for 30 sec, 

annealing at (Tm - 5°C (62.7°C)) for 30 sec and extension at 68°C for 1 min/kb. In the case of L-NHase this 

was 1 min 30 sec. Cycling conditions for the H-NHase PCR were: initial denaturation at 94°C for 2 min; 

followed by 30 cycles of denaturation at 94°C for 30 s, annealing at (Tm - 5°C) for 40 s and extension at 

68°C for 1 min/kb. In the case of H-NHase this was 1 min 40 s. BAA-870 was used as a positive control. A 

negative control containing no template DNA was used. 

The H-NHase protocol was repeated using different PCR stabilisers: BioStab (Sigma-Aldrich) and Betaine 

(Sigma-Aldrich), as well as replacing the Taq buffer with GC Buffer and GC Enhancer (NEB, Massachusetts, 

USA).  

 

2.2.2.3 Database mining for nitrile hydratase protein sequences 

 

The BRENDA database is a curated database which aims to summarise functional data for enzymes, which 

includes solved structures, amino acid sequences, substrate profiles and kinetic parameters as reported 

by individual studies (Placzek et al., 2017). It was chosen as the preferred source for nitrile hydratase 

sequences as all data is manually curated and redundancy is avoided. 

 

The sequences for each set of BRENDA entries were downloaded from the UniProt database at 

http://www.uniprot.org/ by utilising the Retrieve/ID Mapping function. Microsoft Excel 2013 was then 

used to sort and filter the sequences and then edit them into a FASTA style (utilising “>” style headers) 

before each sequence list was converted into a FASTA file by copying into a Microsoft Notepad document 

with a “.txt” or “.fas” file extension. 
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2.2.2.4 Sequence alignments and analyses 

 

The multiple sequence alignment programmes available on the EMBL-EBI website 

(https://www.ebi.ac.uk/Tools/msa/) were used to create multiple sequence alignments during this study 

(Chojnacki et al., 2017). MAFFT was used to separately align the amino acid sequences of the alpha and 

beta subunits belonging to the South African isolates, as well as the alpha subunits when comparing the 

full R. genus. In all cases, default settings were used: BLOSUM62 matrix; 1.53 gap open penalty; 0.123 gap 

extension penalty; max iterations: 2. When aligning the beta subunits belonging to the Rhodococcus 

genus, Clustal Omega was used as it produced a better scoring alignment with fewer small gaps. The 

default settings for Clustal Omega were used. 

 

2.2.2.5 Phylogenetic analysis 

 

MEGA7 (Kumar, Stecher and Tamura, 2016) was used to create a neighbour-joining, unrooted 

phylogenetic tree of each subunit for both the alpha and beta subunits of all available nitrile hydratases. 

Neighbour joining was selected due to the large number of sequences. Bootstrapping was carried out 

(1000 replicates) to yield a bootstrap consensus tree. The evolutionary distances were computed using 

the Poisson method. The rate variation among sites was modelled with a gamma distribution (shape 

parameter = 1).  

 

The initial trees were too extensive and thus a tree based on substrate profiles was created instead. 

 

2.2.2.6 Molecular modelling 

 

A homology model of the R. rhodochrous ATCC BAA-870 was constructed using Schrödinger Maestro v. 

11.2 (Schrödinger, New York, USA) using the Structure Prediction Wizard and using PDB ID 4ob0 (Martinez 

et al., 2014) as a template for both alpha and beta subunit. The alpha and beta subunits were prepared 

for homology modelling using the Maestro Protein Preparation Wizard (Sastry et al., 2013).  

 

Protein structural and biochemical data were predicted using the ExPASy ProtParam tool (Gasteiger et al., 

2005).  
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2.3 RESULTS 

 

2.3.1 Identification of nitrile hydratase genes in South African agricultural soil isolates by polymerase 

chain reaction 

 

Extracted genomic DNA was visualised on an agarose gel to confirm its quality prior to PCR analysis (Figure 

2.1). The strong band at a high molecular weight (larger than 20000 bp) indicates that the majority of DNA 

was in the form of long strands. Smears indicate smaller DNA fragments and the small amount of smearing 

further confirmed the DNA quality. 

 

Following this, separate polymerase chain reaction (PCR) reactions were prepared for each primer set and 

using the extracted gDNA as the template to determine which, if any, nitrile hydratase genes were present 

in each R. rhodochrous isolate. The isolates A12, A19, A29, A73 and A99 were found to contain L-NHases 

(Figure 2.2). None of the isolates appeared to contain an H-NHase. Attempts to stabilise the PCR reaction 

with additives due to the high-GC content of the Rhodococcus genome yielded only non-specific binding. 

It was assumed that the agricultural isolates did not contain an H-NHase gene, or if they did, its sequence 

was sufficiently dissimilar to that of R. rhodochrous J1 that the primers did not bind to the gene. The 

isolate A98 did not produce results for either an L-NHase or an H-NHase. Its growth pattern and colony 

morphology was sufficiently different from the other isolates that it was judged to be contamination and 

excluded from further studies. 
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Figure 2.1: Confirmation of gDNA quality from R. rhodochrous soil isolates. gDNA was run on a 0.8% 

agarose gel at 90V for 1.5 hrs. The gel was stained with ethidium bromide. Lane 1, GeneRuler 1kb Plus 

DNA Ladder; Lane 3, A19; Lane 4, A29; Lane 5, A73; Lane 6, BAA-870. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Example of PCR results showing the presence of L-NHase genes in some of the agricultural 

isolates as well as the absence of an H-NHase gene. Results were run on a 0.8% agarose gel at 90V for 1.5 

hrs. The gel was stained with ethidium bromide. L: result of L-NHase PCR. H: result of H-NHase PCR. Lane 

1, DNA Hyperladder I (bp); Lane 3, A73(L); Lane 4, A98(L) Lane 5, A99(L); Lane 6, A19(L); Lane 7, A19(H); 

Lane 8, Positive control - BAA-870(L); Lane 9, Negative control (L); Lane 10, Negative control (H).  
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2.3.2 Database mining overview 

 

As of March 2018, a search for nitrile hydratases (EC 4.2.1.84) on the BRENDA database returned 1315 

results for amino acid sequences. As most of these are separate alpha and beta subunit sequences 

belonging to the same isolate, the actual number of curated nitrile hydratase sequences available was 

initially assumed to be about half, or 657 sequences. Seventeen of the results had been declared 

redundant on UniProtKB (The UniProt Consortium, 2017), thus bringing the results to 640 nitrile 

hydratases.  

 

Of the 1315 results, 32 were specifically identified as binding a Co2+ or Co3+ metal ion and 33 were reported 

to bind an Fe2+ or Fe3+ metal ion. However, only five of the sequences identified on BRENDA as containing 

a cobalt ion and eight of those containing an Fe ion have accession numbers on UniProtKB. It appears that 

not all identified nitrile hydratases have been satisfactorily classified as either Co- or Fe- type, while many 

of those identified do not have sequences submitted to UniProt KB. It was theorised that a full alignment 

of all of the available nitrile hydratase amino acid sequences would shed light on the classification of those 

not yet identified as Co-type or Fe-type, as well as which may be more closely related to the high molecular 

mass Co-type of R. rhodochrous J1. When extracting the sequences from UniProtKB, 140 sequences had 

been tagged as cobalt type on this database.  

 

BRENDA reports 45 available crystal structures available on the Protein Data Bank (www.rcsb.org; Berman 

et al., 2000), of which 28 of these are from R. erythropolis and four from Comamonas testosteroni (both 

Fe type); ten from Pseudonocardia thermophila and three from Bacillus sp. RAPc8 (Geobacillus pallidus), 

both cobalt type. Although there are no available crystal structures of cobalt type nitrile hydratases from 

R. rhodochrous, the literature reports other attempts to crystallise the cobalt type nitrile hydratases from 

other species, including Pseudomonas putida (Brodkin et al., 2011).   

 

2.3.3 The low molecular mass nitrile hydratases from various South African Rhodococcus rhodochrous 

isolates form a cluster with that of Rhodococcus rhodochrous J1 

 

Separate alignments of both the alpha and beta subunits showed that overall the sequences are very 

similar, but appear to cluster into three groups based on a small number of residue differences. These 

clusters were apparent in both alignments.  
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2.3.3.1 Alpha subunits 

 

The three clusters can be seen on an alignment of the sequences (Figure 2.3). One cluster (hereafter 

referred to as “Cluster 1”) is formed by A12, A19 and A99. A second cluster (“Cluster 2”) is formed by A73, 

BAA-870 and J1. A29 is distinct from the other two groups (hereafter referred to as “Cluster 3”). This is 

interesting, as J1 originates from Japan, which is a distant geographic location, yet it is more similar to the 

South African isolates, while A29 diverges the most from the other South African isolates. 

 

At position α101, Clusters 1 and 3 have an aspartate, white Cluster 2 has a glycine, a non-conservative 

mutation. This position has not previously been reported as being important for catalysis. This residue is 

in fact on a loop on the outside of the protein, where it would interact with solvent (Figure 2.4). This loop 

is near to, but not within, the residues which form the substrate channel and thus it more than likely does 

not play a role in substrate acceptance. Cluster 3 also diverges from Clusters 1 and 2 at 5 positions: α176, 

α180, α187, α200 and α203. Positions α176 and α187, Cluster 3 has a valine at each position whereas 

Clusters 1 and 2 have an alanine at each position. At position α200, Cluster 3 has an alanine, while Clusters 

1 and 2 have a valine. These are all conservative mutations. Furthermore the residues are all small and 

non-polar and are also found towards the outside of the alpha subunit, usually in coil regions and distant 

from the active site. Hence they are likely not vital for catalysis or substrate selectivity. 

 

At position α203, Cluster 3 has an alanine while Clusters 1 and 2 have a threonine, a non-conservative 

mutation. The threonine is bulkier, as well as having a polar –OH group. Although not likely important for 

catalysis or selectivity, a mutation in a surface residue to a more polar or charged residue may cause a 

slight improvement in the solubility or stability of the protein. It was hypothesised that the seemingly 

interchangeable conservative glycine and alanine substitutions may make a small difference to the 

protein’s aliphatic index, where a slightly larger non-polar aliphatic side chain may contribute to increasing 

the aliphatic index (and thus stability) of the protein. Aliphatic index and instability index were computed 

using ExPASy ProtParam (Gasteiger et al., 2005). Cluster 1 and cluster 2 were found to have the same 

aliphatic index of 83.82 while cluster 3 had a higher aliphatic index at 85.22, which is likely due to the 

valines at positions α176 and α187. Cluster 3 did however have a slightly higher instability index at 37.41, 

whereas clusters 1 and 2 had an instability index of 35.92 and 35.82 respectively, indicating that cluster 3 

was slightly less stable. The ProtParam values are summarised in Table 2.1.  
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Figure 2.3: Alignment of nitrile hydratase alpha subunits. MAFFT on the EMBL-EBI server (Katoh and 

Standley, 2013) was used to align the amino acid sequences of the NHase alpha subunits from South 

African R. rhodochrous soil isolates and that from R. rhodochrous J1. Three clusters are evident: Purple, 

Cluster 1; Black, Cluster 2; Grey, Cluster 3. A12-A99: South African agricultural isolates. BAA-870: R. 

rhodochrous ATCC BAA-870, original South African R. rhodochrous soil isolate, characterised by Frederick 

(2013). White: non-conservative mutations. Red box: active site residues. 
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Figure 2.4: Alpha subunit residues which show variation between the three identified R. rhodochrous 

clusters. A homology model of R. rhodochrous ATCC BAA-870 was made based on PDB ID 4OB0 (Martinez 

et al., 2014) using Schrödinger Maestro v. 11.2 (Schrödinger, New York, USA). Pymol v. 0.99 was used to 

visualise the model. Pink: active site residues. Green: alpha subunit. Light blue: Beta subunit. Dark blue: 

Cluster-specific residue variations. Residue α203 is not shown as it was not produced in the homology 

model.  

 

2.3.3.2 Beta subunits 

 

An alignment of the amino acid sequences of the beta subunit shows the same three phenotypic clusters 

as seen from the alignment of the alpha subunits, although the beta subunits have a greater number of 

variable residues than the alpha subunits. Cluster 1 contains eight residue variations, at positions β16, 

β17, β105, β113, β133, β136, β148 and β175. Cluster 2 has three unique residue mutations, at positions 

β88, β104 and β189. Cluster 3 differs from the other two clusters at position β143 only (Figure 2.5). Like 

the variations in the alpha subunits, all of these variations are found on the outside of the protein, in 

random coil regions and are distant from the active site and substrate channel. Thus it is likely that these 

amino acid differences do not play a role in substrate selectivity or enantioselectivity. These residues are 

visualised on a molecular model of the BAA-870 NHase in Figure 2.6. 
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Figure 2.5: Alignment of nitrile hydratase beta subunits. MAFFT on the EMBL-EBI server (Katoh and 

Standley, 2013) was used to align the amino acid sequences of the NHase beta subunits from South African 

R. rhodochrous soil isolates and that from R. rhodochrous J1. A12-A99: South African agricultural isolates. 

BAA-870: R. rhodochrous ATCC BAA-870, original South African R. rhodochrous soil isolate, characterised 

by Frederick (2013). Three clusters are evident: Purple, Cluster 1; Black, Cluster 2; Grey, Cluster 3. Blue: 

Conservative mutations. White: Non-conservative mutations. 
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An ExPASy ProtParam analysis of each cluster indicated that the beta subunits all had lower aliphatic 

indices and higher instability indices than the alpha subunits (summarised in Table 2.1) and were therefore 

less stable than the alpha subunits. If the beta subunit is more prone to mutation than the alpha subunit 

this may result in a larger number of “silent” mutations which only affect stability. It has indeed previously 

been suggested that the source of instability is the beta subunit as it was mostly expressed in the insoluble 

fraction  (Frederick, 2013). It may be that the beta subunit is also the source of substrate selectivity and 

enantioselectivity differences between NHases, but this remains to be determined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Beta subunit residues which show variation between the three identified R. rhodochrous 

clusters. A homology model of R. rhodochrous ATCC BAA-870 was made based on PDB ID 4OB0 (Martinez 

et al., 2014) using Schrödinger Maestro v. 11.2 (Schrödinger, LLC, 2018). Pymol v. 0.99 was used to 

visualise the model. Pink: active site residues. Green: alpha subunit. Light blue: Beta subunit. Dark blue: 

Cluster-specific residue variations.  
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Table 2.1: Summary of ExPASy ProtParam stability scores for R. rhodochrous cobalt type nitrile hydratases 

Isolate Instability Index Aliphatic Index 

Alpha Subunit Beta Subunit Alpha Subunit Beta Subunit 

Cluster 1 (A12, A19, A99) 35.92 41.76 83.82 69.96 

Cluster 2(A73, J1, BAA-870) 35.82 43.47 83.82 70.40 

Cluster 3 (A29) 37.41 43.47 85.22 70.40 

 

 

These results were then compared to the activity of the agricultural soil isolates towards various 

substrates (aliphatic, aromatic and aryl-aliphatic), as determined by (Rapheeha et al., 2017). There was 

no clear pattern of substrate usage which corresponded to the amino acid sequence patterns identified 

here. However, the study by Rapheeha et al. may have given variable results, as whole cells were grown 

on solid minimal media containing substrates. It is possible that targeted expression of the NHase protein 

and subsequent reactions carried out using the cell lysate may have yielded different results. 

Furthermore, the kinetic parameters such as Km, Vmax and Kcat of each NHase towards these substrates 

may show variations which would not be picked up using a rough screen.   

 

As a further analysis, the substrate channel residues identified by Huang et al. (1997) were visualised on 

the homology model of R. rhodochrous ATCC BAA-870 to determine where these residues were located 

on a Co-type NHase (Figure 2.7). The residue numbers which corresponded in the Co-type sequence to 

those identified in the Fe-type R. erythropolis R312 were determined by Chhiba (2017; unpublished data). 

The residues in the Co-type NHase from Rhodococcus rhodochrous ATCC BAA-870 are αGln90, αVal108-

αCys114, αTrp117, αArg167, These residues were also located in the substrate channel on the Co-type 

NHase and are therefore candidates for directed evolution, except for αSer113, αTrp117, βArg52 and 

βTyr68, all of which have previously been identified as necessary for correct enzyme function (Mitra and 

Holz, 2006), as mutation of these residues lead to drastically decreased enzymatic activity. 
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Figure 2.7: Visualisation of substrate channel amino acids in the Co-type low molecular mass NHase 

from R. rhodochrous ATCC-BAA 870. Alpha subunit: green; Beta subunit: blue; active site residues: 

yellow; Co ion: magenta; substrate channel residues: orange. The substrate channel residues were 

identified by Chhiba (2017; unpublished data) and from an alignment between the Fe-type NHase from 

R. erythropolis, PDB ID: 1AHJ (Huang et al., 1997) and the Co-type NHase from R. rhodochrous J1 

(Kobayashi et al., 1991). Homology model of R. rhodochrous ATCC BAA-870 made based on PDB ID 4OB0 

(Martinez et al., 2014) using Schrödinger Maestro v. 11.2. Pymol v. 0.99 was used to visualise the model.  

 

2.3.4 Comparison of nitrile hydratase sequences within the Rhodococcus genus 

 

The BRENDA results were filtered to identify the low molecular mass nitrile hydratases from the 

Rhodococcus genus only. The results were disproportionate, as there were 12 results for alpha subunits 

and 60 results for beta subunits. The excess of beta sequences were mainly from R. erythropolis and 

various unidentified Rhodococcus species.  
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2.3.4.1 Rhodococcus alpha subunits 

 

MAFFT (EMBL-EBI) was used to align all available alpha subunit sequences from Rhodococci, including the 

South African isolates used in this study. Similarity and identity matrices were constructed using the 

Sequence Identity and Similarity (SIAS) tool at http://imed.med.ucm.es/Tools/sias.html (Reche, 2017). 

Identity refers to a residue at a specific position being identical in different sequences, while similarity 

refers to a position which is conservatively substituted by a residue with close physicochemical properties. 

The scores indicated that the mean pairwise identity between the alpha subunits was 62.85%. The mean 

pairwise similarity between the alpha subunits was 71.52%. The lowest pairwise identity score of 42.66% 

and the lowest similarity score of 55.50% both occurred between R. sp. EsD8 (N1M888) and R. jostii (strain 

RHA1) (Q0SJU0).  The pairwise identity is visualised in Figure 2.8. The isolates in this study showed not 

more than 52% identity and not more than 63% similarity to any other available NHase alpha subunit 

sequence.  

 

It was theorised that residues which played a role in substrate specificity and enantioselectivity would 

potentially be the less conserved residues which were near but not directly next to the active site residues. 

This was based on the findings by Brodkin et al., (2011, 2015) that distal residues are necessary for 

substrate specificity in the Co-type NHase of Pseudomonas putida, as well as on the findings by Morley 

and Kazlauskas (2005) that residues within 10 Å tend to influence enantioselectivity. Based on this 

alignment, residues α101-α105, α126, α130, α131, α132 and α139 may be potential targets for 

mutagenesis as they have lower conservation scores. This may be confirmed using molecular modelling 

by docking potential substrates and identifying if they interact with these residues. Although residue α117 

is very close to the active site residues, it is interesting to note that in the Fe-type alpha subunits, it is an 

alanine, while in the Co-types it is a proline, which may have some implications for substrate selectivity 

by causing increased steric hindrance with the presence of the proline in the Co-types. Swiss PDB Viewer 

(Guex and Peitsch, 1997) was used to visualise the amino acids within 10Å of the active site Co ion in R. 

rhodochrous ATCC Baa-870 and it was confirmed that some of the predicted residues (or their near 

neighbours) fell within this region, supporting the idea that they influenced substrate specificity and were 

potential mutagenesis targets (Figure 2.10).  
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Figure 2.8: Pairwise identity matrix constructed from a MAFFT sequence alignment of the alpha subunits 

from various Rhodococci. SDTv1.2 (Muhire et al., 2014) was used to produce the matrix. A, sequences 

similar to the Co-type H-NHase from R. rhodochrous J1; B, Co-type L-NHases; C, Fe-type NHases. 

 

 

The subunits were then aligned using the PRALINE multiple sequence alignment server 

(http://www.ibi.vu.nl/programs/pralinewww/), in order to examine the extent of conservation and other 

structural characteristics of the Rhodococcal NHase alpha subunits. Figure 2.9 shows the conservation of 

residues for an excerpt of the alignment, centred on the active site. It can be seen that the active site 

sequence (CT/SLCSCY/T) is conserved and the Fe-type and Co-types are identifiable based on this. The 

residues which surround this site appear to be quite highly conserved as well, with identity and similarity 

decreasing from approximately eight residues on either side.  
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Figure 2.9: Alignment of Rhodococcus alpha subunits showing conservation of residues for an excerpt 

of the alignment, centred on the active site. Red: most conserved. Dark blue: least conserved. The PRALINE 

server at http://www.ibi.vu.nl/programs/pralinewww/ was used to create the alignment (Simossis and 

Heringa, 2003). Sequences possessing an Arg (R) or Glu (E) residue at position 147 are similar to the Co-

type high molecular mass NHase from R. rhodochrous J1 (P21219). 
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Figure 2.10: Schematic diagram showing the Co ion in the active site of R. rhodochrous ATCC BAA-870 

and the residues within 10 Å of the ion. Homology model of R. rhodochrous ATCC BAA-870 made based 

on PDB ID 4OB0 (Martinez et al., 2014) using Schrödinger Maestro v. 11.2. Swiss PDB Viewer (Guex and 

Peitsch, 1997) was used to visualise the model.  

 

 

The hydrophobicity of the identified residues was also analysed based on the PRALINE alignment (Figure 

2.11). Of these residues, α104, α126, α131 and α132 showed that as well as being variable sites, the 

variations also led to a reversal of hydrophobicity, which could alter the interactions occurring with 

substrates at those points, hence changing the substrate specificity of the enzyme. Once again, this 

remains to be tested.  
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Figure 2.11: Alignment of Rhodococcus alpha subunits showing hydrophobicity of residues for an 

excerpt of the alignment, centred on the active site. Hydrophobicity for each residue is indicated on the 

key. The PRALINE server at http://www.ibi.vu.nl/programs/pralinewww/ was used to create the 

alignment (Simossis and Heringa, 2003). Sequences possessing an Arg (R) or Glu (E) residue at position 

147 are similar to the Co-type high molecular mass NHase from R. rhodochrous J1 (P21219). 

 

 

 

 

 

Co-type 

low 

molecular 

mass 

Fe-type 

High 

molecular 

mass 



 

40 
 

2.3.4.2 Rhodococcus beta subunits 

 

All available Rhodococcus NHase beta subunit sequences were then compared in the same way as the 

alpha subunits (Section 2.4.1). ClustalOmega (EMBL-EBI) was used for the initial alignment. The alignment 

was visualised using the Sequence Demarcation Tool (Muhire et al., 2014), presented in Figure 2.12. 

Pairwise identity and similarity scores were again calculated using SIAS to determine the percentage of 

conserved residues and residues which were conservatively substituted.  

 

The mean pairwise identity was 51.55% and the mean pairwise similarity was 65.63%, both scores lower 

than the corresponding scores for the alpha subunits, indicating that the beta subunits have greater 

variation. The minimum pairwise similarity was 27.19%, between R. pyridinivorans (Q2UZQ6) and R. 

erythropolis (Arthrobacter picolinophilus) (P13449). The minimum pairwise identity score of 45.6% 

occurred between R. pyridinivorans (Q2UZQ6) and a different R. erythropolis strain, strain PR4 / NBRC 

100887 (C0ZVD9). The R. rhodochrous sequence (accession number P21220) with low pairwise identity to 

the South African isolates was the high molecular mass nitrile hydratase from R. rhodochrous J1 

(Kobayashi et al., 1991; Nagasawa, et al., 1991).  

 

Cluster 1 of the South African isolates in this study showed a maximum of 79.07% similarity to R. opacus 

M213, while clusters 2 and 3 showed approximately 78% similarity. The maximum identity was also linked 

to R. opacus M123, with cluster 1 showing 71.12% identity and clusters 2 and 3 showing 69.87% identity. 

It was interesting to note that this sequence is the only other Rhodococcus beta subunit sequence with 

such high scores compared to the isolates in this study. The similarity and identity of the South African 

isolates to all other available Rhodococcus beta subunit sequences was much lower, averaging around 

35% identity and 55% similarity. There is unfortunately little other data about the R. opacus M123 nitrile 

hydratase, as it was identified during a whole genome sequencing study of the organism (Pathak et al., 

2013). Hence the protein has not been physically expressed or characterised and its substrate specificity 

is unknown. The alpha subunit was also not reported. 
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Figure 2.12: Pairwise identity matrix constructed from a MAFFT sequence alignment of the beta 

subunits from various Rhodococci. SDTv1.2 (Muhire et al., 2014) was used to produce the matrix. A, Co-

type L-NHases; B, Fe-type NHases; C, sequences similar to the Co-type H-NHase from R. rhodochrous J1. 

 

As with the alpha subunits, an alignment of the beta subunits was created using the PRALINE alignment 

program (Simossis and Heringa, 2003). These alignments showed that the overall conservation was lower 

than that of the alpha subunits. There were also more gaps in the beta subunits, with both single-residue 

gaps and longer gaps present. From the patterns in the alignment, the Fe-type, Co-type and high molecular 

mass NHases could be identified (Figure 2.13). However, due to the large number of less conserved 

residues, it was not possible to determine those which could be used as targets for directed evolution.  
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When comparing the hydrophobicity of the Rhodococcus beta subunits, it was also possible to identify 

the type of NHase based on the patterns of hydrophobicity (Figure 2.14). It was theorised that residues 

which caused a reversal in hydrophobicity were potential targets for mutagenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Alignment of Rhodococcus beta subunits showing conservation of residues for an excerpt 

of the alignment, excluding the N- and C-termini. Red: most conserved. Dark blue: least conserved. The 

IBIVU PRALINE server at http://www.ibi.vu.nl/programs/pralinewww/ was used to create the alignment 

(Simossis and Heringa, 2003).  
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Figure 2.14: Alignment of Rhodococcus beta subunits showing hydrophobicity of residues for an excerpt 

of the alignment, excluding the N- and C-termini. Hydrophobicity for each residue is indicated on the key. 

The PRALINE server at http://www.ibi.vu.nl/programs/pralinewww/ was used to create the alignment 

(Simossis and Heringa, 2003).  

 

2.3.5 Commentary on the origins of the high molecular mass cobalt type nitrile hydratase 

 

The comparisons of both the beta subunits and the alpha subunits showed that the R. pyridinivorans 

sequences (Q2UZQ5 and Q2UZQ6) are very similar to the alpha and beta subunit sequences for the H-

NHase from R. rhodochrous J1 (P21219 and P21220). It is possible that the H-NHase in one of these species 

was acquired via horizontal gene transfer (HGT) from the other. It was previously suggested that the H-
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NHase arose from a duplication of the L-NHase gene within R. rhodochrous J1 (Wieser et al., 1998; 

Frederick, 2013) and the H-NHase operon does contain a transposase, an enzyme which allows for gene 

rearrangement (Komeda et al., 1996). Horizontal transfer of virulence genes located on a virulence 

plasmid has previously been reported between Rhodococci (Savory et al., 2017). A gene to degrade 

organic sulphur-containing compounds was found to have been acquired by Rhodococcus sp. (Eu-32) via 

HGT from another Rhodococcus (Akhtar et al., 2015). Furthermore, HGT from other bacterial species to 

Rhodococci has also been reported (O’Mahony et al., 2005). The results in the present study show a 

greater similarity between the J1 H-NHase and other H-NHase genes, and a lower similarity between the 

L-NHase and H-NHase both from J1, therefore it is more likely that R. rhodochrous J1 acquired its H-NHase 

gene via HGT from another Rhodococcus or another bacterial species. 

 

2.3.6 Phylogenetic analysis of nitrile hydratases based on substrate usage 

 

The final analysis involved the construction of a phylogenetic tree, which was then annotated based on 

available activity data to determine if any patterns in substrate selectivity and activity (or 

enantioselectivity, if available) correlated with phylogenetic dispersion. A tree was constructed only for 

the beta subunits, as these show the greatest variation which is believed to contribute to substrate 

selectivity. All nitrile hydratase sequences curated on BRENDA and available from UniProt were included, 

but high molecular mass nitrile hydratases were excluded based on their low similarity to the low 

molecular mass nitrile hydratase. Due to the large number of results, in some cases representatives of a 

species or genus were selected in order to keep the sequence alignments at a maximum of 150 sequences 

per alignment. All sequences specifically identified as cobalt-containing in the BRENDA entry name were 

included in the phylogeny, as well as all Rhodococci, except R. erythropolis, where representative 

sequences were chosen due to the large number of R. erythropolis sequences available. There were 140 

BRENDA results for this search. Of these 140 results, 20 were identified as high molecular mass NHases 

and were removed. Of the remaining 120, 90 were identified specifically as alpha subunits and 30 as beta 

subunits. A further three sequences were removed as they were incorrectly named as cobalt type in the 

UniProt database. 

 

Alignments were done using Expresso on the T-Coffee alignment server (http://tcoffee.crg.cat/), which 

uses an algorithm to identify conserved domains, which is useful for sequences with low identity and 

similarity and where large gaps occur (Di Tommaso et al., 2011). The alignment of the alpha subunits 
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showed the greatest variation at the C and N termini, which was expected as these regions formed random 

coils and are not known to be vital to activity, hence the high variation. An excerpt of the alpha subunit 

alignment is shown in Figure A1 (see Appendix). The beta subunits showed a similar pattern of high 

variation and poor consensus at the C and N termini, and greater similarity towards the centre of the 

sequences. However overall there were many more small gaps within the body of the alignment, with 

numerous conserved regions which were smaller than the conserved regions in the alpha subunits. An 

excerpt of the beta subunit alignment is shown in Figure A2 (see Appendix). A neighbour joining 

phylogenetic tree was then constructed for each subunit using Mega7: Molecular Evolutionary Genetics 

Analysis version 7.0 for Bigger Datasets (Kumar et al., 2016). 

 

The tree showed an unexpected distribution, as the Pseudomonas and Pseudonocardia species did not 

cluster together exclusively, but formed multiple dispersed clusters, with some clusters containing both 

Pseudomonas and Pseudonocardia (Figure A3 in Appendix). This could be due to a number of possibilities: 

1) There are more species of Pseudomonas and Pseudonocardia which have been characterised than 

species in other genera, thus showing greater variability in NHase sequences; 2) The organisms themselves 

were incorrectly classified and are in fact other species and/or genera; or 3) the NHases in these and 

possibly other species arose from horizontal gene transfer, resulting in similar NHases while the rest of 

the genome, including the 16s rRNA genes are less divergent – hence a 16S rRNA phylogeny would 

potentially yield two clusters, one of Pseudomonas and one of Pseudonocardia. 

 

It was then decided to construct a tree focused only on those sequences with reported activity data and 

then to attempt to find patterns of amino acid residues linked to substrate usage. The BRENDA database 

has a comprehensive list of substrates linked to the species they were tested on. There are 729 unique 

entries in the database. However, few of these entries had associated sequence data. When looking at 

the available sequences on UniProt, only 20 of these were linked to substrate analyses and most of these 

were simple substrates, not enantiomers, so no comparisons could be made based on enantioselectivity 

(Table 2.2). These BRENDA results included many Rhodococcus results, including those for some 

enantiomers. The reader is referred to BRENDA for further details on these substrates. The Rhodococci 

had no associated sequence data. Therefore the Rhodococcus sequences used in Section 2.3.4 were 

included and aligned to the sequences with known substrate data. 
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Table 2.2: Linked nitrile hydratase sequence and substrate data available on the BRENDA database 

 

UniProt Entry Organism Protein names Substrates Products 

Q8GJG6, 
Q8GJG7 

 

Nocardia sp. YS-
2002 

Nitrile hydratase 
alpha subunit, Nitrile 
hydratase subunit 
beta (NHase) (EC 
4.2.1.84) 
 

acrylonitrile 

 
acrylamide 

 

Q7SID2, Q7SID3 Pseudonocardia 
thermophila 

Cobalt-containing 
nitrile hydratase 
subunit alpha (L-
NHase) (L-nitrilase) 
(EC 4.2.1.84), Cobalt-
containing nitrile 
hydratase subunit 
beta (L-NHase) (L-
nitrilase) (EC 
4.2.1.84) 
 

3-cyanopyridine 

 
nicotinamide  

 

4-cyanopyridine isonicotinamide  

Q5XPL5, 
Q5XPL4 

Comamonas 
testosteroni 
(Pseudomonas 
testosteroni) 

Nitrile hydratase 
alpha subunit (EC 
4.2.1.84), Nitrile 
hydratase subunit 
beta (NHase) (EC 
4.2.1.84) 

3-cyanopyridine 

 
pyridine-3-carbamide  

 

3-hydroxybutryronitrile 3-hydroxybutyramide  

3-hydroxypropionitrile 3-hydroxypropionamide  

3-hydroxyvaleronitrile 3-hydroxyvaleramide  

acrylonitrile acrylamide  

adiponitrile adipamide  

butyronitrile butyramide  

glycolonitrile glycolamide  

methacrylonitrile  
 

methacrylamide  
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Table 2.2 cont.: Linked nitrile hydratase sequence and substrate data available on the BRENDA database 

 

UniProt Entry Organism Protein names Substrates Products 

Q2UZQ5, 
Q2UZQ6 

Rhodococcus 
pyridinivorans 

Nitrile hydratase 
alpha subunit (EC 
4.2.1.84), Nitrile 
hydratase subunit 
beta (NHase) (EC 
4.2.1.84) 
 

acrylonitrile 

 
acrylamide  

 

P13448 Rhodococcus 
erythropolis 
(Arthrobacter 
picolinophilus) 

Nitrile hydratase 
subunit alpha 
(NHase) (Nitrilase) 
(EC 4.2.1.84) 
 
 
 
 
 
 
 
 
 
 
 

(R)-2-
chloromandelonitrile 

 

(R)-2-
chloromandelamide  

 

2-hydroxy-4-
phenylbutyronitrile 

2-hydroxy-4-
phenylbutyramide  

3-cyanopyridine pyridine-3-carbamide  

3-phenoxymandelonitrile 3-phenoxymandelamine  

4-methylmandelonitrile  4-methylmandelamine  

acetonitrile acetamide  

acrylonitrile acrylamide  

benzonitrile benzamide  

methacrylonitrile methacrylamide  

propionitrile propionamide  

K9NKC3, 
K9NLN7 

Pseudomonas sp. 
UW4 

Nitrile hydratase 
alpha subunit (EC 
4.2.1.84), Nitrile 
hydratase subunit 
beta (NHase) (EC 
4.2.1.84) 
 

indole-3-nitrile 
 

 

indole-3-acetamide  

 

B6CWJ5, 
B6CWJ4, 
B6CWJ3 

Streptomyces 
rimosus 

ToyL, ToyK, ToyJ 

 
3-cyanopyridine pyridine-3-carbamide  

 

toyocamycin toyocamycin acid amide  

A5W402 Pseudomonas 
putida (strain ATCC 
700007 / DSM 6899 
/ BCRC 17059 / F1) 

Nitrile hydratase, 
alpha subunit (EC 
4.2.1.84) 

3-cyanopyridine  

 
pyridine-3-carbamide  

 

3-methylbenzonitrile 3-methylbenzamide  

4-chlorobutyronitrile 4-chlorobutyramide  

4-cyanopyridine pyridine-4-carbamide  

acrylonitrile acrylamide  

benzonitrile benzamide  

isobutyronitrile  isobutyramide  
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A phylogenetic analysis of the alpha subunits showed, as expected, that the South African agricultural soil 

isolates clustered together (Figure 2.15). Their nearest neighbour based on the alignment was 

Pseudinocardia thermophila. Substrate data for P. thermophila on BRENDA indicated that it was able to 

hydrolyse many simpler aliphatic and aromatic substrates, as seen for the R. rhodochrous isolates in this 

study.  

 

A phylogeny of the beta subunits also showed a close relationship between the South African agricultural 

soil isolates and Pseudonocardia thermophila, but R. opacus M213 was clustered closer to the isolates 

(Figure 2.16). It could be assumed that these isolates have similar activity, but such sequence activity is 

not available. Substrate data was then linked to this alignment, by selecting a subset of aromatic or 

arylaromatic substrates (those most similar to beta-aminonitriles). Where available, kinetic data was 

included (Km values). However, this data was very sparse, thus it was difficult to identify possible patterns 

of activity (Table 2.3).  

 

Due to the small amount of overlap between the data sets, any analysis of substrate usage based on 

sequence will be highly incomplete, if not flawed. A suggested method to analyse sequence data with 

associated substrate data would be to use functional module mapping which aligns metabolic pathways 

to identify similarities (see Huang et al. (2018) for a detailed description). Unfortunately this method was 

beyond the scope of this study and so manual analysis was undertaken.  
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Figure 2.15: Alignment of alpha subunits of all NHase sequences for which activity data was available.  

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 1987). The 

optimal tree with the sum of branch length = 3.27035227 is shown. The percentage of replicate trees in 

which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the 

branches (Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those of 

the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed 

using the JTT matrix-based method (Jones et al., 1992) and are in the units of the number of amino acid 

substitutions per site. The rate variation among sites was modelled with a gamma distribution (shape 

parameter = 1). The analysis involved 24 amino acid sequences. All positions with less than 95% site 

coverage were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous bases 

were allowed at any position. There were a total of 194 positions in the final dataset. Evolutionary analyses 

were conducted in MEGA7 (Kumar et al., 2016).  
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Figure 2.16: Alignment of beta subunits of all NHase sequences for which activity data was available. 

The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987). The 

optimal tree with the sum of branch length = 12.74738201 is shown. The percentage of replicate trees in 

which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the 

branches (Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those of 

the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed 

using the JTT matrix-based method (Jones et al., 1992) and are in the units of the number of amino acid 

substitutions per site. The rate variation among sites was modelled with a gamma distribution (shape 

parameter = 1). The analysis involved 25 amino acid sequences. All positions with less than 95% site 

coverage were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous bases 

were allowed at any position. There were a total of 201 positions in the final dataset. Evolutionary analyses 

were conducted in MEGA7 (Kumar et al., 2016).  
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Table 2.3: Sequence profile based on phylogenetic analysis of nitrile hydratase beta subunits from 

BRENDA 

 

*Includes Km at 25°C if available (mM).   **Km at 20°C (mM).  

Clear cells indicate data unavailable in the BRENDA database. 
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R. enclensis             

R. globerulus             

R. erythropolis 
(Arthrobacter_picolinophilus) 

            

P13449 R. erythropolis 
(Arthrobacter_picolinophilus) 

            

A0A0D8I418 R. sp. AD45             

C0ZVD9 R. erythropolis strain PR4             

Q0SJT9 R. jostii (strain RHA1)             

K9NLN7 Pseudomonas sp. UW4             

B6CWJ3 Streptomyces rimosus             

Q59785 R. sp. 33.3            

Q8GJG7 Nocardia sp. YS-2002             

N1M6W4 R. sp. EsD8             

P21220 R. rhodochrous (H-NHase)  200 
** 

          

Q2UZQ6 R. pyridinivorans             

F5A0R9 R. sp. BX2             

Q5XPL4 Comamonas testosteroni             

Q7SID3 Pseudonocardia thermophila 0.02 0.12           

K8XMN5 R. opacus M213             

R. rhodochrous A29             

R. rhodochrous A73             

R. rhodochrous BAA-870             

R. rhodochrous J1 0.05 
** 

           

R. rhodochrous A12             

R. rhodochrous A19             

R. rhodochrous A99             
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2.3.7 Selection of amino acid residues for mutation  

 

Although many aspects of the alpha and beta subunits were analysed, it was very difficult to determine 

without more complex computational methods which residues should be targeted for mutation. 

Alignments allowed similarities and differences between the NHases of different species to be considered, 

but without additional data, it was not possible to conclusively determine which residues were 

functionally important. In analysing the substrate scope of the enzymes, it was hoped that patterns of 

substrate usage may have been linked to amino acid variants, but the information for individual enzyme 

substrates was too incomplete to come to a conclusion from this data. As more studies are done on the 

different NHases, patterns of substrate usage may become more apparent. The most useful data was 

obtained by identifying the residues in the substrate channel or within 10Å. Based on this data, sites were 

chosen for directed evolution. The first site included two residues, βPhe41, as identified by Huang et al. 

(1997) and a close neighbour, βAla37, chosen at random but still located within the channel. These will 

be mutated using a single primer, and thus the two residues are collectively referred to as a ‘multisite’ 

(Acevedo-Rocha et al., 2014).  

 

Hashimoto et al. (2008) studied the binding of tert-Butylisonitrile (tBuNC) to the Fe-type NHase from R. 

erythropolis N771 and although their research mainly discussed the interaction of the substrate with the 

catalytic residues, they did note a conformation change in βMet40 when the substrate bound. This 

suggests that altering the residue at this position may alter the substrate binding properties or shape of 

the substrate channel and it is a potential target for future mutagenic studies. However, because the work 

of Hashimoto et al. focused on the Fe-type and its interaction with a compact yet branched aliphatic 

substrate, it is not certain how this residue may affect the Co-type NHase and its binding to aromatic beta-

amino nitriles.  During the course of the present study, similar research was published by Cheng et al. 

(2018) in which they also attempted to modify and succeeded in improving the enantioselectivity of the 

L-NHase from R. rhodochrous J1 by semi-rational engineering of the beta subunit. Cheng et al. carried out 

more complex docking studies using steered molecular dynamics to predict which residues in the 

substrate channel interacted with the substrate rac-mandelonitrile. They identified residues β37, β41, β48 

and β51 as the residues involved in stereoselectivity of the L-NHase for rac-mandelonitrile. Site saturation 

mutagenesis via whole-plasmid PCR was used to introduce mutations at the selected residues and 

following two rounds of mutagenic PCR, a number of enzyme variants were identified which showed 

improved enantioselectivity towards (S)-mandelonitrile. The best variant, F37H displayed an excess of 
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product (eep) of greater than 96%, compared to the wild type eep of 52.6%. Interestingly, a second round 

of mutagenic PCR using sites β41, β48 and β51 on this variant did not improve the eep, although the other 

sites when mutated alone did produce weaker improvements to enantioselectivity.   

 

2.4 CONCLUSIONS 

 

Phylogenetic and sequence analysis of various groups of Co-type low molecular mass nitrile hydratases 

yielded data on the sequence similarities and differences on various levels. The alpha subunits consistently 

showed more similarity to other alpha subunits than the beta subunits did to other beta subunits. Due to 

the fact that the alpha subunit contains residues vital for catalysis, it was hypothesised that the beta 

subunit is the source of substrate selectivity between NHases, as it is more likely to undergo mutations 

that do not compromise activity.  

 

Due to the complexity of the data, it was not possible to predict with certainty which residues were vital 

to substrate selectivity or enantioselectivity, although the analysis did provide possible residues and 

residue groups which could be targets for directed evolution, in particular those residues which were 

nearby the active site residues but which show decreased levels of conservation as well as substrate 

channel residues, both of which are within 10Å of the active site residues. The sites chosen for directed 

evolution were βPhe41 and βAla37, based on the results of previous studies and the proximity of the 

selected residues to the substrate channel. βMet40 is suggested as a future target for mutation. 

 

Future work could focus on metabolic phylogenetics, or on further docking studies of substrates which 

show enantioselectivity, in order to determine which residues in the enzyme interact (or potentially 

interact) with the chemical regions of the substrate known to influence enantioselectivity. In this manner 

the protein active site could be theoretically moulded using molecular modelling to fit the shape of the 

substrate (either R- or S-enantiomer) and then direct mutations could be introduced to those residues. 

The interspecies NHase sequence comparisons indicated a high level of similarity between the high 

molecular mass NHase of R. rhodochrous J1 and some other species of Rhodococci including R. 

pyridinivorans. Further research can be done to express and characterise these other H-NHases, and 

attempts may be made to trace the lineage of H-NHase gene in Rhodococci, as the H-NHase gene in R. 

rhodochrous J1 appears to be unique amongst R. rhodochrous strains. The 16s rRNA sequence similarity 

should also be compared to the NHase sequence similarity. If the 16s rRNA sequences are very divergent, 
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but the NHase sequences are similar, it may support the suggestion that the H-NHase in R. rhodochrous 

J1 was acquired by horizontal gene transfer. 
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2.6 APPENDIX 

 

The figures included here are those which were too long to include in the main body of this thesis, 

including sequence alignments and phylogenetic trees; as well as figures which are of further interest but 

were not examined in detail in the text. In many cases, it was more appropriate to show excerpts of more 

complex bioinformatic analyses. Also included are any large figures reproduced from previous works 

which were too extensive to include in the main text. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Excerpt from the alignment of the nitrile hydratase alpha subunits from representative 

organisms available on the BRENDA database. Expresso on the T-Coffee database was used (Di Tommaso 

et al., 2011). A1.1: There are many gaps and poor similarity at the beginning of the alignment. A1.2: 

Conserved domains are shown by the longer regions of similarity towards the centre of the alpha subunit 

sequences. 
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Figure A2: Excerpt from the alignment of the nitrile hydratase beta subunits from representative 

organisms available on the BRENDA database. Expresso on the T-Coffee database was used (Di Tommaso 

et al., 2011). A2.1: There are many gaps and poor similarity at the beginning of the alignment. A2.2: 

Conserved domains are shown by the longer regions of similarity towards the centre of the alpha subunit 

sequences. 
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Figure A3: Evolutionary relationships of nitrile hydratase beta subunits. The evolutionary history was 

inferred using the Neighbor-Joining method (Saitou and Nei, 1987). The optimal tree with the sum of 

branch length = 13.79287892 is shown. The percentage of replicate trees in which the associated taxa 

clustered together in the bootstrap test (500 replicates) are shown next to the branches (Felsenstein, 

1985). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary 

distances used to infer the phylogenetic tree. The evolutionary distances were computed using the JTT 

matrix-based method (Jones et al., 1992) and are in the units of the number of amino acid substitutions 

per site. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). 

The analysis involved 62 amino acid sequences. All positions with less than 95% site coverage were 

eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at 

any position. There were a total of 171 positions in the final dataset. Evolutionary analyses were 

conducted in MEGA7 (Kumar et al., 2016).  
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Table A1: Activity of South African R. rhodochrous agricultural soil isolates. Adapted from Rapheea (2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*A85 not included in the present 

study as it was not identified as R. rhodochrous. 
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CHAPTER 3: GENETIC ENGINEERING AND DIRECTED EVOLUTION VIA ITERATIVE 

SATURATION MUTAGENESIS 

 

3.1 INTRODUCTION 

 

3.1.1 Recombinant protein expression and its contribution to modern biocatalysis 

 

In order to use proteins as biocatalysts for industrial and other applications, being able to alter the 

structure of the protein or its expression is often necessary. Recombinant expression often allows for 

more convenient or faster protein expression. It also allows the enzyme to be expressed or studied 

separately from other host cell metabolic processes which may interfere with the enzyme reaction under 

study (Rzeznicka et al., 2010; Rosano and Ceccarelli, 2014). Recombinant expression is useful not only for 

isolated study and manipulation of a potential industrial biocatalyst, but it may also allow an ideal 

expression system to be designed for the enzyme catalyst. Cells and vectors can be chosen to maximise 

expression, solubility and stability of the enzyme, or to design cells which are tolerant to high 

concentrations of substrate or product (Fei et al., 2015; Kurosawa et al., 2015). All of this contributes to 

cost and effort reduction in the overall industrial process. 

 

3.1.2 Industrially useful Rhodococci 

 

Due to their large genome size (Vandergeize and Dijkhuizen, 2004; Nguyen et al., 2016) and ability to grow 

in toxic environments and to degrade a wide variety of substrates including cholesterol (Yam et al., 2010),  

cyanide (Lin et al., 2012) and phenol (Arif et al., 2012), the genomes of Rhodococci have been explored to 

identify genes which could be recombinantly expressed and adapted to industrial or other uses. The 

studies reviewed in this chapter are of two main types: those which have developed expression systems 

which use the Rhodococcal cells as hosts, and those which use genetic elements from Rhodococci (in the 

form of enzyme-encoding genes) to create engineered vectors which confer desired characteristics to the 

host cell. 
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3.1.3 Rhodococcal hosts and expression vectors 

 

Initial research on Rhodococcal genes and plasmids focused on the use of the plasmid as a vector, or using 

parts of the plasmid to confer new traits on host cells. For example the construction of a shuttle vector 

containing E. coli genes for induction and selection and Rhodococcus genes for arsenic resistance and 

phage immunity was constructed by Dabbs et al. (1990). This vector could be transformed and replicated 

in both E. coli and Rhodococcus, allowing it to act as a shuttle for genes between the two species, but the 

arsenic resistance gene did not confer arsenic resistance to E. coli cells containing the plasmid.  The shuttle 

vector was later improved to reduce its size, increase copy number and replace the arsenic resistance 

selection marker with a chloramphenicol resistance selection marker (Quan and Dabbs, 1993). The shuttle 

plasmid host range was later increased by Mot et al. (1997) to include four Rhodococcus species. Nitrile 

hydratase from Rhodococcus sp. N-774 was first recombinantly expressed by Hashimoto et al. (1992) using 

an E.coli-Rhodococcus shuttle plasmid in an R. rhodochrous ATCC 12674. Although recombinant gene 

expression has advanced greatly, there is still a need for shuttle plasmids, as they can allow for the 

expression of proteins in other hosts where E. coli is unsuitable (Stanislauskiene et al., 2012). 

Improvement to the original Rhodococcus shuttle vector by Dabbs et al. (1990) was achieved by identifying 

the genetic elements responsible for characteristics such as arsenic resistance and copy number (Quan 

and Dabbs, 1993). This seems to have contributed to later research, which focused on the genes present 

on Rhodococcus plasmids (Kesseler et al., 1996) and eventually on recombinantly expressing Rhodococcus 

genes using other plasmids, as described in Section 3.1.3.  

 

3.1.4 Recombinant expression of nitrile hydratase from Rhodococcus rhodochrous 

 

It has previously been found that, in order to express functional NHase, the growth media for recombinant 

Rhodococci must be supplemented with either Co or Fe, depending on the type of NHase being expressed 

(Nojiri et al., 2000). Pei et al. (2017) were able to express the entire nitrile hydratase and amidase operon 

in E. coli cells in order to degrade benzonitrile-based herbicides to their amides and acids. Naturally 

occurring environmental microbes were reported to be able to degrade these herbicides to amides, but 

the amides contributed to groundwater contamination, hence the amidase was included so that the 

amides could be further degraded to non-toxic carboxylic acids. Experiments with Rhodococcus 

erythropolis A4 and Aminobacter sp. MSH1 whole cells harbouring native enzymes were not successful, 

therefore a recombinant approach was attempted. Both dual construct and single plasmid systems were 
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tested using Plasmids pET24a and pCDFDuet-1 (Figure 3.1). The genes from three Rhodococcus species 

were tested: the NHases from R. rhodochrous J1 and R. opacus M213 and the amidase from R. 

erythropolis. Although both proteins were efficiently expressed using the two-construct system, the 

authors reported that E. coli growth was slower in cells containing two plasmids.  

 

 

 

Figure 3.1: Schematic of the two plasmid systems designed to express the Rhodococcal nitrile hydratase  

and amidase genes for herbicide degradation. Two enzymes can be expressed on separate plasmids, or 

together on a single plasmid. Reproduced from Pei et al. (2017).  

 

 

Rzeznicka et al. (2010) expressed the Fe-type NHase from R. equi TG328-2 in E. coli BL21(DE3) using 

plasmids pET21a and pET28a.  Interestingly, they report that rhamnose-inducible promoters were less 

effective than IPTG-induced T7-RNA Polymerase promotors. Furthermore, there was protein expression 
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when the alpha and beta subunits were expressed without the activator protein. When the activator 

protein sequence was cloned in the same plasmid as the subunit sequences, no activator protein was 

detected. It was then determined that cloning the activator into a separate plasmid and co-transforming 

a single host cell with two plasmids led to ideal NHase expression and activity. Soluble protein expression 

was improved by expressing at 20°C when the cells reached an OD600 of 1.0, which is unusually high for 

induction.   

 

A similar two-construct expression system was designed by Frederick (2013) to express the low molecular 

mass cobalt-type nitrile hydratase and its chaperone protein from R. rhodochrous ATCC BAA-870. The 

alpha subunit and chaperone were cloned into pRSFDuet-1 and the beta subunit was cloned into 

pET21a(+). Although pRSFDuet-1 has two multiple cloning sites (MCS), the alpha-chaperone sequence was 

cloned as a single sequence into only one MCS of the plasmid. It is possible that the original intention was 

to separate the two genes and clone one into each MCS. However, the ribosome binding site for the 

chaperone begins before the end of the alpha subunit gene and they are in fact in two different reading 

frames, with the alpha subunit gene in Frame 3 and the chaperone gene in Frame 1. The open reading 

frames (ORFs) were identified in the present study using the ORF Finder at 

https://www.ncbi.nlm.nih.gov/orffinder/. Frederick (2013) designed the co-expression system to address 

the problematic alpha and beta subunit expression ratios when expressing them as a single sequence in 

one plasmid. Single-plasmid expression resulted in lower alpha subunit levels and by separating the 

subunit genes into separate plasmids, their expression would then be under control of the plasmid 

promoters and ribosome binding sites. The work by Frederick supported earlier findings by Tsekoa et al. 

(2004) that the chaperone was expressed efficiently despite being in a different reading frame to the alpha 

subunit. The present study utilised the co-expression system designed by Frederick (methods detailed in 

Section 3.2.1.1). 

 

3.1.5 Directed evolution for the improvement of industrially useful enzymes 

 

As well as expressing an enzyme of interest in a functional state and in a desired quantity, there may be 

other characteristics of the enzyme which reduce its functionality in an industrial setting (Arnold and 

Volkov, 1999; Hammer et al., 2017). Changes then need to be made to the enzyme structure, but  it is not 

always possible to determine which residues affect the characteristic in question; and even when these 

residues can be identified with some certainty, it is also difficult to predict what mutations would be most 
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effective (Arnold and Volkov, 1999; Sankararaman et al., 2009). Directed evolution is a powerful method 

used to evolve enzymes without requiring detailed structural knowledge. Mutations can be introduced in 

a completely random manner, or a semi-rational approach can be taken where specific residues are 

chosen based on knowledge of the enzyme’s structure and then randomised (Reetz et al., 2010). There 

are many techniques for carrying out directed evolution, at all steps of the process: from the selection of 

residues and sites to the introduction of mutations and then the replication of the gene of interest, to the 

screening of mutants for improvements. The techniques pertinent to the present study are discussed in 

more detail in Sections 3.1.5 to 3.1.6.  

 

3.1.6 The megaprimer method of PCR for whole-plasmid replication 

 

Directed evolution involves manipulation of the gene sequence of a protein and therefore requires in 

many cases that the gene be extracted and replaced into the host multiple times. This increases the 

workload when developing a new biocatalyst or other altered protein and so a method which requires the 

fewest number of steps is preferable (Pai et al., 2012). Whole plasmid PCR allows for the replication of a 

full plasmid including a recombinant gene without the need to ligate the gene into the plasmid after each 

mutation step (Miyazaki and Takenouchi, 2002; Pai et al., 2012).   

 

Megaprimer PCR was developed as a simple way to replicate a  section of DNA and introduce mutations 

at desired regions in as few steps as possible (Sarkar and Sommer, 1990; Barettino et al., 1994). 

MEGAWHOP PCR (megaprimer PCR of whole plasmid) is an adaptation of megaprimer PCR  which involves 

an initial PCR step using a whole plasmid as the template (Miyazaki and Takenouchi, 2002; Miyazaki, 

2011). As well as time and effort reduction, this method ensures that recombinant plasmids contain a 

single insert by avoiding multiple digestion and ligation steps. Thus, it is not necessary to screen for 

plasmids lacking the insert or containing multiple inserts (Pai et al., 2012). It is necessary to note that the 

term megaprimer is used differently in different publications, however it always refers to a large primer 

which is several hundred nucleotides long (Sarkar and Sommer, 1990). In Miyazaki and Takenouchi (2002), 

the term refers to the set of primers used in a single PCR reaction to replicate a whole plasmid. The primers 

are complementary and bind to either strand of the plasmid at the same point, allowing both strands to 

be replicated (Figure 3.2). In other studies (Sarkar and Sommer, 1990; Barettino et al., 1994; Sanchis et 

al., 2008), a mutagenic primer and a silent reverse primer, both of typical primer length (approximately 

20 bp) anneal to the plasmid and the product of this PCR is a large fragment of the plasmid, termed the 
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megaprimer. A second PCR step is then done where the megaprimer is used to reproduce the entire 

plasmid as a product (Figure 3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: The MEGAWHOP (megaprimer PCR of whole plasmid) method. The megaprimers are 

complementary and are used in a single PCR step to replicate the whole plasmid. The template plasmid is 

methylated while the PCR product is not, and so the template can then be digested with DpnI, which 

recognises only methylated DNA. Reproduced from Miyazaki and Takenouchi (2002). 
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Figure 3.3 Megaprimer PCR where the megaprimer is produced as the product in the first round of PCR. 

A: The primers in the first stage are of typical size (18-22 bp). One primer is mutagenic, while the second 

primer is a silent primer, usually a standard primer for the plasmid in question, which binds outside the 

insert region. B: The primers used in the first PCR are both mutagenic and bind within the insert region. 

Black: The megaprimer produced as a result of the first PCR, which is approximately a quarter or greater 

of the total plasmid size. Red spots indicate introduced mutations. A second PCR step is done using 

template plasmid and the new megaprimer, resulting in the final product shown in Stage 2, a whole 

plasmid with new mutations. Adapted from Sanchis et al. (2008). 
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3.1.7 Iterative saturation mutagenesis and the Combinatorial Active-site Saturation Test (CAST) 

 

Site directed mutagenesis is the alteration of a specific site in a gene or protein (Ho et al., 1989). Some 

reasons for its use include the alteration of a nucleotide within a codon which then changes the amino 

acid encoded by that codon (Ho et al., 1989); to alter a ribosome binding site (Frederick, 2013); and to 

add or remove restriction sites. Site saturation mutagenesis (SSM) is the replacement of a single amino 

acid with all other possible amino acids, each time observing how each amino acid mutation affects 

protein structure and function (DeSantis et al., 2003; Li et al., 2018).  Site saturation mutagenesis is a 

valuable tool in directed evolution, but in order to correctly mimic natural evolutionary progress, the 

process must be carried out multiple times with mutations being introduced at multiple sites (Reetz et al., 

2006).  This is referred to as iterative saturation mutagenesis (ISM). This technique involves carrying out 

a mutagenesis step, selecting mutants that show an improvement in the desired protein characteristic 

(screening for ‘hits’) and then submitting those selected mutants to another round of mutagenesis at a 

different site (Reetz et al., 2010), an example of semi-rational design.  

 

A variation on ISM is called the Combinatorial Active-site Saturation Test (CAST), in which residues 

surrounding the active site are targeted specifically for mutation. The residues are grouped into sets of 

two or three residues which are situated near each other in the gene sequence and can thus be mutated 

at the same time using a single primer per group of residues (Reetz et al., 2006). This allows smaller 

libraries to be created, reducing screening time; while also allowing for potential cooperative effects 

between mutations (Reetz et al., 2006). This was originally designed to alter substrate scope, but has also 

proven to be effective for improving enantioselectivity (Reetz et al., 2006; Reetz and Zheng, 2011). There 

have been many studies where enantioselectivity of an enzyme has been changed or improved. Reetz and 

Zheng (2011) improved the enantioselectivity of Aspergillus niger epoxide hydrolase for the (S)-glycidyl 

phenyl ether from E=4.6 to E=160, with improved expression of the enzyme using ISM. The 

enantioselectivity of Candida antarctica lipase A towards ibuprofen ester was improved from an E of 3.4 

to an E of 100, with a concurrent improvement in activity using CASTing (Sandström et al., 2012). DeSantis 

et al. (2003) improved the enantioselectivity of a nitrilase used to produce (R)-4-cyano-3-hydroxybutyric 

acid, a precursor to the cholesterol drug Lipitor. This was done using gene site saturation mutagenesis 

(GSSM), a form of saturation mutagenesis which involves replacing every amino acid residue in a protein 

with every other possible amino acid.  
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Screening of mutant libraries for hits is still a step which requires a lot of time and effort, slowing down 

the speed at which new biocatalysts can be produced (Otten et al., 2010). In the case of enantioselectivity, 

methods of selecting the best hit are still difficult to design (Jaeger et al., 2001), or are too slow compared 

to the high-throughput needs of industrial biocatalyst development (Sicard and Reymond, 2006). Many 

factors contribute to the increased speed and throughput of analysis methods used to identify ‘hits’ in an 

evolved biocatalyst library. As technology has improved, robots and instruments able to analyse multiple 

samples in parallel are being developed which both reduces overall sampling time and the manual labour 

involved (Wahler and Reymond, 2001). In many cases, screening tests have developed which are specific 

to the enzyme and reaction under study. A comprehensive account of some of the enzyme assays 

designed for industry, including enantioselective assays, can be found in Reymond (2006).  

 

As well as improving the speed and sensitivity of assay methods, it is also possible to reduce the screening 

effort by producing smaller, more focused libraries (Lutz, 2010). This is accomplished by using in silico 

modelling techniques to identify possible hits instead of mutating all possible residues randomly (Kille et 

al., 2011; Sandström et al., 2012; Herwig et al., 2017), as well as by using reducing amino acid alphabets 

(Reetz et al., 2008; Kille et al., 2013). These reduced alphabets replace a residue with only certain other 

residues using degenerate codons in the primer. In this way, residues that are representative of different 

classes of amino acids (e.g. basic, aliphatic etc.) can be introduced without having to test every amino acid 

in that position. This technique also the reduces the presence of redundant codons and stop codons (Tang 

et al., 2012). NDT codon degeneracy is commonly used as it reduces the number of transformants which 

much be screened to ensure 95% library coverage, reducing the workload and time considerably. The 

basis of this technique is described in further detail by Reetz et al. (2008).  
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3.2 MATERIALS AND METHODS 

 

3.2.1 Chemicals 

 

Chemicals were obtained from Sigma-Aldrich (Now Merck; Modderfontein, South Africa) unless otherwise 

stated. Reagents for microbiology and protein biochemistry were obtained from BioRad (California, USA). 

Reagents from Thermo Fisher Scientific (Massachusetts, USA) were obtained from Lasec (Cape Town, 

South Africa), unless otherwise stated. 

 

3.2.2 Expression systems 

 

The NHase gene used in this study was recombinantly expressed due to the advantages of the 

recombinant systems over the native R. rhodochrous host. These include the presence of double antibiotic 

resistance markers in the plasmids containing the gene subunits, which ensures that contamination is 

minimized and also allows the presence of the plasmids to be determined based on colony growth. E. coli 

has a faster growth time compared to R. rhodochrous, with three hours to reach mid log phase compared 

to approximately eight hours for R. rhodochrous (Frederick, 2007) . Furthermore, plasmid extraction from 

R. Rhodococcus was slightly more time consuming as the cell walls are more difficult to lyse than those of 

E. coli. Both of the systems used were two-construct systems, separating the subunits into separate 

plasmid vectors, but expressing both vectors concurrently in a single host cell. 

 

3.2.2.1 Recombinant expression of NHase using pRSFDuet-1 and pET21a(+) 

 

Genscript plasmid design and gene optimisation  

Based on the protocol developed by Frederick (2013), two plasmids were ordered from GenScript (USA). 

This was done to minimise initial cloning attempts, as well as to optimise the codon sequence for 

expression in E. coli BL21(DE3). The alpha subunit-chaperone gene sequence was inserted as a single 

construct into the second multiple cloning site (MCS) in the pRSFDuet-1 plasmid between the NdeI and 

PacI restriction sites. The beta subunit gene sequence was inserted into the MCS of pET-21a(+) between 
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the NdeI and XhoI restriction sites, and incorporating the C-terminal His-tag from the vector by removing 

the gene’s native stop codon. The map of each plasmid is shown in Figures 3.4 and 3.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Plasmid map of pRSFDuet-1 with the alpha subunit and chaperone gene sequences inserted 

into MCS2 between NdeI and PacI. Image generated using the Benchling workspace at 

https://benchling.com (Benchling, 2017). 

 

 

https://benchling.com/
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Figure 3.5: Plasmid map of pET-21a(+) with the beta subunit gene sequence inserted into the MCS 

between NdeI and XhoI. Mutation site: target sites for iterative saturation mutagenesis. Potential sites for 

primer pairs used during megaprimer PCR are indicated, numbered as set 1 and set 2. Mutagenic primers 

1C and 1B are variations on the primer used to introduce mutations at mutation site 1. Image generated 

using the Benchling workspace at https://benchling.com (Benchling, 2017). 
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Frederick (2013) attempted to improve expression of the alpha subunit by mutating the RBS to one more 

easily recognised by the ribosome of E. coli. In this study, the native ribosome binding sites were removed 

from the alpha and beta subunit genes and the genes were incorporated into the plasmids from their start 

codons only. This was to allow the RBS of each plasmid to be the only site where ribosome binding could 

occur. However, as the chaperone sequence was within the alpha subunit, the chaperone RBS was not 

altered. 

 

Transformation of vectors into E. coli BL21(DE3) 

Supercompetent E. coli BL21(DE3) cells were produced using a protocol originally based on Hanahan et al. 

(1991). All glassware, plasticware and buffers were chilled before use and cells were kept on ice during 

the protocol, except where specified. A flask containing 250 ml SOB media (2% (w/v) tryptone, 0.5% (w/v) 

yeast extract, 0.05% (w/v) NaCl, 2.5 mM KCl, 10 mM MgCl2) was inoculated with a 1 ml stock of either E. 

coli JM109 or BL21(DE3) cells and grown for 16 hours at 20°C until an OD600 of ~0.3 was obtained. Readings 

were taken on a Boeco S-20 UV /Visible spectrophotometer. The cells were harvested by centrifugation 

at 3000 x g for 10 minutes at 4°C, resuspended in 40 ml of ice cold CCMB80 buffer, pH 6.4 (10 mM KOAc 

pH 7.0, 80 mM CaCl2.2H2O, 20 mM MnCl2.4H2O, 10 mM MgCl2.6H2O, 10% glycerol, pH adjusted with HCl) 

and then incubated on ice for 20 minutes. The cells were centrifuged again at 3000 x g for 10 minutes at 

4°C and then resuspended in 10 ml CCMB80 buffer. To obtain an appropriate concentration of cells, 50 µL 

of the resuspended cells was added to 200 µL of SOC media (SOB media containing 10 mM glucose) and 

the OD600 measured. Additional CCMB80 buffer was added to the resuspended cells until the above test 

gave an OD600 of 1.5. After a final incubation of 20 minutes on ice, the cells were separated into 1 ml 

aliquots and stored at -80°C. 

 

The transformation protocol was performed according to the protocol received with the plasmids 

(GenScript, USA). To transform the cells, 300 ng of plasmid DNA in DNase free water was added to 50 µL 

competent cells which had been thawed on ice for 20 minutes. The tube was placed on ice for 15 minutes 

and then submerged up to two-thirds of the volume of the tube in a water bath at 42°C for 3 minutes. The 

tube was then placed back on ice for 2 minutes. A volume of 800 µL of LB broth (10 g/L tryptone, 5 g/L 

yeast extract, 5 g/L NaCl) was added to the tube and it was incubated at 37°C and 200 rpm for 40 minutes. 

The cells were then spread on LB agar plates (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, 15 g/L agar) 

containing antibiotic in order to select for transformed cells, with plates containing 100 µg/ml ampicillin 
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to select for pET21a(+)-beta or 50 µg/ml kanamycin to select for pRSFDuet-1-alpha-chap, or a combination 

of both antibiotics to select for transformants containing both plasmids. 

 

The vectors were transformed individually into JM109 to maintain the plasmids during storage. The 

vectors were also transformed into BL21(DE3) individually to yield BL21(DE3)-α-chap and BL21(DE3)-β 

recombinant cells, containing a single plasmid each. Each single-plasmid BL21(DE3) line was then made 

competent again and then transformed a second time with the remaining plasmid in order to produce 

BL21(DE3)-α-β-chap cells.   

 

Plasmid extraction and restriction digest 

Positive clones grown on antibiotic-containing LB agar plates were picked using a sterile pipette tip and 

placed in 20 ml of LB media at 37°C with shaking at 200 rpm and grown for approximately 16 hours. A 

plasmid extraction was then carried out using the Zyppy Plasmid MiniPrep kit (Zymo Research, USA). The 

concentration of the extracted DNA was measured using a Qubit (Thermo Fisher Scientific, USA) and the 

quality of the DNA was confirmed on a 1% agarose gel (0.8 g agarose in 50 ml 1X TAE buffer, 2 µL EtBr, 

90V, 75 min. run time).  

 

Plasmids introduced into BL21(DE3) and JM109 as single plasmids were extracted and the presence of an 

insert in each plasmid was confirmed by digesting pET-21a(+) with NdeI and XhoI and pRSFDuet-1 with 

NdeI and PacI. All restriction enzymes used were FastDigest enzymes (Thermo Fisher Scientific, USA). A 

20 µL restriction digest was set up (1 µg of plasmid DNA, 2 µL 10X FastDigest buffer, 1 µL of each enzyme, 

14 µL DNase free water). The reaction was incubated at 37°C for 5 minutes. The restriction enzymes were 

then inactivated by placing the reaction tubes in a heating block at 80°C for five minutes. The results were 

then viewed on a 1% agarose gel (0.8 g agarose in 50 ml 1X TAE buffer, 2 µL EtBr, 90V, 75 minutes run 

time). 

 

To determine the presence of both plasmids in the recombinant BL21(DE3)-α-β-chap cells, the extracted 

plasmid DNA was digested using FastDigest HincII (Thermo Fisher Scientific, USA). The restriction digest 

(1 µg of plasmid DNA, 3 µL 10X FastDigest buffer, 1 µL enzyme, 13 µL DNase free water) was allowed to 

continue for 5 minutes at 37°C and then the enzyme was inactivated by placing the reaction tube in a 
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heating block at 65°C for five minutes. The results were then viewed on a 1% agarose gel (0.8 g agarose in 

50 ml 1X TAE buffer, 2 µL EtBr, 90 V, 75 min. run time). 

 

Protein expression 

The method developed by Frederick (2013) was followed with slight modifications due to equipment 

limitations. A 20 ml overnight starter culture of BL21(DE3) containing both plasmids was grown in LB broth 

(10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) with 50 µg/ml kanamycin and 100 µg/ml ampicillin at 

37°C and shaking at 200 rpm for approximately 16 hours. This was used to inoculate a larger volume of LB 

broth for protein expression, by adding 400 µL starter culture per 200 ml LB broth containing 50 µg/ml 

kanamycin and 100 µg/ml ampicillin. This was grown to an OD600 of ~0.3 at 37°C with shaking at 200 rpm, 

following which 0.1 mM CoCl2 and 0.1 mM IPTG were added to induce protein expression. Cultures were 

then grown for 24 hours at 25°C, with shaking at 200 rpm.  

 

The OD600 of the grown culture was measured. The cells were then harvested at 8000 x g for 15 minutes 

at 4°C in a Sorvall RC 6+ ultracentrifuge and resuspended in an appropriate volume of PBS (8 g/L NaCl, 0.2 

g/L KCl, 1.44 /L Na2HPO4, 0.24 g/L KH2PO4, pH 7.4) to yield an OD of ten times the initially measured OD600. 

Lysozyme (1 mg/ml) and PMSF (1 mM) were added and the cells were incubated at 4°C for 30 minutes 

with gentle rotation. The cells were then sonicated for five pulses of 30 seconds per pulse with 60 seconds 

on ice between pulses. DNaseI (3 units) and MgCl2 (2 mM) were then added to the lysate and the tubes 

were again incubated at 4°C with gentle rotation for 15 minutes. The lysate was then centrifuged at 8000 

x g for 15 minutes at 4°C and the pellet and supernatant were separated. The protein concentration was 

determined using a Qubit protein assay (Thermo Fisher Scientific, USA).  

 

Determination of optimal protein storage conditions 

Following protein extraction, the crude cell lysate was stored under varying conditions for five days prior 

to biocatalytic analysis in order to determine if storage conditions affected stability and catalytic activity. 

A fraction of the protein crude lysate was stored at 4°C; a second fraction was mixed 1:1 with 80% glycerol 

and frozen at -20°C; a third fraction was stored without added glycerol at -20°C. Samples were thawed on 

ice after ~24 hours. A small amount of substrate (~5 mg) was added to each sample and the reaction was 

rotated at 4°C. Samples were taken at time 0, 30 mins, and overnight to track the conversion of substrate 
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to product. This was done using thin layer chromatography and using a dropper to take samples of the 

mixture for TLC (using 70:30 ethyl acetate to hexane as the solvent).  

 

3.2.2.2 Recombinant expression of NHase using pJOE6731.1 and pJOE6556.1  

 

A second recombinant expression system for NHase was tested in this study and used as a positive control 

for NHase expression. The cells containing pJOE6731.1 and pJOE6556.1 (Figures 3.6 and 3.7) and the 

protocol for protein expression were provided by Prof Trevor Sewell and Dr Brandon Weber (Aaron Klug 

Centre for Imaging and Analysis, University of Cape Town). This protocol also used a two-construct system, 

with the two plasmids present in a single host cell for growth and protein expression.  

 

Protein expression 

An overnight starter culture of 20 ml LB 100 µg/ml ampicillin and 25 µ/ml chloramphenicol was inoculated 

with a single colony grown on an LB agar plate, or from a glycerol stock. This was grown for ~16 hours at 

37°C with shaking at 200 rpm. A larger flask of LB was then inoculated from the starter culture by adding 

400 µL starter culture per 200 ml LB broth containing 100 µg/ml ampicillin and 25 µ/ml chloramphenicol. 

This was grown at 37°C with shaking at 200 rpm until an OD600 of ~0.4 was reached. Protein expression 

was then induced by adding 0.2% (w/v) rhamnose and 1 mM CoCl2 and the culture was then grown for 

~24 hours at 25°C with shaking at 200 rpm. The cells were harvested and lysed using the same protocol 

as the pET21-a(+)/pRSFDuet-1 system (Section 3.2.1.1) 
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Figure 3.6: pJOE6731.1 vector for recombinant expression of the R. rhodochrous L-NHase alpha subunit 

and chaperone. nhlA: gene for alpha subunit. nhlE: gene for chaperone, bla: beta-lactamase gene 

conferring ampicillin resistance. Plasmid map provided by Prof Trever Sewell and Dr Brandon Weber 

(Aaron Klug Centre for Imaging and Analysis, University of Cape Town).  
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Figure 3.7: pJOE6556.1 vector for recombinant expression of the R. rhodochrous L-NHase beta subunit. 

nhlB: gene for beta subunit, cat: chloramphenicol acetyltransferase gene conferring chloramphenicol 

resistance. Plasmid map provided by Prof Trever Sewell and Dr Brandon Weber (Aaron Klug Centre for 

Imaging and Analysis, University of Cape Town).  
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3.2.3 Saturation mutagenesis by megaprimer PCR 

 

The polymerase chain reaction protocol involved two aspects, designing a mutagenic primer and an 

antiprimer in order to generate a second megaprimer; and the PCR protocol for site saturation 

mutagenesis. Both aspects were based on the two-site mutagenesis method devised by Kirsch and Joly 

(1998) and later improved by Sanchis et al., (2008). The suitability of a whole-plasmid PCR method for 

introducing mutations is further supported by the research of Cheng et al. (2018), who also introduced 

multiple mutations into the L-NHase from R. rhodochrous J1 in order to improve enantioselectivity using 

the whole plasmid method of Laible and Boonrod (2009). Whole-plasmid PCR is quicker and simpler as it 

removes the often tedious cloning step and the potential errors that can occur during cloning prior to 

protein expression. 

 

3.2.3.1 Primer and megaprimer design 

 

The primers were designed using Benchling (2017), which allowed multiple potential primers to be 

created and then analysed for the potential to form secondary structures. In this case, primer design was 

difficult due to the high GC content of the beta subunit gene. Figure 3.8 shows the multiple theoretical 

primers created and where they were located on the plasmid. The pair primers for the first PCR step 

consisted of a degenerate, mutagenic forward primer and a silent antiprimer, with a similar Tm to ensure 

binding to the target in the first step. The codons on the forward primer were randomised using NDT 

codon degeneracy, where N = Ade/Cyt/Gua/Thy; D = Ade/Gua/Thy; T = Thy. The primer pair for the first 

PCR step was as follows (underlined codons are the target codons for mutation): 

 

Mutagenic primer (Reverse primer):  5’-CCATGTTCCCGGCGATGGCGCTGG-3’ 

 

Start  715  
End  738  
Length  24  
GC  70.83%  
Tm   68.2°C 

Target codons:  TTC (βPhe41) and GCG (βAla37) 
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Silent Primer (Forward primer):   5’-CCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCG-3’ 
 
Start  1779  
End  1818  
Length  40  
GC  45.00%  
Tm  65.5°C 

 

 

The primers in the first PCR step were chosen to bind to the pET-21(a)-β plasmid at a sufficient distance 

apart to produce a large fragment of the plasmid template. This product is the megaprimer which was 

used in the second PCR step. The megaprimer was 4953bp, a large section of the 6045bp plasmid from 

position 703 to position 1796 and should in have theory have contained the added mutations. Using the 

method adapted by Sanchis et al. (2008) for a single two step reaction, the reaction mixture was then 

immediately subjected to a second round of PCR amplification but annealing occurs at the elongation 

temperature of the polymerase. Because the megaprimer is so large, it has a much higher Tm than the first 

set of primers and thus those primers can be left in the reaction mixture without interacting further with 

the template or megaprimer.  

 

3.2.3.2 PCR conditions 

 

The initial PCR master mix (Table 3.1) was designed based on the KOD Hot Start DNA Polymerase protocol 

(Novagen, Pretoria, South Africa), with the final DNA concentration based on the protocol by Sanchis et 

al. (2008).  During the initial attempt, 50 ng of template DNA was used. After the first PCR step, a 5-10 μL 

sample was taken for agarose gel visualisation. The sample volume was then appropriately adjusted on 

the PCR cycler and the second reaction allowed to continue. 
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Table 3.1: Volumes and final concentrations of reagents in a single sample for megaprimer PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initial cycling conditions, including the extension time per kb, were also mainly based on Sanchis et al. 

(2008), although an initial step of 95°C for 2 mins was added to activate the KOD polymerase, as required 

by the KOD protocol (Novagen, Pretoria, South Africa). The cycling conditions initially used are shown in 

Table 3.2. The first attempt at two-step PCR was not successful as no PCR product was present on a 1% 

agarose gel after either PCR step and therefore a number of alterations were made to the method and 

reagents. For the second attempt, the total concentration of template DNA was increased to 80ng and 

the volume of the other reagents reduced to compensate for the increased DNA volume. Due to the high 

cost and small volume of KOD polymerase available, the reaction volume was not increased. As well as 

this, the extension time was decreased to 15 sec/kb at 68°C.  
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Table 3.2: Cycling conditions for megaprimer PCR (first attempt) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.3 Sequencing of PCR product 

 

PCR results of both PCR steps were initially visualised on a 1% agarose gel, after which the results of the 

second PCR were sent to Inqaba Biotec (Pretoria, South Africa) for sequencing to determine the structure 

of the final PCR product. Although the full plasmid was subject to the PCR reaction, due to financial 

constraints, only the insert containing expected mutations was sequenced using standard T7 promoter 

and T7 terminator primers. It was assumed that all other regions of the plasmid should remain unmutated 

or if mutations were present, then the plasmid would be non-viable and not functional. 
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Figure 3.8: Plasmid map showing the position of mutagenic primers and the megaprimer formed in the 

first PCR step of iterative saturation mutagenesis. Mutagenic primer 1B and Silent primer 1E formed the 

pair of primers used to introduce mutations into Mutation Site 1. Black arrows show the direction of 

replication using these primers. Orange shading indicates the fragment of the plasmid replicated in the 

first PCR step which was used as the megaprimer in the second PCR step. 
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3.3 RESULTS AND DISCUSSION 

 

3.3.1 Recombinant expression of NHase using pRSFDuet-1 and pET21a(+) 

 

3.3.1.1 Restriction digests 

 

To confirm the presence and structural integrity of the plasmids transformed into both JM109 and 

BL21(DE3), restriction digests were performed on extracted plasmid DNA. The individual digests of each 

plasmid clearly showed the expected digest results (Figure 3.9). In both cases, only two fragments were 

present, one short fragment indicating that the insert was correctly cut from the plasmid, and one longer 

fragment from the vector. Both NdeI/XhoI digests produced three bands. The insert was expected to 

produce a 1078 bp band and the linearised plasmid was expected to be 3698bp. As expected, a band of 

about 1100bp and one of about 3600bp was seen. The larger band at about 5000bp was potentially uncut 

plasmid in some form (supercoiled or relaxed). These results also indicated that no unwanted NdeI and 

XhoI cut sites had been introduced into the pRSF-Duet plasmid carrying the α-chaperone insert and that 

no unwanted NdeI and PacI cut sites were present in the pET21-a(+) plasmid carrying the β insert. The 

NdeI/PacI digests showed similar results, with expected bands of 682bp and 5363bp and observed bands 

at ~600bp and ~6000bp. 

 

The HincII digest was done only on BL21(DE3) expression cells, as JM109 maintenance cells were only 

transformed with a single plasmid each. In this case, the two plasmids were digested simultaneously in 

the same reaction mixture using only HincII because it gave an easily recognisable digest pattern. The 

results showed all of the expected bands (Figure 3.10), although the two smallest bands (at ~355 bp and 

~440 bp) were very faint, possibly due to a lower concentration and the small size of the DNA fragments 

resulting in very faint stain. However, they were assumed to be present based on a very light smear where 

the bands were expected, as well as on the presence of the other expected band sizes. Later protein 

expressed from the dual-construct cells showed good activity, further supporting that this double digest 

was successful. 
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Figure 3.9: Restriction digests from single-plasmid transformations. A, Expected results using Benchling 

(2017). Lane 1, MWM; Lane 2, pRSFDuet-1-αC digested with NdeI, XhoI; Lane 3, pET21a(+)-β digested with 

NdeI, PacI. B, actual results on 1 % agarose gel. Lane 1, GeneRuler 1kb; Lane 2, blank; Lane 3, pRSFDuet-

1-αC from BL21(DE3); Lane 4, pRSFDuet-1-αC from JM109; Lane 5, pET21a(+)-β  from BL21(DE3); Lane 6, 

pET21a(+)-β from JM109. Lanes 3 and 4 digested with NdeI, XhoI; Lanes 5 and 6 digested with NdeI, PacI.  
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Figure 3.10: Combined restriction digest of two expression plasmids from E. coli BL21(DE3). A, Expected 

results using Benchling (2017). Lane 1, MWM; Lane 2, pRSFDuet-1-αC digested with HincII; Lane 3, 

pET21a(+)-β  digested with HincII. B, actual results on 1 % agarose gel. Lane 1, GeneRuler 1kb; Lane 2, 

undigested pRSFDuet-1-αC and pET21a(+)-β from BL21(DE3) dual construct; Lane 3, undigested pRSFDuet-

1-αC from single-transformed  BL21(DE3); Lane 4, undigested pET21a(+)-β from single-transformed  

BL21(DE3); Lane 5, undigested pRSFDuet-1-αC from single-transformed  JM109; Lane 6, undigested 

pET21a(+)-β from single-transformed  JM109; Lane 7, HincII digest of pRSFDuet-1-αC and pET21a(+)-β 

from BL21(DE3) dual construct.  
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3.3.1.2 Protein expression 

 

Nitrile hydratase protein was overexpressed from both BL21(DE3) cells containing the two-construct 

system, as well as from pJOE expression cells provided by Prof Trevor Sewell and Dr Brandon Weber, 

containing the pJOE6731.1 and pJOE6556.1 plasmids.  Expression cells were cultured to an OD600 of ~0.3, 

at which time protein expression was induced in the cultures, while one culture vessel received no 

inducer. The uninduced cultures were compared in order to determine if there was any leaky expression, 

as well as to confirm that nitrile hydratase was indeed overexpressed by the induced cultures. Initial 

rounds of expression included both pJOE and the BL21(DE3)-two construct cells. Protein was harvested 

following expression by cell lysis and then centrifuged to separate the pellet and supernatant. Samples of 

the pellet and supernatant from both induced and uninduced cells were taken and were separated using 

SDS-PAGE.  

 

The SDS-PAGE results including nitrile hydratase expression samples from the pJOE cells were not 

successful due to experimental error, following which the samples became degraded and the protein was 

not re-expressed. pJOE expression is therefore not shown here. Following this, only BL21(DE3) cells 

containing the two-construct system were utilised and the following SDS-PAGE results are shown in Figure 

3.11. The samples were left overnight in reducing sample buffer, resulting in degraded protein causing a 

smeared pattern. However, the supernatant and pellet from the induced two-construct cells displayed 

fairly clear wide bands in the expected regions for the NHase alpha and beta subunits, at approximately 

23 kDA for the alpha subunit, 26 kDA for the beta subunit and 16 kDa for the chaperone, as reported by 

Frederick (2013). A thick band in the pellet was potentially caused by the unclear separation and high 

concentration of the alpha and beta subunits. Although the majority of expressed NHase appeared to be 

in the pellet, later biocatalytic tests on the protein supernatant produced activity with full substrate 

conversion.  
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Figure 3.11: SDS-PAGE separation of induced and uninduced protein fractions from BL21(DE3) 

containing pRSFDuet-1-αC and pET21a(+)-β. S = supernatant; P = pellet. αβC = BL21(DE3) transformed 

with the two plasmid construct. Lane 1, PageRuler Unstained Protein Ladder (ThermoFisher, 

Massachusetts, USA); Lane 2, clear lane; Lane 3, BL21(DE3) control cells (S); Lane 4, BL21(DE3) control 

cells (P); Lane 5, αβC uninduced cells (S); Lane 6, αβC uninduced cells (P); Lane 7, BL21(DE3) control cells 

exposed to inducer (S); Lane 8, BL21(DE3) control cells exposed to inducer (P); Lane 9, αβC cells exposed 

to inducer (S); Lane 10, αβC cells exposed to inducer (P). The red arrow shows a large band possibly made 

by two separate bands, one for the 23 kDa α-subunit and one for the 26 kDa β-subunit.  

 

3.3.1.3 Determination of optimal protein  

3.3.1.4 storage conditions 

 

Lysed protein samples stored under varying conditions were tested for activity to determine if storage 

conditions affected stability and activity. A fraction of the protein crude lysate was stored at 4°C; a second 

fraction was mixed 1:1 with 80% glycerol and frozen at -20°C; a third fraction was stored without added 

glycerol at -20°C. All samples were stored for 24 hours. A small amount of substrate (~5 mg) was added 

to each sample and all of the samples showed complete conversion of 4-methoxybenzonitrile (3a) and 3-

Amino-3-p-tolylpropanenitrile (2c) within 30 minutes, while all the samples showed partial conversion of 

3-Amino-3-(4-methoxyphenyl) propanenitrile (3c), even when left at 4°C for 24 hours with rotation. 

Therefore the storage conditions were deemed to be equally valid for short term protein storage (~24 
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hours), although this remains to be tested for longer periods. It was not possible to quantify the 

conversion of 3c in each case, although visually it was not noticeably different as the diameter of the 

product spots on the TLC plate was similar for all sample reactions. 

 

Stored glycerol stocks of the transformed cells have been grown and used to express active NHase for 

further bioconversion studies, as described by Soobben (2020). Therefore although the best storage 

conditions were not conclusively determined, this indicates that the cells were successfully transformed 

and appropriately stored.  

 

3.3.2 Saturation mutagenesis by megaprimer PCR 

 

It was not possible to visualise the results of either the first or second mutagenic PCR steps using 1% 

agarose gel electrophoresis. The gels showed no bands despite increasing the sample volume loaded on 

the gel as well as the concentration of ethidium bromide. Therefore to identify whether product was 

formed, the results of the PCR reaction were sent to Inqaba Biotec (Pretoria, South Africa) for sequencing.  

 

As a PCR product was in fact present, there were many modifications that could have been made to the 

PCR protocol that may have resulted in the correct region being mutated. There were two main 

complications during this technique. First, the KOD polymerase is very expensive and is packaged in very 

small quantities, hence it was not possible to test many different samples, temperatures and other 

parameters repeatedly. This may have been resolved by developing both steps of the mutagenic PCR using 

a standard Taq polymerase, and then only using the KOD polymerase once the best method was 

established. The second problem in method development was that it was not clear whether the method 

of Sanchis et al. or the standard KOD polymerase method should be used, or whether a combination of 

steps from both methods should have been used. This would have been resolved by varying the method 

and testing multiple times for a PCR product. The KOD protocol recommends more cycles per PCR step 

(20 to 40 cycles) than the Sanchis et al. protocol (five cycles in step one and 20 cycles in step 2), thus an 

increased number of cycles may have provided a visible PCR product on an agarose gel and thus made 

method development easier.  

 

Sequencing confirmed the presence of a PCR product, however an alignment of the original beta subunit 

gene with the PCR results (Figure 3.12) showed that mutations were present in the wrong part of the 
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target beta subunit gene while the target regions remained unchanged. The mutations occurred 90 

nucleotides upstream of the target region, at codons βHis5 and βAsp6. The mutagenic primer had bound 

with a hairpin shape, introducing the mutations at two neighbouring residues, instead of three residues 

apart as intended.  Sixteen sample reactions were tested and nine presented mutations at these codons, 

while one sample had both of these mutated codons, with an additional thymine nucleotide inserted 

between the codons. Such an insertion was not desirable and most likely would have resulted in an 

inactive protein. The intention with NDT codon degeneracy is to achieve an even distribution of 12 amino 

acids (Gly, Leu, Ile, Val, Tyr, His, Phe, Asn, Asp, Cys, Arg and Ser), as encoded by the reduced number of 

codons available using NDT degeneracy. From the 16 samples sequenced, it is possible to see that a 

balanced distribution of codons and therefore amino acids was not achieved. It is possible that the 

expected distribution may have been observed if a larger sample size was used, however it is more likely 

in this case that the distribution was not observed as the PCR conditions were not yet optimised. This is 

supported by Isalan (2006) who states that when a PCR technique is optimised, 80% to 90% of clones 

should contain mutations.  

 

Looking at residue 5, the original codon was CAC. In all the ISM samples, the first and third nucleotides 

remained the same as the unmutated sequence (C in both positions). The second nucleotide was A in 8 

out of 16 samples (50% occurrence) and M (A/C) in the other 50% of samples, whereas the second 

nucleotide was expected to be a D (A/G/T) in all of the samples. This shows that in codon 6, A occurred 

more frequently at the second position. Overall, this meant that the original codon was still abundant and 

had not been successfully mutated. Looking at residue 6, the original codon was GAT. In 4/16 (25%) of 

samples, the nucleotide was a G. In 10/16 (62.5%) of samples, there was a K (G/T) and in 1/16 (6.25%) 

there was an S (G/C). This shows that the most common nucletotide was the original G and not an equal 

distribution of all four nucleotides as was expected. In the second positon, the original A occurred 3/16 

times (18.75%). In the second position, W (A/T) occurred 13/16 times (81.25%). Although this did indicate 

presence of A and T this was not in an even distribution as would be expected in NDT codon degeneracy. 

In the third nucleotide position, a T occurred 100% of the time, and although this is in line with the 

expected NDT codon degeneracy, it is also the same as the wild type codon. Bias towards the wild type 

codon is possible as reported by (Acevedo-Rocha et al., 2015). 
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Figure 3.12: Excerpt of the MAFFT alignment of original BAA-870 L-NHase beta subunit gene with the 

16 ISM PCR samples. The blue box shows the target codons for mutation (underlined and bold within the 

blue box). The red box shows the codons actually mutated during ISM PCR (underlined and bold within 

the red box). The target and actual mutated codons are also shown within the beta subunit protein 

sequence below the alignment. Blue: target codons. Red: actual mutated codons as identified by 

sequencing of the PCR product. Alignment done using MAFFT at https://www.ebi.ac.uk/Tools/msa/mafft/ 

(Madeira et al., 2019). 

https://www.ebi.ac.uk/Tools/msa/mafft/
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The sequencing analysis was necessary to determine if a PCR product was present, however it is also a 

small-scale example of a technique dubbed Quick Quality Control (QQC) for determining codon diversity 

(Sanchis et al., 2008; Kille et al., 2013), where the entire plasmid library transformed with the mutated 

DNA is pooled and sequenced as a single reaction. As well as screening transformants for the desired 

protein characteristic, QQC is necessary to determine if the target codons were mutated in expected 

ratios. This informs whether or not the library covers a sufficient range of sequence space that it might 

reasonably contain a “hit”. QQC should in fact be conducted before expending further time and money 

on a screening technique (Acevedo-Rocha et al., 2015; Li et al., 2018). For more detailed statistical 

analyses of ISM libraries, see Sullivan et al. (2013) and Acevedo-Rocha et al. (2015). 

 

Codon alphabet selection is crucial to ensure that the reduced number of amino acids encoded by the 

library will be effective in improving the chosen enzyme characteristic. It has previously been shown that 

NDT codon degeneracy is effective when improving enzyme enantioselectivity (Reetz et al., 2008; Reetz, 

2011). The NDT method also greatly reduces the screening effort when screening transformants (Reetz 

and Carballeira, 2007), especially when focusing on enzyme enantioselectivity (Acevedo-Rocha et al., 

2014). The screening effort is the number of transformants needed to be tested in order to cover 95% of 

the possible mutants in a generated library (Reetz, 2016). When targeting a two-residue site using 

traditional NNK codon degeneracy (where N is any nucleotide and K is G or T), the number of 

transformants to be tested is 3066. For NDT codon degeneracy, it is reduced to 430 transformants (Reetz 

et al., 2008), which is manageable when paired with a medium- or high throughput screening method. 

Unfortunately in this study, there was insufficient time to develop a screening assay, or indeed to develop 

the ISM PCR method fully. Assay development was also more complex as it would have been more 

challenging to create an assay for enantioselectivity rather than just basic enzyme activity.  

 

Due to time constraints, a library of expressed NHase enzymes was not produced from the mutated NHase 

genes. However, the mutations introduced to βHis5 and βAsp6 were considered unlikely to be effective 

in altering enantioselectivity as they fall within a random coil region close to the surface of the enzyme 

and distant from the active site tunnel. It is possible that the position of the side chains might interact 

with nearby residues and thus distally cause subtle differences to the active site channel. However, 

determining exact side chain conformation requires more complex modelling and was not possible in this 

study. According to the study by Huang et al. (1997) on the Fe-type NHase, the N-terminal arm of the beta 

subunit wraps around the central part of the alpha subunit, so there may be a change in the binding 
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between the subunits with the mutations to βHis5 and βAsp6. This remains to be determined for the Co-

type L-NHase in future work. In order to determine the effects of any mutations on the enzyme’s 

enantioselectivity, it is necessary to isolate and purify the enzyme and to conduct kinetic studies (Reetz et 

al., 2006). Further studies once an improved enzyme is produced involve systematically testing each 

residue to determine if it is actually contributing to the improved enantioselectivity (Reetz et al., 2006). 

 

3.4 CONCLUSIONS 

 

This study was important in laying out the basic techniques to introduce mutations into the low molecular 

mass nitrile hydratase from R. rhodochrous ATCC BAA-870 to improve its enantioselectivity, however 

many aspects can be improved upon, while others remain to be developed. 

 

Initial transformation and expression was successful. It was confirmed that the plasmids were genetically 

intact prior to expression. Problems related to sample storage and time constraints resulted in poor 

visualisation of protein expression, however biocatalytic tests proved the presence of active protein. The 

SDS-PAGE gels also showed that the biocatalytic activity was not due to a nitrile hydratase already present 

in uninduced cells as the uninduced cells did not have bands where NHase subunits would be expected. 

The NHase proved to be stable in multiple short term storage conditions including freezing slowly at -20°C, 

freezing slowly at -80°C and snap freezing with liquid nitrogen before being stored at -80°C, but longer 

storage under the same conditions needs to be tested. Further successful biocatalytic conversion has been 

achieved using the same parent stock of transformed BL21(DE3) cells made during the current study. 

 

Although the work of Frederick (2013) concluded that a two-plasmid construct was preferable for the 

expression of the L-NHase from R. rhodochrous ATCC BAA-870, and the current study did produce 

sufficient amounts of soluble protein, the two-plasmid system complicates the experimental procedure 

considerably, in particular where plasmid transformation is needed. Therefore a single-plasmid system 

may be preferable in an industrial context where speed and efficiency are necessary. A single-plasmid 

expression system has been used to express large amounts of soluble recombinant Co-type NHase from 

Bacillus pallidus RAPc8 (Tsekoa et al., 2004; van Wyk, 2008; Kianja, 2016), and this system may be 

preferable for future directed evolution studies towards beta-substituted nitriles. 
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Saturation mutagenesis successfully introduced mutations into the protein, but not in the expected place 

(βPhe41 and βAla37). The mutations were on the N-terminal of the protein, at residues βHis5 and βAsp6. 

This is a less structured region more exposed to solvent. Based on knowledge about the less ordered 

regions of proteins, it was assumed that the mutations would not be functional and therefore the 

biocatalytic activity of the mutated protein was not tested. This may affect the enzyme via distant effects, 

or by altering the way the beta subunit wraps around the alpha subunit but remains to be determined in 

future work. Future studies should focus on testing various mutagenic primers, as well as determining the 

best size and position of megaprimer. The PCR protocol further needs to be optimised, including possibly 

increasing the yield. Iterative saturation mutagenesis needs to be performed with multiple cycles, testing 

the enantioselectivity after each round and choosing the best hit to subject to the next round of mutagenic 

PCR. If improved enantioselectivity is not achieved, it might be necessary to try a different amino acid 

alphabet. A screening assay needs to be developed for enantioselectivity, which would allow the required 

number of transformants to be tested after each round of mutation. Finally, each residue in the improved 

enzyme can be tested to determine its role in altering enzyme activity and whether the mutations are 

additive or cooperative in any way. 
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CHAPTER 4: ORGANIC SYNTHESIS AND BIOCONVERSION OF BETA-AMINO 

NITRILES 

 

4.1 INTRODUCTION 

 

4.1.1 Amides and their derivatives in medicine and industry 

 

Amides are one of the most common molecules in nature and amide bond formation is one of the most 

important reactions, as it is the bond which links amino acids in proteins and peptides (Pitzer and Steiner, 

2016). The general amide functional group consists of a carbon with three attached electron domains: a 

double-bonded oxygen, an amine or ammonia group and an R group (where R refers to a hydrogen or 

another hydrocarbon moiety). Amides may be primary, secondary or tertiary, where a primary amide has 

the nitrogen bound to two hydrogens and the acyl group of the amide; in a secondary amide, the nitrogen 

has one hydrogen and one R group in addition to the acyl group; and in a tertiary amide, the nitrogen has 

two R groups aside from the acyl moiety of the amide (Figure 4.1. Resonance over the N-CO bond 

contributes to a slightly heightened energetic barrier to the rotation of this bond (Greenberg, 2002). 

 

 

 

 

 

 

Figure 4.1: General amide structure. A: primary amide; B: secondary amide; C: tertiary amide. Image 

created using ChemDraw v.12.0.  

 

The amide bond within proteins and peptides occurs on the ribosome. Transporter RNA (tRNA) molecules 

attach amino acids to the growing peptide chain, using a messenger RNA (mRNA) template. The amide 

bond (Figure 4.2) is a covalent bond formed via a condensation reaction between the carboxylic acid group 

of one amino acid and the amino group of another amino acid, with the loss of a water molecule. In this 

way, a continuous chain of amino acids held together by amide bonds is formed (Petsko and Ringe, 2004).  

A B C 
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Figure 4.2: The formation of the peptide bond between amino acids is a condensation reaction between 

the carboxylic acid group (-COO-) of one amino acid and the amine group (-NH3
+) of a second amino acid, 

forming an amide or peptide bond (-CONH-) and releasing a water molecule. Image created using 

ChemDraw v.12.0. 

 

Amides have uses as potential pharmaceuticals and industrial products, or as precursors of other 

products. Due to this varied potential, they have been of interest to researchers for at least two decades. 

Thiollet and Musikas (1989) suggested their use as extractants of actinide ions in the nuclear industry. 

These findings were later supported by Ansari et al. (2005) who identified N,N,N′,N′‐Tetraoctyl 

diglycolamide (TODGA) as a potential nuclear waste extractant. By 2000, Troeberg et al. had identified 

certain disubstituted aliphatic amides to have activity against Trypanosoma species, which cause human 

sleeping sickness and other diseases in cattle. Development of antiparisitic drugs targeting Trypanosoma 

are still of interest, and research continues to focus on amide derivatives. In 2009, Konkle et al. found that 

indomethacin-amides were active against Trypanosoma cruzi sterol 14α-demethylase and in 2016, 

Pirttimaa et al. identified diterpenoid amides with activity against both Trypanosoma cruzi and Leishmania 

donovani. Amides are also used as flavouring agents in the food industry (Tachdjian et al., 2006, 2010).  

 

4.1.2 Current synthesis techniques for production of amides 

 

Amides may be produced using organic or inorganic methods and catalysts, as side products of other 

processes or as products extracted from plants. In 2005, 65% of 128 potential drug candidates surveyed 

included an amide bond formation step (Constable et al., 2007). Common coupling reagents for this bond 

formation included N-ethyl-N´-(3-dimethylaminopropyl) carbodiimide hydrochloride catalysed by 

hydroxybenzotriazole;  1-propylphosphonic   acid   cyclic   anhydride; and N,N´-carbonyldiimidazole.  

 

Jain et al. (2014) produced amides by a reaction of an aldehyde with a nitro-containing compound in acetic 

acid over a manganese dioxide (MnO2) catalyst. This was successful with aromatic (aryl) nitro compounds, 
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but not aliphatic nitro compounds, and poor yields were obtained with iodo- and bromo- substitutions on 

the benzene ring (Jain et al., 2014). Primary amides can be produced using the method of Oishi, et al. 

(2009), whereby nitriles are synthesised from primary alcohols and ammonia and the nitriles are then 

hydrated under argon. Up to 70% yields were obtained by this method. A method of producing primary 

aromatic amides by reacting benzylic alcohols and aqueous ammonia utilising I2/TBHP catalyst system in 

acetonitrile was developed by Xie et al. (2017).  

 

4.1.3 Greener amide synthesis techniques 

 

As environmentalism has become more mainstream, the chemical industry has begun to look for new 

means to develop chemicals, pharmaceuticals and other chemical processes which uphold the values of 

green chemistry (Poliakoff et al., 2002; Heinrichs and Thum, 2005; Anastas and Eghbali, 2009; Choi et al., 

2015). In 2005, the ACS GCI Pharmaceutical Roundtable (ACS-GCIPR) was developed to encourage the 

funding and development of greener pharmaceutical production. One of the key areas identified was the 

production of amides, with the goal of replacing or decreasing the use of reagents with poor atom 

economy, a contributor to waste output. Decreasing waste in this area is desirable, as 9.1% of 

pharmaceutical production identified in the 2005 Roundtable involved amides  (Constable et al., 2007). 

The coupling reactions used to produce amide bonds produce more waste, while the 

hydroxybenzotriazole catalyst is a potential explosive. It was predicted as a result of the focus on green 

chemistry that biocatalysts would begin to replace such processes by 2010 (Constable et al., 2007).  

 

Although greener organometallic catalysts have been developed, a disadvantage of reactions involving 

amides with these catalysts is that the amides still need to be Boc-protected (Andrews et al., 2010). 

Therefore it is still important to develop reactions involving either milder conditions, or using more 

specific processes that do not cause the unwanted reaction or alteration of the amide group.  

 

The 2005 Roundtable on green chemistry identified poor substrate scope as a disadvantage of biocatalysts 

(Constable et al., 2007). Nitrile hydratases however have much potential in this case, as they have a wide 

substrate scope. Many NHases have been identified in highly varied environments and their activity ranges 

from aliphatic to aromatic nitrile substrates (Brandao et al., 2003). Therefore, it should be possible to 

identify or even engineer an NHase biocatalyst with a desired substrate specificity (Yu et al., 2006; Tao 

and Xu, 2009).  
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4.1.4 The potential of nitrile hydratase as a biocatalyst to produce enantiopure beta substituted 

nitriles 

 

β-substituted nitriles are those with substituent groups at the beta carbon, as determined by the position 

of the nitrile group. The production of both β-substituted hydroxynitriles and aminonitriles has been the 

focus of recent studies as they form the precursors to pharmaceuticals (Preiml et al., 2003; Wu and Li, 

2003) such as β-blockers, 1,3-amino alcohols (Wu and Li, 2003) and the anti-tumour drug paclitaxel while 

also possessing potential antibiotic and antifungal effects alone (Winkler et al., 2005). In certain bacteria 

and fungi, there is an alternate pathway besides the ribosomal pathway which is used to produce peptides 

known as nonribosomal peptides (NRP) on large enzyme complexes called nonribosomal peptide 

synthetases (NRPSs) (Caboche et al., 2008). These peptides act as antiviral, antibiotic and anti-tumour 

agents, as well as immunosuppressants and surfactants. They have also been found to act as siderophores 

(Pitzer and Steiner, 2016), which chelate metal ions and transport them into cells under conditions of low 

ion availability (Ahmed and Holmström, 2014). NRPs may contain moieties not found in ribosomal 

proteins, such as glycosylated, methylated or phosphorylated modifications, heterocycles, D-amino acids 

and, notably for this study, β-amino acids (Aguilar et al., 2007; Pitzer and Steiner, 2016). It has previously 

been theorised that artificial NRPs can be synthesised as novel pharmaceuticals and therefore it would be 

useful to synthesise β-substituted amino acids and their precursor amides (Caboche et al., 2008; Chhiba 

et al., 2012; Sawant et al., 2014.). Nitrile hydratases have been identified as a potential biocatalysts which 

can be used to produce these compounds (Winkler et al., 2005; Chhiba et al., 2012).  

 

In order to reduce waste and further synthesis steps, it is preferable to be able to produce these amides 

as pure enantiomers. When developing new pharmaceuticals, often only one enantiomer is active, while 

in some cases one enantiomer can be toxic (Simon et al., 2013). When conducting in vitro tests and clinical 

trials, testing a single enantiomer at a time will provide clearer results as to whether a drug is safe and 

effective. Nitrile hydratases have already been used in partnership with other enzymes to produce 

enantiopure chemicals. It has previously been found that amidases show greater enantioselectivity than 

their associated NHases, usually towards the (S)-amide (Faber, 1997; Brady et al., 2004), while highly 

enantioselective NHases are less common. Gilligan et al. (1993) were able to produce a pure solution of 

R-(-)-2-phenylpropionamide by using an enantioselective amidase on a racemic solution of (R,S)-2-

phenylpropionamide, following the production of the amide by a nitrile hydratase from Rhodococcus equi 

TG328. The nitrile hydratase from R. rhodochrous been used to produce amides which are then 
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racemically purified by an enantioselective amidase, as in the production of (S)-Pipecolic acid and (R)- and 

(S)- piperazinic acid from 2-Pyridinamide and pyrazinamide (Schmid et al., 2002). When 3-hydroxy-4-

phenoxybutanenitrile was hydrolysed by Rhodococcus sp. CGMCC 0497 at 20°C, it was found to be 

preferentially hydrolysed by a nitrile hydratase/amidase system at this temperature with (R)-amides and 

(S)-acids produced with a maximum enantiomeric excess of 87% (Wu and Li, 2003). In all of these cases, 

the NHase itself was not enantioselective and was paired with an amidase that produced racemically pure 

carboxylic acids. However, this requires both extra time and cost and therefore a process using only the 

NHase and not the amidase as well is more desirable. Therefore a goal of current research is to develop 

an NHase that could produce enantiopure amides in a single step.  

 

The first Co-type NHase showing stereoselective activity was characterised from Pseudomonas putida 

NRRL-18668 by Payne et al. (1997). In a study of various Rhodococci in whole cell reactions, Winkler et al. 

(2005) found that trans-five-membered aminonitriles were hydrolysed with a greater enantiomeric excess 

than trans-six-membered amino nitrile substrates. The cis-five- and six-membered amino nitriles were 

transformed with a lower enantiomeric excess in all cases, possibly due to steric hindrance caused by the 

configuration. Similarly, the NHase from R. equi TG328-2  showed some enantioselectivity towards 

aromatic substrates but not aliphatic ones, suggesting that the way in which bulkier substrates fit into the 

substrate channel plays a role in forcing enantioselective hydrolysis (Rzeznicka et al., 2010). Chhiba et al. 

(2012) studied the enantioselective hydrolysis of β-substituted nitriles by whole cells of R. rhodochrous 

ATCC BAA-870 and found that β-amino nitriles with substituted aromatic rings as well as para-substituted 

rings led to an increased enantiomeric excess of the (S)-enantiomer of the amide. A very high 

enantiomeric excess is necessary for pharmaceutical syntheses, and a highly enantioselective nitrile 

hydratase is not naturally available. Furthermore, most studies reporting enantioselectivity achieved this 

using whole cells, not an isolated NHase. Therefore developing an enantioselective NHase is of interest. 

The Fe-type NHases do not usually show enantioselectivity (van Pelt et al., 2011), thus the Co-type NHases 

are of more interest to the current study.  
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4.2 MATERIALS AND METHODS 

 

4.2.1 General 

 

Unless otherwise specified, all chemicals and reagents were obtained from Sigma-Aldrich (now Merck; 

Modderfontein, South Africa).  

 

4.2.2 Organic synthesis of beta-substituted nitriles  

 

 

Reagents (i) CH3CN, KOtBu, 24 h. (ii) NaBH3CN, HCl, EtOH, 2 h. iii. R. rhodochrous sp., MeOH in 100mM Tris buffer, 

pH 9.0 at 4°C.  

 

Figure 4.3: Reaction scheme showing the synthesis of 3-amino-3-phenyl acrylonitriles (b) from substituted 

benzonitriles (a) followed by the synthesis of racemic 3-amino-3-phenyl propane nitriles (c) and finally the 

enzymatic transformation of compounds c to their β-amino amide products (d). Image created using 

ChemDraw v.12.0. 

 

 

 

1 R = H 
2 R = 4-CH3 
3 R = 4-OMe 
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The method of Chhiba et al., (2012) was used to synthesis beta-substituted amino nitriles as substrates 

for enzyme catalysis. The first step involved the synthesis of 3-amino-3-acrylonitriles from substituted 

benzonitriles. The substituted benzonitrile starting material (minimum 4g) was placed in a round bottom 

flask and dissolved in 150 mL of dry toluene. Acetonitrile was added in the ratio of 2.01 mmol acetonitrile 

to 1.00 mmol starting material. Potassium tert-butoxide was added in small amounts (2.30 mmol to 1.00 

mmol starting material) with continuous stirring and the reaction was left to stir overnight at room 

temperature (approximately 20°C). Equal volumes of water and diethyl ether (150 mL each) were added 

to the reaction mixture in a separating funnel and the aqueous layer was extracted and the organic layer 

isolated. A further 150 mL of diethyl ether was added to the aqueous layer and a second extraction was 

carried out.  The organic layers were combined, washed with brine and dried over MgSO4. The organic 

layer was filtered via gravity flow through a sintered funnel and collected in a new round bottom flask. 

The solvent was removed by rotary evaporation on a Büchi RII apparatus (Büchi Labortechnik AG, 

Switzerland) and then fully dried in vacuo to yield a brown oil. Approximately 20 mL of diethyl ether were 

added and hexane was added in portions until the solution became permanently cloudy. This mixture was 

left at 4°C overnight to allow crystal formation. White crystals of acrylonitrile product were washed with 

ice cold hexane and collected via suction filtration.  

 

To synthesise the 3-amino-3-phenylpropanenitrile derivatives (beta-substituted amino amides), the 

acrylonitrile starting material (4 g) was dissolved in 50 mL absolute ethanol in a round bottom flask and 

sodium cyanoborohydride was added in portions with stirring (1.10 mmol to 1.00 mmol starting material). 

Bromocrescol green (3 drops of a 0.5 % solution in ethanol) was added as a pH indicator. Concentrated 

HCl (32%) was then added dropwise until the solution turned an opaque lemon yellow. The reaction was 

allowed to continue with stirring at room temperature overnight (~16 hrs). After overnight stirring, the 

reaction was stopped by adding water (150 mL), followed by aqueous ammonia (25%) in small amounts 

until pH 11 was reached, as determined using universal pH paper.  The aqueous layer was extracted with 

three 100 mL volumes of diethyl ether, washed with brine and dried with MgSO4. The organic phase was 

gravity filtered through a sintered funnel to remove the MgSO4 and the solvent removed in vacuo, yielding 

a brown oil. Uncorrected melting points were determined using a Stuart SMP10 melting point apparatus. 
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4.2.3 Column chromatography 

 

Macherey-Nagel silica gel 60 (particle size 0.063 mm to 0.200 mm) was used to purify the amino amide 

and gravity flow column chromatography was performed on the brown oil. The column was packed with 

a slurry of silica gel and 50:50 hexane to ethyl acetate. The sample was loaded on the column after 

dissolving in a minimal amount of 80:20 hexane to ethyl acetate. Elution was carried out using a gradient 

mobile phase, initially using 80:20 hexane to ethyl acetate, then adjusted to 50:50 hexane to ethyl acetate 

and finally adjusted to 80:20 hexane to ethyl acetate to elute the amino amide. All solvents were distilled 

prior to use to remove impurities. 

 

4.2.4 Biocatalytic conversion of beta-substituted nitriles using crude protein extract 

 

Following recombinant NHase expression in both the BL21(DE3) two-construct system and the pJOE 

system (provided by Prof Trevor Sewell and Dr Brandon Weber of the Aaron Klug Centre for Imaging and 

Analysis, University of Cape Town), crude cell extract containing protein was used for bioconversion of 

nitrile substrates. Based on the protein concentration of the cell-free extract, 1 to 5 mg of protein was 

added to a 1.5 mL Eppendorf tube with 5 mg of substrate dissolved in 10 to 100 mL of methanol. The 

reaction volume was made up to between 1 mL and 1.5 mL with 100 mM Tris-HCl buffer pH 9 (12.114 g 

Tris-HCl in 1 L dH2O, pH adjusted with 1 M HCl, autoclaved at 121°C for 20 min). The reaction was then 

allowed to progress at 4°C with shaking. Thin layer chromatography was done at 30 min to determine the 

reaction progress, with all reactions reaching completion after a maximum of 30 min. The reaction was 

then centrifuged at 10 000 rpm for 5 min. 

 

4.2.4.1 Substrates 

 

Multiple substrates were used to identify and quantify both enzyme activity and enantioselectivity (Table 

4.1). The substituted benzonitrile 2a was used to determine if activity was present. Following this, racemic 

β-aminonitriles were then used to test the enantioselectivity of the recombinant NHases.  
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Table 4.1: Nitrile substrates used in this study 

 

Code Substrate Name Structure 

   

 

2c 

 

3-Amino-3-p-tolylpropanenitrile 

 

 

 

3a 

 

 

4-Methoxybenzonitrile 

 

 

 

 
 
  

 

 

3c 

 

 

3-Amino-3- 

(4-methoxyphenyl) propanenitrile 

 

 

 

   

 

 

4.2.4.2 Thin-layer chromatography 

 

Reaction progress was monitored by thin layer chromatography (TLC) on aluminium-backed silica gel 60 

F254 plates (Merck, Modderfontein, South Africa). The developing solvent used was a mixture of hexane 

and ethyl acetate, ranging from 70:30 hexane to ethyl acetate to 100% ethyl acetate based on the 

polarity of the compounds. Plates were visualised under UV light at λ = 254 nm.  
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4.2.4.3 Extraction 

 

Once the enzyme reaction was complete, as determined by thin layer chromatography (between 30 min 

and 24 hrs after initiation of the reaction), the reactions were centrifuged at 13000 rpm for five min to 

remove protein and other debris. The supernatant was transferred to a 50 mL separating funnel. The 

aqueous layer was extracted using 2 mL of ethyl acetate, the organic layer was washed with brine and the 

solvent was removed in vacuo. The dried product was then analysed using NMR to confirm its structure 

and purity (data unavailable due to national lockdown restrictions). 

 

A modified extraction procedure was used prior to chiral HPLC analysis. The enzyme reaction mixture was 

transferred to a 15 mL Falcon tube. Sodium hydroxide solution (pH 10) was added to the reaction mixture 

to approximately double the volume. The increased pH caused the amino (-NH2) group of the amino amide 

product to become unprotonated, from -NH3
+ to -NH2, to make the product less water soluble during 

separation. A 2 mL – 4 mL volume of ethyl acetate was added and the tube shaken vigorously for 10 sec. 

The organic and aqueous layers were allowed to separate and the organic layer was removed via pipetting 

into a fresh Eppendorf tube. A second volume of ethyl acetate was added to the aqueous layer in the 

Falcon tube, and the tube was shaken and the organic layer removed. Samples of both the organic and 

aqueous phases were separated using TLC to confirm the presence of the amino amide in the organic 

layer. A small spatula tip of MgSO4 was added to the organic layer and the tube was shaken and allowed 

to settle. The organic phase was then filtered through cotton wool into a fresh Eppendorf tube and dried 

in an Eppendorf Concentrator Plus vacuum concentrator for 4 x 15 min at 60°C.  

  

4.2.4.4 1H and 13C nuclear magnetic resonance spectroscopy 

 

A minimum of 5 mg of sample was dissolved in deuterated chloroform (CDCl3), deuterated methanol 

(CD3OD) or dimethyl sulfoxide (DMSO) and 1H and 13C nuclear magnetic resonance was recorded at room 

temperature on a Bruker 300 MHz NMR spectrometer using tetramethylsilane as an internal standard. 

Data processing was done using MestReNova v.9.0.1 (Mestrelab Research, S.L., Santiago de Compostela, 

Spain). The number of scans was set to 96 for 1H NMR and 1024 or 2048 for 13C NMR.  
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4.2.4.5 Chiral high-performance liquid chromatography of amides 

 

The method of (Chhiba et al., 2012) for separating the chiral amide products was used to determine the 

relative amounts of enantiomers and to potentially determine enantiomeric excess (ee) and enantiomeric 

ratio (E). Amino amides were extracted according to the procedure in Section 4.2.4.3 and the dry product 

was dissolved in aqueous perchloric acid (HClO4, 16.3 g/L, pH 1.98). 

 

The liquid chromatography system comprised an S200 iso-pump, an S200 UV/Vis detector and an S225 

autosampler from Perkin Elmer (Massachusetts, USA). The software used for data acquisition was 

TotalChrom version 6.3 (Perkin Elmer, Massachusetts, USA) and data analysis was done with OpenChrom 

Analytics Edition 1.4.0 (Wenig and Odermatt, 2010). A Crownpak CR (+) 150 mm × 4 mm column was used, 

provided by Dr Varsha Chhiba-Govindjee of the Council for Scientific and Industrial Research (CSIR, 

Pretoria, South Africa) and was stored below 10°C when not in use. The eluent used was aqueous 

perchloric acid (16.3 g/L, pH 1.98) and the column was flushed for a minimum of one hour with a flow rate 

of 0.2 mL/min with solvent before loading any samples. Samples were diluted with an appropriate volume 

of perchloric acid to ensure that the amount of sample was not more than 10-6 mol per sample. Initial 

method development was done using samples of 2d and therefore the absorbance was set to 210 nm 

(Chhiba et al., 2012). Initially a 10 μL injection volume was used at a flow rate of 0.2 mL/min with an 

experimental run time of 80 min. The injection volume was then increased to 25 μL and then 50 μL with 

a maximum of 120 min run time. The flow rate was tested by decreasing the rate to 0.15 mL/min and 

increasing it to 0.25 mL/min.  
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4.3 RESULTS AND DISCUSSION 

 

Two chiral substrates, 3-amino-3-p-tolylpropanenitrile and 3-Amino-3-(4-methoxyphenyl)propanenitrile 

were synthesised and used to test the activity of the recombinantly expressed nitrile hydratases from 

both the two-construct expression system as well as the cells provided by Prof Trevor Sewell and Dr 

Brandon Weber.  A simpler non-chiral substrate, 4-methoxybenzonitrile (3a), used as the precursor to 3-

amino-3-(4-methoxyphenyl) propanenitrile (3c) synthesis, was used to confirm enzyme activity occurred. 

The two-construct system originally developed by Frederick (2013) was used in an effort to optimise a 

chiral HPLC method to determine the enantiomeric excess and enantioselectivity of rationally designed 

NHase variants, however technical problems prevented the optimisation of this method. 

4.3.1 Organic synthesis of beta-substituted nitriles 

 

The acrylonitriles 2b and 3b were successfully synthesised. As the acrylonitrile compounds were 

intermediates in the synthesis and the synthesis method has already been optimised by Chhiba et al. 

(2012), only proton NMR was done to check the structures of the acrylonitriles. The enzyme substrates 2c 

and 3c were then successfully synthesised from their precursors, 2b and 3b and both proton and carbon-

13 NMR was done to confirm the structure of each final amino nitrile. The yields at each step were 

moderate, between 30% and 60%, despite varying reaction and purification conditions multiple times. 

The variations attempted during reactions included changing the stirring time, increasing the stirring 

temperature to 30°C and using varying amounts of reagents and solvents. However, no significant 

improvement was observed and thus these are not reported in detail. 

 

Proton and carbon NMR indicated that the substrates were successfully synthesised, although with some 

impurities in the case of 2c and 3c. Representative NMR spectra are shown in the Appendix, Figures A1-

A4. Figure 4.4 is a selection of the fractions taken during gravity-flow column chromatography purification 

of the substrate 3c, showing the co-elution of the substrate with an impurity. TLC also showed the 

presence of this impurity as a spot (Rf = 0.43, 100% ethyl acetate) above the substrate spot (Rf = 0.22, 

100% ethyl acetate) and it was not possible to remove using any combination of solvents, column length 

and diameter and silica type during the chromatography step. As 3c is in the form of an oil, no melting 

point analysis was done in this study, as well as in previous work (Chhiba et al., 2012).  
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Figure 4.4: Thin-layer chromatography plates showing samples taken from fractions during workup 

using gravity-flow column chromatography purification of substrate 3c, showing elution of an impurity 

with the product. Spot A: 3b 3-Amino-3-(4-methoxyphenyl) acrylonitrile, precursor to 3c (Rf = 0.81); spot 

B: unknown impurity (Rf = 0.43); spot C: substrate 3c (3-Amino-3-(4-methoxyphenyl) propanenitrile) (Rf = 

0.21). The polarity of the solvent was increased during elution from 50:50 ethyl acetate to hexane to 100% 

ethyl acetate. TLC plates were developed using 100% ethyl acetate. Yellowing is due to the presence of 

the amine groups in 3b and 3c. 

 

4.3.1.1 Amino-3-p-tolyl acrylonitrile (2b) 

 

 

 

 

 

 

 

3-Amino-3-p-tolyl benzonitrile (5g). Stirring time = 16 hrs. Purification by washing with ice cold hexane (3 

x 20 mL) to yield a pale yellow powder (2.8634 g; 37 % yield). Rf (70:30 hexane to EtOAc) = 0.43. 1H NMR 

(300 MHz, chloroform-d): δ 7.39 (d, J = 8.2 Hz, 2H), 7.23 (m, 2H), 4.89 (br s, 2H), 4.24 (s, 1H), 1.56 (s, 4H). 

13C NMR as predicted by ChemDraw v.12.0 (300 MHz, chloroform-d): δ 156.3 (C3'), 137.6 (C4), 131.2 (C1), 

129.0 (C2, C6), 128.9 (C3, C5), 118.6 (C1'), 58.3 (C2'), 21.3 (C1'').  

 

A 

C 

B 
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Melting point (MP) analysis was not carried out, however literature reports it to be 117-110°C (Coward 

and Bruice, 1969) and 103.5°C (Chhiba et al., 2012). As this is an intermediate product, only 1H NMR was 

used to confirm the structure before undertaking the next synthesis step.  

 

4.3.1.2 3-Amino-3-p-tolyl propanenitrile (2c) 

 

 

 

 

 

 

 

 

Stirring time = 16 hrs. Purification by column chromatography (elution 70:30 EtOAc to hexane) to yield a 

yellow-brown oil which then solidified to a yellow solid (0.33 g; 15 %).  Rf (60:40 EtOAc to hexane) = 0.39. 

MP = 98 – 100°C. 1H NMR (300 MHz, chloroform-d): δ 7.28-7.26 (m, 2H), 7.25-7.17 (m, 2H), 4.1 (dd, J = 

7.2, 5.7 Hz, 1H), 2.67-2.64 (m, 1H), 2.35 (s, 3H), 1.69 (br s, 2H). 13C NMR (300 MHz, chloroform-d): δ 129.58 

(C3, C5), 125.80 (C2, C6), 52.47 (C3'), 28.58 (C2'), 21.12 (C1''). 

 

Due to the low yield, insufficient product was available for 13C NMR and therefore the peaks were difficult 

to distinguish from the baseline. The peaks that did not show clearly on the spectrum were δ 139.58 (C1) 

and 137.90 (C4) as previously determined by Chhiba et al. (2012). Literature melting point values have not 

been reported, as the product is an oil. It is possible that the solidification observed in this study was due 

to impurities in the product. 

 

 

 

 

 

 

 

 

1'' 
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4.3.1.3 3-Amino-3-(4-methoxyphenyl) acrylonitrile (3b) 

 

 

 

 

 

 

 

Stirring time = 16 hrs. Purification by washing with ice cold hexane to yield a pale yellow powder (2.11 g; 

32 %). Rf (70:30 hexane to EtOAc) = 0.51. MP = 115-119°C. 1H NMR (300 MHz, chloroform-d): δ 7.32-7.29 

(m, 2H), 6.91-6.88 (m, 2H), 4.67 (s, 1H), 3.83 (s, 3H), 2.02 (s, 2H)   13C NMR (300 MHz, chloroform-d): δ 

161.87 (C4), 161.24 (C3'), 134.07 (C2, C6), 127.54 (C1), 119.31 (C3, C5), 114.85 (C1'), 62.66 (C2'), 55.64 

(C1'').  

 

The MP was within the range previously reported by Coward and Bruice (1969) and Chhiba et al. (2012), 

who reported the MP as 117-118°C and 119.4°C respectively. 

 

4.3.1.4 3-Amino-3-(4-methoxyphenyl) propanenitrile (3c) 

 

 

 

 

 

 

 

Stirring time = 16 hrs. Purification by column chromatography (elution 70:30 EtOAc to hexane) to yield a 

brown oil (0.4289 g; 29 %). Rf (70 ETOAc: 30 hexane) = 0.29. 1H NMR (300 MHz, chloroform-d): δ 7.30-

7.25 (m, 2H), 6.91-6.85 (m, 2H), 4.28-4.24 (m, 1H), 3.77 (s, 3H), 2.61 (dd, J = 6.4, 3.4 Hz, 1H), 1.69 (s, 2H). 

13C NMR (300 MHz, chloroform-d): δ 159.39 (C4), 134.57 (C1), 127.08 (C2, C6), 118.07 (C1'), 114.19 (C3, 

C5), 55.30 (C1''), 52.09 (C3'), 28.56 (C2').  

No melting point analysis was carried out as the product was an oil (Chhiba et al., 2012).   

 

1'' 

H3C 

1'' 

H3C 
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4.3.2 Biocatalytic conversion of beta-substituted nitriles using crude protein extract 

 

Enzyme reactions using both NHase expression systems were tested. Both BL21(DE3) cells containing the 

two construct system and the pJOE cells were cultured and harvested, following which the cells were 

suspended in Tris buffer (pH 9). A volume of crude protein extract containing 5 mg of protein 

(approximately 300 μL of extract) was combined with 5mg of substrate dissolved in 10 to 100 μL of 

methanol. Further Tris buffer was added to make an approximately 1 to 1.5 mL reaction volume. The 

reaction products were monitored using TLC (Figure 4.5). Two samples of substrate 3c were used, one 

with an impurity that it was not possible to remove during column purification of the substrate. Despite 

the presence of this impurity, all biocatalytic enzyme reactions using the synthesised substrate 3c were 

successful, with all reactions going to completion within 30 min. There was full conversion of 3c to its 

product amide 3d while the unidentified impurity showed no change, suggesting that it did not interact 

with the enzyme. The structures of the enzyme reaction products from the substrates used in this study 

have previously been characterised using NMR (Chhiba et al., 2012). 

 

The two-construct system in BL21(DE3) was then used in an attempt to develop a method to quantify 

enantioselectivity. The NHase expressed by the two-construct system was subject to reactions with three 

substrates, one non-chiral (4-methoxybenzonitrile, 3a) and two chiral substrates (2c and 3c). In order to 

test for the presence and potential activity of native E. coli NHases, BL21(DE3) cells not containing the 

two-construct system were also cultured and provided with the same inducing conditions and then used 

in identical enzyme reactions. All three substrates were converted to amide products within 30 min by 

the NHase from the two-construct system, while the induced untransformed BL21(DE3) cells showed no 

product formation, indicating that there was no other NHase expressed by these cells.  
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Figure 4.5: Enzyme conversion reactions after 30 min using cells containing either the BL21(DE3) two-

construct system or the pJOE system. 3c-1: cleaner sample of substrate 3c; 3c-2: impure sample of 3c; 

p1 and p2: enzyme reaction supernatant from cells containing pJOE expression system; α1 and α2: 

enzyme reaction supernatant from cells containing two-construct system in BL21(DE3). A: unreacted 3b 

remaining from the synthesis of 3c; B: additional impurity found in substrate 3c-2 only; 3c: 3-Amino-3-

(4-methoxyphenyl) propanenitrile; 3d: 3-Amino-3-(4-methoxyphenyl) propanamide. TLC plates were 

developed using 100% ethyl acetate. Yellowing is due to amine groups in 3b and 3c. A (Rf = 0.81); B (Rf = 

0.0.35); 3c (Rf = 0.14); 3d (Rf = 0.00). 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

3c 
3d 

3c-1    3c-2      p1       p2        α1       α2 
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4.3.2.1 4-methoxybenzamide 

 

Full conversion of 3a to 4-methoxybenzamide occurred within 30 min at 4°C using the NHase expressed 

by the two-construct system while BL21(DE3) control cells showed no conversion of 3a (Figure 4.6). 

 

 

 

 

 

 

 

 

Reaction time: 30 min. Vacuum concentration for 4 x 15 min at 60°C yielded a white crystalline layer. Rf 

(50:50 ethyl acetate to hexane) = 0.14 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Conversion of substrate 3a to 4-methoxybenzamide using the two-construct expression 

system for NHase expression. No yellowing of spots occurred as this substrate and product do not contain 

amine groups. 1, 2, 3: supernatant containing expressed NHase from three separate samples of the two 

construct system. B1, B2, B3: supernatant from three separate samples of BL21(DE3) control cells induced 

but not containing the two-construct system. The control cells showed no conversion of product indicating 

there were no nitrile-hydrolysing enzymes present. TLC plate developed using 50:50 ethyl acetate to 

hexane. 3a (Rf = 0.81); 4-methoxy benzamide (Rf = 0.14). 

 

3a      1       2        3        B1     B2      B3 

3a 

4-methoxy-

benzamide 
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4.3.2.2 3-Amino-3-p-tolyl propanamide (2d) 

 

Full conversion of 2c to 2d occurred within 30 min at 4°C using the NHase expressed by the two-construct 

system while BL21(DE3) control cells showed no conversion of 2c (Figure 4.7) 

 

 

 

 

 

 

 

Reaction time: 30 min. Vacuum concentration for 4 x 15 min at 60°C yielded a white crystalline layer. Rf 

(50:50 ethyl acetate to hexane) = 0.026 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Conversion of substrate 2c to 2d using the two-construct expression system for NHase 

expression. Yellowing of spots occurred due to the presence of amine groups. 1, 2, 3: supernatant 

containing expressed NHase from three separate samples of the two construct system. B1, B2, B3: 

supernatant from three separate samples of BL21(DE3) control cells induced but not containing the two-

construct system. The control cells showed no conversion of product indicating there were no nitrile-

hydrolysing enzymes present. TLC plate developed using 50:50 ethyl acetate to hexane. 2c (Rf = 0.29); 2d 

(Rf = 0.029). 

2c      1       2        3       B1      B2      B3 

2c 

2d 
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4.3.2.3 3-Amino-3-(4-methoxyphenyl) propanamide (3d) 

 

Full conversion of 3c to 3d occurred within 30 min at 4°C using the NHase expressed by the two-construct 

system while BL21(DE3) control cells showed no conversion of 3c (Figure 4.8) 

 

 

 

 

 

 

 

Reaction time: 30 min. Vacuum concentration for 4 x 15 min at 60°C yielded a white crystalline layer. Rf 

(50:50 ethyl acetate to hexane) = 0.00 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Conversion of substrate 3c to 3d using the two-construct expression system for NHase 

expression. Yellowing of spots occurred due to the presence of amine groups. A: unreacted 3b from the 

synthesis of 3c; B: unidentified impurity from the synthesis of 3c; 1, 2, 3: supernatant containing expressed 

NHase from three separate samples of the two construct system; B1, B2, B3: supernatant from three 

separate samples of BL21(DE3) control cells induced but not containing the two-construct system. The 

control cells showed no conversion of product indicating there were no nitrile-hydrolysing enzymes 

present. TLC plate developed using 50:50 ethyl acetate to hexane. A (Rf = 0.77); B (Rf = 0.31); 3c (Rf = 0.19); 

3d (Rf = 0.00). 
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4.3.3 Chiral high performance liquid chromatographic analysis of enzyme reaction products 

 

The enzyme product 2d was expected to elute at 24.5 min and 30.6 min with an absorption maximum at 

210 nm and 3d was expected to elute at 20.0 min and 23.4 min with a max absorption peak at 225 nm. 

Initial chiral high performance liquid chromatography (HPLC) tests were done using samples of 2d, thus 

the detector was set to 210 nm. However, all results were inconclusive despite alterations made to the 

method, including increasing the sample injection volume, increasing the experiment time and increasing 

sample concentration. All blanks showed three large combined peaks eluting within the first ten min 

(Figure 4.9).  

 

 

Figure 4.9: Raw HPLC Chromatogram of the blank sample used to calibrate the HPLC system before 

reading samples of chiral NHase enzyme products. Three large unresolved peaks are visible eluting within 

10 min. A 25 μL injection volume was used with a 0.200 mL/min flow rate. Eluent: aqueous perchloric acid 

(16.3 g/L, pH 1.98). Results visualised using TotalChrom v. 6.3.0 (Perkin Elmer, Massachusetts, USA). 
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All 2d samples showed a single large peak also eluting within 10 min, approximately at 6.5 min. Some 

samples had a second, smaller peak which eluted before the large peak, at approximately 4 to 5 min 

(Figure 4.10). It is possible that these were the enantiomers of the product, but it was not possible to 

confirm this as the peaks did not elute at the expected times. As previously shown in Figures 4.6 and 4.7, 

TLC results seemed to show complete conversion of chiral nitrile to amide, with no remaining nitrile 

evident on the TLC plate. If this was the case, then the HPLC peaks should have been of equal size, as there 

would have been equal amounts of each amide enantiomer. The unequal sized HPLC peaks, however, 

would suggest that the enzyme had preferentially hydrolysed one nitrile enantiomer, and thus there 

should have been some remaining nitrile in the reaction. Unfortunately none of this could be confirmed 

due to the unreliable HPLC results. 

 

In the case of all blanks and samples, there were no further eluted peaks after 15 min total run time. This 

indicated that all substances were eluting from the column very quickly, and therefore not interacting 

with the column as they should. This suggested that the column’s stationary phase had possibly degraded. 

To test this, a standard solution of 2d was prepared using lyophilised NHase from cells of R. rhodochrous 

ATCC BAA-870 (prepared by Dr Varsha Chhiba-Govindjee, CSIR). The reaction was allowed to proceed 

overnight and then the product was prepared as described in Section 4.2.4.3. A TLC separation of this 

product as well as some of the HPLC samples showed a visible amide spot on the baseline in both the 

standard and sample 17. Sample 16 showed no spot, although this may have been due to a low 

concentration of product (Figure 4.11). When the standard was run through the same HPLC column using 

the same method, it also eluted within 10 min and not at the expected time. This confirmed that the 

column was most likely degraded. Degradation could have occurred due to improper storage temperature 

prior to receiving the column. It is recommended to flush the column with distilled water after use as the 

acidic mobile phase can damage the column, which may not have been done previously (Daicel 

Corporation, Japan).  
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Figure 4.10: Raw HPLC Chromatogram of NHase product 2d (3-Amino-3-p-tolyl propanamide). All 

substances eluted within 10 min, with a large peak at approximately 6 min and a small peak at 

approximately 4 min, both of which were not the expected times for the enantiomers of 2d. A 25 μL 

injection volume was used with a 0.200 mL/min flow rate. Eluent: aqueous perchloric acid (16.3 g/L, pH 

1.98). Results visualised using TotalChrom v. 6.3.0 (Perkin Elmer, Massachusetts, USA). 
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Figure 4.11: Standard amide 2d was produced using lyophilised NHase from cells of R. rhodochrous ATCC 

BAA-870 and compared to the amide produced by the two-construct expression system in BL21(DE3). 

Both reactions appear to have gone to completion, with all nitrile converted to amide. This was used to 

confirm the presence of the amide in the HPLC samples. Std: standard reaction; 16, 17: HPLC samples. TLC 

plate developed using 80:20 ethyl acetate to hexane.  

 

 

4.3.4 Development of a high-throughput assay to monitor enantioselectivity 

 

One of the goals of this study was to develop a high-throughput assay to monitor not only activity, but 

enantioselectivity of the engineered enzymes in order to quickly and easily identify ‘hits’ or enzymes with 

improved enantioselectivity. This proved to be beyond the scope of this project and therefore chiral HPLC 

was used to test enantioselectivity in the absence of a high-throughput assay. The research done by Cheng 

et al. (2018) which also focused on improving the enantioselectivity of the L-NHase from R. rhodochrous 

J1 also used only chiral HPLC to measure enantioselectivity. This supports the assumption that 

development of a high-throughput assay requires a separate research effort and this goal remains to be 

achieved in future using the two-construct expression system in this study.  

 

Microtitre plates, most commonly the 96-well format, are commonly used in screening assays and enzyme 

assays have been miniaturised to be performed in such plates (Xiao et al., 2015). These assays are 

2c    Std   16    17          

2c 

2d 
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accessible and can be done even without robots and although this increases the labour intensity of the 

task, it is still higher-throughput than traditional HPLC (Xiao et al., 2015). Such assays have already been 

applied to identify nitrilases or NHase/amidase systems expressed by R. erythropolis CGMCC 1.2362 and 

Alcaligenes sp. ECU040 using ferric hydroxamate spectrophotometry to identify carboxylic acids (He et al., 

2011).  

 

There are significant challenges to the development of an assay for enzyme activity, and therefore 

developing one for enantioselectivity encompasses the challenges of both a basic assay and the 

identification of activity towards separate enantiomers. High-throughput NMR and mass spectrometry 

analysis of pseudo-meso-compounds in microtitre plates has been done but requires specialised 

equipment (Reetz, 2003b.). Gas chromatography has also been employed by using one sampler and two 

instruments for simultaneous analysis of the kinetic resolution of (R)-and (S)-2-phenyl-1-propanol by the 

lipase from Pseudomonas aeruginosa but this also requires specialised equipment (Reetz, 2003a.).  

 

Due to the cost and equipment requirements, a simpler colourimetric assay was selected which could be 

visualised using UV or fluorescence spectroscopy. The assay measures the amount of ammonia released 

during an enzyme reaction. Glutamate dehydrogenase, α-ketoglutarate and NADPH are added to the 

reaction and the glutamate dehydrogenase then uses up the ammonia to convert α-ketoglutarate to L-

glutamine (Figure 4.12) (Sonke et al., 2006). During this reaction, NADPH is oxidised to NADP+. NADPH 

absorbs at 340 nm and therefore the more NADPH is used up, the more the absorbance decreases. This 

is directly related to the amount of ammonia originally present, as more ammonia present will allow more 

NADPH to be converted and thus the absorbance will decrease more.  

 

 

 

 

Figure 4.12: Schematic of the reaction catalysed by glutamate dehydrogenase. KGA: α-ketoglutarate. 

The absorbance of NADPH at 340 nm decreases as it is used up by the reaction and is proportional to the 

concentration of ammonia originally present. Reproduced from the Ammonia Assay Kit technical bulletin 

(Sigma-Aldrich, St Louis, MO, USA).  
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As the reaction being measured is the production of an amide by nitrile hydratase, it would also be 

necessary to couple an amidase to the assay. According to Sonke et al. (2006), the initial enzyme reaction 

(in this case, the conversion of nitrile to amide by NHase) is carried out in the well of a microtitre plate. 

The reaction is stopped using acid inactivation. The plate is centrifuged to remove protein or cell debris. 

An amidase is then added to convert the amide to a carboxylic acid and ammonia. Finally the assay 

components glutamate dehydrogenase, α-ketoglutarate and NADPH are added and the absorbance at 

340 nm is measured.  

 

There were certain disadvantages to this method that would need to be addressed. The NHase reaction 

occurs in Tris buffer pH 9, therefore it would be necessary to check how this would affect the pH when 

attempting acid inactivation of the reaction. An ammonia assay kit based on this method and available 

from Sigma-Aldrich was selected to be used in this method. The kit requires a pH of 7 to 8 to operate. 

Additionally, the kit was designed for reactions of 1 ml volume and would need to be downscaled to be 

done in microtitre plate wells. This results in some steps requiring buffer exchange, which requires a 

vacuum centrifuge with a plate holder, or requiring excess volumes from each well to be removed 

manually to reduce the volume per well, which increases the labour intensity of the test. This assay has 

been adapted to measurements of enantioselectivity by simply coupling the assay with an 

enantioselective amidase, although it may be difficult to acquire a commercially available enantioselective 

amidase.  

 

4.4 CONCLUSIONS 

 

The chiral substrates 3-Amino-3-p-tolyl propanenitrile (2c) and 3-Amino-3-(4-methoxyphenyl) 

propanenitrile (3c) were both successfully synthesised, although there were some with impurities present 

in 3c which could not be removed during purification with gravity flow column chromatography. These 

chiral substrates and a non-chiral substrate, 4-methoxybenzonitrile, were successfully used in reactions 

with recombinantly expressed L-NHase enzyme to produce the product amides 4-methoxybenzamide, 3-

Amino-3-p-tolyl propanamide (2d) and 3-Amino-3-(4-methoxyphenyl) propanamide (3d).  

 

All enzyme reactions went to completion very quickly as observed during TLC monitoring of the reactions, 

with storage conditions of the enzyme showing no effects on enzyme activity. The TLC results showed 

complete conversion of nitrile to amide for both 2c and 2d, suggesting that the enzyme had little to no 
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enantioselectivity for the selected nitriles. This was in opposition to the results found by Chhiba et al. 

(2012), but it was not possible to confirm the extent of enantioselectivity as chiral amide analysis using 

HPLC was not conclusive most likely due to column degradation. It is possible that reactions could be 

monitored with shorter sampling intervals to determine if enantioselectivity occurs before 30 min. It is 

also possible that enantioselectivity is more evident in larger scale reactions but this remains to be 

determined.  Due to the inconclusive HPLC results it was not possible to quantify conversion of nitriles to 

amides or to calculate eep, ees or enantiomeric ratio (E). Furthermore, 1H and 13C NMR need to be done 

on enzyme reaction products to confirm their structure, although a simple TLC comparison of standard 2d 

and an HPLC sample of 2d did give spots with the same Rf and yellowing indicating presence of an amine 

group.  

 

Further work would require the chiral amide HPLC procedure to be corrected, and the results can be 

reinforced using additional chiral nitrile analysis on reaction components to identify the extent of nitrile 

conversion. It would be ideal to acquire separate standards of both the chiral substrates and products for 

easier characterisation in future as it was not possible to easily identify which enantiomer was the (R)-

enantiomer and which was the (S)-enantiomer. 

 

In order to meet the demands required by industrial research processes, a high-throughput screening 

assay for enantioselectivity needs to be developed to screen the recombinantly expressed enzymes for 

improved enantioselectivity towards these substrates. In the case that an improved enzyme is identified, 

the enzyme needs to be characterised kinetically, the protein sequence determined and a crystal structure 

produced.  
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CONCLUSION AND FUTURE WORK 

 

Members of the genus Rhodococcus are a source of highly useful enzymes for industrial biocatalysis, in 

particular the nitrile hydrolysing enzymes. The high-molecular mass NHase (H-NHase) from R. 

rhodochrous J1 has already been developed as a viable industrial biocatalyst, but the low-molecular mass 

NHase (L-NHase) which is more commonly found in R. rhodochrous strains, also has potential use in the 

production of chemicals, including enantiopure beta-substituted amino-nitriles, which formed the basis 

of the current study. However, this enzyme is not naturally enantioselective for most substrates and 

therefore rational design must be applied to produce an enantioselective NHase. Rational design of 

enzymes is an important research subject in the current movement towards greener industrial processes. 

Enzymes can be designed to be highly specific and to produce large yields with decreased costs and energy 

consumption, while producing less waste. 

 

This study aimed to recombinantly express the NHase from R. rhodochrous ATCC BAA-870 (a close relative 

of the L-NHase from R. rhodochrous J1) and determine which amino acid residues may be involved in 

substrate specificity by comparison to related NHase sequences that were determined during this study. 

The second major goal was to be able to modify the substrate profile of the enzyme by introducing 

mutations, in this case to improve its enantioselectivity towards beta-substituted nitriles for future use in 

pharmaceutical production.  

 

A two-construct method for recombinant expression of the L-NHase from R. rhodochrous ATCC BAA-870 

in BL21(DE3)  involved expressing the alpha subunit and chaperone in the pRSFDuet-1 plasmid and the 

beta subunit in the pET-21-a(+) plasmid and transforming one culture with both plasmids. The current 

study improved an earlier version of this expression system using codon optimisation to improve 

expression of the NHase. This system also allowed for independent mutation of the beta subunit without 

possibly affecting the plasmid containing the alpha subunit and chaperone sequences, which were 

necessary for enzyme stability. The activity of the recombinant enzyme was confirmed and compared to 

an alternative  single construct expression system developed by a collaborating research group.  

 

Data-mining analysis was done on the NHase structure and substrate profile of multiple recorded 

Rhodococci including five new Rhodococci from South African soil samples closely related to R. 

rhodochrous ATCC BAA-870 and R. rhodochrous J1. This was done to identify patterns associated with 
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substrate catalysis that could be linked to genetic characteristics in order to identify target residues for 

directed evolution. Although this analysis was inconclusive, it did indicate a possible origin for the H-NHase 

found in R. rhodochrous J1 as being acquired via horizontal gene transfer from another Rhodococcus such 

as R. pyridivorans. A homology model of the L-NHase from R. rhodochrous ATCC BAA-870 was produced 

and the substrate channel residues were identified as reported in previous structural studies. As well as 

this, the residues within 10 Å of the active site were also located as residues in this region have previously 

been reported to play a role in enzyme enantioselectivity and to be viable targets for directed evolution. 

Based on the homology model and previously reported substrate-channel information, the residues 

chosen for mutation were βPhe41 and βAla37.  

 

Directed evolution of enzymes has been applied to alter many enzyme characteristics, including 

thermostability, pH tolerance, substrate selectivity and enantioselectivity, including prior successful 

attempts to alter the stereoselectivity of other NHases. Semi-rational design has been found to be 

successful and involves using prior knowledge of enzyme-substrate activity, visualising interactions using 

molecular modelling and rationally selecting residues or sites containing multiple residues for mutation. 

These sites are then randomly mutated to produce a library of potential improved enzymes. The strategy 

selected for this study involved successive rounds of iterative saturation mutagenesis via polymerase 

chain reaction (ISM-PCR) using the Combinatorial Active Site Saturation Test (CASTing) which focuses on 

mutating residues within the binding pocket. ISM-PCR was done using NDT-degenerate primers and using 

the megaprimer method for whole-plasmid PCR which removed laborious cloning steps following PCR. It 

was found that mutations were introduced, but not at the expected site. The mutations were introduced 

at two adjacent residues at the N-terminus, βHis5 and βAsp6, indicating that the mutational primer had 

bound in the shape of a hairpin. The ratios of introduced nucleotides did not follow the expected pattern. 

The PCR technique was therefore partially successful and the protocol and primer design must be 

optimised to produce preferred results. 

 

Two chiral beta-amino nitrile substrates, 3-amino-3-p-tolyl propanenitrile and 3-amino-3-(4-

methoxyphenyl) propanenitrile were successfully synthesised and their structure confirmed using NMR. 

A non-chiral substrate, 4-methoxybenzonitrile, was used to confirm the activity of the recombinant L-

NHase. Biocatalytic activity was successfully demonstrated on all three substrates, Chiral HPLC was 

attempted to quantify enantioselectivity of the enzyme, but the results were inconclusive due to column 

performance degradation.  Monitoring of enzyme reactions using thin-layer chromatography 
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demonstrated complete conversion of nitriles to amides, indicating a lack of absolute enantioselectivity, 

but we were unable to confirm this with chiral HPLC.  

 

This study has assisted in laying a foundation for future rational engineering of the nitrile hydratase from 

R. rhodochrous ATCC BAA-870 by providing key data and evaluating the relevant methods. Future work 

should focus on optimising the PCR method to introduce targeted mutations into the beta subunit and on 

adjusting and successfully using chiral HPLC to monitor enantioselectivity of the recombinant enzymes It 

is necessary to develop a high-throughput screening assay for faster, automated screening of 

enantioselectivity. The enantioselectivity of the NHase for other substrates can be explored in 

combination with molecular modelling and molecular dynamics simulations to identify the residues 

involved in interactions with specific substrates. Therefore future projects may focus on adjusting the 

enantioselectivity of the L-NHase for other substrates. An improved NHase could then undergo kinetic 

studies, sequencing and crystallisation to provide further information about how the enzyme acquired 

improved enantioselectivity. 
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When including sources of <1%:  

 

 

 

 

 

 

 


