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Abstract  

 

-̟Transaminases are a class of PLP-dependent enzymes which catalyse the reversible 

transamination reaction between carbonyl compounds and amine donors. Previously, 

-̟transaminases have been widely applied in the production of chiral amines. The 

expansion of the substrate scope ǘƻǿŀǊŘǎ ˖-transaminases provides the potential to 

exploit new biocatalytic synthetic routes involving regioselective amination. 

 

!ƳƻƴƎ ǘƘŜ ƛƴƛǘƛŀƭ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ˖-transaminases from different species, a wild-type 

-̟transaminase from Bacillus megaterium was identified to possess high activity. A 

characterisation system was developed for screening activity of substrates towards 

both amine and carbonyl substrates towards BM-˖¢!. Meanwhile, an (S)-

aminotetralin based assay was developed to meet the requirement of screening 

aromatic carbonyl compounds.  

 

Several dicarbonyl compounds were determined to be accepted by BM-˖¢!Σ ǿƘƛch 

were subsequently applied in the synthesis of N-heteroaromatic compounds. 

!ŦǘŜǊǿŀǊŘǎΣ ǘǿƻ ˖-transaminase mediated biocatalytic approaches for the synthesis 

of substituted pyrazines and pyrroles were developed respectively and a self-

sufficient amine donor applying a reversible amine functionality shuttle system was 

discovered. 
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Chapter 1: Introduction  
 

1.1 Biocatalysis  

 

Biocatalysis is an approach to chemical synthesis using natural catalysts, usually in 

the form of isolated enzymes or whole-cell, which is becoming a new trend in 

synthetic organic chemistry. Even though traditional chemical synthesis will remain 

the mainstream approach for chemical production in the future, the number of 

biocatalytic application has increased tremendously in last decade, due to several 

advantages obtained from the nature of biocatalysts. 

 

Chirality is a key feature of many pharmaceuticals, as it can influence the activity of 

a drug. More specifically, it is known that whilst one stereoisomer of a drug may 

provide desirable effects, the other one may be inactive or even be potentially 

harmful. Since 1992, the United States Food and Drug Administration (FDA) and the 

European Committee for Proprietary Medicinal Products has implemented a strict 

regulation that both enantiomers of drugs must be characterised individually.1 In 

1997, the United States Food and Drug administration introduced a άfast track, 

single-isomerέ program which accelerated the application of single enantiomer drugs. 

All these regulatory issues have become a strong driving force.  For developing 

efficient routes to enantiopure materials, the market of chiral compounds is 

expanding at 7%-8% annually, which results from increasing demand for 

enantiomerically pure compounds in the pharmaceutical industry.2 The application 

of biocatalysts to produce chiral compounds has proven to be of great benefit to the 

pharmaceutical industry.3 
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As an important component in the toolbox of synthetic chemistry with exceptional 

chemo-, regio-, and stereoselectivity, biocatalysts provide new approaches to replace 

conventional chemical steps with biocatalytic methods.4 Both low value chemicals5-6 

and high value pharmaceutical building block with multiple chiral centres7-8 have 

been produced on large-scale using biocatalytic routes. 

 

Employing biocatalysts can also provide both economic and environmental 

advantages. First of all, compared to traditional reaction systems, biocatalytic 

reaction systems use aqueous conditions rather than organic solvent, thereby 

reducing solvent cost and the potential for environmental pollution at the same time. 

Secondly, the application of biocatalysis meets the demand of a greener production 

environment, be that from saving energy (mild reaction temperature and pressure) 

or avoiding toxic transition metal catalysis (enzymes are a recyclable and 

environmentally friendly catalysts, due to its biological origin). All those influences 

are included in the E-factor concept which is defined as the mass ratio of waste to 

product in a given synthetic sequence.9-10 Biocatalysis also offer opportunities to 

ƛƳǇǊƻǾŜ ǘƘŜ ΨǎǘŜǇ ŜŎƻƴƻƳȅΩ ƻŦ ǎȅƴǘƘŜǘƛŎ ǎŜǉǳŜƴŎŜs, for example by alleviating the 

need for costly protection/deprotection sequences. Therefore valuable reactor time 

can be freed up, whilst simultaneously improving the overall atom economy of the 

synthetic routes. Finally, biosynthetic methodologies can provide access to 

ΨǊŜǘǊƻǎȅƴǘƘŜǘƛŎ ŘƛǎŎƻƴƴŜŎǘƛƻƴǎΩ ǘƘŀǘ ŀǊŜ ƴƻǘ ŀŎŎŜǎǎƛōƭŜ ǿƛǘƘ ǘǊŀŘƛǘƛƻƴŀƭ ŎƘŜƳƛŎŀƭ 

approaches, thus offering the potential to develop more streamlined routes to high-

value targets.11  
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The feasibility regarding the application of biocatalysts in industrial production has 

increased in the last decades. One of the most successful cases of biocatalytic 

application for industrial production is the use of transaminases to produce chiral 

amines.12 The improvement of biotechnology (e.g. rational design or directed 

evolution) enhances this trend as well. Although co-solvents (e.g. DMSO) can 

decrease enzyme stability and have a negative effect on downstream processing, the 

addition of co-solvent is still essential in the biotransformation for the purpose of 

increasing the solubility of organic compounds in aqueous system. In order to 

minimise the negative influence of co-solvents towards enzymes, protein 

engineering becomes one of the best strategies to increase the stability of enzyme in 

the presence of co-solvent. For example, several ̟ -transaminases have been 

successfully engineered to maintain acceptable activity in the presence of 50% 

DMSO.13 Enzyme immobilisation also offers a potential route to improve enzyme 

stability under process conditions.14 Recently more and more commercially available 

biocatalysts have been developed to meet the requirement of industrial production 

with the aid of enzyme immobilization.15 The most novel approach to increase the 

volume of biocatalytic reaction is to develop or exploit new types of enzymes. More 

and more novel biocatalysts (e.g. amine dehydrogenase16-17 and imine reductase18) 

are now being combined in cascade reactions, which can catalyse new types of 

chemical reactions. 

 

1.2 synthesis of chiral amines  

 

The main value of biocatalysts is to produce those chemicals which are difficult to 

synthesise using traditional chemical methods. Optically active intermediates are 

valuable chemical building blocks for the pharmaceutical industry and agro-

chemistry. Biocatalytic procedures were applied to replace synthetic strategies in the 

production of various key Intermediates in the pharmaceutical industry.19-22 For 

example, as a widely used antibiotic, the production of cephalexin is now produced 

via two acylase-catalysed steps using Adipyl-7-ADCA rather than thirteen chemical 

steps using Penicillin G (figure 1).23  
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CƛƎǳǊŜ мΥ /ƘŜƳƛŎŀƭ ŀƴŘ ŜƴȊȅƳŀǘƛŎ ǊƻǳǘŜǎ ŦƻǊ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ŀ ǾŀƭǳŀōƭŜ ŀƴǘƛōƛƻǘƛŎ ŎƻƴǘŀƛƴƛƴƎ ŎƘƛǊŀƭ 
ŀƳƛƴŜǎ ό/ŜǇƘŀƭŜȄƛƴύΦ 
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1.2.1 Classic approaches to produce chiral amines  

 

1.2.1.1 Kinetic resolution of  racemates by crystalli sation  

 

The major route to produce chiral amines in industrial production today is still 

resolution of racemic mixture by the selective crystallization of diastereomeric salts 

with the addition of one24 or a mixture of chiral carboxylic acids (so-called Dutch 

resolution)25 (Scheme 1). However, suitable chiral carboxylic acids for each racemic 

amine need to be investigated case by case and stoichiometric or super-

stoichiometric amounts of acids are required. Moreover, in several cases26-27 the 

enantiomeric purity of resolution is not high enough to meet pharmaceutical 

application standards. 

 

!ύ /ƭŀǎǎƛŎ ǊŀŎŜƳŀǘŜ ǊŜǎƻƭǳǘƛƻƴ 

 

 
 
.ύ 5ǳǘŎƘ ǊŜǎƻƭǳǘƛƻƴ 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ .ǳǘŀƴƻƴŜΣ нπǇǊƻǇŀƴƻƭΦ 
 
{ŎƘŜƳŜ мΥ !ύ /ƭŀǎǎƛŎŀƭ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǊŀŎŜƳƛŎ ŀƳƛƴŜǎ Ǿƛŀ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǿƛǘƘ ŘƛŀǎǘŜǊŜƻƳŜǊƛŎ ǎŀƭǘǎΦ .ύ 
5ǳǘŎƘ ǊŜǎƻƭǳǘƛƻƴΥ ¢ƘŜ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ƻŦ ǎŀƭǘǎ ƻŦ ŜƴŀƴǘƛƻƳŜǊƛŎŀƭƭȅ ǇǳǊŜ ŀƳƛƴŜǎ ǘƘŀǘ Ŏƻƴǘŀƛƴ ŀ ƳƛȄǘǳǊŜ 
ƻŦ ŎƘƛǊŀƭ ŀŎƛŘ ŀƴƛƻƴǎΦн 
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1.2.1.2 Chemical synthesis of chiral amines  

 

Apart from the resolution of racemic amine mixtures by crystallization of 

diastereomeric salts, the most established method for production of optically pure 

amines is reduction of a precursor containing a C=N double bond (Scheme 2).28 There 

are two chemical methods for the reduction of imines: i) asymmetric hydrogenation 

of imines or enamine derivatives (including using late transition metal complexes 

with chiral ligands,29 reduction of enantiopure imines using zinc borohydride30 and 

condensation of ketones with appropriate amines); ii) the asymmetric addition of 

carbanions to aldimines.31-32 From the perspective of industrial production, the 

challenges mainly lie in the synthesis of the prochiral precursor and in the cleavage 

of the auxiliary group X from the protected amine to give access to the free amine.2 

Within the manufacturing scheme, more disadvantages of conventional chemical 

approach to synthesis chiral amine will emerge. First of all, asymmetric 

hydrogenation is usually conducted under high pressure using toxic transition metal-

based catalysts which may contaminate the product during production. When there 

is an inadequate stereoselectivity within the reaction, additional purification steps 

are necessary to upgrade both enantiomeric excess (e.e.) and chemical purity.33  
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!ύ !ǎȅƳƳŜǘǊƛŎ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻŦ ŀƳƛƴŜ ǇǊŜŎǳǊǎƻǊǎ 

 

 
 
.ύ wŜŘǳŎǘƛƻƴ ƻŦ ŜƴŀƴǘƛƻǇǳǊŜ ƛƳƛƴŜǎ ǳǎƛƴƎ ȊƛƴŎ ōƻǊƻƘȅŘǊƛŘŜ 
 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ aŜн½ƴ όо ŜǉǳƛǾύΣ ό/ǳh¢ŦύнϊǘƻƭǳŜƴŜ όр Ƴƻƭ҈ύΣ .ƻȊtIh{ όр Ƴƻƭ҈ύΣ ¢ƻƭǳŜƴŜΣ ǊǘΣ 
пу Ƙ 
 
C) Asymmetric Michael additions to unsaturated imines. 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ [м όол Ƴƻƭ҈ύΣ wн[ƛΣ πпн °C (R2 = Me, Bu, vinyl) 
 
{ŎƘŜƳŜ нΥ !ύ !ǎȅƳƳŜǘǊƛŎ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻŦ ǇǊƻŎƘƛǊŀƭ ǇǊŜŎǳǊǎƻǊǎ ǿƛǘƘ ŀ /Ґb ŘƻǳōƭŜ ōƻƴŘǎ ǘƻ ŦƻǊƳ 
ŎƘƛǊŀƭ ŀƳƛƴŜΦ .ύ wŜŘǳŎǘƛƻƴ ƻŦ ŜƴŀƴǘƛƻǇǳǊŜ ƛƳƛƴŜǎ ǳǎƛƴƎ ȊƛƴŎ ōƻǊƻƘȅŘǊƛŘŜΦ /ύΥ Asymmetric Michael 
additions to unsaturated imines. 
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1.2.2 Biocatalytic approaches  to produ ce chiral amines  

 

The significant developments in biotechnology related to enzyme screening and 

protein engineering (i.e. directed evolution and rational design) has accelerated the 

identification and production of novel enzymes.34 It has led to a dramatic expansion 

of potential synthetic strategies using biocatalysts for the production of chiral amines. 

 

1.2.2.1 Production of chiral amines via kinetic resolution  

 

Previously the biotechnological process to resolve chiral amines from its racemic 

mixture could only be achieved by hydrolase enzymes (e.g. lipases). Recently a range 

of novel biocatalysts have been exploited or engineered to meet the demand of chiral 

amine synthesis.12, 35-41 These new biocatalysts provide more options to produce 

enantiomerically pure amines via kinetic resolution, such as oxidation/reduction and 

transamination processes. 

 

The main biocatalysts applied for kinetic resolution of racemates are hydrolases, 

especially in industrial biotransformations.42-43 Lipases are the most popular option 

among hydrolases. First discovered in 1930s, lipases have undergone approximately 

85 years of development and application.44 Similar to other hydrolytic biocatalysts, 

the biotransformations catalysed by lipase can be carried out in low/non aqueous 

conditions, which provides the possibility to transform hydrophobic substrates (i.e. 

aromatic amines) with a high substrate concentration.45-46 One of the common 

approaches to produce chiral amines with CAL-B is to resolve one enantiomer from 

racemic amines using an acylating agent (usually methoxyacetate ester) (Scheme 

3).35  
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{ŎƘŜƳŜ оΥ .!{CΩǎ ƭƛǇŀǎŜ ǇǊƻŎŜǎǎΦор 

 

A typical example employing this process for chiral amine synthesis is the production 

of (S)-1-phenylethylamine using a lipase, which is patented by BASF (Scheme 4).35, 39 

In a single step reaction, (S)-phenylethylamine with high enantiomeric purity (>99.5% 

e.e.) along with corresponding amide from (R)-amine (>99% e.e.) is produced on a 

multi-ton scale.35 According to all obtained results, the application of biocatalysts in 

combination with an acylating agent still cannot be surpassed.2 Comparatively, 

methoxyacetate ester turned out to be the best option due to the sufficiently high 

enzymatic rate.35 The rest of developed processes2, 47 to produce chiral amine with 

lipase have similar mechanisms.  

  



29 
 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ /ŀƭπ.Τ ƛƛύ bŀhIκIнh 
 
{ŎƘŜƳŜ пΥ [ƛǇŀǎŜπŎŀǘŀƭȅǎŜŘ ŜƴŀƴǘƛƻǎŜƭŜŎǘƛǾŜ ƪƛƴŜǘƛŎ ǊŜǎƻƭǳǘƛƻƴ ƻŦ όwΣ{ύπǇƘŜƴȅƭŜǘƘȅƭŀƳƛƴŜ ǘƻ ƎƛǾŜ 
ό{ύπǇƘŜƴȅƭŜǘƘȅƭŀƳƛƴŜ ό.!{CύΦоф 

 

Acylase, as an alternative hydrolytic enzyme, has also been employed for the kinetic 

resolution of racemic amines. An aminoacylase I from Aspergillus melleus was 

employed for the resolution of a variety of arylalkylamines and amino alcohols.48 The 

best case was observed in the production of (S)- -haminoindane with a 53% 

conversion and 72% e.e. (Scheme 5).  

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ ŀƳƛƴƻŀŎȅƭŀǎŜ L 
 
{ŎƘŜƳŜ рΥ ¢ƘŜ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǊŀŎŜƳƛŎ πhŀƳƛƴƻƛƴŘŀƴŜ ŎŀǘŀƭȅȊŜŘ ōȅ ŀƳƛƴƻŀŎȅƭŀǎŜ LΦ 
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There are two advantages of hydrolases: i) no requirement for cofactor recycling, ii) 

the versatility resulting from the wide substrate selectivity.2 All those features have 

made hydrolytic enzymes particularly suitable for the large scale production.37, 49 

However, those approaches meanwhile suffer from long reaction time and 

comparatively low enantiomeric purity.50-52 

 

Another group of enzymes applied for the production of chiral amine via kinetic 

resolution are -̟transaminases. Transaminases are compatible with both kinetic 

resolution and asymmetric synthesis. Comparatively, the former approach is more 

thermodynamically favoured than the latter one.38 In the late 1990Ωs, Celgene 

published the first patent to apply transaminases for the industrial production of 

chiral amines.40 When low molecular weight aldehydes as used as amine acceptor, a 

2.5 m3 scale has been achieved on a range of aliphatic and aromatic amines (Scheme 

6).  

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ ό{ύπǎŜƭŜŎǘƛǾŜ π̟ǘǊŀƴǎŀƳƛƴŀǎŜ 
 
{ŎƘŜƳŜ сΥ YƛƴŜǘƛŎ ǊŜǎƻƭǳǘƛƻƴ ǳǎƛƴƎ ǇǊƻǇƛƻƴŀƭŘŜƘȅŘŜ ŀǎ ŀƳƛƴŜ ŀŎŎŜǇǘƻǊ ŎŀǘŀƭȅǎŜŘ ōȅ ̟π
ǘǊŀƴǎŀƳƛƴŀǎŜΦ 
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For the purpose of solving those problems, several different technologies were 

developed soon afterwards. For transamination approaches, stoichiometric or super-

stoichiometric amounts of amine donors are required to drive reactions to 

completion. In order to meet this requirement, the first challenge was to increase 

the solubility of amine acceptor. After balancing both solubility and kinetic 

preferences, pyruvic acid was determined to be the best amine acceptor for the 

kinetic resolution catalysed by transaminases at high substrate concentration.38 The 

first case applying pyruvic acid for the kinetic resolution catalysed by ̟ -transaminase 

was the production of (R)-methylbenzylamine (Scheme 7). Subsequently, pyruvic 

acid became the standard amine acceptor for the kinetic resolution catalysed by ̟ -

transaminase.12, 36, 41, 53-57  

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ ό{ύπǘǊŀƴǎŀƳƛƴŀǎŜ  
 
{ŎƘŜƳŜ тΥ tǊƻŘǳŎǘƛƻƴ ƻŦ όwύπƳŜǘƘȅƭōŜƴȊȅƭŀƳƛƴŜ ǿƛǘƘ ƪƛƴŜǘƛŎ ǊŜǎƻƭǳǘƛƻƴ ǳǎƛƴƎ ǇȅǊǳǾŀǘŜ ŀǎ ŀƳƛƴŜ 
ŀŎŎŜǇǘƻǊ ŎŀǘŀƭȅǎŜŘ ōȅ ό{ύπǘǊŀƴǎŀƳƛƴŀǎŜΦ  

 

As an alternative strategy to increase the solubility of substrates, the addition of co-

solvent (e.g. DMSO41, 58-59 or MeOH60-61) also has been widely used in 

biotransformation catalysed by -̟transaminase. However, those organic solvents 

usually decrease the activity of enzyme. In order to meet this requirement, Codexis® 

has engineered a series of ̟ -transaminases (Including both (S)- selective and (R)- 

selective transaminases) which show the excellent tolerance to the presence of 

DMSO. 
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Since the transamination reaction catalysed by -̟transaminase is a reversible 

reaction, in order to achieve the highest yield of products, the unfavourable kinetic 

equilibrium of the transamination reaction needs to be overcome as well. There are 

two by-product removal systems that have been developed: the chemical by-product 

removal system and the physical by-product removal system. Both strategies could 

be employed in both kinetic resolution and asymmetric synthesis approaches. 

 

The basis of the chemical by-product removal system is to apply another reaction to 

consume the by-product in the biotransformation system. Truppo et. al. developed 

a transaminase/amino acid oxidase coupled enzymatic cascade reaction to resolve 

one of the enantiomers from the racemic mixture utilising commercially available ̟-

transaminases (the (S)-selective transaminase ATA-113 and the (R)-selective 

transaminase ATA-117) (Scheme 8).41 The by-product alanine was oxidised back to 

pyruvate using the amino acid oxidase in the presence of oxygen. A variety of 

aromatic amines have been successfully produced via this method and a 50% 

conversion and >99% enantiomeric excess (e.e.) have been achieved in the 

production of both (S)- amines and (R)- amines. 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ π̟ǘǊŀƴǎŀƳƛƴŀǎŜΤ ƛƛύ ŀƳƛƴƻ ŀŎƛŘ ƻȄƛŘŀǎŜ 
 
{ŎƘŜƳŜ уΥ ¢ƘŜ ƪƛƴŜǘƛŎ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǊŀŎŜƳƛŎ ŀƳƛƴŜǎ ǳǎƛƴƎ ǘǊŀƴǎŀƳƛƴŀǎŜ ŎƻǳǇƭŜŘ ǿƛǘƘ ŀƳƛƴƻ ŀŎƛŘ 
ƻȄƛŘŀǎŜΦ 
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Compared to the chemical by-product removal system, the physical by-product 

removal system has various options. Shin et. al. have developed two methods to 

continuously remove the product or the by-product from the transamination 

reaction system: the biphasic reaction system36 and the enzyme-membrane 

reactor.62 However, both systems suffer from a common drawback: the enzyme 

inactivation resulting from emulsion formation. 

 

The biggest challenge of the kinetic resolution approaches is the maximum yield of a 

single enantiomer from a racemic mixture cannot go beyond 50%. In order to solve 

this problem, Funke et. al. developed a racemization procedure was involved to 

recycle the undesired enantiomer,63-65 which makes the whole reaction more 

sustainable and meanwhile lowers the total cost. This advanced reaction system 

combining kinetic resolution with racemisation is the dynamic kinetic resolution, 

which could achieve 100% yield theoretically.66 

 

Reetz et. al. proposed an advanced dynamic kinetic resolution method by combining 

a lipase from Candida Antarctica (NOVOZYMSP435á) with Palladium.47 Palladium was 

used as the catalyst for the racemisation of the unreacted enantiomer, which boosts 

the final yield to 75%-77% (Scheme 9). 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ bƻǾƻȊȅƳŜ порΣ 9ǘh!ŎΣ рлπрр °CΣ у ŘŀȅǎΤ ƛƛύ tŘκ/Σ IнΣ 9ǘоb 
 
{ŎƘŜƳŜ фΥ ¢ƘŜ ŘȅƴŀƳƛŎ ƪƛƴŜǘƛŎ ǊŜǎƻƭǳǘƛƻƴ ƻŦ όwΣ{ύπмπǇƘŜƴȅƭŜǘƘȅƭŀƳƛƴŜ ǘƻ ǇǊƻŘǳŎŜ όwύπbπόмπ
tƘŜƴȅƭŜǘƘȅƭύŀŎŜǘŀƳƛŘŜΦ 
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1.2.2.2 Production of chiral amines via asymmetric synthesis  

 

Compared to kinetic resolution, asymmetric synthesis is a better strategy to produce 

chiral amines with a 100% theoretical yield. In the biocatalytic approaches, several 

enzymes meet the requirement of the production of chiral amines with high optical 

purity, including amine dehydrogenases,16, 67 imine reductases68-70 and 

transaminases.33, 71-72 

 

Transaminases are the standard biocatalysts for the industrial production of chiral 

amines via asymmetric synthesis (Scheme 10). Originally, transaminases were 

applied to produce amino acids via asymmetric synthesis.3, 12, 73 Its application was 

extended to the production of chiral amines by Celgene74 by the end of the 1980s. In 

the Celgene system for the production of chiral amines via asymmetric synthesis, 

isopropylamine was used as amine donor (Scheme 11). Even to the present, this 

reaction system is still widely used in the industrial production of chiral amines. 

However, due to the unfavourable equilibrium, a large excess of amine donors is 

required to drive the reactions to completion. 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ ό{ύπ¢ǊŀƴǎŀƳƛƴŀǎŜΣ t[t 
 
{ŎƘŜƳŜ млΥ DŜƴŜǊŀƭ ǇǊƻŎŜŘǳǊŜ ǘƻ ǇǊƻŘǳŎŜ ŎƘƛǊŀƭ ŀƳƛƴŜǎ ōȅ ŀǎȅƳƳŜǘǊƛŎ ǎȅƴǘƘŜǎƛǎ ŎŀǘŀƭȅǎŜŘ ōȅ 
ǘǊŀƴǎŀƳƛƴŀǎŜΦ 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ ό{ύπǘǊŀƴǎŀƳƛƴŀǎŜΣ t[t 
 
{ŎƘŜƳŜ ммΥ /ŜƭƎŜƴŜΩǎ ǘǊŀƴǎŀƳƛƴŀǎŜ ŎŀǘŀƭȅǎŜŘ ŀǎȅƳƳŜǘǊƛŎ ǎȅƴǘƘŜǎƛǎ ƻŦ ŎƘƛǊŀƭ ŀƳƛƴŜǎ ǳǎƛƴƎ 
ƛǎƻǇǊƻǇȅƭŀƳƛƴŜ ŀǎ ŀƳƛƴŜ ŘƻƴƻǊΦ  

 

  



35 
 

In the late 1990Ωs, Shin et. al. developed another asymmetric synthesis system using 

L-alanine as amine donor catalysed by a (S)-selective transaminase from Vibrio 

fluvialis.75-76 Similar to CelgeneΩs system, the unfavourable equilibrium resulting from 

severe product inhibition was observed. Based on this reaction, subsequently several 

multiple enzyme by-product removal systems were developed to overcome the 

unfavourable equilibrium (Scheme 12).56, 75, 77 In a common situation, high yields 

were obtained using the pyruvate removal systems. However, undesired by-products 

were produced when the activity of substrates towards transaminase was low. More 

specifically, when the reaction rate of the transamination step was low, the reaction 

of ketone substrates catalysed by the lactate dehydrogenase/pyruvate 

decarboxylase will became the dominant reaction.  

 

!ύ [5IκD5I ǊŜŎȅŎƭŜ ǎȅǎǘŜƳ 
 

 
 

.ύ t5/ ǎȅǎǘŜƳ 

 

 

 
{ŎƘŜƳŜ мнΥ ¢ǿƻ ǘȅǇƛŎŀƭ ōȅπǇǊƻŘǳŎǘ ǊŜƳƻǾŀƭ ǎȅǎǘŜƳǎ ŀǇǇƭƛŜŘ ƛƴ ǘƘŜ ŀǎȅƳƳŜǘǊƛŎ ǎȅƴǘƘŜǎƛǎ ƻŦ ŎƘƛǊŀƭ 
ŀƳƛƴŜ ŎŀǘŀƭȅǎŜŘ ōȅ ǘǊŀƴǎŀƳƛƴŀǎŜΦ 
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In order to make transaminases compatible with industrial production, a variety of 

commercially available transaminases were engineered by Codexis®. the most 

successful case applying engineered transaminase for the production of 

pharmaceutical compounds containing a chiral amine is the synthesis of sitagliptin 

(Scheme 13).33 A (R)-selective transaminase was created from a variant of ATA-117 

by Codexis® with the collaboration of substrate walking, computational modelling 

and mutation approach after 13 rounds of evolution. A 92% assay yield and >99.95% 

e.e. was observed in the investigation using the best variant under optimised 

conditions. Meanwhile, it also demonstrated the potential to use directed evolution 

or rational design to create desired novel biocatalysis which are compatible with 

process conditions. 

 

 
 

{ŎƘŜƳŜ моΥ ¢ƘŜ ōƛƻŎŀǘŀƭȅǘƛŎ ǎǘŜǇ ǘƻ ǎȅƴǘƘŜǎƛǎ ǎƛǘŀƎƭƛǇǘƛƴ ǳǎƛƴƎ ŜƴƎƛƴŜŜǊŜŘ όwύπǘǊŀƴǎŀƳƛƴŀǎŜ ōȅ 
/ƻŘŜȄƛǎϯΦ 

 

Amine dehydrogenase was first engineered from a wild-type -hamino acid 

dehydrogenase by Bommarius et. al. and produces chiral amines from the 

transformation of ketone precursors supplied with a nitrogen source.78 Compared to 

transaminases, reactions catalysed by amine dehydrogenases need to be coupled 

with a cofactor regeneration system using another enzyme (e.g. glucose 

dehydrogenase (GDH) or formate dehydrogenase (FDH)). The most famous case to 

solve the problem was published by Turner et. al. in 2015.16 It was a dual-enzyme 

hydrogen-borrowing cascade reaction established on the coupling of two types of 

enzymes: an alcohol dehydrogenase (ADH) (from Aromatoleum sp., Lactobacillus sp., 

or Bacillus sp.) with an amine dehydrogenase (AmDH) (engineered from Bacillus sp.) 

(Scheme 14). This method converted a range of aromatic and aliphatic alcohols into 

the corresponding enantiopure amines in up to a 96% conversion with 99% e.e. 
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However, the final concentrations of amine products were low. Afterwards, two 

similar dual-enzyme biocatalytic hydrogen borrowing systems were developed using 

different combinations of ADHs and AmDHs: i) one using an NADH-dependentleucine 

dehydrogenase from Exiguobactertium sibiricumand (EsLeuDH-DM) coupled with a 

nonstereoselective alcohol dehydrogenase from Streptomyces coelicolor (ScCRADH) 

was developed by Gao-wei et. al.;79 ii) the alternative using an NADPH-dependent 

secondary alcohol dehydrogenase from Thermoanaerobacter ethanolicus (TeSADH), 

coupled with an amine dehydrogenases (ChiAmDH) was developed by Thompson et. 

al.80. The bottleneck for the industrial application of amine dehydrogenases is the 

poor substrate scope and comparatively low activity. 

 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ !ƭŎƻƘƻƭ ŘŜƘȅŘǊƻƎŜƴŀǎŜΤ ƛƛύ ŀƳƛƴŜ ŘŜƘȅŘǊƻƎŜƴŀǎŜΦ 
 
{ŎƘŜƳŜ мпΥ 5ǳŀƭπŜƴȊȅƳŜ ŎŀǎŎŀŘŜ ǊŜŀŎǘƛƻƴ ǘƻ ǘǊŀƴǎŦƻǊƳ ǇǊƛƳŀǊȅ ŀƭŎƻƘƻƭǎ ǘƻ ŜƴŀƴǘƛƻǇǳǊŜ ŀƳƛƴŜǎΦ 

 

The common limitation for both transaminases and amine dehydrogenases is that 

both approaches are usually compatible with the production of primary chiral amines. 

However, in pharmaceutical production, chiral secondary and tertiary amines are 

equally as important. In order to meet this demand, a new type of enzymes was 

exploited recently which catalyse reductive amination so-called imine reductases. 

They were used to produce secondary amines by reduction of imine intermediates. 

As amine dehydrogenases, imine reductases also need an external co-factor recycling 

system. Initially, only a limited number of aromatic ketones and primary amines 

could be taken as substrates.70 After the discovery of a reductive aminase from 

Aspergillus oryzae by Aleku et. al.,81 the substrate selectivity was expanded 

dramatically (Scheme 15). However, in the majority of reactions catalysed by this 
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reductive aminase, higher equivalents of amine substrates were still essential to 

achieve higher conversions. 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ !ǎǇwŜŘ!Ƴ όǿƛƭŘπǘȅǇŜ ƻǊ ǾŀǊƛŀƴǘǎύΤ ƛƛύ DƭǳŎƻǎŜ ŘŜƘȅŘǊƻƎŜƴŀǎŜ 
 
{ŎƘŜƳŜ мрΥ wŜŘǳŎǘƛǾŜ ŀƳƛƴŀǘƛƻƴ ƻŦ ŎŀǊōƻƴȅƭ ŎƻƳǇƻǳƴŘǎ ŎŀǘŀƭȅȊŜŘ ōȅ !ǎǇwŜŘ!ƳΦ 

 

1.3 Transaminases  

 

Transaminases are a group of PLP-dependent enzymes catalysing a transamination 

reaction between amines and carbonyl substrates. The original role of transaminase 

is to produce amino acids, however after numerous new transaminases were 

discovered or the wild-types engineered, the substrate selectivity of transaminase 

was expanded significantly. Thereafter, the application of transaminase was 

extended to the industrial production of chiral amino acids and amines. 
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1.3.1 Transaminase mechanism  

 

As important enzymes related to human metabolism, the mechanism of 

transaminases has been well studied.82-85 The well-known ping-pong mechanism is 

widely used to explain the transamination reaction catalysed by transaminase 

(Scheme 16). There are two half reactions to recycle the co-factor PLP. Initially, an 

internal Schiff base between an active site lysine residue and the aldehyde group of 

the PLP is formed to give the E-PLP complex. Then the amine donor replaces the 

lysine in the active site to generate an external aldimine. After a series of internal 

proton shifts, a ketimine is obtained and subsequently hydrolysed to release a ketone. 

Meanwhile, the formation of a Michaelis-complex between the E-PMP and a 

different amine acceptor leads to the second half of the transamination reaction and 

eventually regenerate the E-PLP.86 

 

 
{ŎƘŜƳŜ мсΥ ¢ƘŜ ǇƛƴƎπǇƻƴƎ ƳŜŎƘŀƴƛǎƳ ƻŦ π̟ǘǊŀƴǎŀƳƛƴŀǎŜΦ 
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1.3.2 Active site and stereoselectivity  of transaminase  

 

A variety of crystal structures87-89 and active site models90 have been produced to 

explain the mechanism of substrate selectivity and stereoselectivity displayed by -̟

transaminase. Comparatively, the two-binding active site model proposed by Shin et. 

al. is the most widely accepted model (Figure 2).90 More specifically, this model 

demonstrates that there are two binding pockets in the active site of transaminase: 

a large (L) pocket to trap the carboxylate group and a small (S) pocket to 

accommodate the side chain. Due to the strong repulsion for carboxylate observed 

in the (S) pocket, the (S) pocket plays the decisive role in the determination of 

substrate selectivity and stereoselectivity.  

 

 

 
CƛƎǳǊŜ нΥ ¢ƘŜ ǘǿƻ ōƛƴŘƛƴƎ ǇƻŎƪŜǘ ŀŎǘƛǾŜ ǎƛǘŜ ƳƻŘŜƭ ƻŦ π̟ǘǊŀƴǎŀƳƛƴŀǎŜ ǇǊƻǇƻǎŜŘ ōȅ YƛƳ ŜǘΦ ŀƭΦΦ фл 
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1.4 Synthesis of heterocyclic compounds using ʖ-transaminase . 

 

The collaboration of chemical synthetic strategies with diverse biocatalysts has 

achieved numerous synthetic routes which are impossible or difficult to be achieved 

by organic synthesis only.11 Meanwhile, the fast expansion of the biocatalyst toolbox 

also offers more possibilities to redesign the existing synthetic strategies. 

Transaminases were originally used for the asymmetric synthesis of optically pure 

chiral amines starting from prochiral ketones.33, 61, 85, 91-96 Since engineered 

transaminases with better substrate selectivity were created gradually, several novel 

reactions or disconnections were discovered, which make full use of the excellent 

region- and stereoselectivity of transaminase. Compared to the chiral amines, the 

heterocyclic compounds (e.g. 2,5-disubstituted pyrrolidines) are more important and 

valuable scaffolds in pharmaceutical production.97-99 A series of new biocatalytic 

syntheses mediated by transaminase have been established to produce heterocyclic 

compounds.11, 24, 91, 100-103 

 

The first example of ŀƴ ˖-TA-Mediated heterocyclic synthesis was disclosed by 

Kroutil et. al. in 2012.103 Several 2,6-diketones were chosen as the model substrates 

to prepare optically pure 2,6-disubstituted piperidines via a transamination reaction 

and a spontaneous cyclisation followed by a diastereoselective hydrogenation using 

Pd/C catalyst (Scheme 17). A variety of ̟ -transaminases with different regio- and 

stereoselectivity were used for the transamination reaction of different carbonyl 

groups on 1,5-diketones, thereby producing distinct piperidine products in excellent 

e.e. and d.e.. 
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wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ π̟ǘǊŀƴǎŀƳƛƴŀǎŜǎΣ ōǳŦŦŜǊΣ ол  ϲ/Σ нпƘΤ ƛƛύ ǎǇƻƴǘŀƴŜƻǳǎ ŎȅŎƭƛǎŀǘƛƻƴΦ 
 
{ŎƘŜƳŜ мтΥ {ȅƴǘƘŜǎƛǎ ƻŦ нΣсπŘƛǎǳōǎǘƛǘǳǘŜŘ ǇƛǇŜǊƛŘƛƴŜǎ ŦǊƻƳ мΣрπŘƛƪŜǘƻƴŜǎ ŎŀǘŀƭȅǎŜŘ ōȅ 
ǘǊŀƴǎŀƳƛƴŀǎŜǎΦ 

 

The synthesis of several chiral 2,5-disubstitued pyrrolidines from 1,4-diketones was 

achieved using a novel one-pot -̟transaminase/monoamine oxidase cascade 

reactions in 2013 (Scheme 18).100 Similar to the synthesis of 2,6-disubstituted 

piperidines,103 the initial two steps of this cascade reactions was the combination of 

a transamination step catalysed by transaminase and a spontaneous cyclisation step. 

However, due to the low diastereoselectivity in the reduction step, MAO-N variants 

were used in combination with NH3ϊBH3 to solve this problem. After optimisation, 

excellent enantio- and diastereoselectivities (>99% e.e., >98% d.e.) were obtained on 

a preparative-scale. 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ ό{ύπǘǊŀƴǎŀƳƛƴŀǎŜ ό!¢!πммоύ D5Iκ[5I ǎȅǎǘŜƳΤ ƛƛύ ǎŜƭŦπŎȅŎƭƛǎŀǘƛƻƴΤ ƛƛƛύ bIоϊ.Iо 
ƴƻƴǎŜƭŜŎǘƛǾŜ ǊŜŘǳŎǘƛƻƴΤ ƛǾύ a!hπb ƻȄƛŘŀǘƛƻƴΦ 
 
{ŎƘŜƳŜ муΥ ! ŎƘŜƳƻπŜƴȊȅƳŀǘƛŎ ŀǇǇǊƻŀŎƘ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ нΣрπŘƛǎǳōǎǘƛǘǳǘŜŘ ǇȅǊǊƻƭƛŘƛƴŜǎ 
ŎŀǘŀƭȅȊŜŘ ōȅ ŀƴ ̟πǘǊŀƴǎŀƳƛƴŀǎŜ ŎƻǳǇƭŜŘ ǿƛǘƘ ŀ ƳƻƴƻŀƳƛƴŜ ƻȄƛŘŀǎŜΦ 
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Due to the reversibility of the transamination, the reaction can also be designed from 

the deamination direction.91, 102, 104 Green et. al. demonstrated a single enzyme 

system for the synthesis of isoindole from commercially available o-xylylenediamine 

dihydrochloride, which was initially designed for a high-throughput screening to 

ƛŘŜƴǘƛŦȅ ŘŜǎƛǊŜŘ ˖-transaminase activity (Scheme 19).91 It is the first case for the 

synthesis of heteroaromatics using ̟ -transaminase and this process can only be 

performed from the deamination direction.  

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ !¢!πммоΣ млл Ƴa I9t9{ ōǳŦŦŜǊΣ ол ϲ/Σ ǇI тΦрΤ ƛƛύ мΣр ƘȅŘǊƛŘŜ ǎƘƛŦǘ ƻǊ 
ǘŀǳǘƻƳŜǊƛȊŀǘƛƻƴΦ 
 
{ŎƘŜƳŜ мфΥ {ȅƴǘƘŜǎƛǎ ƻŦ ŀƴ ƛǎƻƛƴŘƻƭŜ ŦǊƻƳ ƻπȄȅƭȅƭŜƴŜŘƛŀƳƛƴŜ ŎŀǘŀƭȅǎŜŘ ōȅ ̟πǘǊŀƴǎŀƳƛƴŀǎŜǎΦ 
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1.5 High-throughput  screening  for ʖ-transaminases  

 

After a library of mutants generated from protein engineering, the high-throughput 

screening of enzymes is an essential step to select variants with desired 

characteristics. The conventional strategy for screening ŀŎǘƛǾƛǘƛŜǎ ǘƻǿŀǊŘǎ ˖-

transaminase is the determination of the conversions and the enantioselectivities of 

transamination reaction via high performance liquid chromatography (HPLC) or gas 

chromatography (GC),105 which is not compatible with the screening of a large 

volume library (usually 104-106 variants).106 In order to meet this demand, a variety 

of rapid high-throughput screening methods were developed (e.g. droplet-based 

microfluidic screening assay107-108, solid-phase colorimetric assay109).110 All assays 

mentioned in this section are specifically applicable to screen activity of 

transaminases on medium scale (102 variants) based on the 96-well plate platform. 

 

The first 96-well plate spectrophotometric screening assay to identify the activity and 

enantioselectivity of ̟ -transaminases was developed by Kim et. al. in 2004.111 A 

staining solution of CuSO4 and MeOH was added to react with the amino acid product 

to form a blue copper complex which was easily detected and quantified using a UV-

Vis spectrometer with a wavelength of 595 nm (Scheme 20). Even if the divergence 

between the results from this method and the HPLC analysis is less 10%, three 

drawbacks are still obvious: i) the whole process needs 20 h of reaction time, which 

is time-consuming; ii) It is an endpoint assay, hence this method cannot be applied 

for kinetic study; iii) a phosphate-copper complex will be formed in the cell cultures 

to give negative results, if no centrifuge and dialysis procedure were applied. 
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wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ π̟¢ǊŀƴǎŀƳƛƴŀǎŜΤ  ƛƛύ /ǳ{hпκaŜhI 
 
{ŎƘŜƳŜ нлΥ /ǳ{hпκaŜhIπōŀǎŜŘ ƘƛƎƘπǘƘǊƻǳƎƘǇǳǘ ǎŎǊŜŜƴƛƴƎ ƳŜǘƘƻŘΦ 

 

A acetophenone-based high-throughput screening method was proposed by 

Bornscheuer et. al. in 2009 (Scheme 21).112 The target compound (acetophenone) 

has a characteristic absorption at 245 nm. Comparatively, the absorbance strength 

of acetophenone is much higher than the other constituents in the reaction system. 

Thus, the reaction rate was monitored via the absorbance variation along with time 

course at 245 nm using a 96-well plate spectrophotometer. This method is designed 

to characterise the activity of amine acceptors (ketones, aldehydes, or keto acids) 

towards transaminases. However, there are two noticeable limitations for this assay: 

i) the addition of enzyme may affect the background absorbance, due to the inherent 

absorbance of protein, ii) this method is not compatible with the screening of 

acetophenone derivatives and some other aromatic ketones (e.g. propiophenone). 

 

 
 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ π̟ǘǊŀƴǎŀƳƛƴŀǎŜ 
 
{ŎƘŜƳŜ нмΥ !ŎŜǘƻǇƘŜƴƻƴŜπōŀǎŜŘ ƘƛƎƘπǘƘǊƻǳƎƘǇǳǘ ǎŎǊŜŜƴƛƴƎ ŀǎǎŀȅΦ 
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Truppo et. al. developed a fast and sensitive assay to screen activity and 

enantioselectivity of transaminases using an amino acid oxidase (AAO) and horse 

radish peroxide (HRP) (Scheme 22) coupled system in 2012.113 The basis of this 

method is to oxidise the generated alanine to the corresponding imine acid by an 

AAO. Meanwhile, the generated H2O2 subsequently reacted with pyrogallol red 

catalysed by horseradish peroxidase to form a complex which can be colorimetrically 

detected at 540 nm. The sensitivity and accuracy of this method are both excellent, 

owing to the high enantioselectivity of amino acid oxidases. Additionally, this 

screening assay is compatible with both liquid phase and solid phase. Since it is a 

multiple enzyme reaction system, all reaction solutions need to be prepared freshly. 

Based on this system, a number of similar colorimetric assays were developed using 

different colorimetric compounds.114 In contrast to the acetophenone-based 

screening assay, this method is applied for the screening activities of amine 

substrates towards transaminases. 

 

 

 
wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ ƛύ π̟ǘǊŀƴǎŀƳƛƴŀǎŜΤ ƛƛύ [πŀƳƛƴƻ ŀŎƛŘ ƻȄƛŘŀǎŜ ό[π!!hύΤ ƛƛƛύ ƘƻǊǎŜ ǊŀŘƛǎƘ 
ǇŜǊƻȄƛŘŀǎŜ όIwtύΣ ǇȅǊƻƎŀƭƭƻƭ ǊŜŘΦ 

 
{ŎƘŜƳŜ ннΥ [π!!hκIwtπŎƻǳǇƭŜŘ ƘƛƎƘπǘƘǊƻǳƎƘǇǳǘ ǎŎǊŜŜƴƛƴƎ ŀǎǎŀȅΦ 
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1.6 Aims of the project  

 

There are three projects that will be described in this thesis. The aims of the projects 

are as follows: 

i) Discover transaminase candidates which can use L-alanine as amine donor to 

synthesis chiral (R)-amines.  

A transaminase from metagenomics has revealed a novel observation that it can use 

either L- or D-alanine as amine donor to produce amines with corresponding 

enantiomeric forms. Thus, this transaminase demonstrates attractive potential that 

its variant can use L-alanine as amine donor to produce (R)-amines.  

ii) Develop a rapid methodology for the characterisation of substrate scope towards 

transaminases.  

A high-throughput characterisaǘƛƻƴ ǎȅǎǘŜƳ ŦƻǊ ǎŎǊŜŜƴƛƴƎ ǎǳōǎǘǊŀǘŜǎ ǘƻǿŀǊŘǎ ˖-

transaminases will be developed. This system is a combination of two 96-well 

platform-based screening assays and it must be compatible for screening activities of 

both amine and carbonyl compounds (including aromatic ketone substrates).  

iii) Develop new biocatalytic approaches to the synthesis of heteroaromatic 

compounds for industrial application.  

There is great interest in the development of transaminase mediated reactions for 

the synthesis of complex compounds (e.g. pyrazines). As mentioned in Section 1.4, 

several heterocyclic compounds have been synthesized via -̟transaminases 

mediated approaches, which have proven its potential.  
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Chapter 2: Results and discussion: activity  of ATA-50 and other 

wild -tyÐÅ ʖ-transaminases  
 

2.1 Introduction  

 

As part of the EU FP7 funded BIOINTENSE programme, we have recently investigated 

an (S)-ǎŜƭŜŎǘƛǾŜ ˖-TA (ATA-50) provided by c-LEcta®. ATA-50 was isolated from 

Pseudomonas sp and has a molecular weight of ~48 kDa. Using L-alanine as an amine 

donor, tƘƛǎ ˖-transaminase is able to catalyse the amination of benzylacetone to 

produce the corresponding (S)-amine (>99% conversion; 90% e.e.). Intriguingly, ATA-

50 has also been shown to generate the corresponding (R)-amine when D-alanine is 

used as the amine donor, albeit with a slower reaction rate (Scheme 23). Our primary 

objective was to characterise the specific activity and substrate scope of ATA-50. We 

employed an acetophenone-based screening assay to determine the specific activity 

of ATA-50. All other reactions described in this chapter were evaluated using 

benzylacetone as the standard ketone substrate to allow direct comparison with 

other enzymes used. In parallel, our project partner at the University of Groningen 

was tasked with the structural characterisation of ATA-50.  

 

 
 

{ŎƘŜƳŜ ноΥ ¢ƘŜ ƴƻǾŜƭ ǇƘŜƴƻƳŜƴƻƴ ǘƘŀǘ ŜƛǘƘŜǊ [π ƻǊ 5πŀƭŀƴƛƴŜ Ŏŀƴ ōŜ ǳǎŜŘ ŀǎ ŀƴ ŀƳƛƴŜ ŘƻƴƻǊ ƛƴ 
!¢!πрл ŎŀǘŀƭȅǎŜŘ ǘǊŀƴǎŀƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴΦ 
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2.2 Aims of the project  

 

There is a vast difference in the cost of L- and D-alanine: for 100 grams, Sigma-

Aldrich®, charges £62.5 and £391 respectively. If engineered ATA-50 could use L-

alanine as an amine donor to generate enantiopure (R)-amines, total production 

costs for (R)-amines via the ATA-50 catalysed transamination approach would be 

dramatically reduced. The investigation described in this chapter therefore had two 

amines: i) to confirm that ATA-50 can use either L- or D-alanine as an amine donor, 

and ii) to determine whether any other ̟ -transaminases have this capability. 

 

2.3 Determination of ATA-50 activity  

 

The experimental procedure to determine the activity of ATA-50 was divided into: i) 

determination of protein concentration (purified ATA-50), and ii) determination of 

specific activity. The tƛŜǊŎŜϰ ./! tǊƻǘŜƛƴ !ǎǎŀȅ which is an assay widely used for 

colorimetric detection and total protein quantitation, was used to determine the 

concentration of purified ATA-50. An acetophenone-based spectrophotometric 

screening assay,112 as described in Section 1.5, was used to  measure activity. 

 

2.3.1 Determination of protein concentration  

 

A Bovine serum albumin (BSA) solution was diluted to form a series of standards with 

different concentrations. The protein standards were then added to a 96 well plate 

and incubated for 5 min at 30 °C prior to the measurement. After the addition of a 

colorimetric reagent, the purified ATA-50 solutions (both undiluted solution and a 

10X dilution) and the BSA standard solutions were simultaneously measured using a 

spectrophotometric plate reader. Following Beer-Lambert law, all data points 

beyond the accuracy scope of measurement (ABS>1) were eliminated. The 

calibration curve for the determination of protein concentration was plotted in the 

form of absorbance versus the concentration of BSA solutions (Figure 3): a 
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correlation between the concentration of protein standard solutions and their 

absorbance at 562 nm was indicated.   

 

 

 
CƛƎǳǊŜ оΥ ¢ƘŜ ŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜ ŦƻǊ ǘƘŜ ./! ǇǊƻǘŜƛƴ ŀǎǎŀȅΦ 

 

Equation 1 for the calibration curve of protein concentration was therefore obtained:  

 

ὁ Ȣ  ὀ Ȣ  ἠ Ȣ                   Equation 1 

 

Since absorbance of the undiluted solution of purified ATA-50 was beyond the 

accuracy scope of measurement, the 10X dilution was used to determine the protein 

concentration. The concentration of purified ATA-50 was calculated as follows: C = 

2.98 ± 0.037 mg/mL. All subsequent reactions were carried out using this batch of 

purified ATA-50. 
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2.3.2 Determination of specific activity  

 

As with other spectrophotometric measurements, the key constant for the 

calculation of enzyme activity by spectrophotometric assay is the extinction 

coefficient. The original acetophenone-based assay was measured using a standard 

spectrophotometer, which has a broader response region of absorbance than the 

plate reader. To make this assay more compatible with the 96-well plate platform, 

an indicating wavelength of 290 nm was chosen rather than 245 nm. To obtain the 

extinction coefficient of acetophenone at 290 nm, a series of acetophenone standard 

solutions of varying concentrations were screened using a plate reader with a 

wavelength of 290 nm. A calibration curve of acetophenone concentration at 290 nm 

was then plotted by using all data points within the accuracy region (Figure 4). 

 

 
 
CƛƎǳǊŜ пΥ ¢ƘŜ ŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜ ŦƻǊ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŀŎŜǘƻǇƘŜƴƻƴŜΦ 

 

 

 

 

The Beer-Lambert equation was used to calculate the extinction coefficient ( )ʁ. 
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! ʀ Ã Ì                                           Equation 2 

                                                 

The slope of the calibration curve of acetophenone was obtained from Figure 4. 

 

3ÌÏÐÅπȢρπως ʀÌ                              Equation 3 

                                  

The path length (l) for a well with 100 µL solution in a 96 well plate is 0.2929 cm. 

Having substituted I = 0.2929 cm into Equation 3, the extinction coefficient ( )ʁ for 

acetophenone at 290 nm was calculated: ‐  0.37 ƳaϊŎƳ-1. 

 

The next step was to measure the initial rate of acetophenone generation in the 

transamination reaction catalysed by ATA-50. Three reactions were measured in 

parallel using a 96-well plate reader on 100 µL scale. The average data points of 

triplet measurements were used to plot the reaction rate curve of transamination 

reaction catalysed by ATA-50. The initial 130 second period was determined to be 

the linear region in the reaction rate curve. Under the assumption that the 

concentration of substrate is over-saturated compared to the concentration of ATA-

50, the reaction within this linear region was defined as a pseudo first order reaction. 

The initial rate of ATA-50 catalysed transamination reaction was then calculated from 

Chart C in Figure 5: Initial rate = slope = 9.98 x 10-4 (Unit = Abs·s-1) 
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Equation y = a + b*x

Weight No Weighti

Residual S 1.13262E-

Pearson's r 0.99689

Adj. R-Squ 0.99322

Value Standard E

Absorbanc Intercept 0.49775 0.00189

Absorbanc Slope 9.97637E- 2.37854E-

 
 

CƛƎǳǊŜ рΥ ¢ƘǊŜŜ ǎǘŜǇǎ ǘƻ ŜȄǇƭƻƛǘ ǘƘŜ ƭƛƴŜŀǊ ǊŜǎǇƻƴǎŜ ǊŜƎƛƻƴ ŦƻǊ ǘƘŜ ŀŎŜǘƻǇƘŜƴƻƴŜπōŀǎŜŘ ǎŎǊŜŜƴƛƴƎ 
ŀǎǎŀȅΦ 
 

  

C) 

A) B) 
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The calculation procedure for the specific activity of ATA-50 is shown as follows: 

Firstly, Equation 4 was obtained from the definition of initial rate: 

)ÎÉÔÉÁÌ ÒÁÔÅ   ωȢωψ Ø ρπ                     9ǉǳŀǘƛƻƴ п 

 
!ŦǘŜǊ ǘƘŜ ǳƴƛǘ ƻŦ ǘƛƳŜ ¢ ǿŀǎ ǎǿƛǘŎƘŜŘ ŦǊƻƳ ҟ!ōǎϊǎπм ǘƻ ҟ!ōǎϊƳƛƴπмΣ 9ǉǳŀǘƛƻƴ р ǿŀǎ 
ƻōǘŀƛƴŜŘΥ 
 

)ÎÉÔÉÁÌ ÒÁÔÅ υȢωω Ø ρπ                     9ǉǳŀǘƛƻƴ р 

 
!ŦǘŜǊ 9ǉǳŀǘƛƻƴ н όǿƘŜǊŜ ʶ Ґ лΦот ƳaϊŎƳπм ŀƴŘ ƭ Ґ лΦнфнф ŎƳύ ǿŀǎ ǎǳōǎǘƛǘǳǘŜŘ ƛƴǘƻ 
9ǉǳŀǘƛƻƴ рΣ 9ǉǳŀǘƛƻƴ с ǿŀǎ ƻōǘŀƛƴŜŘΥ 
 

Ў
  
Ў

ʀÌ πȢυυσ                       9ǉǳŀǘƛƻƴ с 

 
!ŦǘŜǊ ǎǿƛǘŎƘƛƴƎ ǘƘŜ ǳƴƛǘ ŦǊƻƳ ҟ/ϊƳƛƴπм ǘƻ a˃ϊƳƛƴπмΣ 9ǉǳŀǘƛƻƴ т ǿŀǎ ƻōǘŀƛƴŜŘΥ 
 

υυσ                                               9ǉǳŀǘƛƻƴ т 

 
!ŦǘŜǊ ǎǿƛǘŎƘƛƴƎ ǘƘŜ ǳƴƛǘ ŦǊƻƳ a˃ϊƳƛƴπм ǘƻ a˃ϊƳƛƴπмό¦ύΣ 9ǉǳŀǘƛƻƴ у ǿŀǎ ƻōǘŀƛƴŜŘΥ 

 

υȢυσ Ø ρπ                                      9ǉǳŀǘƛƻƴ у 

 
!ŦǘŜǊ ǘƘŜ Ŝǉǳŀǘƛƻƴ ǿŀǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ Ƴŀǎǎ ƻŦ ǘƻǘŀƭ ǇǊƻǘŜƛƴ ǳǎŜŘ ƛƴ ŀ ǿŜƭƭΣ 9ǉǳŀǘƛƻƴ 
ф ǿŀǎ ƻōǘŀƛƴŜŘΥ 

 

3ÐÅÃϽ!ÃÔ ρȢψτ                                 9ǉǳŀǘƛƻƴ ф 

 

Enzyme ἩἪϽἻ  ἩἪἻ
Ͻἵἱἶ 

Ἣ
Ͻἵἱἶ 

Ἑ
Ͻἵἱἶ 

ἵἷἴ
Ͻἵἱἶἣ  

Spec. Act. 
(U mg-1) 

Total Protein 
 

ATA-50 9.98 x 10-4 5.99 x 10-2 0.553 553 5.53 x 10-2 
 

1.84 ± 0.02 ол ˃Ǝ 

¢ŀōƭŜ тΦ /ŀƭŎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ǎǇŜŎƛŦƛŎ ŀŎǘƛǾƛǘȅ ƻŦ !¢!πрл ŦǊƻƳ ǘƘŜ ŀŎǘƛǾƛǘȅ ŀǎǎŀȅ ǳǎƛƴƎ ŀƴ ŀŎŜǘƻǇƘŜƴƻƴŜ ōŀǎŜŘ 
ŀǎǎŀȅΦ 

 

The specific activity of ATA-50 was calculated: Specific activity of ATA-50 = 1.84 ± 0.02 

¦ϊƳƎ-1. 
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2.4 Stereoselectivity of ATA -50 

 

To confirm the novel observation that ATA-50 can use either enantiomeric form of 

alanine as an amine donor, the influence of amine donors with different 

enantioselectivity on the ATA-50 catalysed transamination reactions was 

investigated. The LDH/GDH coupled by-product removal system77 (Chart A, Scheme 

12 in Section 1.2.2.2) was used to overcome the unfavourable reaction equilibrium. 

Conversion and enantiomeric excess (e.e.) were determined by normal phase HPLC 

analysis equipped with a chiral column. 

 

Based on HPLC traces, ATA-50 was determined to be capable of using either L-alanine 

or D-alanine as an amine donor but with different reaction efficiency. The 

enantiomers of both amine products were detected. When L-alanine was used, the 

ketone substrate was fully consumed and (S)-amine was the dominant product with 

a 90% e.e. (Figure 6). In contrast, the reaction using D-alanine was far slower, with 

only a 67% conversion implemented over 96 h. Furthermore, (R)-amine product was 

obtained as the major product with the far lower e.e. of 28% (Figure 6). 

 

 
 
CƛƎǳǊŜ сΥ It[/ ǘǊŀŎŜ ŦƻǊ ǘƘŜ !¢!πрл ŎŀǘŀƭȅǎŜŘ ǘǊŀƴǎŀƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴ ǳǎƛƴƎ ōŜƴȊȅƭŀŎŜǘƻƴŜ όнл Ƴaύ 
ŀƴŘ [πŀƭŀƴƛƴŜ όрлл Ƴaύ ƛƴ I9t9{ ōǳŦŦŜǊ όмлл ƳaΣ ǇI тΦпύ ŀǘ ол ϲ/ ŦƻǊ фс ƘΦ 
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CƛƎǳǊŜ тΥ It[/ ǘǊŀŎŜ ŦƻǊ ǘƘŜ !¢!πрл ŎŀǘŀƭȅǎŜŘ ǘǊŀƴǎŀƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴ ǳǎƛƴƎ ōŜƴȊȅƭŀŎŜǘƻƴŜ όнл Ƴaύ 
ŀƴŘ 5πŀƭŀƴƛƴŜ όрлл Ƴaύ ƛƴ I9t9{ ōǳŦŦŜǊ όмлл ƳaΣ ǇI тΦпύ ŀǘ ол ϲ/ ŦƻǊ фс ƘΦ 

 

In the ƳŜŎƘŀƴƛǎƳ ƻŦ ˖-transaminase, an amine product is released from an external 

aldimine intermediate, which has no influence on stereoselectivity of the amine 

product (Scheme 24).82 A reasonable hypothesis would be that this variation in the 

enantioselectivity of amine products results from the dissimilar reaction rates when 

using different amine donors. 

 

 
 

{ŎƘŜƳŜ нпΥ ¢ƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ǎǘŜǇ ǘƻ ǊŜƭŜŀǎŜ ŀƳƛƴŜ ǇǊƻŘǳŎǘ ƛƴ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ π̟ǘǊŀƴǎŀƳƛƴŀǎŜǎΦ 
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2.5 Time course study  

 

In order to evaluate the difference in reaction efficiency when using L- or D-alanine 

as an amine donor, a more specific time-dependent study of the ATA-50 catalysed 

transamination reaction was carried out. The conversion and e.e. were determined 

by normal phase HPLC analysis equipped with a chiral column at 24, 48 and 96 h 

(Figure 8). When L-alanine was used as the amine donor, the reaction was complete 

within 24 h (>99% conversion, 90% (S)-e.e.). Reactions with D-alanine proceeded 

more slowly and produced the (R)-amine as the major enantiomer (28-29% e.e.), with 

the observed optical purity independent of reaction conversion.  

 

 
 

CƛƎǳǊŜ уΥ ¢ƛƳŜ ŎƻǳǊǎŜ ǎǘǳŘȅ ŦƻǊ ǘƘŜ !¢!πрл ŎŀǘŀƭȅǎŜŘ ǘǊŀƴǎŀƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴ ƻŦ ōŜƴȊȅƭŀŎŜǘƻƴŜ όнл 
Ƴaύ ǳǎƛƴƎ [π ƻǊ 5πŀƭŀƴƛƴŜ όрлл Ƴaύ ŀǎ ŀƴ ŀƳƛƴŜ ŘƻƴƻǊ ƛƴ I9t9{ ōǳŦŦŜǊ όмлл ƳaΣ ǇI тΦпύ ŀǘ ол ϲ/Φ 
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2.6 Comparison between ATA -υπ ÁÎÄ ÔÈÅ ÏÔÈÅÒ ʖ-transaminases  

 

The second aim of this project described in this chapter was to determine whether 

ŀƴȅ ƻǘƘŜǊ ˖-transaminases could also use either L- or D-alanine as an amine donor. 

Five wild-ǘȅǇŜ ˖-ǘǊŀƴǎŀƳƛƴŀǎŜǎ ŀƴŘ ǘǿƻ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ˖-transaminases 

with different stereoselectivity were chosen to compare with ATA-50 (the sources of 

all ̟ -transaminases are presented in Chapter 5). Since ATA-113 and ATA-117 were 

provided by Codexis® as crude cell lysates, standardisation of enzyme concentration 

was difficult. Therefore all ̟ -transaminases in this section were prepared in the form 

of cell lysates with an equal wet weight. Reactions were carried out on analytic-scale 

(1 mL) and the conversion and stereoselectivity were determined by normal phase 

HPLC analysis equipped with a chiral column. 

 

Each transaminase was evaluated with both L- and D-alanine. With the exception of 

ATA-50 which could utilize both L- and D-alanine as an amine donor, all -̟

transaminases displayed a high level of specificity in favour of one enantiomer of 

alanine (L-alanine for the (S)-selective TAs, D-alanine for the (R)-selective TAs). When 

benchmarking ATA-50 activity against other transaminases, L-alanine was used for 

comparison with the (S)-selective enzymes while D-alanine was used for the 

comparison with the (R)-selective enzymes (Figure 9).  
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CƛƎǳǊŜ фΥ ¢ƘŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ŜƴŀƴǘƛƻǎŜƭŜŎǘƛǾƛǘȅ ŀƴŘ ŎƻƴǾŜǊǎƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀƴǎŀƳƛƴŀǘƛƻƴ 
ǊŜŀŎǘƛƻƴǎ ƻŦ ōŜƴȊȅƭŀŎŜǘƻƴŜ όнл Ƴaύ ǿƛǘƘ ŜƛǘƘŜǊ [π ƻǊ 5πŀƭŀƴƛƴŜ όрлл Ƴaύ ŀǎ ŀƴ ŀƳƛƴŜ ŘƻƴƻǊ ƛƴ 
I9t9{ ōǳŦŦŜǊ όмлл ƳaΣ ǇI тΦпύ ŎŀǘŀƭȅǎŜŘ ōȅ ̟πǘǊŀƴǎŀƳƛƴŀǎŜǎ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ŀǘ 
ол ϲ/ ŦƻǊ нп ƘΦ 
 
 

In the group of (S)-selective transaminases, both ATA-50 and ATA-113 showed 

excellent activity and similar stereoselectivity towards benzylacetone. The majority 

of wild-ǘȅǇŜ ˖-transaminases cannot compete with these two engineered ones in 

terms of conversion or enantioselectivity. Greater stereoselectivity was observed in 

biotransformations catalysed by two wild-ǘȅǇŜ ˖-transaminases (AD-˖¢! ŀƴŘ /±-

˖¢!ύΣ ǿƘƛƭŜ in both cases the conversions were much lower than ATA-50. The most 

promising wild-ǘȅǇŜ ˖-transaminase was an (S)-selective transaminase from Bacillus 

megaterium, which has good activity but a slightly decreased enantioselectivity 

compared to ATA-50.  

 

In the (R)-selective tests, the performance of ATA-50 was far worse than the other 

-̟transaminases, with the commercially available (R)-selective transaminase (ATA-

117) demonstrating the best activity and enantioselectivity. The wild-type (R)-

selective transaminase (Mm-DTA) demonstrated a better e.e. but slightly lower 

conversion compared to ATA-50.  
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2.7 Conclusion  

 

The novel phenomenon that ATA-50 can use both L- and D-alanine as an amine donor 

has been confirmed. The reaction using L-alanine as the amine donor was 

dramatically faster, and a hypothesis has been posited that the variation in the 

enantioselectivity of amine products results from the dissimilar reaction rates when 

using different amine donors. Studies on ATA-50 and seven ̟ -transaminases (five 

wild-type and two commercially available), determined that only ATA-50 was capable 

of using both enantiomeric forms of alanine as an amine donor. Future work will be 

carried out to investigate the relationship between enantioselectivity and 

enantiomeric form of amine donor, and how ATA-50 is able to use both enantiomers 

as an amine donor. The crystal structure of ATA-50 and more accurate kinetic 

investigations will be required to confirm the hypothesis. 

 

CƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ˖-transaminases (ATA-50 and ATA-113) were generously 

provided by Codexis® as a gift. Once the original enzyme stocks had been depleted, 

the cost of continuing to use the commercial enzymes was prohibitive. The use of 

wild-type transaminases is a good option as replacement. An (S)-selective 

transaminase from Bacillus megaterium was determined to be the most promising 

wild-ǘȅǇŜ ˖-transaminase and therefore selected as the target enzyme for further 

characterisation, as described in Chapter 3. 
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Chapter  3: Results and discussion : Characteris ation  of an ʖ-

transaminase from Bacillus megaterium  
 

3.1 Introduction  

 

One reason for characterising enzymes is to understand operational windows and 

optimal operating conditions. As a reversible dual substrate reaction, the 

transamination reaction catalysed by -̟transaminases is influenced by both amine 

and ketone substrates. The substrate scope of ̟-transaminases can be measured by 

conventional HPLC/GC analysis or predicted by computational simulation 

modelling.115-118 However, a more practical high-throughput method is required to 

characterise their substrate selectivity. 96-well plate based assays are convenient 

options that produce reasonable degrees of accuracy.  

 

3.2 Aims of the project  

 

In order to ŜǎǘŀōƭƛǎƘ ŀ ǾŜǊǎŀǘƛƭŜ ǎǘǊŀǘŜƎȅ ŦƻǊ ǎǳōǎǘǊŀǘŜ ǇǊƻŦƛƭƛƴƎ ˖-transaminases, a 

comparison was made of all high-throughput screening methods recommended in 

various literature reviews.111-114, 119 {ƛƴŎŜ ǎǳōǎǘǊŀǘŜǎ ƻŦ ˖-transaminases are divided 

into amines and ketones, the assay for each reaction partner must be considered 

separately. There are several applicable methods for screening the activity of amine 

substrates77, 111, 113-114 and an established AAO/HRP coupled screening assay was 

selected.113 None of existing assays can be used for screening all types of ketone 

substrate. For example, the acetophenone-based high-throughput screening 

method112 can only be employed with low-absorbing ketones, aldehydes and keto 

acids. Aromatic amines are generally harder to produce using traditional organic 

synthesis, which makes this type of amine more valuable. Therefore the 

investigations discussed in this chapter had two amines: i) to develop a new high-

throughput assay for screening the high-absorbing aromatic amine acceptors, and ii) 
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to characterise both amine and ketone substrates for the promising wild-type -̟

transaminase from Bacillus megaterium selected in Chapter 2.  

 

3.3 L-AAO/HRP coupled assay for  screening the activit y of amine 

donors  towards  BM-ʖ4!  

 

The L-AAO/HRP coupled assay for screening the activity of amine donors is an 

optimised version of the screening assay discussed in Section 1.5,113 which produces 

higher accuracy and no background signal in the absence of ̟-transaminase (Scheme 

25). The colorimetric agents used in this assay are 2,4,6-Tribromo-3-hydroxybenzoic 

acid (TBHBA) and 4-aminoantipyrine (4-AAP).  Since this BM- T̟A is a (S)-selective 

transaminase, an L-amino acid oxidase from Crotalus adamanteus was used as the 

coupling enzyme to catalyse the cascade reaction. 

 

 
 

wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ  ƛύ ό{ύπǎŜƭŜŎǘƛǾŜ ǘǊŀƴǎŀƳƛƴŀǎŜ ό.aπ̟¢!ύΣ ол ϲ/Σ ǇI тΦпΤ ƛƛύ [π!!hΤ ƛƛƛύ IwtΤ ƛǾύ

Τ Ǿύ  
 
{ŎƘŜƳŜ нрΥ hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ [π!!hκIwt ŎƻǳǇƭŜŘ ŎƻƭƻǊƛƳŜǘǊƛŎ ŀǎǎŀȅ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎŎǊŜŜƴƛƴƎ ƻŦ ό{ύπ 
ǘǊŀƴǎŀƳƛƴŀǎŜΦ 
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3.3.1 Investigation into  the linear dependence of oxidative reaction s 

catalysed by L-AAO 

 

Assays were carried out as described in the experimental section based on literature 

precedent. Enzyme (TA) concentrations were <10% of the substrate concentrations, 

across the range of substrate concentrations used. Based on previous literature, the 

L-AAO/HRP assay for hydrogen peroxide formation and detection was assumed to be 

fast compared with the transaminase catalysed transformation.113-114 The observed 

increase in reaction rate with increasing substrate concentration demonstrates the 

validity of this assumption. In order to determine an appropriate range of substrate 

concentration, an initial investigation of the L-AAO/HRP coupled assay using L-

alanine as a substrate was carried out (Scheme 26). 

 

 
 

wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴΥ  ƛύ [π!!hΣ ол ϲ/Σ ǇI тΦпΤ ƛƛύ IwtΣ ƛƛƛύ Σ ƛǾύ Φ 

 
{ŎƘŜƳŜ нсΥ [π!!hκIwt ŎƻǳǇƭŜŘ ŎƻƭƻǊƛƳŜǘǊƛŎ ŀǎǎŀȅ ǳǎƛƴƎ [πŀƭŀƴƛƴŜ ŀǎ ŀ ǎǳōǎǘǊŀǘŜΦ 
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The reaction demonstrated in Scheme 26 can be simplified using the following 

formula: 

 

Á! Â" ự Ã# Ä$ ựựự Å%                      Equation 10 

Where A = alanine, B = O2 C = Pyruvic acid, D = H2O2 and E = coloured compound. 

Assuming the concentration of O2 and alanine is in excess compared to the 

concentration of AAO, the reaction is a pseudo first-order reaction with respect to 

alanine. Based on this definition of the initial rate, Equation 11 was obtained: 

 

Ë! )                                           Equation 11 

 

Where (I) is the initial rate, [X] refers to the concentration of the corresponding 

compound, (k) is the rate constant of the oxidative reaction catalysed by AAO, which 

has units of s-1. Since the rate-limited step in the system is the AAO step, the 

generation of E is linearly dependant on the consumption of A. Based on this 

assumption, Equation 12 was obtained:   

 

Ͻ Ͻ                                              Equation 12                                   

 

Equation 13 was obtained by rearranging Equation 12: 

 

  Ͻ                                             Equation 13 
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After substituting Equation 13 into Equation 11, Equation 14 was obtained: 

 

  Ͻ   Ë! )                           Equation 14 

 

Because (a) and (e) are constants, the relationship between the initial rate (I) and the 

generation rate of E is linear. Thus the generation rate of E = (d[E])/dt can be used to 

indicate the initial rate of reaction. 

 

All assumptions made above were confirmed by the AAO/HRP coupled reaction using 

L-alanine (0.5 M) as a substrate (Figure 10). After 5 min, the cascade reaction attained 

its equilibrium and the linear-response region of initial rate was from 5 to 30 min.   
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CƛƎǳǊŜ млΥ ƭƛƴŜŀǊ ǊŜǎǇƻƴǎŜ ǊŜƎƛƻƴ ƻŦ ƛƴƛǘƛŀƭ ǊŀǘŜ ƛƴ ǘƘŜ !!hκIwt ŎƻǳǇƭŜŘ ǊŜŀŎǘƛƻƴ ǳǎƛƴƎ [πŀƭŀƴƛƴŜ όлΦр 
aύΦ 

Five L-alanine solutions with different concentrations (0.5 M, 0.25 M, 0.125 M, 

0.0625 M and 0.03125 M) were then measured parallel. All five curves of the initial 

rates versus L-alanine concentrations were linear (Figure 11).  
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CƛƎǳǊŜ ммΥ 9Ǿƻƭǳǘƛƻƴ ƻŦ ƛƴƛǘƛŀƭ ǊŀǘŜǎ ŘǳǊƛƴƎ ǘƘŜ [π!!hκIwt ǊŜŀŎǘƛƻƴǎ ǳǎƛƴƎ [πŀƭŀƴƛƴŜ ǎǘƻŎƪ ǎƻƭǳǘƛƻƴǎ 
ǿƛǘƘ ŀ ǊŀƴƎŜ ƻŦ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ όлΦр aΣ лΦнр aΣ лΦмнр aΣ лΦлснр a ŀƴŘ лΦломнр a ǊŜǎǇŜŎǘƛǾŜƭȅύΦ 
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Using the initial rates of five reactions obtained from Figure 11, a curve of the initial 

rates versus the concentrates of substrate was plotted. The correlation between the 

initial rates and the L-alanine concentrations was linear and shows excellent accuracy 

(Figure 12). Thus the concentrations of L-alanine from 0.03125 M to 0.5 M were 

determined to be suitable for the L-AAO/HRP coupled assay conducted on a 96-well 

plate platform. 

 

 
 

CƛƎǳǊŜ мнΥ [ƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ [πŀƭŀƴƛƴŜ ŀƴŘ ǘƘŜ ƛƴƛǘƛŀƭ ǊŀǘŜǎΦ 
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3.3.2 Screening activity of amine substrate  towards BM-ʖ4! 

 

To screen for activity of amine substrate towards BM- T̟A, a panel of twenty amines, 

including three cyclic amines and three non-chiral amines, were characterised by the 

L-AAO/HRP coupled assay (Table 1). In total, sixteen amines were determined to have 

been accepted by BM-˖¢!Φ ¢ƘŜ ƛƴƛǘƛŀƭ ǊŀǘŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ōetween amine 2 and 

pyruvic acid was set as the standard (relative activity = 100%) equal to 9.208 x 10-5 

(Unit = Abs·s-1). 

 

 
 

¢ŀōƭŜ мΥ ¢ƘŜ ǇŀƴŜƭ ƻŦ ǇƻǘŜƴǘƛŀƭ ŀƳƛƴŜǎ ŦƻǊ .aπ̟¢! ŎŀǘŀƭȅȊŜŘ ǘǊŀƴǎŀƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎΦ 

 

All relative activities were calculated by comparing corresponding initial rates and 

the initial rate of standard reaction (Chart A, Table 2). Amine donor candidates were 

pre-screened with a D-AAO to confirm there had been no formation of D-Ala. Amines 

1 and 2 demonstrated excellent activity consistent with previous studies with the 

ƻǘƘŜǊ ˖-transaminases.76, 101, 118, 120-121 Amine 2 was determined to be the best amine 

donor for BM-˖¢!. All of the substituted methylbenzylamines (4, 5, 9, 13 and 19) 

displayed activity towards BM-˖¢!. Methylbenzylamine derivatives substituted by 

the electron withdrawing groups (5, 9 and 19) showed comparatively higher relative 

activities than those substituted by the electron donating groups (13). Amines 7 and 
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16 showed the least activity: since their deamination products are aldehydes, this 

was expected. 

 

Amine 15, which has a similar structure to amine 1, showed no activity. This reason 

might be because the adjacent hydroxyl group blocked the binding between amine 

and E-PLP complex, thereby preventing further reaction. In a previous investigation 

on the substrate scope of ATA-113114, amine 20 has been reportedly accepted by 

ATA-113. However, in this study amine 20 demonstrated negative activity towards 

BM-˖¢!Φ Based on a two binding pocket model ,90 the naphthalene group may have 

been too large to be accepted by the L-pocket at the active site of BM-˖¢!Φ The most 

surprising result was the detection of no activity towards BM-˖¢! ŦǊƻƳ amine 12. 

Two amines (2-pentanamine53, 122-123 and 2-heptanamine124-126) with a similar 

structure to amine 12 have previously been reported as being accepted by ǎŜǾŜǊŀƭ ˖-

transaminases. Moreover, amine 4, which has a less foldable side chain than amine 

12, has been determined to be accepted by BM-˖¢!. No reasonable explanation for 

this result has been determined. From the group of cyclic amines (3, 11 and 17), no 

activity was detected in the reaction of amine 17. Compared to reactions using 

amines 3 and 11, the ketone product of amine 17 is the most thermodynamically 

unstable.  

 

A characterisation table was then established (Table 2), with amine substrates 

categorised into four color-coded groups based on their relative activities. This table 

could be expanded in the future through the screening of the other amine substrates. 
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9ȄŎŜƭƭŜƴǘ ŀŎǘƛǾƛǘȅ 

 
DƻƻŘ ŀŎǘƛǾƛǘȅ 

 
aŜŘƛǳƳ ŀŎǘƛǾƛǘȅ 

 
tƻƻǊ ŀŎǘƛǾƛǘȅ 

 
¢ŀōƭŜ нΥ !ύ ¢ƘŜ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ǘŀōƭŜ ƻŦ ŀƳƛƴŜ ǎǳōǎǘǊŀǘŜ ŀŎǘƛǾƛǘȅ ǘƻǿŀǊŘǎ .aπ̟¢!Φ wŜŀŎǘƛǾŜ 
ŀŎǘƛǾƛǘƛŜǎ ƻŦ ŀƳƛƴŜǎ ǘƻǿŀǊŘǎ .aπ̟¢! ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ƛƴƛǘƛŀƭ ǊŀǘŜǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ 
ǘƘŜ [π!!hκIwt ŎƻǳǇƭŜŘ ŀǎǎŀȅΦ ¢ƘŜ ƛƴƛǘƛŀƭ ǊŀǘŜ ƻŦ ǊŜŀŎǘƛƻƴ ōŜǘǿŜŜƴ ό{ύπŀƳƛƴƻǘŜǘǊŀƭƛƴ ŀƴŘ ǇȅǊǳǾŀǘŜ 
ŀŎƛŘ ǿŀǎ ǎŜǘ ŀǎ ǘƘŜ ǎǘŀƴŘŀǊŘ όмлл҈ύΦ .ύ CƻǳǊ ƎǊƻǳǇǎ ƻŦ ŀƳƛƴŜ ǎǳōǎǘǊŀǘŜǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƭŜǾŜƭǎ ƻŦ 
ŀŎǘƛǾƛǘȅ ǘƻǿŀǊŘǎ .aπ̟¢!Φ 
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