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Abstract 

This thesis focuses on the development of novel enzymatic approaches for 

chiral amine synthesis utilizing amine transaminases (ATAs) and ‘smart’ 

amine donors. Different strategies were combined for the expansion of the 

existing biocatalytic toolbox, paving the way towards green alternatives for 

the enantioselective production of valuable chemicals. 

In the first chapter, the wider application of the ‘smart’ amine donors is 

presented. Initially, a panel of 400 ketones/aldehydes was screened, using 

o-xylylenediamine as the amine donor, with a commercially available ATA. 

The colored precipitate was used as a positive indicator, to reveal a pattern 

for the carbonyl tolerance of the ATA. Subsequently, the commercial value 

of the corresponding chiral amines was evaluated with the assistance of the 

industrial partner Key Organics. The viable substrates were thoroughly 

investigated with different ‘smart’ diamine donors, in an effort to reduce 

the production costs. 1,5-Diaminopentane (cadaverine) was the most 

effective donor and was used for the preparation of five ketones on 

preparative scale, from which three became commercially available 

through Key Organics. 
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In the second chapter, the development of a novel whole-cell system, 

mediating ATA reaction in a self-sufficient manner, is presented. A selection 

of (S)- and (R)-selective ATAs were screened against ‘smart’ amine donors 

utilizing a panel of carbonyl-containing compounds. Five (S)-selective ATAs 

were identified and transformed in Corynebacterium glutamicum cells, 

which have been engineered to produce cadaverine and 1,4-

diaminobutane (putrescine). Due to endogenous side-reactions and 

complications with expression, three ATAs were successfully expressed and 

utilized for the whole-cell transamination of a model ketone substrate. New 

strains with enhanced ATA production were developed and the reaction 

conditions were optimized to afford an enantiomerically pure (>99%) (S)-

pyrroline with 42% isolated yield.  
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1. Introduction 

1.1 Chirality and its importance 

Our world is surrounded by chiral entities, ranging from our left and right 

hands to complicated macromolecular protein complexes and drug 

molecules. An abundance of chiral molecules exist in nature, including 

amino acids and sugars. To better understand this concept, chemists define 

chirality as a pair of molecules that exists as two non-superimposable 

mirror images, for example where a carbon atom has four different 

substituents as shown in Figure 1.1.[1] The two enantiomers are chemically 

equivalent but have a different orientation of atoms in space, around the 

stereogenic carbon center.[1]  

      

    

Figure 1.1. a) A pair of hands as chiral objects, b) L- and D-alanine as an 

example of a chiral molecule. 

The importance of chirality was highlighted in 2001, when the Nobel Prize 

in Chemistry was awarded to three scientists, for the development of 

catalysts applied in the production of enantiomerically pure drugs and 

chemicals.[2][3] More than half of the drugs available on the market contain 

one or more chiral centers (Figure 1.2).[3–6] A landmark example of a chiral 

drug is Lipitor (Figure 1.2a), an antilipemic agent that inhibits the 

hydroxymethylglutaryl-CoA (HMG-CoA) reductase.[131] Lipitor was 
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developed by Pfizer as a cholesterol lowering medication and has been 

prescribed to more than 29 million patients, generating more than 200 

billion U.S. dollars since 2003, when it was first introduced to the market.  

In recent years, a number of reviews have shown the connection between 

biological activity and chirality.[3] An example of a drug molecule would be 

Propoxyphene (Figure 1.2b), where the two enantiomers display different 

activity. The (D)-enantiomer was introduced in the market as an analgesic, 

whereas the (L)-enantiomer was identified to exert antitussive 

properties.[7] Other characteristic examples include, (-) menthol, which is 

responsible for the minty odor (Figure 1.2c)[8,9] and the   (-)-(Z)-β-Santalol, 

which exhibits the sandalwood oil odor, while the (+)- enantiomer is 

odorless (Figure 1.2d).[8–12] Altogether, this showcases the broad spectrum 

of chiral products in the market.[10–16]  
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Figure 1.2. Examples of chiral compounds in medicine, fragrances and 

flavours. a) Lipitor, b) propoxyphene, [7] c) (-) menthol,[8,9] and d) (-)-(Z)-β-

Santalol.[8–12]  

It is now obvious that different enantiomers have different properties, 

which led to the US Food and Drug Administration (FDA) to request 

manufacturers to isolate and fully characterize individual isomers in 

racemic mixtures. The decision to commercialize a drug as a racemic 

mixture or in enantiomerically pure form is based on production cost and 

clinical significance of each enantiomer. Therefore, the development of 
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novel methodologies enabling access to chiral molecules became one of the 

key research areas.[3] 

1.2 Chiral Amines 

Chiral amines play a crucial role in organic chemistry, as they exist in 

numerous ligands and auxiliaries[17–24] as well as in natural products and 

drug molecules.[15,25,26] Therefore, their synthesis is appealing to both 

industry and the academic community. Ligand 8-((2R,5R)-2,5-

dimethylpyrrolidin-1-yl)quinolone is an example of how the chirality of the 

amine plays an important role in the palladium-catalyzed synthesis of 

polyketones (Figure 1.3a). M. R. Axet et al. 2009 demonstrated that both 

the activity of the catalyst, as well as the stereoselectivity of the reaction, 

were dependent on the ligand fragment containing the sp2 nitrogen 

atom.[24] Another example is the antihypertensive drug Enalaprilat (Figure 

1.3b), the first dicarboxylate containing angiotensin-converting enzyme 

(ACE) inhibitor.[27]  During the structure-based design, the chiral amine 

moiety (shown in blue) is shown to form H-bonds with a histidine residue 

in the active site of ACE, contributing to the increased affinity of the drug 

to the target protein.[27,28] 

          

Figure 1.3. Selected examples of a chiral a) ligand[24] and b) drug 

molecule.[27] 
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1.3 Synthetic approaches for the production of chiral 

amines 

1.3.1 Traditional chemical approaches  

In 2010, a book thoroughly describing the past and present chemical 

pathways in the synthesis of chiral amines (Scheme 1.1) was published.[17] 

Hydrogenation of an imine or an enamine in the presence of a metal 

complexes and/or chiral phosphorous complexes is described.[29–36] Work 

on one-pot conversion of ketones to chiral amines via reductive amination, 

where a ketone and a reducing agent coexist, is also presented.[37–39] Other 

methods include hydroamination, which is the addition of an N-H bond 

across an  sp2 or sp hybridized C-C bond of alkenes, alkynes, and dienes, 

employs metal complexes and represents a facile approach for the 

production of enantiomerically pure amines in high yield.[40–43] Finally, 

metal complexes can be utilized for the direct amination of sp3 compounds 

in both an inter- or intramolecular way. [44–46]  
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Scheme 1.1. Selected examples of methods used in organic chemistry for 

the production of chiral amines.[17] 

These traditional approaches in organic chemistry have been well studied 

and are widely used in both industry and academia, offering high atom 

economy (e.g. in hydrogenation) and in most cases high enantioselectivity, 

avoiding the costly chiral separation of a mixture of enantiomers.[29–36] 

However, they often suffer from requiring expensive organocatalysts, toxic 

precious metals, organic solvents, harsh reaction conditions and high 

pressure reactors,[17] which add to the total cost and the impact on the 

environment. As the chemical industry begins to move away from 

traditional chemical synthesis, this provides the opportunity for the 

development of ‘green’ and sustainable chiral amine synthesis. [47] 

1.3.2 Biocatalytic alternatives 

1.3.2.1 Cell-free enzyme catalysis 

Biocatalysis has been highlighted as a green and sustainable alternative to 

traditional chemistry for a number of reasons.[48, 50-52] Enzymes are active in 

water, neutral pH and relevantly low temperatures, which altogether 



7 

constitute important features in the field of green chemistry.[48] These 

macromolecules can selectively react with their substrates and afford 

optically pure compounds in one step, without the need of protecting 

groups. Lastly, biocatalysts are biodegradable and can be easily produced 

(up to 1 g protein per liter of culture)[49] from commonly used bacterial 

hosts (e.g. Escherichia coli), utilizing inexpensive growth media, .[50–52] 

A variety of different enzyme classes are described in the literature for the 

kinetic resolution of chiral amines. The resolution of racemic mixtures can 

be accomplished via selective acetylation or oxidation of a single 

enantiomer from lipases or monoamine oxidases, respectively, afford 

enantiomerically pure amines with 50% theoretical yield. Also, amine 

transaminases (ATA) and amine dehydrogenases selectively convert one of 

the enantiomers to the corresponding ketone utilizing pyruvate (for 

example) or NAD+, respectively (Figure 1.4).  Among others,[50,52] a recent 

review from the O’Reilly group reports some of the applications of these 

biocatalysts in the formation of drug molecules and key intermediates.[51]  
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Figure 1.4. Selected examples of enzymes employed in the kinetic resolution 

of amines.[51,53–58] 

A landmark example of an industrial-scale application of a biocatalyst, 

consists of the use of a leucine dehydrogenase, for the production of the 

non-natural amino acid L-tert-leucine (L-Tle) on a tonne-scale. Bommarius 

et al. 1995 showed that leucine dehydrogenase can convert 

trimethylpyruvate and ammonium formate to L-Tle on a tonne-scale when 

combined with a secondary biocatalytic system. The latter is employed for 

the regeneration of the expensive co-factor nicotinamide adenine 

dinucleotide (NADH) from NAD+ and formate utilizing a formate 

dehydrogenase (FDH), as shown in Scheme 1.2.[59]  The biocatalytic 

production of L-Tle has great potential in the agrochemical and 

pharmaceutical industry, as L-Tle is a key building block for many 

biologically active compounds, such as HIV protease inhibitors[13] and 

pesticides.[59] 
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Scheme 1.2. Production of L-tert-leucine from ammonium formate and 

trimethylpyruvate via a coupled enzymatic system. [59] 

The most commonly used biocatalyst in both industry and academia is the 

lipase class. In particular, lipase B from Candida antarctica (Cal-B) has been 

used by BASF to resolve racemic mixtures of various amines on a multi-

tonne scale by combining the enantioselective acetylation of alkyl and aryl 

alkyl amines.[50] In the first step, only one of the two enantiomers reacts 

with the acetylating agent in the presence of Cal-B, allowing the isolation 

of the unreacted enantiomer. Subsequent hydrolysis of the acetylated 

compound affords the second enantiomer in optically pure form, as shown 

for the example of (R)-1-phenylethylamine in Scheme 1.3. [50,56]   
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Scheme 1.3. A selected example of CAL-B in the production of chiral amines 

from BASF.[50] 

The ω-transaminases class of enzymes have also been shown to be valuable 

catalysts for the synthesis of chiral amines. These versatile biocatalysts can 

be employed in the deracemization amines or used for the asymmetric 

synthesis of chiral amines, starting from the corresponding ketone 

substrate. A collaborative project between Merck and Codexis, highlighted 

the use of a heavily engineered transaminase (TA) for the synthesis of the 

antidiabetic drug Sitagliptin on an industrial scale.[61] The traditional route 

includes enamine formation, followed by rhodium-catalyzed asymmetric 

hydrogenation under high pressure to afford sitagliptin with 97% 

emamtiomeric excess (ee). Subsequent recrystallization is required for 

increased ee values. This pathway was replaced from a single biocatalytic 

step utilizing a heavily engineered (R)-selective ω-transaminase and 

isopropylamine (IPA), shown in Scheme 1.4. In this work, two rounds of 

mutations were carried in order to fit the prositagliptin ketone in the active 

site of the transaminase and also increase its activity. Eleven more rounds 

were required to create a variant that meets the manufacturing process 

requirements. This variant tolerates high concentrations of both substrates 

as well as the co-solvent DMSO, and maintains its activity at elevated 
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temperatures (>40˚C). The manufacturers benefited by introducing a 

transaminase step in their synthetic pathway, as they were able to increase 

their overall yield (by 10-13%) and productivity (by 53%), avoid the use of 

metal catalyst and reduce their total waste (by 19%) and expenses, as the 

high-pressure hydrogenation equipment was replaced by a multipurpose 

vessel.[61] 
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Scheme 1.4. a) The traditional and b) the biocatalytic route for the synthesis 

of sitagliptin.[61]  

1.3.2.2 Whole cell biocatalysis 

The rapid progress in synthetic biology enabled the development of 

efficient whole-cell systems, expanding the biocatalytic toolbox.[62] 

Metabolic engineering enables scientists to selectively silence, activate or 
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introduce specific genes in bacterial and fungal strains, leading to pathways 

tailored to fit a purpose. This paved the way for the sustainable production 

of fine chemicals[63–72] and amino acids,[73–75] via fermentation. Bacterial 

strains can also be engineered for the expression of recombinant proteins 

utilizing a plasmid DNA. As mentioned in 1.3.2.1, this enables the 

production of biocatalysts from inexpensive carbon and nitrogen sources, 

such as glucose and ammonium ions.[76] Tedious and costly processes of cell 

lysis and protein purification can be avoided through direct use of whole 

cells.[77] The advantages are more obvious in industrial processes, where a 

biocatalytic step is initially tested utilizing purified enzymes, but is 

subsequently replaced with whole-cell systems (when viable), in order to 

reduce the upstream cost of the total synthesis.[78] 

Cells in stationary phase, which are still metabolically active but have 

stopped dividing,[79–83] as well as growing cells[84,85] can be utilized for whole 

cell biocatalysis.[62,68,86,87] The membrane of the cell acts as a barrier that 

separates and protects the intracellular environment from external factors, 

enhancing protein stability and regulating the internal pH.[76,88,89] This has 

great application in unstable proteins, such as P450 monooxygenase, which 

are difficult to isolate in active form.[90] Co-factors, such as NAD(P)H, are 

naturally produced and recycled from the metabolism of the host cell. 

Many proteins, such as imine reductases (IREDs), utilize such co-factors and 

thus whole cells provide an attractive cost-effective alternative to cell-free 

biocatalysis. [80,90,91] Leipold et al. 2013, described the use of E. coli BL21 

overexpressing (S)-IRED from Streptomyces sp. GF3546 for the conversion 

of a range of cyclic imines. 1-Methyl-3,4-dihydroisoquinoline was 

successfully converted to its corresponding chiral amine on a 200 mg scale 

with 87% isolated yield and >98% enantiomeric excess (ee) (Scheme 1.5).[80]   
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Scheme 1.5. Conversion of 1-methyl-3,4-dihydroisoquinoline to (S)-1-

methyl-1,2,3,4-tetrahydroisoquinoline from E. coli overexpressing (S)-

IRED.[80] 

In the above example higher concentrations led to poor conversion, which 

can be attributed to the poor mass transfer through the cell 

membrane.[76,77] This limitation can be addressed by increasing the 

permeability of the membrane with detergents. [76,77,92–94] Enhanced 

productivity has also been reported with overexpression of membrane 

transporters[76,77,95–100] or expression of the biocatalyst on the surface of the 

host cell.[77,101,102] An interesting alternative employs biphasic systems, 

where one phase (usually aqueous) provides the protective environment of 

the biocatalyst and the second phase (organic, ionic liquid or polymer based 

aqueous media) is the substrate and/or product pool.[103–105] Shin et al. 

1997, utilized whole cells Bacillus thuringiensis JS64 in a biphasic system to 

resolve 500 mM rac-a-phenylethylamine and isolate (S)-phenylethylamine. 

In this study, the biocompatibility and the extracting capacity of the organic 

solvent were examined, and cyclohexanone was selected as the organic 

phase. The introduction of a biphasic system drastically reduced product 

inhibition of the TA leading to nine-fold improvement (Scheme 1.6).[103] 
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Scheme 1.6. Kinetic resolution of rac-a-phenylethylamine utilizing whole 

cells in water-cyclohexanone biphasic system.[103] 

The capability to build bio-cascades in a single organism is one of the most 

prominent advantages of whole-cell systems.[77,106] Both bacteria and 

yeasts can be engineered to co-express multiple enzymes, creating a 

biocatalytic workhorse capable of multi-step reactions.[106] The enzymes co-

expressed are in close proximity inside the cell, thus ensuring high 

efficiency reaction cascade.[77] Both et al. 2015, reported a stereoselective 

C-H amination of 4-substituted ethylbenzenes via a whole cell 

multienzymatic cascade. E. coli cells overexpressing a P450 monoxygenase, 

R- and S-alcohol dehydrogenases and an ω-ATA were employed for the 

production of chiral amines with conversions up to 26% and >99% ee 

(Scheme 1.7). Firstly, a hydroxyl group was introduced on the aliphatic 

chain via a P450 monoxygenase step. The racemate of the alcohol formed 

was subsequently oxidized to the corresponding ketone from a pair of (S) 

and (R)-selective alcohol dehydrogenases (ADHs). Lastly, the ketone 
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product was converted to the corresponding chiral amine via an (R)-

selective ω-ATA.[81]  

 

Scheme 1.7. Multi-enzymatic cascade in E. coli host for the stereoselective 

C-H amination of 4-fluorophenylbenzene.[81] 

1.4 Transaminases 

1.4.1 General characteristics 

TAs utilize pyridoxal-5'-phosphate (PLP) co-factor and catalyze the transfer 

of an amino group, from a suitable donor, to a carbonyl acceptor. This 

reaction (Scheme 1.8) exists in equilibrium.[107] 

 

Scheme 1.8. The conversion of acetophenone to S-methylbenzylamine is 

illustrated as an example of a transaminase reaction. 
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All PLP-dependent enzymes are categorized based on the architecture of 

their active site in relevance to their co-factor, and TAs belong to fold type 

I and IV.[108–113] A more biocatalytically relevant classification groups TAs 

based on their substrate recognition. As shown in Figure 1.5, there are two 

distinct groups: the α-transaminases (α-TAs), which catalyze the conversion 

of α-amino acids to α-keto acids and vice-versa, and the ω-transaminases 

(ω-TAs), which accept substrates with the carbonyl or amino group distant 

from α-position.[107] Interestingly, ω-TAs include a group of TAs that can 

convert amines lacking a carboxyl group and are named amine 

transaminases (ATAs).[107,114,115]  

Figure 1.5. General reaction schemes of a) a-TA and b) ATA. [107] 

ω-TAs have a wide range of applications due to their versatile nature, thus 

appealing to the research community.[116] There has been extensive 

research, including mechanistic studies and resolving crystal structures, 

which altogether contribute to a greater understanding and application of 

these biocatalysts.[114] 

1.4.2 Active site and mechanism of ω-TAs 

It has been reported that ω-TAs are generally homodimers or 

homotetramers,[108] and each monomer comprises of a large domain, 

which is conservatively centered by seven-stranded parallel β sheets, and a 

smaller discontinuous domain.[117] The active site resides between those 

domains and forms multiple interactions with the PLP in a relatively 

conserved way. The phosphate group, pyridine nitrogen and phenolic 

oxygen of the PLP form H-bonds with both hydrophilic residues and water 
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molecules, as shown in Figure 1.6 for the gamma-aminobutyric acid 

(GABA)-TA from E. coli.[108] 

 

Figure 1.6. The interactions of the co-factor PLP with some key residues 

from the active site of GABA-TA are shown as a representative example. H-

bonds are shown in red. [108] 

The PLP co-factor is a 4-formyl-5-hydroxy-6-methylpyridin-3-yl-methyl 

dihydrogen phosphate. The basic nature of the nitrogen group of the 

pyridine ring in combination with the acidity of the phenol group stabilizes 

an ionic tautomeric form of the PLP (Scheme 1.9), which actively 

contributes to the enzymatic reaction. [118]  

 

Scheme 1.9. Tautomeric forms of PLP.  
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The formyl group of the PLP plays a crucial role in the transaminase 

mechanism, forming Schiff base intermediates with amines (Scheme 1.10). 

Firstly, it reacts with the amino group of a lysine residue in the active site 

to form an internal aldimine (step 1). The amino group of the amine donor 

displaces the lysine residue forming an external aldimine (step 2), which is 

stabilized by multiple non-covalent interactions. Subsequent hydrolysis 

leads to the formation of a ketone and pyridoxamine phosphate (PMP), 

completing the first half of the TA reaction (step 3).[118,119] The second half 

(steps 4 and 5) follows the same route in a reverse way.[119] 
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Scheme 1.10. A proposed mechanism of an ATA reaction.[119] 

The stereoselectivity is decided during step 4, which is more thoroughly 

described in Scheme 1.11. The free electron pair of the amino group (shown 

in blue) of PMP attacks the electrophilic carbon of the ketone (shown in 

red) to afford an intermediate amino-alcohol. Subsequent proton transfer 

from the amino to the hydroxyl group, leads to an imine and release of a 
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water molecule. Intramolecular proton transfer is mediated by a key lysine 

residue in the active site, and is directed by the small and large pocket of 

the active site as well as the size of the R2 and R3 groups. The imine formed 

is then released as a chiral amine, during step 5 described in Scheme 1.10. 

 

Scheme 1.11. A detailed description of step 4, which defines the 

stereoselectivity in the TA reaction.  

1.4.3 Applications and challenges 

There are three distinct pathways for the production of enantiomerically 

pure amines utilizing TAs; a) kinetic resolution, b) deracemization and c) 

asymmetric synthesis (Scheme 1.12).[120] 

     

 

Scheme 1.12. Chiral amine synthesis utilizing ATA via a) kinetic resolution, 

b) deracemization or c) asymmetric synthesis.[120] 
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a) Kinetic resolution 

In kinetic resolution, racemic mixtures of amines can be turned into 

optically pure amines with a theoretical yield of 50%. However, ketones 

present in the reaction solution inhibit the ATA hence prohibiting its use in 

higher concentrations.[121–123] In order to overcome this limitation, 

researchers either utilize a biphasic system or engineer the TA to tolerate 

higher concentrations of the ketone substrate. Kim et al. 2005 successfully 

engineered the ω-TA from Vibrio fluvialis JS17 to tolerate aliphatic ketones. 

The new mutant was able to resolve up to 150 mM 2-aminoheptane to (R)-

2-aminoheptane with 50% conversion and >99 ee (Scheme 1.13).[123] 

 

Scheme 1.13. Conversion of 2-aminoheptane to (R)-2-aminoheptane with 

kinetic resolution.[123] 

b) Deracemization 

There are two possible approaches for deracemization, both with 100% 

theoretical yield.  

I) Dynamic kinetic resolution (DKR) is similar to kinetic resolution 

with the difference that the two enantiomers of the starting 

material exist in equilibrium.[124] In 2009, Kroutil and co-workers 

were the first to report DKR with ω-TAs for the production of 

(R)- and (S)-4-phenylpyrrolidin-2-one with >99% conversion and 

up to 65% ee, shown in Scheme 1.14a.[124]  
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II) A two-step one-pot process employs two ATAs of opposite 

enantioselectivity, stoichiometric amount of pyruvate, D- and L-

alanine and a ketone substrate for the production of optically 

pure amines.[14,125] Koszelewski et al. 2009, have described the 

synthesis of (R)- and (S)-mexiletine in enantiomerically pure 

form, utilizing  ω-TAs of opposite stereoselectivity (Scheme 

1.14b).[120,125] As shown in Scheme 1.14b, mexiletine is initially 

deracemized from an (R)-ATA in the presence of pyruvate, to 

afford D-alanine, (S)-mexiletine and its corresponding ketone. 

The reaction is driven forward from a D-amino acid oxidase (D-

AAO), which converts D-alanine to pyruvate in the presence of 

water and molecular oxygen. During a second transaminase 

step, an (S)-ATA converts the intermediate ketone to (S)-

mexiletine in the presence of L-alanine.  
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Scheme 1.14. a) An ATA mediated DKP for the synthesis of (R)-4-

phenylpyrrlidin-2-one with 65% ee,[124] b) Deracemization of mexiletine in a 

two-step one-pot method.[125] 

c) Asymmetric synthesis 

In asymmetric synthesis the amino group of the amine donor is transferred 

to a prochiral ketone affording an optically pure amine with a theoretical 

yield of 100%. However, the unfavorable thermodynamic equilibrium as 

well as the inhibitory effect of the ketone by-product have hampered the 

widespread application of this approach.[120] In order to overcome these 

challenges, researchers came up with the concept of by-product removal, 

which diminishes the inhibition of the enzyme and drives the equilibrium 

forward. 
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In industry, IPA is employed as the amine donor coupled with the in situ 

evaporation of the co-product (acetone), shown in Scheme 1.15a.[61] 

However, IPA is poorly accepted by most ATAs thus requiring higher 

concentrations or protein engineering to achieve greater conversions. 

In academic laboratories, L-alanine is commonly used as an amine donor 

with a coupled enzymatic system for the elimination of the co-product 

(pyruvate), shown in Scheme 1.15b. Lactate dehydrogenase (LDH) is 

employed for the conversion of pyruvate to lactate. Stoichiometric 

amounts of NADH used are recycled from the degradation of glucose from 

glucose dehydrogenase.[16,126] Alternatively, pyruvate can be 

decarboxylated by pyruvate decarboxylase (PDC), which does not require 

expensive NAD(P)H co-factors.[16,127] Lastly, acetolactate synthase (ALS) is 

employed to produce acetolactate from two molecules of pyruvate. [128] 

This co-product spontaneously decomposes to 3-hydroxybutan-2-one (also 

known as acetoin) and CO2.[129] 
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Scheme 1.15. The reaction equilibrium of an ATA reaction is displaced by 

utilizing either a) IPA as an amine donor and subsequently evaporating the 

acetone formed or b) L-alanine coupled with an enzymatic system for the 

elimination of pyruvate. 

Required protein engineering or coupled enzymatic systems, utilizing 

NAD(P)H co-factor, increase the total cost of an ATA reaction. Recently, a 

novel process utilizing diamines as ‘smart' amine donors was 

developed.[130] In 2013, O’Reilly and co-workers identified o-

xylylenediamine as the first ‘smart’ amine donor, which led to complete 

conversion of a series of ketone substrates with only 1-1.5 equivalent. The 

aldehyde by-product undergoes intramolecular cyclization affording the 

corresponding imine, which spontaneously tautomerizes to the more 

stable aromatic isoindole. Subsequent polymerization affords a colored 

precipitate that effectively drives the equilibrium forward (Scheme 

1.16).[130]  

In this study, O’Reilly and coworkers used a commercial ATA for the 

conversion of the model ketone substrate (4-fluorophenyl)acetone with 
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the diamine and compared it to IPA and L-alanine. The latter gave poor 

results despite the use of up to 100 equivalents. The introduction of a 

pyruvate removal system slightly increased the conversion to 21%, which 

still remains modest when compared to the >99% conversion achieved with 

1-1.5 equivalents of o-xylylendiamine (Scheme 1.16). In this reaction, a 

coloured precipitate is formed as a co-product (not characterized), which is 

removed via centrifugation. [130] 

 

Scheme 1.16. A selected example of an ATA reaction utilizing o-

xylylenediamine as amine donor.[130] 

In a more recent study from the O’Reilly group, cadaverine (or 1,5-

diaminopentane, 1,5-DAP) was identified as a ‘smart’ amine donor with a 

commercial ATA. This diamine is driving the equilibrium of an ATA reaction 

in a similar way.[131] The amino-aldehyde by-product formed, spontaneous 

cyclizes and trimerizes in a pH-dependent fashion, as shown in Scheme 

1.17.[131] 

 

Scheme 1.17. A selected example of an ATA reaction utilizing cadaverine as 

amine donor.[131] 
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The use of o-xylylendiamine and cadaverine as amine donors paved the way 

towards the development of the novel approach of ‘smart’ amine donors, 

as a cost-effective mean to overcome the challenging ATA equilibrium. 

1.5 Overall aims and objections 

The overall aim of this thesis is the development of new methodologies for 

the asymmetric synthesis of chiral amines from transaminases utilizing 

‘smart’ amine donors. More specifically, this work aims to: 

• Understand the potential of these donors in high-throughput screen 

and scale-up applications 

• Explore whole-cell system alternatives for improved performance of 

ATA reactions 
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2: Application of smart amine donors for the 

production and commercialization of chiral 

amines 

The research described in this chapter has been published: A. Gomm+, S. 

Grigoriou+, C. Peel, J. Ryan, N. Mujtaba, T. Clarke, E. Kulcinskaja, E. O'Reilly 

Eur. J. Org. Chem. 2018, 2018, 5282-5284. 

+: Shared first author 

2.1 Introduction 

 ‘Smart’ amine donors were only recently discovered, and their potential 

has yet to be fully explored.  Green et al. 2014, reported o-xylylenediamine 

as a possible candidate for a high-throughput (HTP) colorimetric screening 

method to detect desired ATA activity. The colored precipitate, formed as 

a co-product following transamination (see section: 1.4.3), can be exploited 

to explore the carbonyl substrate scope of ATA enzymes. Importantly, it can 

be successfully employed on a small scale (100-200 uL), thus reducing the 

total costs. However, this screen is not quantitative due to the strong 

background of the black precipitate.[130] In 2017, Guo and Berglund 

described different HTS for ATAs,[132] including the use of 2-(4-

nitrophenyl)ethan-1-amine[133] or alanine[134] as alternatives to o-

xylylenediamine screen.  The former is not well accepted by ATAs, affording 

low conversions and is limited to aldehyde substrates,[133] while the latter 

requires a coupled enzymatic system and a pH indicator dye that increases 

the operating cost.[134] An essential requirement to all screens is the 

acceptance of the amine donor from the ATA, which was taken advantage 

in the study presented herein. 

Of particular interest to our group are the ‘smart’ amine donors and ATAs 

that accept those donors. Information extracted from the o-

xylylenediamine screen is unique, because it is directly linked to ‘smart’ 
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amine donors and reveals the ketone/aldehyde substrates that are 

transaminated in the presence of such donors. 

2.2 Aims and Objectives 

The aim of this chapter is the development of a facile route for chiral amine 

synthesis utilizing commercially available transaminases in combination 

with ‘smart’ amine donors. More specifically, this work aims to: 

• Explore the potential of an o-xylylenediamine high-throughput 

screen 

• Investigate inexpensive ‘smart’ amine donor alternatives 

• Produce and commercialize valuable chemicals 

2.3 Substrate screen of ATA256 

Commercially available ATA256 from Codexis was used in this work. This 

ATA has been heavily engineered to tolerate higher temperatures and 

DMSO concentration.[135,136] In past and recent years, the research 

community has employed this ATA for the production of chiral 

amines.[137,138] Recently reports demonstrated that ATA256 accepts o-

xylylendiamine[130] and cadaverine,[131] and hence was selected as a good 

starting point to expand the application of ‘smart’ amine donors. The 

carbonyl substrate scope of ATA256 was explored by screening a library of 

400 compounds, which were kindly provided by Key Organics. The library 

contained both aldehydes and ketones with diverse structures including 

aliphatic, aromatic, polyaromatic and cyclic scaffolds and a wide range of 

functional group substitutions.[139] The initial colorimetric HTS utilizing o-

xylylenediamine was carried out in 96-well plates.  The formation of a dark 

precipitate was observed after 1 and 24 hours allowing the qualitative 

determination of ATA activity, as shown for a representable example in 

Figure 2.1. Wells of light green colour correspond to unreacted 

ketone/aldehyde substrates, whereas fading dark orange is linked to 

negligible formation of black precipitate, thus indicating poor conversions 
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(<1%). All dark wells indicate precipitation and thus treated as positive 

results. This screen is extremely sensitive but not quantitative, as both 5% 

and 90% conversions would give the same colour. However, it can be used 

at an early stage, as described herein, to rapidly identify potential 

substrates and reduce the numbers of subsequent biotransformations. 

 

Figure 2.1.  Representative 96-well plate showing the application of the o-

xylylenediamine screen with ATA256, for the identification of ketones and 

aldehyde substrates. Pictures after 24h. 

Analysis of the compounds that gave an intense coloured read-out revealed 

a trend in the substrate specificity of the ATA256. As illustrated in figure 

2.2, the molecular weight and calculated volume were compared.[140] The 

results revealed a preference towards small molecules (up to 200 Da), 

which can be attributed to the nature of the active site of the 

transaminase.[108] The inevitable increase of volume that comes with higher 

molecular weight, potentially lead to compounds that are unable to fit into 

the active site pocket of the enzyme, thus explaining the loss of activity 

observed for larger molecules.   
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Figure 2.2. Plot of molecular weight vs calculated volume of carbonyl-

substrates. The blue dots correspond to compounds that afforded a colored 

precipitate, while for the green dots no precipitate was observed. 

Some compounds of small molecular weight and volume gave negative 

response (Figure 2.3). These molecules either consist of bulky substitutes 

(such as cyclopropane) on both sides of the carbonyl group, which restrict 

their access to the active site,[108] or contain functional groups that 

complicate the ATA reaction. For example, trifluoromethylketones have 

been reported to inhibit enzymes, such as lipases, by forming a stable 

intermediate through covalent bonding with key residues in the active 

site.[141] 
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Figure 2.3. Examples of small molecules with negative response 

Owing to the rapid results of the screen, the number of potential substrates 

was halved (204 out of 400 gave positive result). After consulting Key 

Organics, the upscaling of the biocatalytic reaction of 13 compounds was 

further investigated, based on the commercial interest of the 

corresponding amine. Some of the products were either not commercially 

available, were extremely expensive or required complicated traditional 

chemical synthesis.[142–149] 

In an effort to reduce the downstream cost for preparative scale reactions, 

the ‘smart’ amine donor o-xylylenediamine was replaced with cadaverine, 

which drives the equilibrium forward in a similar way (see section 1.4.3).[131] 

Analytical scale biotransformations were conducted on the selected 13 

compounds utilizing 1 or 3 equiv. of cadaverine and the conversion was 

measured via GC-FID (see section 2.6.5). For comparison, the well-

established amine donor IPA was tested under the same reaction 

conditions. As shown in Figure 2.4, cadaverine outperformed IPA in almost 

every experiment. Significantly, only 3 equiv. of cadaverine were required 

to achieve 98% conversion of the challenging ketone 1 to the corresponding 

chiral amine. On the other hand, IPA afforded a moderate conversion of 

70% under the same conditions. Poor performance of compounds 3, 4, 5, 7 

and 9 with both donors is indicative of complications due to the electronic 

effects of functional groups adjacent to the carbonyl moiety. Despite the 

promising results demonstrated for compound 6, preliminary tests showed 
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complications with downstream purification procedures, as the product 

was degrading during purification.  

 

 

 

Figure 2.4. Conversions (n=3, std <1%) of compounds 1-9 (20 mM) to their 

corresponding amines, utilizing 1 or 3 equiv. amine donor, cadaverine (light 

and dark blue, respectively) or IPA (beige and red, respectively), ATA256 (2.5 

mg/mL) and PLP (1 mM) on analytical scale. Conversions were measured as 

described in section 2.6.5. 

Altogether, these findings contributed to selecting cadaverine as the 

sacrificial amine donor for the transamination of ketones 1 and 8 on a 

preparative scale. 
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2.4 Asymmetric amine synthesis using compounds 1  

and 8 

Solvent DMSO could complicate downstream purification procedures on a 

preparative scale and hence an alternative solvent was sought to replace it. 

Initially, different co-solvents were tested, to identify a suitable alternative. 

The majority of the solvents afforded similar conversions to DMSO for all 

ketones. A significant drop of 20% was observed for acetonitrile and THF 

with compound 10, whereas 10% loss was reported when DMF or PEG was 

utilized. The two most promising co-solvents were methanol and ethanol, 

which gave similar conversions to DMSO (Table 2.1). On the contrary, 

acetone gave poor results indicating severe inhibition of the ATA. 
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Table 2.1. Conversions (n=3, std <1%) of compounds 1 and 8 (20 mM added 

as 10% from a 200 mM stock dissolved in the co-solvent tested) into the 

corresponding amine using ATA256 (2.5 mg/mL), PLP (1 mM) and 1,5-DAP 

(3 eq) at 30°C, 200 rpm for 48h. Conversions were measured as described in 

section 2.6.5. 

 
Solvent Conversion of ketone 

1 8 

DMSO >99% 75% 

Methanol >99% 81% 

Ethanol >99% 79% 

Acetonitrile 97% 76% 

THF >99 78% 

DMF 96% 41% 

Acetone 10% n.d. 

PEG >99% 77% 

 

Subsequently, experiments were carried out to identify the maximum 

substrate concentration tolerated by ATA256 maintaining high conversions. 

ATA256 could tolerate concentrations as high as 100 mM with little to no 
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impact on the conversion of ketone 8 (Table 2.2). High concentrations of 

ketone 1 inhibited ATA256, as the conversion dropped sharply from 98% to 

60%, when increasing from 20 mM to 50 mM of ketone and reached as low 

as 30%, when 100 mM of ketone 1 were used (Table 2.2). 

Table 2.2. Conversions (n=3, std <1%) of different concentrations of 

compounds 1 and 8 to the corresponding amine using ATA256 (2.5 mg/m), 

PLP (1 mM) and 1,5-DAP (3 eq) 30°C, 200 rpm for 48h. Conversions were 

measured as described in section 2.6.5.  

 
Ketone Conversion at ketone conc. 

20 mM 50 mM 100 mM 

1 98% 61% 30% 

8 99% 99% 96% 

 

Preparative biotransformations were carried out utilizing ATA256 (2.5 

mg/mL) rehydrated in 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) buffer (pH 10.9).[131] The unusually high pH has been previously 

shown to contribute to higher conversions with cadaverine. As previously 

mentioned (see section 1.4.3), transamination of cadaverine affords a co-

product, which trimerizes in a pH dependent way. The trimer was reported 
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stable in higher pHs (10.9), thus driving the equilibrium forward. 

Preliminary results on preparative scale showed a significant decrease in 

conversion (60%) of compound 8 with methanol as solvent. Complete 

conversion was observed when this was replaced with DMSO, but only 

moderate isolated yield (49%) was observed. The purification step with 

column chromatography was compromised due to the presence of DMSO.  

Reaction of compound 1 was scaled-up to a concentration of 20 mM with 

10% methanol as co-solvent leading to complete conversion and 70% 

isolated yields (Table 2.3). Conversions of all biotransformations were 

analyzed via GC-FID equipped with a chiral column. The purity of the 

products, determined by LC-MS, met the required standards and therefore 

were made commercially available through Key Organics. 

Table 2.3. Conversions (n=3, std <1%) and yields of scale-ups of compounds 

1 and 8. Conversion were measured as described in section 2.6.5. 

 
Ketone Operating 

concentration 
Conversion Yield 

1 20 mM 98% 70% 

8 + MeOH 100 mM 60% N/A 

8 + DMSO 100 mM 96% 49% 

          N/A: Not Available 

As already mentioned, these products (10, 17) were either not 

commercially available, were too expensive or were difficult to synthesize 
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using traditional chemical routes, thus an approach was required to verify 

the stereoselectivity retrospectively. Hoye et al. 2007, have reported a 

delicate method for the determination of absolute configuration by 

analyzing the Mosher esters,[150] which can also be applied to Mosher 

amides for this case. Relevant Mosher amides were synthesized by reacting 

the chiral amines (10, 17) with both the (S)- and (R)-enantiomers of the 

Mosher acid chlorides in dichloromethane (DCM) overnight (Scheme 2.1).  

 

Scheme 2.1. Reaction of the chiral amines (10 and 17) with the Mosher acid 

chlorides in DCM at r.t. overnight. 

Reactions were monitored with thin layer chromatography (TLC) and only 

one new spot was detected. The new compounds were isolated and fully 

characterized. A single peak was observed in the 19F-NMR for each 

individual new compound, as shown for a representative example in Figure 

2.5.  These results show that the spot on the TLC corresponds to a single 

stereoisomer, thus indicating that both starting materials, amine and 

Mosher acid chloride, were optically pure. 
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Figure 2.5. 19F-NMR of compound 21. 

In order to identify the absolute configuration of the chiral amines, 1H-NMR 

of the corresponding (S)- and (R)-Mosher amides were compared. It is 

known that aryl groups, such as the phenyl ring of the Mosher moiety, 

impose an anisotropic, magnetic shielding effect on protons above or below 

the ring.[151,152] This leads to those protons appearing upfield (lower ppm) 

on the 1H-NMR spectra.[151,152] Inspection of the 1H-NMR of the Mosher 

amides, would reveal the protons (of one stereogenic centre) residing in 

close proximity to the phenyl ring (of the other stereogenic centre). These 

protons will be shielded and upfield in the spectra. As an example, the 

corresponding Mosher amides of compound 17 are discussed. Compounds 

(S,R)-21 (shown in blue) and (S,S)–22 (shown in red) were synthesized with 

reacting 17 with the (S)- and (R)-Mosher acid chlorides, respectively (Figure 

2.6). Analysis of the two spectra showed that protons (1.0-1.25 ppm) of the 

methyl group adjacent to the amide group are upfield for compound (S,R)-

21, indicating the shielding effect from the Mosher phenyl ring.  The same 
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effect is observed for the proton (2.5-3.0 ppm) in α-position of the amide 

group for compound (S,S)-22, thus verifying the absolute configuration of 

these molecules.  

 

 
Figure 2.6. Aligned 1H-NMR spectrum of Mosher amides (S,R)-21 in blue and (S,S)-

22 in red. 

2.5 Conclusion 

This study provides a facile route for the synthesis of chiral amines utilizing 

the commercially available ATA256 and ‘smart’ amine donors, o-

xylylenediamine and cadaverine. The potential of o-xylylenediamine as a 

HTS donor to unveil the carbonyl substrate scope of the commercially 

available ATA256 was demonstarted. The colored precipitate is indicative 

of ATA activity, assisting in the identification of reactive amino acceptors. A 

general trend towards smaller carbonyl substrates is described for the 
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ATA256. However, the screen is not quantitative and further optimization 

would broaden its application.  

Also, the application of cadaverine, a less expensive ‘smart’ amine donor, 

for a cost-effective production of chiral amines 10 and 17 was 

demonstrated. The stereoselectivity was assigned retrospectively with the 

Mosher esters approach and the final products (10 and 17) became 

commercially available. Commercial reagents and biocatalyst were used in 

this work, making this approach readily available to the general research 

community. 

2.6 Experimental 

2.6.1 General Methods and Materials 

General: NMR spectra were recorded on a JEOL ECS 400 NMR spectrometer 

(1H 400 MHz, and 13C 100 MHz). The chemical shifts were recorded in ppm 

with the residual CHCl3 signal referenced to 7.26 ppm and 77.00 ppm for 1H 

and 13C respectively. Coupling constants (J) are reported in Hz, are 

corrected and refer to the apparent peak multiplicities. Thin layer 

chromatography was performed on Alfa Aesar silica gel 60 F254 plates. 

Flash column chromatography was performed on silica gel (60 Å, 230-400 

mesh). GC-MS spectra were recorded on a HP 5973, HP-5MS (30 m  0.25 

mm  0.25 μm), Helium carrier gas, flow 1 mL/min. Infrared spectra were 

recorded using a Thermo Nicolet 380 FT-IR. GC-FID analysis was performed 

on Agilent 6850 equipped with a CP CHIRASIL-DEX CB (25 m  0.25 mm) DF 

= 0.25 column. HPLC analysis was performed on an Agilent 1100 series 

equipped with a Lux Amylose-1 chiral column from Phenomenex. All 

racemic standards were prepared by mixing equimolar quantities of 

enantiomerically pure biotransformation products. 
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Materials: Commercially available reagents, purchased from Sigma Aldrich 

or Acros, were used throughout without further purification. Anhydrous 

THF, CH2Cl2, diethyl ether and toluene were obtained from a Pure Solvent 

apparatus. Commercially available transaminases, ATA113 and ATA117 

were purchased from Codexis in the form of lyophilised cell extract. All 

biotransformations were carried out in HEPES buffer (100 mM, pH 10.9) at 

30°C. 

2.6.2 High-throughput screening  

Commercially available Codexis® (S)-selective ATA 256 (2.5 mg/mL) was 

rehydrated in HEPES buffer (200 μL, 100 mM, pH 7) containing PLP (1 mM) 

and o-xylylenediamine (5 mM from a 500 mM stock in HEPES buffer). To 

this was added the ketone substrate (5 mM from a 500 mM stock in DMSO). 

The reaction mixture was incubated at 30°C, 200 rpm in a shaking incubator 

and color formation was observed after 24 and 48 hours. 

2.6.3 Analytical scale biotransformations of ketones 1-9 with 
ATA 256 and cadaverine  

Commercially available Codexis® (S)-selective ATA 256 (2.5 mg/mL) was 

rehydrated in HEPES buffer (1 mL, 100 mM, pH 10.9) containing PLP (1 mM) 

and cadaverine (5-300 mM from a 500 mM stock in HEPES buffer). For 

comparison, isopropylamine (20 mM), was tested under the same reaction 

conditions. To this was added the ketone substrate (5-100 mM from a 500 

mM stock in DMSO) and the reaction pH was adjusted to 10.9. The reaction 

mixture was incubated at 30°C, 200 rpm in a shaking incubator. After 48 

hours the reactions were basified (pH 12), extracted with ethylacetate 

(EtOAc) (750 μL), derivatised using 10 μL triethylamine (TEA) and 10 μL 

acetic anhydride (Ac2O) and analysed by GC-FID.  
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2.6.4 GC Method  

Chiral GC analysis was performed on a ThermoFisher 1310 chromatograph 

equipped with a flame ionising detector, an AI 1310 autosampler and a CP-

Chirasil-Dex-CB chiral column (25 m x 0.25 mm x 0.36 mm) using helium as 

a carrier gas. The front inlet temperature was set to 230 °C and the front 

detector was set to 250 °C. Split flow was set to 170 mL/ min and the helium 

gas was set to a constant flow of 1.7 mL/min GC-FID temperature program 

for all compounds was the following; 40 °C hold for 2 minutes followed by 

20 °C/min temperature rise to 150 °C and then a hold for 5 minutes 

followed by a 30°C/min temperature rise to 225 °C and a further hold for 8 

minutes. 

2.6.5 Measurement of conversion 

Conversions were measured by comparing the relative areas between the 

peak of the starting material and a newly formed peak, which is present in 

the reaction mixture but not in the negative control. The negative control 

is the same reaction but without the addition of the enzyme. The total of 

peak areas is assumed to represent all molecules in the system and the 

conversion is calculated as follows: 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % =
𝐴

𝐴 + 𝐵
∗ 100 

A: peak area of the product (equals to moles of product produced) 

B: peak area of the starting material (equals to remaining moles of the 

starting material) 

Additional peaks of solvent, triethylamine and acetic anhydrate are also 

present, but are not incorporated in the calculation, as they are added in 

excess. 
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2.6.6 Analytical scale biotransformations of ketone 1 and 8 with 

ATA256 and cadaverine using various co-solvents  

Commercially available (S)-selective ATA 256 (2.5 mg/mL) was rehydrated 

in HEPES buffer (1 mL, 100 mM, pH 10.9) containing PLP (1 mM) and 

cadaverine (60 mM from a 500 mM stock in HEPES buffer). To this was 

added the ketone substrate (20 mM from a 200 mM stock in co-solvent 

tested) and the reaction pH was adjusted to 10.9. The reaction mixture was 

incubated at 30°C, 200 rpm in a shaking incubator. After 48 hours the 

reactions were basified (pH 12), extracted with EtOAc (750 μL), derivatised 

with 10 μL triethylamine and 10 μL acetic anhydride and analysed by GC-

FID.  
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2.6.7 Preparative scale biotransformations of compounds 10, 17  

10. (S)-1-(2-methoxyphenyl)ethan-1-amine[133]  

Commercially available (S)-selective ATA 256 (2.5 

mg/mL) was rehydrated in HEPES buffer (3x10 mL, 100 

mM, pH 10.9) containing PLP (1 mM) and cadaverine (60 

mM). To this was added 4-methoxyphenylacetone 1 (20 

mM dissolved in 5% methanol) and the mixture was incubated at 30° C for 

48 hours in a shaking incubator (200 rpm). The pH of the mixture was then 

adjusted to 2 and extracted with ethyl acetate (10 mL). The pH of the 

aqueous phase was then adjusted to 14 and extracted with ethyl acetate (6 

x 10 mL). The combined organic fractions were dried over magnesium 

sulphate and the solvent was removed in vacuo; the crude product was 

purified by column chromatography using flash silica gel (eluent: 100% 

DCM) to afford the product (63 mg, 70%) as a white solid. 1H NMR (400 

MHz, CDCl3) δ 7.33 (dd, J = 7.5, 1.7 Hz, 1H), 7.21 (ddd, J = 8.2, 7.5, 1.7 Hz, 

1H), 6.94 (td, J = 7.5, 1.1 Hz, 1H), 6.87 (dd, J = 8.2, 1.1 Hz, 1H), 4.36 (q, J = 

6.7 Hz, 1H), 3.85 (s, 3H), 1.40 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ 156.9, 127.8, 125.9, 120.8, 110.6, 110.1, 55.4, 46.2, 23.3. MS (EI) m/z: 

Calculated C9H14NO+ [M+H]+ 152.0997; found 152.1076. Spectra in 

accordance with literature values.[133]  

17. (S)-1-(4-methoxyphenyl)propan-2-amine hydrochloride[153]  

Commercially available (S)-selective ATA256 

(2.5 mg/mL) was rehydrated in HEPES buffer 

(5 x 10 mL, 100 mM, pH 10.9) containing PLP 

(1 mM) and cadaverine (150 mM). To this was 

added 4-methoxyphenylacetone 8 (100 mM dissolved in 5% DMSO) and the 

mixture was incubated at 30° C for 48 hours in a shaking incubator (200 

rpm). The pH of the mixture was then adjusted to 2 and extracted with ethyl 

acetate (30 mL). The pH of the aqueous phase was then adjusted to 14 and 
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extracted with ethyl acetate (6 x 30 mL). The combined organic fractions 

were dried over magnesium sulphate, filtered and the solvent was removed 

in vacuo; the crude product was purified by column chromatography using 

flash silica gel (eluent: DCM:MeOH 9:1) to afford the product (200 mg, 49%) 

as a white solid. This was re-dissolved in 15 mL of anhydrous 

tetrahydrofuran (THF) and HCl (4N in diethyl ether) was added dropwise 

until no more precipitate was formed. The residual solvent was removed ex 

vacuo to afford the final product (2S)-1-(4- methoxyphenyl)propan-2-amine 

as the hydrochloride salt (162 mg, 39%) as a white solid. 1H NMR (400 MHz, 

D2O) δ 7.35 – 7.19 (m, 2H), 7.09 – 6.92 (m, 2H), 3.84 (s, 3H), 3.60 (m, 1H), 

2.90 (m, 2H), 1.31 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, D2O) δ 158.0, 130.6, 

128.6, 114.4, 55.4, 49.2, 39.2, 17.4. MS (EI) m/z: Calculated C10H16NO+ 

[M+H]+ 166.0764; found 166.0732. Spectra in accordance with literature 

values.[153] 

2.6.8 Standard procedure for derivatizing free amines with 

Mosher’s Acid Chloride  

The amine (1 eq) was dissolved in DCM. To this were added triethylamine 

(3 eq) and (S)- or (R)-(+)-α-methoxy-α-trifluoromethylphenylacetyl chloride 

(2 eq) and the reaction was stirred at room temperature overnight. Upon 

completion, the reaction was quenched with H2O and extracted three times 

with DCM. The organic phases were combined, dried over MgSO4 and the 

solvent was removed in vacuo. The crude was then purified via column 

chromatography to afford pure final product, which was analyzed via NMR 

and MS. 
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19. (S)-3,3,3-trifluoro-2-methoxy-N-((S)-1-(2-methoxyphenyl)ethyl)-2- 

phenylpropanamide  

White solid (24mg, 25%) 1H NMR (400 MHz, 

CDCl3) δ 7.64 – 7.58 (m, 2H), 7.53 (d, J = 8.9 Hz, 

1H), 7.47 – 7.38 (m, 3H), 7.33 – 7.20 (m, 2H), 7.00 

– 6.87 (m, 2H), 5.34 (m, 1H), 3.86 (s, 3H), 3.42 (m, 

3H), 1.47 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 165.0, 157.2, 133.3, 

130.2, 129.5, 128.8, 128.6, 128.1, 127.8, 123.9 (q, J = 289.8 Hz), 121.0, 

111.1, 84.1 (q, J = 26.2 Hz), 55.3, 55.0, 47.3, 21.1. 19F NMR (376 MHz, CDCl3) 

δ -68.89. IR (ART cm-1) 3459, 2948, 2842, 1687. MS (EI) m/z: calculated 

C19H21F3NO3
+ [M+H]+ 368.1395; found: 368.1375.  

20. (R)-3,3,3-trifluoro-2-methoxy-N-((S)-1-(2-methoxyphenyl)ethyl)-2- 

phenylpropanamide  

White solid (17 mg, 18%) 1H NMR (400 MHz, 

CDCl3) δ 7.54 (d, J = 8.9 Hz, 1H), 7.48 – 7.42 (m, 

2H), 7.38 – 7.24 (m, 4H), 7.19 (dd, J = 7.5, 1.8 Hz, 

1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.87 (dd, J = 8.2, 

1.0 Hz, 1H), 5.32 (m, 1H), 3.76 (s, 3H), 3.47 (m, 3H), 1.53 (d, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 165.1, 157.1, 132.9, 130.1, 129.4, 128.7, 128.4, 

128.2, 127.9, 125.4(q, J = 289.5 Hz), 111.1, 84.2 (q, J = 26.2 Hz), 55.2, 55.0, 

47.5, 21.1. 19F NMR (376 MHz, CDCl3) δ -69.20. IR (ART cm-1) 3419, 2948, 

2842, 1687. MS (EI) m/z: calculated C19H21F3NO3
+ [M+H]+ 368.1395; found 

368.1380.  
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21. (R)-3,3,3-trifluoro-2-methoxy-N-((S)-1-(4-methoxyphenyl)propan-2-

yl)-2- phenylpropanamide  

White solid (28 mg, 49%). 1H NMR (400 

MHz, CDCl3) δ 7.39 – 7.25 (m, 5H), 7.03 – 

6.96 (m, 2H), 6.80 – 6.76 (m, 2H), 6.60 (d, J 

= 8.8 Hz, 1H), 4.33 (m, 1H), 3.79 (s, 3H), 3.31 

(m, 3H), 2.79 – 2.64 (m, 2H), 1.21 (d, J = 6.7 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 165.4, 158.3, 132.4, 130.3, 129.7, 129.3, 128.5, 127.7, 123.9 (q, J = 

289.8 Hz), 113.8, 83.9 (q, J = 26.2 Hz), 55.2, 54.8, 46.3, 41.6, 20.4. 19F NMR 

(376 MHz, CDCl3) δ -69.00. IR (ART cm-1) 3305, 3013, 2839, 1660. MS (EI) 

m/z: calculated C20H23F3NO3
+ [M+H]+ 382.1652, found: 382.1639.  

22. (S)-3,3,3-trifluoro-2-methoxy-N-((S)-1-(4-methoxyphenyl)propan-2-

yl)-2- phenylpropanamide  

White solid (27.4 mg, 49%). 1H NMR (400 

MHz, CDCl3) δ 7.53 – 7.48 (m, 2H), 7.42 – 

7.35 (m, 3H), 7.14 – 7.09 (m, 2H), 6.87 – 6.81 

(m, 2H), 6.55 (d, J = 8.3 Hz, 1H), 4.27 (m, 1H), 

3.79 (s, 3H), 3.26 (m, 3H), 2.82 – 2.68 (m, 2H), 1.14 (d, J = 6.6 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 165.6, 158.5, 133.1, 130.4, 129.7, 129.5, 128.6, 

127.7, 123.9 (q, J = 290.1 Hz), 114.0, 84.1 (q, J = 26.1 Hz), 55.4, 55.0, 46.7, 

41.5, 19.9. 19F NMR (376 MHz, CDCl3) δ -68.71. IR (ART cm-1) 3339, 3013, 

2839, 1660. MS (EI) m/z: calculated C20H23F3NO3
+ [M+H]+ 382.1552, found: 

382.1536. 
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3. Development of a self-sufficient whole-cell 

biocatalyst for chiral amine synthesis 

3.1 Introduction 

The development of bacterial strains producing ‘smart’ amine donors has 

been reported.[154–159] Corynebacterium glutamicum is an organism 

currently used for the industrial production of L-lysine and other amino 

acids on multi-tonne scale.[160] In 2007, Yamada and co-workers developed 

a C. glutamicum strain (named: GRLys1) capable of producing 2.6 g L-1 

cadaverine from L-lysine, by overexpressing lysine decarboxylase (ldcC) 

from E. coli (Figure 3.1a).[156] In 2012, Volker and co-workers engineered C. 

glutamicum ATCC13032 for the production of putrescine,[155] and in 2015, 

they improved their system through metabolic engineering.[1] The new 

strain (named NA6) harbors many mutations in the genome, such as 

deletion of snaA gene encoding a spermi(di)ne N-acetyltransferase, 

allowing the accumulation of the precursor L-ornithine, which is converted 

to putrescine (up to 58 mM) from a recombinant ornithine decarboxylase 

(speC) with a volumetric productivity of 0.21 g L-1 h-1 (Figure 3.1b).[154]  

  

Figure 3.1. Production of a) cadaverine[156] and b) putrescine[154] from 

engineered C. glutamicum strains. 

Kim et al. 2013, utilized C. glutamicum strains for the heterologous 

expression of the branched chain aminotransferase (BCAT) IlvE from E. 
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coli.[161] This is an α-TA that has been previously described in the production 

of non-proteinogenic amino acids, 2-(3-hydroxy-1-adamantyl)-(2S)-amino-

oxoethanoic acid (HAAE) and L-Tle, utilizing E. coli K12 as host cells (Scheme 

3.1). This previous work required the external addition of L-glutamate (L-

glu) donor and a coupled enzymatic system to tackle inhibition from the co-

product leading to 90 mM and 37 mM of HAAE and L-Tle, respectively, when 

aspartate TA (AspTA) was co-expressed. [162]  

 

Scheme 18. Production of HAAE and L-Tle utilizing E. coli cells 

biocatalysts.[162] 

Kim et al. 2017, demonstrated an optimized whole cell system, by swapping 

to C. glutamicum ATCC13032 host cells, which naturally overproduces L-

glutamate[163] and has high tolerance to organic molecules.[164–166] The new 

system, which only requires the heterologous expression of BCAT without 

a coupled enzymatic system or external additives (Scheme 19), afforded up 

to 40 mM and 35 mM of HAAE and L-Tle, respectively.[161]  
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Scheme 19. Production of HAAE and L-Tle utilizing C. glutamicum cell 

biocatalysts.[161] 

This work showcased C. glutamicum as a superior host for whole cell 

biocatalysis and is the only example in the literature describing the 

overexpression of recombinant TA in such bacteria. However, α-TAs only 

accept α-amino and keto acid substrates, thus limiting the application of 

the system. Heterologous expression of ATAs in C. glutamicum would 

provide access to a broader range of high-value chemicals and enhance its 

application.    

3.2 Aims and objectives 

The aim of this chapter is to develop a whole cell biocatalyst capable of the 

in situ production of the target transaminase and of a suitable ‘smart’ 

amine donor, allowing the synthesis of high-value chiral products, starting 

from inexpensive starting materials. More specifically, this work aims to: 

• Identify ATAs capable of accepting ‘smart’ amine donors 

• Explore engineered strains producing ‘smart’ amine donors 

• Investigate ATA expression in engineered strains 

• Evaluate the efficiency of the whole cell system in converting ketone 

substrates 
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3.3 Identification of ATAs accepting the smart amine 

donors 

A selection of ATAs, consisting of the (R)-selective ATAs from Aspergillus 

oryzae (AspOry),[114] Aspergillus fumigatus (AspFum),[167,168] 

Mycobacterium vanbaalenii (MycVan),[168] Neosartoria fischeri 

(NeoFis)[167,168] and the (S)-selective from Chromobacterium violaceum 

(ChrVio),[169–172] Vibrio fluvialis (VibFlu),[172–175] Silicibacter pomeroyi 

(referred by its Protein Data Bank code: 3HMU)[167,176] and Rhodobacter 

sphaeroides KD131 (referred by its Protein Data Bank code: 3I5T),[167,176] 

was successfully expressed in E. coli BL21 (DE3) using isopropyl β-D-1-

thiogalactopyranoside (IPTG) or rhamnose induced system, depending on 

the plasmid (see section 3.8.8.1). Individual cultures expressing one of the 

above ATAs were pelleted with centrifugation and the cells were sonicated 

to afford a clarified extract, which was analyzed via sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) as described in section 

3.8.10 (Figure 3.2a). Intense bands were observed at 50 kDa and 37 kDa, for 

the (S)- and (R)-selective, respectively, except for the AspOry ATA, where 

no intense band was detected. The activity of the clarified crude extracts 

was estimated utilizing the acetophenone assay (see section 3.8.11), where 

methylbenzylamine is used as amine donor and the formation of 

acetophenone is followed by the increase in absorbance at 245 nm (Figure 

3.2b). [177] A more detailed explanation on how the activity is measured 

through the acetophenone assay is described in the Appendix A.2.1. 
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Figure 3.2. A sample a) SDS-PAGE of clarified crude extracts of ATAs from E. 

coli and b) graph of the acetophenone assay for 3HMU. 

ATAs (as clarified extracts) were screened against a panel of ‘smart’ amine 

donors (see section 3.8.13.1) utilizing 4-phenyl-2-butanone (23) as a model 

ketone substrate, in a ratio 1:1 (Figure 3.3), and the conversions were 

measured on GC-FID as previously described (see section 2.6.5). This ketone 

comprises a methyl substituent on one side of the carbonyl and an aliphatic 

chain with a bulky phenyl ring on the other side, and was expected to 

represent a suitable substrate for the active site of the ATA.[178] As shown 

in Figure 3.3, there was no detected ATA activity for any of the (R)-selective 

ATAs. AspOry was not tested, as it was found inactive. The majority of the 
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(S)-selective ATAs gave poor conversions. A moderate conversion of 20% 

was observed for 3HMU.  

 

 

  

Figure 3.3. Reaction scheme and conversions (n=3, error bars show std) of 

23 to its corresponding chiral amine utilizing clarified extract of (R)- or (S)-

selective ATAs. Conversions are measured as previously described in section 

2.6.5. 
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3.3.1 Investigation of the carbonyl substrate of 3HMU 

Following these findings, 3HMU was expressed in E. coli in 100-200 mL 

cultures (see section 3.8.8.1) and its clarified extract was collected for 

subsequent experiments. 3HMU was screened against different smart 

amine donors utilizing two more ketone substrates (see section 3.8.13.1). 

Acetophenone (25) is an interesting and challenging substrate, because the 

ATA reaction equilibria is displaced towards the ketone. Compound 25 is 

more thermodynamically stable than its corresponding amine, due to the 

conjugation of the carbonyl group with the aromatic ring. The less 

challenging substrate 1-phenyl-1,4-pentanedione (27) was also tested. This 

substrate is particularly interesting, because the amine formed upon 

transamination spontaneous cyclizes to afford an imine, thus driving the 

equilibrium forward. [179] As shown in Table 3.1, 3HMU performed well with 

27, achieving conversions of up to 75%, when cadaverine or o-

xylylenediamine were used as co-substrates. On the other hand, there was 

no detectable conversion of 25, regardless of the amine donor used. For 

comparison the widely used amine donors L-alanine and IPA were tested 

under the same conditions, without a coupled system for co-product 

removal. L-lysine was also tested as a potential ‘smart’ amine donor, which 

has not been previously explored, to the best of our knowledge. As shown 

in Table 3.1, L-lysine outperformed L-alanine, affording 18% conversion of 

27, which can be attributed to the cyclization of the co-product 

formed.[180,181] To the best of our knowledge, these results are the first 

evidences ever reported, showing L-lysine as a sacrificial amine donor for 

an ATA reaction. On the other hand, the industrial amine donor, IPA, 

outperformed both amino acids, achieving 70% conversion of 27 under the 

same reaction conditions. IPA gave comparable results to the ‘smart’ amine 

donors for all ketone substrates tested. These findings indicate that 3HMU 

can afford good conversions with low concentrations of IPA, showcasing 

the industrial relevance of this ATA.  
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Table 3.1. Reaction scheme and conversions (from triplicated, n=3, std <1%) 

of 23, 25 and 27 to their corresponding chiral amines utilizing clarified crude 

extract of 3HMU (2 mg mL-1) and 1 equiv amine donor. Co-products are also 

shown. Conversions were measured as previously described in section 2.6.5. 

 

 

Ketone 

Conversion 

Putr. Cadav. 
o-xylylene-

diamine 
IPA L-alanine L-lysine 

23 19% 21% 20% 19% n.d. n.d. 

25 n.d. n.d. n.d. n.d. n.d. n.d. 

27 72% 75% 74% 71% 12% 18% 

n.d.: not detected 
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3.3.2 Transamination with bacterial supply of ‘smart’ amine 

donor 

Further investigation of the transamination of 27 with 3HMU was 

underway, utilizing conditioned medium from C. glutamicum strains 

engineered to over-produce putrescine[155] and cadaverine.[156] For this 

experiment, His-tagged 3HMU ATA was expressed in E. coli BL21 (see 

section 3.8.8.1) and purified via nickel affinity chromatography on Akta (see 

section 3.8.9). Fragments were collected and concentrated via 

centrifugation, and the purity was examined on SDS-PAGE as shown in 

figure 3.4 (and described in section 3.8.10). 

 

Figure 3.4. SDS-PAGE analysis of different dilution of purified extract of 

3HMU. M: molecular marker, 1-4: 2, 4, 6 or 8 μL of purified extract of 3HMU, 

respectively. 

A fraction of the purified extract was then used for the biotransformation 

of ketone 27 in conditioned medium from the C. glutamicum cultures (see 

section 3.8.13.2). As shown in Table 3.2, complete conversion was 

observed, when two-day (2d) mature culture of the cadaverine-producing 

strain GRLys1 was used, which is double compared to a one-day (1d) 

mature culture of the same strain. On the other hand, the conversions 

remained at 80% for both one-day and two-day mature culture of the 

putrescine producing strain NA6. Significant conversion (14%) was 

observed with the wild type (WT) C. glutamicum ATCC 13032, which can be 

attributed to the accumulation of L-lysine that naturally occurs in this 
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organism.[160] Previous results have already shown that 3HMU accepts L-

lysine to a certain extent, thus providing a likely explanation for these 

results. These findings indicate that sufficient ‘smart’ amine donor is 

produced from the engineered strains and demonstrate that C. glutamicum 

NA6 and GRLys1 strains can be exploited as hosts for the development of a 

self-sufficient whole cell system mediating ATA reaction. 

Table 3.2.  Conversion (n=3, std <1%) of 27 to its corresponding chiral amine, 

utilizing purified extract of 3HMU (1 mg/mL) in conditioned culture medium 

(WT, NA6 or GRLys1). Conversions were measured as previously described 

in section 2.6.5. 

 

C. glutamicum 
culture 

Conversion using medium from 
culture after incubating for 

1d 2d 

Wild type 15% 15% 

NA6 81% 83% 

GRLys 55% 98% 

 

3.4 Expression of 3HMU in C. glutamicum strains 

The C. glutamicum strains already harbour a vector and thus the compatible 

shuttle vector, pEKEx3,[182,183] was chosen for ATA expression. The 3HMU 

insert was amplified from its plasmid utilizing the SG1_F and SG2_R primer 

pair via PCR and successfully cloned into the shuttle vector, pEKEx3,[182,183] 
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which was transformed in E. coli DH5a (see section 3.8.4.1). Restriction 

analysis with SalI and EcoRI of the newly formed plasmid (pEKEx3-3HMU) 

confirmed the presence of the 3HMU insert (Figure 3.5). 

 

 

Figure 3.5. Map of the plasmid pEKEx3-3HMU (on the left) and restriction 

analysis on agarose gel (1%) (on the right). 1) pEKEx3-3HMU (isolated from 

E. coli DH5a), after digestion with SalI and EcorI and 2) before digestion, M: 

1 kb DNA ladder.  

The plasmid was isolated from E. coli DH5a (30 uL of 500-700 ng/uL) and 

transformed in C. glutamicum strains (see section 3.8.4.2). Four colonies 

were picked after the transformation and their plasmids were isolated and 

treated with SalI and EcoRI (see section 3.8.6). As shown in Figure 3.6, a 

band at 1.5 kb is present in all lanes, corresponding to the 3HMU gene. 

Lanes 1 and 2, gave more bands, which could be attributed to potential star 

activity of EcoRI with prolonged incubation times. The colony from lane 4 

was selected for future experiments, as it clearly contains the plasmid with 

3HMU with no extra bands shown on the agarose gel. 
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Figure 3.6. Agarose gel (1%) of 1-4: the isolated plasmid pEKEx3-3HMU 

from different C. glutamicum NA6 colonies after restriction digestion with 

SalI and EcoRI. M: 1 kb DNA ladder.  

Preliminary tests on the cell-free crude extract of the newly transformed C. 

glutamicum strains did not exhibit ATA activity. In those experiments, 

concentration of 1 mM IPTG was selected, which is widely used in whole 

cell biocatalysis with C. glutamicum strains. For comparison, a higher 

concentration (2 mM) and dilutions (0.5 and 0.1 mM) were tested. 

Unfortunately, expression of 3HMU in the engineered strains was not 

detectable with neither SDS-PAGE (Figure 3.7a) nor the acetophenone 

assay (Figure 3.7b) in any of the experiments. The same results were 

observed for a range of different conditions, including temperatures, media 

and induction time-lengths. 
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a) 

 

b) 

 

Figure 3.7. An a) SDS-PAGE of M: protein ladder, 1-4: crude extract of 3HMU 

expressed in C. glutamicum NA6 utilising 2, 1, 0.5 or 0.1 mM IPTG, 

respectively, 5-8: the equivalent cell pellets and 9: crude extract of 3HMU 

expressed in E. coli BL21. b) a graph of the acetophenone assay of the 

extracts 1-4, 9 described above. Note that 9 is included as a positive control.  

3.4.1 Investigation of expression system 

In the above system, the ribosomal binding site (RBS) in the pEKEx3 vector 

was introduced for the expression of 3HMU in C. glutamicum strains. Due 

to the lack of observed expression, the expression system itself was tested 

using a reporter gene; the wild type green fluorescence protein (GFP) from 

the jellyfish Aequorea victoria.[184–186] A vector containing the GFP insert 

was provided from Dr. Phil Hill. The GFP insert was successfully amplified 

via PCR using the SG3_F and SG4_R primers, cloned into the shuttle vector 

pEKEx3 and transformed in E. coli DH5a. The newly formed plasmid 

(pEKEx3-GFP) was isolated and the sequence of GFP was verified from 
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Eurofins sequencing services. The plasmid was isolated from E. coli DH5a 

(30 uL of 500-700 ng/uL) and transformed in C. glutamicum NA6 for testing 

(see section 3.8.4.2). The fluorescence intensity of the clarified extract of 

the new strain was measured using a TECAN Infinite M1000 Pro. As shown 

in Figure 3.8, the clarified extract of GFP expressed overnight from C. 

glutamicum (grey line) behaved similar to the positive control (yellow line), 

with an excitation (Figure 3.8a) and emission (Figure 3.8b) maximum of 510 

and 395 nm, respectively, which match those reported in the literature.[184–

186]  

a) 

 
b) 

  

Figure 3.8. The a) emission and b) excitation scan of GFP in the clarified 

crude extracts of recombinant C. glutamicum strains (grey line for overnight 
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expression, red line for 5-hours expression), E. coli DH5a (yellow line) and  

wild type (non-recombinant) C. glutamicum (blue line), are compared. 

These results indicate that the RBS used is not at fault and thus further 

investigation is required. 

3.4.2 Investigation of toxicity and rare codons 

Potential toxicity associated with 3HMU activity could hamper expression 

or lead to inactive mutants. In order to further investigate this theory, an 

inactive mutant of the 3HMU was developed by changing the catalytic 

lysine residue (K292) to alanine using the internal primers SG5_F and SG6_R 

and the external SG1_F and SG2_R. The newly formed plasmid containing 

the 3HMU mutant (pEKEx3-3HMU_K292A) was isolated from E. coli DH5a 

and the mutation was verified via sequencing service from Eurofins. The 

plasmid was then transformed in E. coli BL21 and the mutated 3HMU was 

successfully expressed and was found inactive. The 3HMU_K292A was 

subsequently transformed and expressed in C. glutamicum strains. 

Different concentration of IPTG were tested on C. glutamicum NA6 with 

pEKEx3-3HMU_K292A. As shown in Figure 3.9, SDS-PAGE and mass 

spectrometry MALDI-TOF analysis showed that the inactive mutant was not 

expressed, thus indicating potential complications with the transcription of 

the gene. 
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a)

 
b)  

 

Figure 3.9. An a) SDS-PAGE of M: protein ladder, 1-3: crude extract of 3HMU 

expressed in C. glutamicum NA6 utilising 0.1, 1, or 2 mM IPTG, respectively, 

4-6: the equivalent cell pellets, 7: crude extract from C. glutamicum NA6 

(negative control) and 8: purified extract of 3HMU expressed in E. coli BL21, 

and b) mass spectrometry MALDI-TOF analysis of the crude extract of 3HMU 

expressed in C. glutamicum NA6 with 1 mM IPTG, shown in red. A positive 

control is included in blue.  

To investigate potential complications at the transcription level, codon 

optimisation of the 3HMU sequence was carried out for expression in C. 

glutamicum. The investigation of rare codons in the sequence was 

performed utilizing an open access platform[187] and importing the codon 

usage table of C. glutamicum ATCC 13032.[188] There was no rare codon in 

the sequence of 3HMU, indicating that some other factors were interfering 

with the expression. At this point, the investigation for expression failure of 

3HMU was stopped, and alternative ATA candidates were explored.  
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3.5 Identification of a putrescine ATA from Halomonas 

elongata 

Paradisi and co-workers reported a wild type putrescine ATA from 

Halomonas elongata (HEWT)[189] capable of converting benzaldehyde to 

benzylamine in the presence of o-xylylenediamine (Scheme 20).[189] These 

promising results prompted a further investigation of HEWT.  

 

Scheme 20. Transamination of benzaldehyde from HEWT.[189] 

3.5.1 Substrate scope of HEWT 

The plasmid containing the HEWT insert was kindly offered from prof. 

Fransesca Paradisi. It was transformed in E. coli DH5a, and a stock was made 

to reserve the plasmid, as well as in E. coli BL21, for subsequent in vitro 

biotransformations. HEWT was expressed in E. coli BL21 (see section 

3.8.8.1) and the clarified extract was used to screen a panel of carbonyl-

containing substrates and the ‘smart’ amine donors, putrescine and 

cadaverine (see section 3.8.13.1). Biotransformations were analysed via 

GC-FID and the conversion are reported in Table 3.3. Cerioli et al. 2015, had 

previously screened against hydrophilic ketones[189] and thus cyclic and 

aromatic hydrophobic ketones, as well as benzaldehyde were tested in this 

study. As shown in Table 3.3, HEWT performed poorly with the majority of 

the ketone substrates. A moderate conversion of 40% was observed with 

tetrahydro-4H-thiopyran-4-one (37) when cadaverine was used as the 

donor, but two new peaks appeared, potentially corresponding to the 

different enantiomers at 1:4 ration. On the other hand, benzaldehyde (34) 

was an excellent substrate with conversions between 77% and 90% 

achieved.   
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Table 3.3. Conversion (n=3, std <1%) of various carbonyl substrates utilizing 

putrescine or cadaverine and clarified extract of HEWT (2 mg mL-1). 

Conversions were measured as previously described in section 2.6.5. 

 

 
Carbonyl 
substrate 

conversion 

Cadaverine Putrescine 

6 8% 0% 

8 8% 4% 

25 6% 3% 

27 4% 2% 

29 92% 76% 

30 n.d. n.d. 

31 n.d. n.d. 

3.5.2 Expression of HEWT in C. glutamicum strains 

HEWT insert was amplified from its plasmid utilizing the SG7_F and SG8_R 

primer pair via PCR and successfully cloned into the shuttle vector, pEKEx3, 

which was transformed in E. coli DH5a. Restriction analysis with BamHI of 

the newly formed plasmid (pEKEx3HEWT) confirmed the presence of the 

HEWT insert (Figure 3.10).  



68 

 

Figure 3.10. Agarose gel (1%) of 1: the isolated plasmid pEKEx3-HEWT from 

E. coli DH5a after restriction digest with BamHI. M: 1kb plus DNA ladder. 

The plasmid was isolated from E. coli DH5a (30 uL of 500-700 ng/uL) and 

transformed in C. glutamicum strains (see section 3.8.4.2). As shown in 

Figure 3.11, digestion of the plasmid with BamHI afforded a band at 1.5 kb, 

corresponding to the HEWT gene. 

 

Figure 3.11. Agarose gel (1%) of 1-2: the isolated plasmid pEKEx3-HEWT 

from different C. glutamicum colonies after restriction digest with BamHI. 

M: 1 kb plus DNA ladder. 

The transamination of benzaldehyde was tested using whole cells of the 

newly developed strains (see section 3.8.13.3) and conversions were 

measured with GC-FID (method described in section 2.6.4). As shown in 

Table 3.4, side reaction(s) lead to complete consumption of benzaldehyde 

and production of benzylalcohol. The production of benzylalcohol can be 

attributed to endogenous alcohol dehydrogenases (ADHs).[190–194] Also, 
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endogenous aldehyde dehydrogenases (AldDHs)[195,196] can oxidise 

benzaldehyde to benzoic acid, which cannot easily be extracted and 

detected on GC-FID, thus not reported. Also, the ATA reaction rate is 

significantly lower inside the cell (neutral conditions), since HEWT maintain 

only 20% of its relative activity at pH 7.0.[189] The alcohol and/or aldehyde 

dehydrogenases are possibly more reactive at those conditions, thus 

explaining the depletion of benzaldehyde and the production of 

benzylalcohol.  

Table 3.4. Conversion (n=3, std <1%) of 29 after 24h and 48h, using C. 

glutamicum whole cell overexpressing HEWT. Note that possible formation 

of co-product 36 cannot be measured by analysis methods used herein. 

Conversions were measured as previously described in section 2.6.5. 

 
C. glutamicum 

strain 
Conversion (24h) Conversion (48h) 

32 35 32 35 

Wild Type n.d. 99% n.d. 99% 

NA6 n.d. 99% n.d. 99% 

GRLys1 n.d. 99% n.d. 99% 

n.d.: not detected 

Flitsch and co-workers 2017, encountered similar problems with the ATA 

step of a whole cell bio-cascade.[197] The group followed an approach that 

mimics nature[198,199] and managed to overcome this difficulty by 

incorporating a second copy of the ATA gene in the plasmid.[197] Inspired by 
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their work, a solution was sought by increasing the amount of HEWT 

produced in a similar way. Two different approaches were tested; i) the 

expression of a double insert under the same promoter (HEWTx2) and ii) 

the use of separate promoters for the expression of the two inserts 

(pHEWTtx2). The primer pairs SG9-SG12 (for (i)) and SG13-SG16 (for (ii)) 

were used, and the constructs were synthesized with HiFi DNA assembly, 

following NEB’s protocol. The two constructs were successfully cloned in 

pEKEx3 vector and verified via restriction analysis. As shown in Figure 3.12, 

the vectors were digested with BamHI, which cuts at the beginning of HEWT 

sequence. The band observed at 1.5 kb corresponds to the HEWT gene. An 

additional BamHI restriction site was introduced right after the HEWT gene, 

during the cloning of pHEWTtx2. The band around 600 bp observed for the 

pHEWTtx2 (Figure 3.12b), corresponds to the terminator of insert 1 and 

promoter of insert 2, indicating the introduction of a second promoter. 

  

  

Figure 3.12. Agarose gel (1%) of a) pEKEx3-HEWTx2 (1) and b) pEKEx3-

pHEWTtx2 (1), isolated from E. coli DH5a, after restriction digest with 

BamHI. M: 1kb plus DNA ladder. 
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Different induction time-lengths were tested utilising the new strains. An 

SDS-PAGE analysis (shown in Figure 3.13a), verified the production of HEWT 

(see squared section), when comparing the samples (lanes 1,3,6,8) to a 

negative (lane 5, 10) and a positive (lane 11) control. Also, there is nothing 

present in the pellets (lanes 2, 4, 7, 9), indicating that all protein is in the 

soluble fraction. The activity of the clarified crude extracts can be 

accurately measured via the acetophenone assay (see section 3.8.11 and 

Appendix A.2.1),[177] and therefore was used as means to estimate the 

amount of enzyme produced. A detailed explanation on how to estimate 

the amount of HEWT is described in Appendix A.2.2. The results (Figure 

3.13) show up to four-fold increase for the wild type and NA6 strains, which 

is significantly higher than the 50% increase observed for the GRLys1. This 

was verified with statistical analysis presented in Appendix A.2.3 (null 

hypothesis 3).  In all strains, the use of separate promoters for the 

expression of the two inserts (approach ii) lead to maximum HEWT 

production. 
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a) SDS-PAGE  

b)

 
Figure 3.13. a) Comparison of the expression levels in different IPTG 

concentration on SDS-PAGE. M: PageRuler protein ladder, crude extracts of 

C. glutamicum NA6 expressing HEWTx2; 1: 0.1 mM IPTG, 16h, 3: 5 mM IPTG, 

16h, 6: 0.1 mM IPTG, 30h, 8: 5 mM IPTG, 30h. The equivalent pellets;  2: 0.1 

mM IPTG, 16h, 4: 5 mM IPTG, 16h, 7: 0.1 mM IPTG, 30h, 9: 5 mM IPTG, 30h; 

crude extract of C. glutamicum carrying the empty vector pEKEx3 5: 1 mM, 

16h, 10: 1 mM, 30h; and the positive control 11: purified extract HEWT. 

 b) Comparison of the estimated amount of HEWT (mg) in 1 mL clarified 

extract produced from the different strains (n=3, error bars show std). Only 

the results of the best conditions (1 mM IPTG, 16h) are shown in the latter 

(for results from all conditions see table A.2.4.2). 

The strains containing separate promoters for the expression of two HEWT 

genes, were employed for the biotransformation of benzylaldehyde.  
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Despite the increased production of HEWT, benzylalcohol remained the 

main product of this biotransformation. Only the NA6 strain showed a 

minor improvement, reaching 5% conversion to benzylamine 32 (Table 3.5).  

 Table 3.5. Conversion (n=3, std <1%) of 29 utilizing whole cell of C. 

glutamicum overexpressing HEWT with pHEWTtx2. Conversions were 

measured as previously described in section 2.6.5. 

 
C. glutamicum 

strain 
Conversion (24h) Conversion (48h) 

32 35 32 35 

Wild type 
pHEWTtx2 

n.d. 99% n.d. 99% 

NA6 pHEWTtx2 5% 95% 5% 95% 

GRLys1 pHEWTtx2 n.d. 99% n.d. 99% 

n.d.: not detected 

These results indicate that the side reactions still occur more readily than 

transamination. Metabolic engineering offers an attractive solution, where 

the endogenous production of ADHs and AldDHs can be regulated. 

Knocking-out the ADH and AldDH genes or switching to weaker promoters 

for reduced expression, could lead to increased production of benzylamine. 

However, tampering with the metabolic pathway could lead to 

complications and thus was avoided. In the interest of progress some 

positive preliminary results from other putrescine ATAs were followed 

instead. 
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3.6 Investigation of three additional putrescine ATAs 

Galman et al. 2017, identified three novel ATAs from Pseudomonas species 

P. chlororaphis subsp. Aureofaceins (PcATA), P. fluorescens (PfATA) and P. 

putida (PpATA) through a Basic Local Alignment Search Tool (BLAST) 

analysis of the characterised spuC gene from P. aeruginosa. [200,201] 

Characterization of these amines revealed high specific activity towards 

diamines, with up to 27.3 U mg-1 for cadaverine with the PpATA,[201] where 

one unit of activity was defined as the amount of enzyme that produced 1 

μmol of product per min at 30˚C.  Turner and co-workers kindly offered 

these ATAs to test. 

3.6.1 Elucidation of substrate scope 

Galman et al. 2017, have previously reported the successful transamination 

of a range of ketone substrates, utilizing 2 mg mL-1 purified putrescine 

ATAs.[201] Based on previous observations (section 3.5.2), C. glutamicum 

strains (from this study) will not be able to produce such high 

concentrations of enzyme. Thus, the putrescine ATAs were screened with a 

panel of ketone substrates, utilizing 1.5 mg mL-1 of clarified crude extract 

(see section 3.8.13.1). The panel included substrates 23, 25 and 27 were 

selected for reasons mentioned in section 3.3.1. Galman et al. 2017 

reported good to excellent conversions of substrates 37-40 with pc, pf or 

ppATA in the presence of ‘smart’ amine donors, thus were included in the 

panel. Diketones 41 and 42 were kindly offered from my colleague Freya 

Taday, who wished to investigate their potential for a transaminase 

reaction. Conversions of the above ketones were measured via GC-FID 

(described in previous section 2.6.5). As shown in Figure 3.14, there was no 

detected conversion for substrates 25, 37 and 42. A conversion of up to 25% 

was observed for substrate 23 with PfATA and cadaverine, which was the 

highest among the mono-carbonyl substrates. Compound 41 was similar 

trend to 23, seeing a maximum conversion of 29% under the same reaction 

conditions, however more peaks were formed possibly due to side-



75 

reactions. Substrate 27 outperformed all compounds in all reaction 

conditions, reaching above 50% conversion (results in square). The rest of 

the substrates (38-40) afforded poor conversions (<40%). 

 

 

 
Figure 3.14. Conversion (n=3, std <5%) of the transamination of a range of 

ketones utilizing 1.5 mg mL-1 clarified crude extract of putrescine ATAs and 

‘smart’ amine donor (1 equiv.). Some of the highest conversions are 

indicated in black boxes. Conversions were measured as previously 

described in section 2.6.5. 

The best substrate (27) was selected for further experiments using three 

equivalents of putrescine or cadaverine (Figure 3.15). Conversion values 
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doubled for PcATA, when 3 eq. of ‘smart’ amine donors were used, reaching 

as high as 75%. A similar trend was observed for PpATA with putrescine, 

affording up to 50% conversion, but not with cadaverine, where values 

slightly increased to 65%. Negligible differences in conversion observed for 

PfATA, stagnating at 30% and 60% with 3 eq. of putrescine or cadaverine, 

respectively.  

 

 

Figure 3.15. Comparison of conversion (n=3, error bars show std) of 27 

utilizing 1.5 mg mL-1 clarified extract of putrescine ATA in the presence of 1 

or 3 equivalent putresine or cadaverine, as indicated. Conversions were 

measured as previously described in section 2.6.5.  

All putrescine ATAs were His-tagged and were expressed from E. coli BL21 

(see section 3.8.8.1) and purified with nickel affinity chromatography (see 

section 3.8.9) for subsequent experiments. The purity of the isolated 

fractions was estimated with SDS-PAGE analysis (see section 3.8.10), as 

shown in Figure 3.16 for the pfATA. 
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Figure 3.16. SDS-PAGE analysis of the different fractions from Ni-affinity 

chromatography purification of PfATA. M: protein ladder, 1: flow through, 

2-4: washings, 5-6: elution fractions. 

 The production of putrescine or cadaverine from C. glutamicum NA6 and 

GRLys1 strains, respectively, was tested on the transamination of ketone 

27, utilizing 1 mg mL-1 purified extract of the putrescine ATAs (see section 

3.8.13.2). Purified extract was used for consistency with previous 

experiments (see section 3.3.2). For this experiment individual cultures of 

C. glutamicum NA6 and GRLys1 were grown, as reported in the literature. 

A sample was taken every 24h and the cells were removed with 

centrifugation. The supernatant was then supplemented with ketone 27 

and purified extract of pc, pf or pp ATA, allowed to react for 24h and the 

conversion were measured with GC-FID. As shown in Table 3.6, GRLys1 

reached similar conversions (60-78%) to NA6 strain, when 48h mature 

culture of GRLys1 was used. This indicates that longer incubation time of 

the culture (48h mature culture) is required for the GRLys1 strain to reach 

maximum OD and produce enough cadaverine for the biotransformations. 

This is not the case for the NA6 strain, as there was not significant 

difference between 24h and 48h mature culture media. OD measurements 

(not shown) support this theory, as GRLys1 was still growing when a sample 

was taken after 24h.  
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Table 3.6. Conversion (n=3, std <5%) of 27 utilizing purified extract of 

putrescine ATAs (1 mg/mL) in 24h or 48h mature conditioned culture 

medium (WT, NA6 or GRLys1). Conversions were measured as previously 

described in section 2.6.5. 

 

Culture ATA Conversion (%)  

24h matured 
medium 

48h matured 
medium 

Wild type 

Pc n.d. n.d. 

Pf n.d. n.d. 

Pp n.d. n.d. 

NA6 

Pc 75% 76% 

Pf 68% 70% 

Pp 71% 73% 

GRLys1 

Pc 26% 78% 

Pf 26% 70% 

Pp 27% 60% 

n.d.: not detected 

3.6.2 expression of putrescine ATAs in C. glutamicum strains 

All putrescine ATAs were successfully cloned in pEKEx3 vector utilizing the 

primer pairs SG17_F and SG18_R for PcATA, SG19_F and SG20_R for PfATA 

and SG19_F and SG21_R for PpATA. The constructs were transformed in E. 

coli DH5a (see section 3.8.4.1) and they were verified by restriction analysis 

(Figure 3.17) and sequencing. 
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Figure 3.17. Agarose gel (1%) of the restriction analysis of plasmids 1: 

pEKEx3-pcATA, 2: pEKEx3-pfATA, 3: pEKEx3-ppATA isolated from E. coli 

DH5a utilizing EcoRI and SalI. M: 1kb plus DNA ladder 

The plasmid was isolated from E. coli DH5a (30 uL of 500-700 ng/uL) and 

transformed in C. glutamicum strains (see section 3.8.4.2). The ATA activity 

of the new strains was evaluated from a colony based solid-phase screen 

utilizing o-xylylenediamine (see section 3.8.12).[130] The screen utilizes o-

xylylenediamine and pyruvate, which diffuse through the cells and undergo 

transamination to afford a coloured precipitate that darkens colonies of 

bacteria overproducing an ATA.[130] A representative example is shown in 

Figure 3.18, where all strains overexpressing a putrescine ATA turned black, 

while the control (empty vector) remained plain.  

 

Figure 3.18. Results from a colony-based screen with o-xylylenediamine and 

C. glutamicum GRLys1 strains overexpressing putrescine ATAs.  



80 

The ability of the new strains, as well as the ones to follow, to mediate an 

ATA reaction in a self-sufficient manner, was evaluated utilizing compound 

27 as a model ketone substrate (Scheme 21).  

 

Scheme 21. General reaction scheme for the whole cell transamination of 

compound 27.    

Galman et al. 2017, reportedly used 40°C for biotransformations with these 

putrescine ATAs,[201] which is 10°C higher than the temperature used to 

grow C. glutamicum.[202] Thus, higher temperatures were tested as they 

could lead to higher conversions of 27 utilizing whole cells C. glutamicum 

overexpressing the ATA (see section 3.8.13.3). The results shown in Table 

3.7 are indicative of lower conversion at higher temperatures. The bacteria 

are potentially under additional metabolic stress, which would lead to poor 

performance. The highest conversion observed was just above 10% for the 

GRLys1 with PcATA, which is slightly higher than the rest of the GRLys1 

strains. The NA6 strains performed as poorly as wild type, achieving 

conversions below 5%. The NA6 with PcATA was the sole exception, 

affording 9% conversion.  
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Table 3.7. Conversions (n=3, std <1%) of 27 utilizing C. glutamicum whole 

cells overproducing PcATA, PfATA or PpATA and putrescine or cadaverine, 

at 30°C and 37°C. Conversions were measured as previously described in 

section 2.6.5. 

 

Strain ATA Conversion 

30°C 37°C 

WT Pc 5% 4% 

 
NA6 

Pc 9% 5% 

Pf 3% 3% 

Pp 2% n.d. 

 
GRLys1 

Pc 12% 7% 

Pf 8% 6% 

Pp 9% 5% 

   n.d.: not detected 

Galman et al. 2017, reportedly used pH 9.0 for biotransformations, thus 

indicating higher activity at higher pH.[201] In order to investigate the effect 

of the pH in the activity of the putrescine ATAs, their specific activity at 

different pH was measured utilizing the acetophenone assay (Figure 

3.19).[177] The activity of PpATA (grey square) fell from 50 U mg-1 (pH 9.0) to 

8 U mg-1, when pH 8.0 was used, with a further decrease to 1 U mg-1 at pH 

7.0. A similar but less significant drop is observed with PfATA (orange 

diamond) at lower pHs. There is also a clear indication of higher activity at 

pH 9.0 for PcATA (blue circle), despite its poor overall performance. 

Altogether, the poor performance of the whole-cells can be attributed to 

lower activities observed for the putrescine ATAs at neutral pH. 
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Figure 3.19. Measurement of the specific activity of purified extract of 

putrescine ATAs at different pH (see Appendix A.2.1), utilizing the 

acetophenone assay. One unit of enzyme activity is defined as the amount 

of enzyme that produced 1 μmol of acetophenone per min at 30˚C. 

Intracellular pH cannot be altered, but the amount of ATA produced inside 

the cells could be increased for improved performance. Following previous 

observations (see section 3.5.2), a construct for the expression of a double 

PcATA gene under the same promoter was prepared using the primers 

SG22_F with SG23_R and SG24_F with SG25_R. The plasmid pEKEx3-

PcATAx2 was isolated from three different colonies and digested using SmaI 

(Figure 3.20). Agarose gel electrophoresis analysis showed that one of the 

three plasmids was successfully cut (lane 3), which was used for subsequent 

experiments. 
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Figure 3.20. Agarose gel (1%) of 1-3: the isolated plasmid pEKEx3-PcATAx2 

from different E. coli DH5a colonies after restriction digestion with SmaI. M: 

1 kb plus DNA ladder 

The verified plasmid was transformed in C. glutamicum strains (see section 

3.8.4.2). Biotransformations of both the old and the new strains were 

tested under the same reaction conditions (see section 3.8.13.3) and the 

conversions were measured after one and two days incubation at 30°C 

(Figure 3.21). The conversions almost tripled from 12% to 32% for the NA6 

strains expressing the double insert (PcATAx2), after two days incubation. 

Expression of the double insert had little effect on the GRLys1 strains, 

where conversions remained below 20%. This can be explained from 

previous observations, where the expression of the double-insert had little 

impact in the production of ATA in GRLys1 strains (see section 3.5.2). 
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Figure 3.21. Conversion (n=3, error bars show std) of 27 between NA6 and 

GRLys1 strains with single (PcATA) and double (PcATAx2) insert. 

Conversions were measured as previously described in section 2.6.5. 

Increased conversion was observed when using C. glutamicum strains 

expressing the double insert PcATA. These results are indicative of 

improved overall performance with increased production of ATA and are 

further supported by statistical analysis (see Appendix A.2.3, null 

hypothesis 4). It was envisaged that utilizing the high copy number plasmid, 

pVWEx1,[163,203] for the expression of ATA would lead to increased 

conversion. As mentioned in section 3.1, the engineered strains NA6 and 

GRLys1 already contain this vector expressing genes essential for the 

production of putrescine and cadaverine, respectively. In order to create 

new strains with increased ATA production, the genes of the putrescine 

ATAs were cloned along with the ldcC and speC genes (GRLys1 and NA6 

respectively) in pVWEx1. The ldcC and speC genes were amplified from 

genomic DNA of E. coli using the pairs SG26_F with SG27_R and SG28_F 

with SG29_R, respectively. New primers were designed for the 
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amplification of putrescine ATAs; the pairs SG30_F with SG31_R, SG32_F 

with SG33_R and SG34_F with SG35_R were used for the amplification of 

PcATA, PfATA and PpATA respectively. The newly formed plasmids were 

transformed in E. coli DH5a and verified with restriction analysis, as shown 

for the pVWEx1-ldcC_pcATA in Figure 3.22. 

 

 

Figure 3.22. Agarose gel (1%) of 1: pVWEx1 with ldcC and PcATA isolated 

from E. coli DH5a, after restriction digestion with SalI and KpnI. M: 1kb DNA 

ladder. 

The vector pVWEx1 with the ornithine decarboxylase (speC) and putrescine 

ATA gene has a size of 12 kb, which is already large enough to make the 

transformation challenging. In order to avoid such complications, the NA6 

strain was replaced with the NA2b. The latter does not contain the genes 

for pyruvate carboxylase (pyc), glyceraldehyde 3-phosphate 

dehydrogenase (gapA), N-acetylglutamate kinase (argB) and ornithine 

transcarbamoylase (argF21), which are co-expressed with speC in NA6. [155] 
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The new constructs were verified via sequencing and the new strains were 

tested in the transamination of 5 mM of compound 27 (Table 3.9). A 

significant drop in conversion was observed for the NA2 strains (entries 1-

3), which can be attributed to the decreased production of putrescine. A 

significant improvement was observed for all GRLys1 strains (entries 4-6), 

affording conversions above 25%. GRLys1 with PcATA achieved the highest 

conversion (36%) after 24h, followed by a slight increase after 48h (entry 

4). These are the best conversions observed utilizing whole cells, and thus 

the GRLys1 strain co-expressing ldcC and PcATA was further investigated 

and the reaction conditions were optimized. 

Table 3.9. Conversion (n=3, std <1%) of 27 utilizing whole cells C. 

glutamicum GRLys1 or NA2 overexpressing putrescine ATA (Pc, Pf or Pp) 

from pVWEx1 vector, at 30°C, after 24h, 48h and 72h. Conversions were 

measured as previously described in section 2.6.5. 

 

Entry Strain ATA Conversion 

24h 48h 72h 

1 

NA2 

Pc n.d. 7% 8% 

2 Pf n.d. 5% 5% 

3 Pp n.d. 5% 5% 

4 

GRLys1 

Pc 36% 41% 41% 

5 Pf 32% 35% 35% 

6 Pp 26% 33% 35% 

3.6.3 Optimization of in vivo Whole cell biotransformations 

Different reaction conditions were tested with the C. glutamicum GRLys1 

co-expressing ldcC and PcATA. Initially, different concentrations of cells 

were tested (Figure 3.15). Higher cell density would result in higher 

probability of compound 27 encountering the cells and undergo 

transamination. Previous reaction conditions with whole cells employed 50 
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mL expression culture (see section 3.8.8.2 for expression and section 

3.8.13.3 for biotransformation), which corresponded to 20 mg mL-1 wet cell 

pellets (WCP). Conversions significantly increased with higher cell densities, 

reaching a plateau of 72% with 100 mg mL-1 WCP. This is a tremendous 

improvement, as values are comparable with the in vitro experiments 

described in section 3.6.1. Also, statistical analysis (see Appendix A.2.3, null 

hypothesis 5) reinforce the above statement, confirming that higher cell 

density brought a statistically significant increase in the yield. 

Biotransformations were also tested in HEPES buffer, in order to investigate 

whether transamination can occur outside of the culture media. 

Surprisingly, replacing the culture media with HEPES buffer lead to slightly 

higher conversion in low cell densities. However, that was not the case for 

concentrations of 150 and 200 mg mL-1 WCP (Figure 3.15). These results 

show that some of the cadaverine produced stays inside the cell, indicating 

an autonomous nature of this system. The ability of the cells to mediate an 

ATA reaction in different aqueous media can be exploited in biocascades, 

by combining with different whole-cell or cell-free systems. Also, the 

addition of PLP as a supplement was investigated, as it could impact 

conversion. Biotransformations supplemented with PLP were tested in 

parallel and showed insignificant differences in conversions. These results 

demonstrate that C. glutamicum naturally produces the co-factor (PLP) 

required for transamination of 27. 
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Figure 3.15. Conversion (n=3, error bars show std) of 27 from different cell 

densities and media. Conversions were measured as previously described in 

section 2.6.5. 

Stability studies were performed, by evaluating the conversion of 27 after 

24h (cycle 1), 48h (cycle 2) and 72h (cycle 3). These findings (Figure 3.16) 

indicate the cells can be used again, with little impact on conversion. A 

significant drop to 25% is observed thereafter, during the third cycle. Cells 

were washed (3x2 mL HEPES) between each cycle, with final wash being 

extracted with EtOAc (1 mL) and analysed on GC-FID, to verify no product 

is carried forward.  
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Figure 3.16. Results of three consecutive cycles (n=3, std <1%) of the 

transamination of 27 utilizing 200 mg mL-1 wet cell pellets at 30°C, 200 rpm. 

Conversions were measured as previously described in section 2.6.5. 

A greater-scale reaction of 130 mg (5 mM in DMSO) of 27 was carried out 

utilizing 150 mg mL-1 WCP resuspended in HEPES buffer (see section 

3.8.14). A moderate conversion of 61% was observed after 24h on GC-FID, 

with a minor increase to 67% after 48h. Compound (S)-28 was isolated in 

42% yield. The absolute configuration was determined by measuring the 

optical rotation of (S)-28.[179,204] 

3.7 Conclusion and future work 

In conclusion, five (S)-selective ATAs capable of converting carbonyl-

containing substrates with ‘smart’ amine donors, in low enzymatic loads, 

were identified and used for the development of novel whole-cell 

biocatalysts. Side reactions (HEWT) or complications with expression 

(3HMU) in C. glutamicum cells hampered the use of two ATAs. The former 
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could potentially be tackled with metabolic engineering, creating a more 

versatile system for the production of primary amines. 

Three putrescine ATAs (Pc, Pf and Pp) were successfully transformed and 

utilized for the whole-cell transamination of a model ketone substrate. New 

strains with enhanced ATA production were developed and the reaction 

conditions were optimized for the conversion of the model substrate to its 

corresponding imine with good yield and high enantioselectivity. This is the 

first report of a whole-cell system mediating ATA reaction in a self-sufficient 

manner. There is tremendous potential for this system, as more enzymes 

can be co-expressed and facilitate biocascades. Also, the ability of whole-

cells to remain active in different media offer great flexibility, expanding its 

application. 

3.8 Experimental 

General Methods and Materials 

All chemicals were of analytical grade purity and obtained from Sigma 

Aldrich (München, Germany), Merck (Darmstadt, Germany), VWR 

(Hannover, Germany) or Acros (Geel, Belgium). Restriction enzymes, 1kb 

plus protein marker and phusion polymerase were bought from Thermo 

Fischer Scientific (Waltham, MA, US), Coomassie brilliant blue G-250 stain 

was purchased from Bio-Rad (Hercules, CA, USA), T4 ligase and NEBuilder® 

HiFi DNA assembly were purchased from New England Biolabs (Ipswich, 

MA, USA), oligos and sequencing services were purchased from Eurofins 

Genomics (Ebersberg, Germany). Escherichia coli DH5α and BL21 (DE3) cells 

were purchased from New England Biolabs (Ipswich, MA, USA). 
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3.8.1 Sterile conditions 

All glassware, plastics and solutions used for culturing were autoclaved for 

30 mins at 121˚C prior to use. All bacterial work was performed next to a 

Bunsen burner flame with all surfaces wiped with methylated spirits. 

3.8.2 Media and agar preparation 

3.8.2.1 Preparation of Luria-Bertani media 

Luria-Bertani (LB) media was prepared by dissolving 5 g yeast extract, 10 g 

tryptone and 10 g sodium chloride in distilled water to a final volume of 

1000 mL and sterilized by autoclave. 

3.8.2.2 Preparation of mCGXII media 

A standard protocol was followed for the preparation of mCGXII media in 1 

L final volume as described in the literature.[182] In detail, an aqueous 

solution containing 20 g ammonium sulfate, 1 g dipotassium phosphate,       

1 g monopotassium phosphate, 250 mg magnesium sulfate heptahydrate 

and 42 g 3-(N-morpholino) propanesulfonic acid (MOPS) in 700 mL distilled 

water was prepared. The pH of the mixture was adjusted to 7.5 using 

aqueous potassium hydroxide (1M) and the solution was brought to 778 mL 

final volume with distilled water followed by sterilization by autoclave. To 

this, filter sterilized aqueous solutions of glucose (200 mL of 20% w/v), urea 

(5g in 20 mL), trace elements (1 mL of 1000x stock) and biotin (1 mL of 

0.02% w/v) were added prior to use for culturing.  The trace element 1000x 

stock solution contains 1 g calcium chloride, 1 g iron sulfate heptahydrate, 

1 g manganese sulfate monohydrate, 1g zinc chloride heptahydrate, 20 mg 

copper sulfate 2 mg nickel chloride hexahydrate dissolved in 100 mL 

distilled water. 
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3.8.2.2 Preparation of LB agar 

LB agar was prepared by dissolving 8.75 g of LB agar powder (Lennox) into 

a 250 mL of distilled water. The solution was autoclaved and allowed to cool 

to 50˚C, followed by addition of appropriate antibiotic stock prior to 

pouring onto plates. 

3.8.3 Preparation of chemo- and electro- competent cells 

3.8.3.1 Chemically-competent E. coli cells 

Frozen commercial stock of E. coli cells was steaked onto LB agar plate 

without antibiotic and the plate was incubated at 37˚C overnight. A single 

colony was picked to inoculate 10 mL starter culture in LB media, incubating 

at 37˚C, 200 rpm overnight. A 100 mL LB main cultures was inoculated with 

1 mL of starter’s culture (1% v/v) and incubated at 37˚C, 200 rpm until OD600 

reached 0.5 – 0.7. The culture was cooled on ice for 20 mins and transferred 

to 50 mL ice-cold falcon tubes before the centrifugation step. The cells were 

harvested via centrifugation at 3000 g, 4˚C for 10 mins and the supernatant 

was decanted away.  Pellets were re-suspended in 10 mL ice-cold sterile 

solution of MgCl2 (100 mM). The cells were harvested by centrifugation at 

3000g, 4˚C for 10 mins, the supernatant was removed, the pellets were re-

suspended in 20 mL ice-cold CaCl2 solution (100 mM) and incubated on ice 

for 1 hour. Cells were harvested by centrifugation at 3000 g, 4˚C for 10 mins, 

the supernatant was removed and the pellets were washed with 10 mL ice-

cold sterile solution of CaCl2 (85 mM) containing glycerol (15% v/v). The 

cells were harvested via centrifugation at 3000 g, 4˚C for 10 mins and the 

supernatant was decanted away. Pellets were re-suspended in 1 mL ice-

cold sterile solution of CaCl2 (85 mM) containing glycerol (15%v/v) and 50 

μL suspension was aliquoted in sterile tubes and froze at -80 ˚C. 
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3.8.3.2 Electro-competent C. glutamicum cells 

Frozen glycerol stock of C. glutamicum cells were streaked onto LB agar 

plate supplemented with selection antibiotic (or not, for the wild type) and 

incubated at 30˚C overnight. A single colony was picked and re-streaked 

onto a new LB agar plate with selection antibiotic (or not, for the wild type) 

and incubated at 30˚C overnight. From that plate, several colonies (a lot of 

biomass is required) were picked to inoculate 15 mL starter culture Brain 

Heart Infusion media enriched with 5% w/v sorbitol (BHIS), supplemented 

with selection antibiotic (or not, for the wild type) and incubated at 30˚C, 

200 rpm overnight. Two main cultures (25 mL fresh BHIS in 250 mL baffled 

flask) were inoculated with 5 mL of starter’s culture, and incubated at 30˚C, 

200 rpm until OD600 reached 1.75. Cultures were cooled on ice and 

transferred to 50 mL ice-cold falcon tubes. Cell were harvested by 

centrifugation at 3000 g, 4˚C for 10 mins and the supernatant was removed. 

Pellets were re-suspended in 5 mL ice-cold Tris-glycerol buffer (1 mM 

Tris·HCl, pH 7.5, 87% v/v glycerol) carefully. To that 15 mL of ice-cold Tris-

glycerol buffer were added and the cells were harvested by centrifugation 

at 3000 g, 4˚C for 10 mins. This step was repeated one more time. The 

supernatant was removed, the pellets were re-suspended in 1 mL ice-cold 

glycerol (10% v/v), aliquoted (150 μL) in sterile tubes and froze at -80 ˚C. 

3.8.4 Transformation protocols 

3.8.4.1 Transformation of chemically-competent E. coli cells 

An aliquot (150 μL) of chemically competent E. coli cells was thawed on ice. 

Plasmid DNA (1-150 ng) were added and the suspension was incubated on 

ice for 30 mins. Cells were heat-shocked at 42˚C for 1 min, cooled on ice for 

2 mins before adding 750 μL LB, and incubated at 37˚C shaking at 200 rpm 

for 1 hour. An aliquot (10-100 μL) of transformed cell suspension was 

pipetted onto LB agar plate with selection antibiotic and evenly distributed 

using sterile spreader. Remaining cells were harvested by centrifugation at 
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3000 g, 20˚C for 10 mins. The supernatant was removed and the pellets 

were re-suspended in 100 μL LB before plated onto a different plate with 

selection antibiotic. Both plates were incubated at 37˚C overnight. A single 

colony was used to inoculate 10 mL LB starter culture supplemented with 

selection antibiotic and incubated at 37˚C, 200 rpm overnight. An aliquot 

(750 μL) of the starter culture was mixed with 250 μL glycerol (80% v/v) and 

stored at -80˚C. 

3.8.4.2 Transformation of electro-competent C. glutamicum cells 

Electrocompetent C. glutamicum cells (150 μL) were thawed on ice. Plasmid 

DNA (1-10 μg) was added to the cells and incubated on ice for 10 mins. The 

suspension was transferred into electroporation cuvette and was 

electroporated at 25 μF, 200 Ω, 2.5 kV. Cell suspension was Immediately 

transferred in prewarmed BHIS and incubated at 46˚C for 6 mins. The tube 

was cooled down with running tap-water for 30 secs and the suspension 

was incubated at 30˚C for 45-60 mins. An aliquot of transformed cell 

suspension (10-100 μL) was pipetted onto LB agar plate with selection 

antibiotic and spread using sterile spreader. The remaining cells were 

harvested by centrifugation at 3000 g, 20˚C for 10 mins. The supernatant 

was removed, the pellets were re-suspended in 100 μL BHIS and 50 – 100 

μL were pipetted onto a different plate with selection antibiotic. Both 

plates were incubated at 30˚C overnight. A single colony was picked and re-

streaked onto a new LB agar plate with selection antibiotic and incubated 

at 30˚C overnight. From the latter plate, multiple colonies (a lot of biomass) 

were picked to inoculate 15 mL BHIS starter culture supplemented with 

selection antibiotic. Culture was incubated at 30˚C, 200 rpm overnight. An 

aliquot (750 μL) of the starter culture was mixed with 250 μL glycerol (80% 

v/v) and stored at -80˚C. 
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3.8.5 Polymerase-chain reaction (PCR) mixing protocol 

Reagents in the quantities described in the table below were pipetted into 

PCR tubes. The resulting mixtures were placed in a thermal cycler and ran 

according to the program described in A.2.5. 

Reagent Quantity 

HiFi buffer (PCRBiosystems) 10 μL 

Primer (forward) (10 μM) 2 μL 

Primer (reverse) (10 μM) 2 μL 

DNA template (roughly 10 ng/ μL) 1 μL 

HiFi Polymerase (PCR Biosystems) 0.5 μL 

DNAase free H2O 34.5 μL 

 

3.8.6 Plasmid isolation and restriction digestion with restriction 

enzyme 

Isolation of the plasmid DNA was performed using the GeneJet Plasmid 

Miniprep Kit from Thermo Fischer Scientific on overnight cultures of cells 

featuring the plasmid of interest. Isolated DNA was examined by agarose 

gel electrophoresis (see section 3.8.7).  Small scale centrifugation was 

performed with Eppendorf 5424R microcentrifuge. 

Isolated plasmids were digested (when mentioned) using restriction 

enzymes from New England Biolabs (NEB) following the conditions 

described in appendix section A.2.6. 

3.8.7 Agarose Gel Electrophoresis 

Agarose gels (1% w/v) were prepared by dissolving 0.5 g agarose in 50 mL 

Tris-acetate ethylenediaminetetraacetic acid (EDTA) buffer (40 mM Tris, 20 

mM acetic acid, 1 mM EDTA) and bringing suspension to boil, till clear 

solution. The solution was cooled to 50-60˚C, before adding 5 μL of 10 000x 

Sybr Safe dye from Thermo Fischer Scientific (Waltham, MA, US) and 

poured onto a tray. The gel was cooled to solidify for 20-30 mins. Aliquots 

(5-10 μL) of samples were mixed with 1-2 μL of 6x DNA loading dye (Thermo 

Fischer Scientific) and loaded onto the gel along with 6 μL of DNA ladder 
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(Thermo Fischer Scientific). The gels were run at 75 V for 60 mins and 

visualised using a UV-illuminator in a dark room. 

3.8.8 Expression of recombinant protein 

3.8.8.1 In E. coli  

All ATA genes were codon-optimized and were kindly offered from Prof. 

Nicholas Turner and his group from University of Manchester, UK, and Prof. 

Uwe Bornscheuer and his group from University of Greiswald, Germany. In 

pET-22b, the (S)-selective ATAs (3HMU, 3I5T, Vibflu, ChrVio, PcATA, PpATA) 

and the (R)-selective ATAs (AspFum, NeoFis) were cloned. The (S)-selective 

PfATA was cloned in pET-28b and the (R)-selective MycVan and AspOry 

were cloned in pGASTON. Transformed E. coli BL21(DE3) cells were 

cultivated in 500 mL LB medium supplemented with selection antibiotic 

(100 μg mL-1 ampicillin or 50 μg mL-1 kanamycin) at 37°C shaking at 200 rpm, 

starting with 5 mL inoculum of single-colony culture previously grown 

overnight. The culture was grown till OD600 reached 0.5-0.7 and the 

expression was induced with 1 mM IPTG or (5% w/v) Rhamnose and the 

cultures were incubated at 20°C (VibFlu, ChrVio, AspFum, AspOry, NeoFis, 

MycVan) for 20h or 30°C (3HMU and 3I5T) for 6h and then harvested with 

centrifugation (4000 rpm, 20 mins) and stored at -20°C. 

The pellets were thawed, resuspended in lysis buffer containing potassium 

phosphate buffer (50 mM, pH 7), pyridoxal-5’-phosphate (0.1 mM) and 

haltTM protease inhibitors cocktails (1X) from Thermo Scientific, and 

disrupted by sonication at 4°C with 10 cycles of 30s of sonication and 30s 

of cooling at 40% amplitude, using QSonica model Q55. After centrifugation 

(24,000 rpm, 4°C, 25 mins) in an Eppendorf 5424R microcentrifuge, the 

supernatant was clarified via filtration (0.45 μm filter) and either purified 

(see section 3.8.9) or used as crude, for SDS-PAGE analysis (see section 

3.8.10), spectrophotometric enzymatic assay (see section 3.8.11) and 

biotransformations (see section 3.8.13) on the same day. 
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3.8.8.2 In C. glutamicum  

Multiple colonies of transformed C. glutamicum were used to inoculate 25 

mL BHIS, supplemented with selection antibiotic (100 μg mL-1 

spectinomycin and/or 50 μg mL-1 kanamycin) and grown at 30°C overnight. 

Pellets were harvested via centrifugation (4000 rpm, 7 mins), washed with 

minimal medium mCGXII[182] (3x20 mL) and used to inoculate 50 mL main 

culture with starting OD600 of 0.5 (for the NA6 or Wild Type) or 1 (for 

GRLys1). The cultures were instantly induced with 1 mM IPTG, unless 

otherwise specified, and incubated at 30°C shaking at 200 rpm. After 24 

hours (OD600 = 20), pellets were harvested via centrifugation (4000 rpm, 7 

mins) and either used directly or stored at -20°C. 

The pellets were thawed, resuspended in lysis buffer containing potassium 

phosphate buffer (50 mM, pH 7), 1X cocktail of proteases inhibitors and PLP 

(0.1 mM) for ATA expression, and disrupted by sonication at 4°C with 20 

cycles of 30s of sonication and 30s of cooling at 40% amplitude, using 

QSonica model Q55. After centrifugation (24,000 rpm, 4°C, 25 mins) in an 

Eppendorf 5424R microcentrifuge, the supernatant was clarified via 

filtration (0.45 μm filter) and used for fluorescence (GFP) or MALDI-TOF 

(3HMU-K292A) analysis or in a spectrophotometric assay (3HMU, HEWT, 

HEWTx2, pHEWTtx2).  

3.8.9 Protein purification 

Purification of the ATAs was carried on Akta Pure system (GE, Healthcare, 

Little Chalford, UK). Clarified extract was loaded into a 5 mL HisTrap column, 

washed with 10 column volumes of de-gassed phosphate buffer (50 mM, 

pH 8.0 containing 0.1 mM PLP and 30 mM imidazole) and eluted with de-

gassed phosphate buffer (50 mM, pH 8.0 containing 0.1 mM PLP and 300 

mM imidazole). Fractions of 5 mL were collected during the elution phase 

and SDS-PAGE gel was run to identify fractions containing the ATA. The 

protein solution was concentrated using VivaSpin 20, 50,000 MWCO PES 
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(Sartorius, Gottingen, Germany) and the imidazole was removed via dialysis 

tubing (Sigma Aldrich). Purified protein was analyzed by SDS-PAGE (found 

95% pure) and instantly used for biotransformations. 

3.8.10 Protein determination and SDS-PAGE analysis 

The concentration of the total protein of clarified and purified extracts was 

determined spectrophotometrically by UV absorption at 280 nm. The 

extinction co-efficient of each ATA at 280 nm, measured in water, was 

estimated by ExPASy ProtoParam tool (www.expasy.org).[205]  

Gels for SDS-PAGE analysis were prepared using the reagents described in 

the table below. 

Reagent Stacking Gel (15%) Resolving Gel (5%) 

H2O 6.1 mL 4.1 mL 

Acrylamide (30% v/v) 1.3 mL 3.3 mL 

Tris-HCl (0.5 M, pH 6.8) 2.5 mL 2.5 mL 

SDS (10% w/v) 100 μL 100 μl 

TEMED 10 μl 10 μl 

Ammonium persulfate 
(10% w/v) 

100 μl 32 μl 

Protein sample (15 μl) was mixed with 5 μl of 4x protein loading dye and 

heated at 70˚C for 10 mins, before loading. Electrophoresis was performed 

at 200V for 45 mins. Gels were stained with Coomassie Brilliant Blue G-250 

from Bio-Rad (CA, USA) for 20 mins and de-stained with SDS-PAGE de-stain 

solution (30% v/v methanol, 10% v/v glacial acetic acid). A broad range of 

protein marker (10-200 kDa) from Thermo Fischer Scientific was used to 

determine the relative molecular weight. 

3.8.11 Acetophenone assay  

A kinetic assay developed from Schatzle et al. 2009,[177] was used as a 

standard enzymatic assay employing pyruvate and S-phenylethylamine ((S)-

PEA) as amine acceptor and donor, respectively. The reactions were carried 

http://www.expasy.org/
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out at 25°C in 1 mL HEPES buffer (50 mM, pH 8.0) containing 2.5 mM 

pyruvate, 2.5 mM (S)-PEA and appropriate amount of enzyme. The activity 

was determined by following the production of acetophenone during the 

first two minutes of reaction at 245 nm using the spectrophotometer 

EPOCH2. 

3.8.12 Colony based solid-phase ATA assay 

Colonies of transformed E. coli or C. glutamicum were grown at 30°C 

overnight on LB agar supplemented with selection  antibiotic. Under sterile 

conditions, colonies were transferred onto a cellulose membrane, placed 

on top of filter papers soaked with 1 mM IPTG (for induction) and incubated 

at 30°C for 24 hours. Subsequently, the membrane was transferred onto 

filter papers soaked in a solution of o-xylylenediamine (10 mM) and 

pyruvate (10 mM) and allowed to react at room temperature. ATA activity 

was detected in the form of colored colonies, after 0.5, 8 and 24 hours. 

3.8.13 Analytical scale biotransformations     

3.8.13.1 In vitro biotransformations 

To a solution of PLP (0.1 mM), ketone substrate (5 mM from a 500 mM 

stock in DMSO) and amine donor (1,2,3 or 5 equiv.) in phosphate (100 mM, 

pH 7-8), or HEPES (100 mM, pH 7-8) or Tris buffer (100 mM, pH 9-10), the 

pH was adjusted, depending on the enzyme used. To this, clarified extract 

of the ATA (1.5 mg/mL) was added and reactions were incubated at 30°C 

shaking at 200 rpm in a gyratory incubator. After 24 hours the reactions 

were basified (pH 12), extracted with EtOAc (750 μL), derivatized with 10 

μL triethylamine and 10 μL acetic anhydride and analyzed by GC-FID, 

following the method that has been previously described in section 2.6.4, 

and conversions were measured as described in section 2.6.5. 
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3.8.13.2 In vitro biotransformation with conditioned medium 

Cultures of C. glutamicum NA6 or GRLys1 were grown as mentioned in 3.8.1 

and an aliquot was taken after 24 hours and 48 hours. To 1 mL of one-day 

or two-day mature culture media, PLP (0.1 mM), 1-phenyl-1,4-

pentanedione (5 mM from 500 mM stock in DMSO) and purified ATA 

extract (1 mg mL-1) were added and the reaction mixture was incubated at 

30 °C shaking at 200 rpm. After 24 hours the reactions were basified (pH 

12), extracted with EtOAc (750 μL), derivatized with 10 μL triethylamine and 

10 μL acetic anhydride and analyzed by GC-FID, following the method that 

has been previously described in section 2.6.4, and conversions were 

measured as described in section 2.6.5. 

3.8.13.3 Whole cell biotransformations 

Transformants of C. glutamicum were grown as described in 3.8.1. After 

24h the cells were either used directly or harvested via centrifugation (4000 

rpm, 7 mins) and resuspended in media or HEPES buffer in different 

concentrations (50, 100, 150 and 200 mg mL-1). To this, 1-phenyl-1,4-

pentanedione (5 mM from 500 mM stock in DMSO) was added and the 

reaction mixture was incubated at 30°C shaking at 200 rpm. After 24 hours 

the reaction was pelleted via centrifugation and the cells were reused, 

where specified. The supernatant was basified (pH 12), extracted with 

EtOAc (750 μL), derivatized with 10 μL triethylamine and 10 μL acetic 

anhydride and analyzed by GC-FID, following the method that has been 

previously described in section 2.6.4, and conversions were measured as 

described in section 2.6.5.  

3.8.14 Preparative scale biotransformation of 27 

Multiple pre-cultures of 50 mL of C. glutamicum GRLys1 with the pVWEx1-

ldcC-PcATA, in BHIS were prepared. A main culture of 800 mL mCGXII 

(starting OD600 = 1) supplemented with 50 μg mL-1 kanamycin was induced 
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with 1 mM IPTG and incubated at 30°C shaking at 200 rpm. After 24h, the 

cells were pelleted via centrifugation (4000 rpm, 7 mins), washed with 

mCGXII (3x20 mL) and resuspended in 140 mL HEPES buffer (100 mM, pH 

8.0) at a final concentration of 150 mg mL-1 WCP. To this, a solution of 1-

phenyl-1,4-pentanedione 27 (130 uL, 738 μmol) in 10 mL DMSO was added 

and the reaction mixture was incubated at 30°C shaking at 200 rpm. After 

24h, an aliquot was extracted and analyzed by GC-FID (as described in 

3.6.5). The reaction mixture was centrifuged (4000 rpm, 15 mins) and the 

supernatant was clarified via filtration (0.45 μm filter), basified with NaOH 

(pH 12.0) and extracted with EtOAc (4x50 mL). The combined organic 

extracts were dried over MgSO4 and the volatiles were removed under 

reduced pressure. The mixture was purified in silica gel utilizing 

petrol:dichloromethane (10:90) affording 28 as a light yellow oil (50 mg, 

42% yield). 

28. (S)-5-methyl-2-phenyl-1-pyrroline[179] 

 Light yellow liquid (50 mg, 42%) 1H NMR (400 MHz, 

Chloroform-d) δ 7.84 (dd, J = 7.5, 2.1 Hz, 2H), 7.44 – 

7.35 (m, 3H), 4.35 – 4.25 (m, 1H), 3.06 (dddd, J = 16.8, 

9.9, 4.8, 2.1 Hz, 1H), 2.89 (dddd, J = 17.0, 9.6, 7.7, 1.8 Hz, 1H), 2.25 (dddd, J 

= 12.5, 9.8, 7.6, 4.8 Hz, 1H), 1.59 – 1.52 (m, 1H), 1.37 (d, J = 6.8 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 172.0, 134.5, 130.4, 128.4, 127.7, 68.3, 35.2, 30.6, 

22.1. IR (ART cm-1) 2961, 2925. MS (EI) m/z: calculated C11H14N [M+H]+ 

160.1121; found: 160.1137. [𝑎]𝐷
25 =  −108.4 (c 2.0, CHCl3 lit: [179]). Data 

consistent with the literature.[179]  
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4: Overall conclusion and future work 

Chiral amines are important building blocks in a variety of pharmaceutical 

compounds and natural products and hence their synthesis is of great 

importance to both industry and the academic community.[26] There is 

growing interest in the use of more sustainable methods for the synthesis 

of chiral amines, and amine transaminase (ATA) biocatalysts offer an 

attractive alternative to more traditional chemical synthesis or catalysis.[50-

52] Despite their potential, the widespread use of these enzymes has been 

hampered for a number of reasons, including difficulties associated with 

displacing the challenging reaction equilibrium towards product 

formation.[50-52] As a result, recent endeavors to overcome this problem 

have led to the development of various novel methodologies, including 

displacing the equilibrium via the use of ‘smart’ amine donors, such as o-

xylylenediamine[130] and cadaverine.[131, 200, 201] The application of ‘smart’ 

amine donors in ATA reactions is relatively new, therefore one of the aims 

of this PhD project, described in chapter 2, was the development of a facile 

route for chiral amine production utilizing these donors with commercially 

available ATAs. The approach was successfully used to synthesize chiral 

amines that are difficult to isolate or synthesize using more traditional 

chemical approaches. A rapid o-xylylenediamine assay, [130] combined with 

the use of lower-cost cadaverine for scale-up, was employed for the 

production of chiral amines on a multi-milligram scale (up to X mgs). The 

use of readily available reagents and enzymes makes this approach 

accessible to the wider research community and helps expand the existing 

variety of chiral amines commercially available.  

Additionally, the application of o-xylylenediamine for high-throughput 

screening is reinforced, as more than four hundred compounds were 

assayed in this study. Color change indicative of activity, is observed within 

hours, without requiring additional analysis. It was showed that 
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commercially available ATA256 performs better with small (MW <200) 

carbonyl substrates and poorly with larger (MW >200) structures and 

identified the maximum molecular weight range accepted within the active 

site of ATA256. Researchers can utilize this screen to rapidly examine the 

carbonyl substrate scope of any ATA, while also extracting experimental 

information relating to the space available in the active site. However, the 

results should be carefully examined, as false positive color change was 

observed for low conversions. These findings (chapter 2) agree with 

previous reports in the literature[130] indicating that further optimization is 

required to make the screen more reliable. 

With the aim of broadening the application of smart diamine donors, 

chapter 3 sought to develop a self-sufficient whole-cell system for ATA 

reactions, where the catalysts, donor and coenzyme are supplied by the 

engineered host cell, C. glutamicum. A panel of wild-type ATAs were 

screened against various diamines and carbonyl substrates and othe results 

matched previously reported observations[201] when high amounts of 

purified ATAs were used. Diamines produced from C. glutamicum were 

successfully used for the transamination of a model ketone substrate. This 

organism has been metabolically engineered to grow in defined minimal 

media and produce cadaverine[156] or putrescine,[154] which further reduces 

the operational cost of ATA catalysis. The methodology has enormous 

potential for the production of high-value chiral amines in engineered C. 

glutamicum, but further studies with a variety of carbonyl substrates and 

ATAs at different concentrations are required to assess the scope of this 

approach. 

An interesting aspect of chapter 3 were the difficulties encountered with 

the expression of the widely used ATA, 3HMU, in C. glutamicum. The ATA 

was codon optimized for expression in the organism and tests with inactive 

mutants indicated potential problems at a transcriptional level. Further 
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studies on an RNA level could shed light as to whether there is an internal 

signal for transcriptional termination. This problem was observed only for 

3HMU, as the rest of the ATAs were successfully expressed in C. 

glutamicum. One of the ATAs (HEWT) tested does not accept ketone 

substrates and thus a model aldehyde was employed. The alcohol side-

product was predominantly formed, which can be attributed to 

endogenous ADH activity. In this study, the host cell, C. glutamicum, 

expresses a number of endogenous ADHs[190-194] and AldDHs,[195,196] which 

can act on the aldehyde substrate and hamper the ATA reaction. Silencing 

the genes for ADH and AldDH expression could help overcome this 

problem, but the viability of the new strains could also be compromised. 

Future experiments could focus on metabolic engineering and the 

generation of a modified host cell for the transamination of aldehydes. 

The self-sufficient whole-cell system was successfully developed with three 

putrescine ATAs (PcATA, PfATA and PpATA) [200, 201] for the transamination 

of a model ketone substrate (chapter 3). New strains with enhanced ATA 

production were generated and the reaction conditions optimized for the 

conversion of a model substrate to its corresponding imine with 42% 

isolated yield. This represents a cost-effective way of synthesizing chiral 

products, as both biocatalyst, diamine substrate and coenzyme are 

produced by the bacterial host growing in defined minimal media. Future 

studies will focus on testing a wider range of substrates and increasing the 

concentration of carbonyl employed, in order to broaden the utility of this 

system. Potential problems with poor diffusion of ketones and chiral 

amines through the membrane can be overcome by restructuring the ATA 

as a membrane protein and catalyze the reaction on the surface of the 

bacteria. This could also help overcome problems associated with the 

intracellular pH, as the ATAs used in this study are less active at neutral pH, 

thus limiting their capabilities within the cell. It could be possible to 

maintain physiological pH while the bacteria are growing and then switch 

to a more suitable pH for the ATA biotransformation. The whole-cell system 
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presented in chapter 3 utilizes a single vector (pVWEx1), but additional 

enzymes could be co-expressed using a compatible vector (pEKEx3) to 

facilitate enzymatic cascades.  
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A. Appendix 
 

A.1 Supplementary material to ‘Application of smart 
amine donors for the production and commercialization 
of chiral amines’ 

Table A.1.1. Conversions of ketones 1-13 using ATA256 

 

 

 

ketone R1 R2 Conversion (%) 

1 eq 
Cad. 

3 eq 
Cad. 

1 eq 
IPA 

3 eq 
IPA 

1 

 

Me 79 98 43 71 

2 

 

Et 39 33 27 35 

3 

 

Me n.d. n.d. n.d. n.d. 

4 

 

Me 43 42 7 7 

5 

 

Me 19 29 10 18 

6 

 

Me 77 92 29 26 

7 

 

Me n.d. n.d. n.d. n.d. 

8 

 

Me 79 99 44 72 

9 

 

Me n.d. n.d. n.d. n.d. 



107 

A.2 Supplementary material to ‘development of self-
sufficient whole-cell biocatalyst for chiral amine 
synthesis’ 

A.2.1 Activity measurement through acetophenone assay 

The acetophenone assay was first described by Schätzle et al. 2009, as a 

spectrophotometric assay for the rapid characterization of ω-TAs.[177] It is 

based on the conversion of S-PEA to acetophenone, utilizing pyruvate as 

amine acceptor. The formation of acetophenone over time is monitored by 

detecting its absorbance at 245 nm over time with high sensitivity (ε = 12 

mM-1cm-1) [177]. The rate of the absorbance is converted to concentration of 

acetophenone, following the Beer-Lambert law shown below: 

𝐴 =  𝜀 ∗ 𝑙 ∗ 𝐶 

A: absorption  

ε: extinction co-efficient factor (equals to 12 mM-1cm-1 for 

acetophenone)[177] 

l: pathlength (equals to 1 cm in this case) 

C: concentration of acetophenone  

Over time, the above equation is written as: 

𝑑𝐴

𝑑𝑡
= 𝜀 ∗ 𝑙 ∗

𝑑𝐶

𝑑𝑡
 

 

The linear increase of absorbance over time is measured during the assay, 

i.e. the dA/dt with units (min)-1. Thus, the concentration of acetophenone 

produced over time (dC/dt) can be calculated by the equation: 
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𝑑𝐶

𝑑𝑡
=

𝑑𝐴
𝑑𝑡

𝜀 ∗ 𝑙
 

The amount of acetophenone (μmoles) produced over time can be 

calculated by incorporating the volume: 

𝑑𝑛

𝑑𝑡
= (

𝑑𝐶

𝑑𝑡
) ∗ 𝑉 ∗ 𝐷𝐹 

dn/dt: μmoles acetophenone over time 

V: volume of reaction (equals to 1 mL in this study) 

DF: dilution factor [DF = (volume of reaction/ volume of enzymatic extract 

added)] 

One unit of activity is defined as the amount of enzyme required to produce 

1 μmol acetophenone in 1 minute and thus is calculated from the equation: 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑑𝑛
𝑑𝑡

𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑚𝑔 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 𝑖𝑛 1 𝑚𝐿 𝑒𝑥𝑡𝑟𝑎𝑐𝑡
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A.2.2 Estimation of the amount of HEWT (mg) in clarified extract 

Cerioli et al. 2015, have already characterized HEWT with reported specific 

activity of 2.96 U per mg of purified HEWT measure by the acetophenone 

assay.[189]Thus, it is safe to assume that: 

1 mg of purified HEWT has activity equal to 2.96 U 

To optimize the expression of HEWT, the amount of HEWT produced from 

a 20 mL culture of C. glutamicum was estimated. C. glutamicum cultures 

were prepared as previously described (see section 3.8.8). The total 

amount of protein and activity of the clarified extract were determined as 

described in section 3.8.10 and 3.8.11, respectively. Assuming the activity 

is generated solely due to the overexpressed ATA, an immediate correlation 

between the amount of HEWT and activity can be drawn. For clarity, an 

example is described below; 

A 20 mL culture of C. glutamicum induced with 1 mM IPTG, afforded 3 mL 

of clarified extract. The concentration of the total protein in this extract was 

found 0.121 mg/mL with a relative activity of 0.014 U per 1 mL of clarified 

extract. The relative activity is divided by the concentration of total protein: 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (
𝑈

𝑚𝑔 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
) =

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑈

𝑚𝐿)

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔
𝑚𝐿)

 

In this example, this would be: Activity = (0.014/0.121) = 0.115 U per mg of 

total protein. Meaning, 1 mg of total protein (from the clarified extract) 

affords 0.115 U. 

It is known that 1 mg of pure HEWT afford 2.96 U.  

Assuming the activity observed in the clarified extract stems only from 

HEWT overproduced, then: 

𝑚𝑔 𝐻𝐸𝑊𝑇 (𝑖𝑛 𝑒𝑥𝑡𝑟𝑎𝑐𝑡) =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (

𝑈
𝑚𝑔)

𝐻𝐸𝑊𝑇 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑈

𝑚𝑔) 
∗ 1 𝑚𝑔 
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In this example; The amount of HEWT in 1 mL of clarified extract equals to 

(0.115/2.96)*1 = 0.039 mg HEWT. 

A.2.3 Statistical analysis 

The statistical analysis of results from experiments focused on optimizing 

the production of HEWT and yield of whole cell system are described below. 

A.2.3.1 Analysis of variants (ANOVA) on experiments focused on increasing 

production of transaminase HEWT 

Null hypothesis (1): Increase of IPTG concentration will lead in increased 

production of HEWT. 

a) On wild-type C. glutamicum overexpressing HEWT from pEKEx3 

vector at different IPTG concentrations. 

Table A.2.3.1.1. a) The amount (mg) of HEWT produced from wild-type C. 

glutamicum harboring the insert in pEKEx3 vector, induced with different 

IPTG concentration and incubated at 30˚C for 16h, and b) the results from 

the ANOVA analysis. 

a) Samples  

Replicate mg HEWT with IPTG conc. 

0.1 mM 1 mM 5 mM 

1 0.002957 0.00319 0.006584 

2 0.012279 0.009065 0.012799 

3 0.010676 0.008655 0.010672 

 

b) ANOVA results      

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

1.4E-05 2 6.99E-06 0.460 0.652 5.143 

Within 
Groups 

9.12E-05 6 1.52E-05 
   

Total 0.0001 8         
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b) On C. glutamicum NA6 overexpressing HEWT from pEKEx3 vector at 

different IPTG concentrations. 

Table A.2.3.1.2. a) The amount (mg) of HEWT produced from C. glutamicum 

NA6 harboring the insert in pEKEx3 vector, induced with different IPTG 

concentration and incubated at 30˚C for 16h, and b) the results from the 

ANOVA analysis. 

a) Sample 

Replicate mg HEWT with IPTG conc. 

0.1 mM 1 mM 5 mM 

1 0.003455 0.005886 0.00568 

2 0.006227 0.008487 0.009451 

3 0.009821 0.012899 0.012061 

 

b) ANOVA results 

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

1.33E-
05 

2 6.64E-
06 

0.602 0.578 5.143 

Within 
Groups 

6.61E-
05 

6 1.1E-
05 

   

Total 7.94E-
05 

8         
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c)  On C. glutamicum GRLys1 overexpressing HEWT from pEKEx3 

vector at different IPTG concentrations. 

Table A.2.3.1.3. a) The amount (mg) of HEWT produced from C. glutamicum 

GRLys1 harboring the insert in pEKEx3 vector, induced with different IPTG 

concentration and incubated at 30˚C for 16h, and b) the results from the 

ANOVA analysis. 

a) Samples  

Replicate mg HEWT with IPTG conc. 

0.1 mM  1 mM  5 mM  

1 0.006875 0.002545 0.009317 

2 0.011455 0.013774 0.014175 

3 0.00898 0.014553 0.013207 

 

b) ANOVA results      

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

1.5E-05 2 7.49E-06 0.394 0.691 5.143 

Within 
Groups 

0.000114 6 1.9E-05 
   

Total 0.000129 8         
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A table with a summary of all samples and ANOVA results is presented 

below. 

Table A.2.3.1.4. A summary of the amounts (mg) of HEWT produced from 

the different strains of C. glutamicum induced with different IPTG 

concentration and incubated at 30˚C for 16h, and the corresponding P-

values derived from statistical analysis. 

Strain Replicate mg HEWT with IPTG conc. P-value 

0.1 mM 1 mM 5 mM 

WT 1 0.002957 0.00319 0.006584 0.652 

2 0.012279 0.009065 0.012799 

3 0.010676 0.008655 0.010672 

NA6 1 0.003455 0.005886 0.00568 0.578 

2 0.006227 0.008487 0.009451 

3 0.009821 0.012899 0.012061 

GRLys1 1 0.006875 0.002545 0.009317 0.691 

2 0.011455 0.013774 0.014175 

3 0.00898 0.014553 0.013207 

 

The null hypothesis (1) is rejected, since the P-value in all cases is higher 

than 0.05. Thus, increasing the IPTG concentration does not lead to 

statistically significant increase in HEWT production. 

Null hypothesis (2): Increase of incubation time of IPTG-induced cultures at 

30 ˚C will lead in increased production of HEWT. 

a) On Wild-type C. glutamicum overexpressing HEWT from pEKEx3 

vector and 1 mM IPTG, incubated at 30˚C for 16h or 32h. 
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Table A.2.3.1.5. a) The amount (mg) of HEWT produced from wild-type C. 

glutamicum harboring the insert in pEKEx3 vector, induced with 1 mM IPTG 

and incubated for different time lengths at 30˚C, and b) the results from the 

ANOVA analysis. 

a) Samples  

Replicate mg HEWT after expressing for 

16h 32h 

1 0.00319 0.003014 

2 0.009065 0.001318 

3 0.008655 0.004292 

 

b) ANOVA results 

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

2.52E-05 1 2.52E-05 3.875 0.120 7.709 

Within 
Groups 

2.6E-05 4 6.49E-06 
   

Total 5.11E-05 5         
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b) On C. glutamicum NA6 overexpressing HEWT from pEKEx3 vector 

and 1 mM IPTG, incubated at 30˚C for 16h or 32h. 

Table A.2.3.1.6. a) The amount (mg) of HEWT produced from C. glutamicum 

NA6 harboring the insert in pEKEx3 vector, induced with 1 mM IPTG and 

incubated for different time lengths at 30˚C, and b) the results from the 

ANOVA analysis. 

a) Samples 

Replicate mg HEWT after expressing for 

16h 32h 

1 0.005886 0.002669 

2 0.008487 0.000971 

3 0.012899 0.002722 

 

b) ANOVA results 

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

7.29E-
05 

1 7.29E-05 10.745 0.031 7.709 

Within 
Groups 

2.71E-
05 

4 6.78E-06 
   

Total 1E-04 5         

 

From the table above, the P-value is lower than 0.05, thus deemed 

significant. In this case, a Bonferroni post-hoc analysis is required, where a 

new threshold for significant P-value is set following the equation below. 

𝑎′ = 𝑎/𝑛 

α’: Bonferroni-corrected p-value 
α = 0.05  
n: number of tests performed (i.e. number of groups comparing) 

 In the above experiment two groups (16h and 32h of induction) were 

examined and so, the new threshold is: 

𝑎′ =
0.05

2
= 0.025 
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The P-value from the ANOVA analysis is higher than 0.025, and so it is not 

significantly important. 

c) On C. glutamicum GRLys1 overexpressing HEWT from pEKEx3 vector 

and 1 mM IPTG, incubated at 30˚C for 16h or 32h. 

Table A.2.3.1.7. a) The amount (mg) of HEWT produced from C. glutamicum 

GRLys1 harboring the insert in pEKEx3 vector, induced with 1 mM IPTG and 

incubated for different time lengths at 30˚C, and b) the results from the 

ANOVA analysis. 

a) Samples  

Replicate mg HEWT after expressing for 

16h 32h 

1 0.002545 0.015494 

2 0.013774 0.001225 

3 0.014553 0.003564 

 

b) ANOVA results      

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

1.87E-05 1 1.87E-05 0.360 0.581 7.709 

Within 
Groups 

0.000207 4 5.19E-05 
   

Total 0.000226 5         

 

A table with a summary of all samples and ANOVA results is presented 

below. 

  



117 

Table A.2.3.1.8. A summary of the amounts (mg) of HEWT produced from 

the different strains of C. glutamicum induced 1 mM IPTG and incubated at 

30˚C for 16h or 32h, and the corresponding P-values derived from statistical 

analysis. 

Strain Replicate mg HEWT after expressing for P-value 

16h 32h 

WT 1 0.00319 0.003014 0.120 

2 0.009065 0.001318 

3 0.008655 0.004292 

NA6 1 0.005886 0.002669 0.031 

2 0.008487 0.000971 

3 0.012899 0.002722 

GRLys1 1 0.002545 0.015494 0.581 

2 0.013774 0.001225 

3 0.014553 0.003564 

 

After a Bonferroni post-hoc analysis, the null hypothesis (2) is rejected, thus 

expression of HEWT for longer incubation times does not lead to significant 

increase in HEWT production. 
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Null hypothesis (3): Incorporating a second copy of the gene in the plasmid, 

will lead in increased production of HEWT. 

a) On wild-type C. glutamicum expressing HEWT from pEKEx3 with 

either one or two copies of the gene, including or not a second copy 

of the promoter and terminator sequence. 

Table A.2.3.1.9. a) The amount (mg) of HEWT produced from wild-type C. 

glutamicum harboring one or two copies of the insert in pEKEx3 vector, 

induced with 1 mM IPTG and incubated at 30˚C for 16h, and b) the results 

from the ANOVA analysis. 

a) Samples 

Replicate mg of HEWT from gene insert 

HEWT HEWTx2 pHEWTtx2 

1 0.00319 0.024177 0.039 

2 0.009065 0.019 0.044 

3 0.008655 0.022 0.037 

 

b) ANOVA results 

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

0.001643 2 0.000821 80.740 4.6E-05 5.143 

Within 
Groups 

6.1E-05 6 1.02E-05 
   

Total 0.0017 8         

 

From the table above, the P-value is well below 0.05, thus deemed 

significant. In this case, a Bonferroni post-hoc analysis is required, where a 

new threshold for significant P-value is set. In the above experiment 3 

groups were examined (HEWT, HEWTx2, pHEWTtx2) and so, the new 

threshold is: 

𝑎′ =
0.05

3
= 0.0167 
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The P-value from the ANOVA analysis is below 0.0167, thus the groups 

compared are significantly different, and so the null hypothesis is 

confirmed.  

 

b) On C. glutamicum NA6 strains expressing HEWT from pEKEx3 with 

either one or two copies of the gene, including or not a second copy 

of the promoter and terminator sequence. 

Table A.2.3.1.10. a) The amount (mg) of HEWT produced from C. 

glutamicum NA6 harboring one or two copies of the insert in pEKEx3 vector, 

induced with 1 mM IPTG and incubated at 30˚C for 16h, and b) the results 

from the ANOVA analysis. 

a) Samples 

Replicate mg of HEWT from gene insert 

HEWT HEWTx2 pHEWTtx2 

1 0.005886 0.027804 0.037618 

2 0.008487 0.032 0.0428 

3 0.012899 0.026 0.034 

 

b) ANOVA results 

Source of 

Variation 

SS df MS F P-value F crit 

Between 

Groups 

0.001315 2 0.0006 47.419 0.0002 5.143 

Within 

Groups 

8.32E-05 6 1.39E-05 
   

Total 0.001399 8         

 

From the table above, the P-value is well below 0.05, thus deemed 

significant. In this case, a Bonferroni post-hoc analysis is required, where a 

new threshold for significant P-value is set. In the above experiment 3 
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groups were examined (HEWT, HEWTx2, pHEWTtx2) and so, the new 

threshold is: 

𝑎′ =
0.05

3
= 0.0167 

The P-value from the ANOVA analysis is below 0.0167, thus the groups 

compared are significantly different, and so the null hypothesis is 

confirmed.  

c) On C. glutamicum GRLys1 strains expressing HEWT from pEKEx3 

vector with either one or two copies of the gene, including or not a 

second copy of the promoter and terminator sequence. 

Table A.2.3.1.11. a) The amount (mg) of HEWT produced from C. 

glutamicum GRLys1 harboring one or two copies of the insert in pEKEx3 

vector, induced with 1 mM IPTG and incubated at 30˚C for 16h, and b) the 

results from the ANOVA analysis. 

a) Samples 
  

Replicate mg of HEWT from gene insert 

HEWT HEWTx2 pHEWTtx2 

1 0.002545 0.015 0.019368 

2 0.013774 0.0187 0.021 

3 0.014553 0.013 0.017 

 

b) ANOVA results 
    

Source of 

Variation 

SS df MS F P-value F crit 

Between 

Groups 

0.000118 2 5.92E-05 3.088 0.120 5.143 

Within 

Groups 

0.000115 6 1.92E-05 
   

Total 0.000234 8         
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A table with a summary of all samples and ANOVA results is presented 

below. 

Table A.2.3.1.12. A summary of the amounts (mg) of HEWT produced from 

the different strains of C. glutamicum harboring one or two copies of the 

insert in pEKEx3, induced 1 mM IPTG and incubated at 30˚C for 16h, and the 

corresponding P-values derived from statistical analysis. 

Strain Replicate mg HEWT from gene insert P-value 

HEWT HEWTx2 pHEWTtx2 

WT 1 0.00319 0.024177 0.039 4.6E-05 

2 0.009065 0.019 0.044 

3 0.008655 0.022 0.037 

NA6 1 0.005886 0.027804 0.037618 0.0002 

2 0.008487 0.032 0.0428 

3 0.012899 0.026 0.034 

GRLys1 1 0.002545 0.015 0.019368 0.120 

2 0.013774 0.0187 0.021 

3 0.014553 0.013 0.017 

 

After a Bonferroni post-hoc analysis, the null hypothesis (3) is confirmed for 

wild-type and NA6 C. glutamicum strains, thus using two copies of HEWT in 

pEKEx3 vector leads to statistically significant increase in HEWT production. 

A.2.3.2 Analysis of variants (ANOVA) on experiments focusing on increasing 

yield of whole cell system 

Null hypothesis (4): Increased amounts of transaminase (from 

incorporating a second copy or using a high copy number plasmid) will lead 

to increased yield 

a) On C. glutamicum NA6 strains expressing pcATA from pEKEx3 with 

either one or two copies of the gene, or pVWEx1 with a single copy 

of the gene. 
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Table A.2.3.2.1. a) The conversion (%) of 27 to 28 utilizing whole cells of C. 

glutamicum NA6 expressing pcATA from pEKEx3 with a single or two copies 

of the insert, or from pVWEx3 with a single copy, and b) the results from the 

ANOVA analysis. 

 

a) Samples 

Replicate Conversion (%) with plasmid  

pEKEx3-
pcATA 

pEKEx3-
pcATAx2 

pVWEx1-
pcATA 

1 9 22 11 

2 11 22 7 

3 7 22 4 

 

b) ANOVA results 

Source of 
Variation 

SS df MS F P-value F crit 

Between 
Groups 

386.8889 2 193.4444 35.531 0.00047 5.1432 

Within 
Groups 

32.66667 6 5.444444 
   

Total 419.5556 8         

 

From the table above, the P-value is well below 0.05, thus deemed 

significant. In this case, a Bonferroni post-hoc analysis is required, where a 

new threshold for significant P-value is set. In the above experiment 3 

groups are examined (pEKEx3-HEWT, pEKEx3-HEWTx2, pVWEx1-HEWT) 

and so, the new threshold is: 

𝑎′ =
0.05

3
= 0.0167 

The P-value from the ANOVA analysis is below 0.0167, thus the groups 

compared are significantly different, and so the null hypothesis is 

confirmed.  
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b) On C. glutamicum GRLys1 strains expressing pcATA from pEKEx3 

with either one or two copies of the gene, or pVWEx1 with a single 

copy of the gene. 

Table A.2.3.2.2. a) The conversion (%) of 27 to 28 utilizing whole cells of C. 

glutamicum GRLys1 expressing pcATA from pEKEx3 with a single or two 

copies of the insert, or from pVWEx3 with a single copy, and b) the results 

from the ANOVA analysis. 

 

a) Samples 

Replicate Conversion (%) with plasmid 

pEKEx3-
pcATA 

pEKEx3-
pcATAx2 

pVWEx1-
-pcATA 

1 12 14 31 

2 18 17 41 

3 7 10 35 

 

b) ANOVA results 
     

Source of 
Variation 

SS df MS F P-
value 

F crit 

Between 
Groups 

1030.222 2 515.111 22.725 0.0016 5.143 

Within 
Groups 

136 6 22.667 
   

Total 1166.222 8         

 

From the table above, the P-value is well below 0.05, thus deemed 

significant In this case, a Bonferroni post-hoc analysis is required, where a 

new threshold for significant P-value is set. In the above experiment 3 

groups are examined (pEKEx3-HEWT, pEKEx3-HEWTx2, pVWEx1-HEWT) 

and so, the new threshold is: 

𝑎′ =
0.05

3
= 0.0167 



124 

The P-value from the ANOVA analysis is below 0.0167, thus the groups 

compared are significantly different, and so the null hypothesis is 

confirmed.  

Table A.2.3.2.3. A summary of conversion (%) of 27 to 28 utilizing whole 

cells of C. glutamicum GRLys1 or NA6, expressing pcATA from pEKEx3 with 

a single or two copies of the insert, or from pVWEx3 with a single copy, and 

the corresponding P-values derived from statistical analysis. 

 

Strain Replicate Conversion  (%) with plasmid P-value 

pEKEx3-
pcATA 

pEKEx3-
pcATAx2 

pVWEx1-
pcATA 

NA6 1 9 22 11 0.000472 

2 11 22 7 

3 7 22 4 

GRLys1 1 12 14 31 0.001586 

2 18 17 41 

3 7 10 35 

 

After a Bonferroni post-hoc analysis, the null hypothesis (4) is confirmed for 

C. glutamicum NA6 and GRLys1 strains, thus increasing the amount of 

transaminase with double copy (HEWTx2) or high copy-number plasmid 

(pVWEx1) leads to statistically significant increase in yield (%). 

Null hypothesis (5): Increased cell density will lead to increased yield 
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Table A.2.3.2.4. a) The conversion (%) of 27 to 28 utilizing different cell 

density (mg/mL) whole cells of C. glutamicum GRLys1 expressing pcATA 

from pVWEx3 with a single copy, and b) the results from the ANOVA 

analysis. 

 

a) Samples 
   

Replicate Conversion (%) with cell density 

50 
mg/mL 

100 
mg/mL 

150 
mg/mL 

200 
mg/mL 

1 49 64 75 76 

2 45 63 72 76 

3 44 
  

78 

 

b) ANOVA results 
     

Source of 

Variation 

SS df MS F P-value F crit 

Between 

Groups 

1633.93 3 544.644 150.825 4.88E-06 4.757 

Within 

Groups 

21.667 6 3.611 
   

Total 1655.6 9         

 

From the table above, the P-value is well below 0.05, thus deemed 

significant. In this case, a Bonferroni post-hoc analysis is required, where a 

new threshold for significant P-value is set. In the above experiment 4 

groups are examined (cell densities: 50, 100, 150 and 200 mg/mL) and so, 

the new threshold is: 

𝑎′ =
0.05

4
= 0.0125 
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The P-value from the ANOVA analysis is below 0.0125, thus the groups 

compared are significantly different, and so the null hypothesis is 

confirmed. 

A.2.4 Supplementary data 

Table A.2.4.1. Conversions of ketone 28 utilizing clarified extract of (R) or 

(S) ATAs. 

Selectivity ATA Conversion (%) 

cadaverine Putrescine o-
xylylene 
diamine 

IPA 

S 
 

ChrVio 2 8 7 10 

3I5T 10 14 7 6 

VibFlu n.d. n.d. 6 2 

3HMU 19 21 20 19 

 
R 
 

MycVan n.d. n.d. 5 n.d. 

AspFum n.d. n.d. n.d. n.d. 

NeoFis n.d. n.d. n.d. n.d. 

 

  



127 

Table A.2.4.2. Estimation of HEWT (in mg) in clarified extract of C. 

glutamicum strains cultivated in different expression conditions. Best results 

are highlighted in red (and presented in thesis). 

Strain Insert(s) Conditions 
Average 

Amount of 
HEWT (mg) 

StDev 

Wild type 

HEWT 

0.1 mM IPTG/ 1 
o.n. 0,009 0,004069 

1 mM IPTG/1 o.n. 0,007 0,002678 

5 mM IPTG/1 o.n. 0,010 0,002579 

0.1 mM IPTG/2 o.n. 0,006 0,00563 

1 mM IPTG/2 o.n. 0,003 0,001218 

5 mM IPTG/2 o.n. 0,002 0,000862 

HEWTx2 
1 mM IPTG/1 o.n. 0,024 0,002 

1 mM IPTG/2 o.n. 0,002 0,001 

pHEWTtx2 
1 mM IPTG/1 o.n. 0,040 0,004 

1 mM IPTG/2 o.n. 0,005 0,001 

NA6 

HEWT 

0.1 mM IPTG/1 o.n. 0,007 0,003 

1 mM IPTG/1 o.n. 0,009 0,003 

5 mM IPTG/1 o.n. 0,009 0,003 

0.1 mM IPTG/2 o.n. 0,001 0,000 

1 mM IPTG/2 o.n. 0,002 0,001 

5 mM IPTG/2 o.n. 0,003 0,001 

HEWTx2 
1 mM IPTG/1 o.n. 0,028 0,003 

1 mM IPTG/2 o.n. 0,004 0,001 

pHEWTtx2 
1 mM IPTG/1 o.n. 0,038 0,004 

1 mM IPTG/2 o.n. 0,003 0,000 

GRLys1 

HEWT 

0.1 mM IPTG/1 o.n. 0,009 0,002 

1 mM IPTG/1 o.n. 0,010 0,005 

5 mM IPTG/1 o.n. 0,012 0,002 

0.1 mM IPTG/2 o.n. 0,002 0,001 

1 mM IPTG/2 o.n. 0,007 0,006 

5 mM IPTG/2 o.n. 0,007 0,005 

HEWTx2 
1 mM IPTG/1 o.n. 0,015 0,002 

1 mM IPTG/2 o.n. 0,001 0,000 

pHEWTtx2 
1 mM IPTG/1 o.n. 0,019 0,002 

1 mM IPTG/2 o.n. 0,001 0,000 
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Table A.2.4.3. Conversions of ketone 32 utilizing clarified extract of 

putrescine ATAs (Pc, Pf or Pp). 

Biocatalyst 
 

Conversion 

1 eq. 
 Putrescine 

3 eq.  
Putrescine 

1 eq.  
Cadaverine 

3 eq. 
 Cadaverine 

PcATA 20 41 43 75 

PfATA 28 31 54 60 

PpATA 24 49 53 66 

 

Table A.2.4.4. Conversions of ketone 32 from NA6 and GRLys1 strains with 

PcATA or PcATAx2 insert. 

Strain Insert Conversion (%) 

1d 2d 

NA6 PcATA 9 12  
PcATAx2 22 32 

GRLys1 PcATA 12 17  
PcATAx2 14 20 

 

Table A.2.4.5. Conversions of ketone 32 from different cell densities of 

GRLys1-pVWEx1-ldcC-PcATA in different media. N/A: not available 

Cell density Conversion (%) 

Media 
culture 

HEPES 
buffer 

HEPES buffer + 0.1 mM 
PLP 

50 mg/mL 46 51 N/A 

100 mg/mL 64 73 N/A 

150 mg/mL 74 75 N/A 

200 mg/mL 77 77 76 

 

Table A.2.4.6. Conversion of 32 utilizing 100 mg mL-1 wet cell pellets of C. 

glutamicum GRLys1-pVWEx1-ldcC-PcATA in three consecutive cycles. 

Cycle Conversion (%) 

1 77 

2 66 

3 22 
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Table A.2.4.7. Strains used in this study. 

Strain Relevant characteristic reference 
or source 

E. coli DH5a F- thi-1 endA1 hsdR17 (r m) supE44 
DlacU169 (F80lacZDM15) recA1 gyrA96 
relA1 

New 
Englands 
Biolabs 

E. coli BL21 F– ompT gal dcm lon hsdSB(rB
–mB

–) λ(DE3 
[lacI lacUV5-T7p07 ind1 sam7 nin5]) 
[malB+]K-12(λS) 

New 
Englands 
Biolabs 

C. 
Glutamicum 
ATCC 13032 
(Wild type) 

Wild type strains naturally 
overproducing L-lysine 

American 
Type 

Culture 
Collection 

C. 
Glutamicum 

GRLys1 

WT carrying the pVWEx1-ldcC plasmid this study 

C. glutamicum 
NA2 

in frame deletion of ArgR and argF, L-
ornithine overproducing strain, derived 
from C. glutamicim ATCC13032; 
auxotrophic for L-arginine, replacement 
of start codon GTG to TTG for 
chromosomal odhA, carrying plamid 
pVWEx1-speC 

[1] 

C. glutamicum 
NA6 

NA2, with chromosomal deletion of 
snaA, carrying pVWEx1-speC-gapA-pyc-
argBA49V/M54V-argF21 instead of 
pVWEx1-speC 

[1] 

 

Table A.2.4.8. Plasmids used in this study. 

Plasmid Relevant characteristic Reference 
or source 

pET-22b Amp-r; E. coli vector (PT7 lacI, pBR322-Ori) lab stock 

pET-22b-
3HMU 

derived from pET-22b, for regulated 
expression of 3HMU from S. pomeroyi 

[2] 

pET-22b-
3I5T 

derived from pET-22b, for regulated 
expression of 3I5T from R. sphaeroides KD131 

[2] 

pET-22b-
ChrVio 

derived from pET-22b, for regulated 
expression of ChrVio from C. violaceum 

[3] 

pET-22b-
Vibflu 

derived from pET-22b, for regulated 
expression of Vibflu from V. fluvialis 

[4] 
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pET-22b-PcATA derived from pET-22b, for regulated 
expression of PcATA from P. chlororaphis 
subsp. Aureofaceins  

[5] 

pET-22b-PpATA derived from pET-22b, for regulated 
expression of PpATA from P. putida  

[5] 

pET-22b-AspFum derived from pET-22b, for regulated 
expression of AspFum from A. fumigatus  

[2] 

pET-22b-NeoFis derived from pET-22b, for regulated 
expression of NeoFis from N. fischeri  

[2] 

pET-28b Km-r; E. coli vector (PT7 lacI, pBR322-Ori) Lab 
stock 

pET-28b-PfATA derived from pET-28b, for regulated 
expression of PfATA from P. fluorescens   

[5] 

pRSET B Amp-r; E. coli vector (PT7 lacI, pBR322-
Ori) 

[6] 

pHEWT derived from pHES-PUC, for regulated 
expression of HEWT from H. elongata 

[6] 

pGASTON Amp-r; E. coli vector (Prha, pBR322-Ori) [7] 

pGASTON-
MycVan 

derived from pGASTON, for regulated 
expression of MycVan from M. 
vanbaalenii  

[7] 

pGASTON-
AspORy 

derived from pGASTON, for regulated 
expression of AspOry from A. oryzae  

[8] 

pEKEx3 Spec-r; C. glutamicum/E. coli (Ptac lacIq, 
pBL1 ori) 

[9] 

pEKEx3-3HMU derived from pEKEx3, for regulated 
expressions of 3HMU from S. pomeroyi 

this 
study 

pEKEx3-GFP derived from pEKEx3, for regulated 
expressions of GFP from A. victoria 

this 
study 

pEKEx3-
3HMUK292A 

derived from pEKEx3, for regulated 
expressions of 3HMU from S. pomeroyi, 
with catalytic lysine (K292) mutated to 
alanine  

this 
study 

pEKEx3-HEWT derived from pEKEx3, for regulated 
expression of HEWT from H. elongata 

this 
study 

pEKEx3-
pHEWTtx2 

derived from pEKEx3, for regulated 
expression of double insert of HEWT from 
H. elongata under two separate pTac 

this 
study 

pEKEx3-HEWTx2 derived from pEKEx3, for regulated 
expression of double insert of HEWT from 
H. elongata 

this 
study 

pEKEx3-PcATA derived from pEKEx3, for regulated 
expression of PcATA from P. chlororaphis 
subsp. Aureofaceins  

this 
study 
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pEKEx3-PcATAx2 derived from pEKEx3, for regulated 
expression of double insert of PcATA from 
P. chlororaphis subsp. Aureofaceins  

this 
study 

pEKEx3-PfATA derived from pEKEx3b, for regulated 
expression of PfATA from P. fluorescens   

this 
study 

pEKEx3-PpATA derived from pEKEx3, for regulated 
expression of PpATA from P. putida  

this 
study 

pVWEx1 Km-r; C.glutamicum/E.coli shuttle vector (Ptac 
lacIQ, pCG ori) 

[10] 

pVWEx1-ldcC derived from pVWEx1, for regulated 
expression of ldcC from E. coli MG1655 

this 
study 

pVWEx1-speC derived from pVWEx1, for regulated 
expression of speC from E. coli MG1655 

this 
study 

pVWEx1-speC-
gapA-pyc-
argBA49V/M54V-
argF21 

derived from pVWEx1 for the regulated 
expression of argBA49B/M54V, pyc and gapA 
from C. glutamicum, speC from E. coli 
MG1655 and leaky expression of argF 

[1] 

pVWEx1-ldcC-
PcATA 

derived from pVWEx1, for regulated 
expression of ldcC from E. coli MG1655 and 
PcATA from P. chlororaphis subsp. 
Aureofaceins  

this 
study 

pVWEx1-ldcC-
PfATA 

derived from pVWEx1, for regulated 
expression of ldcC from E. coli MG1655 and  
PfATA from P. fluorescens   

this 
study 

pVWEx1-ldcC-
PpATA 

derived from pVWEx1, for regulated 
expression of ldcC from E. coli MG1655 and 
PpATA from P. putida  

this 
study 

pVWEx1-speC-
PcATA 

derived from pVWEx1, for regulated 
expression of speC from E. coli MG1655 and 
PcATA from P. chlororaphis subsp. 
Aureofaceins  

this 
study 

pVWEx1-speC-
PfATA 

derived from pVWEx1, for regulated 
expression of speC from E. coli MG1655 and  
PfATA from P. fluorescens   

this 
study 

pVWEx1-speC-
PpATA 

derived from pVWEx1, for regulated 
expression of speC from E. coli MG1655 and 
PpATA from P. putida  

this 
study 
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Table A.2.4.9. Primers used in this study. 

Primer 
Name 

Sequence Restr. 
site 

Purpose 

SG1_F GCCTGCAGTCGACCGAAAGGAGG 
ACAACCATGAGCCTGGCGACCATTAC
G 

SalI Cloning of 
3HMU 

SG2_R GGTTCTAGAGGAGCTCGAATTCGG 
ATCCTTATTAGTGG 

EcoRI Cloning of 
3HMU 

SG3_F GGTGTCGACCGAAAGGAGGACAA 
CCATGAGTAAAGGCGAAGAACTTTTC
AC 

SalI Cloning GFP 

SG4_R GGTGGTGAATTCTTATTTGTATAGT 
TCATCCATGCCATGTGTAATC  

EcoRi Cloning GFP 

SG5_F  CATATTATGACGATCGCAGCAGGT 
CTGAGTTCC  

- mutate 
K292A 

SG6_R GGAACTCAGACCTGCTGCGATCGT 
CATAATATG 

- mutate 
K292A 

SG7_F CTTGCATGCCTGCAGAAAGGAGGT 
CGACCATGCGGGGTTCTCATCATCAT 

 
Cloning HEWT 

SG8_R CGAGCTCGGTACCCGGGGATCCAA 
TTCTCATGCGGTTGGCTCCTC 

 
Cloning HEWT 

SG9_F GCCAAGCTTGCATGCCTGCAGAAA 
GGAGGTCGACCATGC 

SalI HiFi assembly 
(pEKEx3, 
HEWT twice) 

SG10_R CCACCGGTGGTGGTCTCATGCGGT 
TGGCTCCTC 

- HiFi assembly 
(pEKEx3, 
HEWT twice) 

SG11_F AACCGCATGAGACCACCACCGGTGGT 
GGTCGAAAGGAGGTCGACCATGC 

SalI HiFi assembly 
(pEKEx3, 
HEWT twice)  

SG12_R CTGTAAAACGACGGCCAGTGTCATGC 
GGTTGGCTCCTC 

EcoRI HiFi assembly 
(pEKEx3, 
HEWT twice) 

SG13_F TGCAGAAAGGAGGGTTGACAATTAAT 
CATCGG 

- HiFi assembly 
(pEKEx3,prom
-HEWT-term 
twice) 

SG14_R CCACCGGTGGTGGTCCAAAAGAGTTT 
GTAGAAACG 

- HiFi assembly 
(pEKEx3,prom
-HEWT-term 
twice) 
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SG15_F AACTCTTTTGGACCACCACCGGTGG 
TGGTCGTTGACAATTAATCATCGG 

- HiFi assembly 
(pEKEx3,pro
m-HEWT-
term twice)  

SG16_R CTGTAAAACGACGGCCAGTGCAAAA 
GAGTTTGTAGAAACG 

EcoRI HiFi assembly 
(pEKEx3,pro
m-HEWT-
term twice)  

SG17_F GGTGTCGACCGAAAGGAGGACAAC 
CATGATCAGCAACAATCCGCAAACC  

SalI Cloning 
pcATA 

SG18_R GGTGGTGAATTCGCCGGATCTCAGT 
GGTG 

EcoRI Cloning 
pcATA 

SG19_F GGTGTCGACCGAAAGGAGGACAAC 
CATGGGCAGCAGCCATCATC 

SalI Cloning 
pfATA & 
ppATA  

SG20_R GGTGGTGAATTCTTAGCCTTGCAAC 
GCACTGAGC 

EcoRI Cloning 
pfATA 

SG21_R GGTGGTGAATTCGCTACCGAATCGC 
CTCAAGG 

EcoRI Cloning 
ppATA 

SG22_F CAAGCTTGCATGCCTGCAGGTCGAC 
CGAAAGGAGGACAAC 

SalI HiFi assembly 
(pEKEx3, 
pcATA twice) 

SG23_R CGAACCACCGGTGGTTCATAGGTGG 
TGGTGGTG 

- HiFi assembly 
(pEKEx3, 
pcATA twice) 

SG24_F CCACCTATGAACCACCGGTGGTTCG 
ACCGAAAGGAGGACAAC 

- HiFi assembly 
(pEKEx3, 
pcATA twice) 

SG25_R CTGTAAAACGACGGCCAGTGTCATA 
GGTGGTGGTGGTG 

EcoRI HiFi assembly 
(pEKEx3, 
pcATA twice) 

SG26_F CCTGCAGGTCGACTCTAGAGGATTC 
CGAAAGGAGGCCCTTCAGATGAACA
TCA 
TTGCCATTATGGG  

SalI HiFi assembly 
(pVWEx1-
ldcC-pATA) - 
amplify ldcC 

SG27_R CATGGTTGTCCTCCTTTCGTTATCCCG 
CCATTTTTAGGAC  

- HiFi assembly 
(pVWEx1-
ldcC-pATA) - 
amplify ldcC 

SG28_F CCTGCAGGTCGACTCTAGAGAAAGG 
AGGCCCTTCAGATGAAATCAATGAA 
TATTGCCGC 

SalI HiFi assembly 
(pVWEx1-
speC-pATA) - 
amplify speC 

SG29_R CATGGTTGTCCTCCTTTCGTTACTTCA 
ACACATAACCGTACAAC 

- HiFi assembly 
(pVWEx1-
speC-pATA) - 
amplify speC 
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SG30_F TAACGAAAGGAGGACAACCATGAT 
CAG 

- HiFi assembly 
(pVWEx1-
ldcC/speC-
pATA) - 
amplify 
pcATA  

SG31_R ATTCGAGCTCGGTACCCGGGGATCTC 
AGCCCTGTAATGCACTCAACGTCAG 

- HiFi 
assembly 
(pVWEx1-
ldcC-pcATA) - 
amplify 
pcATA 

SG32_F TAACGAAAGGAGGACAACCATGACC 
CGCAATAACCCGCAAAC 

- HiFi 
assembly 
(pVWEx1-
ldcC/speC-
pATA) - 
amplify 
pfATA  

SG33_R ATTCGAGCTCGGTACCCGGGGATCTT 
AGCCTTGCAACGCACTGAGC 

- HiFi 
assembly 
(pVWEx1-
ldcC-pfATA) - 
amplify 
pfATA 

SG34_F TAACGAAAGGAGGACAACCATGAGC 
ACCAACAACCCGCAAAC  

- HiFi 
assembly 
(pVWEx1-
ldcC/speC-
pATA) - 
amplify 
ppATA  

SG35_R ATTCGAGCTCGGTACCCGGGGATCCT 
ACCGAATCGCCTCAAGGGTC 

- HiFi 
assembly 
(pVWEx1-
ldcC-pfATA) - 
amplify 
ppATA 

Restriction sites are underlined, start codons are bold and ribosomal binding sides 

including spacer are italicized 
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A.2.5 Polymerase Chain Reaction (PCR) conditions 

Phusion polymerase from Thermo Fischer Scientific was used for all PCRs and the 

supplier’s protocol was followed for the preparation of the PCR mixtures. 

Table A.2.5.1. PCR conditions for amplifying 3HMU insert with SG1_F and 

SG2_R primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

98 2 mins - 

denaturation 98 10 sec  
10 Annealing* 72 30 sec 

elongation 72 1 min 

denaturation 98 10 sec  
20 annealing 62 30 sec 

elongation 72 1 min 

final elongation 72 2 mins - 

*Every cycle the annealing temperature drops by 1˚C 

Table A.2.5.2. PCR conditions for amplifying GFP insert with SG3_F and 

SG4_R primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

98 2 mins - 

denaturation 98 10 sec 

12 Annealing* 72 30 sec 

elongation 72 1 min 

denaturation 98 1 min 

20 annealing 50 30 sec 

elongation 72 1 min 

final elongation 72 2 min - 

*Every cycle the annealing temperature drops by 2˚C 
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Table A.2.5.3. PCR conditions for site-directed mutagenesis of 

3HMU_K292A; a) amplification of 3HMU_K292A in two fragments using 

SG5_F with SG2_R and SG1_F with SG6_R primers, b) conditions of 

overlapping PCR using SG1_F and SG2_R to afford the whole 3HMU_K292A 

insert. 

a)  

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 60 15 sec 

elongation 72 30 sec 

final elongation 72 2 mins - 

 

b) 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 60 15 sec 

elongation 72 1 min 

final elongation 72 2 mins - 

 

Table A.2.5.4. PCR conditions for amplifying HEWT insert with SG7_F and 

SG8_R primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

98 30 sec - 

denaturation 98 10 sec 

12 Annealing* 72 30 sec 

elongation 72 1 min 

denaturation 98 1 min 

25 annealing 50 30 sec 

elongation 72 1 min 

final elongation 72 2 min - 

*Every cycle the annealing temperature drops by 1˚C 
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Table A.2.5.5. PCR conditions for amplifying two copies of HEWT insert with 

SG9_F, SG10_R and SG11_F. SG12_R pairs of primers. Same conditions 

applied amplifying two copies of pcATA with its pairs of primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 55 15 sec 

elongation 72 1 min 

final elongation 72 2 mins - 

 

Table A.2.5.6. PCR conditions for amplifying two copies of promoter-HEWT 

insert-terminator with SG13_F, SG14_R and SG15_F, SG16_R pairs of 

primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 50 15 sec 

elongation 72 2 min 

final elongation 72 3 mins - 

 

Table A.2.5.7. PCR conditions for amplifying pcATA insert with SG17_F and 

SG18_R primers. Same conditions applied for amplification of pf and pp ATA 

with their pair of primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 58 15 sec 

elongation 72 1 min 

final elongation 72 2 mins - 
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Table A.2.5.8. PCR conditions for amplifying ldcC insert with SG26_F and 

SG27_R primers. Same conditions applied for amplification of speC insert 

with its pair of primers. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 55 15 sec 

elongation 72 1.5 mins 

final elongation 72 3 mins - 

 

Table A.2.5.9. PCR conditions for amplifying pcATA insert with SG30_F and 

SG31_R primers. Same conditions applied for amplification of pf and pp ATA 

inserts with SG32_F, SG33_R and SG34_F, SG35_R, respectively. 

Stage Temperature (˚C) time cycles 

initial 
denaturation 

95 1 min - 

denaturation 95 15 sec 

30 annealing 60 15 sec 

elongation 72 1.5 mins 

final elongation 72 3 mins - 

 

A.2.6 Restriction enzyme conditions 

Restriction enzymes EcoRI-HF and SalI-HF from New England Biolabs were used 

for all digestions and the supplier’s protocol was followed as described in tables 

A.2.6.1 and A.2.6.2. 

Table A.2.6.1. Reagents mixing protocol for double digestion. 

Reagent Quantity 

10x CutSmart buffer (NEB) 5 μL 

Plasmid DNA (200-400 ng/uL) 2 μL 

EcoRI-HF (NEB) 1 μL 

SalI-HF (NEB) 1 μL 

DNAase free H2O 41 μL 
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Table A.2.6.2. Conditions used for restriction digest of plasmids using the 

restriction enzymes EcoRI and SalI. 

Stage Temperature (˚C) time 

Restriction 
digest 

37 30 mins 

Heat 
inactivation  

70 20 mins 

 

A.2.7 Gas Chromatography (GC) traces 

Herein, representative GC-chromatographs showing the traces from compounds 

and their respective products are showed.  

1. 2-methoxy-acetophenone 

 

2. 4-fluoropropiophenone 
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4. 2-acetyl-5-bromothiophene 

 

5. 4-phenyl-3-buten-2-one 

 

6. 2-fluorophenyl acetone 

 

8. 4-methoxyphenyl acetone 
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23. 4-phenyl-2-butanone 

 

25. Acetophenone 

 

27. 4-phenyl-2-pentanedione 
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29. Benzaldehyde 

 

39. 2-fluorophenylacetophenone 

 

40. 4-fluorophenylacetone 

 

41. E-non-3-ene-2-dione  

  

Note: Smaller peaks at the baseline were present in the starting material standards 

as well. They do not seem to interact, as the area of these peaks does not change.  
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