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Abstract 

This thesis reports the investigation of mechanism and the use of carboxylic acid 

reductases (CARs) for biotechnological applications and biocatalytic synthesis of 

industrially relevant chemical compounds.  

Chapter 3 focuses on understanding mechanistic properties of the CAR enzymes. It was 

demonstrated that phosphopantetheine group is essential for the functions of 

Mycobacterium marinum CAR (MCAR) and Nocardia sp. strain NRRL 5646 CAR (NCAR). 

Recent findings on the structure of these proteins allowed investigation of enzyme 

modularity by swapping the reductase domains of MCAR and NCAR with generation of 

biocatalytically active chimeric enzymes. By using stopped-flow techniques it was possible 

to determine that CARs are highly dynamic and involve many conformational changes. 

In chapter 4 the use of CARs was investigated for synthesis of anti-tuberculosis drug 

ethambutol from (S)-2-aminobutyric acid. Demonstrating that one of the intermediates ς 

(S)-2-aminobutanal is unstable the whole cascade was redesigned. N-BOC and N-Cbz 

protected (S)-2-aminobutyric acid were accepted by MCAR and CAR 11 respectively. The 

cascade could not be fully established due to problems faced during removal of protective 

groups after enzymatic scale up reactions producing the required alcohol. 

Chapter 5 describes the investigation of CARs in biocatalytic production of cinnamyl 

alcohol. The optimized reactions involving lyophilized cells with MCAR, lyophilised cells 

containing Anabaena variabilis (AvPAL) and purified Saccharomyces cerevisiae (ScADH) 

could be scaled up for 100 mg L-phenylalanine substrate. Further studies revealed that all 

three enzymes can be co-expressed together for in vivo fermentation. 

Chapter 6 is about the exploitation of modularity of CAR enzymes to create novel 

biocatalysts with double reduction activity of acid substrates to the corresponding 

alcohol. Chimeric CAR enzymes were made by replacing reduction domains with double 

reduction domains known as GPL (from Mycobacterium smegmatis) and NRP (from 

Mycobacterium tuberculosis) . The newly formed enzymes were soluble, however they 

retained little to no activity and the results of reduction of acid substrates to alcohols 

were inconclusive. 
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1.1 Chemical reactions in biocatalysis 
Biocatalysis is a collection of natural processes that have been exploited by mankind for 

centuries. It is generally described as transformation between different chemical species 

via a series of enzymatic reactions. Fermentation of simple sugars using Saccharomyces 

cerevisiae, for example, has been known to play an essential role in brewing industry 

development especially for the production of beer and wine1. Biocatalysis can also be 

used to prevent food spoilage. Conventionally, milk is treated with microbes to enhance 

shelf life and therefore preserved for future use. This process has been documented 

throughout human history and can be traced back to ancient Egypt2 as well as ancient 

Europe based on the evidence of triacylglycerols found in broken pots and vessels3. 

Interestingly, this suggests that milk fermentation was likely to be a crucial part of 

civilizations from around the world. Despite the simplicity of these processes, they are 

crude and must be refined to increase efficiency. 

Since the establishment of modern microbiology in nineteenth century, biocatalysis has 

been improved significantly at a fast rate. The development was further accelerated by 

the discovery of genetic material in 1952 and the invention of polymerase chain reaction, 

protein crystallography and many other techniques in molecular biology4,5. As a result, 

fermentation processes of the previously mentioned beverages were optimized using 

isolated strains from nature or derived artificially under laboratory conditions6,7. 

Industrial lactic acid fermentation processes were inconsistent over the many generations 

due to the problems such as vulnerability to bacteriophages as well as improving the 

consistency of the resulting products, adjusting the flavour by reduction of certain 

compounds8. 

The biocatalysis industry has grown exponentially to meet with demands and needs of 

the current human populations9. Therefore, more effort was put to understand the 

molecular basis of enzyme activity that is crucial for designing biocatalytic processes for 

the production of pure industrially relevant compounds. Both wild type and engineered 

enzymes can be expressed in different expression platforms and used to replace 

conventional chemical reactions10. Finally, any biocatalytic processes (such as the 

synthesis of aspactic acid, L-DOPA, aspartame, oils, nicotinamide, D-pantothenic acidand 

acrylamide) can be scaled up for industrial manufacturing (Figure 1)11. Given examples 



 
 

12 
 

are presented from processes used by several Japanese companies. Varieties of enzymes 

were used to produce these chemicals ranging from hydroxylases, lyases, lactonases, 

various reductases, desaturases etc. For these industrial applications either purified 

enzymes were used or the whole organisms to perform transformation of substrate to 

desired product. 

 

 
Figure 1. Examples of industrially produced chemicals using biocatalysis such as aspartic acid, 

aspartame, acrylamide, nicotinamide, L-Dopa, D-pantothenic acid.  

 

All around the globe, chemical industry companies are investing huge amounts of money 

to replace the traditional chemical processes with biocatalysis as it is known to generate 

fewer waste products and cost much less. Some of the examples are presented in Figure 

2. The conversion of 10-deacetylbaccatin III to baccatin III using immobilized deacetylase 

from Nocardioides luteus SC 13912 allowed the production of intermediates for taxol 

synthesis avoiding protection and deprotection reactions12 (Figure 2 A). The process could 

be scaled to 5000 litres and substantial quantities of product were generated. Another 

example used whole cells of Pseudomonas chlororaphis containing nitrile hydratases to 

convert adiponitrile to 5-cyanovaleramide via hydration reaction with high region 

selectivity13 (Figure 2 B). The resulting product is an important intermediate for the 

synthesis of various herbicides. The reaction was extremely efficient and could be scaled 

to produce up to 13.6 metric tons of the desired product. The last example involves 

synthesis of antidiabetic drug ς sitagliptin14 (Figure 2 C). To achieve scalable synthesis of 

the compound of interest initially the transaminase ATA-117 was re-engineered to 

comply with required conditions and later used at 100 g L-1 substrate concentration. 
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Compared to the previous examples, the latter requires clear molecular understanding of 

the enzyme. The examples above demonstrate that biocatalytic processes are usually 

involved in the synthesis where conventional chemistry would require more reactions or 

would struggle with stereoselectivity. In example A or C acetylation or amination would 

be hard to perform as there are several potential sites available for reaction to occur. 

Example B requires only a single amide bond formation, however using conventional 

chemistry both cyano groups would react and generate high quatities of unwanted side 

product. Therefore, using enzymes can reduce the cost of the required reaction and 

improve the yields of the product.  

 

 
Figure 2. Examples of biocatalysis process used in industry. A ς synthesis of baccatin III using 

deacetylase12, B ς production of 5-cyanovaleramide using whole cells of Pseudomonas 

chlororaphis13, C ς synthesis of sitagliptin using transaminase enzyme14. Red colour indicates 

where enzymatic reaction occurred on the molecule. 

 

Despite the benefits of biocatalysis, most biocatalysis reactions are not actively studied 

after initial proof of concept and not scaled up due to extensive costs and efficiency of 

certain enzymes. To overcome scalability problems, recent biocatalysis is trending 
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towards engineering enzymes for required reactions by altering the primary nucleotide 

sequence coding for the enzyme. In most of the cases the reaction conditions are 

completely different in biocatalysis compared to natural reactions occurring in 

organisms15: 

¶ High concentrations of substrate and product (typically 50ς400 g L-1, dependent 

upon application) 

¶ High salt concentration 

¶ Temperature and pH determined by substrate and product solubility and stability 

¶  Gasςliquid interface (for reactions consuming (e.g. O2) or producing (e.g. CO2) gas) 

¶ Liquidςliquid interface (for aqueous-organic two-liquid phase reactions where 

organic phase is used as a carrier for the substrate and /  or product) 

¶ Organic solvent (for assistance in solubilizing substrates) 

¶  Heterogeneity of temperature, pH and concentration of substrate and product 

(for large scale applications limited by mixing) 

 

Previously mentioned example (Figure 2 C) required modification of the initial enzyme to 

overcome the problems above. The variant of ATA-117 D-amino acid transferase was re-

engineered using directed evolution and ProSAR methodology16 to overcome some of the 

issues mentioned including substrate specificity, thermostability and resistance to organic 

solvents14. In other cases, either computational or structure-guided engineering methods 

were applied to achieve the required properties and to produce new variants with altered 

activities17ς19. In some examples, NADPH preferring enzymes such as keto-acid 

reductoisomerase and alcohol dehydrogenase were engineered to use NADH as cofactor 

reducing the cost of overall cascase in production of isobutanol while in other cases the 

reverse preference of cofactor was introduced20. 

 

1.2 Synthetic biology  
The early practice of molecular biology, which made the initial steps in the birth of 

synthetic biology was carried out by Francois Jacob and Jacques Monod in 1961 on the 

response of lac operon in bacterial cells21. Fundamentally, this work has demonstrated a 
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complex relationship between gene expression and changes in environments which 

underlie the concept of modern synthetic biology.  

In the 1970s and 1980s, molecular biology was restricted to simple cloning and did not 

receive much attention from scientific communities as synthetic biology. However, it was 

changed when automated DNA sequencing and various computational tools were 

invented in 1990s to allow complete sequencing of microbial genomes and high-

throughput quantification for RNA, protein, lipids and metabolites. Combining this 

information led to deeper understanding of systems biology and how it can be used to 

reverse engineer the intricate structure of biological networks22ς24. As synthetic biology 

was taken more seriously around the beginning of 2000, the first international conference 

was organised at the Massachusetts Institute of Technology (MIT) to bring together 

researchers from wide range of disciplines. It was essentially an effort to highlight the 

importance of synthetic biology and ultimately improve design, construction and 

characterization of biological systems25,26. As a result, engineering was incorporated with 

molecular biology research and offered the ideas of part, standardisation, abstraction and 

hierarchy. In the following years, hundreds of parts have emerged and empower 

scientists to finely regulate their systems at different molecular levels. To systematically 

catalogue and store these parts in a standardised format, a number of public repositories 

were founded such as iGEM registry and GenoLIB27,28. Given the success of this meeting, 

synthetic biology was held back by a number of obstacles including inefficient assembly 

methods, uncharacterised genetic parts and long ad hoc optimisation. Integration with 

computational science has also been an attempt to describe and design synthetic parts 

and circuits using softwares provided by the Synthetic Biology Open Language (SBOL)29.  

Despite the lack of well defined knowledge in circuit engineering during the mid 2000s, 

the field has underwent maturation and has become astonishingly more sophisticated in 

recent years. Several research groups have excelled their techniques and made use of 

better design and construction methods30,31. Coupled with a decline in gene synthesis 

costs32, synthetic biology has been improved greatly to allow efficient and high 

throughput assembly of the constituent subparts. In 2008, Hasty and colleagues created a 

synthetic system with a significant high degree of complexity as the circuit was 

constructed to exhibit robust and persistent oscillatory behaviour33. Literally, it was an 
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impressive example of design based on experimental and theoretical studies. A similar 

circuit was constructed, in their subsequent work, to couple quorum sensing to enable 

synchronization across a wider population34,35. To make the system even more complex 

and further extend range of communication, a gas-phase redox signalling system was 

incorporated.  

Combination of biocatalysis and optimized enzyme activity with synthetic biology is 

expected to be used in the future to develop new and efficient routes to synthesize 

various chemicals starting from basic carbon sources such as glucose or glycerol. Not only 

synthetic biology allows manipulation of genetic material for various DNA based assays. 

Also it enables engineering of new metabolic pathways in organisms that never contained 

them to produce chemicals such as biofuels, pharmaceuticals and various 

biomaterials36,37. Transferring genes from host organisms into E. coli cells and optimizing 

metabolic pathways is predicted to allow partial replacement of various fuels currently 

derived from fossil fuels38. Biofuels such as ethanol, butanol, pentanol and biodiesel are 

expected to be produced. The field is still relatively new and producing more complex 

molecules or engineering novel pathways and generating industrial levels of products are 

not entirely viable at the moment. 

 

1.3 Importance of oxidation-reduction reactions in 

biocatalysis 
Over the past years, redox reactions have become more incorporated into the process of 

modern biocatalysis. Essentially, they enable introduction of various functional groups 

resulting in formation of more complicated products. Also, oxidation and reduction 

reactions can be used to stabilise substrates, intermediates or final products via 

modification of reactive functional groups. There are several classes of redox reaction 

performing enzymes including dehydrogenases, oxygenases, peroxidases and others39. 

Dehydrogenases have the same reaction type as carboxylic acid reductases i.e performing 

reduction reactions. Dehydrogenses perform reduction of aldehydes to alchohols and 

CARs reduce acids to aldehydes, however dehydrogenases are also known to perform 

reversible reaction whereas carboxylic acid reductases are not. To function properly, 
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these enzymes require the presence of cofactors such as NADPH or NADH as reductive 

agents. They are known especially for their use in producing primary and secondary 

alcohols from aldehydes and ketones respectively39ς41. Alcohol dehydrogenases have 

been used for various processes where conventional chemistry might struggle to produce 

good yields. For example selective reduction of ketone functional groups was performed 

using bicyclo[2.2.2]-octane-2,6-dione substrate42 (Figure 3 A). A range of assays 

discovered that the best yieds and best ee values were achieved using Candida 

wickerhamii UOFS Y-0652  for (+)-exo isomer and Cryptococcus albidus UOFS Y-2127 for (-

)-endo isomer products. Another example includes enantioselective reduction of 3-oxo-3-

phenylpropanenitrile for production of various precursors for synthesis of both antipodes 

of fluoxetine, atomoxetine, and nisoxetine, popular serotonin and norepinephrine 

reuptake inhibitors. .ŀƪŜǊΩǎ ȅŜŀǎǘ ǊŜŘǳŎǘŀǎŜǎ ǿŜǊŜ ŜƴƎƛƴŜŜǊŜŘ ǘƻ ǇǊƻŘǳŎŜ ōƻǘƘ 

enantiomers (Figure 3 B). Some dehydrogenases show high stability even in subcritical 

CO2 and high pressure when present as the whole cells catalysts (Figure 3 C). Geotrichum 

candidum NBRC 5767 was immobilized on water-adsorbent polymer retaining the activity 

to reduce 2-fluoroacetophenone with high yield and ee values. Also alcohol 

dehydrogenases can be used for enantioselective oxidation retaining the correct 

enantiomer unreacted. A notable example is using 4-phenylbutan-2-ol and 

Thermoanerobacter ethanolicus dehydrogenase W110A, which only accepts (S)- 

enantiomer and oxidises to the corresponding ketone (Figure 3 D). The same enzyme can 

be used for reduction of (S)-4-phenylbutan-2-ol in the presence of NADPH cofactor42. 

These examples demonstrate how versatile alcohol dehydrogenases can be in producing 

fine chemicals. 
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Figure 3. The use of dehydrogenase catalysts for production of various alcohols and separation of 

racemic mixtures. A ς Selective reduction of endo and exo ketone groups using bicyclo[2.2.2]-

octane-2,6-dione.  B ς 9ƴƎƛƴŜŜǊƛƴƎ .ŀƪŜǊΩǎ ȅŜŀǎǘ ǊŜŘǳŎǘŀǎŜǎ ŦƻǊ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ŘǊǳƎ precursors. C ς 

Immobilized Geotrichum candidum NBRC 5767 for reduction of 2-fluoroacetophenone at 

subcritical CO2. D ς Enantioselective oxidation of 4-phenylbutan-2-ol42. Red colour indicates where 

enzymatic reaction occurred on the molecule. 
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1.4 Aldehydes in industry 

1.4.1 Importance of aldehydes the use 

Aldehydes are important commodities for many industrial synthesis processes as well as 

are used themselves. One of the known aldehydes in food industry is vanillin. It is the 

component that contributes to the flavour of the cured beans of Vanilla planifolia. While 

the synthesis of this compound is performed predominantly by chemical reactions, the 

naturally extract of this flavouring agent is worth less than 1 % of the annual market. 

There are methods that are known to produce this compound in E. coli, however the 

yields are not highly sufficient for industrial use43,44. The market was changed upon 

introduction of Rhovanil® Natural by Solvay, which uses ferulic acid to produce vanillin 

that meets the requirements to be labelled as natural. Unlike vanillin, cinnamaldehyde 

can be extracted at high quantities from a natural source45. In addition to the exceptional 

flavour of this compound, it has been shown to have antifungal and antimicrobial 

activity46,47. Optimizing the synthesis of cinnamaldehyde using industrial biotechnology 

would decrease the plants needed to grow just for producing compound. Other 

commonly used aldehydes for food and flavour as well as pharmaceutical industry are 

benzaldehyde, anisaldehyde, formaldehyde, lilial etc (Figure 4).  

 

 
Figure 4. Chemical structures of industrially relevant aldehydes. 
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1.4.2 Synthesis of aldehydes 

There are many ways by which aldehydes can be synthesised from various chemical 

compounds. The most known reactions involve interchange between alcohols, aldehydes 

and carboxylic acids (Figure 5). These reactions can be performed under multiple 

conditions including oxidation of alcohol to the corresponding aldehyde and carboxylic 

acid by carbon supported platinum catalysts48, gold and palladium based catalysts49 and 

various other solid state catalysts50. The same figure also shows that the forward 

reactions can be reversed Figure 5. Reduction of carboxylic acids to the corresponding 

aldehydes or alcohols can be performed using: palladium on carbon catalysts in the 

presence of hydrogen gas51, manganese catalysts52 and palladium complexes53. One of 

the oldest most documented methods involve the use of borohydride based compounds 

that are known for their reductive potential54,55 and the reactions starting from initial acid 

substrates to the corresponding aldehydes or alcohols can occur. 

 

 

Figure 5. Interchange of carboxylic acids to aldehydes and alcohols. 

 

However, it is challenging to control some of these reactions resulting not only in 

formation of aldehydes during reduction of acids but also alcohols. This can be observed 

using various hydrides including LiAlH4 and NaBH4 result in formation of litium and 

aluminium salts and sodium boro salts respectively. Over reduction could be avoided 

using di-isobutyl aluminium hydride (DIBAL), which stops reduction process of carboxylic 

acids at aldehydes if the reaction is stoichiometrically controlled. However, previously 

mentioned examples generate various salts or other organic waste products that have to 

be recycled. The standard chemical synthesis has other drawbacks such as the use of 

expensive catalysts like palladium51,53. They usually cannot be recycled or have limited 

activity and have to be disposed. In addition to that, these reactions are performed in 

organic solvents resulting in severe pollution. The synthesis of aldehydes is possible via 

other routes as well using Fukuyama coupling, Grignard reaction, Seebach Umpolung 
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reaction, Stetter synthesis and other reactions that were described recently56. By using 

biocatalysts for example for oxidation of alcohols or reduction of carboxylic acids to 

aldehydes could reduce the use of expensive catalysts as well as organic solvents. 

 

1.5 Carboxylic acid reductases  

1.5.1 Characterization of carboxylic acid reductases 

The reduction of benzoic acid to benzyl alcohol was observed in various strains of 

Nocardia57 suggesting the presence of carboxylic acid reductactases (CAR) in this 

organism. Indeed, one of the first CAR enzymes was isolated and purified from Nocardia 

sp. strain NRRL 5646 (NCAR)58. The enzyme required NAPDH, MgCl2 and ATP to perform 

the reduction of initially tested benzoic acid to the corresponding aldehyde. It was shown 

that purified NCAR enzyme had higher activity towards the substitutes of benzoic acid at 

para and meta position rather than ortho postition. The purified enzyme from the 

Nocardia sp. strain NRRL 5646 was further characterized by cloning the gene into E. coli 

expression system59. The production of NCAR in E. coli BL21 (DE3) yielded the enzyme 

that is not as active as that purified from the host organism. It was speculated that NCAR 

required post-translational modification that could be reconstituted by endogenous E. 

coli enzymes. Potential phosphopantetheine transferases were identified  from Nocardia 

strains (Npt) and Bacilus subtilis (Sfp synthase)60. Indeed, co-expression of either of the 

engineered enzymes could recover the activity of NCAR. The initial mechanism was 

suggested to be based on phosphopantetheinyl group (known as άǎǿƛƴƎƛƴƎ ŀǊƳέ) 

attached to Serine 689 (Figure 6). It involves activation of substrate at adenylation 

domain following thioester bond formation of activated substrate with 

phosphopantetheinyl group. The substrate is then delivered to the reduction domain by a 

άǎǿƛƴƎƛƴƎ ŀǊƳέ ǿƘŜǊŜ ƛǘ ƛǎ ǊŜŘǳŎŜŘ ǳǎƛƴƎ b!5tIΦ ¢Ƙƛǎ ǿŀǎ ǇǊŜŘƛŎǘŜŘ ōŀǎŜŘ ƻƴ 

comparison with nonribosomal peptide synthases (NRPS) and there was no direct 

structural or mechanistic evidence to confirm it.  

Interestingly it has been demonstrated that there is a potential feedback inhibition 

caused by pyrophosphate produced during activation of the substrate affecting the 

enzyme catalytic properties in in vitro studies61. This may be the natural control 
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mechanism of CAR enzymes in order to prevent reduction of carboxylic acids produced by 

microbes for optimal growth. In recent years, more CARs were identified in a wide range 

of organisms predominantly from Mycobacterium, Nocardia, Streptomyces, Tsukamurelia 

and Segniliparus species with astonishingly high conservation57,62. It was suggested that 

CARs may have arisen from the same common protein ancestor. 

 

1.5.2 Carboxylic acid reductases as a bridge to different enzymes classes 

Carboxylic acid reductases perform a simple redox reaction as the name suggests. 

Mechanistically and structurally CARs are more similar to NRPS enzymes than other 

reductases or dehydrogenases. Recently published data derived from both types of the 

enzymes have characterized their structural and functional properties63,64(Figure 7). There 

are some differences involved especially related to condensation domain which is not 

ǇǊŜǎŜƴǘ ƛƴ /!wǎΦ bwt{ ǳǎŜ ǘƘƛǎ ŘƻƳŀƛƴ ŦƻǊ ŦƻǊƳŀǘƛƻƴ ƻŦ ǇŜǇǘƛŘŜ ōƻƴŘ ƘƻǿŜǾŜǊ /!wΩǎ 

functionality do not need and it is absent. Both types of enzymes share the following 

domain homology: adenylation, PCP site and thioesterase or reduction domain. 

In addition to that, there is a thiolation domain responsible for formation of covalent 

bond between AMP-activated substrate and phosphopantetheine in both classes of 

enzymes. According to structural information63,64, both enzymes appear to require similar 

domain motions for chemical reaction to occur and also share same principal in substrate 

delivery from adenylation site to the catalytic domains. Structurally CARs are similar to 

NRPS however functionally they are more related to dehydrogenases.  
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Figure 6. Initial proposed mechanism for catalysis of carboxylic acid reductaction by CAR enzymes. 

The reaction mechanism starts from activation of beinzoic acid (R-O-OH) (A) via formation of 

AMP-benzoate (R-O-AMP) intermediate at adenylating domain. Followed by a nucleophilic attack 

of the phosphopantetheine thiol (HS-CAR) to AMP-benzoate shown in green arrows (B) forming a 

colavent interaction between phosphopantetheine group and benzoate (R-O-S-CAR) (C). The 

benzoyl thioesterphosphopantetheinyl then swings from the adenylating (C) domain via 

conformational changes towards the reduction domain (D). Red arrow across the phosphate ester 

bond at S689 indicates the proposed comformational movements. NADPH is either bound to the 

reduction domain or binds upon delivery of the substrate leading to reduction of activated 

carboxylic acid to the corresponding aldehyde (HS-CAR and R-O-H) (E). Phosphopantetheine group 

is showed in brown and the attachment site is labelled as S689. The figure is taken from original 

publication60.  

 

 

 

 

Figure 7. Structure comparison of CAR (A)63 with NRPS (B)64 class enzymes. The domains in the 

structural diagram are indicated according to the colored legend above, which represents a linear 

domain arrangement of the enzymes. Thioesterase domain can act as reductase domain but also 

can be responsible for formation of bigger molecules in NRPS enzymes. Condensation domain is 

required for formation of peptide bonds in NRPS enzymes whereas CARs only perform a single 

catalytic cycle before releasing the product. Overall structural comparison shows the highly 

dynamic nature of both of these classes of enzymes.  
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1.5.3 Use of CAR enzymes for synthesis of industrially relevant compounds 

Aldehydes functional group is known to be versatile for organic chemistry as well as for 

enzymatic reactions due to its chemical reactivity. However, this functional group appears 

to have an issue with instability which can be resolved by coupling with other enzymes 

especially for in vivo bio-productions. Only recently CARs were investigated to be used for 

the synthesis of industrially relevant compounds using cascade reactions65. Probably the 

most commonly investigated cascade using CAR enzymes involves alcohol 

dehydrogenases (ADH) for the following reduction of aldehyde to alcohol functional 

group. It has been demonstrated that some fungal species can perform successful in vivo 

fermentation of supplied acid substrates to the corresponding alcohols by CARs and 

ADHs66. Some E. coli strains have been engineered to overproduce fatty acids (C12-C18). 

E. coli cells were then induced to express MCAR and aldehyde reductase AHR 

from Synechocystis species PCC 6803 resulting in accumulation of fatty alcohols. 

 

Targeted fermentation of 1-octanol was investigated based on the previously 

characterized system67 (Figure 8). This was one of the first examples where targeted 

synthesis of product performed by CAR enzymes was studied using glucose as an initial 

substrate. Only yields at 4.4 mg 1-octanol Lҍ1 hҍ1 were detected. This cascade requires 

further optimization to be used for chemical production at a larger scale.  

 

Figure 8. Engineered synthetic pathway for production of 1-octanol. The scheme represents 

metabolic pathway for the production of 1-octanol from glucose via formation of fatty acids in E. 

coli. 1 ς fatty acid biosynthesis from glucose substrate, 2 ς ACP release forming free octanoate, 3 

ς phosphopantetheine transferase activating CAR enzyme, 4 ς reduction of octanoate by CAR 

forming octanal, 5 ς reduction of octanal to 1-octanol by aldehyde reductase (AHR). The diagram 

and description are taken from paper67. 

http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/caprylic-acid
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! ǘǊƛǇƭŜ ŜƴȊȅƳŜ ŎŀǎŎŀŘŜǎ ǳǎƛƴƎ /ŀǊōƻȄȅƭƛŎ !ŎƛŘ wŜŘǳŎǘŀǎŜ ό/!wύΣ ˖-¢ǊŀƴǎŀƳƛƴŀǎŜ ό˖-TA), 

and Imine Reductase (IRED) has been investigated by a recent study for the production of 

mono- and disubstituted piperidines and pyrrolidines and resting cell assays68. The 

cascade was successfully performed on a wide range of substrates expanding diversity of 

the catalytic toolbox. This indicates that CARs may after all have a great potential for 

biocatalytic purposes. However, these enzymes were not studied thoroughly for this new 

application. Reduction of carboxylic acids yields in formaton of aldehyde functional group, 

which can usually undergo further chemical reactions.  

It has been shown that produced aldehydes can be extracted and directly used for 

catalysis avoiding overproduction of the side products such as alcohols that can be 

generated due to presence of ADH enzymes69. This example uses various carboxylic acids 

that are reduced to aldehydes followed by the Wittig reaction to produce various esters 

(Figure 9).  

 

 

Figure 9. The use of CAR enzymes in production h Σʲ-unsaturated esters via biocatalytic and 

chemocatalytic combination. 

 

In summary, CAR is a class of versatile catalyst with great potential that may create 

opportunities for producing biofuels and other products. There is vast number of 

substrates that can be accepted by CAR enzymes as described in one of the recent 

reviews70. This ranges from benzoic acid derivatives, cinnamic acid derivatives, 

phenylacetic acid derivatives and even (poly-) heterocyclic acids and aliphatic acids. 

Therefore, these substrates can be combined with active enzymes. Thorough 
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understanding of CARs will be crucial for further development of these catalysts and their 

application for industrial uses. 

 

1.6 Aims and Objectives 
Enzymes are desirable replacement for chemical catalysts due to their ability to perform 

complicated chemical reactions. Many industries are interested in discovery and 

application of novel enzyme classes. The overall aim of this thesis is to investigate the 

mechanism and application of important enzyme group called carboxylic acid reductases. 

These enzymes perform reduction of carboxylic acids to the aldehydes, which is generally 

difficult to control. More specific mechanistic aims include understanding the reduction 

process and engineering novel biocatalysts using the knowledge acquired. Biocatalysis 

aims include production of industrially important intermediate cinnamyl alcohol and anti-

tubercuosis drug ethambutol using carboxylic acid reductases in cascade reactions. The 

following questions will be addressed: 

1. What are essential conditions for carboxylic acid reductases to be fully functional? 

2. How important is modularity in carboxylic acid reductases? 

3. How efficient are carboxylic acid reductases for in vivo and in vitro cascade 

reactions? 

4. What is the scope of substrates? And can protected amino acids be accepted? 

5. Could domain swapping be used to produce novel catalysts based on carboxylic 

acid reductase scaffold? 

 

And to meet the aims, the following must be done:  

1. Express and purify model carboxylic acid reductases for kinetic studies. 

2. Determine the optimal conditions for carboxylic acid reductase activity using 

steady state kinetic experiments.  

3. Investigate the importance of domain interactions on the kinetic rates using 

engineered chimeric carboxylic acid reductases with swapped reduction domains. 

4. Design and perform a cascade starting from (S)-2-aminobutyric acid to produce 

ethambutol using combination of enzymatic reactions and chemocatalytic steps. 
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5. Design and perform a cascade for production of cinnamyl alcohol from bio-derived 

L-phenylalanine using a combination of phenylalanine ammonia lyases, carboxylic 

acid reductases and alcohol dehydrogenases.  

6. Engineer and produce chimeric carboxylic acid reductases replacing the reduction 

domains with double reduction domains and analyse the formed products. 
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2 Materials and Methods 
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2.1 Materials 

2.1.1 Dry lab materials 

2.1.1.1Web resources 

NCBI:The National Center for Biotechnology Information advances science and health by 

providing access to biomedical and genomic information https://www.ncbi.nlm.nih.gov/ 

ExPasy:SIB Bioinformatics Resource Portal http://www.expasy.org/ 

PDB:The Protein Data Bank archive http://www.rcsb.org/pdb/home/home.do 

UniProt:The Universal Protein Resource http://www.uniprot.org/  

 

2.1.2 Experimental materials 

2.1.2.1 Chemicals and reagents 

Analytical grade reagents and solvents were obtained from Fisher Scientific unless stated 

otherwise and used without further purification. NADH and NADPH were acquired from 

Melford Laboratories. ATP, L-phenylalanine, trans-cinnamic acid and cinnamaldehyde 

were purchased from Sigma-Aldrich. Restriction enzymes were purchased from New 

England Biolabs® Inc. Glucose dehydrogenase (GDH CDX-901) was kindly supplied by 

Codexis and alcohol dehydrogenase from Saccharomyces cerevisiae ό{Ŏ!5Iύ όҗолл ǳƴƛǘǎ 

mg-1 protein) was obtained from Sigma-Aldrich. Kanamycin was obtained from Bio Basic 

Canada, Spectinomycin from Melford Laboratories and other antibiotics and IPTG from 

ForMediumTM. 2 mL glass vials with screw caps designed for HPLC and GC needles, from 

Agilent Technologies for HPLC and GC analysis. 

 

2.1.2.2 Microbiological growth media and antibiotics 

Growth media were bought as pre-mixtures from FormediumTM and prepared according to 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜΩǎ ƛƴstructions. Briefly, components were dissolved in deionized water 

and sterilized by autoclave at 121 °C for 20 min, and allowed to cool before adding 

appropriate antibiotics. Antibiotics were prepared as 1000-fold concentrated stock 

solutions, filter-sterilized using 0.2 µm Minisart® NML syringe filters with surfactant free 

cellulose acetate membranes, and added to media at the required final concentrations. 
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For molecular cloning procedures, bacteria were routinely cultured in Luria Broth (LB: 10 

g L-1 tryptone, 5 g L-1 yeast extract, 10 g L-1 NaCl) or LB agar (15 g L-1). Antibiotics were 

added to agar media before solidification and spread evenly in sterile 150 x 15 mm plastic 

petri dishes. SOC outgrowth medium (20 g L-1 tryptone, 5 g L-1 yeast extract, 0.5 g L-1 NaCl, 

3.6 g L-1 glucose, 4.8 g L-1 MgSO4, 0.2 g L-1 KCl) was used in order to improve 

transformation efficiency. Cells producing any of the KRED or CAR enzymes were grown in 

Terrific Broth (TB: 12 g L-1 tryptone, 24 g L-1 yeast extract, 9.4 g L-1 KH2PO4, 2.2 g L-1 

K2HPO4). PALs were expressed in an LB base autoinduction medium (AIM: 10 g L-1 

tryptone, 5 g L-1 yeast extract, 3.3 g L-1 (NH4)2SO4, 6.8 g L-1 KH2PO4, 7.1 g L-1 Na2HPO4, 0.5 g 

L-1 glucose, 0.15 g L-1 MgSO4, 2.0 g L-1 h -Lactose, 0.03 g L-1 trace elements).  

The following antibiotic concentrations were used in growth media: 50 µg mL-1 kanamycin 

for growth and expression of KRED /  ADH enzymes; 100 µg mL-1 ampicillin for AvPAL and 

RgPAL; 50 µg mL-1 kanamycin for other PAL enzymes; 100 µg mL-1 ampicillin with 50 µg 

mL-1 streptomycin for MCAR /  NCAR and Sfp co-expression; and 50 µg mL-1 kanamycin 

with 50 µg mL-1 streptomycin for CARs 3, 4, 9 and 11. 

 

2.1.2.3 Buffers and markers 

¶ E. coli cell lysis buffer: 50 mM potassium phosphate pH 8.0* , 500 mM NaCl and 10 

mM imidazole. 

¶ Elution buffers for nickel-affinity chromatography has the same composition as 

lysis buffer but with varied concentrations of imidazole 

¶ Gel filtration buffer: 50 mM potassium phosphate pH 8.0* , 150 mM NaCl 

¶ *  potassium phosphate buffers were made from 1 M stock of pH adjusted solution 

made by mixing required proportions of 1 M of KH2PO4 into 1 M K2HPO4 

¶ Pellet washing solution: 0.5 % NaCl 

¶ SDS-PAGE running buffer: 25 mM Tris-HCl, 192 mM glycine, 0.1 % SDS 

¶ SDS-PAGE sample loading buffer (two-fold concentrated): 62.5 mM Tris-HCl, 2 % 

SDS, 25 % glycerol, 0.01 % bromophenol blue, 2.5 % 2-mercaptoethanol pH 6.8 

¶ DNA gel running buffer (1 x TAE): 40 mM Tris, 20 mM acetic acid and 1 mM EDTA. 

¶ 6x loading dye for agarose gels: 10 mM Tris-HCl (pH 7.6) 0.03% bromophenol blue, 

0.03% xylene cyanol FF, 60% glycerol, 60 mM EDTA (Thermo Scientific). 
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¶ SDS-PAGE marker: Precision PlusProteinTM Protein prestained standards (All blue) 

(Bio-Rad). 

¶ DNA gel ladder: 1 kb DNA Ladder (New England Biolabs® Inc). 

¶ Deuterated NADPH equilibration solution: 10 mM NH4HCO3 

¶ Deuterated NADPH elution solution: 500 mM NH4HCO3 

 

2.1.2.4 Plasmids 

All PALs were provided ready cloned in the respective vectors (Table 1) by Dr. Nicholas 

Weise. Plasmids containing genes encoding MCAR, NCAR and Sfp were provided by Dr. 

Kalim Akhtar. Other CAR-containing plasmids were provided by Dr. Sasha Derrington. 

MCAR and NCAR encoding genes lacking reduction domains were provided in pET-28a by 

Dr. Mark Dunstan. Selected KRED /  ADH enzymes (85, 89, 121, 144, 150, 229, 231, 291) 

ŦǊƻƳ άkREDy-to-Ǝƻέ ƪƛǘs from Prozomix Ltd were kindly provided by Prof. Simon J. 

Charnock, cloned in plasmids of preference. Synthetic genes were codon-optimized for 

expression in E. coli. The seqeunces of all genes in their plasmid vectors were confirmed 

by DNA sequence determination. 

 

2.1.2.5 Bacterial strains 

Escherichia coli strain JM109 (Promega):endA1, recA1, gyrA96, thi, hsdR17 (rkς, 

mk
+), relA1, sup9ппΣ ɲό lac-proAB), [F ́traD36, proAB, laqIq½ɲaмрϐΣ was used for plasmid 

DNA amplification and general cloning procedures. 

Escherichia coli strain BL21(DE3) (New England Biolabs®Inc):fhuA2[lon], ompT, gal ό˂ 59оύΣ 

ώŘŎƳϐΣ ҟhsd{Σ ˂ 59о Ґ ˂Σ ǎBamILƻΣ ҟEcoRI-B, int::(lacI::PlacUV5::T7 ƎŜƴŜмύΣ ƛнмΣ ҟnin5, was 

used for growth and expression of all CAR, PAL and KRED /  ADH proteins.  

Escherichia coli strain HST08 StellarTM cells (Clontech): Fς, endA1, supE44, thi-1, recA1, 

relA1, gyrA96, pho!Σ ʊулŘ lac½ɲ aмрΣ ɲ όlacZYA - argF) U169, ɲ όmrr - hsdRMS - mcrBC), 

ɲmcr!Σ ˂ς, was used for In-Fusion cloning. 
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Name Function Organism Plasmid Study/Source 

AvPAL PAL Anabaena variabilis pET-16b 

Prof. Turner 
group 

RgPAL PAL /  TAL Rhodotorula glutinis pET-16b 

EncP PAL /  PAM Streptomyces maritimus pET-28a 

DdPAL PAL Dictyostelium discoideum pET-28a 

MxPAL PAL Methylobacterium sp. pET-28a 

SrPAL PAL Streptomyces rimosus pET-28b 

BlPAL PAL Brevibacillus laterosporus pET-28b 

PbPAL PAL Planctomyces brasiliensis pET-28b 

MCAR CAR Mycobacterium marinum pET-21a 66 

NCAR CAR Nocardia sp. NRRL 5646 pET-21a 66 

CAR3 CAR Mycobacterium smegmatis pET-28b GSK 

CAR4 CAR Tsukamurella paurometabola pET-28b GSK 

CAR9 CAR Segnilipa rusrotundus pET-28b GSK 

CAR11 CAR Segniliparus rugosus pET-28b GSK 

Sfp PPant T Bacillus Subtilis pCDF-1b 66 

85 - 291 KRED /  ADH na pET-28a Prozomix Ltd 

RGPL DRD Mycobacterium smegmatis pGm9-2 147 

RNRP DRD Mycobacterium tuberculosis pGm9-2 147 

Table 1. Protein-encoding genes studied in this work. Table contains acronyms, the function, 

origin of enzyme and respective vectors provided in. PAL ς phenylalanine ammonia-lyase, TAL ς 

tyrosine ammonia-lyase, PAM ς phenylalanine aminomutase, CAR ς carboxylic acid reductase, 

PPant T ς phosphopantetheine transferase, KRED /  ADH ς ketone reductase /  alcohol 

dehydrogenase, DRD ς double reduction domain. 

 

2.1.2.6 Equipment 

Function Name Company 

SDS-PAGE gel 

viewer 

Gel DocTM EZ Imager Bio-Rad 

Gas 

chromatography 

(GC) 

7890A GC system equipped with an FID detector 
and a 7693 autosampler 

Agilent Technologies 

Gas 

chromatography 

/mass spectrometry 

(GC-MS) 

7890B GC system equipped with an 5977A MSD Agilent Technologies 

High performance 

liquid 

chromatography 

(HPLC) 

1200 Series LC system equipped with a G1379A 
degasser, a G1312A binary pump, a G1329 
autosampler unit, a G1316A temperature controlled 
column compartment and a G1315B diode array 
detector 

Agilent Technologies 
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DB-WAX column ол Ƴ Ȅ лΦон ƳƳ ƛΦŘΦΣ лΦнр ˃a ŦƛƭƳ ǘƘƛŎƪƴŜǎǎ Technologies 

HP-5 column ол Ƴ Ȅ лΦон ƳƳ ƛΦŘΦΣ лΦнр ˃a ŦƛƭƳ ǘƘƛŎƪƴŜǎǎ  

Micro tube  

incubator  

AccuBlockTM Digital Dry Bath Labnet International Inc 

DNA quantification NanoDrop 2000 spectrophotometer Thermo Scientific 

Incubators for 

biotransformations 

Stuartorbital incubator SI5000 Cole-Parmer 

Microbiological 

incubator 

Infors HT Multitron Infors AG 

Table top 

centrifuge 

IEC MicroCL 17 centrifuge Thermo Electron 

Corporation 

Large table top 

centrifuge 

5810 R Eppendorf 

Spectrophotometer Varian Cary 300 bio UV-visible spectrophotometer Agilent Technologies 

Spectrophotometer 

temperature 

control unit 

Dual cell peltieraccessory temperature controller 

with thermostat 

Thermofisher Scientific 

Lyopholizer Heto Power Dry LL1500 Freeze Dryer Thermo Electron 

Corporation 

Static incubator Binder ED23 Classic Gravity Convection Oven, 0.7 cu 

ft, 115 VAC 

Cole-Parmer 

Rotavapor CVC 2 from vacuubrand for pressure control, 

Waterbath B-480 from BUCHI and Membran-

Vakuumpumper (diaphragm vacuum pump) 

Vacuubrand 

SDS-PAGE gel tanks Mini-Protean® Tetra Cell Bio-Rad 

Electricity supply 

for SDS-PAGE 

PowerPac 3000 Bio-Rad 

Gel filtration 

system 

AKTA pure fitted with fraction collector F9-C or F9-R GE Healthcare 

Gel filtration 

column 

HiLoad® 16/60 Superdex® 200 Generon 

Floor-standing 

centrifuge 

 Avanti® J-26 XP Beckman Coulter 

French press French® Press Thermo Electron 

Corporation 

Sonicator equipped 

with process timer 

Soniprep 150 MSE 

UV lamp for TLC UVP UVGL-58 Analytikjena An 

Endress+Hauser 

Magnetic stirrer Stuart Advanced Analog Stirring Hot Plate, 
aluminum, 6" x 6", 120 VAC 

Cole-Parmer® Scientific 

experts 

Stopped-flow 

spectrometer 

SX20 Applied Photophysics 

Heat gun GHG 660 LCD Professional Bosch 

Derivatization 

reaction incubator 

Incubator 1000 Heidolph 

NMR instrument плл ¦ƭǘǊŀ{ƘƛŜƭŘϰ Bruker-Spectrospin 
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2.2 Methods 

2.2.1 DNA manipulation methods 

2.2.1.1 Escherichia coli transformation 

Plasmids were introduced into commercially supplied, chemically competent E. coli 

strains BL21 (DE3), JM109 or Stellarϰ for protein expression, plasmid amplification or In-

Fusion cloning, respectively. Competent cells were thawed in ice, a 50 µL aliquot was 

transferred to a sterile 1.5 mL microtube, 1 µL of plasmid DNA (50 ς 150 ng) was gently 

mixed with the cells then left in ice for 15 min. Cells were given a ƘŜŀǘ ǎƘƻŎƪ ŀǘ пн ɕ/ by 

placing the tube in a heat block for 45 s. The tube was then immediately transferred back 

into ice, left for 5 min, then 500 µL SOC medium was added and the tube was placed in an 

ƛƴŎǳōŀǘƻǊ ŀǘ от ɕ/Σ shaking at 200 rpm, for 1 h. 100 µL of the transformed cells were then 

spread onto agar plates containing appropriate antibiotics. In the case of In-Fusion 

cloning, the transformed cells were sedimented by centrifugation at 5000 rpm for 5 min 

then gently resuspended in 100 µL of fresh SOC medium prior to spreading on plates. The 

ǇƭŀǘŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ от ɕ/ ƻǾŜǊƴƛƎƘǘ όмп -16 h) in a static incubator then stored at 4 

ɕ/ as required.  

 

2.2.1.2 Plasmid DNA extraction 

Plasmid DNA was isolated from 5 mL saturated cultures in LB medium using a QIAprep 

Spin Miniprep Kit (Qiagen) following ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

 

2.2.1.3 DNA quantification 

DNA was quantified in 1.5 µL aliquots using a Nanodrop spectrophotometer. The 

concentration of DNA was calculated automatically from triplicate measurements at 280 

and 260 nm by the software. 

 

2.2.1.4 Site-directed mutagenesis 

Mutations were introduced into protein coding sequences using forward and reverse 

mutagenic primers (Table 2, Figure 10). Primers were designed to be between 35 and 40 

nucleotides in length, with G /  C content between 50 and 65 % and the mutated positions 
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in the middle. Primers were purchased from Eurofins MWG and 10 µM working stock 

solutions were prepared in deionized water. The plasmid was mixed with the primers and 

the /ƭƻƴŜ!ƳǇϰ IƛCƛ t/w tǊŜƳƛȄ ǎƻƭution containing DNA polymerase according to Table 

3, and the site directed mutagenesis (SDM) PCR reaction was performed according to the 

protocol in Table 4. Immediately after the PCR, the methylation-specific restriction 

enzyme DpnI in CutSmart® Buffer (New England BioLabs® Inc) was added according to 

Table 5 and incubated at 37 °C for 80 min in order to destroy the methylated parental 

DNA strands prior transformation. E.coli JM109 was then transformed with 1 µL of the 

mixture. 

 

Gene name Direction Primer Sequence GC 
content(%) 

MCAR A/P  F GGAAGCGGCGCGTAAACCGAAACTCGAGCACCACCACCAC 63 

R GTGGTGGTGGTGCTCGAGTTTCGGTTTACGCGCCGCTTCC 63 

    

NCAR A/P 
  

F GAAGCGGAACGTAACAGCAAACTCGAGCACCACCACCAC 56 

R GTGGTGGTGGTGCTCGAGTTTGCTGTTACGTTCCGCTTC 56 

    

MCAR RNRP  
  

F CGTAAACCGAAACTCGAGGGTCGTGATGCACGTCC 56 

R GGACGTGCATCACGACCCTCGAGTTTCGGTTTACG 56 

    

NCAR RNRP  
  

F CGTAACAGCAAACTCGAGGGTCGTGATGCACGTCC 56 

R GGACGTGCATCACGACCCTCGAGTTTGCTGTTACG 56 

    

MCAR GPL  
  

F CGTAAACCGAAACTCGAGGGTGAACGTACCGATCG 53 

R CGATCGGTACGTTCACCCTCGAGTTTCGGTTTACG 53 

    

NCAR GPL  
  

F CGTAACAGCAAACTCGAGGGTGAACGTACCGATCG 53 

R CGATCGGTACGTTCACCCTCGAGTTTGCTGTTACG 53 

Table 2. The complete sequences of primers represented in Figure 7. Inserted or exchanged 

nucleotides are shown in red. A /  P signifies products with adenylating and phosphopantetheine 

sites lacking reduction domains. F and R, forward and reverse primers. GC content is expressed as 

ǇŜǊŎŜƴǘŀƎŜΦ tǊƛƳŜǊǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ рΩ ǘƻ оΩ. 
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Gene name Site directed mutagenesis target 

MCAR without 
reduction domain 
 

 
NCAR without 
reduction domain 
 

 
MCAR RNRP 
 

 
NCAR RNRP 
 

 
MCAR GPL 
 

 
NCAR GPL 
 

 
Figure 10. Site-directed mutagenic strategy to modify protein-encoding genes. The mutation 

target areas of genes are shown with their mutagenic primers. Mutagenic primers were designed 

to remove stop codons (in the case of MCAR and NCAR encoding genes without reduction 

domains) and to reintroduce missing nucleotides after In-Fusion cloning. Red coloured base-pairs 

represent the XhoI recognition sequence. Primer sequences are coloured blue with inserted or 

exchanged nucleotides indicated. 
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Component Volume (µL) 

/ƭƻƴŜ !ƳǇϰ 12.5 

P1 0.75 

P2 0.75 

Template 0.5 

dH2O 10.5 

Total 25 

Table 3. Composition of the PCR mixture for site-directed mutagenesis. /ƭƻƴŜ !ƳǇϰ Ŏƻƴǘŀƛƴǎ a 

mixture of all the components necessary for the PCR including polymerase and ready to be mixed 

with DNA primers and template. P1, forward primer; P2, reverse primer; the template is circular 

plasmid DNA. Stock concentration of primers was 10 µM. Initial template concentration was 150 

ng µL-1. 

 

Cycles Time (s) Temperature (°C) 

1 90 98 

19 10 98 

15 55 

45 72 

1 қ 4 

Table 4. Cycling parameters of the PCR for site-directed mutagenesis (N.B.The extensions times 

with MCAR and NCAR A /  P were 40 s instead of 45s). 

 

Component Volume (µL) 

DpnI 0.5 

PCR mix 25 

10x buffer 2.5 

dH2O 2 

Total 30 

Table 5. DpnI digestion mixture composition. DpnI was obtained from NEB at 20 000 U mL-1 

concentration. 

 

2.2.1.5 In-Fusion cloning 

Genes encoding chimeric proteins were constructed using the In-Fusion HD cloning kit 

(Clontech) (Figure 11).  
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Figure 11. Schematic of chimeric DNA formation using the In-Fusion cloning method. Step 1 is 

linearization of the target plasmid by cleavage with restriction enzyme XhoI (A). Step 2 is 

amplification by PCR of the DNA to be inserted (in this case encoding DRD) to generate a product 

with 15-nucleotide overhangs ŀǘ ŜŀŎƘ рΩ ŜƴŘ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǘƻ ǘƘŜ ǘŀǊƎŜǘ 5b! (B). Step 3 

involves annealing of the overhangs with the complementary targetsequences and ligation (C). 

 

Plasmid DNA containing regions encoding the adenylation domain and 

phosphopantetheine site were fused with PCR products encoding the double reduction 

domains (Table 13) using In-Fusion cloning method. Plasmid DNA was linearized by 

digestion with XhoI (New England BioLabs® Inc) in CutSmart® buffer at 37 °C for 1 h (Table 

6) and purified using a QIAquick® Gel Extraction purification kit (QIAGEN) after 

electrophoresis in 1 % agarose gel. The insertΣ ǿƛǘƘ рΩ ƻǾŜǊƘŀƴƎs complementary to the 

insertion site within the digested plasmid, was amplified by PCR (Table 7, Table 8, Figure 

12, Table 9), treated with the methylated DNA-specific nuclease DpnI to remove PCR 

template, and purified using the QIAquick® PCR purification kit (QIAGEN) in accord with 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ Linearized plasmid was mixed with an appropriate 

concentration of the inserts (Table 10), the ligation reaction was incubated for 15 min at 

50 °C, transferred to ice, then used to transform into E.coli strain HST08 Stellarϰ 

(Clontech) according to the procedure described above (Chapter 2, Section 2.1.1). 

 
Component Volume (µL) 

XhoI 1 

Plasmid DNA 1 µg (6-6.2 µL) 

10x buffer 5 

Water Up to 50 

Total 50 

Table 6. Linearization of plasmid DNA with XhoI. Mixtures were incubated for 1 h at 37 °C.  Xho I 

was obtained from NEB at 20 000 U mL-1 concentration. 
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Cycles Time (s) Temperature (°C) 

1 90 98 

35 10 98 

15 55 

15 72 

1 қ 4 

Table 7. PCR cycling parameters for amplification of DNA for insertion by In-Fusion cloning. 

 

Component Volume (µL) 

CloneAmpϰ 
polymerase 

12.5 

P1 0.75 

P2 0.75 

Template 0.5 

dH2O 10.5 

Total 25 

Table 8. PCR mixture for amplification of DNA for insertion by In-Fusion cloning. Template 

concentration 150 ng µL-1. P1, forward primer; P2, reverse primer; the template is circular plasmid 

DNA. Stock concentration of primers was 10 µM.  

 

Gene name  Primer sequence GC % 

MCAR-RNRP F TAACAGCAAACTCGAGGTCGTGATGCACGTCC 65 

 R GGTGGTGGTGCTCGATTACAGCAGACCCAGCAGC 58 

    

MCAR-RNRP F TAAACCGAAACTCGAGGTCGTGATGCACGTCC 65 

 R GGTGGTGGTGCTCGATTACAGCAGACCCAGCAGC 58 

    

NCAR-GPL F TAACAGCAAACTCGAGGTGAACGTACCGATCGT 56 

 R GGTGGTGGTGCTCGATTACAGCAGACCCAGCAG 56 

    

MCAR-GPL F TAAACCGAAACTCGAGGTGAACGTACCGATCGT 56 

 R GGTGGTGGTGCTCGATTACAGCAGACCCAGCAG 56 

Table 9. Primer sequences for In-Fusion cloning according to Figure 12. Sequences in yellow are 

complementary to the plasmid insertion sites. Sequences in red correspond to the priming sites 

for PCR to generate the products for insertion. F (forward) and R (reverse) signify the direction of 

priming. Sequences are written 5' to 3'. 
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Gene name Amplification of double reduction domain with overhangs 

NCAR-RNRP 
 

 
MCAR-RNRP 
 

 
NCAR-GPL 
 

 
MCAR-GPL 
 

 
Figure 12. Sites of primer annealing on template DNA to generate PCR products for insertion by 

In-Fusion cloning. Primer sequences are in blue. Template-annealing portions of each primer are 

shown. Each primer contains a 15-nucleotide 5' extension complementary to the plasmid 

insertion site (complete primer sequences are shown in Table 9). 

 

 MCAR-NRP NCAR-NRP MCAR-GPL NCAR-GPL 

CAR 5.25 (24 ng) 5.25 (44 ng) 5.25 (24 ng) 5.25 (44 ng) 

DRD 0.75 (56 ng) 0.75 (56 ng) 0.75 (82 ng) 0.75 (82 ng) 

5X In-Fusion HD 
Enzyme Premix 

2 2 2 2 

Water 2 2 2 2 

Table 10. In-Fusion reaction mixtures. CAR is the linearized plasmid to be inserted into, containing 

either NCAR or MCAR encoding genes without reduction domain; DRD indicates PCR fragments of 

double reduction domain encoding genes with 15-ƴǳŎƭŜƻǘƛŘŜ рΩ ƻǾŜǊƘŀƴƎǎ ŎƻƳǇƭŜƳŜƴǘŀǊȅ to the 

plasmid integration site; 5-times concentrated In-Fusion HD Enzyme Premix was purchased with 

In-Fusion cloning kit from Clontech. Volumes are in µL.  
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Gene 

name 

Protein sequence DNA sequence 

RNRP 

 

GRDARPTSDPRLVSVHGDNPTE

VHASDLTLDRFIDADTLATAVNL

PGPSPELRTVLLTGATGFLGRYL

VLELLRRLDVDGRLICLVRAESDE

DARRRLEKTFDSGDPELLRHFKE

LAADRLEVVAGDKSEPDLGLDQ

PMWRRLAETVDLIVDSAAMVN

AFPYHELFGPNVAGTAELIRIALT

TKLKPFTYVSTADVGAAIEPSAF

TEDADIRVISPTRTVDGGWAGG

YGTSKWAGEVLLREANDLCALP

VAVFRCGMILADTSYAGQLNM

SDWVTRMVLSLMATGIAPRSFY

EPDSEGNRQRAHFDGLPVTFVA

EAIAVLGARVAGSSLAGFATYHV

MNPHDDGIGLDEYVDWLIEAG

YPIRRIDDFAEWLQRFEASLGAL

PDRQRRHSVLPMLLASNSQRLQ

PLKPTRGCSAPTDRFRAAVRAA

KVGSDKDNPDIPHVSAPTIINYV

TNLQLLGLL 

 

GGTCGTGATGCACGTCCGACCAGCGATCCGCGTCTGGTTAGTGTTCATGGTGATAAT

CCGACCGAAGTTCATGCCAGCGATCTGACCCTGGATCGTTTTATTGATGCAGATACCC

TGGCAACCGCAGTTAATCTGCCGGGTCCGAGCCCGGAACTGCGTACCGTTCTGCTGA

CCGGTGCAACCGGTTTTCTGGGTCGTTATCTGGTTCTGGAACTGCTGCGTCGTCTGGA

TGTTGATGGTCGTCTGATTTGTCTGGTTCGTGCGGAAAGCGATGAAGATGCACGTCG

TCGTCTGGAGAAAACCTTTGATAGCGGTGATCCGGAACTGCTGCGTCATTTTAAAGA

ACTGGCAGCAGATCGTCTGGAAGTTGTTGCCGGTGATAAAAGCGAACCGGATCTGG

GTCTGGATCAGCCGATGTGGCGTCGTCTGGCAGAAACCGTGGATCTGATTGTTGATA

GCGCAGCAATGGTGAATGCATTTCCGTATCATGAACTGTTTGGTCCGAATGTTGCAG

GTACCGCCGAACTGATTCGCATTGCACTGACCACCAAACTGAAACCGTTTACCTATGT

TAGCACCGCAGATGTTGGTGCCGCCATTGAACCGAGCGCATTTACCGAAGATGCAGA

TATTCGTGTTATTAGTCCGACCCGTACCGTTGATGGTGGTTGGGCAGGCGGTTATGGT

ACCAGCAAATGGGCCGGTGAAGTTCTGCTGCGTGAAGCAAATGATCTGTGCGCACTG

CCGGTTGCAGTTTTTCGTTGTGGTATGATTCTGGCAGATACCAGCTATGCAGGTCAGC

TGAATATGAGCGATTGGGTTACCCGTATGGTTCTGAGCCTGATGGCAACCGGTATTG

CCCCGCGTAGCTTTTATGAACCGGATAGCGAAGGTAATCGTCAGCGTGCACATTTTG

ATGGTCTGCCGGTTACCTTTGTTGCAGAAGCAATTGCCGTTCTGGGTGCCCGTGTTGC

CGGTAGCAGCCTGGCAGGTTTTGCAACCTATCATGTTATGAATCCGCATGATGATGGT

ATTGGTCTGGATGAATATGTTGATTGGCTGATTGAAGCCGGTTATCCGATTCGCCGTA

TTGATGATTTTGCAGAATGGCTGCAGCGTTTTGAAGCAAGCCTGGGTGCACTGCCGG

ATCGTCAGCGTCGTCATAGCGTTCTGCCGATGCTGCTGGCAAGCAATAGTCAGCGTCT

GCAGCCGCTGAAACCGACCCGTGGTTGTAGCGCACCGACCGATCGTTTTCGTGCAGC

AGTTCGTGCAGCAAAAGTTGGTAGTGATAAAGATAATCCGGATATTCCGCATGTGAG

CGCACCGACCATTATTAATTATGTTACCAATCTGCAGCTGCTGGGTCTGCTGTAA 

RGPL GERTDRVSFAAVHGSDVTEVHA

RDLTLDKFIDAPTLRTATTLPRPD

GAVQTVLLTGATGFLGRYLLLE

WLRQLRRVDDKVICLVRGKSDE

DARRRLEATFDTDPLLRKHFNEL

ATERLQVVAGDKGQPNLGLDE

QTWQRLAESVDLIVDSAAFVNS

VLPYSELFGPNVVGTAELIRFALT

SKLKPFNFVSTSDVGRQIEPSRF

TEQADIRLVSATRKIEVGYANGY

GNSKWAGEVLLREAHDHCGLP

VAVFRSGMIMVDPTYAGQLNV

TDTVSRMVLSIVATGVAPGSFY

QRGDNGERQRAHFDGLPVDFV

AQAITKLGWQVARSVTDSTASG

FETYHVMNPHDDGIGIDTYIDW

LIEAGYPIERIEDFGEWLQRFEA

ALQGLSDQQRQNSVLQMLTLL

KQQAGELQPPVPTRGSFAPADR

FQAAVRDANIGVEGEIPHVTRE

VIVKYVTDLQLLGLL 

 

GGTGAACGTACCGATCGTGTTAGCTTTGCGGCAGTTCATGGTAGCGATGTTACCGAA

GTTCATGCGCGTGATCTGACCCTGGATAAATTTATTGATGCACCGACCCTGCGTACCG

CAACCACCCTGCCGCGTCCGGATGGTGCAGTTCAGACCGTTCTGCTGACCGGTGCCA

CCGGTTTTCTGGGTCGTTATCTGCTGCTGGAATGGCTGCGTCAGCTGCGTCGTGTTGA

TGATAAAGTTATTTGTCTGGTTCGTGGTAAAAGCGATGAAGATGCACGTCGCCGTCT

GGAAGCCACCTTTGATACCGATCCGCTGCTGCGTAAACATTTTAATGAACTGGCCACC

GAACGTCTGCAGGTTGTTGCAGGCGATAAAGGTCAGCCGAATCTGGGTCTGGATGA

ACAGACCTGGCAGCGTCTGGCAGAAAGCGTTGATCTGATTGTTGATTCTGCAGCATTT

GTTAATAGCGTTCTGCCGTATAGCGAACTGTTTGGTCCGAATGTGGTTGGTACCGCA

GAACTGATTCGTTTTGCACTGACCAGCAAACTGAAACCGTTTAATTTTGTTAGCACCA

GCGATGTTGGTCGTCAGATTGAACCGAGCCGTTTTACCGAACAGGCAGATATTCGTC

TGGTTAGCGCAACCCGTAAAATTGAAGTTGGTTATGCAAATGGTTATGGTAATAGCA

AATGGGCCGGTGAAGTTCTGCTGCGTGAAGCACATGATCATTGTGGTCTGCCGGTGG

CCGTTTTTCGTAGCGGTATGATTATGGTTGATCCGACCTATGCAGGTCAGCTGAATGT

TACCGATACCGTTAGCCGTATGGTTCTGAGCATTGTTGCAACCGGTGTTGCACCGGGT

AGCTTTTATCAGCGTGGTGATAATGGTGAACGTCAGCGTGCCCATTTTGATGGTCTGC

CGGTTGATTTTGTTGCGCAGGCAATTACCAAACTGGGTTGGCAGGTTGCACGTAGCG

TTACCGATAGCACCGCAAGTGGTTTTGAAACCTATCATGTTATGAATCCGCATGATGA

TGGTATTGGTATTGATACCTATATTGATTGGCTGATTGAAGCAGGTTATCCGATTGAA

CGTATTGAAGATTTTGGTGAATGGCTGCAGCGTTTTGAAGCAGCCCTGCAGGGTCTG

AGCGATCAGCAGCGTCAGAATAGCGTTCTGCAGATGCTGACCCTGCTGAAACAGCAG

GCAGGCGAACTGCAGCCGCCGGTTCCGACCCGTGGCAGCTTTGCACCGGCAGATCGT

TTTCAGGCCGCCGTTCGTGATGCAAATATTGGTGTTGAAGGTGAAATTCCGCATGTTA

CCCGTGAAGTTATTGTTAAATATGTTACCGATCTGCAGCTGCTGGGTCTGCTGTAA 

Table 13. Peptide and DNA sequences of double reduction domains. 
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2.2.1.6 Colony PCR 

Screening for correct insertion events following the In-Fusion cloning was performed by 

PCR amplification directly from transformed bacterial colonies picked from agar plates. 

This was accomplished using GoTaq® polymerase (Promega). The composition of the 

reaction mixtures is shown in Table 11. Two-fold concentrated GoTaq® Green Master Mix 

was mixed in PCR reaction tubes with forward and reverse primers (listed in Table 9) and 

brought to final volume with water. Single E. coli colonies were picked and transferred to 

the reaction mixtures, and a live inoculum of each colony was retained for eventual 

propagation of positive clones. PCR was performed according to Table 12, then at the end 

of the reaction the mixtures were loaded directly on to 1 % agarose TAE gels for 

electrophoretic analysis. 

 

Component Volume (µL) 

2x mixture 6.25 

P1 0.25 

P2 0.25 

dH2O 5.75 

Total 12.5 

Table 11. Composition of colony PCR for screening of transformants from In-Fusion cloning. P1 

and P2, forward and reverse primers for inserted DRDs. Stock concentration of primers was 10 

µM. 

 

Cycles Time (s) Temperature (°C) 

1 300 98 

30 30 98 

30 65 

90 72 

1 150 72 

1 қ 4 

Table 12. PCR cycling parameters for colony PCR amplification. 
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2.2.1.7 Analysis of DNA by agarose gel electrophoresis 

Gels were made with 1 % (w v-1) agarose in TAE buffer and included 0.01 % (v v-1) {¸.wϰ 

Safe dye (Thermo Fischer Scientific), mixed with the gel while still molten to allow 

visualization of the DNA. After loading DNA samples into the wells with loading dye, 

electrophoresis was at 120 V (constant voltage) for 50 minin TAE buffer. Separated DNA 

bands were visualized under ultraviolet light and images were recorded digitally. 

 

2.2.1.8 DNA Sequencing 

Nucleotide sequences of all DNA samples were determined by the commercial service of 

Eurofins MWG using the Sanger technique with fluorescent dye-conjugated 

dideoxynucleotides. Purified plasmid DNA was provided for sequencing in aliquots of 15 

µL at a concentration of 75 ng µL-1. Sequencing was primed using either standard T7-

promoter and terminator primers or specific primers within regions of interest (Table 14). 

Primers were pre-mixed with plasmid DNA by adding 2 µL of 10 µM primer to the 15 µL 

plasmid aliquots. Resulting sequence files were obtained in FASTA format and analyzed 

using software provided by NCBI. 

 

Name Sequence 

T7 promoter_F TAA TAC GAC TCA CTA TAG GG 

T7 terminator_R CTA GTT ATT GCT CAG CGG T 

MCAR_2096_F TGATATTGAAGTGCCGGTGGGCGTG 

NCAR_2115_F GAAGTGCCGGTGGGTGTGGTTGTGAG 

MCAR_716_F CTGGCACTGAGTGGTCA AAC 

MCAR_2072_ R TTTGTTCCAGCAGTTCAC CA 

GPLrevseq_R GTGCATCTTCATCGCTTT TACC 

NCAR_687_F CATCTACCCCGGAACATC TG 

NCAR_2069_ R CGCCATAACGTTCTTTCA GG 

RNPrevseq_R CTTCATCGCTTTCCGCAC GAAC 

Table 14. Primer sequences used for sequencing the genes or gene products. F and R represent 

forward and reverse directionality accordingly. 
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2.2.2 Protein expression methods 

2.2.2.1 Expression trials to test protein solubility 

Single colonies of bacteria transformed with plasmids for the expression of chimeric 

enzymes were used to inoculate 10 mL cultures in TB medium with IPTG added to induce 

the expression (will be further described in Chapter 2, Section 2.2.6). BugBuster® Protein 

Extraction Reagent (Novagen) was used for the extraction of protein following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ.  

An alternative lysis and protein extraction procedure was tried as follows. 1.5 mL of 

induced culture was pelleted by centrifugation, the cells resuspended in 300 µL lysis 

buffer and lysed by sonication (eight cycles of 25 s on and 60 s off at 25 % amplitude using 

Soniprep 150 equipped with 9.5 mm MSE probe). Both the lysate and the whole cells 

were compared pair-wise by SDS-PAGE analysis. 

 

2.2.2.2 Analysis of purified proteins by SDS-PAGE 

Electrophoresis was performed in 10 % Mini-PROTEAN® TGX Stain-CǊŜŜϰ Precast Gels 

from Bio-Rad run in Tris-glycine buffer. Aliquots of protein were mixed in 15 µL total 

volume with 2x Laemmli sample buffer, ƘŜŀǘŜŘ ŦƻǊ р Ƴƛƴ ŀǘ фр ɕ/, clarified by 

centrifugation (15 s at 13 000 rpm), then 10 µL sample aliquots were loaded into separate 

wells of the gel. 7 µL pre-stained Precision Plus Proteinϰ standards were loaded as size 

markers. Electrophoresis was performed at 300 V for 10-15 min. Protein bands were 

visualized using a DŜƭ 5ƻŎϰ system (Bio-Rad). 

 

2.2.2.3 SDS-PAGE analysis of crude bacterial cell extracts 

50 µL of 2x Laemmli buffer was added directly to the equivalent of 1 mL cells at OD600=1, 

pelleted from an induced culture. The cell pellets were thoroughly resuspended, heated 

for 15 min at 95 ɕ/, clarified by centrifugation (15 s at 13 000 rpm), and 10 µL aliquots of 

supernatant were analysed by electrophoresis (as described above, 2.2.2.2). 
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2.2.2.4 Pre-culture for enzyme production 

A single colony from an agar plate or culture scratched from a glycerol stock was used to 

inoculate 5 mL LB containing the appropriate antibiotic (according to the plasmids used) 

in a 50 mL Falcon tube and incubated overnight (14 -мс Ƙύ ŀǘ от ɕ/ ǿƛǘƘ нлл ǊǇƳ ǎƘŀƪƛƴƎΦ  

 

2.2.2.5 Preparation of glycerol stocks cultures for protein expression 

5 mL LB or TB media with appropriate antibiotics were inoculated from single bacterial 

colonies from an agar media plate and grown overnight at 37 °C, 200 rpm. 0.5 mL of the 

saturated culture was then mixed with 0.5 mL 40 % sterile glycerol in a 1.6 mL CryoPure 

Tube (Sarstedt) and transferred to -80 °C for storage. 

 

2.2.2.6 Protein expression 

PAL, CAR, KRED /  ADH and chimeric enzymes were expressed in E. coli BL21 (DE3). 5 mL of 

pre-culture containing cells for PAL production was used to inoculate 0.5 L TB with the 

appropriate antibiotic in a 2 L Erlenmeyer flask. Cultures for PAL expression were grown 

for four Řŀȅǎ ŀǘ му ɕ/, 200 rpm, in LB base auto-induction media then harvested by 

centrifugation. Cells containing either KRED /  ADH or CAR with or without Sfp were grown 

ŀǘ от ɕ/, 200 rpm, to optical density (OD600) 0.6-0.8, then induced with 0.4 mM IPTG (final 

concentration). Upon induction the temperature was reduced to нл ɕ/ and incubation 

was continued for 14 ς 16 h, during which 1 mL samples were withdrawn in order to 

assess the protein content by SDS-PAGE. Cultures were harvested by centrifugation at 

6000 rpm for 8 min at 4 °C in a JLA-8.1000 rotor in a Beckman Coulter Avanti centrifuge. 

All culture supernatant was sterilized by treatment with wŜƭȅҌhƴϰ ±ƛǊƪƻƴϰ όŦǊƻƳ {tI 

supplies) prior to disposal. Cells were washed by resuspension in pre-chilled 0.5 % NaCl, 

transferred to 50 mL Falcon tubes then sedimented at 4000 rpm at п ɕ/ ƛƴ a bench-top 

centrifuge. Harvested cells were then used either for whole cell biocatalyst production or 

protein purification. 

 

2.2.2.7 Whole cell biocatalyst production 

Washed, harvested E. coli BL21 (DE3) containing expressed protein was transferred to a 

0.5 L round-bottom flask, spread evenly over the bottom of the flask using a spatula, 
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flash-frozen in liquid nitrogen, then lyophilized under vacuum for 14 ς 24 h in a freeze-

dryer until completely dry. The dried cells were stored at -нл ɕ/ ƛƴ рл Ƴ[ Falcon tubes. 

 

2.2.2.8 Purification of CAR proteins 

Manipulations were performed cold with pre-chilled vessels and solutions and the 

preparation maintained in ice slurry. E. coli pellets from 2 L cultures expressing NCAR 

PPant, MCAR PPant, NCAR or MCAR or chimeric proteins were thawed and evenly 

dispersed in 100 mL 50 mM potassium phosphate pH 8.0, 0.5 M NaCl, 10 mM imidazole. 

The following additions were then made: two Complete EDTA-free protease inhibitor 

tablets (Roche); 0.1 mL 10 mg mL-1 lysozyme (in 50 mM sodium acetate pH 6.5, 5 mM 

CaCl2, 0.1 mM PMSF and 50 % glycerol); and 0.2 mL of 5 mg mL-1 DNase I (in 50 mM 

sodium acetate, pH 6.5, 5 mM CaCl2, 0.1 mM PMSF and 50 % glycerol) and the mixture 

was stirred until became homogenous. The lysozyme was added to enhance lysis and 

DNase to reduce viscosity of the preparation. The mixture was then passed three times 

through a pre-cooled French press at 1500 psi (FA-032, 40 k, standard cell, Thermo 

Electron Corporation). Alternatively, lysis was achieved by ultra-sonication (Bandelin 

Sonoplus equipped with Soniprep 19 mm probe, 15 cycles of 13 s on / 17 s off at 35 % 

intensity) in an ice bath. Cell debris was subsequently removed by centrifugation at 

48,000 x g, 4 °C for 1 h in a JA-25.50 rotor (Beckman Coulter). The cell-free supernatant 

was filtered through лΦпр ˃Ƴ ǎȅǊƛƴƎŜ ŦƛƭǘŜǊǎ όaƛƴƛǎŀǊǘϯ ba[, surfactant free cellulose 

acetate membrane). The sample was then applied to a column of NiSO4-charged IDA resin 

(Generon), pre-equilibrated with lysis buffer, using a peristaltic pump. The column was 

washed with ten bed-volumes of lysis buffer to remove non-specifically bound proteins. 

Specifically bound protein was eluted stepwise with 50 mL aliquots of lysis buffer 

containing 20 ς 200 mM imidazole. The content of eluted fractions was assessed by SDS-

PAGE, fractions containing high levels of protein of interest were pooled and initially 

concentrated to about 30 mL in a stirred cell concentrator (Amicon) with a 76 mm, 100 

000 molecular weight cut off polyethersulfone (PES) membrane disc (Generon). Then 

further concentrated in Vivaspin® 20 (Sartorius Stedim Biotech) centrifugal concentrators 

with 100 000 MWCO PES membrane to final volume of about 6 mL. The final concentrate 

was clarified by centrifugation at 13,000 rpm for 5 min in a table top centrifuge to remove 
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precipitate, then loaded directly onto a HiLoad® 16 /  60 Superdex® 200 column (Generon) 

with 5 mL loop fitted to an AKTA Pure system (GE Healthcare) with fraction collector. 

Protein of interest was isocratically eluted in 50 mM potassium phosphate pH 8.0, 150 

Mm NaCl, at a flow rate of 1 mL min-1. Fractions with high A280 were assessed for purity by 

SDS-PAGE. Those with highest purity were combined and concentrated to 100 ς 200 µM 

protein in Vivaspin® 20 concentrators. Pure samples were slowly dispensed (from a P200 

Pipette, Gilson, with sterile tips) into a low form glass Dewar flask (Cole-Parmer) 

containing liquid nitrogen, thus forming άǇǊƻǘŜƛƴ ōŀƭƭǎέ of 40 µL approximate volume. 

Frozen protein balls were then transferred to 5 mL plastic bijou bottles using a spoon and 

stored at -80 °C. Any desired number of balls could then be defrosted for further work. 

 

2.2.2.9 Protein concentration determination 

Absorbance of the protein samples was measured at 280 nm (A280) in 1.5 mL UV-Cuvette 

semi-micro Brand® using Cary 300 Bio UV-visible spectrophotometer at 20 °C with fitted 

thermostat and temperature controller. The theoretical extinction coefficients were 

predicted according to protein sequence by Expasy Protparam online tool, which takes 

into account the tryptophan and tyrosine content. Concentration was then calculated 

from absorbance values using the Beer-[ŀƳōŜǊǘ [ŀǿΥ !Ґ ʶ ϝ Ŏ ϝ l; where A is absorbance, 

ʶ ώa-1 cm-1] extinction coefficient, c is the concentration [M-1] and l is the path length of 

the cuvette (1 cm). 

 

2.2.3 Mechanistic methods 

2.2.3.1 General steady-state kinetics protocol 

Steady-state kinetic analysis of different CAR enzymes was performed on Varian Cary 300 

Bio UV-visible spectrophotometer using 1.5 mL UV-Cuvette semi-micro Brand® plastic 

cuvettes suitable for UV measurements. The steady-state turnovers were determined at 

30 °C in assay mixtures containing 10 mM MgCl2, varied concentrations of CAR enzymes, 1 

mM ATP, нлл ҡa b!5tI ŀƴŘ о Ƴa ʰ-methylcinnamic acid (or other substrates) in 100 

mM potassium phosphate buffer ǇI тΦрΦ !¢tΣ b!5tIΣ ŀƴŘ ʰ-methylcinnamic acid 

concentrations were varied to measure the KM values for CAR enzymes. Each component 
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required for the reaction was added to buffer pre-equilibrated to reaction temperature. 

The substrate was dissolved in DMSO unless stated otherwise. Reactions were initiated by 

addition of the substrate, and the absorbance change at 340 nm (characteristic of NADPH 

oxidation, 3ʁ40 = 6.22 mM-1 cm-1) was monitored for 1 min. Initial linear rates were 

determined over 30 s. The data were then plotted in Origin Pro 9.1 and fitted with 

modified Michaelis-Menten steady-state kinetic equations with substrate inhibition. 

 

2.2.3.2 Viscosity steady-state kinetics for chimeric and wild type proteins 

The steady-state turnover of MCAR at different viscosities (using either glycerol or 

sucrose as viscogens) was determined at 30 °C in assay mixtures containing 10 mM MgCl2, 

0.1 µM MCAR, 1 mM ATP, 200 µM NADPH, 100 mM potassium pH 7.5. Reactions set up 

and initiated by addition of substrate, as described above (Chapter 2, Section 2.3.1). The 

viscosity of glycerol and sucrose solutions was calculated according to published 

parameters71.  

 

2.2.3.3 NADPH analogue synthesis 

NADPH was obtained from Sigma-Aldrich and pro-R NADP2H ((R)-[4-2H]-NADPH) and pro-S 

NADP2H ((S)-[4-2H]-NADPH) were synthesized and characterized as described previously72, 

with the following minor alterations: (R)-[4-2H]-NADPH was synthesized using NADP+ and 

2-Propanol-OD as substrate instead of 1-[2H6]-ethanol. The process involves the 

stereospecific transfer of 2H from the alcohol group using NADP+-dependent alcohol 

dehydrogenase from Thermoanaerobium brockie, containing between 5 and 15 units mg-1 

of protein. (S)-[4-2H]-NADPH was synthesized using NADP+ and 1-[2H]-glucose as 

substrate. In this case, the stereospecific 2H transfer reaction from one of the glucose 

alcohol groups was performed using glucose dehydrogenase (GDH CDX-901 from 

Codexis). The whole reaction mixture was loaded onto a 20 mL Q-Sepharose HPLC column 

pre-equilibrated with 10 mM NH4HCO3, pH 8.5, fitted to an AKTA Pure system. The pre-

loaded sample was washed ten times with equilibration buffer and eluted with a gradient 

of elution buffer containing 500 mM NH4HCO3. Highly absorbing fractions (with A280 /  A340 

ratio of approximately 2) were combined together in 50 mL Falcon tubes and frozen in 

liquid nitrogen. Samples were lyophilized until a fine powder formed, usually for three 
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days (NH4HCO3 decomposed to CO2 and NH3 leaving pure deuterated NADPH analogue). 

The pure dry samples were stored at -20 °C. 25 mg was dissolved in deuterated water 

(D2O) and 1H NMR experiment performed to determine purity and ratio of deuterated 

against non-deuterated NADPH. Full details are described in the previously published 

protocol72. 

 

2.2.3.4 Stopped-flow set-up 

Before commencing stopped-flow measurements, MCAR (or other CAR enzymes) were 

activated using 100 mM potassium phosphate pH 7.5, 10 mM MgCl2Σ н Ƴa ʰ-

methylcinnamic acid and 2 m MATP (final concentration), at room temperature and 

incubation for 20 min with gentle shaking. This allowed the enzyme to be in a state where 

the substrate is supposedly bound either covalently or non-covalently within the active 

site. The sample was then transferred to a stopped-flow cell at the required 

concentration and temperature and left to equilibrate for 5 min. The other cell was filled 

with NADPH or its analogues (pro-R and pro-S NADP2H) at 1 µM concentration in 100 mM 

potassium phosphate pH 7.5.  

 

2.2.3.5 Stopped-flow measurements 

Stopped-flow studies were performed on an Applied Photophysics SX20 stopped-flow 

spectrometer. Experiments were conducted in 100 mM potassium phosphate pH 7.5. 

Reactions were initiated by mixing NADPH at 0.5 µM final concentration with varying 

concentrations of activated enzyme, at 30 °C. For KIE measurements the same 

concentrations of pro-R and pro-S NADP2H were mixed with the enzyme. To follow the 

reductive reaction, NADPH was excited at 340 nm, and fluorescence emission changes 

(unwanted fluorescence was removed using 400 nm cut-off filter ς WG400 long pass cut 

on filter).  

 

2.2.3.6 Phosphopantetheinylation level of the enzymes 

All four proteins (both modified MCAR PPant and NCAR PPant and unmodified analogues 

MCAR and NCAR) were buffer-exchanged using two micro Bio-Spin P-6 Gel columns into 

100 mM ammonium acetate, pH 6.8, containing 0.8 % mNBA to increase the number of 
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charges on the protein and move the peaks to a lower m/z region of the spectrum, or in 

order to increase transmission /  accuracy. The concentration of the protein was approx. 5 

µM. The proteins were ionised by nano-electrospray ionisation and the experiments were 

carried out on a Synapt G2 instrument. Experiments were initiated by Dr. Mark Dunstan 

and performed by the members of Prof. Perdita Barran group. 

 

2.2.4 Biotransformation 

2.2.4.1 Gas chromatography sample preparation 

Biotransformations requiring acid derivatization were quenched with 100 µL 1 M HCl, 

then extracted twice with 800 µL ethyl acetate. DB-WAX and HP-5 columns can be 

damaged with prolonged exposure to acids, such that this derivatization was performed 

essentially to maintain columns unaffected and sample runs. Also, the formed esters have 

higher boiling point and can be analysed easier. Extraction was performed in microtubes 

by vortexing with the required volume of organic solvent for 10 s prior to centrifugation 

for 5 min at 13 000 rpm in table top centrifuge. The organic phase was removed by 

pipette, taking care to avoid the aqueous phase, then dried over anhydrous magnesium 

sulphate in a microtube tube, vortexed for 10 s. The sample was then clarified by 

centrifugation (13,000 rpm for 5 min) and transferred to a fresh microtube, into which 

were added 200 µL methanol and 10 µL 2.0 M (Trimethylsilyl)diazomethane solution in 

hexanes (Figure 13). The reaction mixture was incubated for 1 hour at 28 °C, agitated at 

250 rpm in a derivatization reaction incubator. 

 

 
Figure 13. Derivatization reaction of organic acids for GC or GC-MS analysis. The scheme shows 

chemical reaction of generic organic acid containing R side chain. The final generated product is 

ester that has higher boiling point than acid as well as neutralized carboxylic acid functional group 

that may interfere with the column. 
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Derivatization was terminated by addition of 2 µL glacial acetic acid and incubated, 

shaking, for a further 20 min at 28 °C. The sample was then transferred to HPLC /  GC vials 

for analysis. The conversions were determined by comparing integrated peak areas. 

For other reactions that did not require derivatization for GC analysis the sample was 

extracted in a total volume of 1 mL ethyl acetate, as described above. Samples were then 

transferred directly to HPLC /  GC vials for analysis. 

 

2.2.4.2 Reactions with AvPAL lyophilized cells 

Dried BL21 (DE3) cells containing expressed PAL enzymes were transferred to a microtube 

and suspended in water by vortexing to make a stock solution of 10 ς 20 mg mL-1 of 

lyophilised cells. The required volume of the stock was added to 100 µL 1 M potassium 

phosphate pH 7.5, in a microtube, to which L-phenylalanine was then added, and the 

total volume brought to 1 mL with water. The mixtures were then incubated at 30 °C, 

vertically shaking at 250 rpm, for up to 24 h. After appropriate incubation time, a 400 µL 

aliquot was removed to a fresh microtube and clarified by centrifugation for 5 min at 

13,000 rpm in a table top centrifuge. The clarified solution was transferred to filter vials 

(0.45 µm PVDF, Thomson Instrument Company) and filtered prior to HPLC analysis. 

 

2.2.4.3 Reaction with CAR enzymes 

Dried BL21 (DE3) cells containing expressed CAR enzymes were transferred to a 

microtube and suspended in water by vortexing to make a stock solution of 5 - 20 mg mL-1 

of lyophilised cells. The required volume of the stock was transferred to 2 mL microtubes 

where reactions were performed following the addition of 100 µL 1 M potassium 

phosphate buffer pH 7.5. In case of higher concentrations ranging from 20 to 50 mg mL-1 

the cells were directly weighed into reaction tubes without stock preparation. 

Additionally, 10 mM MgCl2, varied concentration of D-glucose, 10 U glucose 

dehydrogenase (GDH) and NADP+ (or NADPH) in order to recycle the cofactor and, 

stoichiometric amounts of ATP were provided. Finally, the acid substrate was added at 

the required concentration and the volume brought to 1 mL with water. The sample was 

incubated at 20 - 30 °C, with vertical agitation at 250 rpm, for the required amount of 



 
 

54 
 

time and extracted as described above. Reaction conditions for purified CAR were the 

same.  

 

2.2.4.4 Reactions with purified /  lyopholized ADH enzymes 

Components were combined in 2 mL microtubes containing 100 mM potassium 

phosphate pH 7.5. Enzymes were added as solids or as aliquots of stock solutions, as 

appropriate. The reactions were then supplemented with either NAD+ (or NADH), NADP+ 

(or NADPH), or both cofactors, as in most cases the required cofactor was unknown. None 

of them were studied before and there was no background information. A cofactors 

recycling system was included and reactions were incubated at 20-30 °C as described 

before (Chapter 2, Section 2.4.3). 

 

2.2.4.5 Preparative scale synthesis 

Lyophilised E. coli BL21 (DE3) cells containing expressed enzymes were crushed to a fine 

powder with a spatula in a 50 mL Falcon tube and dispersed to homogeneity in 40 mL 

buffer solution. The homogeneous suspension was transferred to a 250 mL conical flask 

containing a Mono-Mold Slim-Line Stir Bar with Spinning Ring, and the flask was placed on 

a magnetic stirrer (Cole-Parmer). While cells were kept suspended at 250 rpm, the 

remaining components required for the reaction were added. Substrate was added last to 

start the reaction and final volume adjusted with buffer. The flask was transferred to a 

microbiological incubator at 30 °C, shaking at 250 rpm. Aliquots were withdrawn for 

analysis at appropriate time intervals. Reaction times were varied depending when the 

full conversion was reached. 

On completion of the reaction, 25 mL aliquots were mixed with an equal volume of ethyl 

acetate in 50 mL Falcon tubes, vortexed for 30 s, the phases were separated by 

centrifugation (4,000 rpm, 5 min, large table-top centrifuge), the organic (upper) phase 

was transferred to a clean round bottom flask and dried in presence of anhydrous 

magnesium sulphate. The extraction process was repeated three times and all extracted 

and dried fractions were combined together. Residual magnesium sulphate was removed 

by filtration (funnel and cotton balls), and the solvent was removed by rotary 
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evaporation. The obtained material was weighed and kept at 4 °C prior to flash 

chromatography. 

 

2.2.4.6 άkRedy-to-Ǝƻέ ǎŎǊŜŜƴ 

10 mL of 0.25 mg mL-1 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium (INT) 

with 50 mg mL-1 cinamyl alcohol stock solution was prepared in the falcon tube. 50 µL of 

the stock solution was then transferred into each well of 384-well plate using multi-

channel pipette and lyophilised enzymes resuspended. The plates were covered using 

aluminium foil and incubated at room temperature prior to measurement at 492 nm 

vawelength as well as visual photos taken. The negative controls were prepared in the 

same way but stock solution did not include cinnamyl alcohol.  

 

2.2.5 Chemical synthesis 

2.2.5.1 Tert-butyloxycarbonyl (BOC) protected compounds 

(S)-2-Amino-butanoic acid-BOC 4, (S)-2-Amino-1-butanal-BOC 5 and (S)-2-Amino-1-

butanol-BOC 6  were synthesized and characterized using 1H, 13C and high-resolution 

mass spectrometry (HRMS) by Luca Cariati under supervision of Dr. Francesco Mutti in the 

MIB. The initial substrates and standards were also provided by him. Number in bold 

represent number of the compound that will be further be described in the result 

sections including the structure and chemical parameters. 

 

2.2.5.2 Carboxybenzyl (CBZ) protected (S)-2-Amino-butanoic acid synthesis (10) 

(S)-2-Amino-butanoic acid 1 (0.250 g, 2.41 mmol) was suspended in a mixture of water 

and THF (15, 1:1 v v-1) and KOH was added (1.35 g, 23 mmol) and left mixing until the 

starting material was completely dissolved. The rubber septum was then placed on top of 

the flask to avoid evaporation of the organic solvent. The required volume of benzyl 

chloroformate was added (0.620 g, 73.62 mmol, approx. 520 µL) drop-wise into the 

solution from a 1 mL syringe (.5 tƭŀǎǘƛǇŀƪϰ) and hypodermic-needle (0.80 x 120 mm, BL /  

LB Sterican®, from . .Ǌŀǳƴϰ). The needle and syringe were then washed in reaction 

mixture, gently removed, then washed again in acetone prior to disposal. Two 
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hypodermic needles (0.8 x 38 mmΣ !ƎŀƴƛϰΣ from Terumo®) were left in the rubber 

septum to allow any pressure equalization. Prior to reaction, the round bottom flask with 

reactants was kept in ice for 15 min. Next, the reaction was performed for 1 h on ice, then 

incubated at room temperature for a further 14 h. The following day the pH of the 

aqueous phase was adjusted to approx. pH 1-2 with concentrated hydrochloric acid. The 

solution was extracted with ethyl acetate (3 × 25 mL). The organic phase from each 

extraction was combined and dried with anhydrous magnesium sulphate, then filtered 

using plastic funnel fitted with cotton. After filtration, the solvent was removed by 

Rotavapor using a water bath at 40 °C and required pressure. The analysis of synthesized 

product 10 will be presented in the appropriate chapter. 

 

2.2.5.2 Carboxybenzyl (CBZ) protected (S)-2-Amino-1-butanol synthesis (12) 

Cbz protection reactions were performed in two separate conditions. The initial reaction 

was carried out using mixture of water and organic solvent mixture. (S)-2-Amino-1-

butanol 3 was suspended (0.58 g, 6.50 mmol) in a mixture of water and THF (30 mL, 1:1 v 

v-1) and KOH (46 mmol, 2.7 g) were added mixed until the starting material was 

completely dissolved. The rubber septum was placed on top of the flask to avoid 

evaporation of the organic solvent. Then, benzyl chloroformate (1.24 g, 153.04 mmol, 

approx. 1040 µL) was added drop-wise from a 1 mL syringe fǊƻƳ .5 tƭŀǎǘƛǇŀƪϰ ŀƴŘ лΦул Ȅ 

120 mm BL /  LB Sterican® hypodermic-ƴŜŜŘƭŜ ŦǊƻƳ . .ǊŀǳƴϰΦ ¢ƘŜ ǎŀƳŜ ǊŜŀŎǘƛƻƴ 

procedure was then followed as for CBZ acid synthesis (Chapter 2, Section 2.5.2) without 

any alterations except that there was no need to adjust pH and products were directly 

extracted after overnight reaction (14 h). 

The second reaction was performed using the organic solvents only. (S)-2-Amino-1-

butanol 3 was suspended (1.056 g, 11.85 mmol) in a 20 mL DCM containing triethylamine 

(580 µL, 4.16 mmol) following the addition of benzyl chloroformate (0.41 g, 50.03 mmol, 

340 µL) in the same way as described before. The next day reaction mixture was 

supplemented with 5 mL dH2O and incubated for another 1 h to react with unreacted 

benzyl chloformate. The product was then purified as described before (Chapter 2, 

Section 2.5.2). The analysis of synthesized product 12 will be presented in the appropriate 

chapter. 
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2.2.5.3 Tert-butyloxycarbonyl (BOC) deprotection reactions 

50 ς 250 mg of either (S)-2-Amino-1-butanol-BOC 12 or (S)-2-Amino-1-butanol 3 (negative 

control) were dissolved in 5 mL dioxane treated with 4 M HCl in a 25 mL round bottom 

flask. Alternatively, the sample was dissolved in 5 mL DCM followed by the addition of 1 

mL TFA.  Both reactions were performed for 14 h with vigorous mixing at room 

temperature with a loose stopper over the flask. The reaction was performed in a fume 

hood. The next day, solvent was removed using a Rotavapor with a 40 °C water bath in 

the fume hood. The crude extract was then dissolved in 100ς200 µL methanol and flash 

chromatography performed to separate reactants and products. The analysis of 

performed reaction will be presented in the appropriate chapter. 

 

2.2.5.4 Carboxybenzyl (CBZ) deprotection reactions 

Cbz-protected (S)-2-Amino-1-butanol 12 (100 mg) was dissolved in MeOH (5 mL) with 10 

% Pd /  C (10 % wt loading, matrix activated carbon support ~20 mg) and transferred to a 

25 mL round bottom flask flushed with nitrogen gas prior the experiment. Hydrogen gas 

was delivered directly into the solution by hypodermic-needle (0.80 x 120 mm, BL /  LB 

Sterican®, . .Ǌŀǳƴϰ) placed on the cut syringe glued with a hydrogen-filled balloon. The 

reaction was stirred at room temperature for 16 h. The mixture was then filtered through 

celite and the solvent evaporated under reduced pressure using a Rotavapor. The analysis 

of performed reaction will be presented in the appropriate chapter. 

 

2.2.6 Analytical Methods 

2.2.6.1 HPLC analysis of L-phenylalanine conversion 

Reverse phase HPLC was performed on an Agilent 1200 Series LC system equipped with a 

G1379A degasser, a G1312A binary pump, a G1329 autosampler unit, a G1316A 

temperature controlled column compartment and a G1315B diode array detector. 

Conversion for the PAL-catalysed reaction was calculated from reverse phase liquid 

chromatography performed using a ZORBAX Extend-C18 column (50 mm × 4.6 mm × 3.5 

˃ƳΣ !ƎƛƭŜƴǘύΦ The mobile phase was ammonium hydroxide (0.35 % w v-1, pH 10.0) / at 

90:10 ratio; flow rate was 1 mL min-1; temperature, 40 °C; detection wavelength, 210 nm. 

Peaks were assigned via comparison with commercially available standards. Starting 
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material and product distributions were derived from integration of peak areas, using a 

response factor of 2.3 to account for the higher UV absorbance of trans-cinnamic acid.  

 

2.2.6.2 HPLC analysis of trans-cinnamic acid conversion 

Reverse phase HPLC and analysis was performed as described above (Chapter 2, Section 

2.6.1). Conversion for the trans-cinnamic acid reaction was calculated from reverse phase 

liquid chromatography performed using an Eclipse XDB-C18 column (250 mm × 4.6 mm × 

р ˃ƳΣ !ƎƛƭŜƴǘύΦ aƻōƛƭŜ ǇƘŀǎŜΥ I2O /  Acetonitrile (75:25) with additional 0.1 % formic acid. 

Flow rate, 1 mL min-1; Temperature, 22 °C; Detection wavelength: 280 nm. 

 

2.2.6.3 GC Analysis (DB-WAX 5mM generic) 

±ƻƭŀǘƛƭŜ ŜȄǘǊŀŎǘǎ όм ˃[ύ ŦǊƻƳ ǘƘŜ /!w ŀƴŘ /!w-ADH reactions were analyzed by gas 

chromatography on an Agilent Technologies 7890A GC system equipped with an FID 

detector and a 7693 autosampler. A DB-²!· ŎƻƭǳƳƴ όол ƳΤ лΦон ƳƳΤ лΦнр ˃Ƴ ŦƛƭƳ 

thickness; JW Scientific) was used to separate the compounds. The injector temperature 

was set at 220 ϲ/ ǿƛǘƘ ŀ ǎǇƭƛǘ Ǌŀǘƛƻ ƻŦ млΥм όм ˃[ ƛƴƧŜŎǘƛƻƴύΦ ¢ƘŜ Ŏŀrrier gas was helium with 

a flow rate of 1.5 mL min-1 and a pressure of 9.2 psi. The following oven program was 

used: 100 °C (0 min hold), ramp to 200 °C at 4°C min-1 (0 min hold), and ramp to 240 °C at 

20 °C min-1 (1 min hold). The FID detector was maintained at a temperature of 250 °C with 

a flow of hydrogen at 30 mL min-1. 

 

2.2.6.4 GC-MS Analysis (generic) 

Reaction products were primarily analyzed by GC-MS using an Agilent Technologies 7890B 

GC equipped with an Agilent Technologies 5977A MSD. The products were separated on a 

DB-WAX column (30 m x 0.32 mm internal diameterΣ лΦнр ˃a ŦƛƭƳ ǘƘƛŎƪƴŜǎǎΣ !ƎƛƭŜƴǘ 

¢ŜŎƘƴƻƭƻƎƛŜǎύΦ ¢ƘŜ ƛƴƧŜŎǘƻǊ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ǎŜǘ ŀǘ нпл ϲ/ ǿƛǘƘ ŀ ǎǇƭƛǘ Ǌŀǘƛƻ ƻŦ нлΥм όм ˃[ 

injection). The carrier gas was helium with a flow rate of 2 mL min-1 and a pressure of 4.6 

psi. The following oven program was used: 100 °C (0 min hold), ramp to 20 °C at 4 °C min-1 

(0 min hold), and ramp to 240 °C at 20 °C min-1 (1 min hold). The ion source temperature 

of the mass spectrometer (MS) was set to 230 °C and spectra were recorded from m/z 50 

to m/z 250. Compound identification was carried out using authentic standards and 
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comparison to reference spectra in the NIST library of MS spectra and fragmentation 

patterns. 

 

2.2.6.5 GC Analysis (HP-5 5mM) 

±ƻƭŀǘƛƭŜ ŜȄǘǊŀŎǘǎ όм ˃[ύ ŦǊƻƳ ǘƘŜ /!w ŀƴŘ ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōȅ Ǝŀǎ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ 

on an Agilent Technologies 7890A GC system equipped with an FID detector and a 7693 

autosampler. A HP-р ŎƻƭǳƳƴ όол ƳΤ лΦон ƳƳΤ лΦнр ˃Ƴ film thickness; JW Scientific) was 

used to separate the compounds. The injector temperature was set at 220 °C with a split 

Ǌŀǘƛƻ ƻŦ млΥм όм ˃[ ƛƴƧŜŎǘƛƻƴύΦ ¢ƘŜ ŎŀǊǊƛŜǊ Ǝŀǎ ǿŀǎ ƘŜlium with a flow rate of 1.6 mL min-1 

and a pressure of 9 psi. The following oven program was used: 80 °C (2 min hold), ramp to 

130 °C at 2 °C min-1 (0 min hold), and ramp to 300 °C at 20 °C min-1 (2 min hold). The FID 

detector was maintained at 250 °C with a flow of hydrogen at 30 mL min-1. 

 

2.2.6.6 High resolution mass spectrometry (HRMS) 

The sample was prepared by dissolving approx. 200 µg in 1 mL MeOH (alternatively, 5 µL 

of sample after NMR was mixed within 1 mL MeOH) and transferred to a GC vial. Samples 

were submitted for HRMS through an in-house service. HRMS analyses were performed 

using an Agilent 6510 Q-TOF mass spectrometer connected to an Agilent 1200 Series LC 

system.  

 

2.2.6.7 Flash chromatograhy analysis 

The column for flash chromatography was prepared by dissolving silica powder (pore size 

60 Å, 220-440 mesh particle size, 35-75 µm particle size, Sigma) in the required running 

phase then poured into the column. Silica gel was allowed to settle. Sample, dissolved in 

methanol, was applied carefully to the top. The silica gel was then covered with 50 ς 70 

mesh particle sized sand. The sample was isocratically eluted with the required running 

phase and collected into glass vials. The purity of fractions was assayed on pre-coated 

TLC-sheets ALUGRAM® RP-18W /  UC254 (TLC technique). Small drops were applied to a 

plate and blow-dried, the plate was then placed in running phase solution. The plate was 

removed from solution before the organic solvent ran the whole length, the extent of 

migration was marked with pencil, and the plate dried with a heat gun. Chemicals were 
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visualized either under UV light or by chemical staining (10 % phosphomolybdic acid 

dissolved in ethanol). 

 

2.2.6.8 Preparation of samples forNuclear Magnetic Resonance (NMR) 

The sample was dissolved in 800 µL of either CDCl3 or D2O and 1H- and 13C-NMR spectra 

recorded with standards programs for each solvent using an NMR instrument operating 

at 400 aIȊΦ /ƘŜƳƛŎŀƭ ǎƘƛŦǘǎ ǿŜǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ǇǇƳ όʵύ ǎŎŀƭŜΦ NMR chromatograms and 

assignments will be presented together with synthesis data in appropriate chapters. 
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3 Enzyme Characterisation 
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3.1 Background 

3.1.1 Predicted mechanism of CAR enzymes 

Over the last 20 years, carboxylic acid reductases (CARs) have been extensively studied 

for their use in industrial processes for the unique chemical reaction they support: the 

reduction of carboxylic acids to the corresponding aldehydes. One of the first studied 

CARs was from Nocardia sp. strain NRRL 5646 (NCAR), an enzyme that was shown to 

reduce vanillic acid22. Following these initial studies, there has been increasing research 

into the mechanism of CAR enzymes showing the importance of ATP, NADPH and Mg2+ 

ions for enzyme activity59. However, these studies overlooked crucial elements required 

for CAR activity, including the importance of post-translational modifications by 

phosphopantetheine transferase (PPTase) enzymes, which increase the activity of CAR by 

20-fold60. Interestingly, this study showed that PPTases and CARs from unrelated 

organisms can be successfully combined to produce active CAR enzymes, suggesting a 

high degree of conservation of recognition sites between enzymes from unrelated 

organisms.  

In recent years, there has been some research performed to understand the mechanism 

of other CAR enzymes from Mycobacterium marinum (MCAR) as well as CAR from 

Segniliparus rugosus (CAR 11). These proteins have been shown to be much more stable 

than those previously worked on making them perfect models of CAR enzymes. Only the 

most recent publication investigated the structure and mechanism of CAR enzymes63. 

Part of the published work that was performed during my PhD degree will be presented in 

this chapter investigating more mechanistic details rather than uses of CAR enzymes. In 

this study, the first crystal structure of a CAR enzyme system was determined. Moreover, 

in this study, the importance of the complex catalytic cycle of CAR enzymes was 

investigated using crystal structure-based models and SAXS data. However, as it was 

impossible to obtain a complete crystal structure for the protein, separate domains were 

crystallized together and separately with a phosphopantetheine binding site. Key findings 

from this publication include hypotheses suggesting a range of dynamic motions during 

CAR enzyme catalysis.  
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The predicted catalytic cycle of CAR enzymes is shown in Figure 14 and can be described 

as follows. The acid substrate binds to the adenylation domain where adenylation occurs 

(1). It involves activation with ATP to form an AMP-substrate intermediate, with release 

of pyrophosphate. The activated ester then can be covalently attached to the enzyme via 

the пΩǇƘƻǎǇƘƻǇŀƴǘŜǘƘŜƛƴŜ ƎǊƻǳǇ that performs a nucleophilic attack and releases of AMP 

(2). The substrate is then delivered to the reduction domain via domain movement or 

conformational change of phosphopantetheine group or both. The subsequent reaction 

involves NADPH and reduction of the substrate to aldehyde (3) then release of product 

with restoration of the original enzyme conformation (4). This is only the predicted cycle 

and it needs to be investigated further to understand the sequence of reactions, 

processes involved and rates of each of the steps.  

 

 

Figure 14. The predicted catalytic cycle of CAR enzymes. The four steps in the CAR catalytic cycle 

are represented: activation of the substrate (1), covalent bond formation between the substrate 

and the enzyme (2), reduction of the substrate (3), and formation of initial complex (4). 
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3.2 Results and Discussion 

3.2.1 Enzyme purification 

3.2.1.1 NCAR PPant expression and purification 

Recombinant expression levels of Mycobacterium marinum CAR (MCAR), Nocardia sp. 

NRRL 5646 CAR (NCAR) and the phosphopantetheinylated analogues of these enzymes 

(MCAR PPant and NCAR PPant) were visualized using the SDS-PAGE technique. MCAR and 

NCAR enzymes were expressed from pET-21a vector. The phosphopantetheinylation was 

achieved using co-expression of CAR enzymes with phosphopantetheine transferase Sfp 

from Bacillus Subtilis. This enzyme could be expressed simultaneously from pCDF-1b with 

MCAR and NCAR resulting in formation of MCAR PPant and NCAR PPant. All recombinant 

proteins were expressed in Escherichia coli strain BL21 (DE3) using standard expression 

protocol (Chapter 2, Section 2.2.6). Pre-culture was used to inoculate 0.5 L of TB media 

with appropriate antibiotics and cells grown up to OD600 0.6-0.8 and induced with IPTG for 

protein expression overnight. IPTG induced cell protein content shows presence of 

intense bands at ~128 kDa that correlates with predicted molecular weight of CAR 

proteins (Figure 15). As this is the predicted molecular weight of the CAR enzymes, it can 

be believed that CAR proteins were induced and expressed successfully in E. coli BL21 

(DE3). MCAR and MCAR PPant showed much higher expression levels compared to NCAR 

and NCAR PPant.  

E. coli cells with overexpressed proteins were harvested. The pellets were then 

resuspended in loading buffer, and lysed using either French Press or sonication (both 

techniques gave positive results). Lysate was loaded onto a column containing Ni-IDA 

resin and NCAR and NCAR PPant purified accordingly (Chapter 2, Section 2.2.8). Most of 

the enzyme was found in the soluble fraction at ~128 kDa, however some of it was still 

found in cell debris fraction (Figure 16). NCAR PPant was eluted using lysis buffer 

supplemented with imidazole at 30, 50 and 100 mM. Ni-affinity chromatography did not 

yield pure protein samples, therefore fractions 6, 7 and 8 (Figure 16) were combined and 

concentrated. Protein samples were preloaded onto the gel filtration column and 

isocratically eluted in 50 mM potassium phosphate pH 8.0, 150 mM NaCl. According to 

the UV chromatogram, several eluted fractions showed high absorbance at 280 nm 
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(Figure 17) with the main peak eluting at ~62 mL. There were other smaller peaks as well 

ŀǎ άǎƘƻǳƭŘŜǊǎέ ƴŜȄǘ ǘƻ ǘƘŜ Ƴŀƛƴ ǇŜŀƪ ƛƴŘƛŎŀǘƛƴƎ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ƻǘƘŜǊ ǇǊƻǘŜƛƴǎΣ b/!w ttŀƴǘ 

protein degradation as well as aggregation products. The highly absorbing fractions were 

collected and prepared for SDS-PAGE analysis. A high degree of purification of the protein 

of interest was achieved showing band at ~128 kDa, however it was still not suitably pure 

for kinetic experiments (Figure 18).  

 

 

Figure 15. Crude extract of E. coli cells before and after induction of CAR enzymes. Left panel, CAR 

protein induction: lane 1 ς NCAR after induction, lane 2 ς MCAR after induction, lane 3 ς NCAR 

before induction, lane 4 ς MCAR before induction. Right panel, CAR protein induction 

simultaneously   with Sfp: lane 1 ς NCAR after induction, lane 2 ς NCAR before induction, lane 3 ς 

MCAR after induction, lane 4 ς MCAR before induction. Molecular weight for all four enzymes is 

approximately 128 kDa as predicted from the amino acid sequence. Expected bands for enzyme 

are highlighted in red. 

 

Thus, fractions 2 ς 8 were collected and concentrated using Visaspin® 20 column for a 

second gel filtration run (the volume, column and load was the same as the first run). The 

UV chromatogram at 280 nm for a second gel filtration run contained only single peak 

with a small άǎƘƻǳƭŘŜǊέ ƻƴ ǘƘŜ ƭŜŦǘ ǎƛŘŜΦ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ǇǊƻǘŜƛƴ ƻŦ ƛƴǘŜǊŜǎǘ ǎƘƻǳƭŘ 

be more pure compared to the previous run (Figure 19). Indeed SDS-PAGE confirmed the 

higher purity of NCAR PPant (Figure 20). There were other impurities present at relatively 

low concentrations compared to the main band. The highest impurity was observed at 
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~70 kDa, eluting together with NCAR, but the degree of NCAR PPant purity was deemed 

adequate for the assays.  

It was suspected that this impurity is co-eluting with NCAR protein not only in gel 

filtration step but also in Ni-affinity chromatography. It could be that this is either 

degradation of NCAR PPant or just a simple non-covalent interaction with unrelated 

protein. Finally the most pure fractions 2 ς 7 (Figure 20) were collected, concentrated 

more and frozen as protein balls. 

 

 

Figure 16. SDS-PAGE gel showing fractions of NCAR PPant following Ni affinity chromatography 

elution. Lanes are as follows: M ς Size marker (kDa). Lane 1 ς cell lysate, lane 2 ς cell debris pellet, 

lane 3 ς flow-through from Ni resin, lane 4 ς wash with 10 mM imidazole. Elution with variable 

concentrations of imidazole: lane 5 contains 20 mM imidazole; lane 6 contains 30 mM imidazole; 

lane 7 contains 50 mM imidazole; lane 8 contains 100 mM imidazole; lane 9 contains 200 mM 

imidazole. Expected bands for enzyme are highlighted in red. 

 

 

 

 



 
 

67 
 

 

Figure 17. Gel filtration chromatogram using HiLoad® 16 /  60 Superdex® 200 column of first NCAR 

PPant isocratic elution. Blue line shows absorbance at 280 nm and the collected fractions are 

labelled below. Brown line the conductivity (mS cm-1). 

 

 

Figure 18. SDS-PAGE of gel filtration fractions (Figure 17) collected during CAR enzyme 

purification. Lanes are as follows: M ς Size marker (kDa). Lanes 1 ς 11 indicate fractions 1 ς 11 

according to gel filtration chromatogram. Only fractions of interest were selected from gel 

filtration. Expected bands for enzyme are highlighted in red. 
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Figure 19. Gel filtration chromatogram using HiLoad® 16 /  60 Superdex® 200 column of second 

NCAR PPant isocratic elution. Blue line shows absorbance at 280 nm and the collected fractions 

are labelled below. Brown line the conductivity (mS cm-1). 

 

 

Figure 20. SDS-PAGE of gel filtration fractions (Figure 19) collected during CAR enzyme 

purification. Lanes are as follows: M ς Size marker (kDa). Lanes 1 ς 9 indicate fractions 1 ς 9 

according to gel filtration chromatogram. Only fractions of interest were selected from gel 

filtration. Expected bands for enzyme are highlighted in red. 
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3.2.1.2 Expression and purification of MCAR PPant, MCAR and NCAR 

MCAR PPant was soluble and efficiently bound to Ni-IDA resin. However, a relatively high 

amount remained in the flow-through fractions (Figure S1 ς S indicates figures from 

supplementary data). This was probably due to saturation of the resin, as MCAR PPant 

was expressed at much higher levels compared to NCAR PPant (compare Figure 15). The 

eluted MCAR PPant fractions were much purer than for NCAR PPant and SDS-PAGE 

revealed only one main band at ~128 (Figure S1). After elution of MCAR PPant from Ni-

IDA resin, the flow-through was re-applied to the washed column and the flow through 

from this time contained much smaller quantities of protein of interest. Fractions eluted 

with buffer containing 50 and 200 mM imidazole were combined with the previous 

elution fractions. The samples containing high levels of protein were concentrated and 

further purified by gel filtration. Gel filtration step showed a similar pattern as for NCAR 

PPant (Figure S3). There was a small peak early in the ŜƭǳǘƛƻƴΣ ŀ άǎƘƻǳƭŘŜǊέ ƻƴ ǘƘŜ ǊƛƎƘǘ 

side and, additionally, possibly two superimposed peaks, which could be due to 

saturation of the UV detector rather than dimerization. Highly absorbing fractions were 

pooled and analysed using SDS-PAGE, which revealed a much higher degree of purity than 

previous purifications.  The most pure fractions (lanes 1 ς 10) were pooled and 

concentrated for an additional gel filtration run in case there was the presence of various 

oligomers. This run yielded in much cleaner UV chromatogram (Figure S4), with one main 

peak, suggesting that there is a single oligomeric form, indicating that that the previously 

obversed peak doubling was artefactual. The purity was confirmed by SDS-PAGE (Figure 

S5), and fractions 2 ς 7 were pooled and frozen as NCAR PPant.  

Purification of unmodified MCAR and NCAR was performed by the same procedure used 

for the modified enzymes (expression of these enzymes did not incluse Sfp). It included 

cell lysis and Ni-affinity chromatography followed by double gel filtration steps. Both of 

the proteins were impure after Ni-IDA elution, and gel filtration was essential to achieve 

sufficient purity. The pure fractions after the second gel filtration were concentrated and 

frozen. These purification results were similar to those previously shown and are not 

illustrated here. The relative purity of all four final protein preparations was shown by 

SDS-PAGE (Figure 21). The degree of purity was deemed sufficient for enzymatic assays, 

but not good enough for crystallography. 
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Figure 21. Purity of CAR protein preparations shown by SDS-PAGE. Each lane contains 5 µg of 

protein. Lane 1 ς NCAR (MW ~128.3 kDa), lane 2 ς NCAR PPant (MW ~128.7 kDa), lane 3 ς MCAR 

(MW ~127.8 kDa), lane 4 ς MCAR PPant (MW ~128.2 kDa). Protein with attached 

phosphopantetheine is labelled as PPant. M ς Size marker (kDa).  Expected bands for enzyme are 

highlighted in red. 

 

3.2.2 CAR activity assay and optimization of conditions 

3.2.2.1 Post translational modification ς phosphopantetheinylation of CAR enzymes 

To understand the nature of MCAR and NCAR, it was essential to examine the levels of 

phosphopantetheinylation prior to subsequent kinetic experiments. Experiments were 

carried out to estimate and compare steady-state kinetics of the enzymes in the presence 

and absence of phosphopantetheine group. This post-translational modification shoud be 

introduced by phosphopantetheine transferase Sfp from Bacillus Subtilis co-expressed 

with CAR enzymes from pCDF-1b plasmid. Trans-cinnamic acid was chosen specifically to 

produce cinnamaldehyde, which has importance in several industries including food and 

cosmetics. Steady state kinetic experiment was performed by monitoring 

spectrophotometrically by measuring consumption of NADPH at 340 nm, and the kinetic 

parameters kcat, KM and KI were determined from the intial rates (Figure 22). 
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Figure 22. Reaction scheme for CAR-catalysed reduction of trans-cinnamic acid. The initial 

substrate, trans-cinnamic acid, is reduced to the corresponding aldehyde by NADPH in the 

presence of excess of ATP, via an AMP-trans-cinnamic acid intermediate. The oxidation-reduction 

consumes NADPH as reductive agent. This process is monitored by measuring the change in 

absorbance at 340 nm, indicative of the NADPH concentration. 

 

Figure 23 and Table 15 show kinetics of trans-cinnamic acid reduction by MCAR and NCAR 

expressed in the presence or absence of Sfp (phosphopantetheine transferase Sfp from 

Bacillus Subtilis was co-expressed from pCDF-1b with CAR enzymes).  

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Michaelis-Menten fitting for wild type MCAR and NCAR enzymes expressed alone or in 

combination with Sfp.  The extracted kinetic parameters are listed in Table 15. 
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It is clear that co-expression of CARs with Sfp has a significant impact on the activity of 

both CAR enzymes (Table 15). MCAR with the phosphopantetheine group (MCAR PPant) 

had higher kcat and kcat/KM values than the original unmodified version of the protein. 

NCAR with the phosphopantetheine group (NCAR PPant) had lower kcat, but higher kcat/KM 

values compared to MCAR PPant. This implies slower turnover rate but higher catalytic 

efficiency. Interestingly, kcat of the unmodified NCAR is relatively small and may explain 

inactivity during the reaction. The results show that the presence of the 

phosphopantetheine group has a greater effect on the activity of NCAR than on MCAR.  

As shown in Figure 23, substrate inhibition was observed with KI ranging from 18.5 to 

72.1 mM when conversion of trans-cinnamic acid was catalysed by MCAR, MCAR PPant 

and NCAR PPant.  

 

Enzyme  kcat  

(min-1)  

KM 

(mM)  

KI 

(mM)  

kcat/ KM 

(min-1mM-1)  

MCAR PPant  194.1 ± 8.4  0.55 ± 0.06  18.5 ± 2.8  352 

NCAR PPant  72.5 ± 1.5  0.15 ± 0.01  72.1 ± 18.6  493 

MCAR  118.7 ± 3.7  0.41 ± 0.04  25.6 ± 3.8  290 

NCAR  6.8 ± 0.7  0.11 ± 0.09  n/a 60  

Table 15. Comparison of kinetic parameters of CAR proteins. Data were recorded by monitoring 

the rate of NADPH oxidation at 340 nm over a period of up to 60 s and fit over 30 s. Reaction 

conditions: 100 mM  potassium phosphate pH 7.5, 10 mM MgCl2, 1 mM ATP, 200 µM NADPH, 

0.3 µM enzyme, 30 °C. The concentration of trans-cinnamic acid was varied. 

 

As shown in Table 15, co-expression of CAR proteins with Sfp results in formation of 

enzymes with higher activity. This indicates that CARs essentially require this post-

translational modification to be fully functional. To confirm the hypothesis that post-

translational modification had effect on the function of MCAR and NCAR, mass 

spectrometry (MS) was used to reanalyse the samples. Addition of the 

phosphopantetheine group changes the molecular weight by around 340 Da. This makes 

it possible to differentiate the protein after phosphopantetheinylation. (This experiment 
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was initiated by Dr. Mark Dunstan and performed by Prof. Perdita Barran group 

members).  

Figure 24 A shows the MS spectra of Sfp modified MCAR, which contains 

phosphopantetheine group. There was only one main peak detected for each charged 

state. However, the unmodified MCAR sample (expressed without Sfp) contained the 

protein both with and without the phosphopantetheine group attached (Figure 24 B). It 

might be that endogenous E. coli enzymes were performing this modification; however 

this hypothesis was not investigated in this work. Both samples carried between 25 and 

30 positive charges. According to integration of the peak areas, approximately 60 % of the 

MCAR protein was unmodified and 40 % was modified with the phosphopantetheine 

group when expressed in the absence of Sfp (Figure 24).  

 

Figure 24. Mass spectrometry data for modified and unmodified MCAR protein. A spectrum 

demonstrates ionization spectrum for MCAR protein expressed on its own (unmodified ~127797 

Da) and B spectrum for the protein co-expressed with Sfp enzyme (modified ~128137 Da). The 

predicted molecular weights are estimated using Expasy ProtParam tool. This experiment was 

initiated by Dr. Mark Dunstan and performed by Prof. Perdita Barran group members. 
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This may explain the relatively high activity of the supposedly unmodified version of 

MCAR (Table 15). Interestingly, MCAR on its own was shown to retain ~ 60 % of activity 

according to the steady-state kinetics. Both NCAR samples carried between 25 and 20 

positive charges (Figure 25). The results showed that over 99 % of MCAR and NCAR were 

modified when co-expressed with Sfp. This suggests that phosphopantetheinylation by 

phosphopantetheine transferase Sfp is efficient given the origins of these enzymes. It 

should be noted that the Sfp is from Bacillus Subtilis and MCAR from Mycobacterium 

marinum, but it is still capable of interacting with the enzymes60. Interestingly, the 

unmodified NCAR contained not only single peaks for each charged species, but many 

small peaks with up to 5000 m/z ratio (Figure 25 B).  

 

 

Figure 25. Mass spectrometry data for modified and unmodified NCAR protein. A spectrum shows 

ionization patterns for NCAR protein expressed on its own (unmodified ~128346 Da). B spectrum 

shows the protein co-expressed with Sfp enzyme (modified ~128686 Da). The predicted molecular 

weights are estimated using Expasy ProtParam tool. This experiment was initiated by Dr. Mark 

Dunstan and performed by Prof. Perdita Barran group members. 
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This may represent impurities as well as destabilized NCAR enzyme due to lack of the 

prosthetic group. According to the MS ionization data the single peak of unmodified 

NCAR actually contained only enzyme lacking the phosphopantetheine group. This 

explains the low kcat values observed for this enzyme. To understand fully the importance 

of this modification, biotransformation reactions were carried out using trans-cinnamic 

acid with stoichiometric amounts of ATP and NADPH. In some cases, steady-state kinetic 

assays cannot fully predict whether an enzyme will be active or not in biotransformation 

productivity. The reasons for this may be the degree of stability over time, the equilibrium 

of the product, and product inhibition. Biotransformation reactions showed the same 

trends of activity as observed in the steady-state kinetic studies: both CARs co-expressed 

with Sfp as well as MCAR (expressed without Sfp) were capable of converting trans-

cinnamic acid to the corresponding aldehyde (Figure 26).  

 

 

Figure 26. Single time-point biotransformation reactions, showing the dependence of NADPH /  

NADH on modified and unmodified enzyme activity. Blue columns represent trans-cinnamic acid 

and brown columns ς cinnamaldehyde. 100 mM  potassium phosphate pH 7.5, 10 mM MgCl2, 1 

mM ATP, 1 mM NAD(P)H, 2 mM trans-cinnamic acid, 0.3 µM enzyme, 30 °C, 190 rpm, 4h, 1 mL 

reactions. Conversions measured using HPLC and calculated according to the calibration curves. 
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NCAR without the PPant group showed low to non-detectable activity according to the 

substrate consumed and product formed. Additionally, none of the enzymes were 

capable of performing the reduction reaction using NADH instead of NADPH. 

The sum of all these results suggests that Sfp fully modifies both the CAR enzymes (MCAR 

and NCAR) and, additionally, the MCAR could be phosphopantetheinylated by 

endogenous E. coli enzymes. It has been reported that the presence of holo-acyl carrier 

protein synthase (ACPS), which transfers the 4ǋ-phosphopantetheine moiety from 

coenzyme A to a specific serine on acyl carrier protein, is also found in E. coli73. The 

activity of endogenous E. coli ACPS observed towards MCAR rather than NCAR enzyme 

with 40 % modification. This is most likely due to either structural or sequence differences 

around the targeted serine residue. However, as the structure of these enzymes is not 

available, it is generally impossible to establish the causes of differences in modification 

between NCAR and MCAR.  

These experiments showed that it is important to use CAR enzymes co-expressed with Sfp 

in kinetic studies to avoid incomplete phosphopantetheinylation. Incomplete 

phosphopantetheinylation is likely to affect the reliability and reproducibility of the 

experiments. However, if the enzymes are to be used for biocatalytic processes, MCAR in 

the absence of Sfp is a suitable candidate for this. Expressing Sfp requires additional gene 

constructs, and in future E. coli cells could be engineered to overproduce ACPS enzymes 

in order to simplify the system using CARs for biotransformation reactions or 

fermentation processes. 

 

3.2.2.2 Enzyme stability and activity tests 

Based on the kcat values (Table 15), MCAR PPant is unarguably the best performing 

enzyme. For this reason, this enzyme was selected for further optimisation. Reactions 

were prepared as shown in Table 16. The testing of different reaction conditions revealed 

that MCAR PPant activity is dependent on the concentration of MgCl2. Mg2+ is known to 

be essential for CAR enzyme activity, but whereas 10 mM Mg2+ was previously reported 

to be optimal for this enzyme74, the present study finds that increasing Mg2+ 

concentrations of up to 30 mM progressively enhance the activity (Figure 27). The 
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optimum temperature for activity was found to be between 30 °C and 40 °C, and 

significant activity was observed throughout the range from 20 °C to 50 °C (Figure 27).  

 

Variable pH screen Temperature 

screen 

Mg screen Substrate 

screen 

ATP screen 

100 mM KH2PO4/K2HPO4 6.0 ς 9.5 7.5 7.5 7.5 7.5 

MgCl2 10 mM 10 mM 0 - 30 mM 10 mM 10 mM 

ATP 1 mM 1 mM 1 mM 1 mM 0 - 5 mM 

NADPH 200 µM 200 µM 200 µM 200 µM 200 µM 

Enzyme 0.3 µM 0.3 µM 0.3 µM 0.3 µM 0.3 µM 

Substrate 2 mM 2 mM 2 mM 0 - 10 mM 2 mM 

Temperature 30 °C 20 - 50 °C 30 °C 30 °C 30 °C 

Table 16. Concentration of components and the parameters varied during optimization of MCAR 

PPant reaction conditions. 

 

Mycobacterium marinum, which is frequently the cause of human diseases (i.e. skin 

chronic granulomatous), is known to have optimal growth between 30 and 32 °C75. The 

enzyme retained high activity over a pH range from slightly acidic to slightly alkaline (pH 

6.0-7.5) but at pH 8.0 and above the activity was markedly reduced (Figure 27). This is 

most likely due to limited capacity of the phosphate buffer to regulate pH of a strong 

alkaline solution (pH > 8). It is noted that in these experiments Mg2+ and PO4
3- formed a 

precipitate, which could affect the reproducibility of the results. Furthermore, ideally, the 

reaction should have been optimised using a range of different buffers, but phosphate 

buffer was used to maintain the interaction between AMP with phosphate anions. Finally, 

it was found that 1 ς 5 mM ATP supported maximal enzyme activity. This can be 

explained by the fact that substrate activation by Mg2+ and ATP is conserved in enzymes 

using phosphopantetheine group and only initial reaction rates are detected and not all 

ATP is being consumed. Even though not much is known about the nature of CAR 

enzymes, activation of fatty acids by Mg2+ and ATP has been studied extensively over the 

past few years73,76,77. Yet, this type of mechanism appears to be conserved in various 
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organisms including yeasts and bacteria78,79 and it could potentially be used for 

understand how CARs work. 

 

 

Figure 27. The dependence of MCAR PPant activity on reaction conditions. The tested conditions 

include: MgCl2 (A), temperature (B), pH (C) and ATP (D).  The concentrations of components of the 

reaction are listed in Table 16. 

 

Water miscible organic solvents have positive effects in terms of reducing mass-transfer 

limitations due to better solubility of the substrate. However, they also limit enzyme 

activity due to direct interface between enzyme and the solvent at higher 

concentrations80. This may potentially lead to precipitation, degradation or aggregation of 

the protein. Therefore it was important to test how MCAR PPant is affected by common 

organic solvents. The turnover rates were measured at fixed concentrations of substrate, 

enzyme and cofactors and the depletion of NADPH was measured at 340 nm. Increasing 

the concentration of both ethanol and DMSO led to decreased activity of MCAR PPant 

(Figure 28). DMSO had a slightly stronger effect on rates at 0.5 %; however, at higher 

concentrations ethanol had the highest inhibitory effect. The gradual decrease in enzyme 

activity was observed upon increasing concentration of the solvents. At 5 % 
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concentration, 25 % activity loss was observed for DMSO and 50 % activity loss was 

observed for ethanol. 

 

 

Figure 28. Solvent dependence on MCAR PPant turnover rates. Reaction conditions: 100 mM  

potassium phosphate pH 7.5, 10 mM MgCl2, 1 mM ATP, 200 µM NADPH, 2 mM trans-cinnamic 

acid, 0.3 µM enzyme, 30 °C. Substrate was dissolved in either DMSO or ethanol. 

 

As catalytic activity of MCAR PPant is strongly dependent on the nature of the solvent 

used for the substrate, it was necessary further to explore the kinetic properties of the 

reaction. To do so, steady-state kinetic parameters were investigated using DMSO and 

ethanol as solvents for trans-cinnamic acid. Overall the calculated kcat/KM values for MCAR 

PPant and NCAR PPant for trans-cinnamic acid dissolved in DMSO were much greater in 

comparison to ethanol indicating increased efficiency of the enzyme to perform chemical 

reaction (Table 17 A). For both enzymes, these differences were largely due to differences 

in KM but not in the kcat. This suggests that solvents play a significant role in trans-

cinnamic acid binding and specificity rather than the rate of chemical reaction. 

The results for -hmethylcinnamic acid (Table 17 B) were marginally different from trans-

cinnamic acid. The kcat/KM value of the samples in DMSO was two times higher compared 

to the samples in ethanol for MCAR PPant enzyme. Also, the substrate inhibition was 

greatly decreased when DMSO was used as a solvent. The biggest impact of ethanol was 

observed for kcat value with only slight variations in KM. This indicates that ethanol inhibits 
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turnover as well as slightly affects the affinity only for MCAR PPant toward the substrate 

-hmethylcinnamic acid. In the case of NCAR PPant, the opposite effect was observed, 

except for kcat, which was very similar in both solvents. In DMSO, kcat/KM was greater and 

KM and KI was lower than in ethanol. The effects of solvents on KI values were not clear 

and varied from sample to sample for both substrates.  

 

Substrate 

Enzyme kcat  KM KI kcat/KM 

 
 

(min-1) (mM) (mM) (min-1 mM-1) 

 A 

MCAR PPant Ethanol 195.5 ± 7.1 0.60 ± 0.06 18.4 ± 2.4 326 

MCAR PPant DMSO 184.5 ± 8.9 0.42 ± 0.06 24.2 ± 5.3 435 

NCAR PPant Ethanol 80.5 ± 2.6 0.21 ± 0.03 119 ± 72 381 

NCAR PPant DMSO 81.0 ± 0.9 0.14 ± 0.01 n/a 582 

B 

MCAR PPant Ethanol 117.6 ± 3.5 0.14 ± 0.01 13.6 ± 1.0 846 

MCAR PPant DMSO 164.0 ± 3.0 0.11 ± 0.01 40.4 ± 5.8 1504 

NCAR PPant Ethanol 244.2 ± 7.8 0.18 ± 0.02 80.2 ± 34.1 1327 

NCAR PPant DMSO 246.8 ± 6.1 0.22 ± 0.02 48.4 ± 10.3 1126 

Table 17. The dependence of kinetic parameters on substrate solvent. Trans-cinnamic acid (A) and 

-hmethyl cinnamic acid (B) were used for comparison. Data were recorded by monitoring the rate 

of NADPH oxidation at 340 nm over a maximum period of 60 s and fit over 30 s. Reaction 

conditions: 100 mM  potassium phosphate pH 7.5, 10 mM MgCl2, 1 mM ATP, 200 µM NADPH, 

0.3 µM enzyme, 30 °C. The concentration of trans-ŎƛƴƴŀƳƛŎ ŀƴŘ ʰ-methylcinnamic acid was 

varied. 

 

The presence of the phosphopantetheine group was demonstrated to be essential for 

CAR enzyme activity. Independent expression and purification of the enzyme may not 

only affect the levels of prosthetic group modification, but also variation of the active 

enzyme levels within the purified fractions. This may be due to phosphopantetheine 

transferase activity that is not fully characterized and is essential for CAR modification. 

Different batches of the purified MCAR PPant and NCAR PPant demonstrated no or 
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relatively small differences in kinetic parameters (Table 18). This indicated that protein 

expression was reproducible with a constant amount of post-translational modification. 

The kcat and KI values for both batches of MCAR PPant were the same; however the KM 

value for the second batch was slightly higher. For NCAR PPant there were some 

differences between batches and the second batch had slightly higher kcat, KM and KI 

values. The kcat/KM value for NCAR PPant in separate batches differed by over 20 %. 

Overall, there were no obvious significant differences between the kinetic constants. 

 

Enzyme  kcat  

(min-1)  

KM 

(mM)  

KI 

(mM)  

kcat/ KM 

(min-1 mM-1)  

MCAR PPant  194.1 ± 8.4  0.55 ± 0.06  18.5 ± 2.8  353 

MCAR PPant* 195.5 ± 7.1  0.60 ± 0.06  18.4 ± 2.4  327  

NCAR PPant  72.5 ± 1.5  0.15 ± 0.01  72.1 ± 18.6  493 

NCAR PPant* 80.5 ± 2.6  0.21 ± 0.03  119.7 ± 72.7  382 

Table 18. The comparison of modified NCAR and MCAR kinetic constants from separate batch 

expression and purification. Asteriks represent protein from separate expression and purification. 

Data were recorded by monitoring the rate of NADPH oxidation at 340 nm over a maximum 

period of 60 s and fit over 30 s. Reaction conditions: 100 mM  potassium phosphate pH 7.5, 10 

mM MgCl2, 1 mM ATP, 200 µM NADPH, 0.3 µM enzyme, 30 °C. The concentration of trans-

cinnamic acid was varied. Substrate was dissolved in DMSO. 

 

In summary, the tested conditions included MgCl2, ATP, temperature, reaction pH and the 

solvent used to dissolve the substrate. It was shown that reaction cannot be performed 

without ATP and MgCl2 however just slight addition of MgCl2 could reconstitute the 

enzymes activity. The temperature and pH had negative impact on enzyme activity only at 

extreme levels and the tested MCAR PPant enzyme showed relatively high stability. 

Finally both of the solvents used (DMSO and ethanol) had negative impact on NCAR PPant 

and MCAR PPant activity at higher concentrations. It was shown that ethanol reduced 

enzyme rates more than DMSO at the same concentration. Also, ethanol affected the 

binding constants and should not be used for any sensitive assays. 
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3.2.2.3 Substrate profile kinetic characterization 

Following the optimization of the reaction conditions for pH, temperature and the type of 

solvent, the kinetic parameters for MCAR PPant and NCAR PPant catalysed activities with 

respect to different substrates were determined. Steady-state kinetic analysis was 

modelled using Michaelis-Menten type of equation with substrate inhibition (Table 19). 

 

Substrate Enzyme kcat  KM KI kcat/ KM 

(min-1) (mM) (mM) (min-1mM-1) 

 A  

MCAR PPant 417.0 ± 10.1 0.76 ± 0.09 n/a 550 

NCAR PPant 395.7 ± 6.6 1.55 ± 0.010 n/a 256 

 B  

MCAR PPant 43.9 ± 5.9 0.10 ± 0.03 1.4 ± 0.5 443 

NCAR PPant 15.3 ± 12.9 0.60 ± 0.67 1.2 ± 2.0 27 

 C 

MCAR PPant 108.0 ± 3.0 0.14 ± 0.01 36.1 ± 6.8 783 

NCAR PPant 39.3 ± 0.5 0.01 ± 0.01 n/a 5614 

 D 

MCAR PPant  164.0 ± 3.0 0.11 ± 0.01 40.4 ± 5.8 1505 

NCAR PPant  246.8 ± 6.1 0.22 ± 0.02 48.4 ± 10.3 1127 

 E 

MCAR PPant 184.54 ± 8.9 0.42 ± 0.06 24.2 ± 5.3 435 

NCAR PPant 81.0 ± 0.9 0.14 ± 0.01 n/a 583 

Table 19. Steady state kinetic parameters for different trans-cinnamic acid derivatives and 

benzoic acid. All of the substrates were dissolved in DMSO. Data were recorded by monitoring the 

rate of NADPH oxidation at 340 nm over a maximum period of 60 s and fit over 30 s. Reaction 

conditions: 100 mM  potassium phosphate pH 7.5, 10 mM MgCl2, 1 mM ATP, 200 µM NADPH, 

0.3 µM enzyme, 30 °C. Substrate concentration was varied. A ς benzoic acid, B ς -h

phenylcinnamic acid, C ς 4-chlorocinnamic acid, D ς -hmethylcinnamic acid, E ς trans-cinnamic 

acid. 
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Benzoic acid gave the highest kcat value, with no sign of inhibition by the substrate. 

Furthermore, benzoic acid showed greater solubility in water than other tested 

compounds and therefore reduced the effects of organic solvents. Poor catalytic activity 

ǿŀǎ ƻōǎŜǊǾŜŘ ŦƻǊ ʰ-phenylcinnamic acid. Binding affinity (KM) was very high for MCAR 

PPant, however the substrate inhibition was observed for both enzymes at very low 

concentrations indicating that this substrate may act as an effective inhibitor. Due to the 

additional bulky phenyl side chain, this substrate may not be accepted by the enzymes 

because accommodation of the molecule at active site is restricted. This is because the 

substrate is supposed to be delivered from N-terminus to C-terminus (according to the 

predicted mechanism) of the enzyme during the activation and reduction reactions. 4-

ŎƘƭƻǊƻŎƛƴƴŀƳƛŎ ŀŎƛŘΣ ʰ-methylcinnamic acid and trans-cinnamic acid displayed relatively 

high kcat values (Table 19). The highest activity for MCAR PPant was detected for trans-

ŎƛƴƴŀƳƛŎ ŀŎƛŘΣ ǿƘƛƭŜ ŦƻǊ b/!w ttŀƴǘ ƛǘ ǿŀǎ ʰ-methylcinnamic acid. All of these substrates 

showed various degrees of substrate inhibition. Binding constants KM suggested that 

NCAR PPant and MCAR PPant bound strongly to 4-ŎƘƭƻǊƻŎƛƴƴŀƳƛŎ ŀŎƛŘ ŀƴŘ ʰ-

phenylcinnamic acid, respectively. This data does not indicate to what extent the 

enzymes were capable of reducing significant quantities of these acids, it would therefore 

be necessary to perform biotransformation experiments to show this. It is apparent that 

MCAR PPant outperformed NCAR PPant according to the kcat values with respect to all the 

ǘŜǎǘŜŘ ǎǳōǎǘǊŀǘŜǎ ŜȄŎŜǇǘ ŦƻǊ ʰ-methylcinnamic acid. This possibly reflects subtle 

differences between the active site of the CAR enzymes. 

 

3.2.2.4 Steady-state kinetic comparison of wild type and chimeric proteins 

The alignment of MCAR and NCAR amino acid sequences using Protein BLAST revealed 

high conservation of the amino acid sequences of the adenylation domain, the 

phosphopantetheine site and the reduction domain showing 62 % identity. Around 600 

CARs are found the NCBI database indicating the prevalence of these enzymes across 

different organisms. This raised the possibility of an evolutionary relationship between 

the domains in CAR enzymes of different organisms. This apparent modularity was 

investigated ōȅ άǎǿŀǇǇƛƴƎέ ŘƻƳŀƛƴǎ ōŜǘǿŜŜƴ b/!w ŀƴŘ a/!w ǇǊƻǘŜƛƴǎΦ 5ǊΦ aŀǊƪ 

Dunstan performed the genetic manipulations to exchange the nucleotide sequences 
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encoding the reduction domains between the different species63. The recombinant genes 

were named according to the sequential order of domains, thus, nmcar indicated the 

adenylation domain and phosphopantetheine site from ncar fused to the reduction 

domain from mcar, and vice versa for mncar (Figure 29). Enzymes were expressed in E. 

coli BL21 (DE3) and purified in the same manner as wild type CAR enzymes (Chapter 2 

Section 2.2.8). Expression of chimeric MNCAR and NMCAR enzymes also included Sfp co-

expression expecting full or partial phosphopantetheine modification. However, the levels 

of post-translational modification were not measured. 

 

Figure 29. Diagram showing the comaparison between domains of wild type MCAR and NCAR and 

chimeric CARs with swapped reduction domains. Each color indicates a domain from MCAR and 

NCAR wild type enzymes and the swap of reduction domains for chimeric MNCAR and NMCAR 

proteins. 

 

The steady-state kinetic parameters were determined ǳǎƛƴƎ ʰ-methylcinnamic acid as 

substrate (Figure 30). This substrate has a more complex structure than that of benzoic 

acid and trans-cinnamic acid. The intention was to use it for further reduction using ene-

reductases to produce chiral compounds. Initial experiments were carried out to measure 

KM values for ATP and NADPH in order to determine saturating conditions. 
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Figure 30. Reduction of -hmethylcinnamic acid to the corresponding aldehyde. Stoichiometric 

amounts of ATP are used and NADPH is oxidised. The process is assayed spectroscopically by 

measuring consumption of NADPH at 340 nm. 

 

The concentrations of cofactors were varied and the data were fitted within the 99 % 

confidence interval (Figure 31, Figure 32).  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Michelis-Menten fitting for wild-type and chimeric CAR proteins using varying 

concentrations of ATP. Enzyme used for each assay in indicated on each data set. The conditions 

used and the generated constants are shown in Table 20. All enzymes were co-expressed with 

Sfp. 
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Figure 32. Michelis-Menten fitting for wild-type and chimeric CAR proteins using varying 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ʰ-methylcinnamic acid. Enzyme used for each assay in indicated on each data 

set. The conditions used and the generated constants are shown in Table 20. All enzymes were 

co-expressed with Sfp. 

 

KM values showed that the conditions used previously for steady-state kinetic analysis, 

200 µM NADPH and 1 mM ATP, were within the saturation range (Table 20). The 

concentrations of ATP chosen were more than twenty times the KM value, and those for 

NADPH were 13 to 43 times the original concentration. These conditions are suitable for 

steady state kinetics as conversion rates will not be limited by the absence of cofactors. 

 According to KM for NADPH it was shown that reduction domains retain similar affinity 

for NADPH nonetheless of the adenylation domain with phosphopantetheine site. This 

may indicate that some domains such as reduction domain act independently from the 

rest of the enzyme. On the other hand, KM values for ATP were slightly variable but 

relatively consistent with the specific adenylation domain present. It could be concluded 

that CARs are modular and swapping reduction domains does not affect the affinity 

towards ATP and NADPH substrates. 
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Enzyme KM ATP KM NADPH  

  ό˃aύόǎŀǘǳǊŀǘƛƻƴύ ό˃aύόǎŀǘǳǊŀǘƛƻƴύ 

MNCAR  36.14 ± 6.13 (28) 15.72 ± 2.59 (13) 

NMCAR 39.47 ± 4.14 (25) 5.77 ± 0.65 (35) 

MCAR 37.79 ± 6.10 (26) 4.70 ± 0.54 (43) 

NCAR  46.59 ± 2.36 (21) 13.10 ± 1.30 (15) 

Table 20. KM values with respect to ATP and NADPH for MCAR, NCAR, MNCAR and NMRCAR. 

Saturation level (in parenthesies) indicates the fold-excess of concentration of cofactor above the 

KM, used for determining kcat and KM values for trans-cinnamic acid shown in Table 21. Data were 

recorded by monitoring the rate of NADPH oxidation at 340 nm over a maximum period of 60 s 

and fit over 30 s. Reaction conditions: 100 mM  potassium phosphate pH 7.5, 10 mM MgCl2, 1 

Ƴa !¢tΣ нлл ҡa b!5tIΣ о Ƴa ʰ-methylcinnamic, 0.3 µM enzyme concentration, 30 °C. ATP and 

NADPH concentrations were varied for respective experiments. 

 

Lƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜȄǇŜǊƛƳŜƴǘΣ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ʰ-methylcinnamic was varied to 

determine kcat, KM and KI values for chimeric NMCAR and MNCAR. I was assumed that Sfp 

fully modified the chimeric CAR proteins. The wild type MCAR and NCAR enzymes with 

PPant attached were studied before using this substrate and data the same data was used 

for comparison (Chapter 3, Section 2.2.3). Turnover rates were estimated using the 

Michaelis-Menten equation with substrate inhibition on Origin Pro (Figure 33). The fitting 

showed higher than 99 % confidence interval and catalytic constants were determined for 

comparison. NCAR showed the highest kcat value while chimeric protein that contained 

the same reduction domain (MNCAR) appeared to show the lowest rates (Table 21). 

Interestingly, the chimeric protein NMCAR that carries the reduction domain from MCAR 

appeared to show greater kcat value than the wild-type MCAR enzyme. This suggests that 

not only the activity of reduction domain is important but also how it interacts with the 

adenylation domain and maintains correct conformation for proper catalytic activity. This 

is one of the limitations that were observed while trying to make non-ribosomal peptide 

synthases with novel function74. 
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Enzyme kcat KM KI kcat/ KM 

(min-1) (mM) (mM) (min-1mM-1) 

MNCAR PPant 28.8 ± 0.8 0.04 ± 0.01 0 702 

NMCAR PPant 177.4 ± 7.5 0.24 ± 0.03 70.3 ± 35.8 752 

MCAR PPant 164.0 ± 3.0 0.11 ± 0.01 40.4 ± 5.8 1504 

NCAR PPant 246.8 ± 6.1 0.22 ± 0.02 48.4 ± 10.3 1127 

Table 21. Comparison of steady-state kinetic parameters for domain-exchanged and wild-type 

CAR. Data were recorded by monitoring the rate of NADPH oxidation at 340 nm over a maximum 

period of 60 s and fit over 30 s. Reaction conditions: 100 mM  potassium phosphate pH 7.5, 10 

mM MgCl2, 1 mM ATP, 200 µM NADPH, 0.1 µM NMCAR, 0.3 µM MCAR, NCAR and MNCAR , 30 °C. 

¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ʰ-methylcinnamic acid was varied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Michelis-Menten fitting for wild-type and chimeric CAR proteins with varying 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ʰ-methylcinnamic acid. Enzyme used for each assay in indicated on each data 

set. The derived constants are shown in Table 21. All enzymes were co-expressed with Sfp. 
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The incorrect combination of domains, linkers and domain boundaries can reduce the 

enzyme rate, as shown for MNCAR. In this case probably, either the chimeric protein fails 

to acquire the correct conformation, or the domains fail to interact with each other. The 

KM values for enzymes containing the same adenylation domains (NCAR /  NMCAR and 

MCAR /  MNCAR) are very similar (Table 21), suggesting indeed that the substrate 

recognition is determined by the adenylation domain. This has been proposed already 

based on the structural data and homology studies between non-ribosomal peptide 

synthetases81,82. 

 

3.2.2.5 The impact of conformational changes 

The effects of enzyme dynamics were then tested using a combination of viscosity-based 

experiments. The apparent kcat values were determined ŀǘ ŀ ŦƛȄŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ʰ-

methylcinnamic acid, NADPH and ATP, and changes in absorbance due to oxidation of 

NAPDH were measured over a 1 min period. Differences in apparent kcat were observed in 

different viscogens, even at the same viscosity (Figure 34).  

 

 

 

 

 

 

 

 

 

Figure 34. The steady-state turnover by MCAR PPant at different viscosities in different viscogens. 

Data were determined from the oxidation rate of NADPH measured at 340 nm, over a maximum 

period of 30 s. Reaction conditions: 100 mM potassium phosphate pH 7.5, 10 mM MgCl2, 0.1 

ҡa a/!wΣ м Ƴa !¢tΣ нлл ҡa b!5tI ŀƴŘ о Ƴa ʰ-methyl cinnamic acidat 30 °C. Dependence of 

apparent kcat on varying viscosity was determined for sucrose and glycerols. Viscosity was 

calculated as previously described71. The legend indicates the viscogen of the experiment. 
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Sucrose showed a potentially linear dependence between viscosity and apparent kcat 

values up to 2 mPa*s. The threshold of impact of viscosity was reached between 2 and 

3.2 mPa*s. A more exponential dependence was observed for glycerol. Just slight changes 

in viscosity affected rates significantly, resulting in an exponential dependence rather 

than a linear dependence, compared to sucrose. As for glycerol, the threshold of impact 

of viscosity was reached at around 3.2 mPa*s. The reasons for the different trends are not 

understood. They could be due to the chemical properties of the viscogens. Overall there 

was an impact on apparent kcat values by both viscogens, an effect that is most likely due 

to inhibition of domain movements. Altogether, these data suggest that CARs are highly 

dynamic enzymes, in which domain interactions and cross-talk are necessary for catalysis. 

 

3.2.2.6 Kinetic studies using stopped-flow technique 

Having demonstrated the impact of viscosity on CAR activity, it was important to 

understand whether there was an effect on the reductive part of the reaction or on 

loading and substrate delivery to the reduction site. In order to test this, a stopped-flow 

experiment was designed using a double mixing strategy with fixed concentration of 

NADPH screening against pre-loaded MCAR enzyme. The enzyme was pre-loaded at room 

temperature using excess ATP and -hmethylcinnamic acid in the required buffering 

conditions. It was expected that this would allow trapping of the enzyme in the state 

where the substrate is covalently bound to the phosphopantetheine group (Figure 35, the 

insert highlighted in blue). Stopped-flow fluorescence measurement showed an initial 

increase in voltage followed by a gradual decay. The enhanced fluorescence is known to 

be caused by binding of NAPDH inducing internal conformational changes to a number of 

enzymes83,84. The decrease in fluorescence signal directly represents the rate of oxidation 

of NADPH and should not represent any domain movement. The same assay was applied 

to investigate whether there were any changes in the fluorescence and decay pattern in 

different concentrations of glycerol. The enzyme-substrate complex was preloaded then 

mixed with glycerol to adjust the level of viscosity. Overlay of the fluorescence spectra at 

different glycerol concentrations was normalized by the final fluorescence (Figure 35). 

There was a certain dependency between glycerol concentration and the value of 

maximum fluorescence. Most likely this is because conformational change is hindered by 
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viscosity, with the result that binding of NADPH, conformational change and reduction of 

substrate became fused into a single process due to reduced rates of each of these steps. 

This suggests that, possibly, here is more than one conformational change occurring 

during the catalytic cycle.  

 

 

 

 

 

 

 

 

 

Figure 35. Characterization of the reduction pathway using stopped-flow spectroscopy. An 

example transient stopped-flow fluorescence showing the reaction between 60 µM final 

concentration MCAR PPant and 0.5 µM final concentration NADPH (A). The MCAR catalytic cycle is 

shown, with steps observed by stopped-flow highlighted in blue. Normalised fluorescence signals 

at different percentage glycerol concentrations (v v-1) recorded for 10 seconds (B). All experiments 

were performed in 100 mM potassium phosphate buffer pH 7.5. Reaction conditions for 

preloading the enzyme with substrate: 100 mM potassium phosphate pH 7.5, 10 mM MgCl2, 2 

mM ATP, 2 mM h-methylcinnamic, 120 µM enzyme concentration, 20 °C, 20 min. 

 

To analyze conformational changes of the complex between CAR enzymes and the 

substrate upon mixing with NADPH, stopped-flow experiments were performed with a 

fixed concentration of NADPH. Kinetic constants, k1 and k2, were estimated for all wild-

type and chimeric enzymes. It was extracted from the initial increase of fluorescence 

where k1 represents binding rate of NADPH and k2 several conformational changes that 

affect the overall shape of the signal from experiment (the exact mechanism and amount 

of conformational changes is unknown). The kinetic values of all four enzymes studied 

were within narrow range; however, no clear correlations that are commonly used to fit 

the data emerged for k1 (Figure 36). On the other hand k2 values were fit to linear relation 

except for NMCAR which showed rather hyperbolic dependence. As the sharp increase in 
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fluorescence may indicate the presence of multiple processes, oversimplification of the 

data may result in information loss.  

 

 

 

 

 

 

 

 

 

 
Figure 36. Observed rate constants k1 and k2 associated with the binding (A) and conformational 

changes (B) respectively during the reduction of wild-type and chimeric CAR enzymes by NADPH. 

Final concentration of NADPH is 0.5 µM. Left, k1. Right, k2. All experiments were performed in 100 

mM potassium phosphate buffer pH 7.5 at 30 °C. Reaction conditions for preloading the enzyme 

with substrate: 100 mM potassium phosphate pH 7.5, 10 mM MgCl2Σ н Ƴa !¢tΣ н Ƴa ʰ-

methylcinnamic, 120 µM enzyme concentration, 20 °C, 20 min. All enzymes were co-expressed 

with Sfp. 

 

The final decay of fluorescence, k3, was showing a hyperbolic relationship with preloaded 

concentrations for all the enzymes and was fit using Michaelis-Menten equation (to 

illustrate the dependence) (Figure 37). This seems to be reasonable as only one process is 

observed ς the oxidation of NADPH. NCAR shows the highest NADPH oxidation rates 

observed followed by the NMCAR. Interestingly, MCAR which shares the same reduction 

domain with NMCAR shows much lower rates by more than 2-fold. The opposite situation 

is observed for NCAR, which shares the same reduction domain with MNCAR but the 

rates for the chimeric enzyme are extremely slow. This supports the hypothesis that not 

only is the interaction between different domains important in the initial reaction stages, 

such as adenylation and transfer of substrate to reduction domain, but domain 

interaction is also important during chemical reduction. 

 

0 10 20 30 40

50

100

150

200

250

300

350

400

450

 NCAR

 MCAR

 NMCAR

 MNCAR

k
1
 (

s
-1
)

Enzyme concentration (mM)
0 10 20 30 40

0

10

20

30

40

50

60

70

80
 NCAR

 MCAR

 NMCAR

 MNCAR

k
2
 (

s
-1
)

Enzyme concentration (mM)



 
 

93 
 

 

0 10 20 30 40

0

1

2

3

4

5

6

 NCAR

 MCAR

 NMCAR

 MNCAR

k
3
 (

s
-1
)

Enzyme concentration (mM)
 

Figure 37. Observed rate-constants associated with NADPH reduction (k3) using wild-type and 

chimeric CAR. Final concentration of NADPH is 0.5 µM. All experiments were performed in 100 

mM potassium phosphate buffer pH 7.5 at 30 °C. Reaction conditions for preloading the enzyme 

with substrate: 100 mM potassium phosphate pH 7.5, 10 mM MgCl2, 2 mM ATP, 2 mM h-

methylcinnamic, 120 µM enzyme concentration, 20 °C, 20 min. All enzymes were co-expressed 

with Sfp. 

 

3.2.2.7 Isotope-effect studies on MCAR and NCAR 

To refine further the mechanism of reductive half-reactions in CAR enzymes, kinetic 

isotope effect (KIE) studies were performed. Deuterated NADP2H pro-R and pro-S forms 

were synthesized using enantio-specific enzymatic reactions. While the pro-S isoform of 

NADPH showed 100 % deuteration, the pro-R isoform showed only 95 % denaturation 

based on the 1H NMR spectra (Figure S6). Transient state kinetic experiments to study the 

reductive half-reaction of CAR enzymes were performed by mixing CAR enzymes with 

nicotinamide coenzyme in a stopped-flow instrument. Stopped-flow transients recorded 

for the reduction of CAR by NADPH were optimally fitted to a triple exponential function. 

The maximum k3 values differed significantly between MCAR PPant and NCAR PPant 

(Figure 38). Different affinity for NADPH forms (pro-S and pro-R) was observed between 

MCAR PPant and NCAR PPant. It showed that the pro-S form affects the reaction 

significantly, suggesting an isotope effect for both of the enzymes. Interestingly, the 
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effect of a secondary isotope was observed for the pro-R form, which showed slightly 

smaller kobs3 than the NADPH but higher than pro-S form.  

 

 

 

 

 

 

 

 

 

Figure 38. Observed rate constants associated with the reduction of CAR enzymes by NADPH (k3). 

Final concentration of NADPH analogues were 0.5 µM. Left: isotope effect for MCAR. Right: 

isotope effect for NCAR. All experiments were performed in 100 mM potassium phosphate buffer 

pH 7.5 at 30 °C. Reaction conditions for preloading the enzyme with substrate: 100 mM 

potassium phosphate pH 7.5, 10 mM MgCl2, 2 mM ATP, 2 mM h-methylcinnamic, 120 µM 

enzyme concentration, 20 °C, 20 min. 

 

3.3 Conclusion 
This study has successfully characterised different aspects of CAR enzymes including 

expression, purification and catalytic mechanism. CAR from Mycobacterium marinum 

(MCAR) and from Nocardia sp. NRRL 5646 (NCAR) were chosen because of their ready 

availability within the research group. The enzymes were successfully expressed and 

purified at required purity for various assays. Previous research has shown that CAR 

enzymes require a phosphopantetheine group for activity and, therefore, in this project, 

CAR enzymes were co-expressed with Bacillus subtilis phosphopantetheine transferase 

(Sfp) to mediate post-translational modification. In this chapter, where NCAR was 

expressed without Sfp, no activity was detected in the bio-transformation reactions. 

MCAR was expressed and was clearly functional regardless of the presence of Sfp. 

Through the use of mass spectrometry, it was observed that co-expression of both 

enzymes result in 100 % modification of CARs. Lack of Sfp expression resulted in 
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unmodified NCAR and partially modified MCAR. Modification of CAR enzymes in this 

latter case was most likely due to endogenous E. coli enzymes. 

In this chapter, the most suitable conditions for MCAR PPant and NCAR PPant were 

determined by measuring turnover rates at varying concentrations of ATP, MgCl2, pH and 

temperature. As most of the substrates for the CAR enzymes are water insoluble, they 

had to be dissolved in organic solvents (DMSO or ethanol). The solvents, however, had a 

negative impact on the activity of MCAR PPant: increasing the concentration of organic 

solvents caused a decrease the catalytic activity. The inhibitory effect of DMSO, however, 

was slight. DMSO, therefore, was the solvent of choice for subsequent experiments. 

MCAR PPant and NCAR PPant showed tolerance and strong activity towards various 

cinnamates with differences between the two enzymes observed in steady-state.  

Following the basic kinetic analysis of CAR enzymes, experiments were performed to 

provide more in-depth mechanistic insight into CAR catalysis. Measurements were 

performed with both native CAR and with chimeric proteins created by swapping 

reduction domains between MCAR and NCAR. One of the chimeric constructs, containing 

an adenylation domain and phosphopantetheine site from NCAR, and a reduction domain 

from MCAR, remarkably outperformed wild-type MCAR. This may be explained by 

conformational matching, which is the consequence of highly dynamic domains. It was 

shown by steady-state kinetic analyses and stopped flow assays that viscosity had a 

significant impact on the whole catalytic cycle, as well as on the reductive part, resulting 

in reduced rates in the presence of viscogen.  

In summary, studies presented in this chapter have demonstrated the importance of 

domain cross-talk and ultimately helped to understand the mechanism of CAR enzymes 

slightly. The work on chimeric enzymes presented here could provide a framework of how 

to design chimeric proteins with a set of novel functions.  
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4 Multistep Synthesis of Ethambutol 
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4.1 Background 

4.1.1 The use of ethambutol 

Ethambutol is a simple organic compound with potential application in treating 

tuberculosis (TB)85. Over the past 50 years, numerous studies have been carried out to 

shed light on the properties of this chemical especially for its inhibitory effect on the 

growth of Mycobacterium smegmatis and Mycobacterium tuberculosis86ς88. Despite being 

a primary medication for TB, this chemical is becoming a less effective treatment due to 

the rise of drug resistant mycobacterium strains. It has been suggested that drug 

resistance is essentially caused by mutations within the emb operon89,90. Recently, it has 

been proposed that the mechanism of drug resistance may after all contain multiple 

steps91,92.  

 

4.1.2 Current synthesis route for production of ethambutol 

Since the discovery of ethambutol, scientists have attempted to optimize the production 

of this antibiotic. Some of the described synthesis methods were patented for further 

application and industrial production of ethambutol93. Other methods currently described 

involve initial substrates such as L-methionine94Σ ʰΣʲ-acetylenic amino alcohols95, diols96 

and diene monoepoxides97. Existing strategies based on traditional organic chemistry 

result in high amount of waste despite generating products in good yield. Therefore, 

biological routes to produce intermediates can result in a much greener process and may 

even reduce production cost. The initial synthesis of this antibiotic was performed using 

(S)-2-aminobutanol precursor98. Only the (S,S)-ethambutol shows desired properties 

whereas the other enantiomers have less than 20-fold effect on bacterial growth and also 

can cause blindness and other side effects99.  

 

4.1.3 Renewable route for synthesizing ethambutol using CAR enzymes 

The cascade was designed to produce (S)-2-aminobutanol 3 starting from (S)-2-

aminobutyric acid 1 reduced by carboxylic acid reductase (CAR) to the (S)-2-aminobutanal 

2 following reduction by alcohol dehydrogenase (ADH) (Figure 39). There was a single 

attempt reported in the literature to perform this particular cascade either in vitro or in 
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vivo producing 1.7 mg L-1 of 3. The low yield meant that this process was inadequate for 

industrial application and required further optimization to fully exploit this cascade100. 

Thus, available tools such as libraries of CAR enzymes must be used to optimise and scale 

up the cascade. 

 

 

Figure 39. Synthesis scheme for (S)-2-ŀƳƛƴƻōǳǘŀƴƻƭ όʰ-aminobutanol) 3 from (S)-2-aminobutyric 

ŀŎƛŘ όʰ-aminobutyric acid) 1 using combination of CAR and ADH enzymes. 

 

4.2 Results and Discussion  

4.2.1 Testing the designed cascade 

пΦнΦмΦм .ƛƻǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ǳǎƛƴƎ ʰ-aminobutyric acid 

(S)-2-ŀƳƛƴƻōǳǘȅǊƛŎ ŀŎƛŘ όƻǊ ʰ-aminobutyric acid) 1 and (S)-2-ŀƳƛƴƻōǳǘŀƴƻƭ όƻǊ ʰ-

aminobutanol) 3 were purchased from Sigma to be used for the designed cascade. 

However, (S)-2-ŀƳƛƴƻōǳǘŀƴŀƭ όƻǊ ʰ-aminobutanal) 2 was not enlisted by any chemical 

producing companies, which raised suspicion that this compound may not be very stable. 

bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜ ŎŀǎŎŀŘŜ ŎƻƳōƛƴƛƴƎ ʰ-aminobutyric acid 1 with Mycobacterium 

marinum CAR (MCAR) and ADH enzymes available in stock (Saccharomyces cerevisiae 

ADH) was still performed with an expectation to observe the presence of new peak on 

HPLC chromatogram for 2. There were neither additional peaks observed nor the 

presence of 3 detected after a 24 h of reaction containing both enzymes (data not shown 

as it does not contain any positive results). This suggests that MCAR may not be active 

towards 1 or the formed intermediate 2 is not being stable.  

 

4.2.1.2 Stability of intermediates 

A cascade was designed to produce 2 starting from 3 via protection, oxidation and 

deprotection reactions (Figure 40). The stability of 2 and the synthesis mechanism of this 
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compound were investigated previously by Luca Cariati (a PhD student in Prof. TurƴŜǊΩǎ 

laboratory). Tert-butyloxycarbonyl (N-BOC also known as .h/ύ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutanal 

5 was synthesized from 3. This protective group was subsequently removed using 

standard deprotection methods with trifluoroacetic acid (TFA) in dichloromethane (DCM). 

The product formed after BOC removal was analysed on TLC plates. Multiple products 

were observed suggesting the presence of multiple compounds in the sample. This is 

usually observed when the compounds are unstable or degrade or form various 

oligomeric ǎǇŜŎƛŜǎΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǎǘŀōƛƭƛǘȅ ƛǎǎǳŜǎΣ ʰ-amino aldehydes have been reported 

to racemize101,102.  

 

 

Figure 40. Proposed synthesis route ƻŦ ʰ-aminobutanal 2 ǎǘŀǊǘƛƴƎ ŦǊƻƳ ʰ-aminobutanol 3. First 

step is protection of amine group with BOC group following oxidation to the aldehyde and 

removal of the BOC group. i) (Boc)2O in dioxane with water ii) Dess-Martin periodinane in DCM  iii) 

TFA in DCM. h -aminobutanal 2 was not successfully produced. 

 

Figure 41 illustrates the myriad of predicted chemical species formed during the 

ǊŜŘǳŎǘƛƻƴ ǇǊƻŎŜǎǎ ƻŦ ʰ-aminobutyric acid 1 by CAR enzymes. Compound 2 can either be 

further reduced by ADH enzymes to the corresponding alcohol or form a dihydropyrazine 

derivative 16. The formed adduct is not stable and could further oligomerize to produce 

polymer 18 or form a stable pyrazine derivative 17. The chiral centre (marked with an 

asterisk) can undergo a reversible dimerization which leads to racemization. This 

ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ŎŀǎŎŀŘŜ ƘŀŘ ǘƻ ōŜ ǊŜŘŜǎƛƎƴŜŘ ǇǊƻǘŜŎǘƛƴƎ ʰ-amino group from 

interacting with an aldehyde functional group. The whole cascade was reengineered and 

initial substrate was protected with a BOC group. 
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Figure 41. {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ʰ-aminobutyric acid 1 reduction to the corresponding 

aldehyde 2 using CAR enzymes and formation of various oligomeric species from the latter 

ŎƻƳǇƻǳƴŘΦ Lǘ ǿŀǎ ǇǊƻǇƻǎŜŘ ǘƘŀǘ ʰ-aminobutanal forms dimeric compounds following further 

oligomerization. Asterisk indicates a chiral centre for required compounds. 

 

4.2.2 Tert-butyloxycarbonyl protecting group 

4.2.2.1 Designing analytical methods 

.h/ ǇǊƻǘŜŎǘŜŘ ʰ-ŀƳƛƴƻōǳǘȅǊƛŎ ŀŎƛŘΣ ʰ-ŀƳƛƴƻōǳǘŀƴŀƭ ŀƴŘ ʰ-aminobutanol were 

synthesized previously by Luca Cariati ƛƴ tǊƻŦΦ ¢ǳǊƴŜǊΩǎ ƎǊƻǳǇ ǿƛǘƘ ǘƘŜƛǊ ǇǳǊƛǘȅ ŎƻƴŦƛǊƳŜŘ 

by GC, 1H and 13C NMR ŀƴŘ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ όIwa{ύΦ  ʰ-aminobutyric 

acid-BOC 4 was analysed by a GC method using a HP-5 column (Agilent) leading to the 

major peak at 19.9 min and additional peaks at retention times 10.45 and 19.08 min, 

which are most likely impurities (Figure 42). This could be attributed to either an artefact 

ƻǊ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ ǘƘŜ ŎƻƳǇƻǳƴŘΦ ¢ƘŜ ǊŜŦŜǊŜƴŎŜ ʰ-aminobutanal-BOC 5 contained a major 

ǇŜŀƪ ŀǘ мпΦнт Ƴƛƴ ŀƴŘ Ϥр ҈ ƻŦ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ʰ-aminobutanol-BOC 6 as produced by 

the cascade in Figure 40Φ CƛƴŀƭƭȅΣ ǘƘŜ ǇŜŀƪ ŦƻǊ ʰ-aminobutanol-BOC 6 appeared at 19.65 

min with sufficient separation from the corresponding acid. 
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Figure 42. Separation of BOC protected h-aminobutyric acid 4, -haminobutanal 5 and -h

aminobutanol 6 on GC chromatogram from top to bottom respectively. This indicates that GC 

program is capable of separating the peaks of the initial substrate and final product. 

 

4.2.2.2 Screening for CARs accepting BOC protected substrate 

The newly redesigned cascade inǾƻƭǾŜŘ .h/ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutyric acid 4 as the 

ǎǘŀǊǘƛƴƎ ǎǳōǎǘǊŀǘŜ ŦƻǊ ǊŜŘǳŎǘƛƻƴ ǳǎƛƴƎ /!w ŜƴȊȅƳŜǎΦ ¢ƘŜ ŦƻǊƳŜŘ .h/ ǇǊƻǘŜŎǘŜŘ ʰ-

aminobutanal 5 should be stable and could be further reduced by the ADH enzymes to 

.h/ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutanol 6 (Figure 43). 

 

 

Figure 43. Synthesis of h -aminobutanol with BOC protective group 6 starting from the BOC 

ǇǊƻǘŜŎǘŜŘ ʰ-aminobutyric acid 4. It involves CAR and ADH enzymes for full cascade. 

 

To test the conversion of 4 to the corresponding aldehyde 5 or alcohol 6, purified MCAR 

and NCAR enzymes were used. In addition, as part of investigation of CAR substrate 
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tolerance, Dr. Mark Dunstan (collaboration on CAR enzyme studies) designed ncar gene 

containing mutation at position 341 by replacing phenylalanine for alanine. In theory, this 

mutation should allow larger substrates to be accepted by the enzymes. CAR enzymes for 

purification or whole cell lyophilisation were co-expressed with Sfp for post-translational 

modification to retain the activity (demonstrated in Chapter 3, Section 2.2.1). All three 

purified enzymes were tested showing that MCAR reduces most substrates within 20 h 

(Table 22).  

 

 Purified enzymes Lyophilized cells 

 MCAR  NCAR  NCARF341A MCAR NCAR CAR12 NCAR 

F341A 

4 (%) 30.8 43.7 69.1 2.4 48.8 41.7 3.9 

5 (%) 60.4 50.8 21.2 0 0 8.8 20.1 

6 (%) 3.3 0 4.9 97.6 52.2 44.9 68.1 

Side Product (%) 5.6 5.5 4.8 0 0 4.5 7.9 

Table 22. .ƛƻǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ǳǎƛƴƎ ʰ-aminobutyric acid-BOC 4 substrate. The amounts of 

compounds are stated in percentage according to the area of the peaks. The activity of purified 

CAR enzymes against lyophilised CARs in whole cells form was compared. Conditions: 100 mM 

potassium phosphate buffer pH 7.5, 10 mM MgCl2, 15 mM glucose, 10 U GDH, 10 mM ATP, 10 µM 

CAR enzymes, 5 mM h -aminobutyric acid-BOC, 10 µM NADPH, 30 mg mL-1 of lyophilized cells (20 

mg mL-1 MCAR), 30 °C, 250 rpm, 20 h. 

 

In comparison with the wild-type, NCAR mutant showed lower activity suggesting that 

there may be issues with stability or substrate binding affinity caused by the introduced 

mutation F341A. The main product formed in all cases was 5. Small quantities of 

unidentified impurities were detected as well as 6 suggesting that either glucose 

dehydrogenase (GDH) or co-purified ADH enzymes further reduce the formed aldehyde 5. 

Surprisingly, using the whole lyophilised cells with expressed enzymes instead of purified 

CARs yielded mostly 6 (Table 22). This suggests that endogenous E. coli enzymes can 

successfully reduce 5. Almost full conversion of compound 4 could be reached for both 

NCAR F341A and MCAR with the latter reaction resulting in formation of 6 only even at 
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lower concentration of lyophilised cells compared to the other samples. In addition, CAR 

12 (organism and sequence not specified in this thesis) containing lyophilised cells were 

tested which showed similar conversion pattern to NCAR. 

Positive control reactions were carried out using benzoic acid 13 to compare enzyme 

activity in both purified and lyophilised cell form (Figure 44).  

 

 

Figure 44. Positive control for CAR reactions using benzoic acid 13 substrate in the presence of 

purified CAR enzymes as well as lyophilised cells. 

 

It showed that after 20 h, full conversion of 13 is achieved by purified MCAR and NCAR 

enzymes (Table 23). Even higher percentage of benzyl alcohol 15 was observed compared 

to 6 from previous tests due to further reduction of the aldehyde.  

 

 Purified enzymes Lyophilised cells 

 MCAR  NCAR  NCAR F341A MCAR NCAR CAR12 NCAR F341A 

13 (%) 0 0 38.3 0 0 0 0 

14 (%) 89.9 87.9 50.6 0 0 1.6 0 

15 (%) 10.1 12.1 11 100 100 98.4 100 

Table 23. Biotransformation reactions with benzoic acid as a positive control. The amounts of 

compounds are stated in percentage according to the area of the peaks. The activity of purified 

CAR enzymes against lyophilised CARs in whole cells form was compared. Conditions: 100 mM 

potassium phosphate buffer pH 7.5, 10 mM MgCl2, 15 mM glucose, 10 U GDH, 10 mM ATP, 10 µM 

CAR enzymes, 5 mM benzoic acid, 10 µM NADPH, 30 mg mL-1 of lyophilized cells were used (20 mg 

mL-1 MCAR), 30 °C, 250 rpm, 20 h. 

 

The mutated NCAR F341A enzyme showed much lower conversion compared to other 

studied enzymes. Lyophilised cells with overexpressed enzymes were much more efficient 

reaching 100 % conversion of 13 using all of the studied catalysts. In all studied cases, 
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nearly full conversion to 15 was observed. This confirms that CARs that were expressed 

and purified as well as expressed and lyophilised in whole cell form are active to perform 

chemical reactions on either substrate of interest or standard control benzoic acid. 

 

пΦнΦнΦо ¢ƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŎƻŦŀŎǘƻǊǎ ƻƴ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ʰ-aminobutanol-BOC 

The following experiment aimed to further optimise the reduction process using 4 as a 

substrate. Only lyophilised cells with overexpressed enzymes were used due to their 

ability to perform a further reduction of the formed aldehyde, as was shown previously 

(Table 22). The presence of NADPH, ATP or absence of both cofactors was tested using 

biotransformation reactions. It showed that there is a relationship between the presence 

of cofactors and consumption of 4 for all of the tested catalysts (Figure 45).  

 

Figure 45. Dependence of cofactors present on reaction product profiles using various CARs in 

lyophilised cell form. The indicated cofactors are externally supplied according to the legend 

meaning that the other cofactor is missing. None represents that neither of the cofactors are 

supplied. Conditions: 100 mM potassium phosphate buffer pH 7.5, 10 mM MgCl2, 15 mM glucose, 

10 U glucose dehydrogenase, 10 mM ATP, 5 mM -haminobutyric acid-BOC, 10 µM NADPH, 30 mg 

mL-1 of lyophilized cells (20 mg mL-1 MCAR), 30 °C, 250 rpm, 20 h. 
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The absence of ATP led to lower substrate consumption compared to that of NADPH. This 

can be explained by the fact that NADPH can be easily recycled by E. coli cells whereas 

ATP regeneration is much more complicated due to produced AMP side product. Two 

steps are required to regenerate ATP whereas for NADPH only a single step is sufficient. 

The absence of both cofactors appeared to promote the consumption of initial substrate. 

For MCAR and NCAR containing lyophilised cells, the absence of ATP also affected the 

production of 6 more than that of NADPH. Lack of both cofactors resulted in less of this 

product being produced. On the other hand, lack of external NADPH in the samples 

containing NCAR F341A and CAR 12 and the absence of NADPH had a much higher impact 

on alcohol production than the lack of ATP. Absence of both cofactors however showed 

higher percentage of alcohol produced compared to those without external NADPH. This 

observation is intriguing and may be related to enzyme stability or the rates of catalysts. 

This experiment showed that MCAR even at lower concentration of lyophilised cells could 

reduce most of 4 to the corresponding alcohol 6 without aldehyde 5 and other side 

products being produced, such that it was selected for subsequent experiments to 

determine its capacity of the reaction.  

 

4.2.2.4 Evaluation of substrate concentration dependence on conversion 

Screening for efficient catalysts was performed at 10 and 20 mM substrate 4 

concentration as it was important to determine the efficiency of lyophilised MCAR 

expressing cells at different substrate concentrations. Also, it was shown that supply of 

external cofactors can affect the reduction levels of initial substrate and final 

concentration of product 6. Therefore, the presence and /  or absence of external ATP and 

NADPH cofactors was tested at 20 ς 50 mg mL-1 concentration. Conversion of 10-15 % 

was observed in the absence of both co-factors at a substrate concentration of 20 mM 

(Table 24). At 20 ς 30 mg mL-1 of catalyst, in addition to an external supply of ATP and 

NADPH, there was no difference in the conversion. However, at higher concentrations, 

there was a clear impact of the cofactors as conversion became significantly higher. The 

conversion could be increased from ~10 % and 15 % to 50 % by supplementing reactions 

with cofactors at 40 and 50 mg mL-1 catalyst concentrations, respectively. In both cases 
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only 30 % of 6 was detected which is not sufficient for upscale reactions. Therefore, the 

following experiment involved lower concentration of initial substrate.  

 

 20 mg mL-1 30 mg mL-1 40 mg mL-1 50 mg mL-1 

 None Both None Both None Both None Both 

4 87.8 85.2 92 81.9 90 51.8 84.3 49.6 

5 0 2.1 0 2.3 0 9.9 0 11.7 

6 12.2 12.7 8 15.7 10 28.5 15.7 29 

Side (%) 0 0 0 0 0 9.8 0 9.7 

Table 24. Dependence of lyophilised cell load and presence of cofactors on conversion of 20 mM 

-haminobutyric acid-BOC 4. None ς indicates the absence of externally added ATP and NADPH, 

both ς the presence of externally added cofactors. Conditions: 100 mM potassium phosphate 

buffer pH 7.5, 10 mM MgCl2, 60 mM glucose, 10 U GDH, 22mM ATP, 20 mM -haminobutyric acid-

BOC, 10 µM NADPH, 20 - 50 mg mL-1 of lyophilized cells with overexpressed MCAR, 30 °C, 250 

rpm, 20 h. 

 

Similar trends were observed at 10 mM substrate concentration when compared to 20 

mM. The absence of cofactors significantly reduced conversion of substrate only at 20 mg 

mL-1 of dried cells used (Table 25). At higher catalyst concentration, only small differences 

were observed between samples with external cofactors and ones without. This is likely 

since cells contain enough ATP and NAPDH or are capable to recycle those cofactors 

sufficiently for conversions of 10 mM of 4. The highest conversion of initial substrate to 

final product was observed for samples containing 40 mg mL-1 catalyst either with or 

without externally added cofactors and 50 mg mL-1 with external cofactors present. At 10 

mM substrate concentration using 40 mg mL-1 the best conversion could be achieved 

without external supply of the cofactors. Thus, these conditions were chosen for the scale 

up reaction. 
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  20 mg  mL-1 30 mg  mL-1 40 mg  mL-1 50 mg  mL-1 

   None  Both  None  Both  None  Both  None  Both  

4 78.1 20.6 22.6 14.3 13.2 13.6 20.6 13.3 

5 0 20.4 0 8.1 0 0 0 0 

6 21.9 50.5 77.4 77.6 86.8 86.4 79.4 86.7 

Side (%) 0 8.5 0 0 0 0 0 0 

Table 25. Dependence of lyophilised cell load and presence of cofactors on conversion of 10 mM 

-haminobutyric acid-BOC 4. None ς indicates the absence of externally added ATP and NADPH, 

both ς the presence of externally added cofactors. Conditions: 100 mM potassium phosphate 

buffer pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 U GDH, 11 mM ATP, 50 µM NADPH, мл Ƴa ʰ-

aminobutyric acid-BOC, 20 - 50 mg mL-1 of MCAR cells, 30 °C, 250 rpm, 20 h. 

 

пΦнΦнΦр ¢ƛƳŜ ŘŜǇŜƴŘŜƴŎŜ ƻƴ ʰ-aminobutyric acid-BOC conversion 

To investigate the product profile and accumulation rates of the studied cascade using 4 

with lyophilised cells containing MCAR enzyme, conversion was measured at different 

time points. As mentioned before, 10 mM substrate concentration was chosen with 40 

mg mL-1 lyophilised cells containing MCAR and no externally added cofactors. Over a 30 

minute period, there was roughly no consumption observed of 4 suggesting that most 

likely the substrate has to diffuse into lyophilised cells (Figure 46). Even after 60 min only 

a slight increase in conversion was observed. Finally, a significant consumption of 4 was 

detected after 3 h reaching ~ 60 %. In addition to increased consumption of substrate 4 at 

the same time there was presence of the corresponding aldehyde 5 and some side 

product detected. However, after 20 h of total reaction time none of these compounds 

were detected anymore. There was not much increase in consumption of the substrate 

detected after 20 hours compared to 5 hours. It is most likely due to stability issues of 

MCAR even within lyophilised cell form or due to substrate or product inhibition effects.  
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Figure 46. Time dependence on substrate consumption and product production using lyopholised 

MCAR cells with h-aminobutyric acid-BOC substrate 4. Conditions: 100 mM potassium phosphate 

buffer pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 U GDH, мл Ƴa ʰ-aminobutyric acid-BOC, 40 mg 

mL-1 MCAR lyophilised cells, 30 °C, 250 rpm, 20 h. 

 

4.2.2.6 Scale up of biotransformation reaction 

Following optimization of tƘŜ ŎƻƴŘƛǘƛƻƴǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǎǳŎŎŜǎǎŦǳƭ ŎƻƴǾŜǊǎƛƻƴ ōŜǘǿŜŜƴ ʰ-

aminobutyric acid-BOC 4 and the corresponding alcohol 6, the process was scaled up. The 

scale up reaction was performed using conditions stated below: 100 mM potassium 

phosphate buffer pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 µM, 10 U GDH, мл Ƴa ʰ-

aminobutyric acid-BOC, 40 mg mL-1 of MCAR containing dried cells, 30 °C, 20 h, 250 rpm 

at 49 mL final volume. Initial substrate 4 was supplied at 100 mg final weight. 1 mL 

fraction was collected for GC analysis after 20 h. It showed that the conversion of 4 to 6 

was ~78 % within 20 h. The scale up reaction was then extracted using ethyl acetate and 

purified by flash chromatography using mixture DCM / MeOH (98 : 2 v v-1). The yield of 54 

% was reached (50 mg final product as colourless oil). To confirm purity 1H, 13C NMR 

experiments were performed as well as TLC (Rf = 0.75, DCM / MeOH; 98 : 2 v v-1). HRMS 

showed that the final product is seen as a Na+ adduct with m/z ratio of 212 (expected 

molecular weight is 189 Da) on the spectrum (Figure 47). The assigned 1H and 13C NMR 
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ǎǇŜŎǘǊŀ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ƛƴŘŜŜŘ ʰ-aminobutanol-BOC 6 was produced in scale up reaction 

(Figure 48, Figure 49).  

 

Figure 47. High resolution mass spectrometry of purified biotransformation reactions showing the 

ionization spectrum of BOC protected -haminobutanol. The peak represents adduct of 6 with Na+ 

ion attached. Predicted molecular weight is 212.1257 Da (mass error 18.38 ppm). 

 

 

Figure 48. Assigned 1H NMR spectrum of purified h-aminobutanol-BOC 6 from biotransformation 

reaction. 1H NMR (CDCl3Σ плл aIȊύ ʵ пΦсс όǎΣ мIΣ I6), 3.66-3.67 (app m, 1H, H3), 3.53-3.55 (app m, 

2H, H4), 1.52-1.59 (m, 2H, H2), 1.44 (s, 9H, H7), 0.95 (t, 3H, J = 8 Hz, H1). 
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Figure 49. Assigned 13C NMR spectrum of purified h-aminobutanol-BOC 6 from biotransformation 

reaction. 13C NMR (CDCl3Σ млл aIȊύ ʵ мрсΦун ό/5), 79.77 (C6), 65.82 (C4), 54.47 (C3), 28.51 (C7), 

24.63 (C2), 10.64 (C1). 

 

In addition, comparison between purified biotransformation products and previously 

synthesized standards showed virtually identical patterns. More importantly, the finding 

proved that lyophilised cells containing MCAR enzyme can be used to perform sequential 

reduction ǘƻ ŎƻƴǾŜǊǘ ʰ-aminobutyric acid-BOC 4 to alcohol 6 which can be purified and 

confirmed using analytical tools. 

 

пΦнΦнΦт 5ŜǇǊƻǘŜŎǘƛƻƴ ƻŦ .h/ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutanol 

Removal of the .h/ ƎǊƻǳǇ ƛǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ǘƘŜ ǳǎŜ ƻŦ ʰ-aminobutanol 3 in downstream 

cascades synthesizing ethambutol as the amine group will be involved in nucleophilic 

addition reactions. There are several protocols described in the literature that are used to 

remove BOC groups from such compounds. Various standard methods use strong acids 

such as trifluoroacetic acid (TFA)103 or hydrochloric acid (HCl)104 dissolved in dioxane or 

other organic solvents. Recent publications described milder deprotection methods that 
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could be used to remove BOC group involving water which acts as base and acid 

simultaneously at high temperatures105,106. The standard deprotection method using TFA 

was further investigated. 6 was mixed with trifluoroacetic acid (TFA) in dichloromethane 

(DCM) (Chapter 2, Section 2.5.3). The reaction was performed overnight and organic 

solvent with TFA removed using Rotavapor in the fume hood. Crude extract was directly 

used for synthesizing ethambutol 9 (Figure 50). The reaction was performed with 1,2-

dibromoethane 8 and basified using Cs2CO3. The next day the reaction was extracted and 

purified using flash chromatography showing the same migration on TLC plates as 

commercially-available standard 6 (Rf = 0.68, isopropanol / ammonia / water; 70 : 20 : 10 

v v-1) and very similar migration pattern to expected product 9 (Rf = 0.80, isopropanol / 

ammonia / water; 70 : 20 : 10 v v-1). Reaction product rapidly crystallized upon drying and 

according to physical state was similar to 9 (the yield was not measured). Finally, 20 mg of 

the crude product was dissolved in MeOD and 1H NMR experiment performed to 

compare it with the spectra of 3 and 9 standards. This showed a relatively similar 

spectrum between reaction mixture and standard 9 with some small differences observed 

at 3.4 and 3.2 ppm of reaction mixture (Figure 51). In addition to that the spectra were 

slightly shifted. Comparison of 1H NMR showed greater differences as there were peaks 

missing at 1.3, 1.6 and 2.7 ppm of reaction mixture compared to 3 suggesting that all of 

the deprotected alcohol reacted. 13C spectra however showed significant differences 

between extracted product of ethambutol synthesis and its standard 9. The biggest 

differences involved two quartets at 110-130 ppm and 162-165 ppm (Figure 52 C) of 

reaction mixture as well as the lack of peak at 45 ppm (Figure 52 B). The splitting pattern 

of the quartets was suggested to be due to the fluorine atoms present. The hypothesis 

was raised that during the deprotection reaction a stable salt is being formed that cannot 

be separated even with basic compounds such as Cs2CO3.  
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Figure 50. Scheme of reactions involving deprotection of h-aminobutanol-BOC 6 using TFA 

following chemical reaction to form ethambutol 9. It represents the formation of intermediate 

TFA salt 7 with -haminobutanol 3 in reversible manner with h-aminobutanol that could react with 

1,2-dibromoethane 8 to form final product. i) TFA in DCM ii) basified with Cs2CO3 

 

 

Figure 51. 1H NMR of h-aminobutanol 3 (A) and ethambutol 9 (B) standards as well as ethambutol 

synthesis (C) (Figure 50) extracted and purified fractions. 30 mg of each sample was dissolved in 

MeOD and prepared for NMR experiments. 
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Figure 52. 13C NMR of h -aminobutanol 3 (A) and ethambutol 9 (B) standards as well as 

ethambutol synthesis (C) (Figure 50) extracted and purified fractions. 30 mg of each sample was 

dissolved MeOD and prepared for NMR experiments. The highlighted peaks 5 (B) and 6 (C) show 

the differences between TFA salt and ethambutol. 

 

пΦнΦнΦу {ȅƴǘƘŜǎƛǎ ƻŦ ʰ-aminobutanol-TFA salt 

¢ƻ ǘŜǎǘ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ ʰ-aminobutanol-TFA 7 salt was formed during the 

deprotection step, the conditions were reǇƭƛŎŀǘŜŘ ǳǎƛƴƎ ʰ-aminobutanol 3 and TFA in 

dichloromethane (Chapter 2, Section 2.5.3). This reaction was incubated overnight at 

room temperature with vigorous shaking (Figure 53). The following day the organic 

solvent was removed under reduced pressure using Rotavapor and product purified using 

flash chromatography. Product started crystallizing when the organic solvent was 

removed indicating similarities with the previous reaction. The yield was not measured as 

this experiment was performed for qualitative purposes. Interestingly, the formed 

compound migrated on the TLC plates in the same manner as 9 (Rf = 0.68, isopropanol / 

ammonia / water; 70 : 20 : 10 v v-1) suggesting that the interaction between 3 and TFA 
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produces a stable compound that mimics properties of ethambutol 9. The product was 

prepared for 1H and 13C NMR experiments by dissolving in MeOD. Comparison of 1H NMR 

ǎǇŜŎǘǊǳƳ ōŜǘǿŜŜƴ ʰ-ŀƳƛƴƻōǳǘŀƴƻƭ κ ¢C! ǊŜŀŎǘƛƻƴ ŀƴŘ ʰ-aminobutanol-BOC deprotection 

reaction following ethambutol synthesis appeared very similar (Figure 54).  

 

 

Figure 53. {ȅƴǘƘŜǎƛǎ ƻŦ ʰ-aminobutanol-TFA salt 7 from 3 ǳǎƛƴƎ ǘƘŜ ǎŀƳŜ ŎƻƴŘƛǘƛƻƴǎ ŀǎ ʰ-

aminobutanol-BOC deprotection. 

 

Figure 54. 1H NMR of h -aminobutanol-BOC 6 deprotection following ethambutol 9 synthesis with 

-haminobutanol /  TFA reaction. Crude of ethambutol product (A) and h -aminobutanol 3 reaction 

with TFA product (B). 30 mg of each sample was dissolved in MeOD and prepared for NMR 

experiments. 
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Most peaks were identical between spectra with few insignificant differences observed. 

The situation became even clearer after 13C NMR experiment (Figure 55). The presence of 

unique quartets at 110-130 ppm and 162-165 ppm was observed in both samples and 

probably caused by the formation of TFA salt. Additional experiments were performed 

involving neutralization of reaction mixture after deprotection step however the same 

ǇǊƻŘǳŎǘ ǿŀǎ ǎǘƛƭƭ ƻōǎŜǊǾŜŘΦ 9ȄǘǊŀŎǘƛƻƴ ƻŦ ʰ-aminobutanol from TFA based compound was 

not successful with any of the other methods tested. Another deprotection method was 

tested using HCl in dioxane but the same issue of salt formation was observed. As 

mentioned previously, there are methods that do not involve strong acids and they 

should be investigated further in the future. There are few potential methods that can be 

ǳǎŜŘ ǘƻ ŘƛǎǊǳǇǘ ǎǘǊƻƴƎ ǎŀƭǘ ōǊƛŘƎŜǎΦ IƻǿŜǾŜǊΣ ʰ-aminobutanol is water soluble and 

extraction is not simple from water based extraction systems. 

 

 

Figure 55. 13C NMR h-aminobutanol-BOC 6 deprotection following ethambutol 9 ǎȅƴǘƘŜǎƛǎ ǿƛǘƘ ʰ-

aminobutanol /  TFA reaction. Synthesis of ethambutol product (A) and h -aminobutanol 3 reaction 

with TFA product (B). 30 mg of each sample was dissolved in MeOD and prepared for NMR 

experiments. 
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4.2.3 Carboxybenzyl protecting group 

4.2.3.м {ȅƴǘƘŜǎƛǎ ƻŦ /ōȊ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutyric acid 

Due to issues with deprotection of the BOC based compounds, a different protective 

group was investigated ς Carboxybenzyl (N-Cbz or Cbz). This protective group is used 

widely to prevent interaction of amines with other side chains especially in peptide 

synthesis. Removal of Cbz functional group does not require extreme conditions 

compared to removal of BOC functional group and could be performed at room 

temperature using hydrogen and palladium on carbon (Pd/C) catalyst107. The Cbz 

ǇǊƻǘŜŎǘŜŘ ʰ-ŀƳƛƴƻōǳǘȅǊƛŎ ŀŎƛŘ όʰ-aminobutyric acid-Cbz) was synthesized in THF and 

water mixture using benzyl chloroformate as protecting group donor. The crude was then 

extracted using ethyl acetate and purified by flash chromatography using mixture DCM / 

MeOH (98 : 2 v v-1). The yield of 59 % was reached (392 mg of colourless oil). The product 

was confirmed using TLC (Rf = 0.19, DCM / MeOH; 98 : 2 v v-1) HRMS, 1H and 13C (Figure 

56, Figure 57, Figure 58). This ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ƛƴŘŜŜŘ ǘƘŜ ǎȅƴǘƘŜǎƛȊŜŘ ǇǊƻŘǳŎǘ ƛǎ ʰ-

aminobutyric acid-Cbz and appears as Na+ adduct in HRMS spectrum (expected molecular 

weight is 237 Da but the peak shows 23 Da increase). 

 

 

Figure 56Φ IƛƎƘ ǊŜǎƻƭǳǘƛƻƴ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ǎǇŜŎǘǊǳƳ ƻŦ ǎȅƴǘƘŜǎƛȊŜŘ ʰ-aminobutyric acid-Cbz 

for biotransformation reactions. The main peak represents adduct of 10 with Na+ ion attached. 

Predicted molecular weight is 260.0893 Da (mass error -0.76 ppm). 
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Figure 57. Assigned 1H NMR spectrum of purified h-aminobutyric acid-Cbz 10 from chemical 

synthesis. 1H NMR (CDCl3Σ плл aIȊύ ʵ фΦпм όǎΣ мIΣ I4), 7.32-7.37 (m, 5H, H7), 5.09-5.15 (m, 2H, H6), 

4.36-4.41 (m, 1H, H3), 1.89-1.98 (m, 1H, H2), 1.70-1.81 (m, 1H, H2), 0.97 (t, 3H, J = 8 Hz, H1). 

 

пΦнΦоΦн /!w ¢ƻƭŜǊŀƴŎŜ ǘƻǿŀǊŘǎ /ōȊ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutyric acid 

Previous experiments demonstrated that MCAR is cŀǇŀōƭŜ ƻŦ ŀŎŎŜǇǘƛƴƎ .h/ ǇǊƻǘŜŎǘŜŘ ʰ-

aminobutyric acid and performing successful reduction to the corresponding aldehyde, 

followed by reduction to alcohol by endogenous E. coli ADH enzymes (Chapter 4, Section 

2.2.6). However, the Cbz group is much larger than the BOC group and may interfere with 

binding, activation or transfer of the substrate from adenylation domain to reduction site. 

The initial test was kindly performed by colleague Dr. Sasha Derrington (as she worked on 

screening diffent acid substrates) to determine which CAR enzymes can effectively reduce 

-haminobutyric acid-Cbz 10 (Figure 59). Initial screening revealed that among all tested 

CARs the most efficient in terms of consumption of NADPH for substrate 10 was CAR 11 

from Segniliparus rugosus (Table 26). It was 7 times more active compared to CAR 5 (also 

known as NCAR) from Nocardia sp. NRRL 5646 and CAR 3 from Mycobacterium 
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smegmatis enzymes. To confirm the activity, it was necessary to show consumption of the 

substrate and production of product using biotransformation reactions. 

 

 

Figure 58. Assigned 13C NMR spectrum of purified h-aminobutyric acid-Cbz 10 from chemical 

synthesis. 13C NMR (CDCl3Σ млл aIȊύ ʵ 177.34 (C4), 156.22 (C5), 136.20 (C7), 128.67 (C9), 128.37 

(C10), 128.26 (C8), 67.28 (C6), 54.93 (C3), 25.67 (C2), 9.58 (C1). 

 

 

Figure 59. Synthesis of h-aminobutanol-Cbz 12 from -haminobutyric acid-Cbz 10 using lyophilised 

cells containing CAR enzymes via -haminobutanal-Cbz 11. 
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 CAR3  CAR4  CAR5  CAR9  CAR11  

Standard activity 0.027  0.031  0.007  0.005  0.218 

Table 26. Standard activity of various CAR enzymes with Cbz protected -haminobutyric acid 10. 

Screen was performed by Dr. Sasha Derrington. The units are relative according to NADPH 

consumption over time. 

 

To monitor the conversion, compounds 10 and 12 were measured using the same GC 

method previously mentioned (Chapter 4, Section 2.2.1). It showed that 10 ŀƴŘ ʰ-

aminobutanol-Cbz 12 can be separated using the same program with samples containing 

either single compound or premixed both compounds together (Figure 60). 

 

 

Figure 60. Separation of Cbz protected h-aminobutyric acid 10 and -haminobutanol 12 on GC 

chromatogram. Top graph contains shows the separation of both compounds in premixed sample. 

Other two figures indicate how compounds separate when loaded separately. This indicates that 

GC program is capable of separating the peaks of the initial substrate and final product. 

 

 12 was synthesized in the same way as 10; however, the purity according to TLC (Rf = 

0.62, DCM / MeOH; 98 : 2 v v-1) and 1H and 13C NMR was not sufficient due to 

contamination of the side product benzyl alcohol. Separation was sufficient to test 

ŎƻƴǾŜǊǎƛƻƴǎ ŀƴŘ ǇŜŀƪǎ ǿŜǊŜ ƴƻǘ ƻǾŜǊƭŀǇǇƛƴƎΦ ¢ƘŜ /ōȊ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutanal 11 was 
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not synthesized for tests on GC as it was shown previously that higher loading of 

lyophilised cells harbouring CAR enzymes directly perform reduction of the aldehyde to 

the corresponding alcohol (Chapter 4, Section 2.2.2). The same pattern was expected in 

these reactions and any unrecognised peaks would be further analysed to determine the 

presence of aldehyde 11 formed.  

 

4.2.3.3 Optimization of the cascade 

Previous experiments demonstrated that CAR 11 accepts substrate 10 according to 

reduction of NADPH (Chapter 4, Section 2.3.2). CAR 11 from pET-28b expression vector 

was produced in E. coli BL21 (DE3) cells together with Sfp enzyme for post-translational 

modification. Two different expression protocols were tested using either standard 

expression in TB media with IPTG induction or TB based auto-induction media (AIM) and 

the cells were lyophilised and used in this form for further experiments. Initial 

biotransformation reactions showed that there are no observed differences for 

conversion of 10 to the corresponding alcohol 12 for standard IPTG induction and AIM 

(Table 27).  

 

Catalyst Concentration 

mg mL-1  

10 12 

CAR11 IPTG  30 0  >99  

10  2  98  

CAR11 AIM 30  0  >99  

10 2  98  

MCAR  40 18.9  81.1  

Table 27. Conversion of Cbz protected h-aminobutyric acid 10 to the corresponding alcohol 12 

using lyophilised whole cells. It shows conversion of CAR 11 expressed under two different 

conditions: IPTG induction in TB media and TB based autoinduction media (AIM). Conditions: 100 

mM potassium phosphate buffer pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 mM ATP, 10 µM 

NADPH, 10 U GDH, 5 mM, -haminobutyric acid-Cbz substrate, 10-40 mg mL-1 of lyophilised cells 

containing produced enzyme, 250 rpm, 30 °C, 20 h. 
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Both samples showed 98 % conversion with residual 2 % of initial substrate left. There 

were no other peaks observed at similar time on GC chromatogram indicating that the 

formed aldehyde 11 is directly reduced to the alcohol 12. As a positive control MCAR 

containing lyophilised cells were tested. It showed lower conversion at higher 

concentration of catalyst compared to CAR 11 containing lyophilised cells. 

Lyophilised cells with overexpressed CAR 11 using IPTG induction were selected for 

subsequent experiments as it takes shorter time to produce these cells compared to AIM. 

The following experiments involved testing different catalyst loading as well as different 

concentration of initial substrate 10. Biotransformation reactions showed that there are 

no significant differences in conversion detected using 5, 10 or 15 mg mL-1 of lyophilised 

cells at 5 mM substrate concentration (Table 28).  

 

Concentration Concentration  

mg mL-1 

10 12 

5 mM 5  0.5  99.5  

10  1.5  98.5  

15  0.8  99.2  

10 mM 10  2.5  97.6  

15  1.4 98.6 

20   1.5 98.5 

30   2.9  97.1  

20 mM 50   7.5  92.5  

Table 28. Comparison of conversion of Cbz protected h-aminobutyric acid 10 to the 

corresponding alcohol 12 using whole cells at different substrate and catalyst concentrations. ATP 

was used in stoichiometric amounts doubling the concentration of the substrate. Conditions: 100 

mM potassium phosphate buffer pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 µM NADPH, 10 U GDH, 

5-20 mM, h -aminobutyric acid-CBZ substrate, 5-50 mg mL-1 of lyophilised cells containing CAR 11, 

250 rpm, 30 °C, 20 h. 
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The highest conversion detected was over 99 %. Even at 10 mM substrate concentration 

the conversions were very similar using 10 ς 30 mg mL-1 of dried cells for reaction. Finally, 

higher loading of lyophilised cells was used with 20 mM substrate concentration and still 

~92 % conversion was reachedΦ /ƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǇǊŜǾƛƻǳǎ ŎŀǎŎŀŘŜ ǿƘŜǊŜ ʰ-aminobutyric 

acid was protected with BOC group (Chapter 4, Section 2.2.1-2.2.6) and lyophilised cells 

contained MCAR enzyme this substrate and enzyme combination showed higher 

efficiency of product produced per dried catalyst used. All the tested reactions used 

stoichiometric amounts of ATP with twice higher concentration compared to the 

substrate. The amounts of ATP used are extremely high so it was decided to test how the 

lack of external ATP affects the conversion of 10 to 12. 

For testing the effect of ATP on biotransformation reactions, higher substrate 

concentrations (> 5 mM) were used. In this case, scale up reactions would require lower 

volume and lower amount of organic solvent for the final product extraction. It was 

demonstrated that there is a correlation between conversions of 10 to 12 with 

concentration of cells resulting in higher conversion (Table 29).  

Maximum conversion (~ 99%) was reached at 20 mg mL-1 of lyophilised cells. This means 

that additional increase on cell loading will not affect the product formation at 10 mM 

substrate concentration anymore. Comparison of conversions with reactions that 

contained externally added ATP (Table 28) and without it (Table 29) revealed that at 

lower concentration of lyophilised cells there was an impact with samples containing 

supplied ATP showing higher conversion. For example, reactions containing 5 mg mL-1 of 

lyophilised cells and externally added ATP showed ~ 99 % conversion whereas at the 

same concentration of cells without ATP only ~28 %. But as mentioned previously, higher 

loading of dried cells yielded in higher conversion even in absence of ATP. It suggests that 

higher concentration of lyophilised cells contain sufficient amounts of either ATP or ATP 

recycling enzymes. The impact of ATP importance was shown to be critical at 15 mM 

substrate concentration with much lower conversions observed (Table 29). Even at 40 mg 

mL-1 lyophilised cell load only ~ 52 % conversion was reached. According to the results 

observed it seems that the most optimal concentration of substrate is 10 mM if ATP is not 

supplied externally.  
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 Concentration  

mg mL-1 

10 12 

10 mM 5  72.5  27.5  

10 43.8  56.2  

15 13.2  86.8  

20  1.4  98.6  

30 0.1  99.9  

40  1.4  98.6  

15 mM 15  72.7  27.3  

20  69.7  30.3  

30  63.3  36.7  

40  48.2  51.8  

Table 29. Comparison of conversion of Cbz protected h-aminobutyric acid 10 to the 

corresponding alcohol 12 using lyophilised whole cells at different substrate and catalyst 

concentration. ATP was not added from external sources. 100 mM potassium phosphate buffer 

pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 µM NADPH, 10 U GDH, 5-20 mM, -haminobutyric acid-

CBZ substrate, 5-50 mg mL-1 of lyophilised cells containing CAR 11, 250 rpm, 30 °C, 20 h. 

 

4.2.3.4 Scale up reaction 

Upon optimizing the conditions such as substrate concentration, ATP and lyophilised cell 

load, the system was taken to scale up. It was decided to use conditions without 

externally added ATP. The scale up reaction was performed using conditions stated 

below: 100 mM potassium phosphate buffer pH 7.5, 10 mM MgCl2, 30 mM glucose, 10 

ҡaΣ мл ¦ D5IΣ мл Ƴa ʰ-aminobutyric acid-Cbz, 20 mg of MCAR cells mL-1, 30 °C, 20 h,  

250 rpm at 42 mL final volume. Initial substrate 10 was supplied at 100 mg final amount. 

1 mL fraction was collected for GC analysis after 20 h. It showed that the conversion of 10 

to 12 was ~ 86 %. The scale up reaction was then extracted using ethyl acetate and 

purified by flash chromatography. It has the consistency of colourless oil. The yield of 64 

% was reached (60.5 mg final product 12). To confirm purity TLC (Rf = 0.62, DCM / MeOH; 
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98 : 2 v v-1), 1H, 13C NMR experiments were performed. According to reference 

compounds synthesized before and assigned NMR spectra it was shown that 12 was 

successfully produced from 10 using lyophilised cells containing CAR 11 enzyme. Finally, 

the sample was sent for HRMS analysis which showed a single main ionized peak at 246 

(m/z) (Figure 61). Despite molecular weight of 12 being 223 Da, it seems that 12 was 

formed as an adducted with Na+ ion. This is a very common process observed during 

HRMS experiment. Both NMR spectra were assigned (Figure 62, Figure 63) confirming the 

ǇǊŜǎŜƴŎŜ ƻŦ ʰ-aminobutanol-Cbz 12. All experiments combined proved that CAR 11 

accepts Cbz-ǇǊƻǘŜŎǘŜŘ ʰ-aminobutyric acid 10 and it could be used for scale up processes 

with successful purification of the final alcohol product. 

 

 

Figure 62. Assigned 1H NMR spectrum of purified h-aminobutanol-Cbz 12 from biotransformation 

reaction. 1H NMR (CDCl3Σ плл aIȊύ ʵ 7.24-7.27 (m, 5H, H8), 5.00 (s, 2H, H7), 3.43-3.57 (m, 3H, H4, 

H3), 2.86 (s, 1H, H5), 1.44-1.5 (m, 1H, H2), 1.32-1.39 (m, 1H, H2), 0.85 (t, 3H, J = 8 Hz, H1). 
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Figure 61. High resolution mass spectrometry of purified biotransformation reactions showing the 

ionization spectrum of Cbz protected h-aminobutanol 12. The main peak represents adduct of 12 

with Na+ ion attached. Predicted molecular weight is 246.1208 Da (mass error -39.01ppm). 

 

Figure 63. Assigned 13C NMR spectrum of purified h-aminobutanol-Cbz 12 from biotransformation 

reaction. 13C NMR (CDCl3Σ млл aIȊύ ʵ 156.95 (C5), 136.43 (C7), 128.54 (C9), 128.15 (C10), 128.08 

(C8), 66.82 (C6), 64.88 (C4), 54.70 (C3), 24.38 (C2), 10.46 (C1). 
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пΦнΦоΦр 5ŜǇǊƻǘŜŎǘƛƻƴ ƻŦ /ōȊ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutanol 

The BOC deprotection was studied before unsuccessfully resulting in formation of TFA salt 

ƛƴǎǘŜŀŘ ƻŦ ŀ ǇǳǊŜ ʰ-aminobutanol (Chapter 4, Section 2.2.7). The Cbz deprotection does 

not require strong acids and therefore should resolve these problems. As mentioned 

previously, Cbz deprotection requires H2 and Pd/C catalyst107 present in reaction mixture 

(Figure 64). Chemical synthesis of 12 had to be optimized as the previous method using 

aqueous conditions resulted in formation of benzyl alcohol 15 as a side product. The 

orƛƎƛƴŀƭ ǇǊƻǘƻŎƻƭ ǿŀǎ ŀŘƧǳǎǘŜŘ ōȅ ǳǎƛƴƎ ƻƴƭȅ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎ ƛƴǎǘŜŀŘ ƻŦ ǿŀǘŜǊ ŀǎ ʰ-

aminobutanol 3 ƛǎ Ŧǳƭƭȅ ǎƻƭǳōƭŜ ŎƻƳǇŀǊŜŘ ǘƻ ʰ-aminobutyric acid 1 (Chapter 2, Section 

2.5.2)Φ ¢ƘŜ ǎŀƳŜ ǇǳǊƛŦƛŎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ǿŀǎ ǳǎŜŘ ŀƴŘ ʰ-aminobutanol-Cbz 12 was 

obtained ŀǘ м Ǝ ǎȅƴǘƘŜǎƛǎ ǎŎŀƭŜΦ 5ŜǇǊƻǘŜŎǘƛƻƴ ǊŜŀŎǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ нтл ƳƎ ʰ-

aminobutanol-Cbz 12 with Pd/C catalyst and H2 gas supply. The reaction was filtered 

through celite and the sample concentrated using Rotavapor and directly prepared for 1H 

and 13C NMR analysis. 80 mg of crude product was obtained. The comparison of carbon 

baw ǎǇŜŎǘǊŀ ōŜǘǿŜŜƴ ʰ-aminobutanol 3 (Figure 65 A), -haminobutanol-Cbz 12 (Figure 65 

C) ŀƴŘ ʰ-aminobutanol-Cbz deprotection reaction (Figure 65 B) showed there are 

significant diŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ŘŜǇǊƻǘŜŎǘƛƻƴ ǊŜŀŎǘƛƻƴ ŀƴŘ ʰ-aminobutanol. The 

spectra of 13C NMR showed the presence of the representative peaks for 3 in 

deprotection reaction (Figure 65 B) however there were other peaks present as well and 

the final amount of extracted product was very low. Alternative methods should be 

investigated to determine optimal design of the cascade ǇǊƻŘǳŎƛƴƎ ŜǘƘŀƳōǳǘƻƭ ŦǊƻƳ ʰ-

aminobutyric acid-Cbz. It appears that the deprotection reaction is a bottleneck in the 

whole cascade and cannot be performed by previously tested methods efficiently. 

 

 

Figure 64Φ wŜƳƻǾŀƭ ƻŦ /ōȊ ƎǊƻǳǇ ŦǊƻƳ ʰ-aminobutanol-Cbz 12 via hydrogenation reaction 

producing 3 and side product benzyl alcohol 15. 
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Figure 65. Comparison of 13C NMR spectra between h -aminobutanol 3 (A), -haminobutanol-Cbz 

deprotection reaction (B) and h -aminobutanol-Cbz 10 (C). Highlighted peaks in B chromatogram 

represent potentially same peaks as for compound 3. 

 

пΦнΦп /ƘŜƳƛŎŀƭ ǎȅƴǘƘŜǎƛǎ ƻŦ ŜǘƘŀƳōǳǘƻƭ ŦǊƻƳ ʰ-aminobutanol 

The last part of synthesis of ethambutol 9 ǎǘŀǊǘƛƴƎ ŦǊƻƳ ʰ-aminobutyric acid 1 is a chemo-

catalytic steǇ ǳǎƛƴƎ ʰ-aminobutanol 3. An initial investigation on potential routes to the 

final compound revealed several chemical pathways, one of which was a nucleophilic 

addition to 1,2-dibromoethane 8 (Figure 66). Two reactions were performed at different 

scale starting from 100 mg and 1 g substrate. The reactants were mixed in round bottom 

flask following addition of cesium carbonate (Cs2CO3). In the case of 100 mg scale reaction 

was supplemented with 0.5 mL of methanol due to low volume. Both reactions were 

performed overnight (16 h). The product was then extracted in ethyl acetate and purified 

using flash chromatography with running phase containing isopropanol:ammonia 

(conc):water (7:2:1). The solvents were removed using Genevac evaporator to remove 
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low-boiling point solvents like water and ammonia. (Rf = 0.56, isopropanol / ammonia / 

water; 70 : 20 : 10 v v-1) Purified compound showed the consistency of oil rather than 

crystalline standard. This can be explained by the fact that ethambutol standard is 

supplied in HCl salt form.  

 

 

Figure 66. Chemical synthesis of ethambutol 9 from -haminobutanol 3 using 1,2-dibromoethane 

8. Standard conditions were described in the literature before and were tested again. 

 

Both of the samples from 100 mg and 1 g synthesis were prepared for 1H and 13C NMR 

experiments by dissolving 30 mg in 800 µL CDCl3. According to 1H NMR spectra the 

synthesized 9 from 1 g scale and commercial standard showed almost identical peaks 

with an additional peak present at 3.3 ppm for synthesized product (Figure 67). The 13C 

NMR spectra were identical for synthesized substrate and standard (Figure 68). A 

different outcome was observed with 100 mg synthesis scale due to high levels of 

impurities present even after flash chromatography (data not present).  
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Figure 67. 1H NMR spectra comparison of synthesized ethambutol 9 with its commercial standard. 

Ethambutol 9 standard (A) and the synthesized and purified product (B). 30 mg of each sample 

was dissolved in deuterated chloroformand prepared for NMR experiments. 

Figure 68. 13C NMR spectra comparison of synthesized ethambutol 9 with its commercial 

standard. Ethambutol 9 standard (A) and synthesized and purified product (B). 30 mg of each 

sample was dissolved in deuterated chloroformand prepared for NMR experiments. 
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4.3 Conclusion 
tǊƻŘǳŎǘƛƻƴ ƻŦ ŜǘƘŀƳōǳǘƻƭ ŦǊƻƳ ʰ-aminobutyric acid was investigated in this chapter. The 

ŎŀǎŎŀŘŜ ƛƴǾƻƭǾŜŘ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ƻŦ ʰ-aminobutyric acid to the corresponding aldehyde by 

various CAR enzymes following the reduction of ADHs to the corresponding alcohol. A 

single chemical step ǿŀǎ ǳǎŜŘ ǘƻ ǇǊƻŘǳŎŜ ŜǘƘŀƳōǳǘƻƭΦ Lƴƛǘƛŀƭ ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿŜŘ ǘƘŀǘ ʰ-

aminobutanal is unstable and the whole cascade needed to be redesigned. Therefore N- 

protective groups such as carboxybenzyl (Cbz) and tert-butyloxycarbonyl (BOC) were used 

to mitigate in stability issues. It showed that the most efficient CAR for BOC protected -h

aminobutyric acid ǿŀǎ a/!w ǿƛǘƘ ŎƻƳǇƭŜǘŜ ǊŜŘǳŎǘƛƻƴ ǘƻ ʰ-aminobutanal-BOC following 

further reduction to the corresponding alcohol by endogenous E. coli enzymes.  

This was due to the fact that MCAR containing cells were used in a lyophilized cell form 

retaining partial integrity of cells. The cascade could be scaled up to produce significant 

amounts of the required alcohol which was confirmed by high resolution mass 

spectrometry and 1H and 13C NMR experiments. However, removal of BOC group was 

ǳƴǎǳŎŎŜǎǎŦǳƭ ŀǎ ƛǘ ǇǊƻŘǳŎŜŘ ŀ ǎǘŀōƭŜ ¢C! ǎŀƭǘ ǿƛǘƘ ʰ-aminobutanol. Another approach was 

tƘŜƴ ƛƴǾŜǎǘƛƎŀǘŜŘ ǳǎƛƴƎ /ōȊ ǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ŀƳƛƴŜ ƎǊƻǳǇΦ ¢ƘŜ ǇǊƻǘŜŎǘŜŘ ʰ-aminobutyric 

acid was used as a substrate and CAR 11 turned out to be the most efficient CAR enzyme. 

Complete reduction of the protected acid to the alcohol was observed using CAR 11 

containing lyophilised cells. It is likely that the formed aldehyde was reduced by E. coli 

enzymes in the same way as the BOC protected compound. Finally, the biocatalytic 

cascade was scaled up and the product purified demonstrating that Cbz protection can 

efficiently be used in the cascades of CAR enzymes. However, removing Cbz did not yield 

ǘƘŜ ǊŜǉǳƛǊŜŘ ʰ-aminobutanol. 

¢ƘŜ ƭŀǎǘ ǎǘŜǇ ƛƴ ǘƘŜ ŎŀǎŎŀŘŜ ǿŀǎ ŀ ŎƘŜƳƻŎŀǘŀƭȅǘƛŎ ǎǘŜǇ ǳǎƛƴƎ ʰ-aminobutanol to produce 

ethambutol. It was performed successfully producing sufficient quantities of the product 

for NMR experiments. A major obstacle for the whole cascade producing ethambutol has 

been the deprotection step as frequently affording unwanted products is not suitable for 

the following step. Future experiments will require more rigorous optimisation of this 

step, in order to achieve a functional chemo-enzymatic cascade towards the production 

of ethambutol. 
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5 Application of CAR for the Production of 
Cinnamyl Alcohol 
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5.1 Background 

5.1.1 Uses of cinnamyl alcohol 

Cinnamyl alcohol is a chemical used extensively for the production of many valuable 

substances. It is highly aromatic and relatively safe for human consumption, such that it is 

frequently added to toiletries and household products108. Via simple esterification, it can 

be converted into a variety of cinnamyl esters, which is a class of compounds essential for 

the manufacture of fragrances and flavouring agents109. For example, cinnamyl acetate is 

an ester known to confer spicy and floral aromas. Astonishingly, 10 ς 100 metric tons of 

this chemical was produced in 2004 to feed the market110. What is more, cinnamyl esters 

can also be used for the production of smart polymer materials111. Cinnamyl 

methacrylate, in particular, is a type of monomer that can be polymerized by radical or 

photochemical means to create a durable dual cross-linked product (Figure 69). More 

importantly, cinnamyl alcohol has several biomedical applications as it can be aminated 

to produce cinnamyl amines112ς115. Notable examples of these include the clinically 

approved drugs flunarizine, cinnarizine and naftifine used as an antihistamine agent, for 

the treatment of peripheral vascular conditions and for the treatment of fungal 

infections, respectively. As well as one-step conversions yielding compounds of interest, 

cinnamyl alcohol is also reported as a starting material for multi-step syntheses. A four-

step synthesis yields a dapoxetine-serotonin transporter inhibitor and a more 

complicated multi-step process produces a side chain of the potent cancer treatment 

drug taxol116,117. 

 

5.1.2 Synthesis of cinnamyl alcohol 

It is possible explicitly to derive cinnamyl alcohol from a natural source such as Styrax (4.1 

%), Cinnamon leaf (0.6 %) and Cassia leaves (0.2 %) using organic extraction and 

purification methods118. However, this particular method is unsustainable due to the low 

concentration of cinnamyl alcohol and has to be replaced by more synthetic means. This 

alternative approach requires selective reduction of cinnamyl aldehyde using reducing 

agents, reactive metals and complex catalyst formulations119ς122. Chemical reduction of 

allyl aldehydes relies strongly on fine control of reaction conditions as well as 

temperature and pressure. This is possibly due to the non-selective but simultaneous 
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reduction of carbonyl and ene functional group123,124. One of the most recent studies 

published in 2017 demonstrated that whole cell biotransformation reactions using 

phenylalanine ammonia lyase (PAL), hydroxycinnamate: CoA ligase (4CL), cinnamyl-CoA 

reductase (CCR), and alcohol dehydrogenase (ADH) could be used to produce final 

concentrations of cinnamyl alcohol up 285 mg L-1 125. This was undeniably the first 

demonstrated proof-of-principle that E. coli cells are capable of successfully producing 

this important chemical compound.  

 

 

Figure 69. Examples of industrially-relevant chemicals which can be synthesized from cinnamyl 

alcohol. Cinnamyl amines including naftifine and flunarizine112ς115, cinnamyl esters including 

various fragrances109,110 and photocrosslinking monomers111, multi-step synthesis of compounds 

such as dapoxetine and taxol116,117. 
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The objective of the work described in this chapter was to improve the previously 

published cascade by careful incorporation of phenylalanine ammonia lyase (PAL) and 

carboxylic acid reductase (CAR) combined with alcohol dehydrogenase (ADH) biocatalysts 

into a new cascade sequence to allow production of cinnamyl alcohol directly from the 

proteinogenic amino acid L-phenylalanine (L-Phe) (Figure 70). This cascade is clearly 

simpler in terms of the number of biocatalysts involved compared to the previously 

published work, as it uses a single enzyme for trans-cinnamic acid reduction to 

cinnamaldehyde.  

 

 

Figure 70. A biocatalytic route to cinnamyl alcohol 22 from bio-derived L-phenylalanine 19 using a 

combination of phenylalanine ammonia lyase (PAL), carboxylic acid reductase (CAR) and alcohol 

dehydrogenase (AHD) enzymes. Intermediates formed during cascade include trans-cinnamic acid 

20 and cinnamaldehyde 21. The deamination reaction does not require any additional cofactors. 

However, the subsequent two reductions require NADPH and ATP for CAR enzyme activity and 

NADPH or NADH for ADH. 

 

5.2 Results and Discussion 

5.2.1 Optimization process of each of the single enzymes within the in vitro 

cascade 

5.2.1.1 PAL activity evaluation 

As an initial test for feasibility of the cascade, enzymes were selected based on their 

catalytic efficiency. PAL from the cyanobacterium Anabaena variabilis (AvPAL) was 

selected because it is well characterized and relatively stable in the lyophilized whole cell 

form126,127.  AvPAL was produced and lyophilized as described128 (Chapter 5, Section 
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2.2.3). ADH enzymes were purchased either as lyophilized cell lysates or purified 

enzymes. The Mycobacterium marinum CAR (MCAR) and Bacillus subtilis 

phosphopantetheine transferase Sfp enzyme (required for covalent addition of the 

cofactor to CAR) was produced in E. coli then lyophilized (Chapter 5, Section 2.2.2). 

Previously, MCAR was successfully used in a cascade reaction producing chiral 

piperidines68 but the work described in this chapter is the first use of CARs in a lyophilised 

cell form. To ensure that enzymes were fully functional, each was tested individually for 

activity. It is known that heterologously expressed enzymes in lyophilized cell form have 

higher stability compared to either pure enzymes or enzymes in reconstituted wet cells 

during biotransformation experiments129; active biocatalysts contained in lyophilized cells 

can even be maintained in the organic phase of biphasic or monophasic reactions130. 

Furthermore, semi-permeable membranes are maintained in lyophilized cells, thus 

allowing increased diffusion rates of substrate into the cells and of product from the cells 

compared to live cells. It was found that there was a direct correlation between substrate 

conversion rate and concentration of dried cells containing AvPAL used within the 

reaction, as determined by reverse-phase HPLC (Table 30). 1 to 5 mg mL-1 of cells used in 

reactions containing 10 mM substrate resulted in 56 to 90 % conversion, with the optimal 

conversion being 3 mg mL-1 of cells. The selected conditions of temperature (30 °C) and 

pH (7.5) were chosen according to CAR enzyme activity profiles determined during the 

basic characterization of CAR enzymes (Chapter 3, Section 2.2.2) for pH, temperature, 

MgCl2 and ATP optimization. The conditions matched those for optimal AvPAL activity, 

thus avoiding additional optimization steps131.  

 

5.2.1.2 Product profiles using PAL and CAR enzymes 

As AvPAL was shown to work efficiently on the substrate of interest, the combination of 

PAL and CAR together was tested in order better to understand the dynamics of the 

system. Also, the influence of substrate concentration and enzyme loading (based on 

lyophilised cell loading) was investigated for dual enzyme conversion. The catalytic 

pathway is illustrated in Figure 71 with corresponding substrates and products formed 

indicated as numbers in bold.  
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Catalyst Loading / mg mL-1 % composition in aqueous phase 

 Compound: 19 20 

0 100 0 

1 44 56 

2 26 74 

3 18 82 

4 13 87 

5 10 90 

Table 30. The effect of AvPAL catalyst loading on L-phenylalanine 19 conversion to trans-cinnamic 

acid 20. Conditions: 1ς5 mg mL-1 of lyophilised E. coli containing AvPAL, 100 mM potassium 

phosphate buffer pH 7.5, 10 mM L-Phenylalanine, final volume 1 mL, 30 °C, 250 rpm vertical 

shaking, 22 h. Determined via reverse-phase HPLC analysis on a non-chiral phase. 

 

 

Figure 71. A biocatalytic route to cinnamyl alcohol 22 from bio-derived L-phenylalanine 19 using a 

combination of phenylalanine ammonia lyase (PAL), carboxylic acid reductase (CAR) and alcohol 

dehydrogenase (ADH) enzymes. ERED ς ene-reductase that is responsible for side product 

formation. Intermediates formed during cascade include trans-cinnamic acid 20 cinnamaldehyde 

21, hydrocinnamaldehyde 23 and 3-phenylpropanol 24. 
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Studies of the MCAR-containing whole lyophilized cells with trans-cinnamic acid 20 

substrates showed only 11 % conversion to the corresponding aldehyde (Table 31). Other 

major products formed gave mass spectra consistent with cinnamyl alcohol 22 and 3-

phenylpropanol 24 (initially identified using GC-MS).  

 

Biocatalyst(s) Substrate % composition in extracted phase[f] 

    20 21 22 23 24 

CAR[a] 20 <1 11 33 <1 56 

CAR[b] 20 17 79 4 <1 <1 

PAL/CAR[c] 19 18 1 57 <1 24 

PAL/CAR[d] 19 45 <1 44 <1 11 

GDH[e] 21 - 99 1 <1 <1 

Table 31. Comparison of product profiles using either PAL or CAR separately or in single-pot 

reactions. Reaction conditions: 100 mM potassium phosphate buffer pH 7.5, 5 mM substrate, 10 

mM MgCl2, 15 mM D-glucose, 10 mM ATP, 10 U GDH, and 500 µM NADP+ 30 °C, 250 rpm vertical 

shaking, 22 h. [a] MCAR biocatalyst used as a whole lyophilised cell formulation (1 mg mL-1) [b] 

MCAR biocatalyst used as an isolated enzyme formulation (2 µM) [c] MCAR and AvPAL biocatalyst 

used as a whole lyophilised cell formulation (1 and 3 mg mL-1 respectively) [d] MCAR biocatalyst 

used as an isolated enzyme formulation and AvPAL as whole lyophilised cells (2 µM and 3 mg mL-

1) [e] GDH biocatalyst used in recycling reaction quantities [f] Conversions were calculated using 

GC according to peak area. The conversions of PAL are not accounted for in this table but are 

assumed from Table 30 to be approx. 70 %. Chemical compounds (substrates and products) are 

designated by number according to Figure 71. 

 

Decreasing the substrate concentration from 5 to 2 mM and increasing the cell load 

caused 100 % conversion to the side product 24 (Table 32). It is predicted that these 

products were formed via the action of CAR followed by host cell ene-reductases. It is 

known that ene-ǊŜŘǳŎǘŀǎŜǎ ƘŀǾŜ ƘƛƎƘ ǊŜŀŎǘƛǾƛǘȅ ǘƻǿŀǊŘǎ ŘƻǳōƭŜ ōƻƴŘǎ ƻŦ ʰΣʲ-unsaturated 

ŀƭŘŜƘȅŘŜǎΣ ʰΣʲ-unsaturated ketones and other unsaturated compounds containing 

electronically activating groups132. Reduction of cinnamaldehyde and its derivatives has 

been extensively studied by a number of research groups133.  Even though external ADH 

enzymes were supplied, it appears that endogenous E. coli ADHs have high activity 
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towards cinnamaldehyde 21 reducing it to either cinnamyl alcohol 22 or 3-

phenylpropanol 24. It has been shown that endogenous E. coli ADHs are capable of 

reducing a broad range of compounds134. Interestingly, it has been demonstrated that 

reduction of cinnamaldehyde 21 to alcohol 22 acts as a defence mechanism in live cells135. 

It is understandable that 21 must be siphoned by externally added biocatalysts as it 

affects metabolism and growth of live cells, however using lyophilised cells may help to 

overcome this issue. The interference between 21 and the cells could be solved in part by 

the use of purified MCAR, which supported 83 % conversion of 20, giving a product ratio 

of ~20:1 (compounds 21:22) (Table 31, Table 32).  

 

Biocatalyst(s) Substrate % composition in extracted phase[e] 

  20 21 22 23 24 

CAR[a] 20 <1 <1 <1 <1 100 

CAR[b] 20 <1 12 88 <1 <1 

PAL/CAR[c] 19 6 0 53 <1 41 

PAL/CAR[d] 19 <1 <1 91 <1 9 

Table 32. Comparison of product profiles using either PAL or CAR separately or in single-pot 

reactions. Reaction conditions the same as in Table 31. [a] MCAR biocatalyst used as a whole 

lyophilised cell formulation (25 mg mL-1) [b] MCAR biocatalyst used as an isolated enzyme 

formulation (10 µM) [c] MCAR and AvPAL biocatalyst used as a whole lyophilised cell formulation 

(25 and 10 mg mL-1 respectively) [d] MCAR biocatalyst used as an isolated enzyme formulation 

and AvPAL as whole lyophilised cells (10 µM and 10 mg mL-1). The experimental conditions were 

the same as above except that 2 mM of substrate was used. [e] Conversions were calculated using 

GC according to peak area. Chemical compounds (substrates and products) are designated by 

number according to Figure 71. 

 

Use of lower concentrations of the substrate with more enzyme resulted predominantly 

in formation of cinnamyl alcohol 22. This was possibly due to the presence of co-purified 

E. coli ADH and/or the use of a glucose dehydrogenase (GDH) with low activity for 

aldehyde, as well as low concentrations of the substrate itself. There is a high probability 

of co-purifying many enzymes at marginally low quantities, which may have significant 
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effects in cascade reactions136. Evidence for the action of endogenous ADH enzymes in 

both the whole cell systems prompted an investigation of the effects of different PAL-CAR 

combinations to ascertain whether cinnamyl alcohol could be produced without the 

addition of a third biocatalyst - ADH.  

The use of AvPAL and MCAR in whole cell formulations was found to yield both the 

unsaturated alcohol 22 and saturated by-product 24 at a ratio of ~1:2.4 within the 

extracted organic layer, with the other components remaining predominantly as acid 20 

(Table 31, Table 32). A more favourable ratio of ~4:1 (22:24) could be achieved through 

the use of purified MCAR in the presence of an additional GDH-based cofactor recycling 

system. However, the conversion was found to be lower when using PAL in lyophilized 

and MCAR in purified form compared to both enzymes in lyophilized cells. The apparent 

reduction of ene-reductase activity within the system was expected, due to the lower cell 

weight used for this biotransformation. The same pattern with subtle variations in ratio 

was observed while using less substrate and the higher concentration of either cells or 

purified enzyme resulting in 5:4 (22:24) in lyophilized catalyst form and 9:1 (22:24) in 

purified CAR form and lyophilized whole cell PAL (Table 31, Table 32). Further 

investigation revealed the impact of cinnamaldehyde 21 reduction by the GDH recycling 

system showing insignificant reduction of the latter substrate yielding only in ~1 % 

conversion. The expected reactions happening during the investigated catalytic processes 

mentioned above are shown in Figure 71. Hydrocinnamaldehyde 23 was not detected in 

any of the measured samples. 

In response to the finding that high concentrations of lyophilized cells resulted in the 

formation of side product 3-phenylpropanol 24, it was important to understand the 

reduction dynamics of trans-cinnamic acid 20. Rates of cinnamaldehyde 21 formation 

should directly affect the reduction by ADH enzymes as well as ERED. Different 

concentrations of lyophilised MCAR containing catalyst were used - 1, 2.5, 5 and 7.5 mg 

mL-1 and results compared using GC analysis (Figure 72). There was a direct correlation 

observed between the amount of catalyst used and 3-phenylpropanol 24 being formed 

over the course of the reaction resulting in higher concentration of the side product with 

higher loading of the dried cells. According to the results (Figure 72), the formation of this 

side product 24 is relatively slow even in the presence of high concentration of 21 seen in 
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all of the studied conditions. The idea of adding additional enzyme such as ADH was 

proposed to siphon the potential substrate 21 towards the direction of 22 avoiding the 

slow process of ene moiety reduction as shown in this experiment. Interestingly in all of 

the cases, the reduction of trans-cinnamic acid 20 was very efficient within the first 30 

min, but slowed down drastically thereafter (using 2.5 and 1 mg mL-1 MCAR catalyst the 

reaction rate remained high during the first hour). This could be either due to instability 

of the catalyst, even within the lyophilized cell form, or a problem of equilibrium. Finally, 

it was shown that the presence of ADH is not high enough at these concentrations of 

dried cells to produce sufficient levels of 22 from 21 and supply of additional enzyme 

downstream would be essential for efficient conversion (Figure 72). 

 

  

  
Figure 72. The time dependence of trans-cinnamic acid 20 reduction and product formation using 

different concentrations of lyophilised MCAR expressing cells. Reactions were performed in 100 

mM potassium phosphate buffer pH 7.5, 5 mM trans-cinnamic acid, 10 mM MgCl2, 1 ς 7.5 mg mL-1 

MCAR lyophilised cells, 15 mM D-glucose, 10 mM ATP, 10 U GDH, 500 µM NADP+, 500 µM NAD+ 

final volume 1 mL at 30 °C, 250 rpm, 22 h. A ς 7.5, B ς 5, C ς 2.5 and D ς 1 mg mL-1 CAR lyophilised 

cells. 

 

5.2.1.3 ADH screen separately and in combination with MCAR 

The search for potential ADH enzymes began with available screening kits that were used 

by other members of the laboratory. Initial studies started with testing ADH enzymes 
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from Codexis and Johnson Matthey. To our surprise, most of the ADHs were extremely 

efficient for reduction of 21 to the corresponding alcohol 22 showing 100 % conversion in 

most of the cases using 2 mg mL-1 catalyst (Table 33).  

 

Table 33. The efficiency of cinnamaldehyde 21 conversion to cinnamyl alcohol 22 using various 

ADH enzymes. Reaction performed in 100 mM potassium phosphate buffer pH 7.5, 5 mM 

cinnamaldehyde, 2 mg mL-1 ADH lyophilised cells or lysate , 15 mM D-glucose, 10 U GDH, 500 µM 

NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 rpm, 22 h. A1 ς A20 ADH from Codexis®, 

KR102 ς KR124 and ADH 101 ς ADH 112 from Johnson Matthey, ScADH, LB ADH and Eq ADH from 

Sigma. 

 

However, to understand the exact efficiency of the ADH enzymes, they were combined 

with the more concentrated MCAR within lyophilized cells. As shown previously (Figure 

72) that the ratios between 22 and the side-product 24 depend directly on the 

concentration of the catalyst used (MCAR lyophilised cells), due to predicted ene-

reductase activity (Figure 72). Therefore, by applying selective pressure to the system and 

adding high amounts of MCAR-containing dried cells, it was possible to determine the 

most efficient ADH enzyme that is capable of lowering the concentration of side product 

24 generated. The following experiment contained 25 mg mL-1 of MCAR dried cells with 2 

mg mL-1 ADH enzymes (Figure 73). Interestingly, all of the tested reactions showed full 

depletion of 20 or 21 within 22 h. Most of the tested enzymes showed higher than 4:1 

(22:24) ratio indicating their ability to push the reaction towards favourable product 22. 

Some of the enzymes were even more efficient, resulting in ratios close to 9.5:1 and 9:1 

(22:24). On the other hand, the model ADH from Saccharomyces cerevisiae (ScADH) 

showed only a ratio close to 4:1 (22:24). Out of all the tested ADHs seven were selected 

Conversion  ADH kit KR Other ADH  

100 %  A2, A3, A5, A6, A7, 

A8, A10, A11, A13, 

A14, A16, LB-ADH, 

A18  

KR124, KR102, 

KR105  

ADH 105, ADH 110, 

ADH 112, S. cerevisiae 

ADH (ScADH)  

Җ99 %  A1, A4, A9, A12, 

A15, A17.  

KR111  Eq ADH, ADH 101  
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for further investigation. In order to study a more realistic situation, dried cells were used 

in catalytic quantities rather than in excess, to find out how this might affect the 

formation of the product 22 and by-product 24 ratios.  

 

 Figure 73. The effect of ADH on CAR-ADH cascade reaction product profiles. Reactions were 

performed in 100 mM potassium phosphate buffer pH 7.5, 5 mM trans-cinnamic acid, 10 mM 

MgCl2, 25 mg mL-1 MCAR lyophilised cells, 2 mg mL-1 ADH lyophilised cells or lysate, 30 mM D-

glucose, 10 mM ATP, 10 U GDH, 500 µM NADP+, 500 µM NAD+, final volume 1 mL, at 30 °C, 250 

rpm, 22 h. Conversions were calculated using GC according to peak area. A1 ς A20 ADH from 

Codexis®, KR102 ς KR124 and ADH 101 ς ADH 112 from Johnson Matthey, ScADH and Eq ADH 

from Sigma. 

 

Selective pressure was lowered by reducing the concentration of MCAR cells used and 

therefore reducing the activity of ene-reductase. The previous problem of formation of 

side product 24 could be easily remedied using this approach and in most of the cases the 

major product 22 was in excess of more than 95 %, with only 5 % or less by-product 24 

being observed (Table 34). As in the previous case, even with the lower load of MCAR-

containing lyophilized cells, the full conversion of trans-cinnamic acid 20 was observed, 

including the following reduction of cinnamaldehyde to further products. Although some 

of the ADHs out-performed ScADH in the previous test for efficiency, ScADH was chosen 

for further studies because it is well characterized and supported sufficient conversion137. 
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Table 34. The effect of most efficient ADH of the CAR-ADH cascade reaction. Reactions were 

performed in 100 mM potassium phosphate buffer pH 7.5, 5 mM trans-cinnamic acid, 10 mM 

MgCl2, 7.5 mg mL-1 MCAR lyophilised cells, 2 mg mL-1 ADH lyophilised cells or lysate, 30 mM D-

glucose, 10 mM ATP, 10 U GDH, 500 µM NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 

rpm, 22 h. A8 ς A13 ADH from Codexis®, ADH 105 ς ADH 110 from Johnson Matthey, ScADH and 

LB ADH from Sigma. 

 

In order to ensure selective recovery and separation of cinnamyl alcohol 22 from the 

reaction mixture and from 3-phenylpropanol 24, the conversion of trans-cinnamic acid 20 

to the corresponding alcohol product 22 was investigated further. Commercially available 

ScADH was used for the tests and combined with MCAR lyophilized cells in different 

conditions. Previous experiments showed that the production rates of 24 were relatively 

slow, suggesting that the ratio between products 22 and 24 could be improved by 

manipulation of the quantity of the catalyst-containing cells (Figure 72). It was hoped to 

optimise the cascade containing PAL, CAR, and ADH by adjusting the concentrations so as 

to overcome the rate limiting steps. It was important to control cinnamaldehyde 21 

reduction by ADH, avoiding the reduction of the double bond by endogenous E. coli ene-

reductases. A concentration of 1 mg mL-1 MCAR containing lyophilised whole cells was 

chosen, based on the previous observations (Figure 72) that sufficient conversion could 

be obtained with lower catalyst loading. MCAR cells combined with 0.25 mg mL-1 ScADH 

showed a gradual consumption of cinnamate 20, yielding 90 % conversion within the 

Biocatalyst(s) % composition in extracted phase 

Compound no. : 22 24 

LB ADH  97 3 

A8  96 4 

A10  95 5 

A13  95 5 

ADH 105  93 7 

ADH 110  98 2 

MCAR   52 48 

ScADH 87 13 
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initial two hours (Figure 74). The only product formed was 22, and no side product 24 was 

observed. After the reaction, there was an increase of 21 detected, indicating that the 

MCAR catalyst retains activity much longer compared to the purified ScADH enzyme. This 

could be explained by enhanced stability of MCAR in the whole lyophilized cell 

preparation, compared to the stability of ADH in purified lyophilized form. 

Increasing lyophilised MCAR whole cells concentration to 2.5 mg mL-1 was found to 

enhance the reaction rates (Figure 74), resulting in complete consumption of cinnamate 

20 within two hours, producing predominantly 22 and intermediate 21 with small levels 

of side product 24.  

 

 
Figure 74. The effect of MCAR catalyst loading on product composition and substrate 20 

consumption rates of the CAR-ADH cascade reactions over time. Reaction were performed in 100 

mM potassium phosphate buffer pH 7.5, 5 mM trans-cinnamic acid, 10 mM MgCl2, MCAR dried 

cells, 30 mM D-glucose, 10 mM ATP, 10 U GDH, 0.25 mg mL-1 ScADH, 500 µM NADP+, 500 µM 

NAD+ final volume 1 mL at 30 °C, 250 rpm, 22 h. Compounds detected in this reaction are stated 

as 20, 21, 22 and 24 according to Figure 71. 

 

Longer reaction times (4, 8 and 24 hours) resulted in accumulation first of 21 and then 24. 

These results indicate the importance of time-course assays in the development of an 
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optimised cascade procedure and allow understanding the dynamics of intermediate 

compound formation. Additionally, they give some insight into ADH mechanism, 

indicating the potential reversibility problems of ScADH resulting in accumulation of 21. 

Generally, ADH enzymes are known to be reversible and direction depends on the 

available cofactors: NADPH for reduction and NADP+ for oxidation process. In this case, 

correct directionality was ensured by the GDH supplied with excess glucose and catalytic 

levels of NAPD+. However, it could be that GDH lost its activity over time and the 

directionality was reversed back to oxidation of cinnamyl alcohol instead of the 

corresponding aldehyde reduction. 

 

5.2.1.4 Importance of the inclusion of ATP 

Using catalytic amounts of cofactors is essential to making enzymatic processes viable at 

an industrial scale. However, not all cofactors can be recycled using simple recycling 

systems and may require few additional catalysts. CARs are known to use both NADPH 

and ATP as cofactors for successful reduction of the acids to the aldehydes. ATP is not 

commonly used at an industrial scale owing to its expense, and there are no commercially 

available ATP-regeneration kits. A few possible routes to recycle ATP from ADP have been 

described, linking enzymes from different cell lines138. However, CAR enzymes produce 

AMP instead of ADP from ATP, complicating the recycling process. Therefore, 

stoichiometric amounts of ATP were investigated in the reaction containing MCAR and 

ScADH.  A strong positive correlation was found a conversion 20 and 22 depending on the 

concentration of ATP (Figure 75).  

A minimum ratio of 2:1 ATP:substrate was necessary for optimal biotransformation. This 

shows that high levels of ATP are essential for this cascade and cannot be avoided. In 

order to transfer the whole cascade into an in vivo system and scale it up to produce high 

amounts of final product, it will be necessary either to harness the endogenous E. coli 

enzymes for ATP recycling or to introduce a new system under the regulation of specific 

promoters. Using stoichiometric amounts of ATP in such a system in the future will not be 

economically viable. 
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Figure 75. The impact of ATP concentration on the CAR-ADH cascade. Reaction performed in 100 

mM potassium phosphate buffer pH 7.5, 5 mM trans-cinnamic acid, 10 mM MgCl2, 1 mg mL-1 

MCAR lyophilised cells, 0.25 mg mL-1 ScADH, 30 mM D-glucose, 0 - 10 mM ATP, 10 U GDH, 500 µM 

NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 rpm, 22 h. Compounds detected in this 

reaction are stated as 20, 21, 22 and 24 according to Figure 71. 

 

5.2.1.5 ADH activity and stability test 

Finally, in an attempt to increase flux even more and reduce the potential side product 

24, the loading of ScADH was varied from 0.025 to 0.25 mg mL-1 with either a single or 

double batch addition at t=0 min and t=300 min (Figure 76). This was to understand 

whether second addition of ScADH could achieve enhancement after the initial ScADH 

had become inactive. It was found that there was a siphoning effect caused by the second 

addition of ScADH resulting in increased purity of 22 at lower enzyme concentrations. 

There is a linear dependence of 22 produced and ScADH concentration used in a single 

batch experiment containing both of the catalysts MCAR and ScADH. No apparent impact 

of double batch addition was observed in most cases, at 0.25, 0.15 and 0.1 mg mL-1 ADH, 

but at lower concentrations, a significantly higher level of 22 was produced. In all cases, 

the intermediate 21 was detected at low levels suggesting that there is a potential 

synergistic action between CAR and ADH, which is probably related to a simple substrate 

inhibition by 21 towards CAR enzymes (as shown in the initial enzyme characterization 

Chapter 3, Section 2.2.2). Previous experiments described parts of the triple enzyme 
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cascade for cinnamyl alcohol 22 production, using enzymes either singly or in 

combination, highlighted potential solutions as well as limitations. The problems included 

3-phenylpropanol 24 production due to ene-reductase activity from E. coli dried cells, and 

low MCAR activity after the initial 30 min phase. Both of problems could be overcome 

using ScADH to siphon the reaction towards cinnamyl alcohol 22 by removing residual 

cinnamaldehyde 21 intermediate for potential CAR inhibition as well as ene-moiety 

reduction. Some problems, such as the requirement for stoichiometric quantities of ATP, 

will have to be addressed at a later stage of fermentation process development. Overall, 

the concentrations of the single or partial reactions were adjusted and could be applied 

for a full cascade. 

 

 

Figure 76. The comparison of CAR-ADH cascade reaction product profiles using single or double 

batch addition of ScADH. Reaction performed in 100 mM potassium phosphate buffer pH 7.5, 5 

mM trans-cinnamic acid, 10 mM MgCl2, 1 mg mL-1 MCAR lyophilised cells, 0.25 ς 0.025 mg mL-1 

ScADH, 30 mM D-glucose, 10 mM ATP, 10 U GDH, 500 µM NADP+, 500 µM NAD+ final volume 1 mL 

at 30 °C, 250 rpm, 22 h. 2x indicates that ADH was added twice with the second addition after 4h 

of reaction. Compounds detected in this reaction are stated as 20, 21, 22 and 24 according to 

Figure 71.  
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5.2.1.6 The comparison of single-pot and sequential reactions 

Having demonstrated the possibility of high conversion of L-phenylalanine 19 to trans-

cinnamic acid 20 using AvPAL-containing dried cells (Table 30) and trans-cinnamic acid 20 

to cinnamyl alcohol 22 using a combination of dried cells with MCAR enzyme and 

lyophilized purified ScADH with minimal side reactions (Figure 74), the system was 

extended to combine all catalysts together. The effect of varying the AvPAL whole cell 

loading on the overall composition of the reaction intermediates/products could be easily 

tested by extraction of these from any remaining L-phenylalanine with organic solvent. 

The full three-enzyme reaction was performed both as a one-pot cascade and by the 

implementation of the AvPAL and MCAR-ScADH portions under temporal separation 

(Figure 77).  

 

Figure 77. The impact of PAL containing cells concentration on one-pot triple enzyme cascade 

(left) and partition process (right) involving addition of CAR and ADH after completion of the initial 

reaction. Partition reaction: 100 mM potassium phosphate buffer pH 7.5, 3 mg mL-1 of AvPAL 

dried cells and 10 mM L-phenylalanine at 30 °C, 250 rpm 1 mL final volume. After 20 h the 

reaction mixture was spun down and 500 µL supernatant was supplemented with 10 mM MgCl2, 1 

mg mL-1 MCAR dried cells, 30 mM D-glucose, 10 mM ATP, 10 U GDH, 0.05 mg mL-1 ScADH, 500 µM 

NADP+, and 500 µM NAD+, up to final volume of 1 mL, then incubated at 30 °C, 250 rpm, further 

for 20 h. One-pot reaction had the same components but the starting concentration of substrate 

was 5 mM instead of 10 mM and the reaction was stopped after 20 h. 
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Overall, the partition reaction gave much better results with higher percentage 

compositions of 22, no by-product 24 and significantly lower amounts of 20 detected in 

all of the concentrations tested. There was a gradual increase in percentage of product 22 

formed by lowering the concentration of the catalyst, which could be directly assigned to 

a higher AvPAL conversion of 19 to the corresponding acid 20 (Table 30). 

On the other hand, the single-pot reaction demonstrated the problems in conversion of 

initial substrate 19 to the final product 22 resulting in incomplete conversion as well as 

high levels of unwanted product 24. Only AvPAL at the highest concentration of 10 mg 

mL-1 produced significantly elevated levels of 22, while lower concentrations produced a 

similar pattern of ratios of approximately 5:4 (22:20). This was presumably due to low 

initial rates and higher stability of PAL compared to CAR and/or ADH as well as overall cell 

loading (with associated ene-reductase activity). In this case, the cinnamate 20 

accumulates due to inactivation of CAR/ADH, resulting in an inefficient process. 

Therefore, the partitioning method was investigated further for the proof of concept 

studies and scale-up. 

 

5.2.1.7 Scale-up production and purification of cinnamyl alcohol 

A full time-course experiment was performed for the two biocatalytic systems using a 

partition process to separate sequential reactions in order to increase the overall 

productivity of the cascade. The combination of reverse phase HPLC (to monitor the initial 

PAL reaction) and GC (to follow product formation with the CAR-ADH cascade) was used 

to follow the progress of the scale-up process. The reaction was performed with 107 mg 

starting material 19 at 10 mM concentration in 65 mL, with around 85 % being converted 

to 20 after a 22 hour AvPAL reaction. The cell debris was then removed by centrifugation 

and supernatant supplemented with MCAR/ScADH catalyst and required cofactors 

diluting the initial substrate to 5 mM (Figure 78). The reaction was performed 

sequentially to separate PAL and CAR/ADH reactions. 

6 hours after addition of the second and third biocatalysts, the product was extracted 4 

times in equal volumes of ethyl acetate and dried using anhydrous MgSO4. The sample 

was then filtered and organic solvent removed under reduced pressure yielding 155 mg of 

a brown/yellow crude extract. Flash chromatography was performed as described before 
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(Chapter 2, Section 2.6.7) and cinnamyl alcohol purified accordingly using DCM:MeOH 

(98:2) running phase.  

 

 

Figure 78. Composition profile for the conversion of 19 to 22 via addition of PAL (t=0) performed 

in 100 mM potassium phosphate buffer pH 7.5, 3 mg mL-1 of AvPAL dried cells and 10 mM L-

Phenylalanine (107 mg) at 30 °C, 250 rpm 65 mL final volume. (t=1320) reaction mixture was spun 

down and supernatant supplemented with 10 mM MgCl2, 1 mg mL-1 MCAR dried cells, 30 mM D-

glucose, 10 mM ATP, 10 U GDH, 0.05 mg mL-1 ScADH, 500 µM NADP+, 500 µM NAD+ final volume 

130 mL at 30 °C, 250 rpm. (t=1680) reaction finished and product extracted. Note: ScADH was 

added from a new stock and showed much greater activity. It was supposed to be added twice 

but after a single addition the full conversion was observed already. 

 

The purity and fractions containing the compound of interest were confirmed using 

reverse phase TLC (Rf = 0.34, DCM / MeOH; 98 : 2 v v-1). Samples were dried under 

reduced pressure at 40 °C yielding colourless oil which immediately solidified at room 

temperature, consistent with the known melting temperature of cinnamyl alcohol of 30 

°C suggesting that the scale-up reaction and purification were successful. The overall 

isolated molar yield of 53 % (43.5 mg) was achieved. 20 mg of purified compound was 

then dissolved in deuterated chloroform (CDCl3) and cinnamyl alcohol was confirmed by 

1H and 13C NMR as well as GC-MS chromatography (Figure 79, Figure 80, Figure 81).  
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Figure 79. GC-MS spectrum and information table of purified cinnamyl alcohol 22 after scale-up 

biotransformation reactions. Cinnamyl alcohol was confirmed by GC-MS and the ionization 

pattern matched with predicted. 

 

Figure 80. Assigned 1H NMR spectrum of purified cinnamyl alcohol 22 product after the scaled-up 

partition reaction. 1H NMR (CDCl3Σ плл aIȊύ ʵ 7.14-7.31 (m, 5H, H5), 6.52 (d, 1H, J = 16 Hz, H4), 

6.26 (dt, 1H, J = 16, 8 Hz, H3), 4.22 (dd, 2H, J = 8 Hz, H2). 
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Figure 81. Assigned 13C NMR spectrum of purified cinnamyl alcohol 22 product after the scaled-up 

partition reaction. 13C NMR (CDCl3Σ млл aIȊύ ʵ мосΦтм ό/4), 131.10 (C3), 128.61 (C6), 128.55 (C2), 

127.70 (C7), 126.49 (C5), 63.66 (C1). 

 

The NMR and the GC-MS results both showed some impurities still to be present in the 

purified fractions, indicating scope for further optimization in future. The high-resolution 

MS, however, did not show any ionization of cinnamyl alcohol and could not be detected. 

 

5.2.2 Enzyme optimization for in vivo production of cinnamyl alcohol 

5.2.2.1 Identification of efficient ADH enzymes 

The proof of principle studies showed that AvPAL, MCAR and ScADH enzymes can be 

combined together when expressed separately to produce cinnamyl alcohol 22 from L-

phenylalanine 19. The fully optimized conditions demonstrated incompatibility problems 

between the enzymes according to their initial reaction rates. This could have been due 

to the intrinsic nature of the source (lyophilized cells expressed in different media or 

lyophilized purified ScADH). In order to move another step forward and transfer enzymes 
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for the continuous fermentation process, the system had to be re-optimized by finding 

the most efficient enzymes. 

Knowing that the way to avoid side product 24 requires siphoning of cinnamaldehyde 21, 

the screen began by searching for the most efficient ADH for this cascade. It was decided 

ǘƻ ƭƻƻƪ ŦƻǊ ŀ ƴƻǾŜƭ Ŏŀǘŀƭȅǎǘ ŦƻǊ ǘƘŜ ŘŜǎƛƎƴŜŘ ŎŀǎŎŀŘŜ ǳǎƛƴƎ άƪw95ȅ-to-Ǝƻέ ƪƛǘ ŦǊƻƳ 

Prozomix Ltd. It contains 384 lyophilized enzymes classified as ADH/KRED in a 384-well 

plate. KRED (ketone reductase) and ADH (alcohol dehydrogenase) activities are known to 

overlap, and from this point onward they will be referred to simply as ADH because only 

reduction of cinnamaldehyde will be tested. 

Plates were screened using cinnamyl alcohol 22 as a substrate, and negative controls 

containing no substrate were included (Chapter 2, Section 2.4.6). The oxidation of the 

alcohol 22 and subsequent reduction of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-

tetrazolium (INT) affects the colour. ADH enzymes are known to be reversible depending 

on the state of cofactors (according to whether oxidized or reduced). Therefore, selecting 

the most active cinnamyl alcohol 22 oxidizing enzymes at least suggests that the substrate 

can be accepted in the active site and the reverse reaction could be performed as well. 

The results for the negative control were reliable, with most wells remaining colourless 

(Figure 82). On the other hand, screening with 22 present in the wells resulted in 

significant colour changes. Some of the enzymes showed responses even few minutes 

after mixing the reactants suggesting extremely fast catalytic rates. The reactions were 

incubated at room temperature for 15 min, 45 min and 18 hours and the absorption 

measured at each time point at 492 nm and normalized against the negative control 

(Figure S7, Figure S8, Figure S9). To monitor changes, photos were taken every 15 min for 

the reaction to visually become bright purple (Figure 82). In addition, F1, J13, J15, D17 

and F24 showed significant differences in absorbance measured (Figure S7). Following the 

measurement after 45 min the same wells still showed high absorbance but also more 

than 15 enzymes performed similarly (Figure S8). This suggests that most likely the other 

enzymes have lower initial activity levels. Finally, after 18 h around 50 % of the wells had 

similar responses in term of absorption indicating that the maximum activity response 

was reached (Figure S9). According to all time points measured the most active ADH 

enzymes were D13 (85), D17 (89), F1 (121), F24 (K144), G6 (150), J13 (229), J15 (231), M3 
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(291). Plasmids encoding those enzymes were kindly provided from Prozmix Ltd. The 

following screening experiment consisted of four different concentrations of lyophilized 

cells (1, 0.5, 0.25 and 0.1 mg mL-1), three different incubation temperatures (20, 25, and 

30 °C) and two time duration (30 min and 22 h) in order to evaluate the dynamics of 

products formed (Table 35). At 1 mg mL-1 concentration at all temperatures tested, all 

catalysts showed 100 % conversion of cinnamaldehyde 21 to cinnamyl alcohol 22.  

 

Figure 82. Screening of KRED-ADH enzymes for potential activity towards cinnamyl alcohol 22 

using kREDy-to-go plate assay from Prozomix Ltd. Images of the 384-well plates are shown, with 

different enzyme preparations in each well. A panel shows the negative control; B panel shows 

the standard screen results using cinnamyl alcohol 22 substrate and the reversibility advantage of 

ADH enzymes. 
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The most efficient enzymes, ADH 85, ADH 89, ADH 121 and ADH 150, showed 100 % 

conversion at all concentrations and temperatures within the initial 30 min reactions, 

indicating their efficacy for this cascade. The most inefficient enzyme was ADH 229, which 

showed the lowest conversions under all tested conditions at 30 min. Some ADHs, such as 

144, 231 and 291, showed high activity at higher concentrations but low conversion at 

0.25 and 0.1 mg mL-1.  

 

  1 mg mL-1 0.5 mg mL-1 0.25 mg mL-1 0.1 mg mL-1 

Enzyme Temperature 21 22 21 22 21 22 21 22 

  30 0 100 0 100 0 100 0 100 

85 25 0 100 0 100 0 100 0 100 

  20 0 100 0 100 0 100 0 100 

  30 0 100 0 100 0 100 0 100 

89 25 0 100 0 100 0 100 0 100 

  20 0 100 0 100 0 100 0 100 

  30 0 100 0 100 0 100 0 100 

121 25 0 100 0 100 0 100 0 100 

  20 0 100 0 100 0 100 0 100 

  30 0 100 0 100 0 100 36.8 63.2 

144 25 0 100 0 100 0 100 60.7 39.3 

  20 0 100 0 100 3.4 96.6 57.3 42.7 

  30 0 100 0 100 0 100 0 100 

150 25 0 100 0 100 0 100 0 100 

  20 0 100 0 100 0 100 0 100 

  30 0 100 0 100 15.5 84.5 40.5 59.5 

229 25 0 100 12 88 36.1 63.9 62.5 37.5 

  20 0 100 12.3 87.7 32.8 67.2 60.3 39.7 

  30 0 100 0 100 0 100 0 100 

231 25 0 100 0 100 0 100 7.1 92.9 

  20 0 100 0 100 0 100 3.2 96.8 

  30 0 100 0 100 0 100 22.9 77.1 

291 25 0 100 0 100 19.6 80.4 67.2 32.8 

  20 0 100 0 100 26.6 73.4 66.8 33.2 

Table 35. The effect of various ADH on cinnamaldehyde 21 conversion to cinnamyl alcohol 22. 

Reaction performed in 100 mM potassium phosphate buffer pH 7.5, 5 mM cinnamaldehyde, 0.1 - 

1 mg mL-1 of lyophilised cells overexpressing various ADH enzymes, 15 mM D-glucose, 10 U GDH, 

500 µM NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 rpm, 30 min time point. Some 

reactions showed 0 - Җ м ҈ ƻŦ ǇǊƻŘǳŎǘ 24 (not included). 

 

There was a correlation between substrate consumed and temperature. It is possible that 

the low conversion rates for ADH 144, ADH 229 and ADH 291 could have been due to low 

enzyme expression levels, as it was not possible to measure absolute enzyme 
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concentrations within lyophilized cells. After 22 h, starting material 21 was observed 

again to reappear, having previously been depleted by the forward reaction (Table 36). 

 

  1 mg mL-1 0.5 mg mL-1 0.25 mg mL-1 0.1 mg mL-1 

Enzyme Temperature 21 22 21 22 21 22 21 22 

  
85 
  

30 81.1 18.9 52.4 47.6 2.3 97.7 0 100 

25 79.7 20.3 46.1 53.9 0 100 0 100 

20 74.2 25.8 47.3 52.7 0 100 0 100 

  
89 
  

30 83.4 16.6 40.3 59.7 0 100 0 100 

25 74.3 25.7 19.3 80.7 0 100 0 100 

20 67.1 32.9 39.4 60.6 0 100 0 100 

  
121 
  

30 61.7 38.3 29.6 70.4 0 100 0 100 

25 51.4 48.6 5.3 94.5 0 100 0 100 

20 36.7 63.3 0 100 0 100 0 100 

  
144 
  

30 11.8 88.2 5.1 94.9 0 100 0 100 

25 9.5 90.5 3.2 96.8 0 100 0 100 

20 6 94 0.8 99.2 0 100 0 100 

  
150 
  

30 80.9 19.1 65.8 34.2 0 100 0 100 

25 75.7 24.3 53 47 0.9 99.1 0 100 

20 69.4 30.7 47.3 52.7 2.3 97.7 0 100 

  
229 
  

30 75.6 24.4 56.7 42.3 20.5 79.5 0 100 

25 73 27 50.5 49.5 3.4 96.6 0 100 

20 61 39 36.3 63.7 0 100 0 100 

  
231 
  

30 77.6 22.4 51 49 0 100 0 100 

25 52.6 41.4 6.4 93.6 0 100 0 100 

20 58.4 41.6 3.5 96.5 0 100 0 100 

  
291 
  

30 18.9 81.1 7.3 92.7 1.4 98.6 0 100 

25 14.5 85.5 5.3 94.7 0 100 0 100 

20 8.7 91.3 2.9 97.1 0 100 0 100 

Table 36. The effect of various ADH on cinnamaldehyde 21 conversion to cinnamyl alcohol 22. 

Reaction performed in 100 mM potassium phosphate buffer pH 7.5, 5 mM cinnamaldehyde, 0.1 - 

1 mg mL-1 of lyophilised cells overexpressing various ADH enzymes, 15 mM D-glucose, 10 U GDH, 

500 µM NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 rpm, 22 h time point. Some 

reactions showed 0 - Җ м ҈ ƻŦ ǇǊƻŘǳŎǘ 24 (not included). 

 

 This confirms that ADH activity is reversible. However, this phenomenon was not 

observed when the concentration of lyophilized cells was low, perhaps due to 

degradation of activity or the establishment of equilibrium. For example, at 0.1 mg mL-1 

all of the reactions showed 100 % conversion after 22 h whereas at 1 mg mL-1 in some 

cases more than 80 % of 21 was observed. Increasing the concentration to 0.25 mg mL-1 

still resulted in most enzymes converting 21 to 22 fully at all temperatures whereas at 1 
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and 0.5 mg mL-1 none of the enzymes showed 100 % conversion after 22 h. This suggests 

that the reversibility depends directly on catalyst concentration, and that this could be 

manipulated to optimize the process. 

At these concentrations, there was a trend of increasing percentage of 21 with increasing 

temperature from 20 to 30 °C, except in the case of ADH 89 at 0.5 mg mL-1. These data 

suggest that both reaction equilibria and conversion rates are affected by temperature as 

well as concentration of the substrate. Potentially, the product profile could be 

manipulated by thermal adjustment during the reaction. Finally, there was no 3-

phenylpropanol 24 observed in most cases, although some exceptions yielded less than 1 

% of this side product (not shown in conversions as it is present at low levels). This side 

product was only observed at the higher concentrations suc as 1 mg mL-1 and 0.5 mg mL-1, 

but was absent at 0.25 and 0.1 mg mL-1. It is apparent that the cell load is responsible for 

this side reaction due to endogenous enzymes such as ene-reductases from E. coli cells, as 

discussed previously (Chapter 5, Section 2.1.2 and 2.1.3).  

The optimal ADH was selected according to reaction rate and final product profile. The 

enzyme had ought to be fast enough after 30 min and keep the preferred equilibrium 

after 22 h. Knowing that ADH 144, ADH 229 and ADH 291 are not as efficient as other 

ADH enzymes after 30 min, and show the presence of 21, they were not considered for 

further studies even though at 22 h ADH 291 and ADH 144 showed the best conversions. 

Presumably, this was due to low catalytic yield and enzyme inactivation over time 

resulting in low reversible reaction rates. Of the remaining enzymes, ADH 121 showed the 

most suitable characteristics according to conversion rates at different temperatures and 

concentrations. ADH 121 was therefore selected as a candidate ADH for further 

experiments involving combination with the CAR enzymes. 

 

5.2.2.2 Optimization of the CAR / ADH reaction 

The same type of screening was performed for lyophilized CAR enzymes as for ADH, using 

four concentrations of cells (1, 0.5, 0.25 and 0.1 mg mL-1), three temperatures (20, 25, 

and 30 °C) and two time durations (30 min and 22 h) (Table S1). In addition, the reactions 

were supplemented with 0.25 mg mL-1 ADH 121 containing lyophilised cells to test 

suitability of ADH 121 with various CAR enzymes. The substrate used for this screen was 
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trans-cinnamic acid 20. In most of the conditions after 30 min, there were low levels of 

cinnamaldehyde 21 detected, indicating that the selected ADH 121 was efficient in 

combination with CAR and could remove the intermediate at fast rates. This was also 

confirmed by the lack of 3-phenylpropanol 24 formed as the side product, which can only 

be formed from 21 via ene moiety reduction before aldehyde functional group reduction. 

No 21 was detected at 0.25 and 0.1 mg mL-1 concentrations of catalyst and less than 1 % 

was detected at 0.5 and 1 mg mL-1, except with CAR 9 at 1 mg mL-1 at 30 °C. Furthermore, 

there was a correlation between the temperature of reaction and conversions of initial 

substrate 20 to final product 22, resulting in increased conversion at higher temperature, 

except in the case of CAR 4 at 0.5 mg mL-1. This could have been due to experimental 

error, as all the other reaction profiles showed the same trend. After 30 min, the least 

efficient catalyst was NCAR with ~17 % conversion of the substrate 20 in the most 

efficient conditions (30 °C and 1 mg mL-1), while the best enzymes were able to perform 

up to ~70 % conversion under the same conditions. There was an obvious correlation 

between the lyophilized cell concentration and conversion observed, which is clearly due 

to the catalyst load.  

As after 30 min, NCAR performed the worst after 22 h, showing lowest conversion 

compared to other catalysts under all concentrations and temperatures tested (Table S2). 

There was a relationship between extent of conversions and the amount of catalyst used, 

as expected, due to the higher concentration of the enzymes within cells, as noticed also 

after 30 min. The presence of 24 was also dependent on the concentration of catalyst and 

was observed at less than 1 % at lower catalyst load (0.25 and 0.1 mg mL-1). This was 

probably due to a lower concentration of side products created by ene-reductases. Only 

at 0.1 mg mL-1 catalyst, in all but one case, no 21 was observed. However, at higher 

concentrations more of this intermediate was detected suggesting that probably those 

CAR catalysts were relatively slow and this product accumulated when the ADH stopped 

working efficiently or that ADH started acting in the reverse direction. Especially high 

levels of 21 were detected using MCAR and CAR 3 enzymes at all temperatures and higher 

concentrations including 1, 0.5 and 0.25 mg mL-1. CAR 4, CAR 9 and CAR 11 showed the 

highest conversions at all temperatures and concentrations after 22 h with lowest 

amounts of 21 and 24. However, out of these, the best seemed to be CAR 11 with as high 
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as 100 % conversion at 1 and 0.5 mg mL-1 at 30 °C after 22 h. It showed slightly higher 

conversions than the other two, by around 2 ς 5 % in some conditions. CAR 11 was 

therefore selected for further experiments, not only because of the high reaction rates 

supported, but also because it had recently been subject to extensive structural and 

mechanistic analyses63. In summary, it was found that all of the CAR enzymes were 

capable of converting trans-cinnamic acid into the corresponding aldehyde following the 

reduction to the alcohol by lyophlilised E. coli cells containing ADH 121 at different rates, 

with the best combination of catalysts containing CAR 11. 

 

5.2.2.3 Comparison of PAL enzyme activity 

After extensive studies of CAR and ADH expressing E. coli cells under varying conditions, 

the best enzymes were identified as CAR 11 and ADH 121 (Chapter 5, Section 2.2.1 and 

2.2.3) and selected for full cascade involving PAL enzyme. The next step was to determine 

which of the PALs is the most efficient. PAL encoding genes were supplied by members of 

the Prof. Turner group. Lyophilized cells with different over-expressed PAL enzymes were 

used at 1 mg mL-1 with 5 mM concentration of L-phenylalanine 19. Only the reaction at 30 

°C was tested as PALs are known to tolerate various temperatures and retain activity. The 

conversion was tested after 30 min and 22 h (Figure 83).  

There was no activity observed by DdPAL and MxPAL surprisingly, indicating that either 

these enzymes were not expressed very well or were unstable in lyophilized cell form. 

Minimal activity was observed by EncP and PbPAL containing lyophilised cells. EncP is 

ƪƴƻǿƴ ǘƻ ǇŜǊŦƻǊƳ ʰ- ǘƻ ʲ- isomerization and PbPAL is good for amination rather than 

deamination reaction139. Even though RgPAL showed the highest activity after 30 min and 

22 h but due to its additional activity involving deamination of tyrosine it may interfere 

with cell growth and would not be suitable for fermentation experiments140. Deamination 

of tyrosine 25 would yield in formation of coumaric acid, which could be potentially 

further reduced to the coumaryl alcohol 26 by a combination of CAR and ADH enzymes 

(Figure 84). Due to its structural similarity separation of coumaryl alcohol and cinnamyl 

alcohol 26 would complicate the system even more. Finally, AvPAL and SrPAL showed 

relatively similar activities with AvPAL outperforming SrPAL after 22 h by ~10 % but SrPAL 
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showing initial faster conversion after 30 min. As such, SrPAL was selected as a target 

enzyme for the cascade.  

 

 

Figure 83. Conversion of L-phenylalanine 19 to trans-cinnamic acid 20 using lyophilised E. coli 

BL21 (DE3) with overexpressed PAL enzymes after 30 min and 22 h. Reaction conditions: 100 mM 

potassium phosphate buffer pH 7.5, 1 mg mL-1 of dried cells and 5 mM L-phenylalanine at 30 °C, 

250 rpm 1 mL final volume.  

 

 

Figure 84. Predicted formation of coumaryl alcohol 26 side product from tyrosine 25 during in 

vivo fermentation experiments with SrPAL, CAR 11 and ADH 121. 

 

5.2.2.4 Biotransformation reactions using SrPAL, CAR 11 and ADH 121 cascade 

The best-selected enzymes were cloned into an expression plasmid containing rhamnose 

and arabinose inducible promoters (Figure 85). Even though the screening tests showed 

that the ratio of cells expressing ADH 121 compared to CAR 11 ideally should be <1:1, for 

simplicity all 3 enzymes (SrPAL, CAR 11 and ADH 121) were cloned under the same 

arabinose promoter whereas Sfp expressing gene was selected to be controlled tighter by 
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the rhamnose promoter. Several different expression conditions were tested varying the 

arabinose and rhamnose concentrations for the most optimal expression of the 

arabinose-controlled genes and rhamnose-controlled Sfp for phosphopantetheine 

modification of CAR enzyme (Table 37). The enzymes were expressed according to the 

standard protocol with induction at OD600~0.8 using specific concentration of inducers. 

The cells were left at 28 °C for 20 h to mimic the fermentation process as close as 

possible. Subsequently, cells were harvested and treated accordingly either by lyophilizing 

or freezing in liquid nitrogen and storing at -80 °C. 

 

 

Figure 85. Plasmid construct containing SrPAL, CAR 11 and ADH 121 under arabinose promoter 

with Sfp gene under rhamnose promoter used for L-phenylalanine 19 transformation to cinnamyl 

alcohol 22. The construct was designed in pBbE8k vector and cloned by Dr. Ziga Zebec. KRED 121 

is the same gene as ADH 121. 
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Biotransformation reactions were performed using 5 mM L-phenylalanine 19 substrate 

and standard conditions involving all cofactors with prepared whole cell catalysts 

containing all 3 enzymes with additional Sfp for CAR modification. The expected pathways 

and enzymes with their origins are described in Figure 86. The bottom product 3-

phenylpropanol 24 represents side reaction and top product cinnamyl alcohol 22 the 

desired pathway. 

 

Expression Condition # 1 2 3 4 5 6 7 8 

Concentration (mg mL-1) 1 1 1 1 5 5 5 5 

Cell  Dry Dry Dry Dry Frozen Frozen Frozen Frozen 

Arabinose (mM) 50 10 50 10 50 10 50 10 

Rhamnose (%) 0.01 0.01 0.05 0.05 0.01 0.01 0.05 0.05 

Table 37. Conditions used for expression of PAL, CAR and ADH with Sfp from a single plasmid 

construct pBbE8k_Eva2_x1_zz (Figure 87, Figure 88). Dry indicates the lyophilised cells and frozen 

are cells that were harvested by centrifugation and frozen in liquid nitrogen prior to use. The 

concentration differences arise from water within frozen cells and the final concentration of the 

catalysts should be similar after adjustment. 

 

After 30 min samples were extracted and measured using GC with internal standards. 

There was no presence of trans-cinnamic acid 20, cinnamaldehyde 21 or 3-

phenylpropanol 24 detected (Figure 87). The only product observed was cinnamyl alcohol 

22. All of the reactions showed similar amounts of this product formed with the 

approximate concentration of 0.3 ς 0.4 mM according to the internal standard used. The 

residual L-phenylalanine concentration was supposed to remain at ~4.6 mM. The 

experiment was continued for up to 22 h and samples extracted again and measured 

using GC. Different product profiles emerged according to different treatment of cells 

(Figure 88). In the case where cells were not lyophilized, much greater activity of enzymes 

and the highest concentration of cinnamyl alcohol 22 was detected, yielding slightly more 

than 4 mM according to internal standards. 
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Figure 86. An engineered pathway for synthesis of cinnamyl alcohol 22 from L-phenylalanine 19 

using a combination of Streptomyces rimosus phenylalanine ammonia lyase (SrPAL), Segniliparus 

rugosus carboxylic acid reductase (CAR 11) and alcohol dehydrogenase (ADH 121) from unknown 

organism. E. coli ene-reductases (ERED) and alcohol dehydrogenases (ADH) are responsible for 

side reactions producing 3-phenylpropanol 24.  

 

 

Figure 87. Composition profile for the conversion of L-phenylalanine 19 to cinnamyl alcohol 22 via 

addition combination of co-expressed SrPAL, CAR 11 and ADH 121 with Sfp gene after 30 min. The 

remaining concentration of L-phenylalanine 19 was calculated according to the cinnamyl alcohol 

22 concentration determined using internal standards. Reaction conditions: 100 mM potassium 

phosphate buffer pH 7.5, 10 mM MgCl2, 1 mg mL-1 dried cells or 5 mg mL-1 frozen cells, 30 mM D-

glucose, 10 mM ATP, 10 U GDH, 500 µM NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 

rpm. 
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This was produced using cells induced with 10 mM arabinose and 0.05 % rhamnose. 

Surprisingly, conditions used to produce these cells required lowest concentration of 

inducing agents. Also, using the frozen cells in all of the cases low levels of trans-cinnamic 

acid 20 detected suggesting that CAR enzymes were working efficiently. Also, there was a 

greater concentration of 24, which is probably due to either inactivity of ADH 121 or its 

reversibility resulting in accumulation of cinnamaldehyde 21 following ene-moiety 

reduction and aldehyde group reduction. 

 

Figure 88. Composition profile for the conversion of L-phenylalanine 19 to cinnamyl alcohol 22 via 

addition combination of co-expressed SrPAL, CAR 11 and ADH 121 with Sfp gene after 22 h. The 

concentration of L-phenylalanine 19 was calculated according to the cinnamyl alcohol 22, 

cinnamaldehyde 21, trans-cinnamic acid 20 and 3-phenylpropanol 24 concentrations determined 

using internal standards. Reaction conditions: 100 mM potassium phosphate buffer pH 7.5, 10 

mM MgCl2, 1 mg mL-1 dried cells or 5 mg mL-1 frozen cells, 30 mM D-glucose, 10 mM ATP, 10 U 

GDH, 500 µM NADP+, 500 µM NAD+ final volume 1 mL at 30 °C, 250 rpm. 

 

5.3 Conclusion 
Suitability of the triple enzyme cascade to produce cinnamyl alcohol from a natural 

substrate L-phenylalanine was investigated in this chapter. Screening for the most 

suitable ADH demonstrated the high activity of most of the studied enzymes towards 
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cinnamaldehyde and ADH from Saccharomyces cerevisiae (ScADH) was selected as it is 

well characterized and displayed sufficient catalytic activities. Initial studies using 

phenylalanine ammonia lyase from cyanobacterium Anabaena variabilis (AvPAL), CAR 

from Mycobacterium marinum (MCAR) modified with Bacillus subtilis 

phosphopantetheinyl transferase (Sfp) and mentioned ScADH separately and combined 

together confirmed our hypothesis that a triple enzyme cascade is possible to perform. 

We hypothesized that starting material L-phenylalanine would be converted to trans-

cinnamic acid using AvPAL, further reduced to cinnamaldehyde using MCAR catalyst and 

the final reduction to cinnamyl alcohol would be performed by ScADH. However, to 

optimize the cascade it was essential to investigate the product profiles and reaction 

rates. This demonstrated that there is some incompatibility between the enzymes 

resulting in the formation of the side product 3-phenylpropanol due to potential ene-

reductase activity. Additionally, there were problems due to unmatched initial activity 

rates between PAL and CAR /  ADH part, which was resolved by performing sequential 

reactions instead of the single pot cascade. Finally, it was proven that this process could 

be used to perform and scale up reaction and generate suitable amounts of product 

required for flash chromatography and NMR characterization. 

Knowledge obtained from proof of principle studies was transferred to the fermentation 

ǇǊƻŎŜǎǎΦ ¢ƘŜ ōŜǎǘ !5Iǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŦǊƻƳ ŀ оуп ǿŜƭƭ ǇŜƭƭŜǘ ǳǎƛƴƎ άƪw95ȅ-to-Ǝƻέ ƪƛǘ from 

Prozomix Ltd and further expressed in E. coli. In addition, a panel of 8 CAR encoding 

enzymes was co-expressed with Sfp as well as 8 PAL enzymes. The potential candidate 

screen demonstrated that most of CAR, ADH and PAL enzymes could be suitable for this 

cascade, but the most efficient were chosen including SrPAL, CAR 11 with Sfp and ADH 

121. The genes for these were cloned in the same plasmid controlled by arabinose and 

rhamnose promoters and expressed using specific concentrations of the inducers. The 

conversion of L-phenylalanine to cinnamyl alcohol was instigated from a culture 

expressing all enzymes and showed that lyophilized cells are not optimal for the 

fermentation process. Much higher yields were achieved using just pellets of frozen cells.
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6 Engineering CAR Enzymes to Perform 
Double Reduction 
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6.1 Background 

6.1.1 Instability of aldehydes 

Rationale for designing chimeric enzymes to perform a double reduction from initial acid 

substrates to alcohol arised from problems that were faced during the synthesis of 

ethambutol (Chapter 4) and cinnamyl alcohol (Chapter 5). In the synthesis of ethambutol 

ƛǘ ǿŀǎ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ ŦƻǊƳŜŘ ʰ-aminbutanal is not stable enough and the whole process 

had to be redesigned. Therefore, avoiding accumulation of this aldehyde and directly 

reducing it to the corresponding alcohol would simplify the synthesis. In case of cinnamyl 

alcohol production the formed cinnamaldehyde could undergo ene functional group 

reduction and thus direct formation of alcohol would overcome this problem. Other 

problems include racemizatioƴ ƻŦ ŦƻǊƳŜŘ ʰ-amino aldehydes and it can greatly affect 

yield and purity of the target molecules. In order to prevent this process protection by 

BOC, Cbz groups or any other side chains can be implemented141ς143. Various methods 

have been investigated to avoid using these protective groups as they depend strongly on 

additional catalytic steps that complicate the production of the desired compounds. 

However this approach appears to limit the number of reactions that can be performed 

efficiently without cascade modification144,145. Therefore it was decided to examine if CAR 

enzyme based systems can be used to overcome these complications. 

 

6.1.2 Double reduction domains 

The notion of double reduction domains was derived originally from systemic comparison 

between CAR and nonribosomal peptide synthetases (NRPS). Both enzyme classes share 

certain structural and mechanistic similarities as discussed in the introduction (Chapter 1, 

Section 5.2). They require activation of initial substrate usually by formation of AMP 

intermediate followed by thiolation. The substrate is then delivered to the thioesterase or 

reduction domain by a phosphopantetheine group for the following reaction146. A recent 

publication has proven that some thioesterase domains are capable of performing double 

reduction of activated substrates (usually acids) in the nonprocessive manner147. It also 

suggests that this reaction is driven primarily by conformational changes in sequential 

order meaning that the enzyme accommodates predetermined conformations in order 
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rather than randomly. It results in the release of NADP+ as well as formed aldehyde, 

which is then reuptaken again by the enzyme together with an additional NADPH 

molecule for further reduction to the corresponding alcohol. The sequence of the 

reactions could be described in Figure 89. 

 

 

Figure 89. Reaction scheme for double reduction of acid substrate forming aldehyde intermediate 

followed by further reduction to the corresponding alcohol. Brackets indicate the formed 

aldehyde intermediate in a double reduction process. 

 

6.1.3 Engineering multidomain enzymes 

NRPS are known to produce various unique biologically active molecules that are usually 

complicated to make using organic chemistry. Recent progress in structural annotation of 

NRPS enzymes, has allowed scientists to engineer and produce compounds with relatively 

high industrial values. For example, directed evolution can be used to manipulate these 

enzymes to produce a variety of antibiotic compounds148. However, this method is not 

practical as it is unpredictable and may lead to ineffective enzyme outputs. To resolve this 

problem, a more rational method such as domain swapping or addition of a new 

thioeterase domain is required149. In addition to targeting changes in the final product, 

substrate recognition can be altered to include new substrates to produce an entirely 

different class of products74. Computational modelling has recently become a popular 

method that complements a number of modern research areas that involve studying the 

structure of complex proteins such as NRPS40,150. This allowed faster progress in domain 

swapping field of NRPS. In the previous chapter, domain swapping was shown to retain 

catalytic efficiency or significantly reduce chemical activity in MCAR and NCAR (Chapter 3, 

Section 2.2.4). Therefore it was logical to swap reduction domains of CAR enzymes with 

double reduction domains (also known as R domains) from GPL from glycopeptidolipid 

cluster (GPL) of Mycobacterium smegmatis and non-ribosomal peptide synthase (NRP) of 

Mycobacterium tuberculosis147. The process of making chemeric CAR enzymes encoding 
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genes with double reduction domains is shown in Figure 90. The naming and design is 

demonstrated using colored domain representations. 

  

Figure 90. The principle for swapping MCAR and NCAR reduction domains for R domains from 

glycopeptidolipid cluster (GPL) of Mycobacterium smegmatis and non-ribosomal peptide synthase 

(NRP) of Mycobacterium tuberculosis. The genes containing only adenylating domain and 

phosphopantetheine attachement site of MCAR and NCAR were used for In-Fusion reaction with 

GPL and NRPS R domains. The colors are used to represent each of the domains and the 

formation of various chimeric constructs. 
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6.2 Results and Discussion 

6.2.1 Engineering the enzymes 

2.2.1.1 Theoretical background supporting the rationale of chimeric enzyme design 

Dr. Mark Dunstan compared the amino acid and structural similarities of MCAR and NCAR 

reduction domains with previously studied RGPL and RNRP double reduction domains147. 

They showed high homology and was suggested by Dr. Mark Dunstan to be cloned to 

replace reduction domains expecting efficient crosstalk for reactions to occur. The mcar 

and ncar genes lacking reduction domain were kindly provided by Dr. Mark Dunstan.  

 

6.2.1.2 Cloning chimeric enzymes 

Prior to In-Fusion cloning (the principle demonstrated in Figure 11), stop codons were 

excluded from mcar and ncar lacking reduction domains. This was performed using site 

directed mutagenesis with primers that contain mismatching nucleotides (Chapter 2, 

Section 2.1.4). It was essential to remove stop codons as they are located upstream of the 

XhoI cut site required for plasmid linearisation during cloning. After mutagenesis, the 

constructs were transformed into Escherichia coli strain JM109. Four colonies were 

selected from each plate and mutations were confirmed by Sanger sequencing. 

Next, the insert genes encoding double reduction domains (GPL and NRP were codon 

optimized and ordered from Gen9) were amplified using PCR with overhangs designed 

specifically for cloning and purified with get extraction kit. Plasmids containing mcar and 

ncar genes lacking reduction domain encoding part were linearized using XhoI at the 

insertion site, followed by isolation using purification kit. The fragments were then mixed 

together with In-Fusion cloning reactants and directly transformed into Escherichia coli 

ǎǘǊŀƛƴ I{¢лу {ǘŜƭƭŀǊϰ ǇǊƻǾƛŘŜŘ ǿƛǘƘ ǘƘŜ ƪƛǘΦ hƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŘŀȅΣ ŜƛƎƘǘ ŎƻƭƻƴƛŜǎ ŦǊƻƳ 

each plate were screened using colony PCR for the inserts (i.e. genes encoding for the 

chimeric proteins MCAR GPL, NCAR GPL, MCAR NRP and NCAR NRP). It showed that the 

size of PCR products of most of the colonies matched with the positive control showing 

the band at around 1.3 kb size (Figure 91). This indicated that the double reduction 

domains were successfully fused with mcar and ncar constructs lacking reduction 
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domains. Two colonies from each construct with positive colony PCR results were grown 

in LB media overnight to purify plasmids for sequencing on the Eurofins MWG platform. 

 

 

Figure 91. Colony PCR with eight randomly picked colonies after In-Fusion cloning. Insert 

specific primers were used to determine which colonies contain the double reduction 

domain. Plus sign indicates positive control. 1 ς 8 colonies picked from In-Fusion cloning 

with the corresponding expected product labeled on top. L ς 1 kb DNA ladder (NEB) and 

plus sign indicates positive control.   

 

It showed that there was a mutation at the In-Fusion cloning site which was later 

recognized as the fault in the cloning design causing the unwanted frameshift occurrence. 

The new sets of primers were designed to introduce missing nucleotide and the site 

directed mutagenesis was performed. Mutated plasmids were then used to transform 

Escherichia coli strain JM109. From the total of over 30 colonies, four transformants were 

selected and checked by sequencing for successful nucleotide introduction. Finally all 

constructs were sequenced fully to confirm that the sequence of cloned genes encoding 
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chimeric MCAR and NCAR proteins with double reduction domains was matching with 

expected design (Figure 90). 

 

6.2.2 Purification of chimeric enzymes 

6.2.2.1 Solubility testing of chimeric enzymes 

In this study, chimeric CAR enzymes containing either GPL or NRP reduction domains 

were expressed for the first time in E. coli BL21 (DE3) strain. Previously it was 

demonstrated that swapping reduction domains from MCAR to NCAR does not affect 

stability significantly and the enzymes retained some activity (Chapter 3, Section 2.2.4). 

However it was not known how introducing double reduction domains (GPL and NRP) into 

CAR system will affect produced enzymes stability. Therefore it was necessary to check 

for solubility of the newly expressed proteins. A simple commercially available 

BugBuster® solubility test was chosen and performed. All chimeric enzymes: MCAR NRP, 

NCAR NRP, MCAR GPL and NCAR GPL were expressed successfully in E. coli BL21 (DE3) 

strain under standard conditions with IPTG induction. Samples were taken before and 

after the induction at different concentrations of IPTG. Whole cells loaded on SDS-PAGE 

gel contained intensive band at ~130 kDa indicating expression chimeric proteins (Figure 

92). It showed that most of MCAR GPL enzyme became insoluble after cell lysis using 

BugBuster®. Different IPTG concentrations, however, did not significantly affect solubility 

and only weak bands were seen in lysed soluble sample on the SDS-PAGE gel. The same 

pattern was observed for other expressed chimeric proteins (Figure S10, S11 and S12).  

It has been reported that certain lysis methods are prone to false negative results. 

Therefore expression of the four chimeric enzymes was repeated with IPTG induction and 

followed by BugBuster® lysis as well as sonication for additional comparison. It was clear 

that all four chimeric proteins were expressed as they were visible on the gel in the whole 

cell fractions (Figure 93). Surprisingly, the results of different lysis methods contradicted 

each other. Those with with sonication resulted in highly soluble proteins. The 

BugBuster® containing soluble fractions showed little to none chimeric enzymes on the 

SDS-PAGE gel. Due to the false negative results BugBuster® could not be used for studying 

protein solubility. On the other hand, even using sonication the pellet of MCAR GPL 
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sample showed remarkably intense band of the protein of interest (~130 kDa) (Figure 93) 

suggesting that most likely part of the fraction of this enzyme precipitated during the 

expression /  lysis. It was concluded that all chimeric enzymes MCAR NRP, NCAR NRP, 

MCAR GPL and NCAR GPL can be expressed in a soluble form in E. coli BL21 (DE3) strain. 

 

 

Figure 92. Comaprison of MCAR GPL solubility induced with different IPTG concentrations using 

Bug Buster® on 10 % MiniProtean TGX stain free gel. 1 ς cell sample before induction, 2 ς 0.4 mM 

IPTG induced whole cells, 3 ς 0.4 mM IPTG soluble fraction, 4 ς 0.05 mM IPTG induced whole 

cells, 5 ς 0.05 mM IPTG soluble fraction, 6 ς 0.4 mM IPTG induced whole cells, 7 ς 0.4 mM IPTG 

soluble fraction, 8 ς 0.05 mM IPTG induced whole cells, 9 ς 0.05 mM IPTG soluble fraction. Lysis 

was performed using Bug Buster. M ς Precision Plus Standards Bio-rad. 2 ς 5 and 6 ς 9 used 20 °C 

and 24 °C overnight expression temperatures respectively. Expected bands for enzyme are 

highlighted in red. 

 

6.2.2.2 Preparation of chimeric enzymes as catalysts 

The chimeric proteins MCAR NRP, NCAR NRP, MCAR GPL and NCAR GPL were then 

expressed at higher scale in E. coli BL21 (DE3) strain. Part of the culture was lyophilised in 

the whole cells form and the rest was purified using Ni affinity chromatography. Purity 

was then determined by SDS-PAGE (Figure 94). The readings showed that these enzymes 
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were pure enough to be used for biocatalytic purposes. However samples still contained 

some impurities that would need to be removed especially for crystallography studies. 

And lastly, the samples were stored frozen in liquid nitrogen and stored at ς 80 ° for 

further use. 

 

 

Figure 93. Comparison of chimeric enzyme solubility using sonication and Bug buster lysis 

methods on 10 % MiniProtean TGX stain free gel. Pre ς cell sample before induction, 1 ς whole 

cell fraction, 2 ς Bug Buster lysis, 3 ς sonication and Pel ς pellet of the cells expressing MCAR GPL 

after. Arrow indicates approximate molecular weight for chimeric proteins. M ς Precision Plus 

Standards Bio-rad. Expected bands for enzyme are highlighted in red. 

 

6.2.3 Activity of chimeric CAR enzymes with double reduction domain 

6.2.3.1 Activity of chimeric enzymes within lyophilised cell form 

Initial experiments were performed using whole cells with enzymes in the lyophilised 

form in order to observe changes in concentrations of the initial substrate and the 

corresponding alcohol. Few different acid substrates were tested at 5 mM concentration 

with 40 mg mL-1 concentration of lyophilised cells. The results showed that lyophilised 
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MCAR cells led to nearly 100 % conversion of all tested acid to the corresponding alcohols 

(Table 39). 

 

Figure 94. Purified chimeric enzymes using Ni affinity chromatography on 10 % MiniProtean TGX 

stain free gel. 1 ς MCAR GPL, 2 ς MCAR NRP, 3 ς NCAR GPL, 4 ς NCAR NRP. Enzymes were loaded 

at 5 and 10 µg quantities to compared the purity. M ς Precision Plus Standards Bio-rad. Expected 

bands for enzyme are highlighted in red. 

 

This was used as a positive control given that MCAR is able to accept a wide range of 

substrates and also endogenous E. coli enzymes perform the further reduction of the 

aldehyde to alcohol as shown before (Chapter 4, Section 2.2.2. and Chapter 5, Section 

2.1.2). However, reactions containing lyophilised cells with chimeric enzymes were not as 

efficient as the positive control.  NRP double reduction domain containing enzymes MCAR 

NRP and NCAR NRP showed activity only towards octanoic acid with percentage of 

alcohol formed 8.1 and 1.7, respectively. It seems that GPL domain containing enzymes 

accept wider range of substrates with NCAR GPL being able to catalyse the conversions of 

all the tested acids (Table 38). The formed alcohol products were confirmed with 

commercially acquired reference molecules and also with GC-MS experiment. This 

demonstrates that lyophilised cells with chimeric enzymes are indeed capable of reducing 

carboxylic acids. Nonetheless, this does not mean that they can convert the formed 

aldehydes into alcohols as this particular reaction can be performed as well by 
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endogenous ADH enzymes from E. coli (Chapter 4, Section 2.2.2. and Chapter 5, Section 

2.1.2). This experiment was used just to test if acid substrates are accepted. Therefore, it 

was crucial to carry out the same experiments using purified enzymes.  

 

Substrate MCAR MCAR 

NRP 

NCAR 

NRP 

MCAR 

GPL 

NCAR 

GPL 

A  

100 0 0 1.2 3.2 

B

 

100 8.1 1.7 4.3 6.6 

C  

100 0 0 0 2.5 

D  

92 0 0 1 4.5 

E  

100 0 0 1.5 2.8 

Table 38. Conversion of acid substrates to the corresponding alcohols using chimeric enzymes in 

lyophilised cell form. The numbers indicate percentage of alcohol detected. Reactions were 

performed in 100 mM potassium phosphate buffer pH 7.5, 5 mM acid substrate, 10 mM MgCl2, 40 

mg mL-1 lyophilised cells with overexpressed enzymes, 15 mM D-glucose, 10 mM ATP, 10 U GDH, 

500 µM NADP+,final volume 1 mL at 30 °C, 250 rpm, 20 h. No corresponding aldehydes were 

detected at any samples. A ς benzoic acid, B ς octanoic acid, C ς 3-fluorobenzoic acid, D ς 3-

methylbenzoic acid, E ς 3-thiophenecarboxylic acid. 
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6.2.3.2 Activity of purified chimeric enzymes 

Biotransformation reactions were performed initially using all four purified chimeric 

enzymes at 2 µM concentration with 5 mM octanoic and benzoic acid substrates from, 

but there was no sign of the expected aldehyde (which might be formed due non-

processive nature of GPL and NRP double reduction domains) and alcohol according to GC 

and GC-MS spectra. In response to this finding, it was necessary to determine whether 

alcohol is produced with the increasing amount of purified NCAR GPL using either 

stoichiometric or catalytic amounts of NADPH. Even at 10 µM enzyme, there was no 

alcohol or aldehyde produced using stoichiometric amounts of the cofactors (Table 39). 

 

Reaction conditions # 1 2 3 

A  

0 8 10 

B 

0 25 46 

Table 39. Comparison of conversions of benzoic acid (A) and octanoic acid (B) to the 

corresponding alcohol using NCAR GPL chimeric enzyme. Reactions were performed in 100 mM 

potassium phosphate buffer pH 7.5, 2 mM acid substrate, 10 mM MgCl2, 10 mM ATP, final volume 

1 mL at 30 °C, 250 rpm, 24 h. 1 ς NCAR GPL was supplied was once at the beginning of reaction at 

10 µM concentration with 10 U GDH, 15 mM D-glucose, 5 mM NADPH. 2 ςNCAR GPL was supplied 

over reaction duration. The reaction was initiated with 10 µM NCAR GPL with 5 mM NADPH. After 

2 h and 30 min supplied with additional 100 µL of 200 µM stock following 70 µL addition of the 

same stock after 22 h. 3 ς  NCAR GPL was supplied as in condition 2 with NADPH recycling system 

using 10 U GDH, 15 mM D-glucose, 5 mM NADPH. No aldehyde products were detected in any 

samples.  

 

 However, it was not the case when higher concentration of the enzyme was 

supplemented in sequential steps. Compared to the original experiment, the amount of 

enzyme in this reaction was three times higher. Both acids were converted to the 

corresponding alcohol at 8 % and 25 % for benzoic acid and octanoic acid substrates, 

respectively. Higher conversion rates were observed when GDH recycling system was 
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introduced with sequential supply of the enzyme. The initial reaction did not result in any 

formation of alcohol most likely due to instability of NCAR GPL. Even after 30 min there 

were precipitants observed in the reaction mixture. It seems that the reaction was 

pushed forward when the enzyme was oversaturated (Table 39). Performing reactions 

with such high loading of NCAR GPL results in higher concentration of impurities such as 

co-purified ADH enzymes introduced into reaction mixture. Therefore the exact reaction 

that chimeric enzymes perform cannot be concluded. It is possible that they either 

perform double reduction in nonprocessive manner or simply reduce the acid to the 

corresponding aldehyde, which is then reduced by ADH enzymes. Due to low activity of 

NCAR GPL, it cannot be applied for biocatalytic reactions at this point. It was proven to 

accept some of the acids, however at very low concentrations and also resulting in low 

yields of the product formed. 

 

6.3 Conclusion 
In this chapter the possibility of using modularity of CAR enzymes to engineer proteins 

with novel enzymatic function was investigated. In the previous chapters, it was shown 

that reduction of certain carboxylic acids produces a variety of unstable compounds 

ƛƴŎƭǳŘƛƴƎ ʰ-aminobutanal (Chapter 4) or cinnamaldehyde (Chapter 5). Many of these 

compounds have been proven to undergo side reactions such as ene moiety reduction of 

the formed cinnamaldehyde or racemisation and oligomerisation in the ŎŀǎŜ ƻŦ ʰ-

aminobutanal. The final product of both cascades was supposed to be alcohol, therefore 

it was decided to investigate the possibility of engineering CARs to perform double 

reduction simultaneously, which could help to solve previously mentioned problems.  

Potential target double reduction domains were identified as GPL from Mycobacterium 

smegmatis and NRP from Mycobacterium tuberculosis showing high homology with the 

reduction domains of MCAR and NCAR enzymes. They were cloned with mcar and ncar 

constructs to replace reduction domains. Initial expression trials showed that the formed 

chimeric enzymes are not soluble, but appeared to be false negatives (most likely caused 

by the BugBuster® assay). Finally, all produced enzymes were purified using Ni affinity 

chromatography. There was no conversion of the initial acid substrates to the 
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corresponding alcohol observed using purified enzymes even though lyophilised cells 

containing chimeric enzymes showed production of alcohols. From experiment containing 

lyophilised cells NCAR GPL was selected as the best candidate. It showed that overloading 

system with purified NCAR GPL can lead to the formation of alcohol. However, the 

concentration of enzymes used was unreasonably high suggesting that this chimeric 

enzyme is not very efficient. This indicates that chimeric enzymes may not be suitable for 

biocatalytic purposes. In addition to these findings, it is not known whether the produced 

chimeric enzymes can indeed perform a double reduction on the acid substrates and the 

formed aldehydes. This is because addition of the high concentration of NCAR GPL also 

results in the high concentration of impurities as well as some ADHs within the reaction 

mixture. 
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7 Conclusions and Future Work 
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7.1 Conclusions 
This thesis provides a thorough characterisation of Carboxylic acid reductases (CAR). 

More specifically, several aspects of this enzyme were investigated including detailed 

mechanistic studies, application in synthesis of ethambutol and cinnamyl alcohol and 

finally the use of obtained knowledge into designs generating catalysts with proposed 

novel functions. 

The main investigated CARs in the thesis were from Mycobacterium marinum (MCAR) and 

from Nocardia sp. NRRL 5646 (NCAR). It was demonstrated that post-translational 

modification by phosphopantetheine transferase is essential for their biocatalytic activity. 

Lack of this enzyme in CAR expression system results in fully inactive NCAR, whereas 

MCAR retains some activity due to partial modification by E. coli enzymes. It was 

confirmed that studied CARs are sensitive to organic solvents and they should be selected 

carefully to avoid undesired loss of enzyme activity. The obtained kinetic data combined 

with structural information from a recently published paper allowed the desing of 

chimeric CAR enzymes with swapped reduction domains from MCAR to NCAR. One of the 

formed chimera contained the adenylation domain and phosphopantetheine site from 

NCAR and reduction domain from MCAR, and retained its activity suggesting that CARs 

are highly modular and can be exploited for further domain swapping. By using stopped-

flow based techniques the dynamic nature of chimeric CARs as well as wild type enzymes 

was confirmed. 

The following chapters 4 and 5 investigated application of CAR enzymes in synthesis of 

ethambutol and cinnamyl alcohol. The originally designed cascade for synthesis of 

ethambutol had to be modified due to instability issues of one of the intermediates (S)-2-

aminobutanal and therefore N-protection of (S)-2-aminobutyric acid was introduced in 

the system. The newly made substrates were accepted by different CAR enzymes 

including MCAR for BOC protected and CAR 11 for Cbz protected (S)-2-aminobutyric acid. 

The reduction of acid substrates to the corresponding alcohols was observed when 

catalysts were present in the lyophilised cell form. Most likely the formed aldehydes were 

reduced by endogenous E. coli enzymes as there were no additional ADHs present in the 

reaction mixture. However, removal of BOC group produced TFA salt with (S)-2-
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aminobutanol and Cbz deprotection did not show any signs of the alcohol present. 

Deprotection reactions will be optimized in the future. 

Another cascade was investigated using PAL, CAR and ADH based system for production 

of cinnamyl alcohol from L-phenylalanine. It showed that using lyophilised cells containing 

PAL from Anabaena variabilis (AvPAL), CAR from Mycobacterium marinum (MCAR) 

modified with Bacillus subtilis phosphopantetheinyl transferase (Sfp) and ADH from 

Saccharomyces cerevisiae (ScADH) 100 mg reaction could be performed and final product 

purified and confirmed using NMR techniques. The cascade was further optimized 

screening various PAL, CAR and ADH enzymes to determine the most active ones. All 

three most active enzymes (SrPAL from Streptomyces rimosus, CAR 11 from Segniliparus 

rugosus and KRED /  ADH 121 from unknown organism) were cloned in a single plasmid. 

The experiments showed that feeding L-phenylalanine to cells expressing those enzymes 

can produce cinnamyl alcohol. However, due to the lack of time, in vivo fermentation 

processes could not be investigated further. 

Finally, the application of chimeric CAR enzymes was investigated using CARs with double 

reduction domains. All four chimeric enzymes MCAR GPL, NCAR GPL, MCAR NRP and 

NCAR NRP were soluble however showed very limited activity. They accepted various 

acids but it was not possible to confirm that chimeric enzymes are capable to further 

reduce the formed aldehyde as their activity requires release of the formed aldehyde 

during the reduction step and further uptake. 

 

7.2 Future Work 
Having demonstrated that the bottleneck in synthesis of ethambutol from (S)-

aminobutyric acid and its N-protected derivatives is removal of protection group new 

methods will be investigated including enzymatic removal of Cbz group. It does not 

require any strong chemicals and may potentially solve the problems due to unwanted 

chemical interaction during deprotection reactions. The full cascade will then be 

performed to show applicability of CAR enzymes in synthesis of ethambutol.  
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Having demonstrated that combination of PAL, CAR and ADH enzymes can afford 

successful conversion of L-phenylalanine to cinnamyl alcohol both in vitro or in vivo 

fermentation processes this cascade will be incorporated into central metabolism of E. 

coli strain that overproduces L-phenylalanine. These strains are commercially available 

and can easily be turned into cell factories producing cinnamyl alcohol with a help of the 

tested cascade. Hopefully, in the future the developed process can be used at industrial 

scale. 
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Supplementary Materials 

 
Figure S1. SDS-PAGE gel showing purification and elution fractions of MCAR PPant on 10 % 

MiniProtean TGX stain free gel. M ς Precision Plus Standards Bio-rad. Left image: Lane 1 ς cell 

lysate, lane 2 ς cell debris pellet, lane 3 ς flow-through from Ni resin, lane 4 ς wash with 10 mM 

imidazole. Elution with variable concentrations of imidazole: lane 5 ς 20 mM imidazole, lane 6 ς 

30 mM imidazole, lane 7 ς 50 mM imidazole, lane 8 ς 100 mM imidazole. Right image:  lane 1 ς 

flow-through, lane 2 ς wash with 10 mM imidazole, lane 3 ς 50 mM imidazole, lane 4 ς 200 mM 

imidazole. Expected bands for enzyme are highlighted in red. 

 

 

Figure S2. Gel filtration chromatogram of first MCAR PPant isocratic elution. Blue line shows 

absorbance at 280 nm and the collected fractions are labelled below. Brown line represents the 

conductivity (mS cm-1). 


