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Abstract 

Biocatalysis is defined as the use of biological molecules to catalyse chemical reactions. 

Biocatalysts have been used unwittingly for thousands of years in food and drink 

manufacture and have since become an integral part of the food, agriculture, and 

pharmaceutical industry. Their integration into pharmaceutical processes is due to both 

their intrinsic chemo-, regio- and stereospecificity as well as their alignment with the 

principles of green chemistry. Chemical manufacturing has been identified as one of the 

top ten polluting industries, therefore processes that are more sustainable and 

environmentally friendly are vital going forward.  

The work presented here uses a metagenomics approach to identify novel enzymes 

for biocatalysis. A drain metagenome database was queried for a number of enzyme 

classes and their retrieval and characterisation has been detailed here. Using this 

method, 29 novel transaminases from a household drain metagenome were cloned and 

overexpressed. The most promising enzymes were fully characterised and the effects of 

pH, temperature, amine donor concentration and co-solvent determined. Several 

enzymes demonstrated good substrate tolerance as well as an unprecedented 

robustness for a wild-type transaminase. One enzyme in particular readily accepted 

isopropylamine as an amine donor, giving the same conversion with 2-50 equivalents, 

as well as being tolerant to a number of co-solvents, and operational in up to 50% DMSO.  

Two novel enzymes belonging to the limonene epoxide hydrolase family were 

also cloned and characterised, and their function compared to the previously studied Re-

LEH. The substrate scope was investigated, and the enzymes used in a preparative 

scale reaction to demonstrate their industrial application. The feasibility of using the two 

enzymes in a reaction cascade have also been described, as well as the development 

of a spectrophotometric assay for the identification of novel transaminases that accept 

bulky substrates. 
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Impact Statement 

The work described in this thesis contributes to the aim of more sustainable, green 

chemical process, both in academia and the pharmaceutical industry. The method 

described to discover novel enzymes from metagenomic sources has the potential to be 

implemented into other academic settings and industries. 

 The first two chapters in this thesis describe the discovery and characterisation 

of novel transaminases from a drain metagenome. Transaminases provide a sustainable 

route towards the synthesis of chiral amines from prochiral ketones, which has been 

identified as a key research priority by the pharmaceutical industry. Several of the novel 

transaminases displayed characteristics as yet unobserved in a wild-type enzyme. One 

in particular, pQR2189, displayed characteristics which have been described as in the 

literature highly desirable for novel transaminases. Its ability to function in up to 50% 

DMSO, as well as utilise isopropylamine as an amine donor in low equivalents, makes it 

an excellent candidate for further protein engineering. Development of this enzyme could 

lead to its implementation in a number of pharmaceutical syntheses. This work has also 

been submitted to the journal ‘Green Chemistry’ for consideration. 

 The next chapter explores the characterisation of a set limonene epoxide 

hydrolase enzymes. Thus far, their use as biocatalysts has been limited in both academia 

and the pharmaceutical industry. However, more broadly available biocatalysts capable 

of stereoselectively hydrolysing epoxides under mild conditions are hugely desirable for 

both academia and the pharmaceutical industry. This work has looked at method 

development and identified some key issues with analysis, that will be helpful to the wider 

academic community. 

 Efforts to combine these two enzymes in a cascade reaction demonstrate the first 

time this has been attempted, to the best of our knowledge. Their combined use would 

lead to a sustainable route to chiral amino-diols. This could be implemented in the 

synthesis of a number of pharmaceutical intermediates. 

 Over the course of this PhD, it became apparent that there was a need for a 

transaminase assay to identify enzymes that accept bulky substrates. To be truly useful 

in large-scale syntheses, the current restricted substrate scope of transaminases needs 

to be addressed. Therefore, the development of an assay to identify such enzymes is 

beneficial to the wider biocatalysis community. 

 Overall, this work contributed to the ever growing need for greener syntheses. 

With the chemical industry being one of the most polluting in the world, the work in this 

thesis not only benefits the concerned industries and academic groups, but more 

importantly, aims to reduce the environmental impact of chemical waste and reduce 

energy consumption. 
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1 Introduction 

1.1 Biocatalysis 

Biocatalysis is defined as the use of biological molecules to catalyse chemical reactions. 

Biocatalysts have unwittingly been used in food and drink production for thousands of 

years, with the earliest applications in beer brewing, bread, cheese and wine making 

dating back to at least 6000 BC.1,2 It was not until the nineteenth century when applied 

biocatalysis started to emerge, with the physiologist Wilhelm Kühne coining the term 

‘enzymes’ for biological catalysts.3 This followed on from the discovery and isolation of 

the first enzymatic complex in 1833 – diastase, which catalyses the breakdown of starch 

into glucose4 – and the subsequent commercialisation of enzymes in 1874 by Christian 

Hansen with the production of rennet for cheese making.5,6 Although Pasteur 

demonstrated the first enzymatic kinetic resolution as early as 1858,7 it was not until the 

1890s that Fischer began to deduce that specificity was a crucial characteristic of 

enzymes and presented the ‘lock and key’ theory – convinced that enzymes were 

proteins. At the turn of the 20th century, Eduard Buchner presented his Nobel Prize-

winning discovery proving that whole cells were not necessary in the fermentation 

process, instead proceeding via a soluble substance, undoubtedly a protein.8–10 The 

isolation and crystallisation of urease almost 30 years later provided definitive proof that 

enzymes were in fact proteins.11  

By the mid-twentieth century ground-breaking research that elucidated the 

structure of DNA, the function of genes and the recombinant nature of genetic material 

in bacteria led to the discovery of recombinant DNA technology in the 1970s.12–15 In this 

work, Cohen et al. introduced a plasmid fragment conferring kanamycin resistance into 

a second plasmid with tetracycline resistance, which was then transformed into E. coli 

cells. This breakthrough was the advent of recombinant biotechnology as we know it and 

proved to be a pivotal turning point for the biocatalysis community. From the 1960s, 

biocatalysis has been an integral part of the food and pharmaceutical industries, with 

additional applications in agriculture, medicine, personal care and many more.2,6,16–21  

 This introduction consists of five sections and aims to give a comprehensive 

insight into the research undertaken in this work. The first section (1.1) gives a general 

overview of biocatalysis, followed by an introduction to the method used to discover novel 

biocatalysts in section 1.2. Sections 1.3, 1.4, and 1.5 detail the enzymes investigated in 

this work – transaminases, epoxide hydrolases and halohydrin dehalogenases, 

respectively.  



2 
 

 

1.1.1 Biocatalysis and the pharmaceutical industry 

Currently, 56% of drugs on the market are chiral products, with 70% of new molecular 

entity drugs introduced in 2010 being single enantiomers.22,23 Most enantiomers have 

markedly different biological activities (toxicology, pharmacokinetics, metabolism, 

pharmacology, etc.) as evidenced by one of the biggest man-made medical disasters. In 

the late 1950s, the anti-emetic thalidomide was released and quickly became one of the 

world’s largest selling drugs, prescribed mainly for the treatment of morning sickness. 

The drug was eventually banned in 1961 due to an increasing body of evidence that the 

drug was linked to severe birth defects – over 10,000 children were born with severe and 

debilitating malformations. It was later discovered that although the R-enantiomer was 

an effective anti-emetic, the S-enantiomer was teratogenic and both enantiomers 

racemise rapidly at physiological conditions.24 The tragic events of the thalidomide 

disaster bought to light the vital need for selectivity in pharmaceutical manufacturing.  

Enzymes have evolved over billions of years to be intrinsically highly selective, 

often displaying chemo-, regio- and stereospecificity making them ideal for industrial 

implementation. This selectivity often leads to a reduction in the number of synthetic 

steps, can eliminate the need for expensive and time consuming protecting group 

strategies as well as lending itself to easier product separation and purification.25 These 

advantages over classical synthetic chemistry have led to an exponential increase in the 

use of biocatalysts in pharmaceutical processes since the 1990s (Figure 1). This interest 

goes hand in hand with an increased awareness of the need for greener chemical 

processes.  

 
Figure 1. Number of citations and patents using the term ‘pharmaceutical biocatalysis’ since 1971. Numbers 
retrieved from Google Scholar (accessed August 2018). 

1.1.2 Green chemistry, the pharmaceutical industry and 
biocatalysis 

Chemical manufacturing has been identified as one of the top ten polluting industries,26 

which has led to the call for greener chemical processes. In 1998, Anastas and Warner 

set out the 12 principles of green chemistry which aim to reduce waste while conserving 
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energy and implementing less hazardous substances. These principles continue to guide 

industrial and academic researchers to this day.27  

Many of the advantages of biocatalysis overlap with Anastas and Warner’s 12 

basic principles of green chemistry. As previously mentioned, the specificity of enzymes 

often obviates the need for protecting groups thus making synthetic routes more efficient 

improving both atom efficiency and reducing the need for derivatisation. Biocatalytic 

reactions are usually run under milder conditions than traditional organic reactions – 

operating at physiological pH and temperature.28 This leads to a reduction in waste as 

well as less hazardous chemical syntheses, which in turn means inherently safer 

chemistry.25 Lastly, the implementation of enzymes, that are both renewable and 

biodegradable, circumvents the use of scarce transition metal catalysts and eliminates 

the cost associated with their removal (Table 1).29 

Table 1. Alignment of the 12 principles of green chemistry with biocatalysis.27 

12 Principles of green chemistry Relation to biocatalysis 
1. Prevention of waste New sustainable routes to APIs effectively reducing 

waste levels.a 
2. Atom economy Often enables more efficient synthetic routes. 

3. Less hazardous syntheses Generally low toxicity. 

4. Designing for safer chemicals - 

5. Safer solvents and auxiliaries Often performed in water; when solvents are used, they 

are generally class I and II. 

6. Design for energy efficiency  Usually performed slightly above room temperature. 

7. Use of renewable feedstocks Biocatalysts are renewable. 
8. Reduce derivatives Chemo-, regio- and enantioselectivity of enzymes often 

obviates the need for protecting groups. 

9. Catalysis Catalytic. 

10. Design for degradation Biocatalysts are biodegradable. 

11. Real-time analysis of pollution 

prevention 

- 

12. Inherently safer chemistry for 

accident prevention 

Biocatalysts are biodegradable. 

a Active pharmaceutical ingredients. 

 Despite the promise that biocatalysis holds, a number of factors hampered 

progress in earlier years. Drawbacks of using enzymes include the lack of both 

enantiomeric forms of the enzymes in nature, a narrow operational window due to the 

need for mild reaction conditions, low organic solvent tolerance and their susceptibility 

to substrate or product inhibition.30 It has been stated that two major factors have led to 

biocatalysis becoming a feasible alternative to traditional chemical synthesis – increased 

access to biocatalysts and advances in protein engineering.31  
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The first efforts to modify protein function started in the mid-1980s with rational 

design. Novel molecular biology methods, including recombinant techniques and 

polymerase chain reaction (PCR), allowed scientists to selectively modify specific amino 

acid residues in a protein.32,33 Ground-breaking research published in 1985, used site-

directed mutagenesis to substitute the oxidatively sensitive amino acid methionine 222 

in subtilisin with all other 19 amino acids. Substitution with serine or alanine, while 

lowering activity slightly, conferred stability towards 1 M hydrogen peroxide in both 

enzymes. This seminal work demonstrated for the first time that a specific activity could 

be conferred in a protein by the rational substitution of amino acids (Figure 2a).34  

The last two decades have seen the implementation and rise of directed evolution 

which, unlike rational design, requires no prior knowledge of protein structure or function. 

Directed evolution relies on the generation of sequence diversity for an enzyme of 

interest, which gives rise to different and potentially useful characteristics. Selection for 

a particular characteristic is achieved through iterative rounds of selection and 

diversification until the desired function is achieved (Figure 2b). In 1993, Chen and 

Arnold used error prone PCR to generate a mutant of subtilisin that was 250 times more 

active than the wild-type and operational in 60% dimethyl formamide.35 In the late 1990s, 

directed evolution to increase the enantioselectivity of enzymes towards a particular 

substrate validated the power of biocatalysis for organic synthesis.36,37 

 
Figure 2. Rational design vs directed evolution protein engineering. a, Rational design by site-directed 

mutagenesis to a give modified protein. b, Directed evolution cycle. Wild-type enzyme is mutated to create 

sequence diversity (step 1), mutants are cloned and expressed in bacteria (step 2) and then screened for 
activity (step 3). Mutants displaying desired characteristics are selected for (step 4) and re-enter the cycle 

to undergo subsequent rounds of evolution.  
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 However, directed evolution methods create large libraries which rely on high-

throughput screening methods to identify active mutants. Additionally, even libraries with 

millions of members only sample a small proportion of the sequence space for most 

protein classes.38,39 Recently, in an effort to make protein engineering more efficient, 

semi-rational approaches have been gaining traction with researchers. Semi-rational 

design combines rational design and directed evolution by exploiting known information 

about protein structure and function and using predictive algorithms to identify potential 

sites for mutations. This generates small, high-quality libraries and often obviates the 

need for high-throughput screening.38 

 Sequence diversity and prior knowledge of protein structure-function 

relationships offer new insights into protein engineering. Therefore, providing a large 

toolbox of enzymes with diverse primary sequences is vital for large-scale 

implementation of biocatalysis in the pharmaceutical industry. Access to biocatalysts is 

also essential and includes both the range of biocatalytic activities available, as well as 

the ability to obtain new ones.31 

Traditionally, biocatalyst discovery was dependent on classical enrichment 

cultivation where screening of a sample using an assay method that clearly identified the 

desired activity was required. Once a potential biocatalyst has been identified, it can then 

be isolated from the microorganism and characterised. The encoding gene can be 

identified by a number of methods, including using degenerate primers or shotgun 

cloning. The development of recombinant DNA techniques meant that if desired, the 

enzymes could be cloned and recombinantly expressed in a host bacterium, allowing for 

laboratory and industrial scale expression.40  

However, up until about 20 years ago scientists only had access to culturable 

microorganisms. With the development of rRNA analysis and PCR technology, it quickly 

became apparent that the uncultured majority of microbial diversity diverged from the 

culturable minority.41 With less than 1-10% of microbial diversity accessible through 

culturable techniques, the realm of uncultured microorganisms was, until recent years, a 

hugely untapped resource.42,43 The increased demand for novel enzymes and 

biomolecules led to the need for a culture-independent approach.  

1.2 Metagenomics 

There are a number of reasons why bacteria cannot be cultured in a laboratory setting, 

including lack of knowledge about proper growth conditions, slow growth rates, and their 

reliance on the environment and microbial diversity due to their existence in biofilms.44 

To circumvent this problem, scientists developed a culture-independent approach called 

metagenomics. The term was first coined by Handelsman in 1998, and is defined as the 

study of the collective genomes in an environmental community.45,46 The term is derived 
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from the concept of meta-analysis (the process of statistically combining separate 

analyses) and genomics (the in-depth analysis of an organism’s genetic material).  

Classical metagenomic analysis involves the isolation of DNA from an 

environmental sample, cloning of the DNA into a suitable vector, transformation into a 

host bacterium and subsequent screening of the physical library by one of two typical 

analyses: functional or sequence-based (Figure 3).41,47 Isolation of DNA from an 

environmental sample, particularly extreme ones, is technically challenging for a number 

of reasons. However, recent advances have seen DNA successfully isolated from a 

number of sources, including soil, marine picoplankton, groundwater, hot springs and 

glacier ice, to name but a few.48 

 
Figure 3. Construction of a physical metagenome library, followed by either sequence- or function-based 

analysis.41,46 

1.2.1 Functional  metagenomics  

Functional metagenomics involves screening the metagenomic DNA for clones that 

express a desired trait, such as enzyme activity or enzyme production.49 This type of 

screening has identified a number of novel antibiotics,50–52 and degradative enzymes53,54 
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as well as antibiotic resistance genes.55 The nature of functional metagenomics means 

it is not dependent on previous knowledge and can yield fundamentally new 

knowledge.56  

1.2.2 Sequence-based metagenomics 

In classical sequence based metagenomics, DNA probes or primers are designed which 

are derived from conserved regions of known genes or protein families.48 The major 

drawback of classical sequence based metagenomic analysis is that only novel enzymes 

of a known functional class can be identified. However, it has been successfully used to 

identify a number of novel enzymes, including nitrite reductases,57 dioxygenases,58–60 

chitinases,61 glycerol dehydratases62 and hydrazine oxidoreductases.63  

1.2.3 Disadvantages of classical metagenomics  

While metagenomics has facilitated access to a huge number of novel enzymes, both 

methods have noteworthy disadvantages. As previous stated, sequence-based analysis 

is limited by the fact that only novel variants of known functional classes can be identified. 

A function-based approach has the notable disadvantage that it relies on translation, 

transcription and eventual secretion of the gene product and this in itself requires the 

gene to be expressed in the chosen host.41 Whilst having the advantage that any hits 

are already cloned and expressed in the desired host, it also means that there is a 

relatively low hit rate from this approach.64 Additionally, both of these methods rely on 

the construction of a physical metagenome library, which can be costly, time-consuming 

and labour-intensive. The research presented here looks at a new approach to 

metagenomics that attempts to address some of these shortcomings.  

1.2.4 UCL metagenomics approach 

Increased capacity of high-throughput screening, along with the reduction in sequencing 

costs, has made sequencing the whole metagenome a feasible option. Figure 4 shows 

the strategy developed at University College London for accessing functional enzymes 

from metagenomics libraries. In this method, the collective DNA in an environmental 

sample is extracted and sequenced using either the Roche 454 Titanium Platform or the 

Illumina MiSeq platform. Both methods produce millions of individual reads, which are 

put through a set of quality control measures before being assembled into contiguous 

reads (contigs) large enough to contain full length open reading frames (ORFs). The 

assembled library is then formatted into a database that is annotated by Pfam ID or 

queried as a BLAST searchable database. Identified genes of interest can then be 

retrieved via specifically designed primers and cloned into a desired host. The retrieved 
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enzymes are subsequently subjected to a function-based assay to test for activity (Figure 

4).  

The major difference to existing methods is that an in silico library is created as 

opposed to a physical metagenomic library, shifting from a more in vitro-heavy approach 

to a more in silico focused strategy. The database can then be continuously mined for 

various enzyme types for biocatalysis. The advantages of an in silico library are 

apparent, however it requires much larger libraries and searching for certain enzyme 

classes can prove difficult. Additionally, a large amount of computer power is required to 

assemble and build the contig library. For example, sequencing of the drain metagenome 

generated 10 million individual reads, which when assembled, produced 219,766 contigs 

– it is this assembly process that requires large amounts of computer memory. 

 
Figure 4. Comparison of traditional functional metagenomics and the in silico approach developed at UCL, 

highlighting that the method developed at UCL reverses the order by starting with sequence identification. 
a, Classical metagenomics with physical libraries. b, The in silico method involves the creation of an in silico 

library as opposed to a physical metagenome library which can then be mined for vast numbers of enzymes 

for biocatalysis. 

 Until fairly recently, enzyme constraints have been the limiting factor in most 

enzyme experiments, and existing enzymes were often optimised to suit the process 

requirements.65 The combination of recent advances in protein engineering66 and 

metagenomics brings us ever closer to the concept of the ‘ideal biocatalyst’. Microbial 

life forms are found in virtually every ecological niche,45 and have evolved over billions 

of years to adapts to challenging environments with respect to temperature, pH, salinity, 

pressure and environmental chemical concentrations.67 Analysis of their microbiomes 

could lead to the discovery of a large number of enzymes that have wider operating 

parameters, with respect to the aforementioned conditions. Metagenomics gives us 

access to a whole host of previously inaccessible enzymes, and with it, the possibility of 

building large toolboxes for biocatalysis.  

1.2.5 Database mining 

Although not covered in this research, it is worth mentioning the other most common 

method used to access novel enzymes – database mining. Protein sequences obtained 

from sequencing individual enzymes, entire genomes or metagenomes are often 

deposited into public databases. There are millions of protein sequences available in 

these databases, however only a small fraction of them have been expressed and 
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characterised as biocatalysts. Although this is an excellent tool for quick access to 

putative enzymes, the functional annotation is often inaccurate making it more useful for 

well-studied enzyme classes.44 

1.3 Transaminases 

The first class of enzymes researched in this work are transaminases (TAms), also 

described as aminotransferases. Transaminases were first described by Braustein and 

Kritzmann in 193768,69 and attracted huge interest from the 1950s onwards as a 

diagnostic tool for a number of diseases.70–72 Two of the most widely studied 

transaminases are alanine transaminase (ALT) and aspartate transaminase (AST), with 

the first being found mainly in the liver, whilst the other is also present in the heart, brain 

and skeletal muscle.73 Serum ALT levels have since become the gold standard test for 

liver injury, and the ratio of ALT/AST can also suggest certain disease patterns. 

Transaminases catalyse the reversible transfer of an amino group from an amine donor 

to an amine acceptor (1) (Scheme 1). However, in more recent years, the focus of 

transaminase research has shifted from clinical to biocatalytic with applications in 

organic synthesis.  

 
Scheme 1. Transamination catalysed by ALT, using pyridoxal-5’-phosphate (PLP) as a cofactor, transfer of 

the amine group of glutamate to pyruvate 1 to give 2-oxoglutarate and alanine. PMP – pyridamine-5’-
phosphate.74 

1.3.1 Biocatalytic vs. traditional synthetic routes to amines 

Amine-containing drugs represent an important class of therapeutics, with a recent 

analysis of the FDA database finding that 84% of approved small molecule drugs contain 

at least one nitrogen,75 and the pharmaceutical industry identifying the sustainable 

production of chiral amines as a key research priority.76 Amines can be accessed in a 

number of ways, including the reductive amination of carbonyls, reduction of a number 

of nitrogen functional groups, as well as the hydrolysis or rearrangement of amides and 

the functional group transformation of alkyl halides and alcohols (Scheme 2).77 

 Reductive amination, where an imine (formed from a carbonyl and an amine) is 

reduced to give the corresponding amine, is thought of as one of the best methods for 

amine synthesis,77 and most amines in the pharmaceutical industry are synthesised via 

this route.78 Whilst there are numerous synthetic routes for racemic reductive aminations, 

effective chiral methods remain relatively underdeveloped. Since the first reported chiral 

reductive amination reported in 199979 progress has been limited by the incompatibility 
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of the carbonyl starting material with the transition metal hydride catalysts.80 While there 

are other methods of chiral amine formation, reviewed in Nugent's book,80 these typically 

require the use of toxic transition metal catalysts, protecting groups, multi-step 

procedures and/or harsh conditions.81 

 
Scheme 2. Synthetic routes to amines. a, reductive amination of aldehydes/ketones. b, reduction of oximes, 
nitriles, azides and nitro groups. c, Hydrolysis or rearrangement of amides – Curtius or Hofmann 

rearrangement. d, Substitution of alkyl halides e.g. Gabriel Synthesis. 

It is generally accepted that the goal of chiral amine synthesis is to introduce the 

functionality into a compound via a simple procedure, preferably one-step, with complete 

chemo-, regio-, diastereo-, and enantiocontrol.80 These factors mean, that as well as 

offering the advantages attributed to biocatalysis,25 biocatalytic aminations in particular 

are significantly more sustainable than their chemical counterpart.  

Therefore, in recent years the use of biocatalysts for single isomer chiral amine 

synthesis has gained significant traction. There are numerous enzymes available that 

catalyse the formation of chiral amines (either by reaction or chiral resolution), including 

transaminases,82,83 monoamine oxidases,84 imine reductases,85,86 lipases,87 amine 

dehydrogenases,88,89 nitroreductases,90 amino lyases91 and decarboxylases (Scheme 

3).92 Over the past decade, transaminases have garnered huge interest in the field of 

biocatalysis, and remain one of the most promising enzymes for chiral amine synthesis.82  

  
Scheme 3. Biocatalytic syntheses of chiral amines using transaminases, amine dehydrogenases, imine 

reductase, decarboxylases, lipases, lyases, monoamine oxidases, and more recently, nitroreductases. 
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1.3.2 Classification of transaminases 

A broad classification was introduced in the 1980s which identified transaminases as 

belonging to one of two groups, a and w, based on the reactions that they catalyse.93 a-

Transaminases catalyse the transfer of amino groups a to a carboxylic acid (amino 

acids) whereas w-transaminases act on a distal amino group. In addition to substrates 

with an amino group g- and b- to a carboxylic acid moiety, w-transaminases have also 

long been known to catalyse the transamination of substrates lacking the carboxylate 

group,94 meaning they can also accept ‘simple’ ketones and amines.93 It is this feature 

that makes w-transaminases a key player in the field of biocatalysis, as they can transfer 

amine groups to a large number of ketones. 

However, there are many sub-groups within these two functional classifications, 

so transaminases are more commonly classified according to their structure. 

Transaminases are a part of the super-family of PLP-dependent enzymes, which are 

sub-divided into seven fold types with transaminases occurring in fold type I and IV.93,95 

In 1993, Mehta et al. first attempted to subdivide transaminases based on sequence 

alignment, hydropathy patterns and secondary structure predictions. Multiple sequence 

alignment of 14 transaminases revealed that they could be separated into four distinct 

groups - Class I, II, III and IV.96 More recent alignment of a larger selection of enzymes 

from the Pfam database led to the subdivision of Class I (into I and II) and the addition 

of Class VI – the sugar transaminases (Table 2).97 

Table 2. Comparison of transaminase classifications.96,97 

Pfam ID Mehta Class Specificity Members 
I and II I a Aspartate TAm 

a Alanine TAm 

a Tyrosine TAm 

a Phenylalanine TAm 

  a Histidinol-phosphate TAm 

III II w Acyl ornithine TAm 

w Ornithine TAm 

w w-amino acid TAm 

g g-aminobutyrate TAm 

b b-aminocarboxylic acid TAm 

IV III a D-alanine TAm 

a Branched chain TAm 

V IV a Serine TAm 

a Phosphoserine TAm 

VI - - TDP-4-amino-4,6-dideoxy-D-glucoes TAm1 

- L-glutamine:scyllo-inosose TAm 

- TDP-3-keto-6-D-hexose TAm1 

1 TDP–thymidine diphosphate 
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1.3.3 Transaminase mechanism 

Transaminases are pyridoxal-5’-phosphate (PLP) dependent enzymes that catalyse the 

reversible transfer of an amino group from an amine donor to a ketone or aldehyde. The 

PLP functions not only as an electron-sink in the ping-pong bi-bi mechanism, but also 

acts as a shuttle for an amine group as it is transferred from the donor to the acceptor 

(Scheme 4).  

 
Scheme 4. Transamination ping-pong bi-bi mechanism with PLP.  

In this mechanism, PLP is covalently bound to the ε-amine group of a conserved 

lysine residue in the active site via a Schiff’s base linkage forming an internal aldimine. 

The amine donor reacts with the internal aldimine to form an external aldimine. The 
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catalytic lysine then abstracts the a-proton from the PLP-amine donor adduct, forming a 

planar quinoid structure. This is activated for hydrolysis by abstracting a proton from the 

same conserved lysine residue leading to nucleophilic attack on the imine by water. The 

keto-product is released generating pyridamine-5’-phosphate (PMP). The PMP now 

contains the donor amine nitrogen, which is transferred to the amine acceptor through 

the reverse of the above process. Attack by the lysine residue allows simultaneous 

release of the newly formed amine as well as the recycling of PLP (Scheme 4).98,99 This 

co-factor recycling eliminates the need for expensive additional enzyme systems, which 

is often crucial for other types of biocatalysts.100 This is one of the major advantages of 

transaminases over the more recently discovered amine dehydrogenases, which require 

NAD(P)H as a hydride source.89 

1.3.3.1 Transaminase stereoselectivity 
Both (S)- and (R)-selective transaminases have been reported, and the selectivity is 

almost exclusively due to the relative binding position of the PLP and the active site. 

Most reported transaminases exist as the homodimer, with the active site found at the 

dimer interface.101 In 2002, Shin and Kim proposed that the active site of the 

transaminase from Vibrio fluvialis JS17 (Vf-TAm) consisted of two binding pockets – one 

large, and the other small.102 This has since been confirmed as a ubiquitous feature in 

transaminase enzymes (Figure 5).  

As mentioned in Section 1.3.2, transaminases belong to two PLP fold types – I 

and IV. The more common (S)-selective enzymes are all a part of fold class I, while 

(R)-selective enzymes are exclusively in class IV. These two fold types mean that there 

is an exchanged localisation of the large and small binding pockets and so the active site 

lysine residue is positioned on opposite sides of the PLP molecule resulting in the 

differing selectivity (Figure 5).101 

(S)-Selective transaminases are a well characterised group of enzymes, with 

numerous examples in the literature.103–108 One of the first enzymes to be employed in 

academia was Vf-TAm,109 which has since become one of the most widely employed 

transaminases.110–112 A BLASTP search of Vf-TAm led to the discovery of the (S)-

selective transaminase from Chromobacterium violaceum (Cv-TAm) via sequence 

homology.103 Cv-TAm has been described as the gold standard when it comes to wild-

type (S)-selective transaminase due to its relatively broad substrate scope and high 

selectivity.103 

As of 2006, there was only one (R)-selective transaminase that showed activity 

with a number of different substrates.113 In an effort to remedy this, in 2010 Höhne et al. 

used a rational design, in silico sequence-based prediction strategy to identify 17 active 

enzymes.114 A number of novel enzymes have since been identified,115–120 however more 

work is required to broaden this class of enzymes. 
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Figure 5. Comparison of PLP bound in active site of (S)- and (R)-selective transaminases. a, Position of 
lysine residue relative to PLP in five fold-type I (S)-selective TAms – the substrate, 5-aminopenanoate, for 

one of the TAms is depicted in green. b, Position of lysine residue for four different fold IV TAms, with various 

ligands. Active site models were taken from Łyskowski et al.101 c, Schematic diagram of PLP-alanine 
complex in the active site of fold type I enzyme, BM-ATA. d, External aldimine (PLP-alanine) held in the 

active site of ATA-117 (fold-type IV) by hydrogen bonds and van der Waals forces. In both the P-pocket 

outlined in grey represents the small pocket and the O-pocket is the large one. Conservation of residues in 
the active site are indicated by colour – schematics were taken from Slabu et al.83 Reprinted with permission 

from ACS Catal. 7, 12, 8263-8284. Copyright 2018 American Chemical Society. 

1.3.4 Transaminases in synthesis 

Transaminases have been used in chiral amine synthesis in academia and industry since 

the late 1990s.109,121 Two strategies have been employed for their implementation in 

biocatalytic syntheses – kinetic resolution and asymmetric synthesis (Scheme 5). 

 The kinetic resolution of racemic amines allows for the selective conversion of 

one enantiomer to the prochiral ketone, with the aim of leaving a pure sample of the 

opposite enantiomer (Scheme 5a).122 Kinetic resolutions suffer from a number of 

Figure 4. Docking of various substrate intermediates into AT-vTA. A: Pro-(R)- and (S)-acetophenone pyridoxal phosphate intermediates
docked into the active site of AT-vTA. Green: amino acids of the active site (chain A) and PLP bound to K180, blue: amino acids of the active site
(chain B), purple: pro-(R)-acetophenone pyridoxal phosphate intermediate, turquoise: pro-(S)-acetophenone pyridoxal phosphate intermediate. B:
Acetophenone pyridoxal phosphate intermediate (purple), propiophenone pyridoxal phosphate intermediate (blue), butyrophenone pyridoxal
phosphate intermediate (turquoise) docked into the active site of AT-vTA compared to PLP bound to K180 in the structure of AT-vTA (green). Green:
amino acids of the active site (chain A), blue: amino acids of the active site (chain B). The figures were prepared using the program PyMOL.
doi:10.1371/journal.pone.0087350.g004

Figure 5. Comparison of fold IV and fold I transaminases. A: Position of lysine relative to PLP in fold IV transaminases: in AT-vTA (green), BCAT
from human (1KT8, blue) or E. coli (1IYE, turquoise) and D-ATA from Bacillus sp. YM-1 (3DAA, brown). Ligands: blue: L-Ile-aldimine bound in human
BCAT, turquoise: L-Glu-aldimine bound in BCAT from E. coli, brown: D-Ala-aldimine bound in D-ATA, green: L-Glu-aldimine bound in AT-vTA, purple:
docked acetophenone-aldimine in AT-vTA. B: Position of lysine relative to PLP in fold I (S)-v-transaminases: in PD-vTA from Paracoccus denitrificans
(4GRX, light green), PA-vTA from Pseudomonas aeruginosa (4B98, turquoise) and several (S)-TAs identified from the Pdb by Steffen-Munsberg: from
Pseudomonas putida (3A8U, pink), from Mesorhizobium loti (3GJU, yellow) and from Silicobacter pomeroyi (3HMU, brownish), in PD-vTA the substrate,
5-aminopentanoate, is depicted in light green. The figures were prepared using the program PyMOL.
doi:10.1371/journal.pone.0087350.g005
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(chain B), purple: pro-(R)-acetophenone pyridoxal phosphate intermediate, turquoise: pro-(S)-acetophenone pyridoxal phosphate intermediate. B:
Acetophenone pyridoxal phosphate intermediate (purple), propiophenone pyridoxal phosphate intermediate (blue), butyrophenone pyridoxal
phosphate intermediate (turquoise) docked into the active site of AT-vTA compared to PLP bound to K180 in the structure of AT-vTA (green). Green:
amino acids of the active site (chain A), blue: amino acids of the active site (chain B). The figures were prepared using the program PyMOL.
doi:10.1371/journal.pone.0087350.g004

Figure 5. Comparison of fold IV and fold I transaminases. A: Position of lysine relative to PLP in fold IV transaminases: in AT-vTA (green), BCAT
from human (1KT8, blue) or E. coli (1IYE, turquoise) and D-ATA from Bacillus sp. YM-1 (3DAA, brown). Ligands: blue: L-Ile-aldimine bound in human
BCAT, turquoise: L-Glu-aldimine bound in BCAT from E. coli, brown: D-Ala-aldimine bound in D-ATA, green: L-Glu-aldimine bound in AT-vTA, purple:
docked acetophenone-aldimine in AT-vTA. B: Position of lysine relative to PLP in fold I (S)-v-transaminases: in PD-vTA from Paracoccus denitrificans
(4GRX, light green), PA-vTA from Pseudomonas aeruginosa (4B98, turquoise) and several (S)-TAs identified from the Pdb by Steffen-Munsberg: from
Pseudomonas putida (3A8U, pink), from Mesorhizobium loti (3GJU, yellow) and from Silicobacter pomeroyi (3HMU, brownish), in PD-vTA the substrate,
5-aminopentanoate, is depicted in light green. The figures were prepared using the program PyMOL.
doi:10.1371/journal.pone.0087350.g005

Crystal Structure of an (R)-v-Transaminase
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drawbacks, namely that there is a maximum theoretical yield of 50%. Additionally, 

reactions have a low atom efficiency, stoichiometric amounts of amine acceptor are 

required and the ketone side product can have an inhibitory effect on the enzyme.83 

 In an attempt to overcome some of these problems, kinetic resolution has been 

used in conjunction with asymmetric synthesis in deracemisation reactions. The coupling 

of two enantiocomplementary transaminases allows for the initial kinetic resolution, and 

subsequent transamination of the ketone co-product. This allows for a 100% theoretical 

yield of the desired amine, and there are a number of reported examples in the literature 

(Scheme 5c).123,124 

Arguably the most industrially relevant method is asymmetric synthesis, as it 

theoretically allows for the quantitative enantioselective conversion of a prochiral ketone 

into a chiral amine, and it has been successfully employed in a number of syntheses 

(Scheme 5b). There are a number of reviews detailing progress over the last 20 years,82–

84,97,122,125–130 however large scale industrial implementation of transaminases has been 

impeded by a number of factors.  

 
Scheme 5. Biocatalytic routes to chiral amine synthesis using transaminases. a, Kinetic resolution of 
racemic amines. b, Asymmetric synthesis from prochiral ketone. c, Deracemisation using two enzymes with 

opposite enantioselectivity.  

1.3.4.1 Shortcomings of transaminases  
As a reversible reaction, one of the major drawbacks of transaminases concerns the 

equilibrium.131 The equilibrium is often observed to lie far on the side of the substrates. 

For example, Shin and Kim calculated the equilibrium constant for the reaction between 

acetophenone and L-alanine to be 8.81´10-4.109,132 They reported that a maximum 

theoretical yield of 9% (S)-a-methylbenzylamine ((S)-MBA) 2 was possible using ten 

equivalents of amine donor. As this is one of the biggest obstacles in asymmetric 

synthesis, a number of physical and chemical strategies have been employed to shift the 

equilibrium.  
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As alanine is the natural substrate for a number of enzymes, it is one of the most 

commonly used amine donors – releasing pyruvate 1 as the ketone co-product. 

However, pyruvate 1 is much more willing to accept the amino group than alanine is to 

release it. Therefore, a number of cascade reactions have been developed to degrade 

the pyruvate 1 co-product or even recycle it back to alanine, helping to shift the 

equilibrium in favour of amine synthesis (Scheme 6).  

 
Scheme 6. Biochemical cascade reactions to shift the equilibrium by pyruvate 1 removal. a, Using an LDH 

with a co-factor recycling system to degrade pyruvate 1. b, PDC to convert pyruvate 1 into acetaldehyde 

and carbon dioxide. c, ALS converts pyruvate 1 into acetoin. d, AlaDH used in combination with a co-factor 
recycling system to regenerate alanine.  
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One of the most common enzymes used to degrade pyruvate 1 involves the use 

of a lactate dehydrogenase (LHD) to convert the pyruvate 1 into lactate.106,115,116,133,134 

The reaction requires NAD+/NADH as a co-factor and therefore the system is often run 

in combination with a glucose dehydrogenase (GDH) and glucose to recycle the cofactor 

(Scheme 6a). This method was first reported in 1999 in a whole cell transaminase 

reaction which led to an almost 40-fold increase in yield compared to without a recycling 

system.109  

Pyruvate decarboxylase (PDC) (Scheme 6b)135 and acetolactate synthases 

(Scheme 6c)136 have also been used in the degradation of pyruvate 1 in asymmetric 

transamination. Both of these systems break down pyruvate 1 to give 

acetaldehyde/carbon dioxide and acetoin respectively. One advantage of both of these 

systems is that neither enzyme requires NADH, therefore obviating the need for a co-

factor recycling system. Additionally, when using a PDC, the products of the reaction, 

acetaldehyde and carbon dioxide, are both highly volatile meaning this helps to further 

shift the equilibrium.  

  A number of enzymes have also been used to recycle the pyruvate 1 back to 

alanine. The most common of these enzymes being alanine dehydrogenases (AlaDH), 

coupled with either GDH or formate dehydrogenase (Scheme 6d).134,137,138 Similarly, an 

amino acid oxidase (AAO) has also been employed in the kinetic resolution of racemic 

amines.139 More recently, Richter et al. reported the coupling of an AlaDH with an alanine 

racemase (AlaR). This strategy allows access to the more expensive D-alanine (from the 

more readily available L-alanine) which is required for transamination by (R)-selective 

transaminases.140 

A more recent chemical strategy used to shift the unfavourable equilibrium is the 

implementation of smart amine donors/sacrificial co-substrates. These amine donors, 

upon transamination, rearrange, tautomerise or polymerise, driving the reaction forward. 

Most of these strategies involve the use of a diamine to give an aminoaldehyde, which 

then undergoes an irreversible transformation (Scheme 7).  

Slabu et al. reported that three putrescine transaminases accepted a number of 

terminal aliphatic diamines, generating cyclic imines via the aminoaldehyde (Scheme 

7a).141 Similar methods involve the use of diamines that form a pyrrole co-product which 

undergoes polymerisation to give polypyrrole, such as ortho-xylylenediamine 3, which 

forms the cyclic imine 4 that tautomerises to pyrrole derivative 5 (Scheme 7b),142 and 

1,4-but-2-ene-diamine (Scheme 7c).143 Alternatively, amine donors that give a co-

product that undergoes spontaneous aromatisation, thus shifting the unfavourable 

equilibrium, have also been reported (Scheme 7d, e).144,145 
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Scheme 7. Use of smart amine donors/sacrificial co-substrates to shift the equilibrium. a, Terminal linear 

diamines to generate cyclic imines.141 b, ortho-Xylylenediamine 3 to give imine 4 which tautomerises to a 

pyrrole derivative 5 that polymerises.142 c, Diamine 1,4-but-2-ene-diamine which, after imine formation, gives 
pyrrole and eventually polypyrrole.143 d, Vicinal diamine 1,2-diaminopropane which upon transamination 

undergoes a self-condensation reaction followed by spontaneous aromatisation.145 e, 3-Aminocyclohexan-

1,5-dienecarboxylic acid gives a ketone product that spontaneously tautomerises to the more stable 3-
hydroxybenzoic acid.144 

Researchers have also attempted to shift the equilibrium by physical separation 

of the amine product and ketone co-product. Due to their different polarities, it is possible 

to separate the two by various extraction procedures. In 2008, Yun and Kim reported the 

use of a tri-phasic system an organic phase (isooctane) solvent bridge separating an 

alkaline aqueous phase (pH 8) and an acidic aqueous phase (pH 3). This allows for 

extraction of the amine product, a-benzylamine, from the alkaline phase to the acidic 

phase, via the solvent bridge.136 Building this concept into a supported liquid membrane 

extractor avoids contact between the biocatalyst and the organic phase and was shown 

to improve the yield of a-benzylamine production from 50% to 98%.146–148  
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Removal of the ketone co-product has also been attempted and can be done in 

one of two ways. Bi-phasic extraction systems have been explored, in both liquid-liquid 

and solid-liquid form, however major drawbacks are denaturation of the enzymes when 

in contact with organic solvent as well as poor distinction between the amine and 

ketone.104,110,149,150 For these reasons, it is seen as preferable to use an amine donor that 

will give a volatile co-product that is easy to remove.151 Isopropylamine 6 (IPA) is often 

described as the ideal amine donor for industrial scale up as it is relatively cheap and 

acetone 7, the ketone by-product, is highly volatile.152–155 IPA 6 is typically used in large 

excess to drive the reaction forward – using a 50-fold excess of donor has been shown 

to give quantitative conversion of acetophenone.156 However, IPA 6 is not broadly 

accepted as an amine donor,153,157 and the high equivalents required to shift the 

equilibrium often leads to denaturation of the enzyme.158 

Enzyme stability is another factor limiting of large scale industrial implementation 

of transaminases.131 The general instability of transaminases towards high amine donor 

concentrations, temperatures and solvent content are a major hurdle for their industrial 

application and access to transaminases that are sufficiently stable at non-physiological 

conditions is key for their use in organic synthesis.82,158,159 A number of methods have 

been used to improve protein stability, including genome mining from extreme 

environments. This has led to the discovery of both thermophilic159,160 and halophilic 

transaminases.161  

Biocatalysts can be used in a number of different forms, namely as whole cells, 

cell lystate and purified enzyme. Whole-cell biocatalysts have the advantage that 

endogenous co-factors and metabolic pathways are available, however this also means 

they are more susceplible to toxic substrates, limiting substrate concentrations, and 

downstream processing is expensive.162 Whilst purified enzymes are the most specific, 

the cost and labour associated with them makes them unfeasible for large scale 

production. Cell lysate allows for higher concentrations of substrate, without the 

associated cost of purification or compromising specificty. Nevertheless, isolated 

enzymes often suffer from substrate/product inhibition, poor operational stability, 

recyclability issues and product isolation.83 While lyophilised enzymes have been 

employed in research scenarios,163–165 immobilisation is often the preferred strategy for 

industry. This offers the advantange of improved operational stability, easier isolation of 

products and shorter reaction times while mostly maintaining activity. The current status 

of transaminase immobilisation was been recently reviewed by a number of groups.82,83 

However, the most promising method to improve transaminase stability is by 

protein engineering. Martin et al. reported the engineering of a mesophilic transaminiase 

using error-prone PCR to give a mutant that was not only stable at temperatures around 

50 °C, but also displayed a significantly increased specific activity.166 A high profile 
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success story for transaminase engineering lies in the manufacture of the 

pharmaceutical drug, sitagliptin.  

1.3.4.2 Pharmaceutical applications 
Sitagliptin is an antidiabetic drug manufactured by Merck. The last step in the industrial 

process is the reductive amination of prositagliptin ketone in a chemocatalytic process. 

The process involves an asymmetric hydrogenation with a rhodium catalyst at high 

pressure. Additionally, the reaction has inadequate stereoselectivity, so additional steps 

are required to upgrade the enantiomeric excess (e.e.) and remove trace amounts of 

rhodium, both at the expense of overall yield (Scheme 8).  

 
Scheme 8. Chemocatalytic vs. biocatalytic synthesis of sitagliptin.  

Savile et al. screened prositagliptin ketone with a number of commercially 

available transaminases, however no activity was detected. A structural homolgy model 

of a commercially available (R)-selective transaminase from Arthrobacter sp. that was 

used in docking studies confirmed that the enzymes would not bind the ketone due to 

potentially unfavourable interactions in the large binding pocket and steric hindrance in 

the small one. After 11 rounds of mutations they managed to engineer a mutant, 

ArRmut11, which converted 200g/L ketone in 92% yield, with an e.e. >99.95%. When 

compared with the chemocatalytic process, there was a 13% increase in yield, a 53% 

increase in productivity and a 19% reduction in total waste, as well as elimination of the 

toxic transition metal catalyst and a reduction in manufacturing cost. The enzymes 

tolerance towards IPA 6, DMSO and temperature was improved from 0.5 to 1 M, 5 to 

50% and 22 to 45 °C respectively (Scheme 8).167 
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Mangion et al. reported a synthetic route to suvorexant, a potent dual orexin 

inhibitor, using ArRmut11. The four step synthesis includes a tandem enantioselective 

transamination/seven-membered ring annulation. The reaction proceeds in 71% yield 

with an e.e. of >99% (Scheme 9).168 

 
Scheme 9. Penultimate step in synthesis of suvorexant using ArRmut11 for transamination followed by ring 

closure to give the product in 71% yield, e.e. >99%. 

 The commercial transaminase ATA-117 has also been used in the synthesis of 

another dual orexin receptor antagonist, MK-6096, on kilogram scale. A biocatalytic step 

was used to introduce chirality on the a-methylpiperidine core. Using alanine as the 

amine donor, the ketodiester was aminated to give the aminodiester which 

spontaneously cyclised to the piperidone. Use of a LDH/GDH recycling system allowed 

for 74% conversion and >99% e.e. (Scheme 10).169 

 
Scheme 10. Biocatalytic amination in the synthesis of dual orexin receptor antagonist MK-6069 using 

alanine and an LDH/GDH system to shift the equilibrium. 

 Engineered ArRmut11 has also been used in the small-scale synthesis of (R)-

ramatroban – a thromboxane and DP2 inhibitor used to treat asthma and coronary artery 

disease. Using (R)-MBA 2 as the amine donor, the enantiopure amine was isolated in 

62% yield, without further purification.170 

 
Scheme 11. Reductive amination using (R)-selective transaminase ArRmut11 in the preparative-scale 

synthesis of a ramatroban precursor using (R)-2 as the amine donor to give the (R)-product in 62% yield 
and >99% e.e. 

 A combination of several protein engineering techniques were used to increase 

the activity and selectivity of Vf-TAm towards (R)-ethyl 5-methyl 3-oxooctanoate. The 

aminated product is a key intermediate in the synthesis of imagabalin. Over 450 variants 

O

N
N

OMs

O

O

N
Cl Cl

N NHArRmut11, IPA

DMSO/H2O, 40 °C
pH 9.5

71%
e.e. > 99%

O OMe

O

OMe

O

O OMe

O

OMe

NH2

HN

O O

OMe

COOH

NH2

COOH

O

ATA-117

LDH
COOH

OH

NAD+ NADH

GDH
D-glucoseD-gluconolactoneD-gluconic acid

74%
e.e. > 99%

N
H

O

N
H

NH2

NH2 O

ArRmut11, 45 °C, pH 7 62%
e.e. > 99%



22 
 

 

were screened, and although further work is need to improve the yield, a 60-fold increase 

in initial rate velocity was observed, and d.e. of 95%.111 

 
Scheme 12. Vf-TAm for the synthesis of a precursor to imagabalin, using (S)-MBA 2 as an amine donor, 

giving the amine in 95% d.e. 

  Transaminases have been employed in the synthesis of numerous 

pharmaceutical compounds, additional details of which can be found in the following 

reviews.21,128,171,172  

1.3.4.3 Transaminase assays 
With an ever-increasing toolbox of novel transaminases there has been a growing need 

for efficient screening methods, and recent years have seen a surge in new methods 

being developed.125 Classical analytic methods, such as HPLC, GC or MS are among 

the most common methods to quantitatively screen biocatalytic aminations. Reactions 

using two previously mentioned amine donors, IPA 6 and MBA 2 are both commonly 

screened using these methods. 

The application of IPA 6 as an amine donor has multiple advantages, as 

previously discussed, however it (and the product acetone 7) cannot easily be detected, 

so quantification methods rely on the detection of starting material depletion or product 

formation.173 A major advantage of (S)-MBA 2 is that acetophenone can be easily 

detected by HPLC.103 However, it is relatively low-throughput. The assay can be used as 

a high-throughput method by detecting absorbance at 254 nm using a 

spectrophotometer instead of HPLC. The screen was used in the characterisation of a 

novel transaminase and showed excellent correlation with standard capillary 

electrophoresis assays. While offering an excellent alternative to HPLC analysis, this 

method is limited to substrates that will not interfere with the spectroscopic read out.174 

High-throughput screening methods should be sensitive, reliable and robust, and 

to be implemented into industrial processes must show good integrated screening times 

– the time needed from the start of the screening process to identification of the first hit. 

Numerous methods which have been reported, however many of these use alanine or 

other amino acids. While not intrinsically a disadvantage, this often means that the assay 

relies on other enzymes or additional reagents, or a combination of the two.156,175–184 

Therefore, high-throughput colorimetric screens that do not require additional 

enzymes/reagents are advantageous. In 2007, Martin et al. used a set of (S)-2-
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aminotetralin derivatives to assess a mutant library. The screen used the (S)-2-

aminotetralin derivative along with pyruvate 1 as the amino acceptor, and generated 

alanine and the substituted tetralone – which gave a coloured product on exposure to air 

(Scheme 13a).  

More recently, Green et al. reported an amine donor 3 that not only helps shift 

the equilibrium, but can also be used in high-throughput screening.142 The ketone co-

product forms a cyclic imine 4 which tautomerises to give pyrrole 5 that goes on to 

polymerise to give a black precipitate (Scheme 13b). While effectively shifting the 

equilibrium, the assay is nonlinear and was reported to have a high background reaction. 

A more recent assay used 2-(4-nitrophenyl)ethan-1-amine 8 as a smart amine donor. 

The assay was reported to have high sensitivity, forming a red precipitate by reaction of 

amine 8 with the aldehyde co-product 9 which tautomerises to the more stable enamine 

10, which is coloured (Scheme 13c).185  

 
Scheme 13. Colorimetric/fluorescent assays using smart amine donors. a, Colorimetric assay using (S)-2-

aminotetralin derivatives. b, Colorimetric assay with amine donor 3. c, Using 2-(4-nitrophenyl)ethan-1-amine 

8 as amine donor in colorimetric assay. d, Fluorescence assay with amine donor 11. 

  A fluorescence-based assay has also been developed which employs 1-(6-

methoxynapth-2-yl)alkylamine 11 as an amine donor. The acetonaphthone 12 produced 

can be monitored due to the development of its bright fluorescence at 450 nm. While the 
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assay was reported to be highly sensitive and selective, it relies on the acceptance of 

the relatively bulky amine donor and the availability of relevant equipment (Scheme 

13d).186 

1.3.5 Transaminases from metagenomics 

Metagenomics is now starting to be used for transaminase enzyme discovery. Baud et 

al. used the sequence-based approach described in section 1.2.4 to identify 11 putative 

transaminases. Fifty-three ORFs were identified in an oral cavity metagenome 

(sequenced using the Roche 454 Titanium Platform) using the Pfam ID for Class III 

transaminases, of which 15 were full length and non-redundant. Eleven sequences were 

successfully retrieved from the metagenome and overexpressed in E. coli. Initial 

screening against a range of amine donors and acceptors revealed the three most 

promising candidates, which were characterised further. Reaction with (S)-MBA 2 

showed a maximum conversion of 10% for two of the enzymes using a number of 

aromatic, cyclic and linear aldehydes and ketones. However, pQR1108 showed 

unoptimised conversions of up to 60%. Quantitative conversion based on acetophenone 

formation was observed in a preparative scale reaction of 2-methoxycinnamaldehyde 

with donor (S)-MBA 2. The amine was isolated in 84% yield (Scheme 14).187  

 
Scheme 14. Preparative scale reaction using metagenomic transaminase pQR1108 to give the aminated 

cinnamaldehyde derivative in 84% isolated yield.187 

Ferrandi et al. discovered three novel thermostable Class III transaminases from 

hot spring metagenomes by similar methods. Unsurprisingly, given the source of the 

metagenome, the optimum temperature for all enzymes was relatively high, with the 

activity of one increasing steadily up until 90 °C. However, it can also be extremely 

limiting if an enzyme is most active at such high temperatures, precluding the use of IPA 

6 and other temperature sensitive substrates. All three enzymes performed best with 

short-chain a-keto acids or aldehydes. The best amine donors tested were (R,S)-1-

aminoindane, (S)-MBA 2 and (S)-a-ethylphenylamine.105 

Functional metagenomics approaches have also proven valuable in the search for 

novel transaminases. Using donor 3, a novel transaminase was discovered from an in-

house E. coli fosmid clone library. The enzyme showed activity with a number of 

monoaromatic aldehydes and ketones, with a maximum conversion of 40% observed for 

benzaldehyde.188  
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1.4 Epoxide hydrolases 

Epoxide hydrolases (EHs) are a ubiquitous, co-factor independent group of enzymes 

that catalyse the hydrolysis of epoxides to the corresponding 1,2-diols (Scheme 15).189 

They are highly enantioselective enzymes, and as such can also be used in the 

resolution of chiral epoxides, giving EHs dual functionality (Scheme 15).190 

 
Scheme 15. Resolution of a racemic epoxide by an epoxide hydrolase to give a chiral epoxide and 1,2-diol. 

 Mammalian EHs have been extensively researched since the 1970s191 due to 

their involvement in the human defence mechanism against xenobiotics, and their role 

in the metabolism of drugs and endogenous compounds.192–195 They have also been 

found to be involved in lipid metabolism in plants and animals,196,197 the metabolism of 

juvenile hormones in insects197 and more recently, the biosynthesis of antibiotics.198,199 

However their use as biocatalysts has proven to be suboptimal due to their poor 

availability, low turnover rate and sometimes poor enantioselectivity.200 For many years 

it was thought that EHs were found mainly in eukaryotes (mammals, plants and insects), 

but they have since been identified in various yeasts, filamentous fungi and bacteria. van 

Loo et al found that ~20% of all sequenced organisms contain one or more putative EH 

gene.200 The discovery of microbial EHs has significantly increased interest in their use 

as biocatalysts due to their easy manipulation.201–203  

1.4.1 α/β Hydrolase EHs 

More than 100 EH genes have been sequenced and described, with the vast majority 

belonging to the a/b hydrolase fold family.204 The a/b hydrolase fold family is a 

superfamily of enzymes that was first identified in 1992 by comparing five hydrolytic 

enzymes with different catalytic functions: dienelactone hydrolase, haloalkane 

dehalogenase, wheat serine carboxypeptidase II, acetylcholinesterase and Geotrichum 

candidum lipase.205  

They are defined by a very similar core made up of an a/b fold consisting of a β-

sheet composed of 8 strands connected by a-helices, and a cap domain of 5 a-helices, 

as well as a conserved arrangement of the catalytic residues – suggesting the evolved 

from a common ancestor. The variable cap domain is positioned on top of the substrate 

binding site and the triad consists of a catalytic nucleophile, a histidine and an acidic 

residue that make up the charge relay system, Asp/Ser/Cys-His-Asp/Glu.206 While the 

residues are structurally conserved in the order nucleophile-histidine-acid, in the primary 

amino acid sequence the order is nucleophile-acid-histidine, with the acid located before 

or after the cap domain.205 The super-family also includes esterases, peroxidases, 
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haloalkane dehalogenases and lipases to name a few.207–209 Interestingly, protein 

engineering techniques have been used to successfully interconvert the function of the 

different family members.210 

1.4.1.1 Structure and mechanism 
In epoxide hydrolases the conserved nucleophile in the nucleophile-histidine-acid 

catalytic triad is almost exclusively asparate.211 Most epoxide hydrolases also have an 

aspartate as the acidic residue, with only some mammalian and invertebrate EHs 

possessing a glutamic acid residue in this position. Arand et al. showed that replacement 

of the glutamate with an aspartate led to a significant increase in turnover rate.206 The 

hydrolysis proceeds via a two-step mechanism (Scheme 16).  

 
Scheme 16. Reaction mechanism for a/b hydrolase fold epoxide hydrolases. Residue positions shown are 

for A. radiobacter AD1 epoxide hydrolase.212  
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Once the substrate enters the active site, the epoxide oxygen is polarised by two 

tyrosine residues located in the cap domain,213–215 and an aspartate residue 

nucleophilicly attacks the epoxide carbon, covalently linking the enzyme-substrate 

complex via an ester bond.216,217 The second step of the mechanism involves hydrolysis 

of the ester bond by a water molecule, which is activated by an Asp/His pair with histidine 

acting as a proton acceptor assisted by the aspartate (Scheme 16).218,219 

Two backbone amides stabilise the developing negative charge on the oxygen of 

the nucleophilic aspartate during hydrolysis of the alkyl enzyme intermediate. The 

backbone amides belong to the residue immediately following the catalytic nucleophile 

and another residue X in a conserved motif. Residue X is usually an aromatic residue in 

epoxide hydrolases and the conserved H-G-X-P motif is located between helix a1 and 

strand β3 with the side chain usually lining the active site.220,221 Additionally, between this 

motif and the catalytic nucleophile, there is a conserved G-X-Sm-X-S/T motif of unknown 

function (Figure 6).200 

 
Figure 6. Schematic of secondary structure of a/b-fold epoxide hydrolases showing the main domain (I) and 

the cap domain (II). The catalytic nucleophile (1)-histidine (2)-acid (3a or b) triad is located in the main 

domain, along with the conserved H-G-X-P (5) and G-X-Sm-X-S/T motifs (6). The ring-opening tyrosines are 

positioned in the α-helices in the cap domain. Schematic take from van Loo et al.200 

 While there is a wealth of structural data available for EHs, how selectivity is 

controlled remains uncertain. A number of alternative models have been proposed, 

varying dependent on the enzyme and the substrate involved, and these have been 

summarised by Zaugg et al.222 Using molecular dynamics simulations and free energy 

calculations they investigated how ligand binding effects enantioselectivity in the EH from 

Aspergillus niger. By comparing the interactions of (R)- and (S)-glycidyl phenyl ether with 

that are located in the cap domain (Fig. 1C) (6, 36). The
resulting alkyl-enzyme intermediate is subsequently hydro-
lyzed by a water molecule that is activated by a histidine that
functions as a proton acceptor and, in turn, is assisted by the
acidic residue (Fig. 1B). The negative charge that develops on
the carbonyl oxygen of the nucleophilic aspartate during hy-
drolysis of the alkyl enzyme intermediate is stabilized by two
backbone amides that are contributed by the residue following
the catalytic nucleophile and residue X in a conserved H-G-
X-P motif (Fig. 1C). This motif is located between strand !3
and helix "1 (Fig. 1C, position 5) and is conserved in haloal-

kane dehalogenases and epoxide hydrolases. Residue X is usu-
ally an aromatic residue in epoxide hydrolases, whereas it is an
asparagine or a glutamate in haloalkane dehalogenases. The
side chain of the amino acid at this position lines the active site
(31, 51). Between the H-G-X-P motif and the catalytic nucleo-
phile, there is a conserved G-X-Sm-X-S/T motif of unknown
function (Fig. 1C, position 6).

This paper describes the screening of various genomic da-
tabases for epoxide hydrolases of the "/!-hydrolase fold fam-
ily. Based on phylogenetic analysis of the resulting sequences
and comparison to other "/!-hydrolase fold enzymes that have

FIG. 1. Structure and mechanism of "/!-hydrolase fold epoxide hydrolases. The active site shown in panels A and B is from the epoxide
hydrolase from A. radiobacter AD1 (EchA) (31, 35, 36). (A) Tyrosine-assisted ring opening of the epoxide by the nucleophilic aspartate.
(B) Hydrolysis of the alkyl-enzyme intermediate by an activated water molecule. (C) General topology and structure of "/!-hydrolase fold epoxide
hydrolases. I, main domain with "/!-hydrolase fold; II, cap domain; 1, catalytic nucleophile (D107 in EchA); 2, histidine base (H275); 3, charge
relay acid, which can be positioned at either 3a or 3b (D246 is at position 3b); 4, ring-opening tyrosines (Y152/Y215); 5, H-G-X-P motif (the X
is usually an aromatic residue in epoxide hydrolases [W38]); 6, G-X-Sm-X-S/T motif. The region of helix "4a can be nonhelical or missing in some
epoxide hydrolases. The length of the loop between helixes "6 and "7 can vary considerably. Extensions with additional domains of 40 to 300 amino
acids can occur at both the N and C termini.

2906 VAN LOO ET AL. APPL. ENVIRON. MICROBIOL.
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the wild-type and a mutant, they concluded that the enantioselectivity is due to kinetic 

effects rather than thermodynamic ones.222 

1.4.1.2 EHs in synthesis 
Enantiopure epoxides and diols are important intermediates and building blocks for a 

number of important pharmaceutical compounds. For beneficial implementation in 

synthesis, EHs should ideally be highly enantioselective in the kinetic resolution of a 

racemic epoxide or show low enantiopreference with high enantioconvergence to ideally 

give an enantiopure diol in 100% theoretical yield. Directed evolution and engineering 

experiments have shown promising results in improving epoxide hydrolase activity and 

specificity.223 Replacement of the acidic glutamate of the catalytic triad in a mammalian 

epoxide hydrolase with aspartate greatly improved turnover. The mutation led to a 23-

fold and 39-fold increase in Vmax with styrene oxide and 9,10-epoxystearic acid 

respectively.206 van Loo et al. investigated the effect of single amino acid mutations in 

the phenylalanine residue that flanks the nucleophilic aspartate in the epoxide hydrolase 

from Agrobacterium radiobacter AD1. Five mutants led to a three- to five-fold increase 

in enantioselectivity towards para-nitrophenyl glycidyl ether, while a number of mutants 

showed increased activity. One in particular, F108A, hydrolysed cyclohexene oxide to 

(1R,2R)-1,2-cyclohexanediol with a 150-fold increase in activity over the wild type 

enzyme in >99% e.e.224 Directed evolution via error prone PCR and DNA shuffling 

increased enantioselectivity for the para-nitrophenyl glycidyl ether by up to 13-fold.225 A 

number of papers have also detailed the increase enantioselectivity of an Aspergillus 

niger epoxide hydrolase towards aromatic epoxides.226–228 

 As previously mentioned, EHs are involved in the biosynthesis of a number of 

natural products. Two different EHs in two different Streptomyces strains, NcsF2 and 

SgcF, are thought to be involved in the biosynthesis of two antibiotics, neocarzinostatin 

and C-1027 resectively.198,199,229,230 The two enzymes have opposite enantioselectivities, 

with NcsF2 thought to catalyse the hydrolysis of the (S)-enediyne core epoxide to give 

the (S)-vicinal diol (retaining) (Scheme 17a), while SgcF is believed to be responsible for 

the (R)-selectivity (inverting) observed in C-1027 (Scheme 17b).198,199 Sequence 

alignment of the two enzymes showed that they have 62% identity and 75% similarity, 

revealing them to be highly similar enzymes, despite one being a retaining enzyme 

(NcsF2) and the other being an inverting enzyme (SgcF). Sequence analysis showed 

that one of the two catalytic tyrosine residues found in a/b EHs was replaced with a 

tryptophan in the inverting enzyme, SgcF. Mutagenesis studies confirmed that the loss 

of one of these tyrosines is in part responsible for the inverting activity observed with 

SgcF.231 The work highlights the value of studying enzymes in natural product synthesis 

pathways, as understanding their natural function can shed light on specific structure-

function relationships that can be extrapolated for biocatalysis.  
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Scheme 17. EHs in the biosynthesis of antibiotics neocarzinostatin and C-1027. a, Biosynthesis of 

neocarzinostatin with NcsF2. b, Biosynthesis of C-1027 with EH SgcF. 

Epoxide hydrolases have also been employed in chemoenzymatic syntheses of 

antibiotics. An EH from Methylobacterium sp. FCC 031 was used in the synthesis of a 

chiral side-chain of the antibacterial agent (R)-fridamycin E in a kinetic 

resolution/deracemisation sequence, giving the chiral side-chain in 82% yield and 84% 

e.e. (Scheme 18).232 

 
Scheme 18. Part of a chemoenzymatic synthesis of antibacterial compound, (R)-fridamycin E, using a 

bacterial EH in an enantioconvergent kinetic resolution/deracemisation reaction.  

The natural product (R)-(+)-marmin was accessed on a preparative scale in 95% 

e.e., in a convenient three-step chemoenzymatic synthesis, employing an epoxide 

hydrolase for the last step to yield the vicinal diol (Scheme 19). The synthesis 

demonstrates the diverse substrate scope of EHs, enabling access to terpenoid natural 

products.233 

 
Scheme 19. Synthesis of natural product (R)-(+)-marmin using an EH from Rhodococcus ruber DSM 43338 

to hydrolyse the epoxy starting material.  
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Chiral (1S,2R) indene oxide is a synthon of the HIV protease inhibitor MK 639. 

While this enantiomer can be synthesised chemically, Zhang et al. showed that the 

(1S,2R) enantiomer could be accessed on a preparative scale in 100% e.e. using and 

EH from Diplodia gossipina ATCC 16391. While product yields were relatively low at 

14% (out of a maximum of 50%), the excellent selectivity once again demonstrates the 

importance of these enzymes in synthesis.234 A second EH from Beauveria sulfurescens 

has also been used in the synthesis of the opposite enantiomer, (1R,2S) indene oxide – 

a key intermediate in the synthesis of another HIV protease inhibitor, Indinavir. This EH 

gave the enantiomer in slightly higher yield (20%), but slightly reduced e.e. (98%).235 

 
Scheme 20. Chiral resolution of indene oxide using an EH from Diplodia gossipina ATCC 16391 

Epoxide hydrolases have also been used in the synthesis of a number of other 

biologically active compounds such as antifungals,236 antiandrogens,237 receptor 

antagonists and agonists,238–240 11-heterosteroids,241 nonsteroidal anti-inflammatory 

drugs242,243 and other natural products.244,245 Archelas et al. have recently reviewed their 

general application in organic synthesis.223 

1.4.2 Limonene Epoxide Hydrolases 

It was originally thought that epoxide hydrolases belonged exclusively to the a/b 

hydrolase fold family. However, in 1998 van der Werf et al. isolated and characterised a 

novel epoxide hydrolase.246 The gram positive bacteria Rhodococcus erythropolis 

DCL14 was previously known to grow on (+)- and (-)-limonene as the sole carbon 

source.247 The bacteria was grown on a number of carbon sources, including (+)/(-)-

limonene, (+)/(-)-limonene-1,2-epoxide 13a and (+)/(-)-limonene-1,2-diol 13b, and 

limonene-1,2-epoxide hydrolase activity established. Growth on the monoterpenes 

resulted in a 10- to 100-fold increase in activity.246 They hypothesised that the limone-

1,2-epoxide hydrolase (Re-LEH) belonged to a separate class of epoxide hydrolases 

due to its low molecular weight. Resolution of the crystal structure in 2003 confirmed the 

differing structure of Re-LEH compared to a/b epoxide hydrolases, thus being the first 

member in this novel structural class.248,249 Crystallisation of an EH from Mycobacterium 

tuberculosis Rv2740 (Mt-LEH) revealed it was also a part of this family.250  

1.4.2.1 Structure and mechanism 
The main fold of Re-LEH consists of a six-stranded b-sheet, three short and three long, 

and three a-helices. A fourth helix lies alongside the long strands of the sheet and acts 
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as a structural extension of the short strands. The enzyme is a dimer, and the 

arrangement of helices on the b-sheet creates a deep pocket lined with mostly 

hydrophobic residues. However, a cluster of polar residues interact at the deepest point, 

and site-directed mutagenesis suggested this was the active site (Figure 7).248 

Crystallisation of Mt-LEH showed a very similar structure – a curved six-stranded b-sheet 

packed against three a-helices, with a fourth helix packed along the top. It does however 

have a deeper and wider pocket, as evidenced by its acceptance of bulkier substrates.250 

 
Figure 7. Crystal structures of two LEHs. a, Re-LEH, PDB 1NWW. The enzyme is a dimer, where each 

chain is made up of a six-stranded b-sheet and four a-helices.248 b, Mt-LEH, PDB: 2BNG.250 

Site-directed mutagenesis by Arand et al. confirmed that the Asp-Arg-Asp triad 

in the pocket was crucial for enzyme function, and the tyrosine and asparagine also 

made vital contributions. Early H2
18O labelling experiments confirmed incorporation of 

the nucleophile at the most substituted carbon, suggesting a general acid-/general base-

catalysed concerted reaction mechanism,251 based on the hypothesis that acidic 

conditions usually leads to attack of the most substituted carbon of the epoxide ring 

(Scheme 21).77 This hypothesis was further supported by the lack of detectable enzyme-

substrate intermediate in 14C-labelling experiments.248  

 
Scheme 21. Epoxide hydrolysis mechanism employed by LEH, and possibly other non-a/b hydrolase 

EHs.248,252 

As can be seen in Scheme 21, Arg99, Asp101 and Asp132 are actively involved 

in proton donation and abstraction and are therefore described as the catalytic triad. 

Asp101 donates a proton to the epoxide oxygen while Asp132 abstracts a proton from 

water, facilitating nucleophilic attack on the more substituted position. Arginine assists in 
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charge stabilisation as well as holding the two aspartate residues in place, while tyrosine 

and asparagine position water in the most favourable position for epoxide attack.252  

While radio-labelling experiments showed that hydrolysis of 1-

methylcyclohexene oxide proceeded via attack at the most-substituted carbon, the 

hydrolysis of limonene-1,2-epoxide is enantioconvergent.251,253 Re-LEH hydrolysed a 

mixture of cis and trans (+)-limonene-1,2-epoxide ((+)-13a) or (-)-limonene-1,2-epoxide 

((-)-13a) to give (1S,2S,4R)-limonene diol ((1S,2S,4R)-13b) and (1R,2R,4S)-limonene 

diol ((1R,2R,4S)-13b) respectively. Not only is the reaction enantioconvergent, it is also 

sequential, selectively hydrolysing the (1R,2S)-diastereomers first in both cases, 

followed by the (1S,2R)-diastereomers (Scheme 22). While this is a desired feature for 

the biocatalytic production of optically pure compounds, the enantioconvergent and/or 

sequential substrate was only observed with limonene-1,2,-epoxide (13a), the natural 

substrate.253 The enantioconvergent nature of the reaction means that the diastereomers 

are not all attacked at the most substituted carbon; (1R,2S,4S)- and (1S,2R,4R)-

limonene-1,2-epoxide are attacked at the less substituted carbon. Theoretical 

examination of the mechanism determined this was governed by conformational factors, 

as the iso-propenyl group restricts the half-chair conformation of limonene-1,2-epoxide 

and therefore attack on the carbon that leads to the chair-like transition state is 

preferred.252 

 
Scheme 22. Enantioconvergent reaction of Re-LEH with (+)- and (-)-limonene-1,2-epoxide 13a. In both 

cases the (1R,2S)-diastereomers react first, followed by the (1S,2R)-diastereomers. 

As the crystal structure of Mt-LEH revealed a very similar active site to LEH, it is 

suggested that they employ the same one-step mechanism.250 A membrane-bound 

mammalian EH (ChEH), known to hydrolyse 5,6-epoxy-cholesterol,196 does not form the 

enzyme-substrate-ester intermediate seen in a/b hydrolase fold EHs, and it has been 

postulated that epoxide hydrolysis by ChEH also follows a similar mechanism to LEH.254 

Additionally, the observation that Mt-LEH can hydrolyse cholesterol 5,6-epoxide lends 

supports to the idea that ChEH is probably a part of this family.255 
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1.4.2.2 Metagenomic LEHs 
A recent study during the course of this PhD used a metagenomics approach to identify 

two novel enzymes belonging the LEH family.256 The metagenomic samples were 

collected from hot spring samples from 13 different environments at temperatures 

ranging from 46 °C to 92 °C and pH values between 1.8 and 10.2. DNA was extracted 

from the samples and sequenced using Roche/454 Titanium FLX or Illumina HiSeq 

methods, and the contigs assembled into an in silico database. Using Re-LEH and 

Rv2740 as a template, two sequences showing good similarity were identified – one 375 

bp ORF found in the Tomsk metagenome (Tomsk-LEH) and one 387 bp ORF from the 

sample from the Yunnan region of China (CH55-LEH). Interestingly, both homologues 

originated from samples with neutral pH and moderate temperatures – this may reflect 

the instability of epoxides at pH and temperature extremes. 

Crystal structures of both metagenomic enzymes showed a very similar structure 

to those described previously – a stable dimer, with each monomeric unit being made 

up of a curved six-stranded b-sheet with three a-helices packed onto it to form the active 

site, with an additional helix that acts as an extension. Specific activities for the novel 

enzymes with (+)- and (-)-13a were several orders of magnitudes lower than with Re-

LEH, indicating 13a is not the natural substrate. However, in all cases, both isomers of 

(+)- and (-)-13a were quantitatively converted to ((1S,2S,4R)-13b) and ((1R,2R,4S)-

13b), respectively. While both enzymes showed the same enantioconvergent nature as 

Re-LEH, they displayed different selectivities. While Re-LEH showed a clear preference 

for the cis form of (+)-13a and the trans form of (-)-13a, CH55-LEH showed the opposite 

stereospecificity for (-)-13a preferring the cis isomer, while the Tomsk-LEH preferentially 

hydrolysed the trans isomer of (+)-13a.256 These characteristics were exploited in a 

kinetic resolution of (+)- and (-)-13a, to give all limonene epoxide (13a) enantiomers in 

good yield using an organic solvent-free process (Scheme 23).257  

 
Scheme 23. Epoxide hydrolase catalysed resolution of a, (+)-13a using Re-LEH and metagenomic Tomsk-

LEH. b, Resolution of (-)-13a with Re-LEH and CH55-LEH.257  

O
Re-LEH

KPi pH 8.0

Tomsk-LEH

KPi pH 8.0

O

(1R,2S,4R)-13a
(+)-cis

O

(1S,2R,4R)-13a
(+)-trans

OH
OH

(1S,2S,4R)-13b

OH
OH

(1S,2S,4R)-13b

O
Re-LEH

KPi pH 8.0

CH55-LEH

KPi pH 8.0

O

(1R,2S,4S)-13a
(-)-trans

O

(1S,2R,4S)-13a
(-)-cis

OH
OH

(1R,2R,4S)-13b

OH
OH

(1R,2R,4S)-13b (-)-13a

(+)-13a

b

a

59% 33% 44% 40%

64% 36% 34% 66%



34 
 

 

 The pH and temperature profiles for both metagenomic LEHs, as well as Re-LEH 

were also fully characterised. The optimum operating pH for Re-LEH was at pH 8.0, with 

a sharp decline in specific activity either side of that. Tomsk-LEH and CH55- performed 

optimally at pH 6.5 and 8 respectively – both showing more activity at lower pH that Re-

LEH. Unsurprisingly, the optimum temperatures for the thermophilic LEHs, Tomsk-LEH 

and CH55-LEH (40 °C and 60 °C respectively), were higher than that for Re-LEH (30 

°C).256 

1.4.2.3 Substrate scope of LEHs 
Exploration of the substrate scope of this class of epoxide hydrolases has been limited 

due to the number of known enzymes, with only four confirmed members. Additionally, 

the stereochemistry of the diol formed has been wrongly characterised using the product 

derived E-value Ep. As the epoxide is attacked at two different centres on the epoxide 

ring, this is both misleading and wrong.223 

Initial experiments to probe the substrate scope of Re-LEH showed that the 

enzyme was quite specific. Activity was only observed with 1-methylcyclohexene oxide, 

cyclohexene oxide and indene oxide. Interestingly, while 47% relative activity (to 100% 

activity with (+)-13a) was observed with 1-methylcyclohexene oxide, this dropped to only 

4% with cyclohexene oxide, highlighting the importance of the methyl group for activity. 

Less than 0.25% relative activity was observed for 5-, 8- and 12-membered ring 

equivalents, as well as cyclohexene sulphide, 3-oxo-cyclohexene oxide and 1-

oxaspiro[2.5]octane. While Re-LEH showed 57% relative activity towards indene oxide, 

less than 0.25% relative activity was seen with the aromatic compounds, styrene oxide, 

trans-b-methylstyrene and cis-stilbene oxide.246 Later studies showed that Re-LEH also 

catalyses the hydrolysis of a number of 2-methyl-1,2-epoxides with 4-10% relative 

activity.253 Simple, straight chain epoxides such as epichlorohydrin, cis-2,3-epoxybutane 

and 1,2-epoxyhexane also showed less than 0.25% relative activity.246 

Ferrandi et al. investigated the substrate scope of the metagenomic epoxide 

hydrolases, Tomsk-LEH and CH55-LEH, and compared them to Re-LEH.256 All the 

substrates accepted overlapped with those previously tested,246,253 but as specific activity 

was quoted, it is difficult to compare data with the previous results for Re-LEH. It is 

however noteworthy, that Ferrandi et al. observed activity for Re-LEH with cyclopentene 

oxide, cyclooctene oxide, styrene oxide and 1,2-epoxyhexane, even though in some 

cases it was 4 orders of magnitude smaller than that observed with (+)-13a. Tomsk-LEH 

showed activity with all of these substrates, as well as cyclohexene oxide. For most of 

these substrates CH55-LEH showed specific activities one order of magnitude higher 

than Re-LEH and Tomsk-LEH – except for cyclopentene oxide, which was not 

hydrolysed by this enzyme.256 
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Even less is known about the substrate scope of the Mt-LEH, and it differs from 

the other LEHs in that it does not hydrolyse limonene-1,2-epoxide (13a). The enzyme 

displayed a low affinity for styrene oxide, approximately two orders of magnitude less 

than Re-LEH. However, significantly better activity was observed with cholesterol-5,6-

epoxide and 9,10-epoxystearic acid. Interestingly, even with excess enzyme, reactions 

with 9,10-epoxystearic acid always stopped at a 50% turnover, indicating a strong 

preference for one enantiomer over the other one. This high enantioselectivity has only 

been observed with Re-LEH and its rigid natural substrate, limonene-1,2-epoxide (13a). 

As 9,10-epoxystearic acid is quite a large, flexible substrate, and the groups that could 

affect selectivity are distal from the catalytic centre, this was quite unexpected and 

unique.250 

1.4.2.4 LEH engineering 
Whilst the substrate scope and specificity of LEHs have limited its implementation in 

organic synthesis, protein engineering studies have shown that these drawbacks can be 

overcome. Re-LEH shows very low enantioselectivity for the meso-compound 

cyclopentene oxide (an e.e. of 14% in favour of the (R,R) enantiomer). Through iterative 

saturation mutagenesis, this was improved to 80% in mutant H173 

(L74I/I80C/M32C/M78V/V83C), and selectivity was successfully inverted in mutant H178 

(L114C/I116V/M32C/I80F) with an e.e. of 93% in favour of the opposite (S,S) 

enantiomer. Whilst cyclopentene oxide was used as a model substrate, the mutants were 

successfully used in the desymmetrisation of other meso-compounds and the kinetic 

resolution of racemic substrates.258 A number of recent studies have combined the data 

from Zheng and Reetz with computational models in an attempt to explain the 

enantioselectivity.259,260 

1.4.3 Classification of EHs 

It is clear that the LEH-like EHs are a distinct class of EHs. However, it is a lot harder to 

subdivide the a/β hydrolase fold EHs – although  have a highly conserved structure, the 

primary sequences are extremely diverse.189 Multiple sequence alignment of almost 300 

known and putative EHs has shown that the average amino acid sequence identity over 

the complete sequence was only 14%.200 As demonstrated by the EHs of A. radiobacter 

and A. niger, only a few residues appear crucial for function, as they are <10% identical, 

but have virtually superimposable active sites and an a/β hydrolase fold.211,217 Although 

attempts have been made to subdivide the EHs into smaller groups,189,200,261 due to the 

generally low sequence similarity and the high number of EHs, there is currently no 

overarching classification system. 
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1.4.3.1 Atypical epoxide hydrolases 
Whilst the large majority of known epoxide hydrolases belong to either the a/b hydrolase 

fold family or the limonene epoxide hydrolase family, a couple of atypical epoxide 

hydrolases that do not fit either of these classifications have been identified. 

1.4.3.1.1 Leukotriene A4 hydrolase 
The first of these is the bifunctional metalloenzyme called Leukotriene A4 hydrolase. 

Identified in 1985, it is the only epoxide hydrolase to date that catalyses the formation of 

a non-vicinal diol.262 It catalyses the hydrolysis of leukotriene A4 to leukotriene B4 and 

introduces the hydroxy group distal from the epoxide due to the conjugated system 

(Scheme 24).255 

 
Scheme 24. Hydrolysis of leukotriene A4 by leukotriene A4 hydrolase (LTA4H) to give the product, leukotriene 

B4. The epoxide is a 5,6-epoxide and upon hydrolysis generates a 5,12-diol due to the conjugated system 
in the molecule.263,264 

The crystal structure of the enzyme revealed that the enzyme is folded into three 

domains, with a deep cleft that contains the Zn2+ binding site. The binding pocket was 

shown to be narrow and long to accommodate the substrate.263,264 
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1.4.3.1.2 FosX 
A small enzyme structurally related to bacterial glutathione/cysteine transferases was 

shown to confer resistance to the epoxide antibiotic Fosfomycin. The metalloenzyme 

inactivates Fosfomycin by hydrolysis with addition of water to the C-1 position of the 

antibiotic.255,265,266 While the mechanism has not been fully elucidated, studies have 

determined that the Glu44 residue, which is in the vicinity of the Mn2+, is essential for 

catalysis.265 

1.4.4 EH assays 

As epoxide hydrolases are co-factor independent enzymes, screening methods must 

rely solely on substrate/product detection, or a cascade reaction triggered by product 

formation.  

A number of spectrophotometric assays have been developed based on the 

different absorptions of the epoxide and diol. Employing substrates such as para-

nitrostyrene oxide allows for the monitoring of reaction progress as its hydration is 

accompanied by a decrease in absorption at 310 nm.267 Similarly, hydrolysis of 1,2-

epoxy-1-(para-nitrophenyl)pentane and 1,2-epoxy-1-(2-quinolyl)pentane produced a 

decrease in absorption at 302 nm and an increase in absorption at 316 nm 

respectively.268 Bhatnagar et al. reported a similar assay based on the absorption of 

para-nitrostyrene diol at 280 nm, following extraction of the remaining epoxide with 

chloroform.269 The assay showed good correlation with their previously reported HPLC 

detection methods while allowing for faster and easier determination of EH activity.270  

However, these assays can only be used to determine activity in EHs where 

aromatic substrates are accepted. The adrenalin test circumvents this by detecting the 

product of a cascade reaction, triggered by the vicinal diol product. The diol reacts with 

sodium periodate, and the remaining periodate is back titrated with adrenaline resulting 

in a diagnostic chromophore, adrenochrome, which can be detected at 490 nm (Scheme 

25).271 

 
Scheme 25. Detection of epoxide hydrolase activity via the adrenalin test. Back titration of remaining sodium 

periodate with adrenalin results in the diagnostic chromophore adrenochrome. 
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Zocher et al. developed a semi-quantitative colorimetric assay by applying the 4-

(para-nitro-benzyl)pyridine (NBP) test to epoxide hydrolases. Nucleophilic attack of the 

epoxide by NBP leads to the formation of a pyridinium, which upon deprotonation gives 

a highly conjugated species that is blue (Scheme 26). 272,273 Cedrone et al. modified both 

the blue assay and the adrenalin test to make them both fully quantitative and suitable 

for high-throughput screening. They found that while both assays could be used to 

measure activity and enantioselectivity, the adrenaline test was more sensitive, more 

reproducible and allowed screening of a wider range of EH activities.273,274 

 
Scheme 26. The 4-(para-nitro-benzyl)pyridine (NBP) test applied to epoxide hydrolase activity. Nucleophilic 

attack on the epoxide and subsequent deprotonation of the NBP derivative to give a blue product. 

One assay, developed by Wahler et al,275 lends itself particularly to high-

throughput screening. The enzyme assay is based on the detection of the fluorescent 

product umbelliferone 14. Hydrolysis of epoxide 15 gives the oxidation sensitive diol 16, 

which in the presence of sodium periodate (NaIO4) and bovine serum albumin (BSA) 

undergoes an oxidative carbon-carbon bond cleavage to yield aldehyde 17. Aldehyde 

17 rapidly undergoes a β-elimination – catalysed by BSA – liberating umbelliferone 14, 

which induces an increase in fluorescence (Scheme 27). Additionally, the assay can be 

used to determine enantioselectivity as both enantiomers of epoxide 15 can be 

synthesised in optically pure form. However, many of these assays are end-point assay, 

so continuous monitoring is not possible. 

 
Scheme 27. Sodium periodate coupled fluorescence detection assay, where the liberation of umbelliferone 
generates a fluorescence response.  

As with transaminases, classical analytic methods, such as HPLC and GC, are 

commonly used to quantify yields and conversions. These methods allow for the direct 

measurement of remaining starting material or newly formed product. Additionally, 

results are usually highly accurate and allow for the identification of any side-products. 

However, it also requires expensive equipment, and is less suitable for high-throughput 

screening. 
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1.5 Halohydrin dehalogenases 

Lastly, halohydrin dehalogenases (also known as haloalcohol dehalogenases, 

haloalcohol/halohydrin epoxidases, hydrogen lyases or halohydrin hydrogen-halide-

lyases) (HHDHs) are co-factor independent enzymes that catalyse the reversible 

dehalogenation of β-haloalcohols to give the corresponding epoxide.276–278 The enzyme 

can then utilise other negatively charged nucleophiles to irreversibly open the epoxide 

ring, including halides, cyanide, azide, nitrile, nitro, cyanate, thiocyanate and formate, 

resulting in the formation of novel C-C, C-N, C-O and C-S bonds (Scheme 28).279–287 

Non-anionic compounds, such as primary amines and alcohols, and various di- and 

trivalent anions, as well as fluoride, are not accepted in the epoxide ring-opening step, 

suggesting that only monovalent, linear anions are accepted.279 

 
Scheme 28. General reaction scheme for the reversible dehalogenation of β-halohydrins by HHDH, followed 
by irreversible opening of the epoxide with a nucleophile (Nu-). 

1.5.1 Structure and mechanism 

The first halohydrin dehalogenase activity was observed in 1968 when Castro et al. 

observed the degradation of 2,3-dibromo-1-propanol by an enzyme from Flavobacterium 

sp. by the removal of the b-bromo-substituent and formation of epibromohydrin.288 While 

a large number of studies have been published reporting the purification of enzymes 

isolated from microbial strains displaying halohydrin dehalogenase activity, until recently 

very few HHDH-genes had been cloned, with only seven fully sequenced members by 

the end of 2014.289 

 They belong to an enzyme class of lyases; sequence analysis and X-ray crystal 

analyses have indicated that all cloned HHDHs are members of the short-chain 

dehydrogenase/reductase (SDR) superfamily.276 SDRs are NADP-dependant enzymes 

with a conserved Ser-Tyr-Lys catalytic triad. To date, several HHDH crystal structure 

have been elucidated.290–293 From these, it is known that HHDHs have an Arg in place of 

the classical Lys found in catalytic triad of SDRs, and a spacious nucleophilic binding 

pocket in place of the nicotinamide co-factor binding site.294 HHDHs are homotetramers 

made up of two dimers. As with other SDRs, the monomers exhibit a typical Rossmann 

fold, consisting of a six- or seven-stranded parallel b-sheets flanked by three to four a-

helices on either side. The majority of elucidated structures show the active site to be 
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buried deep within the protein, with a substrate entrance channel.294 A number of 

mutagenesis studies have shown that the residues in the entrance tunnel of the HHDH 

from Agrobacterium radiobacter AD1, HheC, play a role in its activity and 

selectivity.277,295,296 The recent elucidation of the structure of a HHDH from Ilumatobacter 

coccineus, HheG, revealed that it possessed a large open cleft in place of a narrow 

substrate channel. The volume of the active site was calculated to be ~520 Å3 compared 

to only 190 Å3 for the active site pocket in HheC. The bigger active site has been linked 

to a preference for cyclic epoxides.293 

The mechanism of HHDHs can be divided into ring opening and ring closing.290 

Throughout the whole process, the arginine residue lowers the pKa of the tyrosine 

hydroxyl group, while a serine group holds the substrate in place. The ring closing 

mechanism involves concurrent proton abstraction by tyrosine and nucleophilic attack of 

the substrate oxygen on the halogen-bearing carbon, leading to ring-closure and halogen 

release. In the second step, a nucleophile – such as cyanide – attacks the epoxide while 

tyrosine donates a proton to the substrate oxygen (Scheme 29). 

 
Scheme 29. Catalytic mechanism of HHDHs. Substrate is shown in blue, halide being released is shown in 

red, enzyme residues in black, and the nucleophile in orange.278  

1.5.2 Classification of HHDHs 

Until recently, it was thought that HHDHs were a rare class of enzyme, with only six fully 

sequenced members by the end of 2014.289 While a few more organisms that produced 

HHDHs had been isolated, the enzymes had not been purified and sequenced.297–300 

The sequenced HHDHs were divided into three classes depending on sequence identity 
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– A, B and C.301 Class A consisted of HheA,302 HheAAD2
303 and HheAAm,289 class B 

included HheB302 and HheBGP1,303 and HheC in Class C.303 Within the groups, sequence 

homology is above 95%, whereas it drops to below 33% between groups.  

In 2014, during the course of this PhD, Schallmey et al. used database mining to 

identify 20 new HHDHs, and 17 putative HHDHs.304 Two criteria were used to distinguish 

HHDHs from other SDR enzymes in the databases. The first was the presence of the 

Ser-Tyr-Arg catalytic triad in HHDHs as opposed to the Ser-Tyr-Lys triad in SDRs. The 

second was the presence of an aromatic Phe or Tyr residue in the anion-binding pocket. 

This second feature acts as a second distinguisher from the other SDR enzymes, as it 

replaces the usual Gly or Ala. The study used the HHDH-specific sequence pattern T-

X4-(F/Y)-X-G (anion-binding pocket) and/or S-X12Y-X3-R (catalytic triad) to identify the 

novel and putative enzymes. 

 This sudden influx of novel HHDHs necessitated a new classification system. 

Schallmey et al suggested classification by phylogenetic methods instead of the 

traditional classification based on sequence similarity. While the phylogenetic 

classification was consistent with previous classifications, several of the novel and 

putative HHDHs did not cluster with any of the previous subtypes, necessitating the 

creation of four additional subtypes: D, E, F and G (Figure 8).  

 
Figure 8. Phylogram of all HHDHs grouped into their seven subfamilies, A-G. For details about accession 
numbers and origin, see Appendix I.294 Made using iTol.  

These novel HHDHs were later characterised and it was revealed that their 

stereopreference correlated with their phylogenetic classification. Twenty-six further 

sequences were identified as belonging to one of the seven subfamilies in a BLAST 

search using the two sequence motifs described above, once again significantly 
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expanding the size of this enzyme class (Figure 8).294 HHDHs are often found in salt-rich 

environments, and with the advances in sequencing technologies and the recent influx 

of novel enzymes, it is reasonable to think that this class of enzymes may not be as rare 

as once thought. 

1.5.3 Substrate scope 

HHDHs are very promiscuous enzymes and their substrate tolerance has been fairly 

comprehensively explored. Substrates range from aliphatic chains and rings to aromatic 

compounds. This, in combination with the large number of nucleophiles accepted by 

HHDHs, makes them useful for the production of enantiopure haloalcohols305–307 and 

epoxides,285,305,308,309 as well as in the formation of novel carbon-carbon, carbon-oxygen 

and carbon nitrogen bonds.  

1.5.4 HHDH assays 

As with the two previous enzymes classes, accurate quantification of starting material 

depletion or product formation is ideally measured using chromatographic methods. 

However, a number of assays (mostly spectrophotometric) that are more suited to high-

throughput screening have been developed. 

One of the first assays used with HHDHs was a halide release assay that relies 

on the displacement of mercury from mercury thiocyanate by halides released in 

biocatalytic dehalogenations.277,310 A pH-based assay reported by Tang et al311 uses a 

change in pH caused by the release of protons when halohydrins are converted to their 

corresponding epoxide. The assay utilised the pH indicator phenol red, which gradually 

changes from red (deprotonated state) to yellow (protonated state) when the pH 

decreases from 8.2 to 6.8. Therefore, a colour change from red to yellow is 

representative of HHDH activity (Scheme 30). Additionally, the change in absorption 

between the protonated and deprotonated forms of phenol red can sensitively detect 

changes in pH in a weakly buffered reaction system. The absorption spectra of phenol 

red at pH 6.6 (protonated) and 8.2 (deprotonated) have a maximal difference in 

absorption at 560 nm. 

 
Scheme 30. HHDH pH-based colorimetric assay. Upon protonation, phenol red changes from red to yellow, 

and gives a shift in absorption.  
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 Two recent assays have also been described that detect activity for the ring-

opening step. The first is based on the adrenaline test discussed in section 1.4.4. The 

other is specific for the use of azides as the nucleophile, as addition of FeCl3 solution 

leads to a red Fe(III)/azide complex that absorbs at 460 nm in the presence of unreacted 

azide.312 A similar assay for the detection of cyanide-mediated ring opening measures 

the spectrophotometric absorption of a cyanide/Ni2+ complex.313 
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 Aims 

Biocatalysis is an attractive alternative to traditional chemical synthesis due to the 

intrinsic chemo-, regio- and stereospecificity that can be achieved using enzymes. 

Additionally, with the chemical manufacturing industry being identified amongst the top 

ten polluting industries,26 a shift towards greener syntheses is crucial. However, their 

large-scale implementation into pharmaceutical processes has been hampered by a 

number of factors, such as narrow operational windows, susceptibility to organic solvents 

and substrate/product inhibition.30 

 This PhD aimed to build on an enzyme discovery strategy developed at UCL,314 

which combined in silico techniques with functional metagenomics to increase the 

sequence diversity of known enzyme classes. Increased sequence diversity and novel 

scaffolds for protein engineering are paramount for the implementation of biocatalyst into 

pharmaceutical processes. A number of metagenomes of niche environments, such as 

human oral cavities and a domestic drain, have been sequenced. The aim of the project 

was to retrieve novel enzymes from these metagenomes and investigate their 

applicability in the synthesis of pharmaceutical intermediates. Transaminases, epoxide 

hydrolases and halohydrin dehalogenases were selected for retrieval. 

 Transaminases are a well-studied class of enzymes, as they provide a highly 

stereoselective route to chiral amines from the corresponding prochiral ketones starting 

material, and thus an alternative to reductive amination approaches. However, extensive 

engineering is often required to make the enzymes stable enough for industrial 

implementation. Therefore, this work aimed to discover novel transaminases from 

metagenomes that could be considered as a harsh environment to evaluate the potential 

of the enzymes cloned.  

 Epoxide hydrolases, while being a large, ubiquitous family of enzymes, have had 

limited application in biocatalysis; however, the production of chiral diols from racemic 

epoxides, under mild conditions, is highly desirable in organic syntheses. This work 

aimed to expand the family of enzymes, as well as investigating their use in biocatalysis 

syntheses. Halohydrin dehalogenases are a comparatively new class of enzymes, with 

less than ten known members at the start of this project. Their ability to form novel C-C, 

C-N, C-O and C-S bonds, makes them highly valuable enzymes. Increasing the 

sequence diversity of this class would lead to a greater understanding of the structure 

function relationships, and thus aid future protein engineering experiments. 

 Over the course of the PhD, the development of a high-throughput automated 

mutagenesis strategy by other groups led to the need for an accompanying 

spectrophotometric assay. Therefore, in addition to biocatalyst discovery, this worked 

aimed to develop a screening method for transaminases that accept bulky substrates.  
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2 Transaminases I 

2.1 Introduction 

As discussed in section 1.3, transaminases are a class of PLP-dependent enzymes that 

catalyse the reversible transfer of an amino group from an amine donor to a ketone or 

aldehyde. The excellent stereoselectivity associated with these enzymes, make them 

valuable reagents for further research.142 In this chapter, the retrieval, cloning and 

expression of putative transaminases is described. Initial screening and the explored 

substrate scope, as well as the synthesis of some novel substrates, are detailed. 

2.2 Enzyme identification and retrieval 

2.2.1 Drain metagenome 

In this work, transaminases were retrieved from the drain metagenome. DNA was 

extracted from a domestic shower drainpipe and sequenced using the Illumina MiSeq 

platform, as opposed to the Roche 454 Titanium platform which had been used in 

previous work.105,187 This generated 10 million individual sequence reads – 10 times the 

number generated using the Roche 454 Titanium platform for a tongue metagenome314 

– giving a much greater sequence depth. 

 To annotate the drain metagenome, a similar process was used to that previously 

described.314 The ORFs were marked and scanned with the Pfam standalone tool to give 

a searchable database of putative enzymes.* 

2.2.2 In silico work 

A search of the drain metagenome using the Pfam ID for Class III transaminases 

generated 77 hits, of which 36 were judged to be full-length, non-redundant putative 

transaminases.† These ORFs were numbered and referred to by their contig number. 

Following successful cloning into a plasmid, the constructs were given a number 

following the prefix pQR. Multiple sequence alignments showed an average identity of 

28% (Appendix II) indicating the enzyme diversity between the selected enzymes. In a 

BLAST search against the NCBI database, amino acid sequences of these 36 putative 

transaminases showed an average of 87% identity (range 64-100%) with proteins in 

sequence databases (Appendix III).  

                                                
* DNA extraction performed by John Ward and the bioinformatic analysis was carried out by Dragana 
Dobrijevic. 
† Performed by Dragana Dobrijevic and Jack Jeffries. 
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The homologies of the putative enzymes, compared to the known and extensively 

studied (S)-TAms Chromobacterium violaceum (Cv-TAm)103 and Vibrio fluvialis (Vf-

TAm)315 were assessed (Appendix II) and percentage identities ranged from 17-54% for 

Cv-TAm, 16-36% for Vf-TAm. Only three of the new drain TAms had identities over 45% 

with Cv-TAm (pQR2189 – 48%, pQR2200 – 54% and pQR2208 – 48%), proving the 

drain metagenome to be a source of novel and distantly related Class III transaminases. 

Phylogenetic analysis confirmed the diversity both within the group and to the two 

previous mentioned (S)-selective Class III transaminases (Figure 9). 

 
Figure 9. Phylogenetic analysis of the 36 putative drain transaminases, Vf-TAm (accession number: 

AEA39183.1) and Cv-TAm (accession number: WP_011135573.1).  

2.2.3 Cloning of pQR2188-pQR2199 

2.2.3.1 Primer design 
Primers were designed for the 36 identified sequences. For the forward primers, any 

GTG start codons were changed to ATG, and all ATG codons incorporated into the 

recognition site of NdeI by adding CAT at the start. The CATATG recognition site was 

followed by 16-26 bases from the start of the gene. The stop codon was removed from 

the gene sequences and replaced with the NcoI or XhoI restriction site, depending on 

the presence of internal restriction sites. Reverse primers were designed by taking the 

reverse compliment of the restriction site, and the 15-21 previous bases. The primers 
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were clipped to match the annealing temperature, while keeping the primer melting 

temperature (Tm) below 70 °C.‡ (Appendix IV) 

2.2.3.2 PCR 
The desired genes were amplified from the metagenomic DNA by PCR. Of the 36 full-

length genes, only 16 genes were sufficiently amplified for further cloning.‡ This included 

the genes that were used to construct the plasmids pQR2188, pQR2189, pQR2190, 

pQR2191, pQR2192, pQR2193, pQR2194, pQR2195, pQR2196, pQR2197, pQR2198, 

pQR2199, pQR2202, pQR2214, pQR2216 and contig11208 (Figure 10). The low 

success rate was attributed to the high GC content of the drain metagenome, resulting 

in shorter primer lengths in order to keep the Tm below 70 °C. 

 
Figure 10. DNA gel of round one PCR for TAms. Successful reactions underlined in red. Lane a: PCR of 

gene for pQR2192 (2030 bp). Lane b: PCR of gene for pQR2202 (1170 bp).* Lane c: PCR of gene for 
pQR2197 (1164). Lane d: PCR of gene for pQR2216 (1170 bp). * Lane e: PCR of gene for pQR2214 (1350 

bp).* Lane f: PCR of gene for pQR2190 (1360 bp). Lane g: PCR of gene for pQR2199 (1320 bp). Lane h: 

PCR of gene for pQR2198 (1280 bp). Lane i: PCR of gene for pQR2188 (1360 bp). Lane j: PCR of gene 
for pQR2191 (1290 bp). Lane k: Contig 11208 (1360 bp). Lane l: PCR of gene for pQR2193 (1170 bp). 

Lane m: PCR of gene for pQR2189 (1370 bp). Lane n: PCR of gene for pQR2194 (1275 bp). Lane o: PCR 

of gene for pQR2195 (1350 bp). Lane p: PCR of gene for pQR2196 (1325 bp). DNA markers in kb (Quick 
load Broad range markers NEB). 

2.2.3.3 Cloning  
Blunt-ended PCR products were ligated into the PCR capture vector, PCR-Blunt. A 

restriction digest of the vector using NdeI and XhoI/NcoI allowed for retrieval of a sticky-

ended insert, which was ligated into pET28(a) and subsequently transformed into the 

Top10 cloning strain of E. coli. Sequencing of the plasmid confirmed retrieval of the 

correct sequences for pQR2188-pQR2199.§ 

                                                
‡ Primer design and PCR carried out by Jack Jeffries. 
§ pQR2188, pQR2190-pQR2197 and pQR2199 were cloned by Jack Jeffries. 
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2.2.4 Cloning of pQR2200-pQR2216 

An alternative one-pot cloning method was used for enzymes that could not be retrieved 

in section 2.2.3.  

2.2.4.1 Primer design and PCR 
Primers were redesigned for contig1815, contig2422, contig2620, contig6302, 

contig7771, contig8911, contig11208 and the genes for pQR2200-pQR2216 for a one-

pot restriction-ligation cloning method devised by Dragana Dobrijevic (Appendix IV). The 

remaining genes were amplified from the metagenomic DNA by PCR, with a much higher 

success rate, presumably due to longer primers; all sequences could be amplified except 

contig1815, contig6302 and contig7771, so these were not explored further (Figure 11).  

 
Figure 11. DNA gel of PCRs for TAms cloned via one-pot restriction-ligation method. Successful reactions 

underlined in red. Lane a: PCR of gene for pQR2200 (1362 bp). Lane b: PCR of gene for pQR2201 (1494 

bp). Lane c: PCR of gene for pQR2202 (1170). Lane d: PCR of gene for pQR2203 (1281 bp). Lane e: PCR 
of gene for pQR2204 (1185 bp). Lane f: PCR of gene for pQR2205 (1323 bp). Lane g: Contig 1815 (1272 

bp). Lane h: PCR of gene for pQR2206 (1290 bp). Lane i: Contig 2422 (1494 bp). Lane j: Contig 2620 

(1368 bp). Lane k: PCR of gene for pQR2207 (1188 bp). Lane l: PCR of gene for pQR2208 (1380 bp). Lane 
m: PCR of gene for pQR2209 (1194 bp). Lane n: PCR of gene for pQR2210 (1230 bp). Lane o: PCR of 

gene for pQR2211 (1218 bp). Lane p: PCR of gene for pQR2212 (1251 bp). Lane q: PCR of gene for 

pQR2213 (1341 bp). Lane r: Contig 6302 (1365). Lane s: PCR of gene for pQR2214 (1359 bp). Lane t: 
PCR of gene for pQR2215 (1224 bp). Lane u: Contig 7771 (1389 bp). Lane v: Contig 8911 (1182 bp). Lane 
w: Contig 11208 (1347 bp). Lane x: PCR of gene for pQR2216 (1170 bp). DNA markers in kb (Quick load 

Broad range markers NEB).  

2.2.4.2 Cloning 
PCR products were cloned into pET29(a) via a one-pot restriction-ligation method using 

a plasmid constructed by Dragana Dobrijevic (pET29(a)SacB). The ligated plasmids 

were transformed into Top10 E. coli and sequencing confirmed insertion of the correct 

insert for pQR2200-pQR2216. 
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2.2.5 Expression of drain TAms 

Plasmids pQR2188-pQR2216 were successfully transformed into the expression strain 

E. coli BL21 (DE3). Protein expression and solubility was investigated by electrophoresis 

of crude lysate and clarified extract (CE) on an SDS-PAGE gel. All enzymes were well 

expressed and generally showed good solubility, except for pQR2204 which showed low 

levels of total expression. Poor solubility was observed for pQR2195, while pQR2196 

and pQR2198 were completely insoluble (Figure 12). 

 

Figure 12. SDS-Page gels for pQR2188-pQR2216. Lane 1 is the ladder – NEB Broad Range protein ladder 

(10-250 kDa) or NEB colour protein standard, each protein is in two wells – CE and the total protein (TP). 



52 
 

 

2.3 Initial screening  

As mentioned in section 1.3.4.3, two colorimetric assays suitable for high-throughput 

screening have recently been published. Both amine donors 8 and 3 rely on the formation 

of a coloured product following transaminastion.142,185 Amine donors 2-(4-

nitrophenyl)ethan-1-amine hydrochloride 8 and xylylenediamine 3 were used in a 

comparative assay to establish the most suitable colorimetric donor for this set of 

transaminases. The donors (S)- and (R)-a-methylbenzylamine (S)/(R)-2 were also 

tested; using MBA 2 as an amine donor relies on the formation of acetophenone and 

subsequent HPLC detection at 254 nm, allowing for comparative quantitative analysis 

(Figure 13a-c). 
Each amine donor was initially screened against four substrates (1, 18-20) 

(Figure 13) to identify active enzymes. Representative substrates 1, 18-20 were chosen 

to assess the activity towards cyclic ketones, a-keto acids, linear and aromatic aldehydes 

or ketones respectively. Figure 13 shows selected results from these assays; 19 of the 

assayed enzymes displayed some activity with at least one of the amine donors tested. 

Enzymes that showed no activity with any of the three donors are not shown. Pyruvate 

1, a natural substrate for many transaminases, was the most broadly accepted substrate, 

displaying activity with most of the transaminases. The linear ketone 19 showed low 

levels or no activity towards the enzymes assayed. Cyclohexanone 18 and 

benzaldehyde 20 were more widely accepted and enzymes that accepted one tended to 

also show activity with the other; pQR2205 was a notable exception and activity was only 

observed with benzaldehyde 20 and amine donor 3.  

For both colorimetric assays, concentrations of amine donor and substrate were 

used as published.142,185 Amine donor 8 proved to be much more differentiating than 

diamine 3. All substrate-enzyme hits observed with donor 8 were seen with 3 except for 

pQR2205, as previously mentioned. However, the assay using 8, which is a less 

constrained and bulky amine donor than 3, was able to identify a much larger range of 

substrate-enzyme hits. For this reason, subsequent initial screening was undertaken with 

amine donor 8. 

 (S)- and (R)-MBA were also used to determine the selectivity of the enzymes. 

Class III transaminases are known to be (S)-selective,108,316 and assay results confirmed 

that activity was only observed with (S)-MBA 2. Overall, conversions with (S)-2 correlated 

well with donor 8, with pQR2188, pQR2189, pQR2191, pQR2200, pQR2208 and 

pQR2214 giving the best activities. It is worth noting, that only 2.5 equivalents of MBA 2 

were used, so yields are unoptimised. Transaminases pQR2190, pQR2204, pQR2205, 

pQR2206, pQR2209, pQR2213 and pQR2215 showed low conversion levels across the 

assays used so were not used in further assays. 
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Figure 13. Colorimetric assays with amine donors 8 and 3 and conversions with (S)-MBA (S)-2. Using 8 as 

amine donor: 8 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified 
cell extract (0.2-0.4 mg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N) in place of a 

substrate, red precipitate is indicative of activity. Using 3 as an amine donor: 3 (5.5 mM), amino acceptor (5 

mM), PLP (1 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.2-0.4 mg/mL), 30 °C, 400 rpm, 18 
h. Water was used as a negative control (N) in place of a substrate, a black precipitate indicates 

transamination has occurred. All colorimetric assays were performed in duplicate. For both colorimetric 

assays, water was used in place of an enzyme extract as a negative control (results not shown). (S)- and 
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(R)-MBA were used to determine selectivity: (S)/(R)- 2 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), 

KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.2-0.4 mg/mL), 30 °C, 400 rpm, 18 h. Acetophenone 

was detected at 254 nm by HPLC and used to determine percentage conversions. Water was used as a 
negative control, and any background levels of acetophenone production were subtracted from the 

reactions. All reactions were performed in triplicate, and standard deviations were <4%.  

2.4 Substrate scope  

The following section describes investigation into the substrate scope of the novel 

transaminases. The most active enzymes were assayed with a number of commercial 

and synthesised substrates, which are of pharmaceutical relevance or can be employed 

in an intramolecular cascade reaction. The synthesis of the substrates has also been 

detailed.  

2.4.1 Expanding the substrate scope 

Enzymes that showed the highest activity in the first round of screening were assayed 

against a wider set of substrates (18, 21-30) (Figure 14). Substrates were selected to 

increase the range of aromatic (21-24), aliphatic (25-27) and cyclic ketones and 

aldehydes (28-30). Heterocycles 21-23 were chosen based on the recently published 

work detailing the transamination of various furfural analogues.173 To the best of our 

knowledge, this work represents the first time that thiophene and pyrrole analogues have 

been used with transaminases. Transaminases from an oral cavity metagenome were 

previously shown to accept a number of unsaturated aldehydes/ketones, and therefore 

cinnamaldehyde 24 was included for comparison.187 Substituted cyclopentanones and 

cyclohexanones were also selected, as substitution of cyclic compounds often leads to 

a drop in conversion.153  

Figure 14 shows the results of the expanded substrate screen with the 12 most 

active enzymes from the first screen. Activity was predominantly seen with pQR2189 

and pQR2208 for the pyrrole 22, whilst heterocycles 21 and 23 were widely accepted, 

giving a strong colouration for a number of enzymes (pQR2188, pQR2189, pQR2200, 

pQR2208 and pQR2214). Cinnamaldehyde 24 and all of the straight chain aldehydes 

(25-27) were readily accepted, showing some activity for all active enzymes. There 

appeared to be a slight preference for hexanal 26, with octanal 27 giving rise to lower 

conversions. Interestingly, only four enzymes (pQR2189, pQR2191, pQR2200 and 

pQR2208) showed activity towards the cyclic compounds 18, 28-30. Generally, lower 

conversions were observed for the 5-membered rings (28 and 29) than their 6-

membered counterparts (18 and 30), and a-methyl substitution led to a drop in activity. 

Notably, pQR2189 showed activity with almost every substrate. In addition, pQR2188, 
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pQR2191, pQR2200, pQR2208 and pQR2214 performed well with many of the 

substrates tested including the cyclic ketones. 

 

 
Figure 14. Colorimetric assay with 2-(4-nitrophenyl)ethan-1-amine 8 as amine donor using substrates 18, 
21-30: 8 (25 mM), amino acceptor 18, 21-30 (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and 
clarified cell extract (0.4 mg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N), and a red 

precipitate was indicative of activity. Assays were performed in duplicate. 

2.4.2 Cyclic keto-ester substrates 

There are a number of reports in the literature of transaminase catalysed amination-

lactamisation cascade reactions with linear substrates. Truppo et al. showed that 4-ethyl 

butyrate 31 could be transaminated to give the amino ester 32, which spontaneously 

cyclised to 6-methyl-2-piperidone 33. Both enantiomers were accessed in high yield and 

e.e. using the commercially available transaminases ATA-113 and ATA-117 (Scheme 

31a).317 

 Transaminases have also been applied in the synthesis of 2,5-disubstituted 
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resulting 1,4-amino ketone 35 underwent spontaneous cyclisation to give pyrroline 36. 

Again, both enantiomers were accessed, in moderate yields (>65%) and high e.e. (>99% 

ee) (Scheme 31b).318 

 
Scheme 31. Transaminase catalysed amination-lactamisation cascades previously reported in the literature 

with linear substrates.317,318 

 Although various cyclic ketones153 and even cyclic keto-esters319 have been 

reported as substrates, to the best of our knowledge there is no record in the literature 

of cyclic keto-esters being used that once aminated could cyclise to form a bicyclic 

system. It was hypothesised a range of cyclic keto-esters (37- 40) could be used as 

substrates to give the corresponding bicyclic lactam. If accepted, the newly formed 

amines could act as an intramolecular nucleophile, cyclising onto the ester and forming 

a bicyclic system (Scheme 32).  

 
Scheme 32. Potential cascade reaction with transaminases using cyclic keto-esters to give bicyclic lactams. 

2.4.2.1 Synthesis of substrates 
Therefore, the substrates that would give the 6,6-, 5,6-, 6,5- and 5,5-bicyclic 

products were synthesised. Cyclic keto-ester 37 was synthesised via a conjugate 

addition reaction between cyclohexanone enamine and methyl acrylate using a literature 

procedure; however benzene was substituted for toluene as the reaction solvent.320 The 

crude residue was purified by column chromatography, yielding 37. The reaction was 

repeated several times giving isolated yields of 42-76%. The reaction was also carried 

out an additional time on a large scale (16 g cyclohexanone) giving an increased isolated 

yield of 90%. Given the requirement for a Dean-Stark apparatus to remove the water 

produced during enamine formation, it is logical that larger scale reactions will be higher 
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yielding, as the water can be removed more efficiently. The 5,6-membered analogue 38 
was synthesised in 45% isolated yield substituting cyclohexanone 18 for cyclopentanone 

28 and following the same procedure as 37. 320  

A modified procedure was used to synthesise the 6,5- and 5,5-analogues 39 and 

40. In both cases, the enamine was still formed by heating the ketone with pyrrolidine in 

toluene at reflux, however in the second step methyl acrylate was substituted for methyl 

bromoacetate. The crude residue was purified by column chromatography to give 39 and 

40 in isolated yield of 26% and 12%.  

 
Scheme 33. Synthesis of substrates 37-40. a, Enamine formation followed by conjugate addition to methyl 

acrylate. b, Enamine formation followed by substitution of methyl bromoacetate. 

2.4.2.2 Screening 
Substrates 37-40 were screened against the same set of transaminases from section 

2.4.1 using 8 as an amine donor. Little activity was observed for all enzyme-substrate 

combinations (Figure 15); trace activity was observed with pQR2207, however this 

corresponded to less than 1.5%.185 

 

 
Figure 15. Colorimetric assay with 2-(4-nitrophenyl)ethan-1-amine 8 as amine donor using substrates 37-
40: 8 (25 mM), amino acceptor 37-40 (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell 

extract (0.2-0.4 mg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N), and a red 

precipitate was indicative of activity. Assays were performed in duplicate. 
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A number of (S)-selective transaminases have been reported to accept an 

analogue of 39 with substitution at the 3-position (41) instead of the 2-position. Among 

others, Cv-TAm and Vf-TAm converted 41 in <99% yield and e.e.321 therefore 41 was 

synthesised to assess if the position of the side-chain substituent significantly affected 

enzyme acceptance. 

2.4.2.3 Synthesis of keto-ester 41 
Keto-ester 41 was obtained via a two-step synthesis, using previously published 

strategies. The first step in the synthesis involved the deprotonation of dimethyl malonate 

and subsequent conjugate addition to 2-cyclohexen-1-one 42, to give 43 in 92% yield.322 

Demethoxycarbonylation was then achieved with lithium iodide in a Krapcho 

decarboxylation to give 41 in 27% isolated yield (Scheme 36).323 

 
Scheme 34. Two-step synthesis of 41 via a conjugate addition reaction between 2-cyclohexen-1-one 42 

and dimethyl malonate followed by Krapcho decarboxylation. 

2.4.2.4 Cyclohexanone derivatives with Cv-TAm 
To assess the effect of substitution on activity, a number of cyclohexanone derivatives 

were screened for activity, using Cv-TAm as a control as it has previously been shown 

to accept 41. Reactions were performed at three different temperatures, 20 °C, 30 °C 

and 45 °C, and at two pH values, pH 8.0 and pH 9.0, in the hope that some conditions 

may be preferable for cyclisation, thus shifting the reaction equilibrium (Figure 16).  

 

 
Figure 16. Colorimetric assay using Cv-TAm with amine donor 8 cyclohexanone derivatives: 8 (25 mM), 
amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 8.0 (100 mM) and clarified cell extract (0.4 mg/mL), 

400 rpm, 18 h. Reactions were performed at 20 °C, 30 °C and 45 °C. Water was used as a negative control 

(N), and a red precipitate was indicative of activity. Assays were performed in duplicate. 
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higher at 45 °C, but an increase in the background reaction was also observed. Both 

methyl-substituted cyclohexanone derivatives 30 and 44 were accepted, with a slight 

preference for the 3-substituted 44. However, increasing the substituent size from a 

methyl group to a keto-ester had a detrimental effect on activity for the 2-substituted 39; 

increasing the substituent size for the 3-substituted analogue 41 had no effect on the 

colouration. While a slight colour change was observed at 45 °C with 39, as mentioned 

this was also observed for the negative control. Unsurprisingly, no activity was observed 

with the bulkier keto-ester 37. 

2.4.2.5 Exocyclic cascade reaction 
Due to the poor acceptance of the 2-substituted keto-esters, it was hypothesised that a 

keto-moiety not positioned in the ring structure may be better accepted, due to the 

presence of a smaller group to fit into the small active-site binding pocket. To test the 

hypothesis, the six most promising transaminases from section 2.3 and Cv-TAm were 

screened against cyclohexanecarboxaldehyde 45 and the methyl-substituted ketone 46. 

 Ketone 46 was synthesised by oxidation of 1-cyclohexylethanol 47 in tert-butyl 

hydroperoxide (TBHP)/water solution to give ketone 46 in 25% isolated yield, after 

purification (Scheme 35).324 

 
Scheme 35. Oxidation of 1-cyclohexylethanol using tert-butyl hydroperoxide (TBHP) in water. 

 Aldehyde 45 was well accepted across the board, with slightly less colouration 

observed with pQR2191. Interestingly at the same time, pQR2191 was the only enzyme 

that showed any activity for ketone 46 (Figure 17).  

 

 
Figure 17. Colorimetric assay with amine donor 8 cyclohexanone derivatives: 8 (25 mM), amino acceptor 
(10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.4 mg/mL), 400 rpm, 30 °C, 

18 h. Water was used as a negative control (N), and a red precipitate was indicative of activity. Assays were 

performed in duplicate. 
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Due to the poor conversion observed with 46 it is unlikely that additional 

substitution around the ring would improve productive binding. However, future work 

includes assessing the feasibility of an exocyclic cascade reaction by synthesising the 

2-substituted keto-ester cyclohexanecarboxaldehyde and screening for activity with the 

metagenomic transaminases.  

2.4.3 ICI-199441 precursor and analogues 

ICI-199411 is a potent and selective k-opioid agonist.325 Retrosynthetic analysis of the 

molecule shows that the drug could be synthesised from a simple ketone starting 

material with an (S)-selective transaminase (Scheme 36). 

 
Scheme 36. Retrosynthetic analysis for the opioid k-receptor agonist ICI-199,441 to potential transaminase 

substrate 48.  

2.4.3.1 Synthesis of substrates 
Ketone 48 was synthesised by the reaction of 2-bromo-acetophenone with pyrrolidine, 

using triethylamine as the base, under anhydrous conditions. The reaction yielded the 

pure product in 88%, without need for further purification (Scheme 37a). The six- (49) 

and seven-membered analogues (50) were also synthesised using piperidine and 

azepane in 91% and 85% crude yield, respectively (Scheme 37b, c).326 

 
Scheme 37. Synthesis of ICI-199441 precursor and its analogues by substitution of 2-bromoacetophenone 
with a, pyrrolidine, b, piperidine or c, azepane.  
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2.4.3.2 Screening 
Substrate 48-50 were assayed against two amine donors – 8 and (S)-2 – using the six 

most promising transaminases from section 2.3 and Cv-TAm. Using amine donor 8, a 

strong colour change was observed with all enzymes except pQR2200. HPLC analysis 

using (S)-2 confirmed a maximum 1% conversion with this enzyme. For the 

metagenomic transaminases, the lowest conversion was detected with the 6-membered 

analogue, 49. Interestingly, Cv-TAm diverged from this trend, showing no activity with 

the 7-membered analogue 50 with amine donor (S)-2, despite a strong colour change in 

the colorimetric assay. Once again, pQR2191 was the most active enzyme, giving 

conversions at least two-times that of Cv-TAm. 

 

 
Figure 18. Colorimetric assay with amine donor 8 and conversions with (S)-MBA (S)-2 with substrates. a, 
Using 8 as amine donor: 8 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) 

and clarified cell extract (0.4 mg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N) in 

place of a substrate, red precipitate is indicative of activity. b, (S)-MBA was used to determine conversion: 
(S)-2 (25 mM), amino acceptor (5 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract 

(0.2-0.4 mg/mL), 30 °C, 400 rpm, 18 h. Conversion determined as in Figure 13. All reactions were performed 

in triplicate, and standard deviations were <3%. 

 To the best of our knowledge, this is the first time this set of substrates have been 

used with transaminases. Particularly promising conversions were observed using 

pQR2191, yields of 21% and 24% for 48 and 50, respectively. The slightly higher 

conversion observed with ketone 50 suggests that pQR2191 may be able to 

accommodate larger molecules in the active site. Given the promising unoptimised 

yields, it is feasible that good conversions could be achieved. While the desired product 

is the (S)-isomer, selectivity would need to be determined, as both groups are structurally 

relatively equal in size. 
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2.5 Conclusion 

In this chapter, the identification of 36 full-length, non-redundant Class III transaminases 

in a domestic drain metagenome has been described. Twenty-nine of the enzymes were 

successfully cloned and expressed in E. coli using a combination of cloning strategies. 

For the first time, two recently described colorimetric assays were used concurrently, to 

identify the most differentiating assay for rapid activity identification.  

 The substrate scope of the most active enzymes was thoroughly explored. Using 

8 as an amine donor, pQR2188, pQR2189, pQR2191, pQR2200, pQR2208 and 

pQR2214 were identified as the most promising candidates, accepting a wide range or 

cyclic, linear and aromatic compounds. 

 A number of cyclic keto-ester substrates were synthesised and assayed against 

a selection of metagenomic transaminases. Lack of activity prompted an investigation 

into the effect of substitution of cyclohexanone with Cv-TAm to establish the feasibility 

of this substrate motif. Results showed that while substitution at the 3-position had little 

effect on activity, substitution at the 2-position, especially with larger groups, was 

detrimental to productive binding. The possibility of using substrates with an exo-cyclic 

ketone group was briefly explored, suggesting synthesis of an aldo-ester substrate may 

provide a substrate that could be accepted by transaminases. 

 Lastly, a selection of metagenomic transaminases and Cv-TAm were screened 

against a precursor to the k-opioid agonist ICI-1994441, and a number of analogues. 

The ketone substrates were synthesised in good yield and used in the transamination 

reactions without further purification. Notably, one metagenomic transaminase, 

pQR2191 gave conversions at least two-times higher than those seen with Cv-TAm. 

Future work to optimise the reaction conditions would include the exploration of 

additional amine donors, such as IPA 6. 

 Of the enzymes cloned in this chapter, 19 of the transaminases showed activity 

with at least one substrate-donor combination. This means there was a 66% hit rate 

using this metagenomics approach, which is extremely high for any enzyme discovery 

method. 
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3 Transaminases II 

3.1 Introduction 

This chapter explores the suitability of the three most active transaminases from the 

previous chapter for implementation in the generation of pharmaceutical synthons. Their 

activity with a panel of pharmaceutically relevant substrates is explored, and the three 

enzymes were then fully characterised. 

3.2 Pharmaceutically relevant substrates  

3.2.1 Transaminases and pyrrolidines/piperidines 

Substituted aminopyrrolidines, aminopiperidines and aminoazepanes are common 

motifs found in a number of pharmaceutically active compounds.327–329 Previous studies 

have probed the feasibility of introducing the amine functionality of these products with 

transaminases, demonstrating that they are relatively challenging substrates requiring 

either a large excess of amine donor or use of a second enzyme for ketone co-product 

removal to give moderate to good product yields. 

 Höhne et al. first reported the asymmetric synthesis of aminopyrrolidines and 

aminopiperidines with (S)-selective Vf-TAm in 2008. Using equimolar amounts of alanine 

as the amine donor, conversion of 1-boc-3-pyrrolidinone 51a did not exceed 6%. 

Combination with a PDC led to increased yields of 18%; this could be significantly 

increased to 96% with a large excess of amine donor (100 equivalents of alanine). For 

both pyrrolidone 51a and piperidine 52a, using just Vf-TAm, relatively low yields of 27% 

and 22% were obtained respectively, however in high enantiomeric excesses (>98%).135  

Further research looked into the effect of different protecting groups on the 

enantioselectivity and reaction rates. Selectivity and reaction rates were superior with 

Boc and Cbz protection, in comparison to benzyl protecting groups. In addition, a 5-

membered ring was preferred over a 6-membered one.330 

Scale-up strategies have also been used to generate aminopiperidine 52b. Using 

a transaminase from Arthrobacter citreus, Ars-TAm, the amine was isolated in 70% yield, 

using 10 equivalents of IPA 6 as the amine donor.331 These substrates have also been 

used with an (R)-selective transaminase from Aspergillus terreus. Although high 

selectivity was observed (>99%), yields were low at only 14% and 11% for the 5- and 6-

membered Boc-protected analogues respectively (51b and 52b).114 
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3.2.2 Screening of pharmaceutical analogues 

3.2.2.1 Colorimetric assay 
Using amine donor 8, compounds 51a-57a were initially selected to assay 

against the six most active enzymes from section 2.3 and 2.4 to identify the most 

promising candidates for further characterisation. The well-studied (S)-selective 

transaminase Cv-TAm was screened in parallel for comparison purposes.103 

Results showed that there were three enzymes among the metagenomic 

transaminases that were at least as good as, if not better than, Cv-TAm. Enzymes 

pQR2189, pQR2191 and pQR2208 were active with all seven initial substrates screened. 

Transaminases pQR2188 and pQR2214 performed poorly with the more challenging 

substrates, only showing a slight colour change for the benzyl-protected substrates 53a 

and 54a. Slightly better activity was observed for pQR2200; no activity was observed 

with 55a, ketones 51a and 56a gave a small colour change, while a reasonable 

conversion yield was noted with 57a. 

Due to their poor performance with most of the substrates, pQR2188, pQR2200 

and pQR2214 were not screened with the less readily available ketones 58a and 59a. 

Results for the other transaminases are shown in Figure 19, and are discussed in the 

next section. 

 

 
Figure 19. Screening of ketones 51a-57a with six most active TAms from the previous chapter, with 

additional substrates 58a and 59a for the three most promising TAms. 8 (25 mM), amino acceptor (10 mM), 
PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.4 mg/mL), 30 °C, 400 rpm, 18 h. 

Water was used as a negative control (N) in place of a substrate, red precipitate is indicative of activity. 
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3.2.2.2 Assays using amine donors (S)-MBA 2 and IPA 6 
The quantitative activities of the three metagenomic-derived enzymes (pQR2189, 

pQR2191 and pQR2208), together with Cv-TAm, were investigated with two amine 

donors: (S)-MBA 2 and IPA 6. Results have been summarised in Table 3; the colorimetric 

screen from section 3.2.2.1 has been included for comparison.  

 Five equivalents of (S)-2 were used and conversion calculated by acetophenone 

production via HPLC. The commercially available amines (51b-57b) were used as an 

HPLC standard for yield determination with 6 (10 equivalents). A UV-vis spectrum of the 

amines showed a lmax between 195 nm and 201 nm (Appendix VI), with all products 

absorbing well at 204 nm - which was used for HPLC detection. 

For almost all reactions the use of 6 led to significantly improved activities when 

compared with (S)-2, often more than doubling the yield. On the whole, the benzyl-

protected pyrrolidone and piperidone amines were less well accepted than their Boc-

protected equivalents. For example, the unsymmetrical piperidone 54a gave low to no 

conversion with (S)-2 for most enzyme-donor combinations, while the Boc-piperidone 

52a gave yields of up to 60% of 52b using 6. A notable exception was the reaction 54a 
with (S)-2, which gave a conversion of 68%. However, analysis of the reaction mixture 

at 204 nm showed only negligible amount of 54b. The colorimetric assay also indicated 

higher reactivities towards 52a compared to 54a.  

Similarly, the Boc-pyrrolidine 51b was formed in higher yields than 53b using (S)-

2 and 6 as donors; pQR2189 gave 51b in 72% yield and 53b in 20% yield with 6. 

Interestingly, this was one of the only substrates where the amine donor had little effect 

on the yield. The colorimetric assay suggested that 53a was more readily converted by 

the metagenomics transaminases, however the colour change was very uniform across 

all seven transaminases, suggesting there may have been a background reaction. 

 Overall, moderate to good conversions were observed with pyrrolidinone 51a 

and piperidone 52a, with a universal preference for the five-membered ring - as 

previously noted when using 51a and 52a in Vf-TAm mediated kinetic resolutions.330 For 

both ketones, when using (S)-2 as the amine donor, better conversions were observed 

with pQR2189 and pQR2208 than with Cv-TAm. For the metagenomic transaminases, 

the use of IPA 6 roughly doubled conversion in all cases. 

The use of compounds with Boc or benzylic groups at the 4-position gave greatly 

improved yields, with the amine donor once again having a significant effect on the 

reaction; the use of IPA 6 consistently gave higher yields. Piperidones 55a and 57a were 

more readily accepted than 56a by all the TAms, and quantitative yields were observed 

using 55a and 57a with pQR2189 and pQR2191. Enzyme pQR2189 performed best with 

56a and IPA 6, producing 56b in 75% yield. 
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Table 3. Results for TAm catalysed reactions of 51a-59a using phenylethanamine 8, MBA 2 and IPA 6 as 

amine donors for pQR2189, pQR2191, pQR2208 and Cv-TAm.a, b, c 

 

 

 pQR2189  pQR2191  pQR2208  Cv-TAm 

 8 MBA 
(S)-2 

IPA 6  8 MBA 
(S)-2 

IPA 6  8 MBA 
(S)-2 

IPA 6  8 MBA 
(S)-2 

51a 
 

43% 72%  
 

8% 25%  
 

45% 67%  
 

30% 

53a 
 

23% 20%  
 

5% 4%  
 

9% 10%  
 

6% 

52a 
 

30% 60%  
 

11% 19%  
 

30% 55%  
 

27% 

54a 
 

4% 2%  
 

68% 1%  
 

2% 1%  
 

0% 

55a 
 

41% Quantd  
 

39% Quantd  
 

25% 51%  
 

27% 

56a 
 

30% 75%  
 

11% 46%  
 

19% 30%  
 

34% 

57a 
 

31% Quantd  
 

36% Quantd  
 

39% 70%  
 

37% 

58a 
 

35% 75%e  
 

3% 13%e  
 

12% 32%e  
 

n.d.f 

59a 
 

13% n.d.f  
 

7% n.d.f  
 

3% n.d.f  
 

n.d.f 

a Reaction conditions: amine donor 8 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 
(100 mM) and clarified cell extract (0.4 mg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control 

(not shown), red precipitate is indicative of activity. Assay was performed in duplicate. b Reaction conditions: 

amine donor (S)-2 (25 mM), amino acceptor (5 mM), PLP (1mM), KPi buffer pH 7.5 (100 mM) and clarified 

cell extract (0.4 mg/mL), 30 °C, 400 rpm, 18 h. Acetophenone was detected at 254 nm by HPLC and used 
to determine percentage conversions. Water was used as a negative control, and any background levels of 

acetophenone production were subtracted from the reactions. All reactions were performed in triplicate, and 

standard deviations were <7%. c Reaction conditions: amine donor 6 (100 mM), amino acceptor (10 mM), 
PLP (1mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.4 mg/mL), 35 °C, 400 rpm, 18 h. Yields 

were determined using HPLC against product standards. All reactions were performed in triplicate, and 

standard deviations were <5%. d Quantitative conversion. e Yields were determined by 58a depletion, but 
product presence was confirmed against a product standard. f Not determined 
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The colorimetric assay showed that the seven-membered ring analogues were 

slightly less well accepted. While a colour change was observed for pQR2189, pQR2208 

and Cv-TAm with 58a, activity was only observed with pQR2189 and pQR2191 using 

59a. As the seven-membered ring analogues were less readily available conversions 

with Cv-TAm were not determined. For 58a, yields with IPA 6 were calculated by 

monitoring the depletion of starting material, while using the commercially available 

standard to confirm product formation. No commercial standard was available for 59a, 

therefore only conversion with (S)-2 was determined. The 3-oxo-azepane 58a was 

accepted by all of the metagenomics transaminases, being converted in 75% yield with 

pQR2189 and IPA 6. For the 4-oxo-azepane 59a, reduced conversions were noted with 

(S)-MBA 2. Interestingly, both the colorimetric and (S)-2 assays showed pQR2191 had 

a preference for 59a over 58a, where the amino-Boc group was at C-4. This preference 

was also observed in the 6-membered analogues. To the best of our knowledge, this is 

the first time the seven-membered N-Boc-protected azepane structures 58a and 59a 
have been used with transaminases. It is noteworthy, that for almost all substrates, 

higher conversions were observed with at least one of the metagenomic transaminases 

compared with Cv-TAm.  

3.2.3 Stereoselectivity 

Amines 51b and 52b were extracted into ethyl acetate and then analysed directly by 

chiral GC, or derivatised prior to GC injection. Racemic 51b could be separated into the 

(R)- and (S)-isomers by chiral GC, and commercially available (R)- and (S)-51b 

standards were used to confirm the selectivity. Amine 52b was derivatised with 

trifluoracetic anhydride, and selectivity was inferred from the 5-membered analogue. 

Both pQR2189 and pQR2208 showed excellent selectivity for 51a and 52a, giving the 

(S)-isomer exclusively for 51b and 52b with both (S)-2 and 6.  

3.3 Enzyme characterisation  

In order to determine the scope of the operating conditions for pQR2189, pQR2191 and 

pQR2208, the effect of temperature, pH, co-solvent and buffer concentration were 

investigated using pyrrolidinone 51a as an amine acceptor and IPA 6 as the donor. 

Where an alternative substrate or amine donor was used, this has been indicated. The 

buffer concentration was reduced from 100 mM to 50 mM and no effect on yield was 

observed (results not shown); subsequent reactions were run at the lower concentration. 

Data has been presented as percentage activity relative to the activity at the optimum 

condition. 
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3.3.1 pQR2189, pQR2191 and pQR2208 

3.3.1.1 Temperature and pH 
The effect of temperature on the transamination was investigated between 20 °C and 

50 °C. This range in temperature proved to have little effect on the activity for pQR2189 

which maintained almost complete relative activity. Transaminase pQR2191 however, 

performed best at 20 °C, after which there was a steady decline while still maintaining 

~60% relative activity at 50 °C. A more typical temperature profile was observed for 

pQR2208, with maximum conversion recorded at 25 °C, after which there was a steady 

decline up until 40 °C, where above the activity dropped markedly (Figure 20a).  

 The previously reported metagenomic transaminases from various hot spring 

metagenomes displayed quite a different temperature profile as they were from 

thermophilic sources. Two of the enzymes, Is3-Ta and It6-TA, were most active ~50 °C, 

either side of which there was a sharp fall in yield. The third transaminase B3-TA had a 

characteristic thermophilic profile with relative activity increasing steadily up to 90 °C, 

after which further measurements were unfeasible.105 Baud et al. reported that the 

optimal temperature for all three enzymes was 30 °C.187 When compared with these 

enzymes, pQR2189 in particular stands out as the only enzyme that showed no 

significant drop in relative activity over a 30 °C window. 

 

 
Figure 20. Effects of temperature and pH on the yield of 51b using IPA 6 as the amine donor. a, Temperature 

20-50 °C. b, KPi buffer pH 6.0-11.0. General reaction conditions: amine donor 6 (100 mM), 51a (10 mM), 
PLP (1mM), KPi buffer pH 8.0 (100 mM) and clarified cell extract (0.4 mg/mL), 20% DMSO, 35 °C, 400 rpm, 

18 h. Yields were determined using HPLC against product standards. All reactions were performed at least 

in duplicate, and standard deviations were <8%. 

The optimum pH for all three enzymes was between pH 9.0-10.0. For both 

pQR2191 and pQR2208, there was a significant drop in activity after pH 10.0, with 

pQR2191 becoming almost completely inactive at pH 11.0. While pQR2191 decreased 

TAm, PLP, IPA 6
NBoc

O

NBoc

NH2

51a 51b

20 25 30 35 40 45 50
0

50

100

Temperature (°C)

Re
la

tiv
e 

ac
tiv

ity
 (%

)

6 7 8 9 10 11
0

50

100

pH

Re
la

tiv
e 

ac
tiv

ity
 (%

)

pQR2189 pQR2191 pQR2208

a b



69 
 

 

markedly at acidic pH as well, pQR2208 maintained relatively high conversions as low 

as pH 6.0. Remarkably, pQR2189 was stable and active across all pH values tested, pH 

6.0-11.0, with relative activity almost always above 90% (Figure 20b). 

The optimum pH observed for all three enzymes is very typical of w-

transaminases, which is characteristically around pH 9.0.118,120,151,159,315,332 The pH profile 

of pQR2191 is what is expected for transaminases, however the ability of pQR2189 and 

pQR2208 to work at good conversion levels at acidic pH values is interesting. 

Transaminases are often reported to lose all activity at pH 6.0,159 making this very 

unusual. Ferrandi et al. reported a less than 10% relative activity up until pH 7.0,105 and 

transaminases from a tongue metagenome gave 5% or less conversion at pH 6.0.187 

3.3.1.2 Solvent tolerance 
Solvent stability is often quoted as a major hurdle for industrial implementation, therefore 

the effect of solvent on activity was investigated.158 PEG200 is a green solvent, that can 

be used as an alternative co-solvent in industrial scale-up. The activity was determined 

using 5-50% (v/v) PEG200; relative activity was similar across all concentrations 

measured, never dropping below 80% of the relative activity (Figure 21a). Conversions 

using pEG200 and DMSO were similar; there was a slight fall in activity for pQR2189 

and pQR2208. These results suggest that PEG200 is a suitable solvent for industrial 

scale-up. 

DMSO is also often a co-solvent of choice in enzymatic transformations for 

substrate solubilisation, however, higher concentrations of the solvent frequently leads 

to enzyme inactivation and engineering is often required to improve the tolerance. To 

establish the effect of DMSO on activity, DMSO concentrations (v/v) of 5-50% were 

investigated using both amine donors 6 and (S)-2. With IPA 6, all enzymes were tolerant 

at up to 30% DMSO, after which there was a significant drop in yields for pQR2208 with 

almost total loss of activity at 50%. Activity was unchanged at 40% levels for pQR2191, 

but a decline could be seen above this. Remarkably, pQR2189 was operating at 80% of 

the relative activity even at 50% DMSO concentrations. An improvement in the yield was 

also observed above 20% levels of DMSO, although this may reflect improved substrate 

solubility (Figure 21b). The (R)-selective transaminase ArMut11 is also known to be 

operational in 50% DMSO however, 11 rounds of evolution were required to increase its 

stability towards these conditions.167  

The effect of DMSO was also probed using the amine donor (S)-MBA 2 for the 

three metagenomic transaminases and Cv-TAm. Optimum activity for Cv-TAm was 

observed at 30% DMSO, after which activity dropped markedly. Interestingly all enzymes 

showed worse relative activity at lower DMSO concentrations, possibly reflecting the 

difference in solubility of the two amine donors. Relative activities observed for pQR2189 

and pQR2208 were similar for both amine donors, with pQR2189 still maintaining ~80% 
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relative activity at high DMSO concentrations, while pQR2208 still lost almost all activity 

at 50% DMSO (Figure 21c). 

The effect of DMSO on pQR2191 using (S)-MBA 2 in combination with two 

different substrates, ketones 51a and 55a, are shown in Figure 23d. As the conversions 

for 51a with pQR2191 were relatively low (approximately 10%), the reaction was 

repeated with 55a – which gave ~40% conversion in previous screens – to give more 

scope for change. Both substrates confirmed the same trend – pQR2191 gave relative 

activities of 85% at 50% DMSO concentration. The sharp decline in yield observed for 

pQR2191 after 40% DMSO using IPA 6 (Figure 21b) was not observed with (S)-MBA 2. 

These results suggest that DMSO tolerance is not purely an intrinsic characteristic but is 

also influenced by the amine donor/acceptor. 

 

 
Figure 21. Effects of different solvents on enzyme activity. a, 5-50% (v/v) PEG200 using 6 and 51a. b, 5-

50% (v/v) DMSO using 6 and 51a. c, 5-50% (v/v) DMSO using (S)-2 and 51a. d, 5-50% (v/v) DMSO using 
(S)-2 and 51a (––) or 55a (- -) with PQR2189. General reaction conditions: amine donor 6 (100 mM) or (S)-

2 (25 mM), 51a (––) or 55a (- -) (10 mM or 5 mM, respectively), PLP (1mM), KPi buffer pH 8.0 or 7.5, 

respectively (100 mM) and clarified cell extract (0.4 mg/mL), 5-50% DMSO/PEG200, 35 °C or 30 °C, 400 
rpm, 18 h. Yields were determined using HPLC against product standards, or acetophenone production. All 

reactions were performed at least in duplicate, and standard deviations were <8%.  
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3.3.2 pQR2189 

Due to the remarkable DMSO tolerance of pQR2189, the effect of the concentration of 

IPA 6, enzyme and substrate as well as kinetic parameters were investigated further 

(Figure 22). Temperatures of up to 70 °C were also investigated to determine a wider 

active temperature range. Although activity was seen to drop above 50 °C, 70% relative 

activity was still observed at 60 °C with lower yields observed at 70 °C (Figure 22a). 

However, it still demonstrated better stability towards higher temperatures than two of 

the previously mentioned thermophilic metagenomic transaminases.105  

Different concentrations of cell-free extract were also used, and similar yields 

were observed with 0.1 mg/mL total protein, compared to higher concentrations of 

protein, and 80% relative activity was achieved with only 0.04 mg/mL total protein (Figure 

22b).  

 

 
Figure 22. Effects of temperature and concentrations of enzyme, substrate and amine donor on yield of 51b 

using IPA 6 as an amine donor for pQR2189. a, Temperature 20-70 °C. b, Enzyme concentration 0.04-4 

mg/mL. c, IPA 6 equivalents 1-50. D, Substrate concentration 10-200 mM. General reaction conditions: 

amine donor 6 (100 mM), amino acceptor (10 mM), PLP (1mM), KPi buffer pH 8.0 (100 mM) and clarified 
cell extract (0.4 mg/mL), 20% DMSO, 35 °C, 400 rpm, 18 h. Yields were determined using HPLC against 

product standards. All reactions were performed in triplicate, and standard deviations were <8%.  
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with 1-50 equivalents of IPA 6 were investigated. As little as one equivalent of IPA 6 was 

sufficient to achieve almost 80% activity relative to the maximum yield, increasing to over 

90% with only two equivalents. Additionally, there was no decrease in yield observed 

with 50 equivalents of IPA 6 (500 mM final concentration) (Figure 22c).  

A recent study looking to better understand the relationship between 

transaminases and IPA 6 acceptance, investigated the effect of the amine donor on 

transamination of acetophenone using seven transaminases. In most cases, increasing 

the number of equivalents of IPA 6 from five to 100 doubled conversion. In the case of 

Cv-TAm, more than 10 equivalents of IPA 6 had a negative effect on yield.333 These 

results demonstrate the usual characteristic behaviour of transaminases towards IPA 6. 

Therefore, the discovery that pQR2189 in neither inhibited by, nor requires, large 

excesses of IPA 6 demonstrates that this is a highly unique enzyme. 

Substrate inhibition is a well-known problem with a number of 

transaminases.99,131 Although increasing the substrate concentration led to a decrease 

in yield, the overall amount of 51b formed continued to increase, suggesting that this is 

not due to substrate inhibition (Figure 22d). Further kinetic studies showed that no 

substrate inhibition was observed up to 200 mM (see section 3.3.2.1.1).  

3.3.2.1 Enzyme kinetics 

3.3.2.1.1 Kinetic parameters for N-boc-3-pyrrolidinone and IPA 
To investigate the reaction kinetics, a time point assay with crude cell lysate was 

undertaken. The enzyme showed rapid reaction rates, with full conversion being 

observed after 2 hours (Figure 23).  

 

 
Figure 23. Percentage yield of 51b using IPA 6 as an amine donor over time for pQR2189 using crude cell 

lysate. Reaction conditions: amine donor 6 (100 mM), amino acceptor (10 mM), PLP (1mM), KPi buffer pH 
8.0 (100 mM) and clarified cell extract (0.4 mg/mL), 20% DMSO, 35 °C, 400 rpm, 18 h. Yields were 

determined using HPLC against product standards. All reactions were performed in triplicate, and standard 

deviations were <4%. 
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For the enzyme kinetic studies, pQR2189 was purified using standard 

immobilised metal affinity chromatography (IMAC) (for more details, see section 3.5.1). 

To determine the Michaelis-Menten kinetic parameters for a bi-bi ping-pong mechanism, 

the concentration of one substrate must be held constant, while the other is varied. Initial 

experiments to calculate the Km for 51a looked at concentrations between 10 and 200 

mM while keeping IPA 6 constant at 200 mM. Taking readings every 30 seconds for the 

first two minutes, followed by every minute until 5 minutes and additional readings at 10 

and 20 minutes showed that reaction rates were too rapid using 130 µg/mL of enzymes 

to accurately determine initial rate constants. Initial rate of reaction increased linearly 

with enzymes concentration until a saturation limit is reached. Al-Haque et al. described 

a methodology where the first step in a kinetics experiment determines this linear region 

to guide the subsequent experiments.334 Using 10 mM 51a and 100 mM IPA 6, initial 

rates were determined in triplicate at four concentrations of enzyme – 6.5, 13, 26 and 

130 µg/mL (Figure 24a). Plotting a line of best fit appeared to show a linear relationship, 

however when the final data point is not included in the calculation, it falls below the line, 

suggesting the saturation limit may have been reached at this concentration. 

Additionally, errors at this concentration were relatively large (Figure 24b). Therefore, 

due to these results – in combination with the rapid reaction rates in initial experiments 

– determination of kinetic parameters for 51a and 6 were performed at 26 µg/mL. 

 

 
Figure 24. Determination of initial rate of reaction at different enzyme concentrations. a, Yield over time at 

different concentrations. Reaction conditions: 6 (100 mM), 51a (10 mM), PLP (1 mM), KPi buffer pH 8.0 (50 

mM) and pure enzyme (6.5-130 µg/mL), 20% DMSO, 35 °C, 400 rpm, 20 min. Yields were determined using 

HPLC against product standards. All reactions were performed in triplicate. b, Initial velocities calculated 

from a and plotted as a function of enzyme concentration.  
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ascertain the Michaelis constant (Figure 25d). Kinetics parameters Km and Vmax where 

calculated using the GraphPad Prism software for both 51a and 6. 

 
Figure 25. Calculating Km and Vmax for ketone 51a and IPA 6. a, Yield of 51b over time at varying 

concentrations of 51a. Reaction conditions: 6 (200 mM), 51a (10-200 mM), PLP (1 mM), KPi buffer pH 8.0 

(50 mM) and pure enzyme (26 µg/mL), 20% DMSO, 35 °C, 400 rpm, 20 min. Yields were determined using 

HPLC against product standards. All reactions were performed in triplicate. b, Michaelis-Menten plot for 51a. 

c, Yield of 51b over time at varying concentrations of 6. Reaction conditions: 6 (10-500 mM), 51a (10 mM), 

PLP (1 mM), KPi buffer pH 8.0 (50 mM) and pure enzyme (26 µg/mL), 20% DMSO, 35 °C, 400 rpm, 20 min. 

Yields were determined using HPLC against product standards. All reactions were performed in triplicate. 
d, Michaelis-Menten plot for 6.  

Based on the assumptions of the Michaelis-Menten kinetics the apparent Km for 

ketone 51a and IPA 6 was 18.9±3.1 and 10.6±1.6 mM respectively. The turnover rate 

(kcat) for each enzyme-substrate was calculated by dividing Vmax by the enzyme 

concentration, and this value was subsequently divided by the Michaelis constant to give 

the catalytic efficiency (kcat/Km) – values were very similar for both substrates. These 

results have been summarised in Table 4. 

Table 4. Kinetic parameters for pQR2189 for the reaction between 51a with donor 6.a 

1-Boc-3-pyrrolidinone 51a  IPA 6 

Km  
(mM) 

kcat       
(s-1) 

kcat/Km             
(s-1M-1) 

Vmax 
(mMs-1)  

Km           
(mM) 

kcat       
(s-1) 

kcat/Km             
(s-1M-1) 

Vmax 
(mMs-1) 

18.9±3.1 4.5 237 0.0012  10.6±1.6 2.9 275 0.0024 

a Reaction conditions detailed in experimental. 
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3.3.2.1.2 Kinetic parameters for pyruvate and (S)-MBA 
For comparison purposes, kinetic parameters for the reaction between pyruvate 1 and 

(S)-MBA 2 were investigated. Schätzle et al. reported a rapid and sensitive kinetic assay 

for transaminases based on the spectrophotometric detection of acetophenone at 245 

nm.174 Initial experiments were attempted in 96-well plate format, however a delay 

between enzyme addition and the first reading meant that initial rates could not be 

accurately measured. Therefore, the assay was adapted to a cuvette format. A 

calibration curve of acetophenone at 245 nm gave a non-linear relationship, so readings 

were taken at 300 nm where a linear calibration curve could be recorded.  

 Initial reaction rates where determined at different enzyme concentrations, to 

establish what concentration to use in subsequent experiments. Velocity increased 

linearly up until 65 µg/mL of enzyme, after which enzyme saturation was observed. 

However, reaction rates were extremely rapid at this concentration, with full conversion 

occurring within 90 seconds. Therefore, a final concentration of 6.5 µg/mL pQR2189 was 

used in subsequent experiments. 

 

 
Figure 26. Determination of initial rate of reaction at different enzyme concentrations based on 
acetophenone production. a, Yield over time at different concentrations of pQR2189. Reaction conditions: 

(S)-2 (5 mM), 1 (2.5 mM), PLP (0.1 mM), KPi buffer pH 7.5 (50 mM) and pure enzyme (2.6-130 µg/mL), 1% 

DMSO, 35 °C, 180 s. Yields were determined using HPLC against product standards. All reactions were 

performed in triplicate. b, Initial velocities calculated from a and plotted as a function of enzyme 
concentration. 

Preliminary results showed that Vmax was reached with as little as 0.5 mM 

pyruvate 1 using 5 mM (S)-MBA 2. Therefore, the lowest concentration was adjusted to 

0.25 mM (Figure 27a). A Michaelis-Menten plot of the velocity showed the inhibitory 

effect of pyruvate 1 on activity – the inhibition constant was 8.1 mM (Figure 27b). 

Conversely, pQR2189 had a much lower affinity for (S)-MBA 2, so the maximum 

concentration of (S)-MBA 2 was increased from 5 mM to 10 mM (Figure 27c) to give a 

better estimation of Vmax (Figure 27d).  
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Figure 27. Calculating Km and Vmax for pyruvate 1 and (S)-MBA 2. a, Conversion based on acetophenone 

production over time at varying concentrations of 1. b, Michaelis-Menten plot for 1. Reaction conditions: (S)-

22 (5 mM), 1 (0.25-5 mM), PLP (0.1 mM), KPi buffer pH 7.5 (50 mM) and pure enzyme (6.5 µg/mL), 1% 

DMSO, 35 °C, 180 s. Yields were determined using HPLC against product standards. All reactions were 
performed in triplicate. c, Conversion based on acetophenone production over time at varying concentrations 

of (S)-2. d, Michaelis-Menten plot for (S)-2. Reaction conditions: (S)-2 (1-10 mM), 1 (1 mM), PLP (0.1 mM), 

KPi buffer pH 7.5 (50 mM) and pure enzyme (6.5 µg/mL), 1% DMSO, 35 °C, 180 s. Yields were determined 

using HPLC against product standards. All reactions were performed in triplicate.  

Based on the assumptions of the Michaelis-Menten kinetics, the apparent Km, kcat 

and kcat/Km values for 1 and (S)-2, were calculated, and have been summarised in Table 

5. The apparent specific activity of pQR2189 with pyruvate 1, using amine donor (S)-2, 
are two to three orders of magnitude higher than that of Cv-TAm.335,336 

Table 5. Kinetic parameters for pQR2189 for the reaction between 1 and (S)-2.a 

Pyruvate 1  (S)-MBA 2 

Km           
(mM) 

kcat       
(s-1) 

kcat/Km             
(s-1M-1) 

Vmax 
(mMs-1)  

Km           
(mM) 

kcat       
(s-1) 

kcat/Km             
(s-1M-1) 

Vmax 
(mMs-1) 

0.29±0.08 25 87069 0.0033  14.8±3.2 58 3942 0.0077 

a Reaction conditions detailed in experimental. 
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3.4 Preparative scale reaction pQR2189 and pQR2208 

3.4.1 Small scale reactions using 51a 

Reactions were repeated with all three enzymes using 20 mM ketone 51a to determine 

the feasibility for preparative scale reactions. Additionally, reactions were run using 10% 

and 20% DMSO. For all three enzymes, no significant drop in yield was observed by 

increasing the substrate concentration (Figure 28). 

 

  

Figure 28. Trial small scale reaction for scale-up using 20 mM 51a. Reaction conditions: amine donor 6 (200 
mM), amino acceptor (20 mM), PLP (1mM), KPi buffer pH 9.0 (pQR2191) or pH 10.0 (pQR2189 and 

pQR2208) (50 mM) and clarified cell extract (0.4 mg/mL), 10% or 20% DMSO, 35 °C (pQR2189 and 

pQR2208) or 40 °C (pQR2191), 400 rpm, 18 h. Yields were determined using HPLC against product 
standards. All reactions were performed in triplicate and standard deviations were <5%. 

 Due to the apparent robustness of pQR2189, additional preparative scale 

conditions were investigated. Both 50 mM and 200 mM 51a was used with two and five 

equivalents of IPA 6 for each; reactions were run at 30 °C and 50 °C (Figure 29). For all 

experiments, there was negligible difference in yield when using either two or five 

equivalents of IPA 6. 

Using 10 mM starting material, previous reactions confirmed that only 0.1 mg/mL 

of enzymes was required for full activity (section 3.3.2, Figure 22). At 30 °C, using 0.1 

mg/mL of pQR2189 with 50 mM of starting material led to significantly reduced yields – 

all were below 20%. However, increasing the enzyme concentration, lead to an increase 

in yield for all conditions, except one. This suggests that the decreased yields observed 

at higher concentrations in Figure 22d are not due to substrate inhibition, but rather 

enzyme saturation. It is possible that yields could be further increased with even higher 

enzyme concentrations.  
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Very similar trends were observed at both temperatures, but all yields were 

slightly lower at 50 °C. Interestingly, this effect was more pronounced at higher ketone 

concentrations – at 30 °C 200 mM gave about ~70% relative activity compared to yields 

with 50 mM ketone, however, at 50 °C this dropped drastically to ~25% relative activity.  

 

 

Figure 29. Effect of pQR2189 concentration on the yield of 51b at different substrate concentrations, IPA 6 

equivalents and temperatures. a, Reactions done at 30 °C. b, Equivalent reactions at 50 °C. General reaction 

conditions: amine donor 6 (100-1000 mM), amino acceptor (20-50 mM), PLP (1mM), KPi buffer pH 10.0 (50 

mM) and clarified cell extract (0.1-1.0 mg/mL), 20% DMSO, 400 rpm, 18 h. Yields were determined using 
HPLC against product standards. All reactions were performed in triplicate and standard deviations were 

<9%. 

3.4.2 Additional solvent screen 

Preparative scale reactions were carried out with pQR2189 and pQR2208; pQR2191 

was not included as reaction optimisation failed to increase the yield with 51a.  

Given the known difficulty of using DMSO in large-scale reactions (due to its high 

boiling point) and the apparent robustness of the enzyme, alternative co-solvents were 

investigated. The best yield for pQR2208 was observed with 10% DMSO, with most other 

co-solvents leading to reduced activity. Acetonitrile led to the biggest drop in yield, giving 

only ~20% relative activity. Ethers CPME and TMBE gave similar yields, approximately 

60% relative activity, with 10% methanol having the least effect on conversion. 

Conversely, CPME, TBME, acetonitrile and methanol all had limited effect on the activity 

for pQR2189, with all co-solvents yielding above 80% relative activity. Methanol was 

therefore selected as it was the most well tolerated (other than DMSO) by both pQR2189 

and pQR2208 (Figure 30). 
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Figure 30. Effect on yield of 51b with various co-solvents (10% final concentration). The reaction conditions 

used were the same as those indicated in Figure 22, all reactions were performed in triplicate and standard 

deviations were <8%. 

3.4.3 Scale-up 

Reactions were then performed on a 20 mM scale (50 mL) using 10 equivalents of IPA 

6. Whilst scale-up to a 50 mL reaction volume had little effect on the yield for pQR2189, 

a significant drop in yield was observed for pQR2208 from 67% to 34%. Enantiopure 

amine (S)-51b (by chiral GC-analysis) was isolated in 64% and 31% for pQR2189 and 

pQR2208 respectively (Table 6). Additionally, a preparative scale reaction was carried 

out with pQR2189 on a 50 mM scale (50 mL) with only 2 equivalents of IPA 6 to 

demonstrate the usefulness of this enzyme. Amine (S)-51b was isolated in 57% yield 

(e.e. >99%), and the reaction was complete after eight hours.  

During kinetic experiments, a 100% conversion yield of 51a was observed with 

purified pQR2189 (Figure 24a), therefore a 50 mM scale (50 mL) reaction was repeated 

with the purified enzyme (130 µg/mL). HPLC analysis showed a product yield of 86%, 

and 51b was isolated in 82% yield. 

Table 6. Yields for preparative scale reaction with 51a and pQR2189 and pQR2208.a, b 

 Conc. 51a 
(mM) 

Equivalents 
IPA 6 

Yield 51b 
(200 µL) 

Yield 51b 
(50 mL) 

Isolated yield 
51b (50 mL) 

ee (%)   
(S) 

pQR2189a 20 10 69% 65% 64% >99% 

pQR2208a 20 10 67% 34% 31% >99% 

pQR2189b 50 2 55% 57% 57% >99% 

pQR2189c 50 2 100% 86% 82% ndd 

a Reaction conditions for 20 mM scale: amine donor 6 (200 mM), amino acceptor (20 mM), PLP (1 mM), KPi 

buffer pH 10.0 (50 mM) and clarified cell extract (0.4 mg/mL), 35 °C, 250 rpm, 24 h. b Reaction conditions 

for 50 mM scale: amine donor 6 (100 mM), amino acceptor (50 mM), PLP (1 mM), KPi buffer pH 10.0 (50 
mM) and clarified cell extract (1 mg/mL), 30 °C, 250 rpm, 24 h. c Reaction conditions same as for (b) but 

using purified pQR2189 (130 µg/mL). d  not determined. 
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3.5 Crystallisation of pQR2189 

A number of (S)-selective transaminases have been investigated by X-ray 

crystallography in the last few years, including Cv-TAm (PDB ID: 4BA5), Vf-TAm (PDB 

ID: 3NUI) and a transaminase from Pseudomonas putida (PDB ID: 3A8U).337 Due to the 

unusual robustness of wild-type pQR2189, crystallisation trials were undertaken in the 

hope of shedding light on the structure-function relationship responsible for the stability.  

3.5.1 Purification of pQR2189 

For crystallisation experiments, pQR2189 was purified from the cell free extract by IMAC 

using a gradient technique and chelating nickel Sepharose columns. The purified protein 

was dialysed into a buffer containing PLP (20 mM tris pH 7.5, 150 mM NaCl, 0.5 mM 

PLP) overnight to prepare it for further purification. 

 The concentrated protein was injected onto an automated size-exclusion column 

and purified using one of two buffers. The first set of conditions included 0.5 mM PLP in 

the running buffer. The trace showed two major peaks quite close to each other, plus an 

additional peak around fraction 41. An SDS-PAGE gel of the concentrated protein after 

IMAC purification showed two distinct bands, around 50 kDa and 100 kDa (Figure 31, 

lane 4). The SDS-PAGE gel showed that fractions 19, 21 and 26 had the same two 

bands, suggesting that the 50 kDa and 100 kDa bands represent the monomer and the 

dimer. As both the monomer and the dimer were present in all samples, they probably 

exist in a dynamic equilibrium. Fraction 41 contained no protein and was ascribed to 

unbound excess PLP in the protein sample (lane 8).  

 
Figure 31. Gel filtration of pQR2189 using Tris-buffer pH 7.5 (20 mM, NaCl 150 mM, PLP 0.5 mM) and 

SDS-Page gel. Vertical lines show the fractions that were run on the gel shown. Lane 1: Promega broad 

range protein molecular marker. Lane 2: TP fraction. Lane 3: CFE fraction. Lane 4: pQR2189 after His-tag 
purification. Lane 5: Fraction 19. Lane 6: Fraction 21. Lane 7: Fraction 26. Lane 8: Fraction 41. Lane 9: 

Pure protein fractions used in kinetics studies and crystal trials. 
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 A second size-exclusion purification was performed without any additional PLP 

in the running buffer. The chromatogram once again showed two major peaks, plus one 

later one thought to be the unbound PLP. Multiple fractions were taken from each of the 

main peaks and separated by electrophoresis. The SDS-PAGE gel showed that not only 

did each fraction contain the same protein bands, but that they were also present in the 

same concentration. To check whether the molecular dimers were covalently linked, 

fraction 61 was boiled for three minutes (lane 15) and ten minutes (lane 16). The 

monomer and dimer were present in the same ratio in both samples, suggesting they 

are not covalently linked, further supporting that the two are in dynamic equilibrium with 

each other (Figure 32).  

 
Figure 32. Gel filtration of pQR2189 using Tris-buffer pH 7.5 (20 mM, NaCl 150 mM) and SDS-Page gel. 

Vertical lines show the fractions that were run on the gel shown. Lane 1: Promega broad range protein 

molecular marker. Lane 2: pQR2189 after His-tag purification. Lane 3: Fraction 32. Lane 4: Fraction 35. 
Lane 5: Fraction 38. Lane 6: Fraction 42. Lane 7: Fraction 45. Lane 8: Fraction 48. Lane 9: Fraction 52. 
Lane 10: Fraction 55. Lane 11: Promega broad range protein molecular marker. Lane 12: Purified protein. 

Lane 13: Fraction 57. Lane 14: Fraction 59. Lane 15: Fraction 61. Lane 16: Fraction 61 boiled for 10 mins. 
Lane 17: Fraction 64. Lane 18: Fraction 68. Lane 19: Fraction 71. Lane 20: Fraction 113. 

3.5.2 Crystallisation attempts  

As all protein-containing fractions contained both the monomer and the dimer, all the 

fractions from Figure 31 were pooled and concentrated to 24 mg/mL, and the same for 

the fractions from Figure 32.  
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 A pre-crystallisation test from Hampton Research was performed on the sample, 

according to the manufacturer’s instructions. Results showed that the concentration was 

within the correct range for crystallisation to occur. For each purified protein, eight 96-

well commercial screens were set up: PACT, structure, salt RX, JCSG, AmSO4, MPD, 

MIDAS and INDEX. As of the 10 month timepoint, no crystals have been observed. 

Additional plates were also set up with protein diluted to 11 mg/mL with 6 mM gabaculine. 

Sayer et al. recently published the crystal structure of Cv-TAm bound to the inhibitor 

Gabaculine, therefore it was hoped that this might aid crystallisation.337 However no 

crystals have been observed.**  

3.5.3 Future work 

As pQR2189 was cloned into pET28(a), the enzyme has both a C- and N-terminal His-

tag. His-tags are known to interfere with a protein’s ability to crystallise in some 

cases,338,339 therefore removal of the His-tags may aid crystallisation. The pET28(a) 

vector contains a thrombin cleavage site immediately before the NdeI restriction site. 

Thrombin is regularly used to cleave affinity tags, therefore the N-terminal tag could be 

cleaved with this protease.340  

 The C-terminal His-tag is positioned directly after the XhoI restriction site, 

meaning that the insertion of a stop codon at this site would remove the affinity tag 

without leaving any additional non-native residues. Therefore, insertion of a palindromic 

stop sequence with XhoI overhangs would lead to the insertion of a stop codon at the 

end of the gene. Transformation of the successful clones and the expression in E. coli 

followed by cleavage of the N-terminal tag with thrombin should give the protein without 

either His-tag, which would be used in subsequent crystallisation trials.  

3.6 Conclusion 

Despite the promise that transaminases hold in biocatalytic syntheses, progress has 

been hampered by the unfavourable reaction equilibrium and poor enzyme stability.131,158 

As discussed in section 1.3.4.1, researchers have tried to shift the equilibrium towards 

the desired amine product, either by removal of the ketone by-product or by using a large 

excess of amine donor.109,135,137,142,151,154,155 In this regard, IPA 6 is often described as the 

ideal amine donor for industrial scale up; it is relatively cheap and acetone 7, the ketone 

by-product, is highly volatile.152,153 However, IPA 6 is not broadly accepted as an amine 

donor,153,157 and the high equivalents required to shift the equilibrium often leads to 

denaturation of the enzyme.158 Even in the case of Sitagliptin, the (R)-selective 

transaminase was subjected to multiple rounds of evolution to increase its tolerance 

                                                
** Performed in collaboration with Rebecca Roddan 
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towards IPA 6.167 The general instability of transaminases towards high amine donor 

concentrations, temperatures and solvent content are a major hurdle for their industrial 

application, thus novel, robust transaminases are highly desirable.158,159 

In this chapter, three transaminases, pQR2189, pQR2191 and pQR2208 were 

selected for further analysis due to their promising performance toward heterocyclic 

ketones and the effect of temperature, pH and co-solvents established. Of these, 

reactions with pQR2189 and pQR2208 were performed on a preparative scale. 

Transaminase pQR2189 showed remarkable robustness, displaying characteristics 

often only observed in highly engineered enzymes. Up to 50% DMSO was used in 

reactions without a significant drop in activity. Whilst coming from a non-thermophilic 

environment, pQR2189 was also operational at a wide range of temperatures (20-60 °C) 

as well as pH values (6.0-11.0), good relative activity was observed with as little as one 

equivalent of IPA 6 and as high as 50 equivalents of IPA 6. Many of the characteristics 

displayed by pQR2189 have been described as highly desirable for novel 

transaminases; pQR2189 shows unique properties for a wild type enzyme, making it an 

excellent scaffold for enzyme engineering.  

Kinetics experiments established rapid reactions rates. Apparent kinetic 

parameters were determined for a number of donors and acceptors and confirmed an 

extremely high affinity for pyruvate 1. Preliminary crystallisation experiments have been 

undertaken, however no crystals have been isolated, presumably due to the presence 

of the affinity tags. Future work would include the removal of these tags to give a 

construct that could be used in further experiments.  
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4 Limonene epoxide hydrolases 

4.1 Introduction 

Although the vast majority of epoxide hydrolases belong to the a/b hydrolase fold, giving 

them a similar structure, there is very little sequence similarity between EHs.189 An 

additional difficulty arises from the fact that the a/b hydrolase fold class contains a large 

number of different enzymes, not just EHs.341 

4.2 α/β Hydrolase fold EHs 

To identify the most common Pfam identifier for EHs, a number of randomly chosen EHs 

(mammalian, plant, fungi and bacteria) were searched for in the Uniprot database. They 

returned four different Pfam identifiers: abhydrolase_1 (PF00561), abhydrolase_5 

(PF12695), abhydrolase_6 (PF12697) and EHN (epoxide hydrolase N terminus) 

(PF06441).342 The NCBI database was then searched for each of these Pfam groups, 

along with ‘epoxide hydrolase’ to identify the most frequently occurring group. As can be 

seen in Table 7, the abhydrolase 6 and the EHN groups have by far the highest number 

of hits. The abhydrolase 6 group was also overwhelmingly bacterial hits. 

Table 7. Hits when searching the NCBI database for the Pfam group along with 'epoxide hydrolase'. 

Pfam ID Search results (of which bacterial) UCL metagenomesa 

Abhydrolase_1 1481 (359) n/ab 

Abhydrolase_5 16 (4) n/ab 
Abhydrolase_6 8826 (7778) 144 

EHN 8186 (5294) 0 
a Metagenomes include tongue, dental plaque and mucosal. b not searched for. 

The contig libraries (tongue, plaque and mucosal) were first queried with Pfam 

ID numbers for abhydrolase_6 and EHN. EHN returned no hits in any of the 

metagenomes. The abhydrolase_6 query returned six hits for the mucosal gland, 42 in 

the dental plaque and 96 from the tongue metagenome. The contigs were visualised 

using the DNA viewing software Artemis, and the open reading frames (ORFs) 

corresponding to the abhydrolase 6 genes identified. The sequences were searched 

against the Pfam and NCBI databases to identify which ones were full length. This 

yielded a total of 45 full-length sequences, of which two were from the mucosal 

metagenome, eight from the dental plaque and 35 from the tongue database.  

As the α/β hydrolase contains a large number of other enzyme classes, specific 

conserved EH sequence motifs that define the active site can be used to pick out only 

the EHs, as described by van Loo et al.200 The 45 full-length sequences were manually 

aligned with known EHs using the alignment software MAFFT and the characteristic 
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motifs and residues, laid out in section 1.4.1.1, were used as section criteria for putative 

EHs. Any sequences that did not possess all of these motifs were disqualified; hence all 

were discounted meaning none of the sequences were putative EHs. 

Limonene epoxide hydrolases are a much smaller group of enzymes and have 

their own Pfam identifier (PF07858). A search of the drain metagenome however, 

revealed four full-length putative LEHs. This chapter details their retrieval, expression, 

characterisation and screening.  

4.3 Cloning of pQR2217-pQR2220 

4.3.1 In silico work 

Querying the drain metagenome for the Pfam ID for LEHs (PF07858) returned four full-

length sequences. Multiple sequence alignment showed an average identity of 28% 

between the four enzymes. A BLAST search of the four proteins against the database 

revealed that all had some homology to known proteins, ranging from 42-78%. Two of 

the closest identity proteins were functionally assigned as limonene-1,2-epoxide 

hydrolases, while the other two were noted as hypothetical proteins (Appendix III).  

The putative metagenomic LEHs were also compared to the four known 

enzymes, Re-LEH,246 Mt-LEH,250 Tomsk-LEH and CH55-LEH.256 The enzymes showed 

relatively low homology to the known enzymes, ranging from 22-47%. Due to the limited 

number of members there are no known motifs for LEHs, however multiple sequence 

alignment of all eight enzymes showed that the four sequences retrieved from the 

metagenome possessed the Asp-Arg-Asp catalytic triad (Figure 33).  

 
Figure 33. Multiple sequence alignment (using clustal omega) of metagenomic LEHs and known enzymes, 
showing that the four metagenome sequences possess the Asp-Arg-Asp catalytic triad (outlined in black). 

4.3.2 Primer design and PCR 

Primers were designed as described in section 2.2.3.1 to be compatible with the 

restriction enzymes NdeI and XhoI. The genes were amplified from the metagenomic 

DNA by PCR, however only pQR2217 was successfully retrieved from this set of primers 

(Figure 34a). New, longer primers were designed in the hope that they would be more 

specific (Appendix IV). Although the increase in length also increased the melting 
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temperature, bands of the correct size were retrieved by PCR in a second round for 

pQR2218, pQR2219 and pQR2220 (Figure 34b). 

    
Figure 34. PCR of four metagenomic LEHs. a, First round of PCR using shorter primers, successful retrieval 

of pQR2217 (441 bp). b, PCR of pQR2218 (393 bp), pQR2219 (357 bp) and pQR2220 (375 bp). 

4.3.3 Cloning  

Attempts to clone the PCR products of pQR2217-pQR2220 into a PCR-blunt capture 

vector were unsuccessful. Equally, a restriction digest of the PCR products with XhoI 

and NdeI followed by ligation into pET28(a) also failed. Therefore, TA cloning was used 

as a final attempt. 

 TA cloning is one of the most efficient methods for cloning PCR products. It uses 

Taq polymerase to preferentially add a single adenosine to the 3’-end of double stranded 

DNA. This is then cloned into a linearised vector which has a single 3’-end T overhand 

on both ends, known as a ‘T-vector’.343 

This method was used to adenosate the PCR products and clone them into a 

specialised pGEM®-T vector. The vector was transformed into E. coli TOP10 chemically 

competent cells and grown on an agar plate containing X-Gal, in a classic blue white 

screen. A restriction digest was performed using XhoI and NdeI to remove the insert from 

the pGEM®-T vector in successful clones, and the vector and insert separated by 

electrophoresis (Figure 35). 

 
Figure 35. Restriction digest of pQR2217-pQR2220 using XhoI and NdeI to remove gene of interest from 

pGEM®-T vector.  
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The sticky-ended fragments were then ligated into pET28(a) and transformed into 

E. coli TOP10 chemically competent cells. Sequencing of the plasmids showed the 

successful retrieval of all enzymes except pQR2220; therefore, a synthetic gene was 

ordered for this enzyme. 

4.4 Expression and purification of LEHs 

All four metagenomic enzymes, including a plasmid containing the Re-LEH gene, were 

transformed and expressed in E. coli BL21 (DE3) cells. The total protein fractions were 

lysed by sonication and cell debris removed by centrifugation. An SDS-PAGE gel 

showed that all enzymes were well expressed, however only pQR2219, pQR2220 and 

Re-LEH were soluble (Figure 36). 

 
Figure 36. SDS-Page gels for pQR2217-pQR2220 and Re-LEH. Lane 1 is the ladder - NEB Broad Range 

protein ladder (10-250 kDa), each protein is in two wells – CFE and the total protein (TP). 

 In an attempt to solubilise the protein, expression was repeated with different 

media, a lower induction temperature and shorter induction time. However, none of the 

changes produced soluble protein for pQR2217 and pQR2218, therefore these two were 

not used in subsequent experiments. The soluble LEHs were purified by IMAC using a 

gradient technique and chelating nickel Sepharose columns, as previously described 

(Figure 37).  

 
Figure 37. SDS-Page gel of LEH purification. Lane 1: Promega broad range protein molecular marker. Lane 
2: CFE fraction. Lane 3: Start buffer (10 mM imidazole). Lane 4: 50 mM imidazole wash. Lane 5: 100 mM 
imidazole wash. Lane 6: Elution buffer (500 mM imidazole). Lane 1-6, Re-LEH, lane 7-12, pQR2219 and 
lane 13-18, pQR2220. 
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4.5 Synthesis of product standards 

As limonene-1,2-epoxide 13a is the natural substrate for the original Re-LEH, this 

substrate has been chosen in previous studies to establish activity in this class of 

enzymes. Previous publications report monitoring the starting material epoxide 13a and 

the resulting diol 13b in the reaction by chiral GC analysis.246,253,256,257,344 

 The racemic mixture of (+)- and (-)-13a are both commercially available and were 

used in the synthesis of the diols. Xu and Qu reported a high-yielding synthesis of the 

(1S,2S,4R)-diol 13b by refluxing the (+)-13a epoxide in a 1:1 water:1,4-dioxane mix for 

ten hours. Epoxides (+)- and (-)-13a were subjected to the same conditions for 18 hours, 

to give diol 13b in 82% and 85% yield, respectively.345 Both epoxides gave a 9:2 mixture 

of diastereomers, which could be separated by column chromatography. In both cases, 

the major product had the methyl- and isopropyl-groups trans to each other (Scheme 

38). Interestingly, literature reports do not mention a mixture of isomers.  

 
Scheme 38. Synthesis of product standards. a, Hydrolysis of (+)-13a by refluxing in a 1:1 mixture of water 

and 1,4-dioxane. b, Hydrolysis of (-)13a.  

4.6 Initial screening 

Due to the small number of enzymes, GC was used to detect starting material 

depletion/product formation, as opposed to a high-throughput assay. To confirm that the 

enzymes were active, a screen was performed with (+)- and (-)-13a. Reactions were run 

for an hour at 30 °C, and yields were calculated using GC against product standards. In 

accordance with previous reports,246,256 Re-LEH showed good conversion with both (+)- 

and (-)-13a, giving exclusively the (1S,2S,4R)- and (1R,2R,4S)-13b respectively. While 

hydrolysis was observed for both (+)- and (-)-13a with pQR2219 giving the same 

enantiomers, conversions were lower. Conversion was only observed with (-)-13a with 

enzyme pQR2220 (Table 8). 
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Table 8. Initial screening results to confirm activity.a  

 (+)-13a  (-)-13a 

 (1S,2S,4R)-13b  (1R,2R,4R)-13b  (1R,2R,4S)-13b  (1S,2S,4S)-13b 

Re-LEHb 94%  0%  94%  0% 

pQR2219c 10%  0%  26%  0% 

pQR2220d 0%  0%  23%  0% 
a Reaction conditions: (+)-/(-)-13a (5 mM), KPi buffer pH 7.5 (50 mM), pure enzyme, 10% acetonitrile v/v, 30 

°C, 250 rpm, 1 h. Yields were determined using GC against product standards. All reactions were performed 

in single. b Final conc. 170 µg/mL. c Final conc. 250 µg/mL. d Final conc. 190 µg/mL. 

 With the catalytic activity confirmed, method optimisation was performed. 

Epoxide (+)-13a was used for all optimisation reactions as it is the preferred substrate 

for Re-LEH. 

 
Scheme 39. General reaction scheme for all subsequent optimisation reactions. All reactions were analysed 

by chiral GC after extraction into an equal volume of ethyl acetate, unless otherwise stated.  

4.6.1 Method optimisation 

As epoxides are hydrolytically sensitive, initial experiments aimed to establish not only 

the catalytic activity over time, but the extent of background hydrolysis. Reactions were 

initiated by the addition of enzyme (or water, in the case of the negative control) and 

reactions were quenched at 1, 2, 4, 6.5 and 24 hour intervals and analysed by chiral GC. 

 
Figure 38. Starting material 13a depletion (- -) and product 13b formation (––) over 24 hours. a, Re-LEH 
and water (pH 7.5), which was used in place of enzyme to assess the background reaction. b, pQR2219 

and pQR2220. Reaction conditions: (+)-13a (5 mM), KPi buffer pH 7.5 (50 mM), enzyme (170-250 µg/mL), 

10% acetonitrile v/v, 30 °C, 250 rpm, 1-24 h. Yields were determined using GC against product standards. 

All reactions were performed in single. 
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 The water negative control showed that limited 13b was formed – no product was 

detected up until 6.5 hours, and only 4% was present when the reaction was quenched 

at 24 hours. However, the epoxide 13a concentration dropped rapidly, with only 19% 

detected after 24 hours. A similar trend was seen with both pQR2219 and pQR2220 

yielding 32% and 7% of 13b respectively, while less than 15% of epoxide 13a remained 

in both cases. The only reaction set that did not show this discrepancy between product 

formation and starting material depletion was Re-LEH. However, Re-LEH is also the only 

enzyme where rapid product formation was detected, suggesting that over time there is 

a loss of starting material through a means other than hydrolysis. 

 A number of experiments were performed to determine the cause of the sample 

recovery problems, and results have been summarised in Table 9. The efficiency of each 

method was determined by evaluating the sum (percentage in bold) of the starting 

material remailing (13a in blue) and the amount of product formed (13b in green). The 

data has then been represented as ‘parts of a whole’ where unrecovered material is 

represented by the white segment. Therefore, smaller white segments in the following 

pie charts correspond to less unaccounted for material (Table 9). 

To investigate whether this was due to volatility of the starting material, the 

assays were repeated with a layer of silicon oil to prevent potential evaporation. Results 

showed significantly reduced (or eliminated) conversion for all three enzymes, and no 

13a was recovered from any of the reactions. A control reaction was performed by mixing 

a 5 mM solution of 13a in water with silicon oil, and immediately extracting the aqueous 

layer with ethyl acetate; the reaction was repeated with 13b. In both cases there was no 

trace of epoxide or diol in the organic layer, suggesting that the limonene substrates 

were dissolving in the silicon oil (Table 9, column 2). 
 Eppendorfs sealed with screwcap tops containing a rubber ring were used for the 

next two sets of conditions. Only the reaction vessel was changed in the first set of 

experiments (Table 9, column 3), while the reaction volume was increased from 250 µL 

to 1 mL to reduce the headspace in the vial for the second set (Table 9, column 4). While 

most reactions saw an increase in total sample recovery when compared with a standard 

Eppendorf, it was often still under 50%. 

  As the previous experiments indicated that the problems related to sample 

recovery were not due to the volatility of the compound, it was thought that the plastic 

Eppendorfs may be retaining the starting material. Therefore, the last set of experiments 

used glass vials instead of Eppendorfs; a drastic increase in sample recovery was 

observed. Total sample recovery was achieved with water and pQR2219, while >80% 

was recovered with Re-LEH and pQR2220. In subsequent experiments, glass vials 

containing the reaction mixture were placed in a water bath, without shaking.  
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Table 9. Investigation of sample recovery issues in LEH reactions, percentages in bold reflect total sample 

(13a and 13b) recovered. Data is represented as ‘parts of a whole’.a 

 
 Controlb 

(13a, 13b, 
sum) 

Silicon oilc 

(13a, 13b, 
sum) 

Sealed lidd 

(13a, 13b, 
sum) 

Sealed lid 1mLe 

(13a, 13b, 
sum) 

Glass vial 

(13a, 13b, 
sum) 

Water 30%, 4% 0%, 0% 32%, 2% 40%, 5% 95%, 8% 

34%  

 

0% 

 

34% 

 

45% 

 

103% 

 
Re-LEH 0%, 78% 0%, 35% 4%, 86% 0%, 85% 0%, 86% 

78% 

 

35% 

 

90% 

 

85% 

 

86% 

 
pQR2219 14%, 31% 0%, 8% 21%, 29% 23%, 43% 38%, 63% 

45% 

 

8% 

 

50% 

 

66% 

 

100% 

 
pQR2220 25%, 7% 0%, 0% 34%, 7% 30%, 11% 64%, 19% 

32% 

 

0% 

 

41% 

 

41% 

 

83% 

 
a Each pie chart shows the percentage of starting material remaining, shown in green, the yield of product 

formed shown in blue, and the unaccounted for material is shown in white. b Control reactions run in 1.5 mL 

Eppendorfs. c Reactions run in 1.5 mL Eppendorfs with a layer of silicon oil on top. d Eppendorfs with a 
screwcap lid with rubber seal used. e Same reaction container as for c, but 1 mL total volume instead of 250 

µL. General reaction conditions: (+)-13a (5 mM), KPi buffer pH 7.5 (50 mM), pure enzyme (170-250 µg/mL), 

10% acetonitrile v/v, 30 °C, 250 rpm, 18 h. Yields were determined using GC against product standards. All 

reactions were performed in duplicate, and standard deviations were <7%. 

It is worth noting, that a drop in activity was observed between the initial screening 

(Table 8) and the time-course experiments in Figure 38. Enzymes had been stored at 

4 °C for 12 months after being precipitated with ammonium sulfate. Enzymes were 

therefore re-grown and purified and assay against the stored enzymes; results showed 

that the old enzymes had indeed lost activity (results not shown), and subsequently 

enzymes were stored for no more than two months.  

OH
OHO

LEH, KPi pH 7.5

30  °C, 18 h

(+)-13a (+)-13b
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4.7 Reaction optimisation 

The following section details the characterisation of the two metagenomic enzyme, 

pQR2219 and pQR2220, and Re-LEH. As in section 4.6, (+)-13a was used for all 

reactions; starting material depletion and product formation was monitored by chiral GC 

analysis. Reactions were run for one hour, unless otherwise stated. The effect of enzyme 

concentration, co-solvent, buffer, temperature and pH on yield of 13b was investigated. 

4.7.1 Enzyme concentration 

Past research has shown that Re-LEH is extremely active towards its natural substrate, 

(+)-13a, with as little as 2 µg/mL used in biotransformations.256 Therefore, the effect of 

enzyme concentration was investigated for Re-LEH, as well as the metagenomic 

enzymes pQR2219 and pQR2220 (Figure 39). Increasing the enzyme concentration had 

the biggest effect on the yield with pQR2219. The yield of 13b increased from ~30% to 

almost 90% over the range of concentrations tested (Figure 39a). The amount of starting 

material left after an hour matched product formation well (Figure 39b), however the 

higher yields of 13b correlated with decreased sample recovery (Figure 39b). 

 Changing the enzyme concentration had little effect on the yield of 13b, staying 

below 10% at all times. The amount of starting material was consistently between 75% 

and 90%, although it did not always correlate with the yield of 13b.  

 Yields observed with Re-LEH were consistently above 80%, increasingly steadily 

up to 100% with 700 µg/mL of enzyme. Interestingly, for all concentrations tested, no 

(+)-13a could be detected in the reaction mixture. This suggests that at lower enzyme 

concentrations, there was some loss of starting material not due to hydrolysis.  

 
Figure 39. Effect of enzyme concentration on yield of (+)-13a and 13b. a, Yield of 13b. b, Percentage of 

remaining starting material ((+)-13a). Reaction conditions: (+)-13a (5 mM), KPi buffer pH 7.5 (50 mM), pure 

enzyme, 10% acetonitrile v/v, 30 °C, 1 h. Yields were determined using GC against product standards. All 
reactions were performed in triplicate and standard deviations were <8%. 
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4.7.2 Reaction media 

Three different buffers were explored for reaction optimisation: phosphate buffer, HEPES 

buffer and Tris-HCl. All buffers were kept at pH 7.5. Changing the buffer had little effect 

on yield for Re-LEH and pQR2220, and a slight drop was observed with Tris-HCl for 

pQR2219 from ~45% to 38% (Figure 40a). 

 Acetonitrile was substituted with methanol and TBME (10% v/v) to determine the 

influence of co-solvent. The best performance for Re-LEH was noted with acetonitrile, 

with a slight decrease with the other two solvent (~5%). Acetonitrile and methanol had a 

similar effect on yield for pQR2219; TBME increased yields by ~5%. Yields for pQR2220 

doubled when using methanol or TBME instead of acetonitrile (Figure 40b). As it 

increased the yields with pQR2219 and pQR2220, TBME was used as the co-solvent in 

subsequent reactions.  

 For all co-solvents and buffers tested, no background reaction was observed with 

water (pH 7.5) in place of an enzyme. 

 
Figure 40. Different reaction medias and their effect on yield. a, Changing buffer from phosphate to HEPES 

and Tris-HCl, all at 50 mM and pH 7.5. Reaction conditions: (+)-13a (5 mM), buffer pH 7.5 (50 mM), pure 

enzyme (Re-LEH 70 µg/mL, pQR2219 136 µg/mL and pQR2220 749 µg/mL), 10% acetonitrile v/v, 30 °C, 1 

h. Yields were determined using GC against product standards. b, Using 10% v/v of different co-solvents 

(acetonitrile, methanol and TBME) and their effect on yield of 13b. Reaction conditions: (+)-13a (5 mM), KPi 

buffer pH 7.5 (50 mM), pure enzyme (Re-LEH 704 µg/mL, pQR2219 136 µg/mL and pQR2220 749 µg/mL), 

10% co-solvent v/v, 30 °C, 1 h. Yields were determined using GC against product standards. All reactions 
were performed in triplicate and standard deviations were <3%. 

4.7.3 Temperature and pH 

Lastly, the effect of temperature and pH were investigated. Temperature was varied 

between 30 °C and 60 °C. Increasing the temperature led to an increase in spontaneous 

hydrolysis of epoxide (+)-13a, however it stayed consistent at ~5% from 37 °C.  

 The optimum temperature for activity of Re-LEH was 30 °C, after which the 

activity decreased rapidly to ~40% at 45-60 °C (Figure 41a). Results were generally 
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consistent with previous findings – Ferrandi et al. reported that optimum activity was 

observed at 30 °C, and above this temperature the specific activity dropped, with no 

activity was recorded above 50 °C.256 

The two metagenomic LEHs showed similar temperature profiles, with optimum 

activity recorded at 45 °C, and a steady decline either side of this. The yield for both 

enzymes increased by ~15% between 30 and 45 °C (Figure 41a). The two previously 

reported metagenomic LEHs, Tomsk-LEH and CH55-LEH, were most efficient at 40 and 

60 °C respectively.256 

 The pH range was limited to between 6.0-9.0, due to the sensitivity of epoxides 

to lower and higher pH values. As previously reported, Re-LEH showed optimum activity 

at pH 7.5, decreasing at higher pH values. Once again, the two metagenomic enzymes 

showed a similar pH profile, preferring slightly acidic pH values; for both enzymes the 

best activity was observed at pH 6.0. This was the only pH value where a background 

reaction was observed; ~5% of 13b was present in the reaction media after one hour 

(Figure 41b).  

 
Figure 41. Effect of temperature and pH on yield of 13b. a, Varying temperature between 30-60 °C. b, Yield 

of 13b at pH values between 6.0-9.0. General reaction conditions: (+)-13a (5 mM), KPi buffer pH 6.0-9.0 (50 

mM), pure enzyme (Re-LEH 70 µg/mL, pQR2219 136 µg/mL and pQR2220 749 µg/mL), 10% TBME v/v, 

30-60 °C, 1 h. Yields were determined using GC against product standards. All reactions were performed 

triplicate and standard deviations were <10%. 

 Both metagenomic enzymes showed optimum activity at pH 6.0 and 45 °C. 

However, both these conditions led to a background reaction, as both acid and higher 

temperatures are known to increase epoxide ring opening.77 Therefore, to determine 

whether the amount of background reaction outweighed the benefit of using the enzymes 

under optimum conditions, a time-point assay was performed. In the first reaction, the 

hydrolysis of (+)-13a was monitored for 24 hours at pH 7.5 and 30 °C (Figure 42a). 

Results were compared to the rate of hydrolysis at pH 6.0 and 45 °C (Figure 42b). 

 Both enzymes showed a similar reaction profile over time when using the different 

conditions. While both conditions gave yields above 85% after six hours, at a higher 

temperature and more acidic pH this yield was attained sooner. However, the 
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background reaction was much more pronounced under these conditions. After 24 hours 

65% of diol 13b was present, compared with less than 20% at pH 7.5 and 30 °C. 

Therefore, although reaction rates were higher, subsequent reactions were performed at 

30 °C and pH 7.5 to minimise background hydrolysis rates.  

 
Figure 42. Yield of 13b over 24 hours. a, Temperature 30 °C and pH 7.5. b, Temperature 45 °C and pH 6.0. 

General reaction conditions: (+)-13a (5 mM), KPi buffer pH 6.0-7.5 (50 mM), pure enzyme (Re-LEH 70 

µg/mL, pQR2219 136 µg/mL and pQR2220 749 µg/mL), 10% TBME v/v, 30-45 °C, 1 h. Yields were 

determined using GC against product standards. All reactions were performed in duplicate and standard 
deviations were <6%. 

4.8 Substrate scope 

As discussed in section 1.4.2.3, the substrate scope of LEHs has been quite limited. 

Most of the past research has focused on characterising the enzymes using limonene-

1,2-epoxide 13a as the substrate, or cyclohexene oxides.246,251,257 Variation on ring size, 

as well as some linear substrates have been tested.253,256,258 Most of the substrate scope 

elucidation has also not been carried with biocatalytic applications in mind, so there is 

limited data on reaction yields. Activity is often quoted as specific activity, which can be 

difficult to compare across different methods.  

4.8.1 Screening 

In order to equate the novel metagenomic enzymes with those known in the literature, a 

similar substrate scope was explored. As well as (+)-13a and (-)-13a, the five- (60a), six- 

(61a) and seven-membered cyclic epoxides (62a), a linear substrate 1,2-epoxyhexane 

63a and styrene oxide 64a were selected for activity screens (Table 10). 

 Calibration curves of epoxides 60a-64a and the corresponding diol products 60b-

64b were established using GC analysis. However, control sample preparation reactions 

showed that significant amounts of diol, and to a lesser extent epoxide, were not being 

extracted from the aqueous layer. No mention could be found in the literature with 

regards to extraction problems with these substrates in LEH reactions – repeated 

attempts showed that frequently less than 50% of material was extracted from a 5 mM 
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stock solution in water and that results were not reproducible. Using twice the amount of 

ethyl acetate for extractions gave a slight increase, as did substituting the extraction 

solvent for dichloromethane, but neither method proved sufficient. Saturating the 

aqueous layer with sodium chloride also had no effect. 

 Appropriate derivatisation methods could not be applied either as they either rely 

on extraction into organic medium before derivatisation, or typically contain reagents that 

epoxides are sensitive to. It was found that adding double the volume of ethyl acetate to 

the reaction mixture, and then saturating the aqueous layer with anhydrous sodium 

sulfate solution gave acceptable extraction levels with several diol products and all 

epoxides. Therefore, this method was used for screening, and conversions calculated 

either based on product formation or starting material depletion with the background 

reaction subtracted to give final yields after 16 hours.  

 All enzymes converted both (+)- and (-)-13a in greater than 50% yield. 

Interestingly, although (+)-13a is the known preferred substrate, results showed higher 

conversion with (-)-13a for Re-LEH, 83% compared to 73%. However, as mentioned, 

most previous work quotes initial activity or specific activity rates which are hard to 

compare to yields. Similarly, pQR2220 gave a better yield with the (-)-13a giving diol 13b 

in 74% yield. Enzyme pQR2219 was the only enzyme that gave higher yields with (+)-

13a when compared with (-)-13a (~10% more).  

Table 10. Substrate scope of Re-LEH, pQR2219 and pQR2220 with (+)-/(-)-13a, 60a-64a.a 

 
  

(+)-13ab 

  
(-)-13ab 

 
60ac 

 
61ab 

 
62ac 

 
63ac 

 
64ab 

Re-LEH 73% 83% 27% 56% 11% 48% 46% 

pQR2219 66% 57% 8% 61% 6% 40% 36% 

pQR2220 57% 74% 9% 64% 4% 44% 56% 
a General reaction conditions: substrate (5 mM), KPi buffer pH 7.5 (50 mM), pure enzyme (Re-LEH 295 

µg/mL, pQR2219 338 µg/mL and pQR2220 451 µg/mL), 10% TBME v/v, 30 °C, 16 h. Yields were determined 

using GC/HPLC against product standards. All reactions were performed in at least in duplicate and standard 
deviations are <11%. b Measured by product formation. c Calculated from starting material depletion. 

 All three enzymes showed the same trend with the cyclic substrate, with a 

universal preference for the six-membered ring 61a, followed by the five-membered 60a 

and then the bulkier substrate 62a. Both metagenomic LEHs gave higher yields with 

cyclohexene oxide 61a than Re-LEH and the yield was determined based on product 

formation. It should be noted that diol 62b was not commercially available, and 60b could 

not be efficiently extracted from the aqueous layer. The metagenomic enzymes 

performed poorly with these substrates, giving yields of under 10%.  
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 The straight chain epoxide 63a appeared to be converted in moderate yields, 

between 40-48%, based on starting material depletion, as extraction of the diol was 

incomplete. Styrene oxide 64a was also accepted by all enzymes, with pQR2220 giving 

the highest yield (56%) (Table 10).  

4.8.2 Selectivity 

The stereoselectivity for all reactions is discussed in the following sub-section and this 

applies to all reactions with these substrates.  

4.8.2.1 Limonene-1,2-epoxide 13a 
The selectivity of Re-LEH with limonene-1,2-epoxide 13a has been extensively 

investigated and is summarised in section 1.4.2.  

4.8.2.1.1 Substrate 
Reactions showed that Re-LEH and pQR2220 hydrolysed (1S,2R,4R)-13a more slowly 

than (1R,2S,4R)-13a – however the starting material contained a larger amount of this 

isomer. The opposite isomer, (1R,2S,4R)-13a, was hydrolysed more slowly with 

pQR2219. Reactions with (-)-13a and Re-LEH showed that no starting material remained 

after an hour. Therefore, the selectivity of pQR2219 and pQR2220 could not be 

determined for (-)-13a, however both hydrolyse the same enantiomer at a slower rate, in 

contrast to what was seen with (+)-13a. 

 
Scheme 40. Inferred selectivity of pQR2219 and pQR2220 based on previously reported selectivity of Re-

LEH for (+)-13a.257 

4.8.2.1.2 Product 
As previously mentioned, the reaction with LEHs is enantioconvergent, only yielding the 

(1S,2S,4R)-13b in the case of (+)-13a and (1R,2R,4S)-13b in the case of (-)-13a. While 

this was confirmed for Re-LEH and noted for pQR2219, pQR2220 was observed to also 
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produce (1R,2R,4R)-13b with (+)-13a. GC peaks were compared with both product 

isomers synthesised in section 4.5. This is the first time an LEH has been known to give 

this isomer. The major product was still (1S,2S,4R)-13b however the d.e. was reduced 

to 76%.  

4.8.2.2 Cyclohexene oxide 
As cyclohexene oxide 61a was the only meso-compound whose activity was determined 

by product formation, this was also the only product for which selectivity could be 

determined.  

 Results with Re-LEH confirmed previous reports of selectivity, showing only a 5% 

e.e. Ferrandi et al. reported an e.e. of 7% for the (1R,1R) enantiomer, so the selectivity 

was inferred from this. Interestingly, both metagenomic enzymes showed a preference 

for the same enantiomer in contrast to the two previously reported metagenomic 

enzymes, which had a preference for the (1S,1S) enantiomer. While the e.e. recorded 

for pQR2219 was relatively low at 36%, pQR2220 showed excellent selectivity for the 

meso compound, giving (1R,1R)-61b in 93% e.e (Table 11). The same enantiomeric 

excesses were observed in the following section (4.9) for all enzymes at all 

concentrations. 

Table 11. Selectivity of Re-LEH, pQR2219 and pQR2220 with 61a.a 

 Re-LEH pQR2219 pQR2220 

Yield 61b 56% 61% 64% 

Enantiomeric excess 5% (1R,1R)b 36% (1R,1R)b 93% (1R,1R)b 
a General reaction conditions: substrate (5 mM), KPi buffer pH 7.5 (50 mM), pure enzyme (Re-LEH 295 

µg/mL, pQR2219 338 µg/mL  pQR2220 451 µg/mL), 10% TBME v/v, 30 °C, 16 h. Yields were determined 

using GC/HPLC against product standards. All reactions were performed in at least in duplicate and standard 

deviations are <7%. b Based on previously observed selectivity for Re-LEH.256 

4.8.2.3 Styrene oxide 
The absolute stereoselectivity for the reactions with styrene oxide could not be 

determined as no chiral standards were available. Enzyme pQR2220 gave a racemic 

mixture of products, while Re-LEH and pQR2219 showed opposite selectivity, with low 

e.e. values of 23% and 11% respectively for the two enantiomers.  

4.9 Preparative scale reaction 

Due to the selectivity observed with 61a and pQR2220, this substrate was selected to 

use in preparative scale reactions. The effect of increasing the substrate concentration 

was investigated; no inhibition was observed, with the variation in yield within error.  

Preparative scale reactions were performed at 20 mM, in a total volume of 20 

mL. No drop in yield was observed for any of the enzymes, in fact for all enzymes the 
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highest yield achieved was on a larger scale. Enzyme pQR2219 gave the highest yield 

of 61b, at 74%, followed by Re-LEH (70%) and then pQR2220 (65%) (Table 12).  

Table 12. Yields for preparative scale reaction with 61a and Re-LEH, pQR2219 and pQR2220.a 

Conc. 61a (mM) Volume  Re-LEH pQR2219 pQR2220 

5 250 µL 64% 69% 64% 

10 250 µL 66% 67% 60% 

20 250 µL 70% 70% 61% 

20 20 mL 70% 74% 65% 
a General reaction conditions: substrate, KPi buffer pH 7.5 (50 mM), pure enzyme (Re-LEH 295 µg/mL, 

pQR2219 338 µg/mL and pQR2220 451 µg/mL), 10% TBME v/v, 30 °C, 16 h. Yields for small scale reactions 

were determined using GC against product standards. Small scale reactions were performed in duplicate 
and standard deviations are <10%. 

4.10 Protein modification 

Throughout this work, there was a general problem with material recovery after the 

reaction. This was best illustrated in section 4.7.1, Figure 39. For Re-LEH, at lower 

enzyme concentrations, the yield was around 80%, even though no starting material 

remained. Increasing the enzyme concentration increased the yield of product up to 

100%. This suggested that there was starting material loss not due to product formation. 

Re-LEH is known to react extremely rapidly with (+)-13a. Higher concentrations of 

enzyme would give a faster conversion, which suggested that the more rapidly (+)-13a 

was hydrolysed by Re-LEH, the less material was lost.  

 Reaction of proteins with epoxy-functional groups is a known method of 

immobilisation.346 Therefore, it was hypothesised that the amino acid side chains of the 

proteins were reacting with some of the epoxide starting material, decreasing observed 

yields based on product formation. To test this, enzymes were incubated at 70 °C for two 

hours in the hope of inactivating them. It was thought that if reduced levels of starting 

material were recovered with the inactive enzymes this could suggest reaction of the 

side chains with the epoxide (Table 13).  

Table 13. Activity with (+)-13a following enzyme incubation at 70 °C for two hours.a 

 Water Re-LEH pQR2219 pQR2220 

(+)-13a 85% 41% 57% 58% 

13b 0% 36% 17% 0% 

Unaccounted for material 15% 33% 26% 42% 
a Reaction conditions: (+)-13a (5 mM), KPi buffer pH 7.5 (50 mM), pure enzyme (Re-LEH 295 µg/mL, 

pQR2219 338 µg/mL and pQR2220 451 µg/mL), 10% TBME v/v, 30 °C, 16 h. Yields were determined using 

GC against product standards. Reactions were performed in duplicate and standard deviations are <10%.  

Surprisingly, incubation at 70 °C only led to the inactivation of pQR2220. The 

other two enzymes, Re-LEH and pQR2219 both still showed some activity, albeit 
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reduced. While there was a higher percentage of unrecovered material for the enzyme 

reactions compared to the water control, there was still a significant amount unrecovered 

in the control experiment. As the experiment proved inconclusive, further work is required 

to confirm the cause of material loss. This could include MS/MS experiments to confirm 

whether any modification has taken place following incubation with epoxides. 

4.11 Conclusion 

While Re-LEH was discovered almost 20 years ago,246 LEHs are a relatively under-

studied class of enzyme. There are only four confirmed LEH members, with almost no 

characterisation available for the fourth one from Mycobacterium tuberculosis.246,250,256 

 This chapter describes four novel LEH enzymes and their overexpression in E. 

coli. Two of the novel enzymes, pQR2217 and pQR2218 were only present in the 

insoluble fraction following cell lysis and centrifugation. Changing induction time and 

temperature did not improve protein solubility, therefore these enzymes were not 

explored further. However, given the high correlation rate between activity and 

expressed clones from metagenomes, future work should look at other methods of 

solubilising the enzymes, for example co-expression with chaperones,347 to assess 

whether they are active clones. 

 The soluble enzymes pQR2219 and pQR220 were purified and characterised, 

along with Re-LEH using (+)-13a. The effect of buffer, co-solvent, temperature and pH 

were investigated. Both metagenomic enzymes preferred slightly acidic reaction 

conditions and higher temperatures, however due to the instability of epoxides for longer 

periods of time under these conditions, reactions were performed at pH 7.5 and 30 °C.  

 The substrate scope of the enzymes were also tested and compared to known 

metagenomic LEHs.256 Conversion was observed with all substrates tested, with (+)- and 

(-)-13a being the preferred substrates. Both metagenomic LEHs showed good to 

excellent selectivity with (+)- and (-)-13a, however, pQR2220 was shown to also produce 

the less favoured isomer. This is the first time this has been observed in an LEH. 

Additionally, pQR2220 showed excellent selectivity with meso compound 61a (e.e. 

93%). Due to the selectivity observed with pQR2220, reactions were performed on a 

preparative scale (20 mM) with no negative effect on the yield; diol 61b was isolated in 

65-74% yield. 

 Throughout this work, problems were encountered with starting material/product 

recovery. This appeared to be a combination of problems, the first of which was material 

extraction. Although the extraction procedure was optimised, standard deviations for 

additional substrates were higher, presumably due to inconsistencies during the 

extraction process. Therefore, to collect accurate conversions based on product 

formation, the use of a water compatible GC column would be advisable. The second 
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problem was the unaccounted for loss of starting material, assumed to be due to reaction 

with free lysine residues in the enzymes. Future work would include using mass 

spectrometry experiments to determine whether any protein modification is taking place 

in the presence of the epoxides.   
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5 LEH and TAm cascade 

5.1 Introduction 

At the start of the PhD, a cascade reaction combining LEHs and HHDHs was envisioned. 

In 2014, 37 novel HHDHs were identified using genome database mining. Their 

methodology involved aligning homologous protein sequences obtained from BLAST 

searches and sequentially removing sequences that possessed the typical Ser-Tyr-Lys 

catalytic triad found in SDR enzymes, that lacked the conserved Ser-Tyr-Arg catalytic 

triad found in HHDHs and that did not contain specific aromatic residues known to be 

present in HHDHs.304 

 Due to the nature of HHDHs, it was unlikely that putative HHDHs would be found 

in the mouth metagenomes. However, due to the high salt content of many cleaning 

solutions, it was thought that salt-degrading bacteria may have grown in the drain 

environment. A total of 375 SDR contigs were identified in the drain metagenome and 

subjected to the methodology described above. However, none of the 375 contigs 

possessed the Ser-Tyr-Arg catalytic triad residues seen in halohydrin dehalogenases. It 

was then thought that if a specific ‘Pfam ID’ for HHDHs could be created that included 

the above-mentioned criteria, this could be used directly to search the metagenomes 

and eliminate any human or alignment error. A ‘Pfam ID’ was created†† and used to 

search not only the drain metagenome, but also the mouth metagenomes. This, 

however, also yielded no putative HHDHs. 

 As HHDHs are quite rare, and typically found in salt-rich environments, it is hoped 

that sequencing some more niche metagenomes may prove more fruitful. Efforts are 

currently underway to obtain and sequence metagenomes from a deep-sea capsule, a 

sample from salt planes and the Erith salt marshes. As no novel HHDHs were found in 

the current metagenomic libraries, a cascade reaction was developed with 

transaminases instead.  

This chapter details studies on the use of novel drain transaminases with the 

metagenomic LEHs in a pseudo-cascade reaction. The aim was to use a transaminase 

in conjunction with an LEH to give a highly functionalised molecule with three chiral 

centres.  

5.1.1 Types of cascade reactions 

 There are a number of different cascade designs, including linear cascades 

(either sequential or one-pot), orthogonal, parallel and cyclic cascades. Cyclic cascade 

                                                
†† by Dragana Dobrijevic 
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with transaminases tend to focus on dynamic kinetic resolutions where one isomer is 

selectively converted to an intermediate which in turn is converted back into a racemic 

mixture of starting materials, and the process continues until there is an accumulation of 

the unreacted isomer.83,348 Orthogonal and parallel cascades are primarily used to shift 

the reaction equilibrium by co-product removal or recycling, as detailed in section 1.3.4.1. 

There are a number of examples of multi-enzyme linear cascade reactions involving 

transaminases for the synthesis of functionalised chiral amines, and these have been 

reviewed in detail elsewhere.82,83,128 

As epoxide hydrolases are co-factor independent enzymes, most of the reported 

cascades are linear cascades. As halohydrin dehalogenases catalyse the formation of 

epoxides, they are an obvious candidate for cascade reactions with epoxide hydrolases. 

Xue et al. reported their use in the synthesis of enantiopure (S)-epichlorohydrin from 1,3-

dichloro-2-propanol.349 Other reports include the synthesis of 1,2-ketoalcohols from an 

epoxide by coupling an epoxide hydrolase with an alcohol dehydrogenase and using a 

styrene monooxygenase with an epoxide hydrolase to convert alkenes into 1,2-

diols.350,351 

As transaminases and LEHs do not share any starting material or product 

functionality their use in combination may not be considered a true cascade reaction as 

the formation of one product may not be necessary for the second reaction to proceed. 

However, successful reaction with an epoxy-ketone would lead to an amino-alcohol with 

three chiral centres.  

 Considering the relatively narrow substrate scope of LEHs, compounds were 

chosen based on their known preferences. It was thought that epoxy-ketones 65a and 

66a would likely be accepted by the metagenomic transaminases and LEHs due to the 

six-membered ring core, and therefore these were chosen as substrates for this work. 

5.2 Screening  

5.2.1 Strategy 

As shown in the cascade outlined in Scheme 41, substrate activity towards one enzyme 

is not typically reliant on a successful reaction with the other, therefore, in theory the 

enzymes could be used in any order. Epoxy-ketones 65a and 66a could either be 

subjected to the transaminase first, giving chiral epoxy-amines 65b and 66b followed by 

an LEH to give the amino-diols 65d and 66d. Conversely, the order could be reversed 

to yield the keto-diols 65c and 66c which are then reacted with a transaminase to give 

the final product. An alternative option would be to have a one-pot reaction system using 

both enzymes at the same time (Scheme 41). 
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Scheme 41. Proposed cascade using an LEH and transaminase with epoxy-ketones 65a and 66a. 

5.2.2 Transaminase screen 

To help determine the order of cascade reactions, the compatibility of the substrates with 

both enzymes was investigated. Epoxy-ketones 65a and 66a were assayed against the 

most active transaminases from Chapter 2 and 3 – pQR2189, pQR2191 and pQR2208 

– using the colorimetric amine donor 8 (Figure 43a). Cyclohexanone 18 was used as a 

positive control given its similar structure to the compounds of interest. As negative 

controls, water was used in the place of enzyme and substrate.  

As discussed in section 2.3, cyclohexanone 18 was accepted by all three 

metagenomic enzymes, with a stronger colour change observed with pQR2189 and 

pQR2208. Surprisingly, addition of the epoxy functionality to the six-membered ring in 

substrate 65a inverted this activity. The strongest colour change was observed with 

pQR2191, followed by pQR2208. The most active enzyme in the majority of previously 

screens, pQR2189, appeared to lose virtually all activity on addition of the epoxy-group. 

None of the enzymes gave a visible colour change after 24 hours with the bulkier 

substrate 66a. 

 Reactions were repeated using amine donor (S)-2 with the same substrates, 

cyclohexanone 18 and epoxides 65a and 66a, and acetophenone production quantified 

at 254 nm using HPLC (Figure 43b). Results confirmed that cyclohexanone 18 was 

readily accepted by all enzymes, with pQR2189 and pQR2208 giving slightly higher 

conversions at 70% yield, compared to 57% yield with pQR2191. The trend observed 

with 65a was mirrored with (S)-2 – only very low conversion was observed with pQR2189 

(4% yield). With pQR2208, 40% activity was observed, while pQR2191 showed the best 

activity with an 83% yield. Low conversions were observed for 66a with pQR2191 and 

pQR2208 – however both were only 13%. It is also worth noting that a relatively high 
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background reaction was observed with pQR2191 and water in place of a substrate 

(~12% yield), so the activity observed may not be due to the transamination of 66a. 

 

 
Figure 43. Initial transaminase screen for activity with 65a and 66a, using 18 as a positive control. a, 

Colorimetric assay using amine donor 8. Reaction conditions: 8 (25 mM), amino acceptor (10 mM), PLP (0.5 

mM), KPi buffer pH 7.5 (50 mM) and pure enzyme (pQR2189 489 µg/mL, pQR2191 613 µg/mL and pQR2208 

444 µg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N) in place of a substrate, red 

precipitate is indicative of activity, reactions were performed in duplicate. b, Conversion using (S)-2 as an 

amine donor. Reaction conditions: (S)-2 (25 mM), amino acceptor (5 mM), PLP (1 mM), KPi buffer pH 7.5 

(50 mM) and pure enzyme (pQR2189 489 µg/mL, pQR2191 613 µg/mL and pQR2208 444 µg/mL), 30 °C, 

400 rpm, 18 h. Acetophenone was detected at 254 nm by HPLC and used to determine percentage 
conversions. Water was used as a negative control. All reactions were performed in triplicate, and standard 

deviations were <2%. 

 It was noticed that following seven days at room temperature, a colour change 

was observed for epoxy-ketone 66a with pQR2191 (Figure 44a). While no concurrent 

colour change was present for the no enzyme negative control, pQR2191 with water as 

a substrate gave a very slight colour change after this time period as well. However, it 

was not comparable to the colour change observed with pQR2191 and 66a. A similar 

level of activity was noted as for 65a with pQR2208.  

 It is possible that the colour change after seven days could be due to hydrolysis 

of the epoxide, to give the diol 66c, which may be a better substrate for the transaminase 

pQR2191. To investigate whether epoxy-ketone 66a was being aminated at a slower 

rate, conversion using (S)-2 was monitored over a seven day period with pQR2191 

(Figure 44b). After 24 hours, based on acetophenone production, 15% of 66a was 

aminated; this did not increase over the following six days, suggesting that the colour 

change observed with amine donor 8 is either a background reaction, or specific to that 

donor. 
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Figure 44. Activity with 65a and 66a, using 18 as a positive control over seven days. a, Colorimetric assay 

using amine donor 8 after seven days. Reaction conditions: as for Figure 43, left for an additional 5 days at 

room temperature. b, Conversion using (S)-2 with epoxy-ketone 66a and pQR2191. Reaction conditions: as 
for Figure 43, seven days. All reactions were performed in triplicate, and standard deviations were <2%. 

 To determine whether the addition of LEH to the reaction mixture affected the 

acceptance of any of the substrates, a second colorimetric assay was carried out (Figure 

45). The assay was devised in a matrix design so that each substrate was assayed 

against each combination of transaminase and LEH (including a no enzyme negative 

control on each). The results confirmed that activity was only observed with pQR2191 

and pQR2208 for epoxy-ketone 65a. Interestingly, a colour change was observed for 

66a and pQR2191 after just 24 hours, in contrast with the initial screen. Results showed, 

that addition of LEH did not affect any of the observed activities, positively or negatively.  

 

 
Figure 45. Colorimetric screen to test effect of LEH addition to reaction media on transamination. Reaction 
conditions: 8 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (50 mM) and pure enzyme 

(pQR2189 489 µg/mL, pQR2191 613 µg/mL, pQR2208 444 µg/mL, Re-LEH 295 ng/mL, pQR2219 338 

µg/mL and pQR2220 451 µg/mL), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N) in place 

of a substrate, red precipitate is indicative of activity, reactions were performed in duplicate. 
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5.2.3 LEH screen 

Following the initial transaminase screening, the next step involved establishing 

compatibility of the substrates with the metagenomic LEHs and Re-LEH. Reactions were 

performed in triplicate, using 5 mM substrate in 50 mM phosphate buffer (pH 7.5) with 

10% TBME as a co-solvent. Enzymes concentrations were as those quoted in Figure 45 

and the reaction analysed by GC. Disappointingly, and somewhat surprisingly, neither 

substrate was accepted by any of the enzymes. Considering that cyclohexene oxide 61a 

is accepted by all enzymes, giving the diol 61b in good isolated yield, it was unexpected 

that the addition of a ketone group could alter acceptance so drastically. This is 

particularly surprising considering that limonene-1,2-epoxide 13a, which is also accepted 

by all, is a more functionalised molecule. 

 It was thought that the added rigidity due to the double bond in the ketone may 

play a key role in the acceptance of these structures. Therefore, it was hoped that 

following amination, the LEHs would accept the epoxy-amines (65b and 66b). As the 

LEHs showed no activity with the epoxy-ketones, the only viable options were either a 

sequential transamination followed by hydrolysis, or a one-pot reaction where once 

amination had occurred, the LEHs could hydrolyse the epoxy-amines.  

 Due to the sensitivity of epoxides, it was decided that a one-pot synthesis would 

be most efficient, therefore the compatibility of the LEHs with the additional reagents 

(amine donor and PLP) were investigated. 

5.2.4 Compatibility  

As epoxy-ketones 65a and 66a were not accepted by the LEHs, the compatibility screen 

was undertaken with cyclohexene oxide 61a as this was the most similar known 

substrate with confirmed activity. Although the transamination had not been performed 

with IPA 6, the use of IPA 6 with the metagenomic transaminases in Chapter 3 led to 

increased yields with almost all substrates. Therefore, the compatibility of IPA 6 with the 

LEH-mediated hydrolysis of 61a was investigated, along with the amine donor (S)-2 and 

co-factor PLP (Figure 46). 

 Results showed that both PLP and a combination of PLP and IPA 6 had no effect 

on the yield of 61b. In both cases, the presence of 61b was confirmed (Figure 46a) as 

well as the absence of any remaining starting material (Figure 46b). No additional peaks 

were observed in the GC traces, suggesting that the IPA 6 did not participate in any ring-

opening reactions. Interestingly, (S)-MBA 2 had an inhibitory effect on the LEH reactions. 

In all cases, no product was detected with (S)-MBA 2, and the amount of starting material 

61a was the same as for the control.  
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Figure 46. Effect of PLP, IPA 6 and (S)-MBA 2 on hydrolysis of 61a. Reaction conditions: 61a (5 mM), KPi 

buffer pH 7.5 (50 mM), PLP (1 mM), IPA 6 (10 mM), (S)-MBA 2 (25 mM) pure enzyme (Re-LEH 295 µg/mL, 

pQR2219 338 µg/mL and pQR2220 451 µg/mL), 10% TBME v/v, 30 °C, 16 h. Yields were determined using 

GC/HPLC against product standards. All reactions were performed in at least in duplicate and standard 

deviations are <11% 

5.3 Future work 

The discovery that (S)-MBA 2 has an inhibitory effect on the LEHs activity meant that if 

a one-pot reaction is to be achieved, IPA 6 must be used as the amine donor. The next 

step would be to assess conversions of 65a and 66a using IPA 6 as an amine donor. 

However, this requires a product standard, which is difficult to produce synthetically due 

to the amino-epoxy functionality. It is possible that the product could be recovered from 

an enzyme preparative scale reaction, as demonstrated in recent work where the amine 

standard could not be made synthetically.173 However, initial assays could be carried out 

by determining starting material depletion by GC analysis.  

 Once this has been established, the one-pot reactions containing both 

transaminase and LEH would be carried out on a preparative scale, and the product 

analysed by 1H NMR and 13C NMR spectroscopy. If LEH-mediated hydrolysis was 

observed following amination, that would make this a cascade reaction in the true sense 

of the word, as the second step would be dependent on the first transamination reaction. 

5.4 Conclusion 

This chapter details the preliminary work for a transaminase/LEH cascade reaction for 

two epoxy-ketone substrates, 65a and 66a. It laid out the various reaction strategies as 

a number of routes could be followed.  

Initial colorimetric screens identified that 65a was accepted by both pQR2191 

and pQR2208. Surprisingly, the most active enzyme from chapters 2 and 3 – pQR2189 
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– showed minimal conversion yields. Quantification using (S)-MBA 2 confirmed 

conversion yields of 40-83%. Epoxy-ketone 66a was less well accepted, however after 

seven days at room temperature, a definitive colour change above the background was 

observed. A time-point reaction run over seven days using (S)-MBA 2 as an amine donor 

failed to show increased conversions over time. In addition, a colorimetric screen to 

determine whether addition of LEH affected activity showed no effect. 

Screening the two epoxy-ketones with the metagenomic LEHs and Re-LEH 

showed that neither of them were accepted as a substrate. Therefore, moving forward, 

it was decided that a one-pot reaction method would be adopted, in the hope that the 

newly formed amino-epoxides would subsequently be hydrolysed by the LEHs. 

The test the feasibility of this, the effect of PLP and two amine donors – IPA 6 

and (S)-MBA 2 – on the hydrolysis of cyclohexene oxide 61a was investigated. While 

PLP and IPA 6 had no effect on product formation, (S)-MBA 2 completely inhibited the 

formation of diol 61b, meaning it cannot be used in a one-pot synthesis. 

Future work will involve determining the activity of the metagenomic 

transaminases with the two substrates using IPA 6. Following this, due to the lack of 

product standards, preparative-scale reactions will be carried out to determine whether 

LEH-mediated hydrolysis has taken place and then the cascade developed and 

optimised. 
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6 Spectrophotometric assay development 

6.1 Introduction 

In the last few years, numerous transaminase studies have focused on protein 

engineering to increase their tolerance towards bulkier substrates as wild-type enzymes 

tend to only accept ketones where one substituent is no larger than an ethyl group.102 

The most well know success case is in the synthesis of sitagliptin, described in section 

1.3.4.2. Homology modelling showed that prositagliptin would not be bound by the (R)-

selective transaminase due to potentially unfavourable interactions in the large pocket 

and steric hinderance in the small one (Figure 47a). A substrate walking strategy was 

adopted, engineering the large pocket to accept a truncated version of prositagliptin first 

(Figure 47b). Initial rounds of screening showed that the enzyme was poorly active 

towards the truncated substrate, giving conversions of 4%. Subsequent mutagenesis 

studies identified a mutant that showed an 11-fold improvement in activity towards the 

methyl ketone analogues. Further development of this mutant led to an enzyme that not 

only yielded sitagliptin in good yield and high e.e. but also accepted a number of other 

substrates with two large ketone substituents.167 

 
Figure 47. Substrate walking approach to sitagliptin manufacture. a, Homology modelling showed that the 

(R)-selective transaminase would not bind prositagliptin. b, A truncated version of prositagliptin was used in 

the first steps of protein engineering to evolve the large pocket. 

 The well-known transaminase Vf-TAm has also been engineered to accept 

bulkier substituents. Efforts to synthesise (3S,5R)-ethyl-3-amino-5-methyloctanoate 

identified Vf-TAm as a potential candidate in kinetic resolution experiments. While the 

enzyme demonstrated desired selectivities by giving enriched product mixtures, initial 

attempts to synthesis the amine from the ketone were unsuccessful. Through a 

combination of protein engineering approaches, a mutant was identified that gave the 

product in 95% d.e. with a 60-fold improvement in initial velocity (Scheme 42). 

Preparative scale yields recorded were still quite low (27%), therefore additional work is 

needed to make this mutant commercially useful.111 
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Scheme 42. Synthesis of (3S,5R)-ethyl-3-amino-5-methyloctanoate using an engineered Vf-TAm mutant to 
give the amine in 98% d.e. 

 A more recent study used rational design to engineer an (S)-selective 

transaminase to accept bulkier substrate. Four mutations to the transaminase 3FCR 

gave a variant that was used in the synthesis of a number of bulky chiral amines, in yields 

of more than 95% with moderate to excellent selectivity. The identified motif in the active 

variant was also used to successfully identify novel transaminases showing activity 

towards the same bulky substrates (Figure 48).108 

 
Figure 48. Ketones used in the asymmetric synthesis of bulky amines using transaminase mutants which 

can accommodate larger alkyl chains, an alcohol moiety and large aryl groups in the ‘small’ binding pocket. 

 However, no specific high-throughput screening method to identify 

transaminases that accept bulky substrates has been reported. At UCL, as high-

throughput mutagenesis method is being developed on a TECAN robot platform. 

Therefore, the aim of the work in this chapter was to develop an assay suitable for high-

throughput screening of transaminase mutants developed to accept bulkier substrates. 

6.2 Assay design 

It was hypothesised that an aromatic amine could be designed, that upon transamination 

would give a highly conjugated ketone by-product, that could be detected visually or 

spectrophotometrically, or via a fluorescence read out. The disubstituted ketone 

benzophenone 67 is known to have a strong UV absorbance and a fluorescence 

response. It was thought that a methoxy substituted analogue of benzophenone 67 may 

have an increased absorbance, and may also lead to a colorimetric readout, potentially 

leading to a colorimetric assay as well as a spectrophotometric assay (Scheme 43).  

 
Scheme 43. Proposed assay for identification of transaminases that accept bulky substrates using a 

benzophenone analogue and monitoring absorbance. 
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6.3 Synthesis of methoxy analogues 

To determine the feasibility of the benzophenone analogues in a spectrophotometric 

assay, both the ketones and corresponding amines needed to be synthesised to record 

their UV-vis spectra and test in automated protocols. 

6.3.1 Amines 

Two potential amine donors were synthesised, the mono- and the disubstituted 

compounds 68 and 69, using a previously reported route.352 For amine 68, 

phenylmagnesium bromide was added to 4-methoxybenzyaldehyde to give the alkoxide 

which undergoes a nucleophilic displacement on addition of diphenylphosphoryl azide 

(DPPA) and slight heating. This yielded the intermediate azide, which was reduced to 

the amine with lithium aluminium hydride, to give 68 in 75% yield (Scheme 44).  

 Goswami et al. also reported the synthesis of the di-methoxy substituted azide in 

96% isolated yield using 4-methoxyphenylmagnesium bromide. While the azide 

reduction had not been reported, reduction to the amine using the same conditions as 

for 68 afforded the amine 69 in 59% yield, following column chromatography (Scheme 

44). 

 
Scheme 44. Synthesis of methoxy-amines 68 and 69 from 4-methoxybenzaldehyde and phenylmagnesium 

bromide or 4-methoxyphenylmagnesium bromide, respectively, and subsequent addition of DPPA. 

Reduction of the azide with lithium aluminium hydride yields the amine. 

6.3.2 Ketones 

The equivalent benzophenone analogues were synthesised for assay development – 4-

methoxybenzophenone 70 and 4,4-dimethoxybenzophenone 71. The first step of the 

previous synthesis was adopted to give the alcohols, which were oxidised using Dess 

Martin periodinane. This afforded 70 and 71 in 65% and 67% yield as white powders, 

following column chromatography (Scheme 45). Both ketones are also commercially 

available. 

 
Scheme 45. Synthesis of ketones 70 and 71 by Grignard reaction, followed by oxidation using Dess Martin 
periodinane (DMP). 
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6.4 UV-Vis spectra of methoxy compounds 

A UV-vis spectrum of the two ketones, 70 and 71, and the two amines 68 and 69 was 

recorded, to establish whether they could be implemented in a spectrophotometric 

assay. The spectra were recorded in a 96-well plate, with the compounds made up to 5 

mM in DMSO and diluted to a final concentration of 0.5 mM in water, and the spectrum 

for 10% DMSO in water subtracted from the ketone and amine spectra (Figure 49). UV-

Vis spectra for the amines 68 and 69 were very similar – both had a lmax of 284 nm. 

Substitution of benzophenone 67 with one methoxy-group (70) led to a batho- and 

hyperchromic shift. Disubstituted benzophenone 71 had the same lmax as 

benzophenone 67 (288 nm), however the absorbance was slightly lower, and broader. 

 

    
Figure 49. UV-Vis spectra of benzophenone 67, ketones 70 and 71 and amines 68 and 69 between 250-

500 nm. Spectra recorded in triplicate. 

6.4.1 Extinction coefficient (e) of methoxy analogues  

The molar extinction coefficient (e) is a measure of how strongly a chemical species 

absorbs light at a particular wavelength. It is an intrinsic property and was therefore used 

to compare the different benzophenone analogues. UV-Vis spectra were measured in 

10% DMSO in water to mimic eventual transaminase assay conditions. However, as 

extinction coefficient is known to depend on the solvent,353 values could not be compared 

to the literature. 

 Interestingly, substitution of benzophenone 67 with one methoxy-group (70) led 

to a large increase in the extinction coefficient (6130 M-1cm-1 to 16,613 M-1cm-1). 

However, di-substitution (71) led to a slight fall to 4439 M-1cm-1. Both amines had a lower 
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extinction coefficient, although the difference was more marked for the mono-substituted 

amine 68 and ketone 70 (Table 14).  

Table 14. Extinction coefficient (e) and lmax of compounds 67-71.a 

 67 70 68 71 69 

e (M-1cm-1) 6130±140 16,613±333 1151±114 4439±249 1997±135 

lmax (nm) 288 298 284 288 284 
a All spectra recorded in 10% DMSO in water.  

Although the extinction coefficient for the ketones was larger than for the amines, 

the difference in absorption between the ketones and the amines was not large enough 

for distinguishing purposes; it was thought that the phenol equivalents may be more 

suitable.  

6.5 Synthesis of phenolic analogues 

6.5.1 Ketones 

To increase the difference in the UV-vis spectra of the amine and the ketone, the 

phenolic equivalents were synthesised. It was hope that deprotonation with base of the 

phenol groups would give a highly conjugated molecule for the ketone, but not the amine, 

due to delocalisation.  

 A previously reported demethylation procedure was used to synthesise the 

phenolic ketone analogues from 68 and 69.354 The amino-thiol reagent 2-

(diethylamino)ethanethiol was deprotonated with sodium tert-butoxide in DMF, and the 

resulting thiolate demethylated the aromatic methoxy group after heating the reaction at 

reflux. Phenolic ketone 72 was isolated in 85% yield, following column chromatography 

(Scheme 46). The procedure was repeated with 69 using twice the equivalents of base 

and amino-thiol reagent, as the literature reported a 91% yield for the dimethoxy ketone. 

Column chromatography isolated two distinct products, 1H NMR and 13C NMR data 

confirmed that the reaction had yielded a mixture of the doubly and the singly 

demethylated compounds, 73 and 74 in 43% and 31% yield, respectively (Scheme 46). 

 
Scheme 46. Demethylation of 70 and 71 using 2-(diethylamino)ethanethiol and sodium tert-butoxide. 

6.5.1.1 Spectra 
UV-Vis spectra of the three synthesised phenolic ketones both in the absence and 

presence of base were recorded. Stock solutions of the phenolic ketones were prepared 
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in DMSO and diluted to 5 mM in a 96-well plate to replicated assay conditions. As PLP 

contains a pyridine ring, a control using 1 mM PLP was used to determine whether the 

absorbance would interfere with that of the ketones. The absorbance was measured 

between 250 and 500 nm. Direct measurement of a representative assay showed that 

absorption was so high that readings were above the maximum threshold. An 8-fold 

dilution (0.625 mM final concentration of ketone) of the reaction mixtures showed that 

the maximum absorption was still being hit for most of the ketones (Figure 50). 

 

 
Figure 50. UV-Vis spectra of ketones 72-74 (5 mM) and PLP (1 mM) after an 8-fold dilution. a, Spectra 

without base addition as negative control. b, Spectra with sodium hydroxide. 

 Another 10-fold dilution was carried out on the 0.625 mM solutions (final dilution 

80-fold), which allowed for the lmax to be determined. Without base addition, the lmax for 

all three ketones was around 300 nm. While both 72 and 74 still displayed strong 

absorption after an 80-fold dilution, the methoxy phenol 73 did not (Figure 51a). Addition 

of base red-shifted the absorption for all ketones (~350 nm), as well as increasing the 

intensity (Figure 51b). Both in the presence and absence of base, PLP showed only a 

weak absorption. 

 

 
Figure 51. UV-Vis spectra of ketones 72-74 (5 mM) and PLP (1 mM) after 80-fold dilution. a, Spectra without 
base addition as negative control. b, Spectra with sodium hydroxide.  
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6.5.1.2 Extinction coefficient (e) of phenolic ketones 
Demethylation of the methoxy-compound 70 led to an increase in extinction coefficient 

from 16,613 M-1cm-1 to 24,578 M-1cm-1 (72). As predicted, a large increase was observed 

under basic conditions (37,629 M-1cm-1). A very similar trend was observed for doubly-

demethylated ketone 74; the single demethylation compound 73 had a very similar 

extinction coefficient to dimethoxybenzophenone 71 (4098 M-1cm-1). Basic conditions 

increased it to 25,778 M-1cm-1 (Table 15). 

Table 15. Extinction coefficient (e) and lmax of compounds 72-74 at neutral and basic pH.a 

 72 72 73 73 74 74 

e  

(M-1cm-1) 
24,578±3246 37,629±1368 4098±1809 25,778±1745 29,531±1137 41,265±2621 

lmax (nm) 292 346 282 348 296 360 

pH 7.0 14.0 7.0 14.0 7.0 14.0 
a All spectra recorded in 0.125% DMSO in water. 

The extinction coefficient for the dye crystal violet is 87,000 M-1cm-1.355 The high 

values for the deprotonated forms of 72 and 74, as well as the bathochromic shift in 

absorbance, make them both promising candidates for a spectrophotometric assay. 

However, 72 was selected for further investigation due to the more straightforward 

demethylation step. 

6.5.2 Amine 

There were no reported syntheses of amine 75 in the literature, so two parallel synthetic 

routes were devised from methoxy ketone 70 – either demethylation followed by 

amination or amination and then demethylation to give amino-alcohol 75 (Scheme 47). 

 
Scheme 47. Proposed synthetic routes to amino-alcohol 75 from commercially available ketone 70, either 
by demethylation followed by amination or the reverse. 

 The demethylation of 70 was achieved in good yield (85%), as described in 

section 6.5.1, as was the synthesis of 68 (section 6.3.1). However, a simpler route was 
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sought for the synthesis of the amine from the ketone starting material. A reductive 

amination of 67 with ammonium acetate and sodium cyanoborohydride, with heating at 

reflux in ethanol for 24 hours, gave benzhydrylamine 76 in 73% isolated yield (Scheme 

48.).356 The procedure was repeated using 70, and afforded amine 68 in 65% yield 

(Scheme 48).  

 
Scheme 48.Reductive amination of benzophenone 76 and 70 using ammonium acetate and sodium 
cyanoborohydride. 

 A small-scale amination reaction of keto-alcohol 72 was carried out, and 1H NMR 

analysis of the crude product isolated showed that 75 was formed but it could not be 

purified. 

6.6 Future work 

In future work, the synthesis of amine 75 will be completed. A larger scale reaction of the 

amination of keto-alcohol 72 will be attempted, as well as the demethylation of 68. Once 

the amine has been isolated and fully characterised, its UV-vis spectra under neutral and 

basic conditions will be measured. The difference in the UV-vis spectra of amine 75 and 

ketone 72 will determine whether amine 75 could feasibly be used as an amine donor 

for the high-throughput screening of transaminases. If there is a large enough difference 

in their absorptions, then the amine donor will be used in a test assay with transaminases 

known to accept bulkier substrates as proof of concept. Once this is confirmed, the assay 

will be used to identify transaminase mutants capable of aminating bulky substrates. 

6.7 Conclusion 

This chapter detailed the preliminary work in developing a spectrophotometric assay for 

transaminases. The aim was to develop a spectrophotometric assay that could be used 

to identity mutant transaminases that accept bulky substrates in a high-throughput 

assay. 

 The mono- and disubstituted methoxy-ketones and methoxy-amines were 

synthesised from phenylmagnesium bromide and 4-methoxyphenylmagnesium bromide. 

The UV-vis spectra for these was recorded and showed insufficient difference in lmax 

between the amines and the ketones to be useful for activity detection purposes. It was 

hypothesised that the phenolic analogues may give a better readout, as the phenol group 

could be deprotonated, leading to a highly conjugated system for the ketone product, but 

not the amine donor. 
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 The keto-alcohols 72 and 74 were synthesised from the corresponding methoxy 

ketone by demethylation with 2-(diethylamino)ethanethiol. The mono-substituted 

analogue 72 was isolated in good yield (in accordance with the literature),354 but the 

disubstituted analogue was only partially demethylated and also gave the methoxy-keto 

alcohol 74. UV-Vis spectra confirmed that the addition of base both shifted the lmax as 

well as increasing the extinction coefficient. 

 Due to the more straightforward synthesis, the monosubstituted analogue 72 was 

selected for further study. Preliminary work on the synthesis of the amine was not fully 

completed, however future work will focus on the isolation of amino-alcohol 75 and 

determining its suitability for a spectrophotometric assay. 
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7 Conclusion and future work 

The aim of the work presented in this thesis was to use a metagenomics approach to 

discover novel enzymes and investigate their application in biocatalytic syntheses for 

their ultimate implementation into pharmaceutical processes. The project originally 

sought to look at three classes of enzymes, transaminases, epoxide hydrolases and 

halohydrin dehalogenases.  

 Although the first halohydrin dehalogenase activity was noted as far back as 

1968,288 at the start of this work, halohydrin dehalogenases were a small class of 

enzymes, with only six fully sequenced members.289 In 2014, thirty-seven novel 

halohydrin dehalogenases were discovered by aligning homologous protein sequences 

from a BLAST search of known enzymes, and using several selection criteria (detailed 

in section 5.1) to identify putative enzymes. Activity was confirmed for all enzymes 

screened, providing a robust methodology for the identification of new HHDHs.304This 

methodology was applied to all SDR sequences present in the oral metagenomes 

available at the time – however none of the sequences contained the Ser-Tyr-Arg 

catalytic triad found in HHDHs. Due to the nature of the enzymes, it was unlikely that 

putative HHDHs would be identified in the oral cavity metagenomes, and over the course 

of this PhD, a second drain metagenome was sequences and fully annotated. As a high 

proportion of previously identified enzymes have come from salt-rich environments, it 

was thought that the drain environment may have a number of salt-degrading bacteria, 

due to the constant use of detergents. In this metagenome, 375 full-length SDRs were 

identified, however, the Ser-Tyr-Arg catalytic triad was not present in any of the 

sequences.  

 Due to the lack of novel enzymes in the available metagenomes, this class of 

enzymes were not explored further. Efforts are currently underway to sequence a 

number of metagenomes from areas with high salt content, such as a deep sea capsule 

and salt planes in Peru. 

 Chapters 2 and 3 describe the identification and classification of 29 novel Class 

III transaminases. The Pfam ID for this class of enzymes returned 36 full-length, non-

redundant protein sequences – 29 were successfully cloned into pET28(a) or pET29(a) 

and overexpressed in E. coli. Initial screens with clarified cell lysate were carried out with 

four representative compounds: pyruvate 1 (keto-acids), cyclohexanone 18 (cyclic 

ketones), 2-hexanone 19 (linear substrates) and benzaldehyde 20 (aromatics). Two 

colorimetric amine donors, 8 and 3, as well as (S)-MBA 2 were used to compare activity. 

Of the enzymes tested, 19 of the novel transaminases showed activity with at least one 

substrate-donor combination, giving a 66% hit-rate which is extremely high for any 
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enzyme discovery method. Of the two colorimetric assays, 8 proved to be accepted by 

a significantly higher number of enzymes, highlighting its usefulness. 

 Further substrate screens with a number of commercially available and 

synthesised compounds highlighted pQR2188, pQR2189, pQR2191, pQR2200, 

pQR2208 and pQR2214 as the most promising candidates. Good activity was observed 

with aromatic heterocycles, straight-chain aldehydes and further cyclic ketones, as well 

as pharmaceutical precursors. Their feasibility in a number of cascade reactions with 

cyclic keto-esters that would form a bicyclic lactam structure upon transamination was 

also investigated. None of the enzymes showed any activity with the substrates 37-40. 

Previous reports confirmed activity for Cv-TAm with the 3-substituted keto-ester 41; 

assays confirmed this, suggesting that substitution at the 2-position made these 

substrates unlikely to be accepted.  

 Future work will focus on synthesising substrates with an exo-cyclic ketone 

moiety (Scheme 49), in the hope that a less bulky ketone group will aid with acceptance 

of these types of substrates. 

 
Scheme 49. Proposed development of keto-ester cascade reaction with transaminases to give bicyclic 
lactam structures. 

 The three most promising enzymes, pQR2189, pQR2191 and pQR2208 were 

selected for further characterisation. Initial experiments aimed to expand the substrate 

scope to a number of protected pyrrolidones, piperidones and azepines (51a-57a). 

Activities were investigated with three amine donors – (S)-MBA 2, IPA 6 and colorimetric 

donor 8. Substrates were relatively well accepted and a clear preference for IPA 6 for all 

three metagenomic enzymes was noted. Impressively, better yields were observed with 

every substrate for at least one metagenomic transaminase when compared with the 

well-studied transaminase Cv-TAm. Both pQR2189 and pQR2208 showed excellent 

stereoselectivity, giving exclusively the (S)-isomer for 51b and 52b. Further 

characterisation highlighted enzyme pQR2189 as a useful enzyme. Temperature 

screens showed that while the other two enzymes started to lose activity after 30 °C, 

pQR2189 showed consistent activity between 20-50 °C, which is unusual for a non-

thermophilic enzyme. Changes in pH also proved to have little effect on activity with fairly 

constant yields observed between pH 6.0-11.0. A more typical pH profile was observed 

for pQR2191 and pQR2208, with an optimum pH value between 8.0 and 10.0, with a 

sharp decline in activity either side of these values. However, what was most remarkable 
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was that concentrations of up to 50% DMSO had little effect on the yield for pQR2189. 

A similar trend was observed with pQR2191, but pQR2208 showed sharp falls in yields 

after levels of DMSO were increased to 30-40%. Additionally, Cv-TAm showed dramatic 

reduction in activity with concentration higher than 30% v/v.  

 Due to the unprecedented robustness of pQR2189, the effects of higher 

temperatures, enzyme/substrate concentration and IPA 6 were also investigated. Activity 

dropped after 50 °C, however some residual activity was still seen at 70 °C. While the 

percentage yield decreased with increasing substrate concentrations, overall product 

yield did not, indicating that this was not due to substrate inhibition, but more likely 

enzyme saturation. Good relative activity was also observed with as little as one 

equivalent of IPA 6 and as high as 50 equivalents of IPA 6. Kinetics parameters were 

determined with a number of substrates, proving it to be a highly efficient and rapid 

enzyme.  

Reactions with pQR2189 and pQR2208 were performed on a preparative scale. 

A large drop in yield was observed on scale-up to 50 mL with pQR2208. In comparison, 

the larger reaction volume had little effect on pQR2189, and amine 51b was isolated in 

82% yield, without need for further purification. Preliminary crystallisation studies were 

undertaken with pQR2189; however, no crystals were observed in any of the reaction 

conditions tested. Due to cloning into a pET28(a) vector, the enzyme possessed both an 

N- and C-terminal His-tag, which may have prevented crystallisation. Future work will 

focus on cloning a construct without the C-terminal His-tag, and post-translational 

removal of the N-terminal one, following purification, with thrombin.  

It was believed that the habitat of the bacteria in the drain microbiome might lead 

to the identification of niche organisms and their enzymes. The location in the waste pipe 

of the domestic shower with periods of drought and high water temperatures with 

surfactants and cleaning chemicals could be considered as an extreme environment. 

This method, in turn, led to the discovery of arguably one of the most robust wild-type 

transaminases characterised thus far. One of the most important precursors to 

successful enzyme engineering is an evolvable scaffold.108 The characteristics attributed 

to pQR2189 have been described as highly desirable for novel transaminases, making 

it an excellent scaffold for enzyme engineering. This work highlights not only the value 

of metagenomics in biocatalyst discovery, but also its unrivalled ability to identify novel 

enzymes specifically adapted to operate in harsh conditions. 

Chapter 4 detailed the discovery of four novel limonene-1,2-epoxide hydrolases, 

which were characterised alongside the previously published enzyme Re-LEH. Enzymes 

pQR2217-pQR2219 were cloned into pET28(a) by TA cloning. The last gene for 

pQR2220 could not be cloned, and therefore was ordered as a synthetic gene. 
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While all four metagenomic enzymes showed good total expression when 

overexpressed in E. coli, only pQR2219 and pQR2220 were soluble. Changing various 

expression parameters, such as induction time and temperature and media did not 

improve solubility, therefore the insoluble enzymes were not explored further.  

The implementation of LEHs as biocatalysts for organic syntheses is limited, 

therefore method and reaction optimisation with (+)-limonene-1,2-oxide 13a as the 

model substrate was undertaken. Enzyme concentration studies showed that very low 

concentrations of Re-LEH were sufficient for full conversion in an hour. While increasing 

the concentration had little effect on pQR2220, large increases in yield were observed 

with pQR2219. Different buffers and co-solvents were also tested, and a limited effect 

was observed; a doubling in yield was seen for pQR2220 with TBME as a co-solvent, so 

this was used in future experiments. The temperature and pH profile for Re-LEH 

correlated to previous findings, while both metagenomic enzymes performed best at 45 

°C and pH 6.0. However, kinetics studies showed that over time, the background 

hydrolysis under these conditions outweighed the increased yield, so subsequent 

reactions were performed at 30 °C and pH 7.5. 

The substrate scope was also investigated and compared to previous 

metagenomic LEHs. Yields between 57% and 83% were observed with (+)- and (-)-13a 
for all three enzymes. The six-membered cyclohexene oxide 61a was hydrolysed in 

higher yield than both the five- and the seven membered counterparts by all three 

enzymes. Similar conversions were observed for all LEHs with linear epoxide 63a and 

styrene oxide 64a.  

Chiral analysis showed that both Re-LEH and pQR2219 gave exclusively 

(1S,2S,4R)-13b in the case of (+)-13a and (1R,2R,4S)-13b in the case of (-)-13a. For 

pQR2220, only (1R,2R,4S)-13b was observed in the case of (-)-13a, however 

(1S,2S,4R)-13b was only formed in 76% d.e. with (+)-13a; this is the first time the 

production of the (1R,2R,4R)-enantiomer has been noted with LEHs. Both metagenomic 

enzymes showed higher e.e. values with cyclohexene oxide 61a when compared with 

Re-LEH; pQR2220 gave 61b in 64% yield and 93% e.e. Reactions were carried out on 

a preparative scale with cyclohexene oxide 61a. All three enzymes tolerated the larger 

scale reactions well, with no drop in yield observed. 

Throughout the work, problems with sample recovery were encountered. It is 

thought that this was both due to extraction problems and possible protein-epoxide 

conjugation. Epoxides are often used to immobilise enzymes through reaction with lysine 

residues and other nucleophilic side chains. To determine whether this was happening, 

MS/MS experiments could be carried out. To eliminate the need for product extraction, 

a water compatible GC column could be used.  
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Chapter 5 described the initial work for an LEH and transaminase cascade to 

give a highly functionalise molecule with three new chiral centres. The chosen substrates 

were screened with both enzymes individually to check for activity. Surprisingly, no 

conversion was observed with any of the LEHs, possibly due to the increased rigidity of 

the six-membered ring due to the carbonyl group. However, pQR2191 and pQR2208 

gave conversions with both substrates; higher yields were observed for the less bulky 

substrate 65a. A colorimetric screen with 66a left for 7 days showed increased 

conversion with pQR2191, however this could not be confirmed quantitatively.  

To test the compatibility of all the components for a one-pot reaction, the effect 

of adding LEH to the transamination step was investigated – neither a positive nor a 

negative effect was observed. Additionally, PLP, (S)-MBA 2 and IPA 6 were added to 

the reaction mixture for LEH-mediated hydrolysis of the related compound cyclohexene 

oxide 61a. While PLP and IPA 6 had no effect on yield, (S)-MBA 2 completely inhibited 

activity. This confirmed that the one-pot synthesis would need to be carried out with IPA 

6 as the amine donor. Due to the difficulty of synthesising an analytic standard, future 

work would require a preparative scale reaction with both enzymes. Depending on 

results, this could then be optimised to give the chiral amino-diol. 

The last section, Chapter 6, covers the preliminary work for a novel 

spectrophotometric transaminase assay, to identify enzymes that accept bulky 

substrates. Synthesis of the methoxy compounds selected showed little distinction 

between the lmax of the amine and ketone. Therefore, the corresponding phenols were 

synthesised. UV-Vis spectra of the keto-alcohols showed extremely high extinction 

coefficients in basic media. Future work will require synthesis of the amino-alcohol to 

determine the feasibility of this compound in a spectrophotometric assay, and 

subsequent proof of principle with transaminases known to accept bulky substrates.  
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8 Experimental 

8.1 General experimental 
Reactions carried out under anhydrous conditions used over-dried glassware (100 °C) 

and an inert atmosphere (argon or nitrogen). All chemicals were obtained from chemical 

suppliers with no further purification. Brine refers to a saturated solution of NaCl in water 

and in vacuo refers to the removal of solvent under reduced pressure using a rotary 

evaporator. 

 Column chromatography was carried out using Geduran® Silica Gel 60 with 

particle size 40-63 μm and analytical thin layer chromatography was carried out using 

Merck Kieselgel aluminium-backed plates coated with silica gel. Compounds were 

visualised by ultra-violet light, potassium permanganate [KMnO4 (3 g), K2CO3 (20 g), 5% 

NaOH aq. (5 mL) and H2O (300 mL)], phosphomolybdic acid [PMA (10 g), ethanol (100 

mL)] and ninhydrin stain [Ninhydrin (1.5 g), n-butanol (100 mL), acetic acid (3 mL)].  

Melting points were recorded using an Electrothermal IA9000 series Melting 

Point Apparatus and are uncorrected. Infrared (IR) spectra were recorded using a Bruker 

Alpha Platinum-ATR. 1H NMR spectra were recorded at 300 MHz on a Bruker AMX300, 

at 400 MHz on a Bruker AMX400, at 500 MHz on a Bruker Avance 500 spectrometer or 

at 600 MHz on a Bruker Avance 600 spectrometer and at 700 MHz on a Bruker Avance 

Neo 700 in deuterated chloroform (residual protic solvent δ 7.26 ppm, s) or deuterated 

methanol (residual protic solvent δ 3.31 ppm, s). Chemical shifts are quoted in ppm 

relative to residual protic solvent, with multiplicities for 1H spectra shown as s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), br (broad) or a combination of these. The 

coupling constants (J) are measured in Hertz and chemical shifts for 1H NMR are 

reported to the nearest 0.01 ppm. Proton assignments have been set to bold. 13C NMR 

spectra were recorded at 125 MHz on a Bruker Avance 500 spectrometer, at 150 MHz 

on a Bruker Avance 600 spectrometer or at 175 MHz on a Bruker Avance Neo 700 in 

deuterated chloroform (δ 77.00 ppm, t) and deuterated methanol (δ 49.00 ppm, t) as the 

internal standard. Chemical shifts are reported to the nearest 0.1 ppm. Carbon 

assignments have been set to bold. Mass spectra were obtained using a VG70-SE, MAT 

900XP, SQD-Waters Aquity UDCL/SQD spectrometer or a Thermo Scientific Trace 1310 

Gs Chromatograph connected to a Thermo Scientific ISQ Single Quadrupole MS at the 

Department of Chemistry, UCL. 

 HPLC analysis was carried out on an Agilent series 1100 HPLC and an Agilent 

1260 Infinity HPLC with an Ace 5 C18 150 x 4.6 mm column with UV detection at 210 or 

250 nm. 

 Sterilisation of waste and media was carried out in a Priorclave autoclave at 121 

°C for 30 min. The following centrifuges were used: Beckman Coulter Allegras x-15R 
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centrifuge, Eppendorf Centrifuge 5415R, Eppendorf Centrifuge 5810R, Eppendorf 

Centrifuge 5430R. A Kuhner ShakerX ClimoShaker ISFI-X, New Brunswick Scientific 

Innova 44 or BIOER Mixing Block MB-102 incubating shaker was used. 

8.2 General molecular biology procedures 

8.2.1 Molecular biology kits 

8.2.1.1 Gel extraction of DNA 
DNA separated by gel electrophoresis was visualised under UV light and the fragment 

excised from the gel using a scalpel. The DNA band was then isolated using the 

commercial Gel extraction kit from Qiagen. The manufacturer’s instructions were 

followed; DNA was eluted with ultrapure water preheated to 60 °C and the DNA 

concentration determined (section 8.2.3.1). 

8.2.1.2 Isolation of plasmid DNA 
A starter culture containing the appropriate antibiotic was inoculated with a single colony 

from an agar plate, and cells grown at 37 °C overnight. A cell pellet was harvested from 

an overnight culture (5 or 10 mL) by centrifugation (12,000 rpm, 10 min, 4 °C). 

Recombinant plasmid DNA was separated from E. coli cell debris using the commercial 

Qiagen Spin Miniprep Kit following standard protocol; DNA was eluted with ultrapure 

water preheated to 60 °C and the DNA concentration determined (section 8.2.3.1). 

8.2.1.3 PCR purification 
PCR product was purified using QIAquick PCR purification kit following the standard 

protocol; DNA was eluted with ultrapure water preheated to 60 °C and the DNA 

concentration determined (section 8.2.3.1). 

8.2.2 Electrophoresis 

8.2.2.1 Agarose gel electrophoresis 
DNA from PCR or restriction digests were purified via gel electrophoresis. A 1% w/v 

agarose gel was prepared by heating 1 g Agarose in 100 mL TBE (Tris/Borate/EDTA) 

buffer in a microwave until the agarose had completely dissolved. Ethidium bromide (5 

µL) was added to the solution for DNA visualisation and poured into a gel casting tray 

with the desired comb size inserted. The gel was allowed to set, and the DNA sample 

loaded, as well as a DNA marker (detailed in appropriate figures) and the gel was 

electrophoresed at 50-100 mV. DNA was visualised under UV light using the Alpha 

imager systems from Protein simple.  
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8.2.2.2 SDS-PAGE 
Protein expression was followed by SDS-PAGE using pre-cast Mini-Protean TGX Gels 

(Bio-Rad). Protein samples (2 µL) were heated for 5 min at 95 °C with Laemmli SDS 

sample buffer and diluted to a total volume of 20 µL with water. Samples and protein 

markers (detailed in appropriate figures) were loaded into the wells, and the gel 

electrophoresed at 200 mV for 40 min. InstandBlue (Thermo Scientific) was used to stain 

the protein gels following the manufacturer’s instructions.  

8.2.3 Determination of concentrations 

8.2.3.1 DNA 
DNA concentrations we calculated by loading 1 µL of sample onto a Nanodrop 2000c 

machine (Thermo Scientific) previously zeroed with water. 

8.2.3.2 Protein  
Protein concentration was determined by one of two methods: standard Bradford assay 

by nanodrop. 

8.2.3.2.1 Absorbance 
Protein concentration was determined by measuring the absorption at A280 using a UV 

spectrophotometer. Protein samples were diluted in a total volume of 1 mL and 

transferred to a quartz cuvette. The protein concentration was calculated using the 

following equation: 

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛]	(𝑚𝑔𝑚𝐿12) =
𝐴678 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑚𝑜𝑙𝑐𝑒𝑢𝑙𝑎𝑟	𝑤𝑒𝑖𝑔ℎ𝑡	(𝐷𝑎)

𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
 

Molecular weight and extinction coefficient were calculated using the Expasy ProtParam 

tool. 

8.2.3.2.2 Bradford assay 
Protein concentration was determined using Bradford Reagent (Bio-Rad, 250 µL) with 

the sample or a protein standard in 96-well plates, and the absorbance at 595 nm 

measured after 5-45 min. A bovine serum albumin (BSA) standard was used as a 

standard for a calibration curve, and the protein samples were diluted to be within the 

range of the calibration curve. 

8.2.4 Transformation 
Vectors were transformed into two strains of chemically competent E. coli – the cloning 

strain One Shot TOP10 E. coli to amplify the plasmids and the expression strain E. coli 

BL21 (DE3). Competent cells were obtained from Invitrogen, and transformations carried 

out with small variations to the manufacturer’s instructions. Cells (50 µL aliquots) were 
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defrosted on ice and dived into 12.5 µL fractions in sterilised pre-chilled 1.5 mL 

Eppendorf tubes. Cells were incubated with recombinant plasmid (2 µL) on ice for 30 

min, heat shocked at 42 °C for 30 sec, and then placed on ice for 2 min. Supplied SOC 

recovery media (62 µL) was added, and cells grown at 37 °C for an hour, before being 

spread on agar plates containing antibiotic and incubated at 37 °C overnight.  

8.2.5 Glycerol stock creation 
Glycerol stocks were created by growing cells in a 5 mL overnight culture with the 

appropriate antibiotic, and mixing the overnight culture (500 µL) with a 50% v/v filter 

sterile glycerol ultrapure water solution (500 µL) in a cryo-vial and storing the stock at -

80 °C. 

8.2.6 PCR 
Designed primers were ordered from MWG Eurofins and came as lyophilised powder 

and dissolved in ultrapure water to a final concentration of 100 pmol/µL. PCR reactions 

were carried out using one of two kits. Reactions with the Phusion® High-Fidelity PCR 

Kit were performed on a 20 µL scale and set up according to the manufacturer’s 

instructions, using 0.2 µL of 85 ng/µL metagenomic DNA and 1 µL of 100 pmol/µL for 

both the forward and the reverse primer. Alternatively, PCR was carried out using the 

Q5® High-Fidelity 2X Master Mix in a total volume of 25 µL as described by the 

manufacturers using 0.5 µL of 85 ng/µL of metagenomic DNA and 1.5 µL of 100 pmol/µL 

of DNA for both the forward and the reverse primer. Initial denaturation step for 5 min at 

94 °C, 30 cycles of: a denaturing step at 94 °C for 30 s, an annealing step at a gradient 

of temperatures for 15 s and an elongation step for 30 s at 72 °C. After the 30 cycles a 

final elongation step at 72 °C for 5 min was performed. PCR products were isolated by 

gel extraction (section 8.2.1.1) and the concentration determined (section 8.2.3.1). 

8.2.7 Cloning 

8.2.7.1 Restriction cloning 
Blunt-ended PCR product was ligated into a PCR-Blunt capture vector (10 ng). 

Reactions were set up to contain a 3:1 insert to vector ratio, and ligated together using 

T4 DNA ligase (1 µL, NEB) in T4 buffer (NEB) and the final volume made up to 10 µL. 

Reactions were incubated for 2-16 hours at 16 °C. Recombinant plasmid was 

transformed into One Shot TOP10 E. coli (section 8.2.4), amplified and the plasmid 

recovered (section 8.2.1.2). Individual restriction digests of the expression vector 

pET28(a) and the PCR-Blunt recombinant plasmid were carried out. Restriction digests 

were carried out on 1-5 µL of plasmid using the restriction enzymes XhoI and NdeI (0.2 
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µL each) with BSA (0.1 µL) in Buffer 4 (NEB) and made up to a total volume of 10 µL 

with ultrapure water at 37 °C for 10 h. The restriction digest was separated by gel 

electrophoresis (section 8.2.2.1) and the expression vector or the sticky-ended insert 

excised from the gel and purified (section 8.2.1.1). The cohesive ended insert and 

expression vector pET28(a) were ligated together as described for PCR-Blunt in a total 

volume of 20 µL. Recombinant plasmid was transformed into One Shot TOP10 E. coli 

(section 8.2.4), amplified and the plasmid recovered (section 8.2.1.2) and sent for 

Sanger sequencing with Source Bioscience using the T7 forward and reverse priming 

sites. Following confirmation of the correct insert by sequencing, the plasmid was 

transformed into E. coli BL21 (DE3) (section 8.2.4) and a glycerol stock created (8.2.5).  

8.2.7.2 One-pot restriction-ligation cloning 
Blunt ended PCR product was cloned into a pET29(a)SacB vector‡‡ using a novel one-

pot restriction-ligation method. Reactions were set up to contain a 3:1 insert to vector 

(100 ng) ratio with BsaI-HF (1 µL, NEB), T4 DNA ligase (1 µL, NEB), ATP (1 mM, 1 µL, 

NEB), CutSmart buffer (2 µL, NEB) and made up to 20 µL with ultrapure water and 

incubated at 37 °C for 1 h. The reaction mixture was transformed into One Shot TOP10 

E. coli (section 8.2.4), amplified and the plasmid recovered (section 8.2.1.2) and sent for 

Sanger sequencing with Source Bioscience using the T7 forward and reverse priming 

sites. Following confirmation of the correct insert by sequencing, the plasmid was 

transformed into E. coli BL21 (DE3) (section 8.2.4) and a glycerol stock created (8.2.5). 

8.2.7.3 TA cloning 
Blunt-ended PCR product (5 µL) was extended with Taq 2X master mix (5 µL) by 

incubating at 68 °C for 0.5 h and the product purified (section 8.2.1.3). The extended 

PCR product was ligated into the p-GEM®-T vector (Promega) according to the 

manufacturer’s instructions. Recombinant DNA was transformed into One Shot TOP10 

E. coli (section 8.2.4), amplified and the plasmid recovered (section 8.2.1.2). The insert 

was removed by restriction digest, ligated into pET28(a) and transformed into One Shot 

TOP10 E. coli (section 8.2.4) and then E. coli BL21 (DE3) (section 8.2.4) following 

confirmation by sequencing as in section 8.2.7.1 and a glycerol stock made (section 

8.2.5). 

8.2.8 Enzyme expression and purification 
For each expression strain, an overnight starter culture (4 mL) was used to inoculate 

400 mL media supplemented with kanamycin (50 μg/mL). The culture was incubated at 

37 °C with shaking (200 rpm) until the OD600 reached 0.6-1.0, at which point the cells 

                                                
‡‡ Designed and provided by Dragana Dobrijevic 
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were induced by addition of IPTG to a final concentration of 1 mM. Post induction, cells 

were incubated at 25 °C with shaking (200 rpm) overnight. The cells were harvested by 

centrifugation (8000 rpm, 20 min, 4 °C) and the cell pellet either re-suspended in buffer 

and freeze dried for clarified cell lysate or resuspended in start buffer for purification. 

The freeze-dried cells were used fresh or stored at -20 °C for up to 4 months. To 

prepare the clarified cell lysate, freeze dried cells (40 mg) were re-suspended in buffer 

and disrupted by sonication (3 ´ 45 sec), and centrifuged (12,000 rpm, 20 min, 4 °C). 

Clarified cell lysate was prepared fresh for each use and kept on ice at all times. Total 

protein concentration was determined using a standard Bradford assay (section 

8.2.3.2.2).  

Protein were purified by standard immobilised metal affinity chromatography. 

After centrifugation cells were resuspended in 5 mL start buffer (Na2HPO4 50 mM, NaCl 

500 mM, imidazole 10 mM, pH 7.4) and lysed by sonication (4 ´ 45 s). Cell debris was 

removed via centrifugation (45 min, 10,500 rpm, 4 °C) and the cell lysate loaded into an 

open tubal mini column containing Chelating Sepharose™ Fast Flow resin, and the 

column washed with 50 mL of start buffer. Proteins were eluted with elution buffer 

(Na2HPO4 50 mM, NaCl 500 mM, imidazole 50-500 mM, pH 7.4) with increasing 

concentrations of imidazole. Periodically, 2 µL of eluent was added to 150 µL of Bradford 

reagent to check for protein, and the fractions containing the highest concentration of 

protein were pooled. Protein was precipitated with ammonium sulfate to make a 50% w/v 

suspension.  

Before use, the suspension was disturbed, and the required amount was 

transferred to a 1.5 mL Eppendorf, and the enzyme pelleted by centrifugation (12,00 

rpm, 20 min, 4 °C). The supernatant was removed, and the enzyme re-dissolved in the 

same amount of water and kept on ice until use.  

8.2.9 Buffers and media 

8.2.9.1 Terrific broth (TB) media 
Terrific broth (47.6 g, Merck) and glycerol (4 mL) were added to water (1 L) and 

autoclaved for 30 min at 121 °C.  

8.2.9.2 LB broth 
LB broth (Miller) (25.0 g, Merck) was added to water (1 L) and autoclaved for 30 min at 

121 °C.  

8.2.9.3 TBE buffer 
10X TBE Buffer from Invitrogen was used according to the manufacturer’s instructions.  
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8.2.9.4 SDS-PAGE buffer 
 Novex® Tris-Glycine SDS Running Buffer (10X) was used for SDS-PAGE analysis. 

8.2.9.5 LB agar plates 
LB agar (Miller) (40 g, Merck) was dissolved in water (1 L) and autoclaved for 30 min at 

121 °C. The agar was allowed to cool slightly before antibiotics and any other 

supplementary compounds were added, and the plates poured in a sterile flow hood. 

8.2.9.5.1 pET28(a)/pET29(a) 
Kanamycin was added to a final concentration of 50 µg/mL. 

8.2.9.5.2 pET29(a)SacB 
Plates supplemented with 10% sucrose and 50 µg/mL kanamycin. 

8.2.9.5.3 p-GEM®-T 
In addition to ampicillin (100 µg/mL), plates were also supplemented with IPTG and X-

Gal to a final concentration of 0.5 mM and 80 µg/mL, respectively. 

8.3 Enzyme selection and cloning 
DNA was extracted from a domestic drain metagenome and sequenced using the 

Illumina MiSeq platform. Predicted protein sequences from the drain metagenome were 

previously functionally annotated by scanning the sequences against Pfam28.0 libraries 

of domain families (pfam.xfam.org).  

8.3.1 Transaminases 
To identify putative ω-transaminases, sequences annotated with the Pfam domain family 

Aminotransferase class-III (PF00202) were retrieved. Of 77 sequences, 36 were judged 

to be full-length, non-redundant proteins by methods previously described.187,314  

8.3.1.1 pQR2188-pQR2199 
The genes of interest were amplified by PCR from the metagenome DNA using NEB 

Phusion PCR kit. PCR products were visualised by gel electrophoresis, isolated via 

Qiagen Gel extraction columns, as described in section 8.2.1.1. The enzymes were 

cloned according to section 8.2.7.1, into pET-28a(+) with the C- and N-terminal His6-tag. 

8.3.1.2 pQR2200-pQR2216 
The genes of interest were amplified by PCR from the metagenome DNA using NEB Q5 

High-Fidelity kit. PCR products were visualised by gel electrophoresis, isolated via 

Qiagen Gel extraction columns, as described in section 8.2.1.1. The enzymes were 

cloned using a one-pot restriction ligation method, as described in section 8.2.7.2, into 

pET-29a(+) with the C-terminal His6-tag. 
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8.3.2 Limonene epoxide hydrolases 
Putative enzymes were identified using the Pfam domain for LEHs (PF07858). This 

identified four putative LEHs, and the genes of interest were amplified from the 

metagenome DNA using NEB Phusion PCR kit. PCR products were visualised and 

isolated as described in section 8.2.1.1, and then cloned into pET-28a(+) by TA cloning, 

as detailed in section 8.2.7.3. 

8.4 Enzyme expression and preparation 
All enzymes were grown as described in section 8.2.8, details of buffers used for each 

set of enzymes are described below. 

8.4.1 Transaminases 

8.4.1.1 Clarified cell lysate 
Transaminases were grown in TB media and clarified cell lysate was prepared by re-

dissolving freeze dried cell or cell pellet in phosphate buffer (100 mM, pH 7.5, 2mM PLP). 

Clarified cell lysate was prepared fresh for each use and kept on ice at all times. Total 

protein concentration was determined using a standard Bradford assay (section 

8.2.3.2.2). Clarified cell lysate was diluted to a final concentration of 4 mg/mL with KPi 

buffer (100 mM, pH 7.5, 2 mM PLP).  

8.4.1.2 Pure enzyme 
For preparation of pure enzyme, transaminases were also grown in TB media, and 

purified by IMAC as described above (section 8.2.8), except that PLP (0.5 mM) was 

added to the start buffer to resuspend the cells. All transaminases eluted with the highest 

concentration of imidazole (500 mM). Protein yields for 200 mL culture – pQR2189: 29 

mg, pQR2191: 37 mg, pQR2208: 27 mg  

For crystallisation trials, the eluents with the highest concentrations of pQR2189 

were pooled and dialysed overnight at 4 °C into dialysis buffer (Tris 20 mM, NaCl 150 

mM, PLP 0.5 mM, pH 7.5). Protein was concentrated using a 10 kDa cut off Vivaspin 

concentrator (Sartorius, Germany), and purified further by size exclusion 

chromatography using a Superdex 200 10/300 GL 24 mL column (GE Healthcare). The 

fractions were pooled and concentrated to 24 mg/mL and stored at -80 °C.  

8.4.2 Limonene epoxide hydrolases 
LEHs were gown in LB media, and purified using IMAC, as described in section 8.2.8. 

Protein yields for 200 mL culture – Re-LEH: 37 mg, pQR2219: 8 mg, pQR2220: 45 mg  
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8.5 Assays 

8.5.1 Transaminases 

8.5.1.1 2-(4-Nitrophenyl)ethan-1-amine colorimetric assay 
The enzymatic reaction was carried out in 96-well plates (200 μL system) containing 

clarified cell lysate (0.2-0.4 mg/mL), KPi buffer (100 mM, pH 7.5), PLP (0.5 mM), 2-(4-

nitrophenyl)ethan-1-amine 8 (25 mM) as amine donor and the substrate (10 mM), with 

20% DMSO to aid substrate solubility, at 30 °C and 400 rpm for 18 h. A red precipitate 

indicated a positive result.185 

8.5.1.2 ortho-Xylylenediamine colorimetric assay 
The enzymatic reaction was carried out in 96-well plates (200 μL system) containing 

clarified cell lysate (0.2-0.4 mg/mL), KPi buffer (100 mM, pH 7.5), PLP (1 mM), 

xylylenediamine dihydrochloride 3 (5.5 mM) as amine donor and the substrate (5 mM), 

with 10% DMSO to aid substrate solubility, at 30 °C and 400 rpm for 18 h. A black 

precipitate indicated a positive result.142 

8.5.1.3 Initial (S)-MBA assay 
The enzymatic reaction was carried out in 96-well plates (200 μL system) containing 

clarified cell lysate (0.4 mg/mL), KPi buffer (100 mM, pH 7.5), PLP (1 mM), (S)/(R)-MBA 

2 (25 mM) as amine donor, and substrate (10 mM) with 20% DMSO to aid substrate 

solubility, at 30 °C and 400 rpm for 18 h. To stop the reaction, 10% TFA (10 μL) was 

added to each well and denatured protein removed via centrifugation (20 min, 12,000 

rpm, 4 °C). The supernatant was diluted and analysed by analytical HPLC.  

8.5.1.4 Subsequent (S)-MBA assay 
The enzymatic reaction was carried out in 96-well plates or Eppendorf tubes (200 μL 

system) containing clarified cell lysate (0.4 mg/mL), KPi (100 mM, pH 7.5), PLP (1 mM), 

(S)-MBA 2 (25 mM) as amine donor, and substrate (5 mM) with 10% DMSO to aid 

substrate solubility, at 30 °C and 400 rpm for 18 h. To stop the reaction, 10% TFA (10 

μL) was added to each well, and denatured protein removed via centrifugation (20 min, 

12,000 rpm, 4 °C). The supernatant was diluted and analysed by analytical HPLC.  

8.5.1.5 Isopropylamine assay 
The enzymatic reaction was carried out in 96-well plates or Eppendorf tubes (200 μL 

system) containing clarified cell lysate (0.4 mg/mL), KPi buffer (100 mM, pH 8.0), PLP (1 

mM), IPA 6 (100 mM, pH 8.0) as amine donor and the substrate (10 mM) with 20% 

DMSO to aid substrate solubility, at 35 °C and 400 rpm for 18 h. To stop the reaction, 

10% TFA (10 μL) was added to each well, and denatured protein removed via 
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centrifugation (20 min, 12,000 rpm, 4 °C). The supernatant was diluted and analysed by 

analytical HPLC.  

The buffer concentration (KPi) was also tested at a final concentration of 50 mM. 

The pH was varied by changing the pH of potassium phosphate buffer (pH 6.0-11.0) and 

IPA 6 (pH 6.0-11.0). The temperature range was investigated by leaving the reaction at 

the specified temperature and 400 rpm for 18 h. DMSO assays used 5-50% (v/v). Final 

IPA 6 concentrations of 10, 20, 50, 100 and 500 mM were also examined, with the 

substrate (10 mM) to give 1-50 equivalents of IPA 6. The substrate concentration was 

investigated by varying the amine acceptor (10-200 mM) using 2 equivalents of amine 

donor, IPA 6 (20-400 mM). Enzyme concentrations of 0.04, 0.1, 0.2, 0.4, 1, 2 and 4 

mg/mL were also examined.  

8.5.1.6 Determination of ee for pQR2189 and pQR2207 
The enantiomeric excess of the amine products 1-Boc-3-aminopyrrolidinone 51b and 1-

Boc-3-aminpiperidine 52b were determined by chiral-GC analysis. Reactions were 

carried out as described above, using either (S)-MBA 2 (5 mM) or IPA 6 (10 mM) as an 

amine donor on a 200 μL scale reaction in Eppendorf tubes. The reaction mixture was 

extracted with ethyl acetate (1 mL), dried (Na2SO4) and concentrated to dryness. The 

product was then either re-dissolved in ethyl acetate (51b) and analysed by chiral-GC or 

derivatised for chiral GC analysis (52b). The retention time for (S)-1-Boc-3-

aminopyrrolidinone 51b was 7.4 min and 7.3 min for the (R)-enantiomer. 

8.5.1.7 Derivatisation of 1-Boc-3-aminopiperidine 
The residue 52b in dichloromethane (50 μL) was derivatised with trifluoroacetic 

anhydride (7 μL for the reaction with (S)-MBA 2 and 14 μL for the reaction with IPA 6) 

and shaken overnight at room temperature. The reaction mixture was then analysed by 

chiral-GC without further dilution. The retention time for the N-TFA-derivatised (S)-

enantiomer was 7.4 min and 7.6 min for the (R)-enantiomer. 

8.5.1.8 Kinetics assays 

8.5.1.8.1 Kinetics assay with pyruvate and (S)-MBA 
To determine the linear range of enzymatic activity, pyruvate 1 (2.5 mM), (S)-2 (5 mM), 

PLP (0.1 mM), KPi buffer pH 7.5 (50 mM), 1% DMSO and varying amounts pQR2189 

(2.6-130 µg/mL) were mixed in a cuvette at 30 °C and absorbance at 300 nm 

continuously followed for 180 s.  

The enzymatic reaction was carried out in cuvettes (1 mL system) containing 

amine donor (S)-2 (5 mM) and varying amounts of pyruvate 1 (0.25-5 mM) or pyruvate 

1 (1 mM) and varying (S)-2 (3-15 mM), PLP (0.1 mM), KPi buffer pH 7.5 (50 mM) and 



137 
 

 

pQR2189 (6.5 µg/mL), 1% DMSO, 30 °C, 180 s. Yields were determined by constant 

monitoring of UV absorption at 300 nm.174 All reactions were performed in triplicate.  

8.5.1.8.2 Kinetics assay with 1-Boc-3-pyrrolidinone 18a and IPA 6 
To determine the linear range of enzymatic activity, amino acceptor 51a (10 mM), donor 

6 (100 mM), PLP (1 mM), KPi buffer pH 8.0 (50 mM), 20% DMSO and varying amounts 

pQR2189 (6.5-130 µg/mL) were mixed in an Eppendorf at 35 °C for 20 min. Reactions 

were stopped by adding aliquots (100 μL) to 1% TFA (400 μL) at specified time points 

and denatured protein removed via centrifugation (10 min, 12,000 rpm, 4 °C). The 

supernatant was analysed by analytical HPLC.  

The enzymatic reaction was carried out in Eppendorf tubes (1 mL system) 

containing amine donor 6 (200 mM) and varying amounts of amino acceptor 51a (10-

200 mM) or amino acceptor 51a (10 mM) and varying amounts of amine donor 6 (10-

500 mM), PLP (1mM), KPi buffer pH 8.0 (50 mM) and pQR2189 (26 µg/mL), 20% DMSO, 

35 °C, 400 rpm, 20 min. Reactions were stopped by adding aliquots (100 μL) to 1% TFA 

(400 μL) at specified time points and denatured protein removed via centrifugation (10 

min, 12,000 rpm, 4 °C). The supernatant was analysed by analytical HPLC.334 All 

reactions were performed in triplicate.  

8.5.1.8.3 Calculating Km and Vmax 
Km and Vmax were determined by a Michaelis-Menten non-linear regression of initial 

velocity vs. substrate concentration using Prism 7. kcat is given in s-1 and defined as: 

𝑘DEF =
𝑉HEI
[𝐸]HJK

 

Where [E]mol is defined as: 

[𝐸]HJK =
[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]	(𝑚𝑔𝑚𝐿12)

𝑀𝑊	(𝐷𝑎)  

8.5.2 Limonene epoxide hydrolases 

8.5.2.1 Initial assays 
The enzymatic reaction was carried out in glass vials (250 μL system) containing 

substrate (5 mM), KPi buffer (50 mM, pH 7.5), pure enzyme (70-750 µg/mL) and 10% 

co-solvent to aid solubility, at 30 °C and 400 rpm for 1-18 h. To stop the reaction, ethyl 

acetate (250 µL) was added to the reaction mixture, and the vial vortexed for 30 sec. The 

content was transferred to a 1.5 mL Eppendorf and centrifuged (5 min, 12,000 rpm, 4 

°C) and the top organic layer transferred to a 1.5 mL Eppendorf, and dried (Na2SO4) 

before being analysed by GC. 
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The enzyme concentration was varied from 40-750 µg/mL. The co-solvents used 

were acetonitrile, methanol and TBME. The buffer experiments used phosphate, HEPEs 

and Tris-HCl, all at pH 7.5. The pH was varied by changing the pH of potassium 

phosphate buffer (pH 6.0-9.0). The temperature range was investigated by leaving the 

reaction at the specified temperature for 1 h.  

8.5.2.2 Substrate screen 
Reactions were set up as above (section 8.5.2.1), however to stop the assay ethyl 

acetate (500 µL) was added to the reaction mixture and the aqueous layer saturated with 

Na2SO4. The vials were sonicated (1 min), and the supernatant analysed by GC. 

8.5.3 TAm and LEH 
Colorimetric and (S)-MBA 2 assays were as described in sections 8.5.1.1 and 8.5.1.4, 

respectively.  

8.5.3.1 Combined enzyme colorimetric screen 
Colorimetric assay was performed as in section 8.5.1.1, however, LEH enzyme was 

added in the stated concentrations. 

8.5.3.2 LEH compatibility screen 
Activity was measured by GC as previously described (section 8.5.2.2), however, PLP 

(1 mM), IPA 6 (10 mM) and (S)-MBA 2 were added in the afore mentioned combinations. 

8.5.4 TAm assay development 

8.5.4.1 Methoxy compounds 
Determination of the UV-Vis spectra was performed in 96-well plates, in a 200 µL system, 

containing screening compound (0.5 mM) and 10% DMSO. Absorbance was measure 

between 200-1000 nm using a Clario Star.  

8.5.4.2 Phenolic compounds 
Determination of the UV-Vis spectra was performed in 96-well plates, in a 200 µL system, 

containing screening compound (5 mM), NaOH (0-3.6 M) and 20% DMSO. Absorbance 

of PLP was determined by replacing the screening compound with PLP (1 mM). 

Absorbance was measure between 200-1000 nm using an Infinite M200 Pro. Reaction 

mixture were diluted until peaks were within the detectable range (´80 dilution).  

8.5.4.3 Calculating extinction coefficient (e) 
Extinction coefficient was calculated using the following formula: 

𝜀 =
𝐴
𝑐𝑙
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Where A is absorbance, c is concentration (M) and l is the pathlength (cm) taken as 

0.588 cm. 

8.6 Preparative scale reactions 

8.6.1 Transaminases 

8.6.1.1 Ketone 51a (20 mM) 
The reaction was scaled up to 50 mL with 51a (186 mg, 1.00 mmol), IPA 6 (860 μL, 10.5 

mmol), PLP (1 mM), KPi buffer (50 mM, pH 10.0), clarified cell lysate (0.4 mg/mL) and 

10% v/v methanol and incubated at 35 °C and 250 rpm for 24 h. To determine reaction 

yields, 10% TFA (2.5 μL) was added to an aliquot (50 μL) and denatured protein removed 

via centrifugation (10 min, 13,000 rpm, 4 °C), then the supernatant was diluted and 

analysed by analytical HPLC. To stop the reaction, methanol (150 mL) was added to the 

reaction mixture, and denatured protein removed via centrifugation (20 min, 4000 rpm, 

4 °C). Methanol was removed in vacuo, the aqueous layer acidified with sat. ammonium 

chloride and any remaining starting material extracted with ethyl acetate (3 ´ 100 mL).  

pQR2189: the pH was then adjusted to pH 13.0 and amine 51b extracted with ethyl 

acetate (11 ´ 100 mL) and the combined organic extracts were dried (Na2SO4), filtered 

and concentrated in vacuo. The crude oil was purified by column chromatography (ethyl 

acetate in petroleum ether 40-60 °C, 20-100% gradient) to give 18b (119 mg, 64%) as a 

clear oil; Rf 0.27 (20% ethyl acetate in petroleum ether 40-60); νmax (film/cm−1) 3335 

(NH2), 3092, 2961 (sp3 C-H), 2932 (sp3 C-H), 2869 (sp3 C-H), 1689 (C=O); 1H NMR 

(CDCl3; 600 MHz) δ 1.45 (9H, s, C(CH3)3), 1.59-1.69 (1H, m, CHH), 2.00-2.07 (1H, m, 

CHH), 2.97-3.08 (1H, m, CHH) 3.30-3.58 (4H, m, CHNH2, CHH, CH2); 13C NMR (CDCl3; 

150 MHz) δ 28.6 (C(CH3)3), 34.4 & 34.9 (CH2), 44.1 & 44.5 (CH2), 50.7 & 51.6 (CHNH2), 

54.2 & 54.6 (CH2), 79.3 (C(CH3)3), 154.8 (C=O) (two peaks seen for each carbon in 

pyrrolidine ring due to restricted rotation around amide bond); LRMS (ES+) m/z 187 

(80%, M+), 145 (100%), 131 (100%), 113 (63%). Spectroscopic data was in agreement 

with the literature.330  

pQR2208: the pH was then adjusted to pH 13.0 and amine 51b extracted with ethyl 

acetate (5 ´ 100 mL) and the combined organic extracts were dried (Na2SO4), filtered 

and concentrated in vacuo to give 51b (57 mg, 31%) as a clear oil with spectroscopic 

data identical to that above. 

8.6.1.2 Ketone 51a (50 mM) with pQR2189 
The reaction was scaled up to 50 mL with 51a (468 mg, 2.53 mmol), containing IPA 6 

(430 μL, 5.25 mmol), PLP (1 mM), potassium phosphate buffer (50 mM, pH 10.0), 

clarified cell lysate (1 mg/mL) or purified enzyme (130 µg/mL) and 10% v/v methanol and 
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incubated at 30 °C and 250 rpm for 24 h. To determine reaction yields, 10% TFA (2.5 

μL) was added to an aliquot (50 μL), denatured protein removed via centrifugation (10 

min, 13,000 rpm, 4 °C), and the supernatant was diluted and analysed by analytical 

HPLC. To stop the reaction, methanol (150 mL) was added to the reaction mixture, and 

denatured protein removed via centrifugation (20 min, 4000 rpm, 4 °C). Methanol was 

removed in vacuo, the aqueous layer acidified with sat. ammonium chloride and any 

remaining starting material extracted with ethyl acetate (3 ´ 100 mL). The pH was then 

adjusted to pH 13.0, amine 51b extracted with ethyl acetate (3 ´ 100 mL) and the 

combined organic extracts were dried (Na2SO4), filtered and concentrated in vacuo to 

give 51b (266 mg, 57%) for clarified cell lysate and 51b (377 mg, 82%) with purified 

pQR2189 as a clear oil with spectroscopic data as recorded above. 

8.6.2 Limonene epoxide hydrolases 

8.6.2.1 Cyclohexene oxide 61a 
The reaction was scaled up to 20 mL with 61a (39.2 mg, 0.400 mmol) in KPi buffer (50 

mM, pH 7.5) and 10% TBME and pure enzyme (Re-LEH 295 µg/mL, pQR2219 338 

µg/mL and pQR2220 451 µg/mL) at 30 °C for 16 h. The reaction mixture was extracted 

with ethyl acetate (2 × 50 mL), dried (Na2SO4), filtered and concentrated in vacuo, to 

give 61b (Re-LEH: 32.0 mg, 70%; pQR2219: 34.0 mg, 74%; pQR2220: 30.0 mg, 65%); 

Rf 0.29 (20% ethyl acetate in petroleum ether 40-60); νmax (film/cm−1) 3286 (OH, broad), 

2927 (sp3 C-H), 2854 (sp3 C-H); 1H NMR (CDCl3; 700 MHz) δ 1.17-1.35 (4H, m, 

CHHCH2CHOH ´ 2, CH2CHHCHOH ´ 2), 1.62-1.79 (2H, m, CHHCH2CHOH ´ 2), 1.91-

2.05 (2H, m, CH2CHHCHOH ´ 2), 3.27-3.45 (2H, m, CH2CH2CHOH ´ 2); 13C NMR 

(CDCl3; 175 MHz) δ 24.5 (CH2CH2CHOH), 33.0 (CH2CH2CHOH), 76.0 (CH2CH2CHOH); 

LRMS (EI) m/z 116 (10%, M+), 96 (40%), 83 (41%), 70 (100%), 57 (82%). Spectroscopic 

data was in agreement with the literature.357 

8.7 Analytical Methods 

8.7.1 Achiral methods 
Quantitative analysis of transaminase reactions was measured by analytical reverse 

phase HPLC analysis with respect of chemical standards using an Agilent 1260 Infinity 

or Dionex Ultimate 3000 with an Ace 5 C18 column 150 ´ 4.6 mm. Elution was carried 

out at 1 mL/min with a linear gradient of acetonitrile/0.1% TFA in water, injection volume 

10 µL and column temperature 30 °C. Chromatograms showing retention times shown 

in Appendix VII. 
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8.7.1.1 Method A 
Products were detected at 250 nm using a linear gradient 15 - 72% acetonitrile over 15 

min. This method was used to detect acetophenone.  

8.7.1.2 Method B 
Products were detected at 204 nm using a linear gradient 5 - 72% acetonitrile over 15 

min. This method was used to detect all amine products 51b-59b. 

8.7.2 Chiral methods 
Quantitative analysis of LEH reactions and enantiomeric excess of 51b and 52b was 

determined by GC analysis using an Agilent 7820A GC System with a Supelco Beta Dex 

225 capillary GC column 30 m ´ 250 µm ´ 0.25 µm with flame ionisation detector at 300 

°C, a temperature gradient and 1µL injection volume. Chromatograms showing retention 

times included in Appendix VII. Chiral HPLC analysis was carried out for quantitative 

analysis of styrene oxide 64a conversions with LEHs. Analysis was performed using a 

HP Series 1100 HPLC with a Chiralpak AD-H column (5 µm particle size, 4.5 mm ´ 250 

mm). 

8.7.2.1 Method A 
Initial temperature 140 °C, 1 min hold, ramp 5 °C/min to 210 °C, 2 min hold. This method 

was used to detect 51b. 

8.7.2.2 Method B 
Initial temperature 150 °C, 1 min hold, ramp 10 °C/min to 210 °C, 3 min hold. This method 

was used to detect TFA-52b. 

8.7.2.3 Method C 
Initial temperature 120 °C, 1 min hold, ramp 10 °C/min to 210 °C, 1 min hold. This method 

was used to detect 13a, 13b and 65a. 

8.7.2.4 Method D  
Initial temperature 90 °C, 1 min hold, ramp 12 °C/min to 210 °C, 1 min hold. This method 

was used to detect 60a, 61 and 62a. 

8.7.2.5 Method E 
Initial temperature 75 °C, 1 min hold, ramp 12 °C/min to 210 °C, 1 min hold. This method 

was used to detect 63a. 

8.7.2.6 Method F 
Initial temperature 70 °C, 1 min hold, ramp 8 °C/min to 150 °C, ramp 20 °C/min to 210 

°C, 1 min hold. This method was used to detect 66a. 
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8.7.2.7 Method G 
Elution was carried out at 1 mL/min, with an isocratic flow of 4% isopropanol/hexane with 

UV detection at 214 nm. This method was used to detect 64a. 

8.8 Compound synthesis 

8.8.1 (+)-Limonene-1,2-diol ((1R,2R,4R)-13b) and (1S,2S,4R)-
13b))345 

          

(+)-Limonene-1,2-epoxide (600 mg, 3.94 mmol) was refluxed in water (60 mL) and 1,4-

dioxane (60 mL) for 18 h. 1,4-Dioxane was removed in vacuo and the residue dissolved 

in water (100 mL). The aqueous layer was extracted with ethyl acetate (3 × 100 mL), and 

the combined organic extracts washed with brine (200 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography 

(0à30% ethyl acetate in petroleum ether 40-60 °C) to give 13b (551 mg, 82%) in a 2:9 

ratio of (1R,2R,4R)-13b:(1S,2S,4R)-13b. 

(1R,2R,4R)-13b: Rf 0.11 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 

3270 (OH, broad), 2920 (sp3 C-H), 2852 (sp3 C-H), 1593 (C=C), 1573; 1H NMR (CDCl3; 

600 MHz) δ 1.21 (1H, s, Me (ring)), 1.24-1.36 (2H, m, CHOHCHH, CH3CCH2CHH), 1.45-

1.53 (1H, m, CH3CCHH), 1.67-1.72 (1H, m, CH3CCH2CHH), 1.73 (3H, s, Me (alkene)), 

1.77-1.82 (1H, m, CH3CCHH), 1.90-1.96 (2H, m, CHOHCHH, OH), 2.20 (1H, s – br, OH), 

3.59 (1H, dd, J 11.8, 4.5 Hz, -CHOH-), 4.69-4.74 (2H, m, -CH2); 13C NMR (CDCl3; 150 

MHz) δ 19.0 (Me (alkene)), 21.1 (Me (ring)), 28.8 (CH3CCH2CH2), 36.2 (CHOHCH2), 38.6 

(CH3CCH2), 43.7 (CHiPr), 74.1 (CMeOH), 77.3 (CHOH), 109.2 (CH2), 148.6 (CCH3CH2); 

LRMS (LCMS-ESI) m/z 193 (100%, [M+Na]+), 167 (21%,), 139 (15%). Spectroscopic 

data was in accordance with the literature reports.345 

(1S,2S,4R)-13b: Rf 0.22 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 

3382 (OH, broad), 2920 (sp3 C-H), 2865 (sp3 C-H), 2105, 1593 (C=C), 1573; 1H NMR 
(CDCl3; 600 MHz) δ ; 1.27 (1H, s, Me (ring)), 1.32 (1H, br s, OH), 1.51-1.59 (3H, m, 

CH3CCHH, CH3CCH2CH2), 1.63 (1H, s – br, OH), 1.65-1.70 (1H, m, CHOHCHH), 1.73 

(3H, s, Me (alkene)), 1.74-1.80 (1H, m, CH3CCHH), 1.89-1.98 (1H, m, CHOHCHH), 2.22-

2.31 (1H, m, CHiPr), 3.62-3.67 (1H, m, CHOH), 4.71-4.76 (2H, m, CH2); 13C NMR (CDCl3; 

150 MHz) δ 21.2 (Me (alkene)), 26.3 (CH3CCH2CH2), 26.8 (Me (ring)), 33.8 (CH3CCH2), 

34.1 (CHOHCH2), 37.6 (CHiPr), 71.4 (CMeOH), 74.1 (CHOH), 109.1 (CH2), 149.4 

(R)
(R)(R)

OH
OH

(R)
(S)(S)

OH
OH
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(CCH3CH2); LRMS (LCMS-ESI) m/z 193 (100%, [M+Na]+), 181 (21%,), 153 (15%). 

Spectroscopic data was in accordance with the literature reports.345 

8.8.2 (-)-Limonene-1,2-diol ((1R,2R,4S)-13b) and (1S,2S,4S)-
13b))345 

          

(-)-Limonene-1,2-epoxide (600 mg, 3.94 mmol) was refluxed in water (60 mL) and 1,4-

dioxane (60 mL) for 18 h. 1,4-Dioxane was removed in vacuo and the residue dissolved 

in water (100 mL). The aqueous layer was extracted with ethyl acetate (3 × 100 mL), and 

the combined organic extracts washed with brine (200 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography 

(0à30% ethyl acetate in petroleum ether 40-60 °C) to give 13b (571 mg, 85%) in a 9:2 

ratio of (1R,2R,4S)-13b:(1S,2S,4S)-13b. 

(1R,2R,4S)-13b: Rf 0.22 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 

3376 (OH, broad), 2919 (sp3 C-H), 2851 (sp3 C-H), 1593 (C=C), 1576; 1H NMR (CDCl3; 

600 MHz) δ ; 1.26 (1H, br s, OH), 1.28 (1H, s, Me (ring)), 1.51-1.61 (4H, m, CH3CCHH, 

CH3CCH2CH2, OH), 1.65-1.71 (1H, m, CHOHCHH), 1.74 (3H, s, Me (alkene)), 1.75-1.81 

(1H, m, CH3CCHH), 1.90-1.97 (1H, m, CHOHCHH), 2.23-2.31 (1H, m, CHiPr), 3.65 (1H, 

t, J 3.5 Hz, CHOH), 4.71-4.77 (2H, m, CH2); 13C NMR (CDCl3; 150 MHz) δ 21.2 (Me 

(ring)), 21.1 (Me (alkene)), 28.8 (CH3CCH2CH2), 36.15 (CHOHCH2), 38.6 (CH3CCH2), 

43.7 (CHiPr), 74.1(CMeOH), 76.9 (CHOH), 109.2 (CH2), 148.6 (CCH3CH2); LRMS 

(LCMS-ESI) m/z 193 (100%, [M+Na]+), 184 (40%,), 167 (45%), 139 (30%. Spectroscopic 

data was in accordance with the literature reports. 

(1S,2S,4S)-13b: Rf 0.11 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 

3360 (OH, broad), 2959 (sp3 C-H), 2834 (sp3 C-H), 1592 (C=C), 1573; 1H NMR (CDCl3; 

600 MHz) δ 1.21 (1H, s, Me (ring)), 1.24-1.36 (2H, m, CHOHCHH, CH3CCH2CHH), 1.45-

1.53 (1H, m, CH3CCHH), 1.67-1.72 (1H, m, CH3CCH2CHH), 1.73 (3H, s, Me (alkene)), 

1.77-1.82 (1H, m, CH3CCHH), 1.90-1.96 (2H, m, CHOHCHH, OH), 2.20 (1H, br s, OH), 

3.59 (1H, dd, J 11.8, 4.5 Hz, CHOH), 4.69-4.74 (2H, m, CH2); 13C NMR (CDCl3; 150 

MHz) δ 19.0 (Me (alkene)), 21.1 (Me (ring)), 28.8 (CH3CCH2CH2), 36.2 (CHOHCH2), 38.6 

(CH3CCH2), 43.7 (CHiPr), 74.1 (CMeOH), 77.3 (CHOH), 109.2 (CH2), 148.6 (CCH3CH2); 

LRMS (LCMS-ESI) m/z 193 (100%, [M+Na]+). Spectroscopic data was in accordance 

with the literature reports.345 
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8.8.3 Methyl 3-(2-oxocyclohexyl)propanoate (37)320 

 

The reaction was carried out under anhydrous conditions. In a flask fitted with dean stark 

apparatus, cyclohexanone (16.0 g, 163 mmol) and pyrrolidine (12.2 g, 171 mmol) were 

dissolved in toluene (64 mL) and the orange solution heated at reflux for 2.5 h. The 

remaining pyrrolidine and solvent were removed by distillation, and the light brown oil re-

dissolved in 1,4-dioxane (60 mL). Methyl acrylate (21.1 g, 244 mmol) was added, and 

the solution heated at reflux for 2.5 h at which point water (8 mL) was added and heated 

at reflux for 1.5 h. The product was extracted into diethyl ether (80 mL) and the organic 

layer washed with 0.1 M HCl (2 × 40 mL) and the aqueous layers back extracted with 

diethyl ether (3 × 40 mL). The combined organic extracts were dried (MgSO4), filtered 

and concentrated in vacuo. The crude brown oil was purified by column chromatography 

(10% ethyl acetate in petroleum ether 40-60 °C) to give 37 (27.0 g, 90%) as a colourless 

oil. Rf 0.55 (50 % diethyl ether in petroleum ether 40-60 °C); νmax (film/cm−1) 2930 (sp3 

C-H), 2857 (sp3 C-H), 1732 (C=O ester), 1704 (C=O ketone); 1H NMR (CDCl3; 500 MHz) 

δ 1.39 (1H, dtd, J 13.1, 12.0, 3.8), 1.50 – 1.59 (1H, m), 1.62 – 1.72 (2H, m), 1.84 – 1.90 

(1H, m), 2.00 – 2.14 (3H, m), 2.24 – 2.45 (5H, m), 3.66 (3H, s, Me); 13C NMR (CDCl3; 

125 MHz) δ 24.9 (CH2), 25.1 (CH2), 28.1 (CH2), 31.7 (CH2), 34.2 (CH2), 42.2 (CH2), 49.8 

(CH), 51.6 (Me), 174.1 (C=O ester), 212.6 (C=O); LRMS (GCMS – EI) m/z 184 (13%, 

M+), 153 (35%, M+ - OMe), 152 (100%), 124 (57%). Spectroscopic data was in 

accordance with the literature.320 

8.8.4 Methyl 3-(2-oxocyclopentyl)propanoate (38)320 

 
The reaction was carried out under anhydrous conditions. In a flask fitted with dean stark 

apparatus, cyclopentanone (3.43 g, 40.8 mmol) and pyrrolidine (3.04 g, 42.9 mmol) were 

dissolved in toluene (17 mL) and the orange solution heated at reflux for 15 h. The 

remaining pyrrolidine and solvent were removed by distillation, and the oil re-dissolved 

in 1,4-dioxane (15 mL). Methyl acrylate (5.27 g, 61.2 mmol) was added, and the solution 

heated at reflux for 3 h at which point water (2.5 mL) was added and heated at reflux for 

1 h. The product was extracted into diethyl ether (20 mL) and the organic layer washed 

with 0.1 M HCl (2 × 10 mL) and the aqueous layers back extracted with diethyl ether (2 

× 20 mL). The combined organic extracts were dried (Na2So4), filtered and concentrated 

in vacuo. The crude oil was purified by column chromatography (petroleum ether 40-60 

°C - ethyl acetate 3:1) to give 38 (3.12 g, 45%) as a clear yellow oil. Rf 0.34 ( 25% ethyl 

O O

OMe

O O

OMe
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acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2950 (sp3 C-H), 2870 (sp3 C-H), 

1730 (C=O)§§; 1H NMR (CDCl3; 500 MHz) δ 1.51 (1H, dtd, J 12.4, 10.7, 6.6), 1.57 – 1.67 

(1H, m), 1.71 – 1.84 (1H, m), 1.97 – 2.18 (4H, m), 2.18-2.7 (1H, m), 2.30 (1H, dddt, J 

18.6, 8.5, 3.0, 1.6), 2.39 – 2.45 (2H, m), 3.66 (3H, s, Me); 13C NMR (CDCl3; 125 MHz) δ 

20.7 (CH2), 25.0 (CH2), 29.6 (CH2), 32.0 (CH2), 38.0 (CH2), 48.3 (CH), 51.7 (Me), 173.7 

(C=O ester), 220.4 (C=O ketone); LRMS (GCMS – EI) m/z 170 (8%, M+), 139 (40%, M+ 

- OMe), 138 (100%), 111 (18%, M+ - CO2Me). Spectroscopic data was in accordance 

with the literature.358  

8.8.5 Methyl 2-(2-oxocyclohexyl)acetate (39) 

 
The reaction was carried out under anhydrous conditions. In a flask fitted with dean stark 

apparatus, cyclohexanone (2.00 g, 20.4 mmol) and pyrrolidine (1.52 g, 21.5 mmol) were 

dissolved in toluene (8 mL) and the orange solution heated at reflux for 16 h. The 

remaining pyrrolidine and solvent were removed by distillation, and the light brown oil re-

dissolved in anhydrous methanol (8 mL). Methyl bromoacetate (4.68 g, 30.6 mmol) was 

added, and the solution heated at reflux for 2 h at which point water (2.5 mL) was added 

and heated at reflux for 1.5 h. Subsequently, the methanol was removed in vacuum. Cold 

water (10 mL) was added to the residue, and the product extracted with diethyl ether (3 

× 10 mL). The combined organic extracts were dried (MgSO4), filtered and concentrated 

in vacuo. The residue was purified by flash column chromatography (10% ethyl acetate 

in petroleum ether 40-60 °C) to give 39 (1.03g, 26%) as pale yellow oil. Rf 0.26 (10% 

ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2934 (sp3 C-H), 2862 (sp3 C-

H), 1736 (C=O ester), 1709 (C=O); 1H NMR (CDCl3; 600 MHz) δ 1.41 (1H, qd, J 13.0, 

3.7 Hz, CHCHHCH2CH2CH2), 1.59-1.78 (2H, m, CHCH2CH2CHHCH2 & 

CHCH2CHHCH2CH2), 1.84-1.92 (1H, m, CHCH2CHHCH2CH2), 2.18-1.92 (3H, m, 

CHCHHCH2CH2CH2 and CHCH2CH2CHHCH2 and CHHCO2Me), 2.37 (1H, tdd, J 13.6, 

6.0, 1.2, CHCH2CH2CH2CHH), 2.40-2.46 (1H, m, CHCH2CH2CH2CHH), 2.78 (1H, dd, J 

16.5, 7.5 Hz, CHHCO2Me), 2.82-2.92 (1H, m, CH), 3.68 (3H, s, Me); 13C NMR (CDCl3; 

150 MHz) δ 25.3 (CHCH2CH2CH2CH2), 27.9 (CHCH2CH2CH2CH2), 34.0 

(CHCH2CH2CH2CH2), 34.3 (CH2COOMe), 42.0 (CHCH2CH2CH2CH2), 47.2 (CH), 51.8 

(Me), 173.2 (C=O ester), 211.2 (C=O). Spectroscopic data was in accordance with the 

literature.359 

                                                
§§ Only one carbonyl signal as 5-membered carbonyl signal and ester signal at same frequency 

O
OMe

O
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8.8.6 Methyl 2-(2-oxocyclopentyl)acetate (40) 

 
The reaction was carried out under anhydrous conditions. In a flask fitted with dean stark 

apparatus, cyclopentanone (1.72 g, 20.4 mmol) and pyrrolidine (1.52 g, 21.5 mmol) were 

dissolved in toluene (8 mL) and the orange solution heated at reflux for 18 h. The 

remaining pyrrolidine and solvent were removed by distillation, and the light brown oil re-

dissolved in anhydrous methanol (8 mL). Methyl bromoacetate (4.68 g, 30.6 mmol) was 

added, and the solution heated at reflux for 2 h at which point water (2.5 mL) was added 

and heated at reflux for 4 h. Subsequently, the methanol was removed in vacuum. Cold 

water (10 mL) was added to the residue, and the product extracted with diethyl ether (3 

× 10 mL). The combined organic extracts were dried (MgSO4), filtered and concentrated 

in vacuo. The residue was purified by flash column chromatography (3à7% ethyl acetate 

in petroleum ether 40-60 °C) to give 40 (420 mg, 12%) as a pale yellow oil. Rf 0.21 (5% 

ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2953 (sp3 C-H), 2921 (sp3 C-

H), 1733 (C=O)§§; 1H NMR (CDCl3; 600 MHz) δ 1.61 (1H, qd, J 11.8, 6.7, 

CHCHHCH2CH2), 1.75-1.87 (1H, m, CHCH2CHHCH2), 2.02-2.10 (1H, m, 

CHCH2CHHCH2), 2.18 (1H, ddd, J 18.8, 11.2, 9.0, CHCH2CH2CHH), 2.27-2.38 (2H, m, 

CHCHHCH2CH2 and CHCH2CH2CHH), 2.39-2.50 (2H, m, CH and CHHCO2Me), 2.69-

2.78 (1H, m, CHHCO2Me), 3.68 (3H, s, Me); 13C NMR (CDCl3; 150 MHz) δ 20.7, 29.5, 

33.8, 37.6, 45.8 (CH), 51.9 (Me), 172.7(C=O ester), 219.4 (C=O). Spectroscopic data 

was in accordance with the literature.359 

8.8.7 Methyl 2-(3-oxocyclohexyl)acetate (41)323 

 
Keto-diester 43 (2.00 g, 8.76 mmol) was dissolved in DMSO (40 mL) and lithium iodide 

(1.40 g, 10.5 mmol) and water (0.32 mL) added and the reaction heated at reflux for 2.5 

h under an inert atmosphere. After addition of water (100 mL), the reaction mixture was 

extracted with ethyl acetate (3 × 50 mL). The combined organic extracts were washed 

with water (2 × 120 mL) and brine (120 mL), dried (MgSO4), filtered and concentrated in 

vacuo. The residue was purified by flash column chromatography (0à100% ethyl 

acetate in petroleum ether 40-60 °C) to give 41 (400 mg, 27%) as a clear oil. Rf 039 

(20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2950 (sp3 C-H), 1735 

(C=O ester), 1715 (C=O); 1H NMR (CDCl3; 700 MHz) δ 1.42 (1H, dddd, J 13.4, 12.0, 

10.5, 3.6), 1.64-1.75 (1H, m), 1.91-1.97 (1H, m), 2.01-2.12 (2H, m), 2.22-2.42 (5H, m), 

2.46 (1H, ddt, 13.9, 4.0, 2.0), 3.68 (3H, s, Me); 13C NMR (CDCl3; 175 MHz) δ 24.9 (CH2), 
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31.0 (CH2), 35.7 (CH), 40.9 (CH2), 41.2 (CH2), 47.6 (CH2), 51.8 (CH2), 172.4 (C=O, 

ester), 210.6 (C=O). Spectroscopic data was in accordance with the literature.323 

8.8.8 Dimethyl 2-(3-oxocyclohexyl)malonate (43)322 

 
Potassium tert-butoxide (168 mg, 1.50 mmol) was added to a solution of 2-cyclohexene-

1-one (1.44 g, 15.0 mmol) and dimethyl malonate (2.18 g, 16.5 mmol) in THF (10 mL) 

and stirred for 2.5 h. The reaction was quenched by slowly adding water (100 mL) and 

the reaction mixture extracted with ethyl acetate (2 × 50 mL). The combined organic 

extracts were washed with brine (100 mL), dried (MgSO4), filtered and concentrated in 

vacuo. TLC analysis showed remaining starting material, therefore the residue was re-

dissolved in THF (10 mL) and potassium tert-butoxide (100 mg, 1.39 mmol) added, the 

reaction mixture stirred for an additional 16 h, and the same work up repeated. The 

residue was purified by flash column chromatography (0à100% ethyl acetate in 

petroleum ether 40-60 °C) to give 43 (3.16 g, 92%) as a clear oil. Rf 0.29 (30% ethyl 

acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2955 (sp3 C-H), 1731 (C=O ester), 

1712 (C=O); 1H NMR (CDCl3; 600 MHz) δ 1.50 (1H, qd, J 12.4, 3.5, CH2), 1.65-1.74 (1H, 

m, CH2), 1.94 (1H, ddq, J 12.6, 3.7, 1.9 CH2), 2.07 (1H, dtd, J 13.2, 6.7, 3.3, CH2), 2.22-

2.30 (2H, m, CH2), 2.38-2.45 (2H, m, CH2), 2.54 (1H, dddt, J 15.6, 11.8, 7.8, 3.8 CH), 

3.34 (1H , d, J 8.0 Hz, CH(CO2Me)2), 3.74 (s, 3H, Me), 3.75 (s, 3H, Me); 13C NMR (CDCl3; 

150 MHz) δ 24.6 (CH2), 28.9 (CH2), 38.2 (CH), 41.1 (CH2), 45.2 (CH2), 52.8 (2 × Me), 

56.7 (CH(CO2Me)2), 168.3 (C=O ester), 168.4 (C=O ester), 209.7 (C=O). Spectroscopic 

data was in accordance with the literature.322 

8.8.9 1-Cyclohexylethan-1-one (46)324 

 
1-cyclohexyl ethanol (380 mg, 2.97 mmol) and TBHP (70% in water, 1.5 mL, 12.0 mmol) 

were stirred at 95 °C for 24 h. Saturates sodium sulfite was added and the aqueous layer 

extracted with ethyl acetate (2 × 15 mL), and the combined organic extracts dried 

(MgSO4), filtered and concentrated in vacuo. The residue was purified by flash column 

chromatography (0à30% ethyl acetate in petroleum ether 40-60 °C) to give 46 (94 mg, 

25%). Rf 0.20 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2927 (sp3 

C-H), 2854 (sp3 C-H), 1705 (C=O); 1H NMR (CDCl3; 600 MHz) δ 1.16-1.36 (6H, m), 1.67 

(1H, dddd, J 12.5, 4.8, 3.2, 1.4), 1.75-1.80 (2H, m), 1.84-1.89 (2H, m), 2.13 (3H, s, Me), 

2.32 (1H, tt, J 11.2, 3.5, CH); 13C NMR (CDCl3; 150 MHz) δ 25.8 (CH2 × 2), 26.0 (CH2), 
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28.1 (Me), 28.6 (CH2 × 2), 51.6 (CH), 212.6 (C=O). Spectroscopic data was in 

accordance with the literature.360 

8.8.10 1-Phenyl-2-(pyrrolidin-1-yl)ethan-1-one (48)326 

 
Under an inert atmosphere, pyrrolidine (264 mg, 3.81 mmol) and anhydrous 

triethylamine (276 mg, 2.73 mmol) were added to a stirring solution of 2-

bromoacetophenone (750 mg, 3.77 mmol) in toluene (6 mL) and stirred at room 

temperature for 18 h. The reaction mixture was filtered, and solvent evaporated in vacuo 

to give 48 (627 mg, 88%), which was used without further purification. Rf 0.17 (20% ethyl 

acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 2950 (sp2 C-H), 2919 (sp3 C-H), 

2850 (sp3 C-H), 1735 (C=O), 1679, 1640 (C=C); 1H NMR (CDCl3; 600 MHz) δ 1.78-1.91 

(4H, m, CH2CH2N × 2), 2.63-2.75 (4H, m, CH2CH2N × 2), 4.00 (2H, s, CH2), 7.40-7.51 

(2H, m, Ar), 7.51-7.61 (1H, m, Ar), 7.93-8.05 (2H, m, Ar); 13C NMR (CDCl3; 150 MHz) δ 

23.8 (CH2CH2N × 2), 54.4 (CH2CH2N × 2), 62.4 (CH2), 128.1 (Ar), 128.7 (Ar), 133.3 (Ar), 

136.1 (Ar), 196.8 (C=O). Spectroscopic data was in accordance with the literature 

reports.326 

8.8.11 1-Phenyl-2-(piperidin-1-yl)ethan-1-one (49) 

 
Under an inert atmosphere, piperidine (321 mg, 3.77 mmol) and anhydrous triethylamine 

(381 mg, 3.77 mmol) were added to a stirring solution of 2-bromoacetophenone (750 

mg, 3.77 mmol) in toluene (6 mL) and stirred at room temperature for 18 h. The reaction 

mixture was filtered, and solvent evaporated in vacuo to give 49 (698 mg, 91%), which 

was used without further purification. Rf 0.31 (20% ethyl acetate in petroleum ether 40-

60 °C); νmax (film/cm−1) 2933 (sp2 C-H), 2853 (sp3 C-H), 2788 (sp3 C-H), 1680 (C=O), 

1597 (C=C); 1H NMR (CDCl3; 700 MHz) δ 1.36-1.51 (2H, m, CH2CH2CH2N), 1.60-1.75 

(4H, m, CH2CH2CH2N × 2), 2.40-2.59 (4H, m, CH2CH2N × 2), 3.76 (2H, s, CH2), 7.41-

7.50 (2H, m, Ar), 7.51-7.61 (1H, m, Ar), 7.96-8.09 (2H, m, Ar); 13C NMR (CDCl3; 175 

MHz) δ 24.1 (CH2CH2CH2N), 26.0 (CH2CH2N × 2), 55.1 (CH2CH2N × 2), 65.5 (CH2), 

128.3 (Ar), 128.6 (Ar), 133.2 (Ar), 136.4 (Ar), 197.1 (C=O). Spectroscopic data was in 

accordance with the literature reports.361  
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8.8.12 2-(Azepan-1-yl)-1-phenylethan-1-one (50) 

 
Under an inert atmosphere, hexamethyleneimine (374 mg, 3.77 mmol) and anhydrous 

triethylamine (381 mg, 3.77 mmol) were added to a stirring solution of 2-

bromoacetophenone (750 mg, 3.77 mmol) in toluene (6 mL) and stirred at room 

temperature for 18 h. The reaction mixture was filtered, and solvent evaporated in vacuo 

to give 50 (698 mg, 85%), which was used without further purification. Rf 0.37 (20% ethyl 

acetate in petroleum ether 40-60 °C; νmax (film/cm−1) 2922 (sp2 C-H), 2851 (sp3 C-H), 

1678 (C=O), 1597 (C=C); 1H NMR (CDCl3; 500 MHz) δ 1.48-1.64 (4H, m, CH2CH2CH2N 

× 2), 1.64-1.74 (4H, m, CH2CH2CH2N × 2), 2.73-2.83 (4H, m, CH2CH2N × 2), 3.76 (2H, 

d, J 1.6 Hz, CH2), 7.41-7.48 (2H, m, Ar), 7.50-7.61 (1H, m, Ar), 7.94-8.06 (2H, m, Ar); 
13C NMR (CDCl3; 150 MHz) δ 27.2 (CH2CH2CH2N × 2), 28.4 (CH2CH2N × 2), 55.7 

(CH2CH2N × 2), 64.7 (CH2), 128.3 (Ar), 128.6 (Ar), 133.2 (Ar), 136.3 (Ar), 198.1 (C=O). 

Spectroscopic data was in accordance with the literature reports.362  

8.8.13 (4-Methoxyphenyl)(phenyl)methanamine (68)352,356 

 
Amine 68 was synthesised via two different methods. In the first method, under an inert 

atmosphere, phenylmagnesium bromide (3.0 M in diethyl ether, 1.50 mL, 4.50 mmol) 

was dissolved in anhydrous THF (6 mL) and stirred at 0 °C for 5 min after which 4-

methoxybenzaldehyde (560 mg, 4.1 mmol) was added dropwise and the reaction mixture 

stirred for 10 min. Diphenylphosphoryl azide (1.40 g, 5.1 mmol) was added dropwise at 

0 °C, stirred for 10 min and then heated to 40 °C for 18 h. The reaction mixture was 

cooled in an ice bath, and lithium aluminium hydride (4.0 M in diethyl ether, 2.03 mL, 8.1 

mmol) was added dropwise to the solution and stirred at room temperature for 8 h. The 

reaction mixture was poured on water and citric acid (1 M) and NaOH (3 M, 12 mL) 

added. The mixture was extracted with ethyl acetate (3 × 50 mL), and the combined 

organic extracts washed with brine (200 mL), dried (Na2SO4), filtered and concentrated 

in vacuo. The residue was purified by flash column chromatography (20à40% ethyl 

acetate in petroleum ether 40-60 °C, 1% TEA) to give 68 as an oil (723 mg, 75%). 

Alternatively, ammonium acetate (14.4 g, 186 mmol) and sodium cyanoborohydride (950 

mg, 13.8 mmol) was added to a solution of 4-methoxybenzophenone (2.64 g, 12.4 mmol) 

in ethanol (30 mL). The reaction mixture was heated at reflux for 24 h. Ethanol was 

removed in vacuo, and the residue partitioned between ethyl acetate (200 mL) and 

NaOH 2 M (200 mL), and the reaction mixture extracted with ethyl acetate (2 × 200 mL), 
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and the combined organic extracts were dried (MgSO4), filtered and concentrated in 

vacuo. The residue was purified by flash column chromatography (20% ethyl acetate in 

petroleum ether 40-60 °C, 1% TEA) to give 68 as an oil (1.71 g, 65%). Rf 0.30 (20% ethyl 

acetate in petroleum ether 40-60 °C, 1% TEA); νmax (film/cm−1) 3366 (NH), 3297 (NH), 

3059 (sp2 C-H), 3025 (sp2 C-H), 2998 (sp3 C-H), 2953 (sp3 C-H), 2930 (sp3 C-H), 2834 

(sp3 C-H), 1608 (C=C), 1509; 1H NMR (CDCl3; 600 MHz) δ 3.79 (3H, s, Me), 5.19 (1H, 

s, CHNH2), 6.86 (2H, d, J 8.0 Hz, m-Ar × 2), 7.23 (1H, t, J 7.3 Hz, p-Ph), 7.27-7.34 (4H, 

m, o-Ar × 2, o-Ph × 2), 7.37 (2H, d, J 7.8 Hz, m-Ph × 2); 13C NMR (CDCl3; 150 MHz) δ 

55.4 (Me), 59.2 (CHNH2), 113.9 (m-Ar × 2), 126.9 (m-Ph × 2), 127.0 (p-Ph), 128.1 (o-Ar 

× 2), 128.6 (o-Ph × 2), 137.9 (CHNH2C (Ar)), 146.0 (CHNH2C (Ph)), 158.6 (COMe); 

LRMS (ESI) m/z 198 (100%, [M-NH2]+). Spectroscopic data was in accordance with the 

literature reports.352 

8.8.14 Bis(4-methoxyphenyl)methanamine (69)352 

 
Under an inert atmosphere, 4-methoxyphenylmmagnesium bromide (1.0 M in THF, 4.50 

mL, 4.50 mmol) was dissolved in anhydrous THF (3 mL) and stirred at 0 °C for 5 min 

after which 4-methoxybenzaldehdye (560 mg, 4.1 mmol) was added dropwise and the 

reaction mixture stirred for 10 min. Diphenylphosphoryl azide (1.40 g, 5.1 mmol) was 

added dropwise at 0 °C, stirred for 10 min and then heated to 40 °C for 18 h. The reaction 

mixture was cooled in an ice bath, and lithium aluminium hydride (4.0 M in diethyl ether, 

2.03 mL, 8.1 mmol) was added dropwise to the solution and stirred at room temperature 

for 8 h. The reaction mixture was poured on water and citric acid (1 M) and NaOH (3 M, 

12 mL) added. The mixture was extracted with ethyl acetate (3 × 50 mL), and the 

combined organic extracts washed with brine (200 mL), dried (Na2SO4), filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography (20% 

ethyl acetate in petroleum ether 40-60 °C, 1% TEA) to give 69 as an oil (653 mg, 59%). 
Rf 0.11 (20% ethyl acetate in petroleum ether 40-60 °C, 1% TEA); νmax (film/cm−1) 3167 

(NH), 2954 (sp2 C-H), 2835 (sp3 C-H), 1607 (C=C), 1510; 1H NMR (CDCl3; 600 MHz) δ 

1.82 (2H, NH2), 3.79 (6H, s, Me), 5.14 (1H, s, CHNH2), 6.85 (2H, d, J 8.6 Hz, m-Ar × 2), 

7.28 (2H, d, J 8.6 Hz, o-Ar × 2); 13C NMR (CDCl3; 150 MHz) δ 55.4 (Me × 2), 58.6 

(CHNH2), 113.9 (m-Ar × 4), 128.0 (o-Ar × 4), 138.3 (CHNH2C-× 2), 158.6 (COMe × 2); 

LRMS (ESI) m/z 227 (100%, [M-NH2]+). Spectroscopic data was in accordance with the 

literature reports.363 
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8.8.15 (4-Methoxyphenyl)(phenyl)methanone (70) 

 
Under an inert atmosphere, phenylmagnesium bromide (3.0 M in diethyl ether, 0.75 mL, 

2.25 mmol) was dissolved in anhydrous THF (6 mL) at 0 °C and stirred for 5 min, after 

which 4-methoxybenzaldehyde (0.25 mL, 2.05 mmol) was added and the reaction 

mixture stirred at room temperature for 0.5 h. The organic layer was washed with 

saturated ammonium chloride (20 mL) and brine (20 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The residue was re-dissolved in acetonitrile (25 mL), Dess Martin 

periodinane (1.30g, 3.08 mmol) added and stirred at room temperature for 18 h. The 

reaction mixture was concentrated to dryness in vacuo and the residue partitioned 

between dichloromethane (50 mL) and water (50 mL). The aqueous layer was extracted 

(3 × 50 mL), dried (MgSO4), filtered and concentrated in vacuo. The residue was purified 

by flash column chromatography (10% ethyl acetate in petroleum ether 40-60 °C) to give 

70 as a white solid (282 mg, 65%). Rf 0.51 (20% ethyl acetate in petroleum ether 40-60 

°C); νmax (film/cm−1) 3057 (sp2 C-H), 3013 (sp2 C-H), 2970 (sp3 C-H), 2842 (sp3 C-H), 

1647 (C=O), 1594; 1H NMR (CDCl3; 600 MHz) δ 3.90 (3H, s, Me), 6.97 (2H, d, J 8.5 Hz, 

m-Ar × 2), 7.48 (2H, t, J 7.5 Hz, m-Ph × 2), 7.57 (1H, t, J 7.5 Hz, p-Ph), 7.76 (2H, d, J 

7.5 Hz, , o-Ph × 2), 7.84 (2H, d, J 8.5 Hz, o-Ar × 2); 13C NMR (CDCl3; 150 MHz) δ 55.6 

(Me × 2), 113.7 (m-Ar × 2), 128.3 (m-Ph × 2), 129.9 (o-Ph × 2), 130.3 (COC (Ar)), 132.0 

(o-Ph), 132.7 (o-Ar × 2), 138.4 (COC (Ph)), 163.3 (COMe), 195.8 (C=O); LRMS (ESI) 

m/z 213 (100%, [M+H]+). Spectroscopic data was in accordance with the literature 

reports.364 

8.8.16 Bis(4-methoxyphenyl)methanone (71) 

 
Under an inert atmosphere, 4-methoxyphenylmmagnesium bromide (1.0 M in THF, 2.25 

mL, 2.25 mmol) was dissolved in anhydrous THF (3 mL) at 0 °C and stirred for 5 min, 

after which 4-methoxybenzaldehyde (0.25 mL, 2.05 mmol) was added and the reaction 

mixture stirred at room temperature for 0.5 h. The organic layer was washed with 

saturated ammonium chloride (20 mL) and brine (20 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The residue was re-dissolved in acetonitrile (25 mL), Dess Martin 

periodinane (1.30g, 3.08 mmol) added and stirred at room temperature for 18 h. The 

reaction mixture was concentrated to dryness in vacuo and the residue partitioned 

between dichloromethane (50 mL) and water (50 mL). The aqueous layer was extracted 

(3 × 50 mL), dried (MgSO4), filtered and concentrated in vacuo. The residue was purified 
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by flash column chromatography (10% ethyl acetate in petroleum ether 40-60 °C) to give 

71 as a white solid (330 mg, 67%). Rf 0.51 (20% ethyl acetate in petroleum ether 40-60 

°C); νmax (film/cm−1) 3012 (sp2 C-H), 2977 (sp3 C-H), 2844 (sp3 C-H), 1641 (C=O), 1596; 
1H NMR (CDCl3; 600 MHz) δ 3.89 (6H, s, Me × 2), 6.97 (4H, d, J 8.5 Hz, m-Ar × 4), 7.80 

(2H, d, J 8.5 Hz, o-Ar × 4); 13C NMR (CDCl3; 150 MHz) δ 55.6 (Me × 2), 113.6 (m-Ar × 

4), 130.9 (COC × 2), 132.4 (o-Ar × 4), 162.9 (COMe), 194.6 (C=O); LRMS (ESI) m/z 243 

(100%, [M+H]+). Spectroscopic data was in accordance with the literature reports.364 

8.8.17 (4-Hydroxyphenyl)(phenyl)methanone (72)354 

 
Under an inert atmosphere, 2-(diethylamino)ethanethiol HCl (1.28 g, 7.5 mmol) was 

dissolved in anhydrous DMF (10 mL) and cooled to 0 °C. Sodium tert-butoxide (1.57 g, 

16.1 mmol) was added, the mixture stirred for 5 min and allowed to come to room 

temperature. After 15 min, 4-methoxybenzophenone (1.32 g, 6.25 mmol) was added, 

and the reaction mixture heated at reflux for 18 h. At 0 °C, HCl (1M) was added dropwise 

to bring the pH to 1 and water (25 mL) added. The aqueous layer was extracted with 

ethyl acetate (3 × 30 mL), and the combined organic extracts washed with water (5 × 10 

mL), dried (MgSO4), filtered and concentrated in vacuo. The residue was purified by flash 

column chromatography (15à20% ethyl acetate in petroleum ether 40-60 °C) to give 72 

as crystalline white powder (653 mg, 59%). Rf 0.36 (20% ethyl acetate in petroleum ether 

40-60 °C); νmax (film/cm−1) 3112 (OH, broad), 3048 (sp2 C-H), 2801 (sp3 C-H), 1631 

(C=O); 1H NMR (CDCl3; 700 MHz) δ 5.79 (1H, s, OH), 6.92 (2H, d, J 8.5 Hz, m-Ar × 2), 

7.48 (2H, t, J 7.5 Hz, m-Ph × 2), 7.57 (1H, t, J 7.5 Hz, p-Ph), 7.75 (2H, d, J 7.5 Hz, , o-

Ph × 2), 7.79 (2H, d, J 8.5 Hz, o-Ar × 2); 13C NMR (CDCl3; 175 MHz) δ 115.3 (m-Ar × 2), 

128.4 (m-Ph × 2), 129.9 (o-Ph × 2), 130.4 (COC (Ar)), 132.2 (p-Ph), 133.1 (o-Ar × 2), 

138.3 (COC (Ph)), 159.9 (COMe), 196.0 (C=O); LRMS (EI) m/z 198 (74%, [M]+), 121 

(100%). Spectroscopic data was in accordance with the literature reports.354 

8.8.18 (4-Hydroxyphenyl)(4-methoxyphenyl)methanone (73) 
and bis(4-hydroxyphenyl)methanone (74)354 

          
Under an inert atmosphere, 2-(diethylamino)ethanethiol HCl (2.56 g, 15.0 mmol) was 

dissolved in anhydrous DMF (10 mL) and cooled to 0 °C. Sodium tert-butoxide (3.00 g, 

31.5 mmol) was added, the mixture stirred for 5 min and allowed to come to room 

temperature. After 15 min, 4,4-dimethoxybenzophenone (1.50 g, 6.25 mmol) was added, 
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and the reaction mixture heated at reflux for 18 h. At 0 °C, HCl (1M) was added dropwise 

to bring the pH to 1 and water (25 mL) added. The aqueous layer was extracted with 

ethyl acetate (3 × 30 mL), and the combined organic extracts washed with water (5 × 10 

mL), dried (MgSO4), filtered and concentrated in vacuo. The residue was purified by flash 

column chromatography (0à40% ethyl acetate in petroleum ether 40-60 °C) to give 73 

as a crystalline white powder (611 mg, 43%) and 74 as a crystalline white powder (416 

mg, 31%).  

73: Rf 0.41 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 3236 (OH, 

broad), 3014 (sp2 C-H), 2931 (sp3 C-H), 2839 (sp3 C-H), 1623 (C=O); 1H NMR (Methanol-

d4; 700 MHz) δ 3.89 (3H, s, Me), 6.88 (2H, d, J 8.5 Hz, m-Ar-OH), 7.03 (2H, d, J 8.5 Hz, 

m-Ar-OMe), 7.67 (2H, d, J 8.5 Hz, o-Ar-OH), 7.74 (2H, d, J 8.5 Hz, o-Ar-OMe); 13C NMR 
(Methanol-d4; 175 MHz) δ 55.8 (Me), 114.5 (m-Ar-OMe × 2), 115.9 (m-Ar-OH × 2), 130.2 

(COC (OH)), 131.7 (COC (OMe)), 133.1 (o-Ar-OMe × 2), 133.5 (o-Ar-OH × 2), 163.1 

(COH), 164.5 (COMe), 196.8 (C=O); LRMS (ESI) m/z 229 (100%, [M+H]+). 

Spectroscopic data was in accordance with the literature reports.365 

74: Rf 0.16 (20% ethyl acetate in petroleum ether 40-60 °C); νmax (film/cm−1) 3334 (OH, 

broad), 3146 (sp2 C-H), 2956 (sp3 C-H), 1622 (C=O); 1H NMR (Methanol-d4; 700 MHz) 

δ 6.87 (4H, d, J 8.5 Hz, m-Ar × 2), 7.66 (4H, d, J 8.5 Hz, o-Ar × 2); 13C NMR (Methanol-

d4; 175 MHz) δ 115.8 (m-Ar-OMe × 4), 130.4 (-COC- × 2), 133.4 (o-Ar-OMe × 4), 163.0 

(COH × 2), 196.9 (C=O); LRMS (ESI) m/z 215 (100%, [M+H]+). Spectroscopic data was 

in accordance with the literature reports.354 

8.8.19 Diphenylmethanamine (76)356 

 
Ammonium acetate (6.34 g, 34.8 mmol) and sodium cyanoborohydride (416 mg, 6.62 

mmol) was added to a solution of benzophenone (1.05 g, 5.76 mmol) in ethanol (12 mL). 

The reaction mixture was heated at reflux for 24 h. Ethanol was removed in vacuo, and 

the residue partitioned between ethyl acetate (150 mL) and NaOH 2 M (100 mL), and 

the reaction mixture extracted with ethyl acetate (2 × 100 mL), and the combined organic 

extracts were dried (MgSO4), filtered and concentrated in vacuo. The residue was 

purified by flash column chromatography (11à20% ethyl acetate in petroleum ether 40-

60 °C, 1% TEA) to give 76 (729 mg, 73%). Rf 0.27 (20% ethyl acetate in petroleum ether 

40-60 °C, 1% TEA); νmax (film/cm−1) 3424 (NH), 3058 (sp2 C-H), 3024 (sp2 C-H), 2697 

(sp3 C-H), 1581, 1545; 1H NMR (CDCl3; 700 MHz) δ 5.22 (1H, s, CHNH2), 7.19-7.25 (2H, 

m, p-Ph × 2), 7.31 (4H, t, J 7.6 Hz, m-Ph × 4), 7.38 (4H, t, J 7.6 Hz, o-Ph × 4); 13C NMR 
(CDCl3; 175 MHz) δ 59.9 (CHNH2), 127.0 (o-Ph × 4), 127.1 (p-Ph × 2), 128.6 (m-Ph × 

NH2
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4), 145.7 (CHNH2C× 2); LRMS (ESI) m/z 184 (100%, [M+H]+). Spectroscopic data was 

in accordance with the literature reports.356 
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9 Appendix I – HHDHs 

Table 16. Sources and accession numbers of known and putative novel HHDHs.289,294,302–304 

HHDH Organism/Source Accession no. 
HheA Corynebacterium sp. N-1074 BAA14361 

HheA2 (HheAAD2) Arthrobacter sp. AD2 AAK92100 
HheA3 Parvibaculum lavamentivorans DS-1 WP_012111877 

HheA4 Arthrobacter sp. strain JBH1 WP_028708016 

HheA5 Tistrella mobilis KA081020-065 WP_014743557 

HheA6 Candidatus Phaemarinobacter ectocarpi Ec32 WP_052534782 

HheA7 Sneathiella glossodoripedis JCM 23214 WP_025899379 

HheA8 Alpha proteobacterium strain Mf 1.05b.01 WP_051402546 

HheA9 Tepidicaulis marinus MA2 WP_052379152 
HheA10 Tsukamurella sp. 1534 WP_019201195 

HheA11 Reyranella massiliensis 521 WP_020698933 

HheA12 Agromyces mediolanus ZJB 120203 AGL34059 

HheA13 Pseudomonas sp. G5(2012) WP_042955870 

HheA14 Streptomyces showdoensis WP_046910876 

HheA15 Tistrella mobilis MCCC 1A02139 WP_062762711 

HheAAm Agromyces mediolanus ZJB120203 A0A088B1G7 

HheB Corynebacterium sp. Strain N-1074 BAA14362 
HheB2 (HheBGP1) Mycobacterium sp. strain GP1 AAK73175 

HheB3 Marine metagenome (Ralstonia)a EBL02020 

HheB4 Marine metagenome (Shewanella)a EBP61646 

HheB5 Marine metagenome (Burkholderia)a ECR06649 

HheB6 Marine metagenome (Sorangium)a EDB56284 

HheB7 Marine metagenome (Bradyrhizobium)a EDD65701 

HheC Agrobacterium radiobacter strain AD1 AAK92099 

HheD Dechloromonas aromatica RCB WP_011285856 
HheD2 Gamma proteobacterium HTCC2207 WP_007233072 

HheD3 Methylibium petroleiphilum PM1 WP_011828277 

HheD4 Marine metagenome (Haliangium)§ ECY18578 

HheD5 Thauera sp. strain MZ1T WP_012585440 

HheD6 Marinobacter nanhaiticus D15-8W WP_004579485 

HheD7 Thauera sp. strain 27 WP_002926105 

HheD8 Thauera aminoaromatica S2 WP_004302136 
HheD9 Thauera phenylacetica B4P WP_004355811 

HheD10 Limnohabitans sp. strain Rim28 WP_040506033 

HheD11 Thiothrix disciformis WP_020394200 

HheD12 Pseudomonas pelagia CL-AP6 WP_022962804 

HheD13 Betaproteobacteria bacterium strain MOLA814 WP_023472742 
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HheD14 Gammaproteobacteria bacterium strain MOLA455 WP_035490777 

HheD15 “Candidatus Competibacter denitrificans” WP_048670059 

HheD16 Methylibium sp. strain T29 WP_036236554 

HheD17 Curvibacter gracilis WP_051443321 

HheD18 Curvibacter lanceolatus WP_051107362 

HheD19 Idiomarina salinarum ISL-52 WP_034774738 
HheD20 Rhodocyclaceae bacterium PG1-Ca6 AJP48347 

HheD21 Desulfatitalea sp. BRH_c12 KJS31884 

HheD22 marine sediment metagenome KKN91043  

HheD23 marine sediment metagenome KKN99199 

HheD24 marine sediment metagenome KKO03046 

HheD25 Ideonella sakaiensis 201-F6 GAP36263 

HheD26 Limnohabitans planktonicus II-D5 WP_053169862 

HheD27 Desulfatitalea tepidiphila S28bF WP_054029282 
HheD28 beta proteobacterium AAP51 WP_054155488 

HheD29 beta proteobacterium AAP65 WP_054139362 

HheD30 Limnohabitans sp. 63ED37-2 ALK88134 

HheD31 Methylibium sp. Root1272 WP_056325236 

HheD32 SAR92 bacterium BACL16 MAG- 120619-bin48 KRP19042 

HheD33 SAR92 bacterium BACL16 MAG- 120322-bin99 KRP26526 

HheD34 Noviherbaspirillum sp. Root189 WP_057289066 
HheD35 Pseudohongiella spirulinae WP_058022908 

HheD36 Pseudacidovorax intermedius NS331 WP_058643388 

HheD37 Halioglobus sp. HI00S01 KZX60518 

HheD38 Hydrogenophaga sp. LPB0072 OAD40436 

HheE Marine metagenome (Acaryochloris)a EBP63112 

HheE2 Marine metagenome (Sorangium)a ECW41905 

HheE3 Marine metagenome (Burkholderia)a EDF62577 

HheE4 Marine metagenome (Catenulispora)a EDH34310 
HheE5 Gamma proteobacterium strain IMCC3088 WP_009577001 

HheF Uncultured bacterium BAH89601 

HheG Ilumatobacter coccineus YM16-304 WP_015443096 

HheG2 Ilumatobacter nonamiensis YM16-303 WP_040495182 
aTaxonomic classification according to the NBC Web server. 
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10 Appendix II – Percentage identity matrices  

 
Figure 52. Heat map of the percentage identity of 29 cloned drain TAms. Percentage identity matrix 

generated using Clustal Omega Multiple Sequence Alignment tool and visualised using Excel. Cv: 

Chromobacterium violaceum CV2025 accession number WP_011135573.1; Vf: Vibrio fluvialis JS17 
accession number AEA39183.1 

 
Figure 53. Heat map of the percentage identity of 4 cloned drain LEHs. Percentage identity matrix generated 
using Clustal Omega Multiple Sequence Alignment tool and visualised using Excel. Re: Rhodococcus 

erythropolis DCL14 accession number CAC20854; Mt: Mycobacterium tuberculosis accession number 

ALB19941; Tomsk-LEH accession number KP765711; CH55-LEH accession number KP765710. 
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11 Appendix III – Taxonomical assignment 

11.1 Class III drain TAms 
Table 17. Drain transaminase protein length, predicted molecular weight (MW – calculated using Expasy 
Protparam), protein annotation and organism and percentage identity to closest homologue in NCBI 

database. 

pQR Length 
(aa) 

Predicted 
MW (kDa) 

Functional annotation Taxonomic assignment  % Ident. 
to NCBI 

2188 483 52.3 Aspartate aminotransferase 

family protein  

Pseudoxanthomonas sp.  97 

2189 484 52.3 Aminotransferase  Sphingopyxis sp.  96 

2190 490 54.6 Adenosylmethionine-8-

amino-7-oxononanoate 

transaminase  

Perlucidibaca sp.  71 

2191 450 49.2 Glutamate-1-semialdehyde 

2,1-aminomutase  

Novosphingobium 

aromaticivorans  

63 

2192 701 77.8 Glutamate-1-semialdehyde 

aminotransferase  

Herbaspirillum lusitanum  77 

2193 417 44.4 Acetylornithine 

aminotransferase  

Azonexus hydrophilus  85 

2194 456 48.1 Glutamate-1-semialdehyde 

aminotransferase  

Candidatus Propionivibrio 

aalborgensis  

83 

2195 478 51.5 Omega amino acid-pyruvate 

aminotransferase  

Acidovorax sp.  99 

2196 469 51.1 Aspartate aminotransferase 
family protein  

Mesorhizobium  90 

2197 414 44.5 Acetylornithine 

aminotransferase  

Alkanindiges illinoisensis  78 

2198 454 47.7 Aspartate aminotransferase 

family protein  

Azospira oryzae  99 

2199 468 49.8 Aspartate aminotransferase 

family protein  

Alkanindiges illinoisensis  76 

2200 460 50.9 Aminotransferase  Pseudoxanthomonas 

mexicana  

97 

2201 504 54.5 Lysine 6-aminotransferase  Pseudoxanthomonas 

mexicana  

97 

2202 394 42.4 Acetylornithine 

aminotransferase  

Candidatus 

Accumulibacter 

phosphatis  

83 

2203 433 45.7 Aspartate aminotransferase 
family protein  

Azonexus hydrophilus  96 
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2204 401 42.8 Acetylornithine 

transaminase  

Sphingopyxis sp. 98 

2205 447 48.4 Adenosylmethionine-8-

amino-7-oxononanoate 

transaminase  

Roseateles 

depolymerans  

76 

2206 436 45.9 Glutamate-1-semialdehyde 
aminotransferase  

Pseudoxanthomonas sp.  98 

2207 402 42.9 Acetylornithine 

transaminase  

Azospira oryzae  98 

2208 1380, 

466 

50.1 Aspartate aminotransferase 

family protein  

Sphingomonas sp.  83 

2209 404 42.4 Acetylornithine 

aminotransferase  

Curvibacter delicatus  69 

2210 416 44.3 Acetylornithine 
aminotransferase  

Pseudoxanthomonas sp.  94 

2211 412 44.2 Acetylornithine 

aminotransferase  

Pseudomonas lavalieres  100 

2212 423 46.2 Denosylmethionine-8-amino-

7-oxononanoate 

transaminase  

Sphingopyxis  94 

2213 453 47.9 Aminotransferase  Sphingopyxis  87 
2214 459 49.5 Omega amino acid-pyruvate 

aminotransferase  

Aquabacterium parvum  70 

2215 414 44.1 Acetylornithine 

aminotransferase  

Pseudoxanthomonas sp  96 

2216 396 42.0 Acetylornithine 

aminotransferase  

Dechloromonas 

aromatica  

87 

11.2 Drain LEHs 
Table 18. Drain LEH protein length, predicted molecular weight (MW – calculated using Expasy Protparam), 

protein annotation and organism and percentage identity to closest homologue in NCBI database. 

pQR Length 
(aa) 

Predicted 
MW (kDa) 

Functional annotation Taxonomic assignment  % Ident. 
to NCBI 

2217 16.2 52.3 Hypothetical protein Moraxellaceae bacterium 
HYN0046 

63% 

2218 14.6 52.3 Limonene-1,2-epoxide 

hydrolase 

Nevskia ramosa 42% 

2219 13.6 54.6 Limonene-1,2-epoxide 

hydrolase 

Sphingomonas wittichii 78% 

2220 13.9 49.2 Hypothetical protein Novosphingobium 

pentaromativorans 

51% 
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12 Appendix IV – Primers 
 
2188 >33bFwd 

>33bRvr 

CATATGAGCGCTGACGACACCCCCT 

CCATGGCGCGGTTGCCCGTATGGT 
 

2189 >94Fwd 

>94Rvr 

CATATGCCCCGCAATCACGACATCGC  
CTCGAGAGCGCGGAGTTTCGGCAT 
 

2190 >416Fwd 
>416Rvr 

CATATGAACAAGAATGAACGTCTTGCGCAGC 
CTCGAGAAGGGCGATATTACCGGGA 
 

2191 >553Fwd 

>553Rvr 

CATATGTCGGGTCAAAGGGATCAGGAATTG  

CTCGAGCGCTCTGGCCGAAAAGAG 
 

2192 >749Fwd 

>749Rvr 

CATATGACGCGAATTGTGGCGATTG  

CTCGAGATTGAGGCGTTTAAAGCCA 
 

2193 >855Fwd 

>855Rvr 

CATATGTCGCATGTCATGAACACCTACGC 
CTCGAGGAAGGCCTTGATCAGCGG 
 

2194 >1134Fwd 

>1134Rvr 

CATATGAGCCAAGGCAATCAACAGCTGTTCG  

CCATGGTTGCAGCGAGGCGAACCA 
 

2195 >3466Fwd 
>3466Rvr 

CATATGAGCTTCGCCGTCACCGACCC 

CTCGAGGGCGGTTTCTTGCAGGGCAT 
 

2196 >3535Fwd 

>3535Rvr 

CATATGTCCAACCGGCTCAAGGTAGCG  

CCATGGGACGTGGTCGACCAGTTCGTT 
 

2197 >3633Fwd 

>3633Rvr 

CATATGCCGACCTATGCGCGTC  

CTCGAGGGCCGCCAAAAAGTCTTT 
 

2198 >4034Fwd 

>4034Rvr 

CATATGAGCTCTCGTAACCAGCAACTCTTCG  
CTCGAGGCCCTTGGCGAAAATGGCCT 
 

2199 >4784Fwd 

>4784Rvr 

CATATGACCGATTCCATCCGCCCG  

CTCGAGGCCTTCAAACTGTGCAATCC 
 

2200 >33aFwd 
>33aRvr 

AAAGGTCTCTTATGACCCGACTCGACACCCACACCC 

AAAGGTCTCGGGTGCATGCCCAGGTCCGTCGCGG 
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2201 >69Fwd 

>69Rvr 

AAAGGTCTCTTATGGCCCTGACCGACCACCTCG 
AAAGGTCTCGGGTGGGCCGCCGCGGCCTG 
 

2202 >485Fwd 

>485Rvr 

AAAGGTCTCTTATGTCTCATGTAATGAATACCTATGCACGTTTGCC 

AAAGGTCTCGGGTGGGAAGCAAGGAAATTACGTATCAGCAAGGA
AAGC 
 

2203 >599Fwd 

>599Rvr 

AAAGGTCTCTTATGACCTCCCGTAACGAAGAACTCTTCGCC 

AAAGGTCTCGGGTGGCGCTGCGTCGCGAACCAG 
 

2204 >981Fwd 

>981Rvr 

AAAGGTCTCTTATGACAATCACGCCGCTGATGC 
AAAGGTCTCGGGTGGGCTTCGGGCGGCGTATAGCTC 
 

2205 >1185Fwd 
>1185Rvr 

AAAGGTCTCTTATGTCCTCACCTCACCCGCAGCCAG 
AAAGGTCTCGGGTGGTCCTTGGCGGTGACGTCGTCGAG 
 

2206 >2092Fwd 

>2092Rvr 

AAAGGTCTCTTATGAACCACGACCAGTCCCATGCCC 

AAAGGTCTCGGGTGTCCCGCGGCGACCACCTTGAAG 
 

2207 >2717Fwd 

>2717Rvr 

AAAGGTCTCTTATGGAAACACCCTTCGCCGCCG 

AAAGGTCTCGGGTGGGCCCCCAGCAGTTCCTCCAGC 
 

2208 >3588Fwd 

>3588Rvr 

AAAGGTCTCTTATGACCCTGCGTAATTACGACATGGCCGAG 

AAAGGTCTCGGGTGGGCGCCTCCACCCAGATCGACC 
 

2209 >3886Fwd 

>3886Rvr 

AAAGGTCTCTTATGAACCATCCATCCGCCCTTCCCT 
AAAGGTCTCGGGTGTGCTTGTGCCTCTTGCACGTCGG 
 

2210 >4494Fwd 
>4494Rvr 

AAAGGTCTCTTATGAGCGTCTCCACCACCGCCG 

AAAGGTCTCGGGTGGCCCGGCTTCGCGAACGCC 
 

2211 >4809Fwd 

>4809Rvr 

AAAGGTCTCTTATGTCCGTTCAGCACGATCCGGTGC 
AAAGGTCTCGGGTGGCCCTGCGCGAGCTTGGCG 
 

2212 >5399Fwd 

>5399Rvr 

AAAGGTCTCTTATGGCCGATACCTCCCCCGTCTGG 
AAAGGTCTCGGGTGTACGGCGTCGAGCGAGGCCGTTATC 
 

2213 >6177Fwd 

>6177Rvr 

AAAGGTCTCTTATGATCTCGCCCGCCGCCATC 
AAAGGTCTCGGGTGCTCCTTCAATGCCTGCACGCTGTCG 
 

2214 >6527Fwd 

>6527Rvr 

AAAGGTCTCTTATGAACTATCCGGAATCAATCGCTGCACAGG 

AAAGGTCTCGGGTGGGTTTGCGAGAACGCCTTGCGG 
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2215 >6652Fwd 

>6652Rvr 

AAAGGTCTCTTATGAGCGCCACGACCCCCG 
AAAGGTCTCGGGTGGCGCGCAGCGAACGCCTTC 
 

2216 >19140Fwd 

>19140Rvr 

AAAGGTCTCTT ATGTCGCATGTGATGAATACCTATGCCCGC 

AAAGGTCTCGGGTGCCCTGCGAGGAATGCCTTGATCAGC 

2217 >1615Fwd 

>1615Rvr 

 

CATATGACCACTGCCACGACCATAAATCCTG 

CTCGAGCTGGGGAACAGAAGGACGCT 

2218 >2966Fwd 

>2966Rvr 

 

CATATGCAGTATCTCGACGAGAATGTTGAATATTATTCGGG 

CTCGAGCGAGGCAAGCGCCACG 

2219 >10334Fwd 

>10334Rvr 
 

CATATGACCGCCGAAGAGACGGTGCT 

CTCGAGCGGCTCCGGCTTCATCG 

2220 >10673Fwd 

>10673Rvr 

CATATGCAGAAGCCGCTCGATGTCG 

CTCGAGGAAGCCGGCGGTATCG 
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13 Appendix V – Sequences  

13.1 DNA sequences 
>pQR2188 
ATGAGCGCTGACGACACCCCCTCCGCCCTGGCCGAGCACTACGCGCGCCAGAAC
CTGGACGCGCCCGGTTCGCTGGACCATTTCTGGATGCCGTTCACAGCGAACAAG
CAGTTCAAGGCCAAGCCGCGCCTGCTCGCCAGCGCGTCCGGCATGTACTACAAG
GACGTCGACGGCAACGAGGTGCTCGACGCCACCGCCGGCCTGTGGTGCTGCAA
TGCAGGACACGCGCGGCCGCGCATCGTCGAGGCGGTGAGGCAGCAGATCGGCA
CGCTCGACTTCGCGCCCAATTTCTCGATGAGCTCGCCGCTGCCGTTCAAGCTGG
CCGAGCGCCTGGCCGCACTGGCGCCGGGCGATCTGAACAGGGTGTTCTTCAGCA
ACTCCGGTTCGGAAGCTGTCGACAGCGCACTGAAGATCGCACTGGCCTATCACC
GCGTGCGTGGCGAGGGCCAGCGCACGCGCTTCATCGGACGCGAGAAGGGTTAC
CACGGCGTCGGCTTCGGCGGCATGTCGGTCGGCGGCCTGCCGAACAACCGCAA
GTGGTTCGGCCCGGGCCTGCCGGCTGTCTCGCACATCCGCCACACGCTGGATGT
GGCGCGCAACGCCTTCTCGAAGGGGCTGCCGCCGCACGGCATCGAACTGGCCG
AGGACCTGGAGCGCCAGATCGCGCTGTACGACGCCTCGACGATTGCGGCTGTCA
TCGTCGAGCCGGTCTCGGGTTCGGCCGGCGTCGTCATCCCGCCGGAAGGCTAC
CTGCAGCGCCTGCGCGAGATCTGCGACAAGCACGGCATCCTGCTGATCTTCGAC
GAAGTGATCACCGGCTTCGGCCGCGTCGGCCATGCCTTCGGCGCGCAGCGTTTC
GGCGTCACCCCGGACATGATCACCGCGGCCAAGGGCATCACCAACGGCTGCGT
GCCGATGGGCGCCACCTTCGTGTCCGAGCGGCTGTTCGACGCCTTTATGAACGG
GCCGGACAACGCCATCGACATGTTCCATGGCTATACCTACTCCGGCCACCCGCT
GGCCTGCGCCGCCGCGCTGGCCACGCTGGACACCTACGAAGAGGAACACCTGTT
CGACAAGGCCTTGTCGCTGGGCGACTACTGGCAGGAAGCGCTGCACTCGCTGAA
GGGACTGCCGAACATCATCGACATCCGCAACATCGGCCTGGTCGGCGCCATCGA
ACTGGCCCCGCGCGCCGGCGCGCCCGGCACCCGCGCCTACGACGTCTTCGCCC
GCGCCTTCCATGAAGGCCACCTGCTGACCCGGGTGACCGGCGACGTCATCGCCC
TGTCGCCGCCGCTGATCGTGGAAAAGGACCACATCGACCGGATCGTGAATGTCC
TGGCGGACACCATACGGGCAACCGCGCTGA 
 

> pQR2189 
ATGCCCCGCAATCACGACATCGCCGAACTGCGCCGCCTCGACGTCGCGCACCAT
CTTCCCGCACAGGCCGACTGGGCCGAAATCGAAAAGCTCGGCGGCAGCCGCATC
ATCACGCACGCAGAGGGCTGTTATATTCACGACGGTGACGGCCACCGCATTCTC
GACGGCATGGCGGGCCTCTGGTGCGTCAATGTCGGCTATGGCCGCGAGGAACT
GGTTGAGGCGGCGGCGGCGCAGATGCGCGAGCTGCCCTTCTACAACACCTTCTT
CAAGACCGCGACGCCGCCAACGGTGACGCTGGCGGCTAAGATCGCGAGCCTGA
CCGGCAATCGCCTGCCGCACATCTTCTTCAACGCTTCGGGCAGCGAGGCGAACG
ACACCGTGTTCCGGATGGTGCGCCATTATTGGAAGCTGAAGGGCGAGCCGAAGC
GCACCGTCTTTATCAGCCGCTGGAATGCCTATCACGGCTCGACCGTCGCGGGCG
TGTCGCTTGGGGGCATGAAGGCGATGCACGCGCAGGGCGATTTGCCCATTCCCG
GCATCGAACATGTGCGCCAGCCGTACAGCTTCGGCGAAGGGCAGGGAATGACCG
AGGAGGAGTTCTGCGACGCCTGCGTTCATGCGATCGAGGACAAGATCCTCGAAG
TTGGTCCCGAAAATTGCGCCGCATTTATCGGCGAGCCGGTGCAGGGCGCGGGCG
GGGTCGTTATTCCGCCAAAGGGCTATTGGCCTAAAGTCGAAGCGGTGGCGCGCA
AATATGGCCTTTTAGTCGTTTCCGACGAGGTGATCTGCGGGTTCGGACGCACGGG
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CAAGATGTGGGGGCATGAGACGATGGGTTTCACCCCCGACCTGATGCCGATGGC
AAAGGGGCTGTCGTCGGGCTATCTGCCGATTTCGGCGACCGCGGTCGCGACACA
TGTCGTTGACGTGCTCAAGACCGGCGGCGATTTCGTCCATGGCTTCACTTACTCG
GGCCATCCCGTCGCGGCGGCGGTCGCGCTCAAGAATATCGAAATCATCGAACGC
GAAGGGCTCGTCGAGCGCACCGGCAGCGTCACCGGCCCGCATCTGGCGAAGGC
GCTCGCGACGCTGAACGATCATCCGCTCGTTGGCGAGACGCGCTCAATCGGATT
GCTGGGCGCGGTCGAGATCGTGGGGGAAAAGGTGACGCGCGCCCGCTTCGGCG
GCGCCGAAGGCACGGCGGGACCGATGGCGCGCGACGCGTGCATTGCGAACGG
GCTGATGGTGCGCGGCATCCGCGATAGCCTGGTTATGTGTCCGCCGCTGATCAT
CTCCACCGAACAGATTGACGAGATGGTTGCCATCATCCGCAAATCTCTCGATGAG
GTGATGCCGAAACTCCGCGCTTGA 
 

> pQR2190 
ATGAACAAGAATGAACGTCTTGCGCAGCGCGACCTGCGCCATGTCTGGCACCCC
TGCACGCAGATGCAGGACCACGAGCAGCTGCCCATCGTGCCGATACAGCGCGGC
CAGGGGGTGTGGCTGGAGGATTTCGAGGGCCGCCGCTATCTGGACGCGGTCAG
CTCCTGGTGGGTCAACCTCTTCGGCCACGCCAATCCGCGTATCAACAATGCGGTG
AAAGAACAGCTGGATACGCTGGAGCATGTGATCCTGGCCGGCTTCACGCATGAG
CCCATCGTCGAGCTGTCGGAGCGTCTGGTGCAGCTGGCGCCCAAGGGGCTGAC
ACGCTGCTTCTATGCTGACAACGGTTCCGCCGCCACGGAAATCGCGCTCAAGATG
AGCCTGCATTTCTGGCGCAATGTCGGCAAGGCGGAAAAGACCCGTTTCATCTGCC
TGGAAAACGGCTATCACGGCGAGACCCTGGGCTCGCTGTCGGTCACTGACATCC
CGCTGTTTTCCGCCACCTATGCCCCGCTGCTGAAAGACCATCTGCGCGCACCGTC
ACCGGATTGCTCGCGCCGTGACGAAGGCGAGTCCTGGGAGAGTTTTTCGCGCCG
CCAGTTTGCCGCCATGGAAGCGCTGCTGGAAAAGCATCATGCCGAAGTCAGCGC
CGTCATCCTGGAACCGCTGGTGCAGGGCGCCGCCGGCATGAAGATGTATCACCC
GGTTTATCTCACACTGCTGCGCGAAGCCTGCGACCGCTATGGCGTGCACCTGATC
GCGGACGAGATTGCCGTCGGCTTCGGCCGTACCGGGACTTTGTTCGCCTGCGAG
CAGGCCGGCATCACCCCGGATTTCCTCTGCCTCTCCAAAGGCCTGACAGCGGGC
TACCTGCCCATGTCCGTGGTGATGACCACCGACACTGTCTACAACGCCTTCTACG
ACAGCTATGAAAGCCTGAAAGGTTTCCTGCATTCGCACAGCTATACCGGTAACGC
CCTCGCCGCCCGCGCCGCCCTGGCGTCGCTGGATATTTTTGCCAGTGACAATGT
GCTGGAGAAAAACAAGCTGCTCGCCGCCACCATGACCGATGCACTGCGCGGCCT
TGGCGATCACCAGCATGTACTGGAAGTGCGCCAGACCGGCATGATTGCCGCCGT
GGAGCTGGTGCAGGACCGCCGGACCCGCCAGCCTTTTGACTGGCGCGAACGCC
GCGGCCTGCAGATTTTCCAGCACGCGCTGGATAAAGGCGTTCTGCTGCGTCCCA
TAGGCTCCGTGGTGTATTTCATTCCGCCCTATGTCATCACACCGGAAGAAATCCG
CCTGATGGTGGACGTGGCAGCGGCAGCGATTGATGTCGCCACTGCCGGCACAGC
ATCACGCCCGGGTCCCGGTAATATCGCCCTTCCCTGA 
 
> pQR2191 
ATGTCGGGTCAAAGGGATCAGGAATTGCGCGCGCGCGCCGCGAAGGTCATGCC
GAGCTCGGCATTTGGCCACGTGGGCACAGCGCTGTTGCCCGCAAATTACCCCCA
GTTCTTCGAACGGGCCGAGGGCGCCTATGTCTGGGACGCCGACGGCAACCGCTA
TCTCGACTACATGTGCGCATTCGGGCCGAACCTGCTTGGTTATCGCGATCCTCGC
GTCGAGTCCGCGGCCAGCGCACAGGCGGCACGCGGCGACGTCATGACCGGCCC
CTCGCCTCTTGCAGTGGAACTCGCCGAGAAATTCGTGGAGATCGTCAGTCACGCC
GACTGGGCGTTCTTCTGCAAGAACGGCACCGATGCGACCACCATCGCGCGCACC
ATCGCGCGCGCGCAAACCGGACGACGCAAGATATTAATCGCGGAGGGCAGCTAT
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CATGGCGCCGCTCCCTGGTGCAATCCCTTCCCGGCCGGAACAGTGCCCGAGGAT
CGGGCGCATATGCTCACTTTCACCTTCAACGACATCGCCAGTCTCGAAGCGGCAG
TGGCCGAGGCGGGCGACGATCTCGCAGGGATCATCGCGACGCCGTTCAAGCAT
GAAGCCTTTGCCAATCAGGAATTTCCGACCCAGGACTATGCTCGCCGCTGCCGTG
AAATCTGCGATGCGTCAGGCGCCGTCCTGGTCGTCGACGATGTCCGCGCCGGCT
TCCGGCTCGCCGTCGACTGCAGCTGGGCAACCGTTGGCGTGAAGCCCGATCTCA
GCTGCTGGGGCAAATGCTTCGCCAACGGATATTCGATTTCAGCCGTGATGGGGTC
GAACCGGGTCAAGCAAGGCGCGGACTCGATCTTCGCAACCGGCTCATTCTGGCA
ATCCGCCATCTCCATGGCCGCGGCGCTCGCGACGCTCGACATCATTCGGGATGG
CAAGGTGATCGAGAAGACGGTTCGCCTCGGCCAGCGCCTGCGCGATGGCCTTGA
TGAGGTCTCGCGCCGGCACGGCTTTACCCTCAATCAAACCGGTCCGGTGCAGAT
GCCGCAGATACTCTTCGAAGGCGATCCGGATTTCCGCGTCGGCTTCGCCTGGAC
ATCGGCAATGATCGATCGCGGCTTCTACCTCCATCCCTGGCACAACATGTTCCTG
TGCGACGCGATGACCGAAGAGGACATCGACCAGACAATCGAAGCGGCGGATTCC
GCTTTCGCCACCGTCCGTGCCGCTCTGCCGACGCTCCAGCCGCACGAGCGCGTT
CTAGCGCTCTTTTCGGCCAGAGCGCACTGA 
 

> pQR2192 
ATGACGCGAATTGTGGCGATTGTACAAGCACGGATGGGCTCAACCCGTTTGCCCA
ACAAAGTCATGCGTCCGATTGCGGGTATCCCGATGATTGAGGTGTTGCTCAAGCG
TTTGGCGCAATCGCAACGGATTGATCAGATTTGCTTGGCAACCGCAGATGATGTG
CGCAATCAGCCGCTGGTCGCGCATGTTCAGCAACTCGGTTATGCAGTCTATCAAG
GCAGTGAGCATGATGTGCTGGATCGCTTTTATCATGCGGCTGAGCAGATGCAAGC
CGATGTGGTGATCCGGATTACGGGCGATTGTCCGCTGATTGATGCAGCATTGGTG
GATCTGGTGATTGATCGCTTTTTGCAAGGCGATGTCGATTACGTCAGCAATGCGG
TGCCGCCCACTTATCCCGATGGCCTAGACACCGAAGTGTTTAGCATGGCGGCATT
ACGGCAAGCATGGCAACAAGCCACGAGTACCTTTGATCATGAGCACGTCACGCCT
TATCTGCGTGATTCAGGCAAGTTTCGCTTGGCAGTGGTGTCGGGTGAGCATGATT
ATTCCGGCGAGCGCTGGACGGTCGATGAGCCCGCCGACTTTGATGTGATCACAC
AGATTTTTGCGCACTTTGCACCCCGTCTTGATTTTAGTTGGACGGAGGTGTTGGCA
CTGCGTCATACCCAACCGCAATTATTTGCTGCCAATCAGCATTTGATCCGCAATGA
AGGAGCACACATGGGAACTGGTCAAAAACTCTGGAAACGTGCCAAAAACGTCATT
GCAGGCGGCAACATGCTGTTGTCTAAACGTCCTGAAATGTTTTTGCCCGAACAAT
GGCCTGCTTATTTTAGCCGTGCTCAAGGCTGCACTGTCTGGGACTTGGACAATCA
AGCCTACACAGACATGTCGATTATGGGGATTGGCACCAACACGCTGGGTTATGGT
CACCCTGAGGTCGATGATGCGGTGCGTCGTACCATTGATGCCGGTAATATGTCGA
CGTTTAATTGCCCCGAAGAAGTCTATTTGGCCGAAAAGTTGATTGAGCTGCATCC
GTGGGCAGACATGGTGCGCTTTGCTCGTTCGGGCGGTGAAGCCAATGCGATTGC
GATTCGGGTCGCGCGTGCGGCAACTGGCAAAAGCAAAGTGGCGATTTGTGGCTA
TCATGGTTGGCATGATTGGTATTTGGCTGCCAACTTAGGCGATGACAAAAACCTTG
CAGGGCATTTGCTACCGGGTTTGGAGCCAAACGGCGTGCCAGAAAGCTTGCGCG
GCACCATTTATCCATTTAATTACAATAACTTTGCTGAGCTTGAAGCGTTGGTCAATA
GCCAAGACATTGGCGTGATCAAAATGGAAGTATCGCGCAATCACGGCCCTGAAGA
TGGCTTTTTGCACAAAGTGCGCGAGCTTGCCACGGCACGCGGCATCGTGCTGATT
TTTGATGAATGTACCTCAGGATTCCGCCAGACCTTTGGTGGTCTACACAAGCTGTA
TGGAGTCGAGCCAGACATGGCGATGTTTGGTAAAGCCCTCGGCAATGGTTATGC
GATCACCGCCACCATTGGGCGTCGTGAGGTGATGGAAGCAGCACAAACCACCTT
TATCAGCAGCACCTTTTGGACGGAACGGATTGGCCCGACCGCAGCACTCAAGAC
CCTTGAGGTGATGGAGCGCGAACGGTCGTGGGACACCATTACCCAGACCGGCTT
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GGCGATTACCGAGCGTTGGAAAACCCTTGCAGCGCGTCACGGTCTGTCGATCAA
CACCAACGGGTTGCCTGCATTGACTGGTTTTGCCTTTAATAGCCCCAACGCACTA
GCTTACAAAACCCTGATTACCCAAGAGATGCTAGGCAAGGGCTACTTGGCAGGGA
CGAGTGTGTATGTGTGTACCGCCCATACACCAGAGATCGTGGATGGCTATTTTGC
CGCGCTTGATCCGATTTTTGGGGTGATTCGCGAGTGTGAAGATGGGCGCGATGT
GATGAGCCTGCTCAAAGGCCCGATTTGTCACGCTGGCTTTAAACGCCTCAATTGA 
 

> pQR2193 
ATGTCGCATGTCATGAACACCTACGCCCGCCTGCCGGTGGCTTTCAGCCATGGCA
AGGGCAGCCGGGTCACCGATACCGAGGGCCGCGAGTACCTGGATGCGCTCTCC
GGGATCGCCGTCAATACCCTCGGCCATGCCCATCCCAGGCTCGTTGCCGCGATT
GCCGAGCAGGCCGGCCGCCTGATCCACACTTCCAACCTTTACGGGGCCGTCGGC
CAGGAGCGTCTTGCCGACCGCCTGTGCGCTCTCTCCGGGATGCAGGAAGTCTTC
TTCGGCAATTCCGGCGCGGAAGCCAACGAGGCCGCGATCAAGCTGGCACGTTTC
TACGGCCACAAGAAGGGCATCGAACTGCCGACCGTGATCGTCATGGAAAAGTCG
TTTCACGGAAGGACCATGGCCACCCTGTCGGCGACCGGCAACTACAAGGTTCAG
GTCGGTTTCGAGCCGCTGGTCGCCGGTTTCGTCCGGGTGCCTTACGGCGATCTC
GATGCCATTCGCGCCGTCGCCGAACAGAACCCCAACATCGTCGCGGTGATGCTC
GAGGTCATTCAGGGCGAAGGCGGCATCCACCTGCGCGAGCCGGCCTACTATCAG
GGGGTTCGCCAACTTTGCGATGCCCATGACTGGCTGATGATCTGCGACGAAGTC
CAGTGCGGCATGGGGCGGACCGGCAAGTGGTTCGGCTACCAGCAGGTCGGCGT
CCAGCCGGACATCGCGACCCTGGCCAAGGGACTCGGTTCCGGCGTGCCGATCG
GTGCCTGCATGGCCGGCGGCCGTGCCGCCGGACTGTTCGGTCCGGGCAATCAC
GGTTCGACCTTCGGCGGCAATCCGCTGGTCTGCGCAGCGGCCCTGACGACGCTC
GATTGCATCGAGGAAGAGGGCTTGCTCGCCAACGCCGAAAACATCGGCAAGCTG
ATCCGCCAGCGTCTGGCGGCCGGACTGGCCGATGCCCGGGGCGTCGTCGATAT
CCGCGGCCACGGTCTGATGATCGGCATCGAACTGGATCGTCCGTGCGGGGTGCT
GGTCACCCAGGGGCTGGCGGCCGGCCTGCTGATCAACGTTACCGGCGATACCGT
GGTGCGCCTGCTGCCGCCGCTCAACTTCAGCGAGCGTGACGCCAGCGAACTGGT
TGACCGCATGATTCCGCTGATCAAGGCCTTCCTGGCGGGGTGA 
 

> pQR2194 
ATGAGCCAAGGCAATCAACAGCTGTTCGAACGTGCGCAGAAGCATATCCCCGGC
GGCGTCAATTCACCCGTGCGCGCTTTCCGCTCGGTCGGCGGCACGCCGCGCTTC
TTCGCCAAGGGCCGGGGCGCGCGCGTCACCGACGCCGACGGCAAGACCTATCT
CGACTACGTCGGCTCCTGGGGGCCGCTGATCCTCGGTCACGCGCACCCCGAGG
TTGTCAAGGCCGTGCAGGAAGCGGCGTCCGACGGCTTGTCCTTTGGCGCGCCGA
CCGAGCGCGAAGTCGAGATGGCCGAGCTGCTGTGCGCGATGTTGCCGTCGCTC
GACATGGTGCGCCTCGTCAGCTCCGGCACCGAAGCGACAATGAGCGCCATCCGG
CTCGCACGCGGCCACACCGGCCGCGACCTGCTGATCAAGTTCGAGGGCTGCTAC
CACGGCCATTCGGACGGTCTGCTGGTCAAGGCCGGTTCCGGCCTCTTGACCTTC
GGTAACCCGAGTTCCGGCGGCGTTCCGGCCGACGTGGCGCAGCACACGATGGT
GCTCGACTACAACGACGTCGGCCAGCTGGAAGCCGCCTTCACCGAACACGGCGA
CCGCATCGCCGCGGTGATCGTCGAACCGGTCGCCGGCAACATGAACCTGATCGC
GCCGTTGCCGGCCTTCCTCAAGACCATGCGCGCGCTATGCACGCAGCACGGCGC
GGTGCTGATCTTCGACGAGGTGATGACCGGTTTCCGCGTCGGGCCGCAGTGCGC
GCAGGGTTTCTATGGCATCACGCCGGATTTGACGACGCTCGGCAAGGTGATCGG
GGGCGGCATGCCGGTCGGCGCCTTCGGCGGAAAACGCGAAATCATGGAGAAGA
TCGCGCCGCTCGGCCCGGTCTATCAGGCGGGAACGCTCTCCGGGAATCCCGTC
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GCCGTCGCCGCCGGGCTGGCAACGTTGCGCCTGATCCAGGCGCCTGGTTTCTAC
GACGCACTTGCCGCGTCAACGCGCGCCCTGTGCGCCGGTCTCACCGAGGCGGC
CAAGCGGCACGGCATCGCCTTCTCGGCACAGTCGGTCGGCGGCATGTTCGGGAT
CTACTTCCGCGCCAGTTGTCCGACGAGCTACGCCGAAGTCATGGAATGCGACAA
GGAGGCGTTCAACCGCTTCTTCCACGCCATGCTCGACGCCGGCCATTACCTGGC
GCCGTCGGCGTTCGAGGCCGGATTCGTCTCGGCTACGCATAGCCAAGCTGACAT
TGCGGAAACGGTCGCCGCCGCTGGGCGCTGGTTCGCCTCGCTGCAATGA 
 

> pQR2195 
ATGAGCTTCGCCGTCACCGACCCTACCCCCACAGCCCCCGTGCGCACCGACGCC
GCCTGGCTAGACGCCCACTGGATGCCCTACACCGGCAACCGCCAGTTCAAGGCC
AACCCGCGCATGATCGTGGAGGGCAGCGGTGCCTACTACACCGACGCCGAAGG
CCGCAAAATTTTCGACGGTCTCTCGGGCCTGTGGTGCGCGGGCCTGGGCCATGG
CCGCCGCGAGATCGCCGAGGCCATCGGCAAGCAGGCGATGAAGCTTGATTACGC
ACCAGCCTTCCAGTTTGGCCACCCGCTGTCGTTCGAGCTGGCCAACCGCGTCAA
AGAACTGACGCCCGCCGGTCTGGACTATGTGTTTTTCACCGGCTCAGGCTCCGA
GTCGGCCGACACGTCTCTCAAGATGGCCCGCGCCTACTGGCGCGCCAAGGGCC
AGGGCACCAAGACGCGCCTGATCGGCCGCGAAAAGGGCTACCACGGCGTGAAC
TTTGGTGGCATCTCGGTGGGCGGCATCGTGGCCAACCGCAAGCTGTTTGGTCAG
GGCGTGGAGGCCGACCACCTGCCCCACACCCAGCCGCCCGCAGGTTCGTTCCA
CAAGGGCATGCCGCCCACGGGCAAGGAGCTGGCCGACCGCTTGCTGGAAGTGA
TCGGGCTGCACGACGCCAGCAACATCGCTGCCGTGATCGTCGAGCCCTTCTCCG
GCTCGGCCGGCGTGGTGATTCCGCCCGTGGGCTACCTGCAGCGTCTGCGCGAG
ATCTGCACGCAAAACAACATCTTGCTGATTTTTGATGAGGTGATCAGTGGTTTTGG
CCGCTCGGGTGCGTTCACCGGGGCTGAGGCTTTTGGCGTGACGCCTGACATCCT
GAACTTTGCCAAGCAGGTCACCAACGGCGCGCAGCCCCTGGGTGGCGTGATTGC
CAGCAAGGAGATCTACGACACCTTTATGGCGGCAGGCGGCCCCGAGTACATGCT
CGAATTCCCTCACGGCTATACCTACTCGGCCCACCCCGTGGCGTGCGCTGCAGG
TATTGCGGCGCTCGACATCCTGCAGAAGGAAGACATGATTGGCCGCGTGAAGGC
GCTGGCCCCGTACTTCGAGAACGCCGTGCACAGCTTGAAGGGCGCCAAGCATGT
GGCCGACATCCGCAACTTTGGCCTGGCTGCCGGCTTCACCATTGCCGCCGTGCC
CGGCGAACCTGCCAAGCGCCCTTACGAGATTGCGATGAAGTGCTGGGAAAAGGG
CTTTTACGTGCGCTACGGTGGCGACACCATCCAGCTCGCCCCCCCGTTCATCTCT
ACCTCCGCCGAGATCGACCGCCTGGTCAGCGCCCTGGGCGATGCCCTGCAAGAA
ACCGCCTGA 
 

> pQR2196 
ATGTCCAACCGGCTCAAGGTAGCGCCGAACGATCTCAGTGCATTCTGGATGCCCT
TCACGTCGAACCGGCAGTTCAAGCAGGCGCCGCGCATGCTGGCCGCCGCCAAG
GACATGCACTACACGACGACCGACGGTCGCAAGATCCTCGACGGCACCGCCGGC
CTCTGGTGCGTCAATGCCGGCCATTGCCGCCCCAAGATCACCGAGGCGATCCAG
CAGCAGGCGGGCGAACTCGACTACGCCCCGGCCTTCCAGATGGGCCATCCGATC
GTGTTCGAGCTGTCGAACCGGCTGATCGACATCGCGCCGGCTGGCATGGAGCAC
GTCTTCTACACCAACTCCGGTTCTGAATCGGTCGAGACCGCGCTCAAGATCGCGC
TCGCCTACCACCGCGCCAAGGGCAACGGCTCGCGTTCGCGCCTCATCGGCCGC
GAGCGCGGCTATCACGGCGTCAACTTCGGCGGCATCTCGGTCGGCGGCATCGTC
AACAACCGCAAGATGTTCGGCTCGCTGCTGACCGGCGTCGACCACATGCCGCAC
ACCCACAACCTGGCCAAGAACGCCTTCACCAAGGGCGAGCCGGAGCATGGCGCC
GAGCTGGCCGACGAGCTGGAGCGCATCGTCACGCTGCATGACGCATCCACCATC
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GCCGCGGTCATCGTCGAGCCGGTCGCCGGCTCTACCGGCGTGCTCATCCCGCC
GAAGGGCTACCTCAAGCGCCTGCGCGAGATCTGCACCAAGCACGGCATCCTGTT
GATCTTCGACGAGGTGATCACCGGTTTCGGCCGTCTTGGCACGCCGTTCGCGGC
CGACTATTTCGACGTCCAGCCCGACATCATCACCACCGCCAAGGGCATCACCAAC
GGTGTCATCCCGATGGGCGCGGTGTTCGTCACGAAGGAAATCCACGACGCCTTC
ATGAACGGGCCGGAACACGTCATCGAGTTCTTCCACGGCTACACCTATTCGGGCA
ATCCGATCGCCTGTGCGGCGGCGCTGGGCACGCTCGACACCTACAAGGAAGAAG
GCCTGCTGACGCGCGGCGCCGAACTCGCTCCGTATTTCGAGGAAGCGCTGCACT
CGCTGAAGGGAGAGCCGAACGTCATCGACATCCGCAACATCGGCATGGTCGGCG
CCATCGAGCTCGAGCCGATCGCCGGCAGCCCGACCAAGCGCGCCTTCCAGGCG
TTCGTGAAGGCCTACGAGAAGGGCTGCCTCATCCGCACGACCGGCGACATCATC
GCGCTGTCGCCGCCGCTGATCATCACCAAGGGTCAGATCAACGAACTGGTCGAC
CACGTCCGCGACGTCCTGCGCGCCGTCGACTGA 
 

> pQR2197 
ATGCCGACCTATGCGCGTCAACCGATTGCTTTTGTTCGCGGTCGCGGCTCATGGT
TGTACACCGCCGATGGCACAGCCTATCTCGATGCCCTGACTGGTATTGCAGTGTG
TGGCTTGGGTCATGCTCACCCCACGGTTGCTGCGGCGATTGCGGATCAAGCCGC
CACGTTGGTACACACCAGCAATTTATTTGAAGTGCCGTGGCAAGAAGCCGCAGGG
CGTTTGCTGTGTGATGTGGGCGGTATGCAGCAGTGCTTTTTTGCCAACAGCGGTG
CAGAAGCCAATGAAGCAGCCATCAAGCTTGCACGGATGCATGGCTACAAAAAAGA
CTTTCAAGCGCCCAAAATCATCGTGATGGAAAAGTCGTTTCATGGTCGTACCCTTG
CCACCTTGTCGGCAACTGGGAATGAAAAAGTGCAAAAAGGCTTTTATCCACTCAAT
GACAGCTTTTTGCGTGTCCCCTTTGGTGATGTGGCTGCGATTGAAGCGCTTGCCG
CACAGCACAGCGAAATTGTCGCGATCTTGGTTGAACCGATCCAAGGTGAAGGTGG
GATCAATACCGCACCTCAAGGCTTTGTGTATCTTGAACAACTGCGTGCCTTGTGTG
ATCAACACGACTGGTTGTTGATGGTGGATGAAATCCAAACCGGTAATGGTCGTAC
CGGCACTTATTTTGCCTATCAACACACCAGCATCACGCCTGATGTGCTGACCACC
GCCAAAGGTTTGGGCAATGGCTTTCCGGTGGGTGCGTGTTTGGTCAGTGGTAAG
GCGACTCAACTGTTTTCGGCGGGTAATCATGGCTCGACTTATGGTGGTACACCCC
TCGCCTGTCGCACCGTCCACACCGTGATTGAAACCCTACAAACCGAACAAGCGAT
GGACAATGCCGCACGGGTGGGTCAGTGGCTCAAAGCTCAATTTACTACGCAACTC
GCTGAACTTGGCGTGGAAGTACGTGGGTTTGGCATGATGATTGGGATTGAATTGC
CCAAAGCCTGCGGTGCGCTGGTGGCGCGTGCACGCGATGAGCAACACCTGATCC
TCAATGTGACCGCAGACAACGTGATTCGTTTGTTGCCACCACTGAACCTCTCAGAT
GTTGATGCACAAGACTTGGTGAATCGTTTGGTACCATTGGTCAAAGACTTTTTGGC
GGCCTAATGA 
 

> pQR2198 
ATGAGCTCTCGTAACCAGCAACTCTTCGATGCCGCCCAACGCCACATTCCCGGCG
GCGTGAATTCCCCCGTGCGTGCCTTCCGCTCCGTCGGCGGCGCCCCCCGCTTCT
TCACCCGCGGCGAAGGCCCCCGGGTGTGGGATGCGGAAGGCAAGAGCTACCTG
GATTACGTCGGTTCCTGGGGCCCCCTGATCCTGGGCCACGCCCACGCCCCCACG
GTCAAGGCCGTGCAGGAGGCCGCCGCCCTGGGCCTGTCCTTCGGCGCCCCCAC
CGAGGCCGAGATCGAGATCGCCGACCTGCTCTGCGACATCCTGCCCTCCCTGGA
CATGGTGCGCCTGGTCTCCTCCGGCACCGAAGCCACCATGAGCGCCATCCGCCT
GGCCCGGGGCCATACCGGCCGGGACCTGCTGGTGAAGTTCGAGGGCTGCTACC
ACGGCCATTCCGACAGCCTGCTGGTGAAGGCCGGTTCCGGCCTGCTGACCTTCG
GCAATCCCTCCTCCGGCGGCGTCCCCGCCGACGTGGCCAAGCACACCCTGGTG
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CTCGAATACAACAATGCCGAACAACTGGCCGAAGCCTTTGCCAAGCAGGGCAGC
GAAATCGCCGCCGTCATCGTCGAGCCGGTGGCCGGCAACATGAACCTGATCGCG
CCCAAGCCCGGGTTCATGCAGGCCATGCGCGAGCTGTGCAGCAAGCACGGCGC
CGTGCTCATCTTCGACGAGGTCATGACCGGCTTCCGCGTCGGCCCCCAGTGCGC
CCAGGGCCTCTTCGGCATCACCCCGGACCTCACCACCCTGGGCAAGGTCATCGG
CGGCGGCATGCCGGTGGCGGCCTTCGGCGGCAAGCGGGAAATCATGGAAAAGA
TCGCCCCCCTGGGCCCGGTGTATCAGGCCGGCACCCTCTCCGGCAACCCGGTG
GCAGTGGCCGCCGGCCTGGTGACCCTGAAGGCCACCCGGGCCCCCGGCTTCTA
CGATAGCCTGGCCGCCCGCACCAAGCAGCTCACCGACGGCCTCACCGCCGCCG
CCAAGAAGCACGGCGTCACCTTCTGCGCCCAGAGCGTGGGCGGCATGTTCGGCC
TGTACTTCAGCGCCACCCCGCCCACCTCCTTCGCCGAGGTGATGCAATGCGACA
AGGAGGCCTTCAACCGCTTCTTCCACGCCATGCTGGAGGCCGGCCACTACCTGG
CGCCTTCCGCCTTTGAAGCCGGCTTCGTCTCCGCCGCCCACACGGAAGCCGACA
TCGCCGCCACCATCGCCGCAGCCGAGGCCATTTTCGCCAAGGGCGTCTGA 
 

> pQR2199 
ATGACCGATTCCATCCGCCCGAGTTCTAATGCCGATTGGTTTAAAGCCGCAAGCC
AACATATTCCTGGTGGCGTCAACTCGCCTGTCCGTGCATTTAAAGGTGTGGGCGG
CACGCCCGTTTTTGTCACCAAAGCCCAAGGCGCGTATTTGTTCGATGCTGAAGGC
AAACGCTATATCGATTATATCGGCTCATGGGGGCCGATGATTTTGGGGCATGCCC
ATCCTGATGTGATCAAAGCGGTGCAAGATGCGGCTGCCGATGGCTTGAGTTTTGG
TGCACCCACGCCCAGCGAGGTGACGGTTGCCGATTGGATTTGCCAGATCATGCC
CTCCATGGACATGGTGCGCATGACCAGTTCGGGCACCGAAGCCTGTATGAGCGC
AATTCGTTTGGCGCGTGGCTATACTCGTCGCGATAAAATCGTCAAATTTGAAGGCT
GCTATCACGGTCATGCCGACTCGCTGTTGGTCAAAGCCGGTTCGGGCATGTTGAC
GTTGGGCGTACCCACGTCGCTTGGTGTACCTGCTGATTTGGCGCAGCACACCCT
CACGCTCCCTTTCAATGACATTGATGCGGTCAAAGCCTGTTTTGCCCAATATGGTC
AACAGATTGCCTGCGTGATTGTTGAGCCGGTCGCTGGCAATATGAATTTGGTGTT
GCCAATCCAAGGTTTCTTGGAAACCTTACGCAGTGAGTGCGATCAAGCCGGTTCG
GTACTGATTTTTGATGAAGTGATGACGGGGTTTCGGGTGGCGTTGGGCGGTGCA
CAAGCCCACTATGGTGTCACGCCAGATTTGACCACCTTGGGCAAAATTATTGGGG
CAGGTCTGCCAGTCGGTGCATTCGGTGGCAAACGTGCCATCATGGAATGTATCGC
GCCGCTTGGAGGGGTGTACCAAGCGGGGACGTTGTCGGGCAATCCGCTGGCGA
TGCGTGCAGGGATGGCGATGCTCAAGCTGATCAGTGAGCCACATTTTTATGCAAT
GCTCAGTGGCAAACTCGCTTATTTGCTGGGTGGCCTTAAAGCATTGGCGGATGAG
ATTGGCATTGCGCTCCAGACTCAGCAAGCCGGTGGCATGTTTGGGATTTATTTTA
CCCAATCCACCGATCTGACTAGCTATGAAGCGATGACGCACTGTGATATCGCGGC
GTTTCGTGAATTTTTCCATGGCATGCTCAAGCGTGGGGTGTATTTGGCACCCTCG
GCATTTGAGGCGGGGTTTATTTCAAGCGCCCATAGTCAAACGGATCTGGATGAAA
CGCTGGATGCGGCGCGTGACACGTTGCTGGAAATGAAAGCAGGGATTGCACAGT
TTGAAGGCTGA 
 

>pQR2200 
ATGACCCGACTCGACACCCACACCCTGCAGAAGCTCGACGCCGAGCACCATCTG
CACCCCTTCAACGACAACGCCGCGCTGGCGAAGAAGGGCACGCGCATCCTCACC
AAGGGCGAGGGGTGCTATGTCTGGGATGCCGACGGCAACCAGCTGCTCGACGC
CTTCGCCGGCCTGTGGTGCGTCAACATCGGCTACGGACGCAAGGAGCTGGGCGA
GGTGGCGTCGAAGCAGATGACGCAGCTGGCGTACTACAACAGCTTCTTCCAGTG
CACGACCGAACCGACCATCGCCCTGGCCGCCAAGCTGGCCGAACTGGCGCCGG
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GCGACCTCAACCACTCCTTCTTCGTCAATTCCGGCTCGGAAGCCAACGACACCAT
CCTGCGCATGGTCCGCCACTTCTGGGCGGTGCAGGATCAGCCGCAGAAGAACAT
CTTCATCGGCCGCCACGACGGCTACCACGGCACCACCATGGCCGGCGCCAGCCT
CGGCGGCATGAAGGGCATGCACAAGCAGGGCGGCCTGCCGATTCCGGACATCC
ACCATATCAATCCGCCGTTCTGGTTCGCCGACGGTGGCGACCTGTCCGAAGACG
AGTACGGCCTGGTCGCGGCGCGCCGGCTGGAGCAGAAGATTCTCGAGTTGGGG
CCGGACCGCGTGGCGGCCTTCATCGGCGAGCCCATCATGGGCGCCATCGGCGT
CTACATCCCGCCGAAGACCTACTGGCCCGAGATCGAGCGCATTTGCCGCCAACA
CGACGTGCTGCTGGTGGCCGACGAAGTCATCTGCGGCTTCGGTCGTACCGGCGA
GTGGTTCGGTTCGCAGTACTTCGGCTTCCAGCCGGACATCATGCCGATCGCCAA
GGGCATCACCTCGGGCTACATCCCGCTGGGTGCGGCCATGTTCAACGACCGCGT
GGCGAAGGTGCTGAAGGAGCAGGGCGGCGAACTGGCGCACGGCGCCACGTATT
CCGGCCATCCGGTCTGCGCGGCGGTGGCGCTGGAGAACATCCGCATCCTGCAG
GACGAGAAGATCGTCGAGACGGCGAAGAACGACATCGCGCCCTACCTGGCGCAG
CGCTGGGCCGAACTGGGCGAGCACCGGCTGGTCGGACAGGCGCGCATCGCCGG
CATGGTCGGTGCACTGGAACTGGTGCCGGACAAGGGCAAGCGCGCGTTCTTCCC
CGAGCGCGGCACGGTGGGCCCGCGCTGCCGCGACCACGCGCTGAAGCACGGG
TTGATCCTGCGCGCGACCTGGGACGCCATGCTGCTGTCGCCGCCGCTGATCATC
ACCCGTGCGCAGGTCGACGAACTGTTCGACAAGACGTGGAGGGCGCTCAACGAC
ACCGCGACGGACCTGGGCATGTGA 
 

> pQR2201 
ATGGCCCTGACCGACCACCTCGCCCCGCTCCGCGCCCACAAGGGCCAGCGCCT
GACCCAAGGCCTGGACGACGCCACCATCGAGCGCTTGGCCAAGGGCCACCCGG
ACCTGGTCGCTGCCATCGAAGCCGCCGCCGCCGAGCACGCCCGCCTGCAGGAC
GAGTTCGCCGAACTGCTGGCGATGGACGAAGCCGAGCAGCTGCGCGCGGTGCA
GGCCGGCTACGTGAACTTCTACGCCGACGACGCCATCAACCCCTATATCGCCCTC
GCCGCCCGCGGCCCCTGGGTGGTCACGCTCAACGGCGCCGTGCTGTACGACGC
CGGCGGCTACGGCATGCTCGGCTTCGGCCACACCCCGGCCGCCGTGCTGGAGG
CGATGGCCCGTCCGCAGGTGATGGCCAACATCATGACGCCCAGCCTGTCGCAGC
TGCGCTTCGACCGCGCCCTGCGCAACGAGATCGGCCACACCCGCGGCGGCTGT
CCGTTCGCGAAGTTCCTGTGCCTGAACTCCGGTTCGGAATCGGTCGGCCTGGCC
GCGCGCATCGCCGACATCAACAGCAAGCTGATGACCGATCCGGACGGCCGTCAC
GCCGGCCGCACCATCAAGCGCATCGTGGTGAAGGGCAGCTTCCACGGCCGTACC
GAACGCCCGGCGCTGTATTCGGATTCCTCGCGCAAGTCCTACCAGCAGCACCTG
GCCAGCTACCGCGGCGAGGATTCGGTCATCGCCATCCCGCCGTACGACGTGGAC
GCGCTGAAGCAGGCCTTCGCAGACGCCGAGGCCAAGGGCTGGTTCGTCGAAGC
CGTGTTCCTGGAGCCGGTGATGGGCGAAGGCGACCCGGGCCGCTCGGTACCTC
CGGCGTTCTACGCCGCCGCGCGCGAACTGACCCGCAGCCACGGCAGCCTGTTC
CTGGTCGACTCGATCCAGGCCGGCCTGCGTGCGCACGGCGTGCTGTCGATCATC
GACTACCCGGGCTTCGAAGGCCTGGACGCGCCGGACATGGAAACCTATTCCAAG
GCGCTGAACGCCGCGCAGTACCCGCTGTCGGTGCTGGCCGTGAACGAGCGTGC
CGCCGGTCTGTACCGCAAGGGCGTGTACGGCAACACCATGACCACCAACCCGCG
TGCGCTGGACGTGGCCTGCGCCACGCTGGCCCAGCTGACGCCGCAGGTGCGGG
AGAACATCCGCAAGCGTGGCGTCGAAGCCGTGCAGAAGCTGCAGCAACTTCAGG
GCGAACTGGGTGGCCTGATCACCAACGTGCAGGGCACCGGCCTGCTGTTCTCGT
GCGAACTGTCGCCGGCGTTCAAGTGCTACGGCACCGGCTCCACCGAGGAATGGC
TGCGCCAGCAGGGTCTGAATGTAATCCACGGCGGCGCCAACTCGCTGCGCTTCA
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CGCCTCACTTCGCGATGGATGGCGAAGAGCTGGAGCTGCTGGTTGGCATGGTCG
GACGGGCGCTGCGCGAAGGTCCGCGTATCAGCCAGGCCGCGGCGGCCTGA 
 

> pQR2202 
ATGTCTCATGTAATGAATACCTATGCACGTTTGCCGGTCGCTTTCAGTCATGGTGA
CGGTAGCTGGGTGACCGATACCGACGGCCGGATTTATCTTGATGCGCTCTCGGG
CATTGCTGTGTCTACGTTAGGGCATAACCACCCCGAGTTGGTCGCGGCCATCGC
GGCTCAGGCCGGGCGCTTGTTGCATACGTCCAATCTTTACCGCATGCCGCAACA
GGAACTTCTCGCTGACAAGCTGACCTCGCTGGCGGGTATGGACGAGGTTTTCTTC
TGCAATTCCGGGTGCGAGGCCAACGAGGCGGCGATCAAGCTGGCGCGTTATTAC
GGCCATCAGCAGGGCGTCGAGAGTCCTGCCATCATTGTCATGGAAAAGGCCTTTC
ACGGCCGCACGATGGCGACGCTTTCGGCGACGGGGAATCGCAAGACACAGGCC
GGTTTCGAGCCGCTCGTTTCGGGATTCGTGCGCGTTCCATACAACGATATGGCCG
CCATCCGGGCGATTGCCGAGCACAACAAGAGCGTTGTCGCCGTCATGCTCGAGA
TTGTTCAGGGCGAAGGCGGTATCAACATTGCGGACCTCGATTATCAGCGCGCTCT
GCGACAGCTCTGCGACGAAAACGGCTGGTTGTTGATCTGTGACGAAGTGCAGTG
CGGCATGGGTCGCACTGGAACCTGGTTCGGTTTCCAGCATGCCGGCATTCGCCC
GGACATCGTGACGCTGGCCAAAGGTCTCGGCGGCGGTGTGCCGATCGGTGCTTG
CCTGACCGCTGGGAAGGCCGCCTGCCTGTTCAAACCGGGCAATCACGGTTCGAC
GTTTGGCGGAAATCAGCTTGCGACGACGGCCGCGTTGACGACGATAGACGTGGT
TGAGCGCGATCGCTTGATCGCCAATGCCGAATCCGTCGGCGAATTGATTCGGAA
GGAGTTGGCGAAAGCGCTGGCCGGTTTGACGGGCGTCGTCGATATTCGTGGCCA
GGGACTGATGATCGGCATCGAGCTTGACCGTCCGTGCGGCGAACTGGTTGCGCG
TGCCCTCGAGGCCGGTTTGCTGATCAACGTGACCGCCGACAAGGTCGTGCGACT
GCTTCCGGCGCTGACCTTCAGCATGGACGAAGGGCGCGAGCTGGTGGCGCGGC
TTTCCTTGCTGATACGTAATTTCCTTGCTTCCTGA 
 
> pQR2203 
ATGACCTCCCGTAACGAAGAACTCTTCGCCCGCGCCCAGAAACACATCCCCGGC
GGCGTCAATTCGCCGGTGCGCGCCTTCCGCTCGGTCGGCGGCACGCCGCTGTT
CTTCCAGAAGGGCGCCGGCAGCCAGGTGCAGGACACCGACGGCAAGTGGTACA
CCGACTACGTCGGCTCCTGGGGTCCGATGATCCTCGGCCACGCCCACCCGCAGG
TCATCGCCGCCGTGCAGGCCGCGGTGGTCGACGGCCTGTCCTTCGGGGCGCCG
ACCGAGCGCGAGGTCGAGATTGCCGACCTGCTTTGCGACATGGTGCCGTCGCTC
GACATGGTTCGCCTGGTGTCCTCGGGCACCGAGGCGACGATGAGCGCCATCCGC
CTGGCGCGCGGCTTCACCGGCCGCGACATCCTGGTCAAGTTCGAGGGCTGCTAC
CACGGCCACGCCGACCATCTGCTGGTCAAGGCCGGCTCCGGCCTGCTCACTTTC
GGCAATCCGTCGTCGGGTGGCGTCCCGGCCGGCACCGCCGAAACGACCATGGT
CCTCACCTACAACGACCCGCAGGGGCTGGCCGAAGCCTTCAAGACGCACGGCGA
CAAGATCGCCGCGGTGATCGTCGAGCCGGTGGTCGGCAACATGAACCTGATCGC
GCCGACGCCGGAATTCCTCAAGGCGATGCGCGACCTGACCGCGCAGTACGGCG
CCGTGCTCATTTTCGACGAAGTGATGACCGGCTTCCGCGTCGGCCTGAAGAGCG
CGCAGGGCCTGTTCGGCATCACCCCGGACCTGTCCACCTTCGGCAAGGTGGTCG
GCGGCGGCATGCCCATGGGCGCCTTCGGCGGCCGCCGCGAGATCATGGAAAAG
ATCGCCCCGCTCGGCCCGGTCTATCAGGCCGGCACCCTGTCCGGCAACCCGATC
GCCACCGCCGCCGGCCTGGCCACGCTGAAGCTCATTCAAGCGCCGGGCTTCCAC
GAGACGCTGACCGCCAAGACCAAGGCGCTGTGCGACGGCCTCGTCGCCGCCGC
GCAGAAGCACGGCGTCGCCTTCAGCGCCCAGAACGTCGGCGGCATGTTCGGCCT
CTACTTCGCCGAACGTTGCCCGGGCAGCTACGACGAAGTGCTGGCCTGCGACAA
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GGAAGCCTTCAACCGCTTCTTCCACGCCATGATCGAAGCCGGCCATTACTTCGCG
CCGTCGGCCTTCGAGGCCGGTTTCGTCTCGGCCGCGCACAGCGACGCCGAGAT
CGCGGCGACCGTGGCCGCCGCCGACGCCTGGTTCGCGACGCAGCGCTGA 
 

> pQR2204 
ATGACAATCACGCCGCTGATGCCCGTATACCCCCGGTGCGGTGTGCGTCCGGTT
CGCGGCGAGGGTGCCTATCTGATCGGCGATCGAGGCGAGCGCTATCTCGACTTC
GCGAGCGGTATTGCGGTCAACCTGCTTGGTCATGGCCACCCGCATCTGACGAAG
GCAATCCAGGATCAGGCCGCGACGTTGATGCATGTGTCGAACCTGTACGGCAGC
CCGCAGGGCGAAGCCTATGCCGCACGCCTTGTCGAAAACACCTTCGCCGATACC
GTCTTCCTGACCAATTCGGGCGCCGAAGCGGTCGAATGTTCGATCAAGACCGCG
CGCGCCTATCATTCGAGCGCGGGCAATGCCGAAAAGCACACGCTGATCACCTTC
AACAACGCCTTCCACGGCCGCACGCTCGGCACGATCTCGGCGACCAATCAGGAA
AAGCTGCGCAAGGGCTTCGACCCGCTGCTGCCGGGCTTCGCCTATGCGCCATTC
GACGACATCAACGCCGCGCTCGATCTGGTCGACGACAATACGGCGGGTTTCCTT
GTCGAGCCGATCCAAGGCGAGGGCGGTATCCGTCCGGCGTCGCAGCCCTTCCT
GCAGGCGCTGCGCGATATCTGCGACAAGCGCGACCTGATGCTCATATTCGACGA
GGTCCAGTGCGGTGTCGCGCGCACCGGCCATCTTTACGCCTATGAGCATTTCGG
CGTGACCCCCGACATCATGGCAAGCGCGAAGGGCATCGGCGGCGGCTTCCCGA
TGGGGGCGTGCCTCGCGACCGAGAAAGCCGCGCGGGGCATGGTCATCGGTACC
CATGGTTCGACCTATGGCGGCAACCCGCTCGCTTGCGCGGCCGGGCAGGCGGT
GCTCGACGTGGTTCTCGAAGAGGGCTTCCTCGCGTCGGTCAGGACGACCGGCGA
GCGCCTGCGTGGCGCACTCGAACAGCTGATCCCGAACCATGACCAACTGTTCGA
CAGCGTGCGCGGCGTTGGCCTGATGCTCGGCCTCAAGCTCAGCTCGGACAGCC
GCGCGTTCGTTGCGCATCTCCGCGACAATCACGGACTGCTGACCGTCGCGGCGG
GCGAGAATGTCGTCCGCGTGCTGCCGCCGCTCAACATCGACGACAGCCACATCG
CCGAATTTATCGAGAAATTGTCAGCGGGCGCGGCGAGCTATACGCCGCCCGAAG
CCTGA 
 

> pQR2205 
ATGTCCTCACCTCACCCGCAGCCAGCGTCCCTCGCGCGCCGCAGCCTTGATGCT
GTGTGGCACCCCTGCACACAAATGGCGCGGGCCGAGCACCTGCCGCCGCTGGC
CATCGCCCGGGGCAATGGCCCCTGGCTGGAAGACACGGCAGGGCAACGCTACTT
TGACGCCAACAGCTCCTGGTGGGTCAACCTGTTCGGCCACAGTGATGCTGGCGT
GCACAACGCCATCCGCGAGCAGCTGGGCACCCTGCCCCACGTGATGCTGGCCG
GCTGCACCCACGAGCCCGCCGTGCGCCTGGCCGAGCGCCTGGGTGCACGCACT
GGCGGCGCCCTGGGCCACGCCTTCTTCGCATCCGACGGTGCCAGCGCGGTCGA
GATTGCACTCAAGCAGAGCTTCCACAGCTGGCGCAACCTGGGGCAAGCGCAGCG
GCGCGAGTTTGTGTGTCTGCAAAACGGCTACCACGGCGAAACCATCGGTGCGCT
GGCCGTGACCGACGTGGCCGTGTTCCGCGATGCGTACGACCCGCTGCTGATGC
GTGCCCACACCGTCGAATCACCCGATGAGCGCCGGGGCAACGAGGCCGCCGCC
CTGGCCGCGATGCGCGCGCTGCTGGCCGAGCGCGCCGAGCACATCGCCGCCGT
CATCGTCGAGCCCCTGGTGCAGGGCGCAGCCGGCATGGTCATGCACGGGCCGG
GCTACCTGCGCGGTCTGCGCGCCCTCACCCGCGAGTTCGGCGTGCACCTGATTG
CCGACGAAATCGCCGTGGGCTGCGGGCGCACCGGCACCTTCTTCGCCTGGGAG
CAGACCGAGCCCACCGGACCAGCCGACTGGCCCGACTTCATCCTGCTGTCCAAG
GGCATCACCGCCGGTACCCTGCCGCTTTCGCTGGTGCTGAGCAGCGAAGCCGTC
TACCGGGCCTTCTGGAGCGAAGACGTGGGGCGGGGCTTTTTGCACTCGCACTCG
TACACCGGCAACGCCCTGGCCTGCGCCGCCGCCAACGCCGTGCTCGACCGCTTT
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GATGCGGGCCAGGCAGAGCGCGTGCGCGTGCAGGCCGCCTGCCTGGCCACCCA
CTGCGCGCCGCTGGCCACCCACCCGCGCGTGCGCCACTGGCGCCAGCGCGGCC
TGATCCTGGCGTTTGACGTGGCCGAAGCCGGCGCTGGCTTCAGCGAGCGCTTTC
ACCTGGCGGCACGCCGCCACGGCCTGCTGATCCGCCCCATCGGCGCCACCGTC
TACCTGATGCCGCCCTACCTGATCGAAGACGAAAGCGCCGCTTTCCTGGCCCGT
GCCGTGGCCGCCGCCCTCGACGACGTCACCGCCAAGGACTGA 
 

> pQR2206 
ATGAACCACGACCAGTCCCATGCCCTCTTCGCCCGCGCCCAGCAGTTGCTGCCC
GGCGGCGTCAATTCGCCGGTGCGCGCGTTCAAGTCGGTGGGAGGCGAGCCGTT
CTTCGTGCAGCGCGCGGACGGCGCCTACCTGCATGACGTGGACGGCAACCGCTA
CATCGACTACGTCGGCTCCTGGGGCCCGATGATCGTCGGCCACAACCACCCGGC
CGTGCGCGAGGCGGTGCAGGCGGCCATCCAGAACGGCCTGTCGTACGGCGCGC
CCTGCCCGGCCGAAGTGACGATGGCGGAAACCATCACGCGCCTGGTGCCGTCGT
GCGAGATGGTGCGCATGGTCAACTCGGGCACCGAGGCCACGCTGTCGGCGATC
CGGCTGGCCCGCGGCGCCACCGGCCGCAACCGCATCGTCAAGTTCGAAGGCTG
CTACCACGGCCACGGCGATTCGTTCCTGGTCAAGGCCGGCAGCGGCATGTTGAC
GCTGGGCGTGCCGACCTCACCTGGCGTGCCAGCAGGACTCAGCGAACTGACGCT
GACGCTGAGCTACAACGATTTCGAAGGCGCGACCGCGCTGTTCGAGCAGTACGG
CAGCGAGATCGCCTGCCTGATCATCGAACCGGTCGTCGGCAACGCCAACTGCCT
GCCGCCGCGCGAAGGCTACCTGCAGCATCTGCGCGCCCTGTGCACGCAGCATG
GCGCGCTACTGATCTTCGACGAAGTGATGACCGGCTTCCGCGTGGCGCTGGGCG
GCGCGCAGGCGCACTACGGCATCACGCCGGACCTGACCACCTTCGGCAAGATCA
TCGGCGGCGGCATGCCGGTGGGCGCCTATGGCGGGCGTCGCGCGCTGATGCAG
CAGATCGCGCCGGCCGGCCCGATCTACCAGGCCGGCACGCTGAGCGGCAATCC
GGTGGCGATGGCCGCCGGCCTGGCGATGCTGGAGCTGATCCAGGCGCGGGGTT
TCCACGACGGGCTCGCCGCCGCGACGGCAGCGCTGTGCGAAGGCATGGAGGCT
GCCGCGCGCGACGCCGGCGTGCCGCTGACCACCACGCGCGTGGGCGCGATGTT
CGGGCTGTTCTTCACCGACCAGCAGGTCGACACCTACGCCCAGGCCGTGGCCTG
CGACACCGCGGCGTTCAACCGGTTCTTCCACGCGATGCTGGAGCGCGGCGTGTA
CCTGGCACCGTCGGCGTTCGAAGCCGGCTTCATGTCCAGCGCACACACGCCTGA
CGTCATCGACGCGACGATTTCCGCTGCCCGCGACGCCTTCAAGGTGGTCGCCGC
GGGATGA 
 

> pQR2207 
ATGGAAACACCCTTCGCCGCCGCCCCTGCCGCCAACGCCCTGATGTGGATCACC
CAGCGCCCCCAGCTGGTCTTCGCCGAAGGGCGCGGCTCCTGGCTGGTGGATCA
GCAGGGCAAGCGCTATCTGGACTTCGTCCAGGGCTGGGCGGTGAACTGCCTGG
GCCACGGCCATCCGGCCATCGTCGAGGCCCTGGCGAGCCAGGCCGGCAAGCTG
ATCAACCCCAGCCCGGCCTTCTACAACGAACCGAGCCTGAAGCTGGCTGCCGGC
CTGGCGGCCCACTCCTGTTTCGACCGGGTCTTCTTCGCCAGCACCGGGGCCGAG
GCCAACGAGGGCGCCATCAAGCTGGCGCGCAAGTGGGGGCAGAAGCACAAGGG
CGGCGCCCACGAGATCATCACCTTCGCCGGCGGCTTCCACGGCCGCACCCTGG
CCACCATGTCGGCCTCCGGCAAGCCGGGCTGGGACACCCTGTTCGCGCCCCAG
GTGCCGGGCTTTCCCAAGGCCCAGCTGAACGACCTGGATTCGGTGGCGGCCCTC
ATCAACGAGCGCACCGTGGCCATCATGCTGGAGCCGATCCAGGGCGAAGGCGG
GGTGGTGCCGGCCAGTGTGGAATTCCTGCAACTGTTGCGGCAGATCTGCGACGA
CCGGGGCCTGCTGCTGATCGTGGACGAGGTGCAGACCGGCATGGGCCGCACCG
GCAAGCTCTTCGCCCACCAGCACGCCGGCATCGAGCCGGACATCATGACCCTGG
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GCAAGGGCATCGGCGGCGGCGTGCCCCTCTCGGCCCTGCTGGCCAAGGAATCG
GTCTGCTGCTTCGAGGCCGGCGACCAGGGTGGCACCTACAACGGCAATCCGCTG
ATGACCGCCGTCGGCGTCGCCGTGCTGGAAGTGCTGACGGCCCCCGGCTTCCTC
GATGAGGTGGCGGCCAAGGGCGAGTACCTGGGCGCCGGATTGCAGCGTCTCTC
CGACCGGCTCGGTCTCCGGGGCGAACGGGGCGAGGGCCTGCTGCGGGCCCTG
CTGCTGGCCGACGAGCGGGGCCCGGCCATCGTCGAGGCGGCCCGGGAGCGGG
GCCCCGAGGGTCTGCTGCTCAACGCGCCGCGGCCCCACCTGCTGCGCTTCATGC
CGTCCCTGACGGTGAGCCGGGAGGAGATCGACCAGATGCTGGCCTGGCTGGAG
GAACTGCTGGGGGCCTGA 
 
> pQR2208 
ATGACCCTGCGTAATTACGACATGGCCGAGCTCAAGCGGCTCGACCTCGCCCAT
CATCTGCCCGCGCAGGCAAGCTACGGCCTGATCCGCGACCTGGGCGGCAGCCG
GATCATCACCCGCGCCGAAGGATCGACGATCTGGGATGCGGAGGGCAATGCGAT
CCTCGACGGGATGGCGGGCCTGTGGTGCGTCGACGTCGGCTATGGCCGCGCCG
AGCTGGCCGAGGTCGCACGCGAGCAGATGCTCGAGCTTCCCTATTACAACACCTT
CTTCCGCACCGCGACGCCGCCACCGGTGAAGCTTGCCGCGAAGATCGCCGGACT
GCTCGGCGGATCGCTCCAGCATATCTTCTTCAACTCGTCGGGCTCCGAATCGAAC
GATACGGTGTTCCGCCTCGTGCGCACCTATTGGGCGCTGAAGGGACAGCCCGAA
CGCACGATCTTCATCTCGCGCCGCAACGCCTATCATGGCTCGACCGTCGCCGGC
GTCAGCCTGGGCGGCATGGCGGCGATGCATGCGCAGGGCGGGCTCCCGATCGC
CGGCATCGAGCATGTGATGCAGCCTTATGCGTTCGGCGAAGGCTTCGGCGAGGA
TCCCGAGGCGTTCGCCGCGCGCGCCGCTCAGGAGATCGAGGATCGTATATTGGC
TGTCGGGCCTGAAAAGGTCGCTGCCTTCATCGGCGAGCCGGTGCAGGGCGCCG
GCGGCGTCATCATCCCGCCCCCCGGATACTGGCCGCGGGTCGATGCGATCTGCC
GCAAATATGGCATCCTGCTCGTGTCGGACGAGGTGATTTGCGGCTTCGGGCGGC
TGGGCGAATGGTTCGGCTTCCAGAAATATGGCTATACGCCCGATATCGTTTCGAT
GGCGAAGGGGCTGTCGTCGGGCTATCTGCCGATCTCGGCCACGGGCGTGAGCA
GCGAGATTGTCGAGACGCTGCGCGCGTCGGGCGACGATTTCGTCCACGGCTATA
CCTATTCGGGGCATCCGGTGGCCGCGGCCGTGGCGCTGCGCAATCTGGAGATTA
TCAAGCGCGAAGGGCTGGTCGATCGCGTGCGCGACGATCTGGCACCCTATTTCG
CGAAGGCGCTGGCGACGCTCGACGATCATCCGCTGGTGGGCGAGGCGCGCTCG
GTCGGGCTGCTCGGCGCGGTGGAGATCGTTTCCGAGAAGGGCACCAACCACCG
CTTCGGCGGCAAGGAAGGCACCGCCGGGCCGGTCGTGCGCGATCACTGCATCG
CGGGCGGGCTGATGGTGCGCGCGATCCGTGACTCGATCGTCATGTGCCCGCCCT
ATGTTATCACGCATGACGAGATCGACCGGATGGTTGCCATCATCCGCTCGGCGCT
CGACAAGGCTGCGGTCGATCTGGGTGGAGGCGCCTGA 

 

> pQR2209 
ATGAACCATCCATCCGCCCTTCCCTCCGCCGCCAGCCTGATGCCGATCGCCACC
CGCCCGGACGTCCTCTTCGTCCGCGGCCAAGGCGCCTGGCTGTTCGATGCCGCA
GGCCGCCGCTACCTCGACTGGATGCAGGGCTGGGCGGTCAATTGCCTGGGCCAT
TCGCCGCAGGTGATCGTCGATGCCGTCGCGCAACAGGCGGCGACGCTGCTCAAC
CCCGGCCCGGCCTTCCACAACCTGCCGGCGATGCGCCTGGCCGAGAAACTCACC
GCGCACAGCGGCTTCGACCACGTCTTCTTCGCCAGTTCCGGGGCCGAAGCCAAC
GAAGGCGCGATCAAGCTGGCGCGCAAATGGGGGCAGTTGCACAAGGGCGGCGC
GCACGAGATCGTCACCTTCGTCGACGGCTTCCACGGGCGCACGCTGGCGACCAT
GTCGGCCAGCGGCAAGCCCGGCTGGGACACGCTCTTCGCGCCGCAGGTGGCGG
GCTTTCCGAAAGCCCGGCTGAACGACATCGCCACGGTCGACCGGCTGATCGGAC
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CAAAAACCGTCGCCGTCATGCTCGAACCGATCCAGGGCGAAGCCGGCGTCATCC
CGGCCAGCGGCGACTTCCTGCGCCAGTTGCGGCAACTGTGCGACGAACGCCAAC
TGCTGCTCATCGTCGACGAAGTGCAGACCGGCGTCGGCCGCACCGGCCACCTCT
TCGCCCATAGCGCGCACGGCATCCAGCCGGACATCATGACGCTCGGCAAGGGCC
TCGGCGGCGGCCTGCCGATCTCGGCCCTGCTCGCCACCCGCGCCGCTTCCTGC
TTCGCCCCCGGCGACCAGGGCGGCACCTACTGCGGCAACCCGCTGGTCTGTGC
CGCCGGGCTGGCCGTGCTCGACACCCTGCTCGCCGACGGCTTCCTCGCCGCCA
GCCGGCAGCGCGGCGAGCAGCTCGCCGACGCACTGCGCACGCTGTCCGCCGAA
CTCGGCCTCGGCGCAGTGCGCGGCGAAGGTTTCCTGCTCGCGCTCGAACTCGG
CGCCGACCTCGGCCCGGCCATCGCCACCCGCGCCCGCGACCTCGGCCTGCTGG
TCAACGCGCCGCGCGCGCACTGCCTGCGCCTGATGCCGGCGCTGAACACCAGC
GCCGCCGAAATCGCCGAAGGCATCGCCCTGCTCCGCCGCGCCATTGCCGACGT
GCAAGAGGCACAAGCATGA 
 
> pQR2210 
ATGAGCGTCTCCACCACCGCCGACCTGCTGGCCCACGGCCAGCGCTATTACCTG
CCGGTGTACCGCCCGCGCGAGGTGATCCTGGAGCGCGGCGAGGGCGCACGCGT
GTGGGACAGCGAGGGCCGCGAATACCTGGACCTGTCCGCGGGCATCGCCGTAT
GCGGGCTGGGCCACAACGATCCGGATCTGGTGGCTGCACTCACCGAGCAGGCC
GGCAAGCTCTGGCATACCAGCAACGTGTTCTACAGCGAACCGCCGCTGCGATTG
GCCGAGGAACTGGTCACTGCCTCGCGCTTCGCCGAACGCGTCTTCCTGTGCAAC
TCCGGCGCCGAGGCCAACGAGGCCGCGATCAAGCTGGTGCGCAAATGGGCGGC
ATCGCAGGGCCGCGCGCCGGACCAGCGCGTCATCGTGACCTTCCGCGGCAGCT
TCCACGGCCGCACGCTGGCCGCGGTCACCGCCACCGCGCAACCCAAGTACCAG
GAAGGCTACGAGCCCTTGCCCGGCGGCTTCCGCTACGTCGATTTCAACGATGTG
ACCCAGCTCGAGATCGCCATGTCCTGCGGCGACGTGGCCGCGGTGATGCTGGA
GCCGGTGCAGGGCGAGGGCGGGGTGATGCCGGCCGCGTCCGGCTTCCTGCGC
GCGGTGCGCGAGCTGTGCGACCACCACGGCGCATTGCTGGTGCTGGACGAGAT
CCAGGCCGGCATGGGCCGCACCGGCACGCTGTTCGCGCACTGGCAGGATGGCG
TGGTGCCCGACATCGTGACGCTGGCCAAGGCCCTGGGCGGCGGGTTCCCGATC
GGTGCGATGCTGGCCGGCCCCAAGGTGGCGCAGGCGATGCAGTTCGGCGCGCA
TGGCACCACCTTCGGCGGCAACCCGCTGGCCGCCGCGGTGGCGCGCGTGGCGC
TGCGCAAGCTGGCCTCGCCGCAGATCGCCAACAACGTGGCGCGTCAGTCGGTCG
CGCTGCGCAAGGGGCTGGATGCGATGAACGCCGAACTCGGCCTGTTCTCGCAGG
TGCGTGGTCGCGGCCTGATGCTGGGCGCCGTGCTCGACGCGAAGTACGCCGGC
CGTGCGGGCGAGGTACTGGACCTGGCCGCCGCGAAGGGCCTGCTGATGCTGCA
GGCGGGCCCCGACGTGCTCCGCTTCGTGCCGTCGCTGAACATCACCGATGAGGA
AGTCGGCGAGGGCCTCAGTCGCCTGCACGCAGCGCTGAGGGCGTTCGCGAAGC
CGGGCTGA 

 

> pQR2211 
ATGTCCGTTCAGCACGATCCGGTGCAACGCGCCGATTTCGATCAGTATCTGGTCC
CCAACTATGCCCCTGCCGCCTTTGTTCCGGTGCGTGGCCTGGGTTCGCGAGTCT
GGGATCAGAGCGGTCGCGAGCTGATCGATTTCGCCGGCGGTATCGCCGTCAACG
CCCTCGGTCACTGCCATCCGGCACTGGTCAAGGCGCTGACCGAGCAGGCCAACA
CCCTGTGGCACATCTCCAACGTGTTCACCAACGAGCCGACCCTGCGCCTGGCCC
ACAAGCTGGTCGATGCAACCTTCGCCGAGCGCGTGTTCTTCTGCAACTCCGGCG
CCGAGGCCAACGAAGCCGCCTTCAAGCTGGCCCGTCGCGTCGCCCATGACCGTT
TCGGCCCGGAGAAGTACGAGATCATCGCCGCGCTCAACAGCTTCCACGGTCGTA
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CCCTGTTCACCGTCAGCGTTGGTGGCCAGCCCAAGTACTCCGATGGTTTCGGGC
CGAAGATCGAGGGCATCACCCATGTCCCGTACAACGACCTGGACGCGCTGAAGG
CGGCCATTTCCGACAAGACCTGCGCCGTGGTCCTGGAGCCGATCCAGGGCGAG
GGCGGTGTGCTGCCGGCCGACAAGGCCTACCTGGAAGGCGCCCGTGCCCTGTG
CGACCAGCACAACGCGCTGCTGGTGTTCGACGAGGTGCAGAGCGGCATGGGCC
GCAGCGGCGAGCTGTTCACCTATATGCACTACGGCGTCACCCCGGACATCCTCT
CCAGCGCCAAGAGCCTGGGCGGCGGTTTCCCCATCGGCGCCATGCTGACCACCA
CCGAGCTGGCCAAGCACCTGGCCGTGGGCACCCACGGCACCACCTACGGCGGC
AACCCGCTGGCCTGCGCGGTGGCCGAAGCGGTACTGGACATCGTCAACACCCCA
GAAGTGCTGCAGGGCGTGAAGGCCAAGAGCGAGCAGTTCAAGCAGCGCCTGCT
GGCCATCGGCGAGCGTTATGGCATGTTCGCCGAAGTACGTGGCCTGGGCCTGCT
GCTCGGCTGCGTGCTCAACGATGCCTGGAAGGGCAAGGCCAAGGCCGTGCTGG
ATGCCGCTGCCGCCGAGGGCGTGCTGGTGCTGCAGGCCAGCCCGGACGTGGTG
CGTTTCGCGCCCAGCCTGGTGGTAGAAGAGGCCGATATCGTCGACGGTCTGGAC
CGTTTCGAACGCGCCGTCGCCAAGCTCGCGCAGGGCTGA 

 

> pQR2212 
ATGGCCGATACCTCCCCCGTCTGGCACCCCTTCACCCAGCACGGCCTCGGCGAC
CCCATTCCGCTGATAAGCCACGCTAAAGACGCCAAGCTCTACGCCGCCGACGGG
CAAAGCTGGATCGACGCCATCTCCAGCTGGTGGGTCACCACCCACGGCCACGCC
CACCCGCGCATCATGGCCGCGATCCGCGCCCAGACCGAAAAGCTCGACCAGCTC
ATCTTTGCCGGCTGGACGCACGAGCCCGCCGAAAGCCTCGCCGCCGAGCTGATC
CGGATCACCCCCGCCCCGCTCACCCGCGTCTTCTTCTCGGACTCGGGCTCGACC
AGCGTCGAGGTCGCGCTCAAGATGGCGCTCGGCTATTGGTATAACATCGGCGAG
CCGCGCAGCCGCATCCTCGTCCTCGAACATAGCTATCATGGCGACACGATCGGC
ACGATGTCGGTCGGCGAGCGCGGCGTCTACAATCGCGCCTGGCAGCCTTTGCTG
TTCGACGTAGACACCATCCCCTTTTCTTACGAAGGCATGGAACAGGCCACGCTCG
ACGCGCTCGAAGCCGCCTGCTCAGCCAAACCCGCCGCCTTCATCGTCGAACCCT
TGATCCTCGGCGCCGGCGGCATGCTCATCTACCCCGCGTGGGTGCTCGCCGAGA
TGCGCGCGATCTGCGCGCGCCACGGCGTCCTCTTCATCGCCGACGAGGTAATGA
CCGGCTGGGGCCGCACCGGCACGCGCTTCGCCTGTGATTCTGCGGGCGTCATC
CCGGACATCGTCTGCCTGTCGAAAGGCCTCACCGGCGGAGCGCTCCCGCTCGC
GGTCACGCTCTGCATCGAACCGATCTTCGAAGCCCATTTCTCGACCGACCGCAGC
AAGACCTTCTATCATTCGAGCAGCTACACCGCGAACCCGATCGCCTGCGCCGCC
GCAAACGCCAATCTCGAAATCTGGCGCGAAGAGCCCGTCCAGCAGCGTATCGAC
GCGCTCGCCGAAGCGCAGGCCGCACACCTCTCGCTGCTCAGCCACGATCCGCG
CGTCCAAAATCCCCGCCGTCTCGGCACAATCGCCGCGCTCGACATCGTCGTCGC
GGACTCAGGCTATCTCTCGAACCTCGCCCCGCGCCTGATCGCCTTCTATCGCGAC
CATGGCGTCCTGCTCCGCCCGCTCGGCAACACGCTCTACGTCATGCCGCCCTAT
TGCATTACGCCTGACGAGCTCGCGCAGGTGTGGAGCGCGATAACGGCCTCGCTC
GACGCCGTATGA 

 

> pQR2213 
ATGATCTCGCCCGCCGCCATCGCGCGCGTTGCCGAGCGCGAGGCCGACCGCTTT
CGCGCCGCTAATACGCGCGCGTTCGCGCATCATGCGGCGGCGACGGGTTGGTT
CCAGTCGGTGCCCTTCCACTGGATGAAGGACTGGCCCAGCCCGGTGCCAATCGT
CGCAGCGTCGGCAAAAGATGCGGCGCTGACTAGCATCGACGGTCAAACCTACGA
TGACTTCTGCCTTGGCGACACCGCAAGCCTGTTCGGCCACTCACCGCCCGCACT
CGCCGCCGCGCTAGCGAGGCAGGCAGGCGAAGGCTTGAGCTATATGCTCCCGA
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CCGGACGCGGTGCCGCGCTGTCGGAGCGACTCGCGGTGATGTTCGCGCTGCCG
CAATGGCAGGTCACGACGACCGCCAGCGAGGCCAATCGAGCGGTGATCCGCTG
GTGCCGCGGGATCAGCGGGCGACCCAAGATCCTGACCTTCAACGGAGCCTATCA
TGGCGCGGTCGACGACGCATTCGTCGACCTGAAGGCTGGCGCTCCCACGATGCG
AGCCAGCCTGATCGGTCAGGCTCACGATTTGTGCACGACCACCGCGGTGATCGA
GTTCAACGACGAAGACGCGCTTGCAAACGCCCTGCGTGGCGGCGACGTCGCCTG
TGTGCTCGCCGAGCCGGTGATGACCAATGTTGGTATGGTGCGCGACGCGCCGGG
CTTTCTTGCAACCCTCCGCAGGCTTTGCGATGAAACCGGCACGTTGCTGGTCTTC
GACGAAACCCACACCATCTCCTCGGGCTACGGCGGCCATAGCGTTACGCACGGC
CCCGCCCCGGACCTGATAGTCATCGGCAAGTCGATCGGCGGCGGCGTGCCCTGT
GCGATCTATGGATTTTCGGCTGTGGTGGCGGAACGGATGGCGGCGCTCAACCAA
TCACGCCCTCCAGGACATAGCGGCATCGGCACCACGCTTTCGGCCAACGCCCTA
GCCATCACTGCGATGGATGCGATGCTGGGCGAGGTCATCACGTCGGCTGCCTAT
GACCATATGCTGCGCGGCGCCGCGCGGCTCGTCGCCGGGCTCGAACAGGAAAT
AGCGCACGTCGGTCTCGACTGGCACGTCACCCAGGTCGGCGCCCGCGTCGAATT
CCTGACCTGCCCCACCCCGCCCCGCAACGGTAGCGAGGCAAAGGCGGCGATGC
ATCTCGAACTCGAAGCGGCGATGCACCTTTTCCTTGCCAATCGCGGGATTTTGCT
GGCGCCGTTTCACAATATGATGTTGGTGAGCCCGGTTACCACGGACGATCAGATC
GACCGGCTGGTCGGCGCATTCGCCGACAGCGTGCAGGCATTGAAGGAGTGA 
 

> pQR2214 
ATGAACTATCCGGAATCAATCGCTGCACAGGTCGGTACGCCGCAGGGGCTGGAC
AACTACTGGCTGCCGTTTACGCCCAATCGCTATTTCCGCGAGCATCCGAAGCTGA
TCGCCGGGGCCGAGGGCGCTTACTTCATTCTTTCGGACGGCCGCAAGCTGTTCG
ATGCCCTGTCCGGGCTGTGGTGCTGTCCGCTCGGCCACGGCAACCCGAAGATCG
TTGAGGCGCTGGCGAAGCAGGCGAAGGCGCTCGATTACGCGACGGCCTTCCAGT
TCGCCAATCCGGTGACGCTCTCGCTCGCCGAACGCATCGCGACGATGGCGCCGG
AAGGGCTGACGCGCGTGTTCTTCGCCAACTCGGGTTCCGAGTCGGTCGATACGG
CGTTGAAGGTGGCCTACGGCTACCAGCGGCTGCGCGGCGAGGGCGGGCGCACC
CGCTTCATCGGGCGCGAGAAGGGCTATCACGGCGTCGGTTTCGGCGGCATGTCG
GTCGGCGGCATGGTCGCCAACCGCAAGATGTTCGGACCGATCATGGTGCCCGGC
GTCGATCACCTGCCGCACACCTACAACCTCTCGCAGATGGCCTTCTCCAAGGGCA
TGCCGACCTGGGGCGCGCATCTGGCCGAGGAACTGGAACGGATCGTCGCGCTG
CATGACGCCTCAACGATCGCCGCCGTCATCGTCGAACCGATGCAGGGTTCGGTC
GGCGTCATCGCGCCGCCGGTCGGCTACCTGCAGAAGCTGCGCGACATCTGCACC
AAGCACGGCATCCTGCTCATCTTCGACGAAGTGATCACCGGCTTCGGGCGCATG
GGTACCAACTTCGGCTCCGATTTCTTTGGCGTCACGCCCGACATCATCTGCTTCG
CCAAGGGCGTCACCAACGGCACCGTGCCGATGGGCGGCATCATCGTGCGCGAG
GAAATCTACCAGGCGTTCATGGGCGTCAACGCGCCGGAGTACGCCGTCGAGTTG
ATGCACGGCTACACGTATTCGGGTCATCCGCTGGCGGCCGCCGTCGGTCACGTC
GCGCTCGATGCGCTGGTGAACGACGGCCTGATCCAGCGTGCGGCGGAACTCGC
GCCGGTGCTCGAAGACGTGATCCACGGACTCAAGGGTGAGCCCGGCGTCATCGA
CATCCGCAACGTCGGCCTGGCGGCGGCGGTCGATCTCGAAGGCATTCCGGGCA
AGGTCGGGCTGCGCGCGCTGCGTACCTTCGAAGCGGGCATCGAGGAAGGGCTG
ATGCTGCGCTTCACCGCCGACACGATCGCCATGGGGCCGCCCTTCATCTCTACG
CGCGACGAGATCGAGGCGCTCGGCGAGAAGCTGCGCCGGGCGATCCGCAAGGC
GTTCTCGCAAACCTGA 
 

> pQR2215 
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ATGAGCGCCACGACCCCCGACCTGCTGTCGAACGGACAGCGCTATTACCTGCCG
GTCTACCGTCCGCGCGAGGTGATCCTGGAGCGCGGCCAGGGCGCGCGCGTCTG
GGACAGCGAGGGCCGCGAGTACCTGGACCTGTCGGCCGGCATCGCCGTGTGCG
GTCTGGGCCACAACGATCCGGACCTGGTCGCCGCGCTCACCGAGCAGGCGGGC
AAGCTGTGGCACACCAGCAACGTGTTCTACAGCGAGCCGCCGCTGAGGCTGGCC
GAGGAACTGGTGAGCGCCTCGCGTTTCGCCGAGCGCGTGTTCCTGTGCAACTCC
GGTGCGGAGGCCAACGAAGCGGCGATCAAGCTGGTGCGCAAGTGGGCGACCTC
GCAGGGCCGTGCGCCGGACCAGCGCGTCATCGTGACCTTCCGCGGCAGCTTCC
ACGGCCGCACGCTGGCGGCGGTCACCGCGACCGCGCAGCCCAAGTACCAGGAA
GGCTACGAGCCGCTGCCGGCCGGCTTCCGCTATGTCGACTTCAACGACCTGACC
CAGCTGGAGATCGCCATGTCGTGCGGCGACGTCGCCGCGGTGATGCTCGAGCC
GGTGCAGGGCGAGGGCGGCGTGATGCCGGCCGCCCCCGGCTTCCTGAGCGCC
GTCCGTGCGCTGTGCGACCACCATGGCGCGCTGCTGGTGCTGGACGAGATCCAG
GCCGGCATGGGCCGCACCGGCACGCTGTTCGCGCACTGGCAGGACGGCGTGGT
GCCGGACATCGTGACGCTGGCGAAGGCGCTGGGCGGCGGCTTCCCGATCGGCG
CGATGCTGGCCGGACCGAAGGTGGCCGAGGTGATGCAGTTCGGCGCGCACGGC
ACCACCTTCGGCGGCAATCCGCTGGCCGCCGCCGTCGCACGCGTGGCGCTGCG
CAAGCTGGCGTCGCCGCAGATCGCCAACAACGTGGCGCGCCAGTCGGCCGCCC
TGCGCAAGGGACTGGATGCAATCAACGCCGAGCTCGGCCTGTTCTCGCAGGTGC
GCGGTCGCGGCCTGATGCTGGGCGCGGTGCTCAACGCGAAGTACGCCGGCCGC
GCCGGCGAGGTGCTGGATCTCGCCGCGGCACAGGGCCTGCTGATGCTGCAGGC
CGGCCCCGATGTGCTGCGCTTCGTGCCGTCGCTCAACATCACCGACGCGGAAGT
GGCCGAAGGGCTGAAGCGCCTGCATACCGCGCTGAAGGCGTTCGCTGCGCGCT
GA 
 

> pQR2216 
ATGTCGCATGTGATGAATACCTATGCCCGCCTGCCGGTAACCTTCAGTCACGGTT
GCGGGTCCCGCCTGTTCGATGTCGAGGGCAAGGAGTATCTCGACGCCTTGTCCG
GCATTGCCGTTTCGACCTTGGGCCACGCCCATCCGAAACTGGTTGCCGCGCTTG
CCGCTCAGGCTGGCCGCATGCTGCATGTCTCCAACCTGTACCGGATCGCCGAGC
AGGAACAACTGGCCGACAAGCTGTGTTCGCTGTCCGGGATGCAGGAAGTCTTTTT
CGGCAATTCAGGCGCCGAAGCCAACGAGGCGGCAATCAAGCTGGCACGTTTCTA
CGGCCACAAGAAGGGCGTTGAACTCCCGACGGTGATCGTCATGGAGAAAGCCTT
TCACGGTCGCACTATGGCGACCTTGTCGGCGACCGCCAACCGCAAGGCGCAGGC
CGGTTTCGAGCCGCTGGTCAGCGGTTTCGTCCGGGTTCCCTACGGCGATCTCGA
CGCCATCAAGGCGGTGGCCGAGCACAACAAGAACATCGTCGCGGTGATGTTTGA
AATCATCCAGGGCGAAGGCGGCATCCATCTCGTCGATCCGGCTTTCTATCGCGG
CGTGCGCGAGCTTTGCGACCGGAACGAATGGCTGATGATGTGCGACGAAGTCCA
GTGCGGCATGGGACGAACCGGCAAATGGTTCGGCTTCCAGACCGCCGGCGTCCA
GCCGGATGTCGCGACCCTGGCCAAGGGCCTGGGTTCCGGGGTGCCGATCGGCG
CCTGCCTGGCCGGTGGCAAGGCCGCCGGCCTGTTCGGGCCGGGCAACCACGGT
TCGACCTTCGGCGGCAATCCGCTGGTGGCGACCGCGGCCCTGACCACCATCGC
GGTGATCGAGGAAGAGGGTTTGCTCGACAATGCCGCCAAGATCGGCGTGTTGAT
CCGCCAGGGCTTTGCCGAGGCACTGGCCGGGGTCAAGGGCGTGGTCGAGATTC
GTGGCCACGGACTGATGATCGGCATCGAACTCGAGCGTCCGTGCGGCGAACTGG
TTGGCCAGGCGCTGGCCGCCGGCCTGCTGATCAACGTCACGGCCGATACGGTG
GTACGCTTCCTGCCGCCGCTGAACTTCACCGAAAACGATGCCCGTGAGCTGGTC
GACCGTGTCGCACCGCTGATCAAGGCATTCCTCGCAGGGTGA 
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>pQR2217 
ATGACCACTGCCACGACCATAAATCCTGAAACCGTTGTCCTGCGCTTCCTGCGTG
CCCTGGAAAACCAGGACCACGACACCGTGGCCGAGCTGCTCTCTCCCGAGCTGG
TCTACAGCAATGTCTCCCTGCCCACCCTGCGTGGCGGGCAGAAAGTCTCCGGCC
TGTTCCGCCAGCTGCTGCGGCCAGCCACCGGCTTTGGTGTTGAAGTGCACAGCA
TCGCTGCCAAGGGCGATACCGTGATGACGGAGCGCACCGACATCATCTCGGCCG
GCCCGCTGAGCGTGAGCTTCTGGGTCTGCGGCACCTTCAAGGTCCGGGACGGC
CGCATCGTGCTCTGGCGCGACTACTTCGACTGGTGGGATATCTCCCGTGGCACC
CTGCGCGGCCTGGCCGGCATTGCCCTGCCGGGACTGCGCCAGCGTCCTTCTGTT
CCCCAGGCC 
 

>pQR2218 
ATGCAGTATCTCGACGAGAATGTTGAATATTATTCGGGCACGCGCCTCGTTATCG
GCAATGCTGCAACGGTCGAATTTTCCAAGCAGGGCGGGATCGCGCTTGGTCTCG
TGTCGTGGCGCGCCGAGACGCTTCACATCGCGGCGCATGGCGACGACGTCCTCT
ACGAACGCATCGACTATCAGATCAACGACGAGGGCGAAGTCGCGGTCGTGACGC
CGATCGCGGGCTGCATTCGCGTCAAGAACGGCAAGATCGTCCAGTGGCGTGACT
ATTGGGATGCCAAGGAACTGATCGAGTATGGCGTCACCTATCGCGCCAAGAAGG
GGCTTCCGCCGATCGAGTGGAAGACCGATCCCGCGACGAACACGCGCGTGGCG
CTTGCCTCGGCTGCC 
 

>pQR2219 
ATGACCGCCGAAGAGACGGTGCTGGCCTTTGTCGATGCGTGGAACCGGCTCGAC
GAGGACGCGATCTATGGCCTGATGGCGGACGGGATCGTCTATCACAACATGCCG
CTGAAGCCGGTTACGGGTCGGGAGGCGGTGCGTGCCTATCTCGTGTCATGGCCG
GTCGATTCCGCGGAATGGATCGTCCTCAACATCGCCGCCATGGGCAATGTCGTG
CTCACCGAGCGCATCGATCGCTTTGTGCGCGGCGAGGATCGCATCACCATTCCG
GTAATGGGCACGTTCGAGGTTGAAAACGGTCTGATCACGCACTGGCGGGACTATT
TCGACATGGGCGCGATGAAGCCGGAGCCGCGC 
 

>pQR2220 
ATGCAGAAGCCGCTCGATGTCGTACTCGAATTCTTCGACCATTGGGGGCCGACCA
AGGCAGCCTTGAAGGACTCGATGCGAACCTATCTCACCGAGGATGCGGTGTGGG
AAAATGTCGGCATCGCCCGCACGGTCGGGATCGAGGAGGCGATCGGCTGCGTC
GATGCCTTCAACGACAAGGCGCCTTTCGAGTACATCACAGTCGAGATGATCCATG
CTGCAACCAGCGGCGACGCCGTCCTTACCGAGCGCATCGACCATTTCCACGCCG
CCGACGGCACGATTCTCTCCAGCCTGCGCATGATGGGAGTCTTCGAACTGCGCG
GCGGCAAGATTGCGGCGTGGCGCGACTATTACGATACCGCCGGCTTCGTC 

13.2 Amino acid sequence  
Protein sequences correspond to cloned genes; amino acids in bold correspond to the 

vector sequence. 

 

> pQR2188 
MGSSHHHHHHSSGLVPRGSHMSADDTPSALAEHYARQNLDAPGSLDHFWMPFTAN
KQFKAKPRLLASASGMYYKDVDGNEVLDATAGLWCCNAGHARPRIVEAVRQQIGTLD
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FAPNFSMSSPLPFKLAERLAALAPGDLNRVFFSNSGSEAVDSALKIALAYHRVRGEGQ
RTRFIGREKGYHGVGFGGMSVGGLPNNRKWFGPGLPAVSHIRHTLDVARNAFSKGL
PPHGIELAEDLERQIALYDASTIAAVIVEPVSGSAGVVIPPEGYLQRLREICDKHGILLIF
DEVITGFGRVGHAFGAQRFGVTPDMITAAKGITNGCVPMGATFVSERLFDAFMNGPD
NAIDMFHGYTYSGHPLACAAALATLDTYEEEHLFDKALSLGDYWQEALHSLKGLPNIID
IRNIGLVGAIELAPRAGAPGTRAYDVFARAFHEGHLLTRVTGDVIALSPPLIVEKDHIDRI
VNVLADTIRATAEHHHHHH 
 
> pQR2189 
MGSSHHHHHHSSGLVPRGSHMPRNHDIAELRRLDVAHHLPAQADWAEIEKLGGSRII
THAEGCYIHDGDGHRILDGMAGLWCVNVGYGREELVEAAAAQMRELPFYNTFFKTAT
PPTVTLAAKIASLTGNRLPHIFFNASGSEANDTVFRMVRHYWKLKGEPKRTVFISRWN
AYHGSTVAGVSLGGMKAMHAQGDLPIPGIEHVRQPYSFGEGQGMTEEEFCDACVHA
IEDKILEVGPENCAAFIGEPVQGAGGVVIPPKGYWPKVEAVARKYGLLVVSDEVICGF
GRTGKMWGHETMGFTPDLMSMAKGLSSGYLPISATAVATHVVDVLKTGGDFVHGFT
YSGHPVAAAVALKNIEIIEREGLVERTGSVTGPHLAKALATLNDHPLVGETRSIGLLGAV
EIVGEKVTRARFGGAEGTAGPMARDACIANGLMVRGIRDSLVMCPPLIISTEQIDEMVA
IIRKSLDEVMPKLRALEHHHHHH 
 

> pQR2190 
MGSSHHHHHHSSGLVPRGSHMNKNERLAQRDLRHVWHPCTQMQDHEQLPIVPIQR
GQGVWLEDFEGRRYLDAVSSWWVNLFGHANPRINNAVKEQLDTLEHVILAGFTHEPI
VELSERLVQLAPKGLTRCFYADNGSAATEIALKMSLHFWRNVGKAEKTRFICLENGYH
GETLGSLSVTDIPLFSATYAPLLKDHLRAPSPDCSRRDEGESWESFSRRQFAAMEALL
EKHHAEVSAVILEPLVQGAAGMKMYHPVYLTLLREACDRYGVHLIADEIAVGFGRTGT
LFACEQAGITPDFLCLSKGLTAGYLPMSVVMTTDTVYNAFYDSYESLKGFLHSHSYTG
NALAARAALASLDIFASDNVLEKNKLLAATMTDALRGLGDHQHVLEVRQTGMIAAVEL
VQDRRTRQPFDWRERRGLQIFQHALDKGVLLRPIGSVVYFIPPYVITPEEIRLMVDVAA
AAIDVATAGTASRPGPGNIALEHHHHHH 
 
> pQR2191 
MGSSHHHHHHSSGLVPRGSHMSGQRDQELRARAAKVMPSSAFGHVGTALLPANYP
QFFERAEGAYVWDADGNRYLDYMCAFGPNLLGYRDPRVESAASAQAARGDVMTGP
SPLAVELAEKFVEIVSHADWAFFCKNGTDATTIARTIARAQTGRRKILIAEGSYHGAAP
WCNPFPAGTVPEDRAHMLTFTFNDIASLEAAVAEAGDDLAGIIATPFKHEAFANQEFP
TQDYARRCREICDASGAVLVVDDVRAGFRLAVDCSWATVGVKPDLSCWGKCFANGY
SISAVMGSNRVKQGADSIFATGSFWQSAISMAAALATLDIIRDGKVIEKTVRLGQRLRD
GLDEVSRRHGFTLNQTGPVQMPQILFEGDPDFRVGFAWTSAMIDRGFYLHPWHNMF
LCDAMTEEDIDQTIEAADSAFATVRAALPTLQPHERVLALFSARAEHHHHHH 
 

> pQR2192 
MGSSHHHHHHSSGLVPRGSHMTRIVAIVQARMGSTRLPNKVMRPIAGIPMIEVLLKRL
AQSQRIDQICLATADDVRNQPLVAHVQQLGYAVYQGSEHDVLDRFYHAAEQMQADV
VIRITGDCPLIDAALVDLVIDRFLQGDVDYVSNAVPPTYPDGLDTEVFSMAALRQAWQ
QATSTFDHEHVTPYLRDSGKFRLAVVSGEHDYSGERWTVDEPADFDVITQIFAHFAP
RLDFSWTEVLALCHTQPQLFAANQHLIRNEGAHMGTGQKLWKRAKNVIAGGNMLLSK
RPEMFLPEQWPAYFSRAQGCTVWDLDNQAYTDMIMGIGTNTLGYGHPEVDDAVRRT
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IDAGNMSTFNCPEEVYLAEKLIELHPWADMVRFARSGGEANAIAIRVARAATGKSKVAI
CGYHGWHDWYLAANLGDDKNLAGHLLPGLEPNGVPESLRGTIYPFNYNNFAELEALV
NSQDIGVIKMEVSRNHGPEDGFLHKVRELATARGIVLIFDECTSGFRQTFGGLHKLYG
VEPDMAMFGKALGNGYAITATIGRREVMEAAQTTFISSTFWTERIGPTAALKTLEVME
RERSWDTITQTGLAITERWKTLAARHGLSINTNGLPALTGFAFNSPNALAYKTLITQEM
LGKGYLAGTSVYVCTAHTPEIVDGYFAALDPIFGVIRECEDGRDVMSLLKGPICHAGFK
RLEHHHHHH 
 

> pQR2193 
MGSSHHHHHHSSGLVPRGSHMSHVMNTYARLPVAFSHGKGSRVTDTEGREYLDAL
SGIAVNTLGHAHPRLVAAIAEQAGRLIHTSNLYGAVGQERLADRLCALSGMQEVFFGN
SGAEANEAAIKLARFYGHKKGIELPTVIVMEKSFHGRTMATLSATGNYKVQVGFEPLV
AGFVRVPYGDLDAIRAVAEQNPNIVAVMLEVIQGEGGIHLREPAYYQGVRQLCDAHD
WLMICDEVQCGMGRTGKWFGYQQVGVQPDIATLAKGLGSGVPIGACMAGGRAAGL
FGPGNHGSTFGGNPLVCAAALTTLDCIEEEGLLANAENIGKLIRQRLAAGLADARGVV
DIRGHGLMIGIELDRPCGVLVTQGLAAGLLINVTGDTVVRLLPPLNFSERDASELVDRM
IPLIKAFLAGEHHHHHH 
 

> pQR2194 
MGSSHHHHHHSSGLVPRGSHMSQGNQQLFERAQKHIPGGVNSPVRAFRSVGGTPR
FFAKGRGARVTDADGKTYLDYVGSWGPLILGHAHPEVVKAVQEAASDGLSFGAPTER
EVEMAELLCAMLPSLDMVRLVSSGTEATMSAIRLARGHTGRDLLIKFEGCYHGHSDG
LLVKAGSGLLTFGNPSSGGVPADVAQHTMVLDYNDVGQLEAAFTEHGDRIAAVIVEPV
AGNMNLIAPLPAFLKTMRALCTQHGAVLIFDEVMTGFRVGPQCAQGFYGITPDLTTLG
KVIGGGMPVGAFGGKREIMEKIAPLGPVYQAGTLSGNPVAVAAGLATLRLIQAPGFYD
ALAASTRALCAGLTEAAKRHGIAFSAQSVGGMFGIYFRASCPTSYAEVMECDKEAFN
RFFHAMLDAGHYLAPSAFEAGFVSATHSQADIAETVAAAGRWFASLQPSEHHHHHH 
 

> pQR2195 
MGSSHHHHHHSSGLVPRGSHMSFAVTDPTPTAPVRTDAAWLDAHWMPYTGNRQFK
ANPRMIVEGSGAYYTDSEGRKIFDGLSGLWCAGLGHGRREIAEAISKQAMKLDYAPA
FQFGHLLSFELANRVKELTPAGLDYVFFTGSGSESADTSLKMARAYWRAKGQGTKTR
LIGREKGYHGVNYGGISVGGIVGNRKLFGQGVEADHLPHTQPPAGSFHKGMPPTGKE
LADRLLEVIGLHDASNIAAVIVEPFSGSAGVVIPPVGYLQRLREICTQNNILLIFDEVISGF
GRSGAFTGAEAFGVTPDILNFAKQVTNGAQPLGGVIASKEIYDTFMAAGGPEYMLEFP
HGYTYSAHPVACAAGIAALDILQKEDMIGRVKALAPYFENAVHSLKGAKHVADIRNFGL
AAGFTIAAVPGEPAKRPYEIAMKCWEKGFYVRYGGDTIQLAPPFISTSAEIDRLVSALG
DALQETAEHHHHHH 
 

> pQR2196 
MGSSHHHHHHSSGLVPRGSHMSNRLKVAPNDLSAFWMPFTSNRQFKQAPRMLAAA
KDMHYTTTDGRKILDGTAGLWCVNAGHCRPKITEAIQQQAGELDYAPAFQMGHPIVF
ELSNRLIDIAPAGMEHVFYTNSGSESVETALKIALAYHRAKGNGSRSRLIGRERGYHG
VNFGGISVGGIVNNRKMFGSLLTGVDHMPHTHNLAKNAFTKGEPEHGAELADELERIV
TLHDASTIAAVIVEPVAGSTGVLIPPKGYLKRLREICTKHGILLIFDEVITGFGRLGTPFAA
DYFDVQPDIITTAKGITNGVIPMGAVFVTKEIHDAFMNGPEHVIEFFHGYTYSGNPIACA
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AALGTLDTYKEEGLLTRGAELAPYFEEALHSLKGEPNVIDIRNIGMVGAIELEPIAGSPT
KRAFQAFVKAYEKGCLIRTTGDIIALSPPLIITKGQINELVDHVRDVLRAVDEHHHHHH 
 

> pQR2197 
MGSSHHHHHHSSGLVPRGSHMPTYARQPIAFVRGRGSWLYTADGTAYLDALTGIAV
CGLGHAHPTVAAAIADQAATLVHTSNLFEVPWQEAAGRLLCDVGGMQQCFFANSGA
EANEAAIKLARMHGYKKDFQAPKIIVMEKSFHGRTLATLSATGNEKVQKGFYPLNDSF
LRVPFGDVAAIEALAAQHSEIVAILVEPIQGEGGINTAPQGFVYLEQLRALCDQHDWLL
MVDEIQTGNGRTGTYFAYQHTSITPDVLTTAKGLGNGFPVGACLVSGKATQLFSAGN
HGSTYGGTPLACRTVHTVIETLQTEQAMDNAARVGQWLKAQFTTQLAELGVEVRGF
GMMIGIELPKACGALVARARDEQHLILNVTADNVIRLLPPLNLSDVDAQDLVNRLVPLV
KDFLAAEHHHHHH 
 

> pQR2198 
MGSSHHHHHHSSGLVPRGSHMSSRNQQLFDAAQRHIPGGVNSPVRAFRSVGGAPR
FFTRGEGPRVWDAEGKSYLDYVGSWGPLILGHAHAPTVKAVQEAAALGLSFGAPTEA
EIEIADLLCDILPSLDMVRLVSSGTEATMSAIRLARGHTGRDLLVKFEGCYHGHSDSLL
VKAGSGLLTFGNPSSGGVPADVAKHTLVLEYNNAEQLAEAFAKQGSEIAAVIVEPVAG
NMNLIAPKPGFMQAMRELCSKHGAVLIFDEVMTGFRVGPQCAQGLFGITPDLTTLGK
VIGGGMPVAAFGGKREIMEKIAPLGPVYQAGTLSGNPVAVAAGLVTLKATRAPGFYDS
LAARTKQLTDGLTAAAKKHGVTFCAQSVGGMFGLYFSATPPTSFAEVMQCDKEAFNR
FFHAMLEAGH YLAPSAFEAGFVSAAHTEADIAATIAAAEAIFAKGVEHHHHHH 
 

> pQR2199 
MGSSHHHHHHSSGLVPRGSHMTDSIRPSSNADWFKAASQHIPGGVNSPVRAFKGV
GGTPVFVTKAQGAYLFDAEGKRYIDYIGSWGPMILGHAHPDVIKAVQDAAADGLSFGA
PTPSEVTVADWICQIMPSMDMVRMTSSGTEACMSAIRLARGYTRRDKIVKFEGCYHG
HADSLLVKAGSGMLTLGVPTSLGVPADLAQHTLTLPFNDIDAVKACFAQYGQQIACVIV
EPVAGNMNLVLPIQGFLETLRSECDQAGSVLIFDEVMTGFRVALGGAQAHYGVTPDL
TTLGKIIGAGLPVGAFGGKRAIMECIAPLGGVYQAGTLSGNPLAMRAGMAMLKLISEP
HFYAMLSGKLAYLLGGLKALADEIGIALQTQQAGGMFGIYFTQSTDLTSYEAMTHCDIA
AFREFFHGMLKRGVYLAPSAFEAGFISSAHSQTDLDETLDAARDTLLEMKAGIAQFEG
EHHHHHH 
 

>pQR2200 
MTRLDTHTLQKLDAEHHLHPFNDNAALAKKGTRILTKGEGCYVWDADGNQLLDAFAG
LWCVNIGYGRKELGEVASKQMTQLAYYNSFFQCTTEPTIALAAKLAELAPGDLNHSFF
VNSGSEANDTILRMVRHFWAVQDQPQKNIFIGRHDGYHGTTMAGASLGGMKGMHK
QGGLPIPDIHHINPPFWFADGGDLSEDEYGLVAARRLEQKILELGPDRVAAFIGEPIMG
AIGVYIPPKTYWPEIERICRQHDVLLVADEVICGFGRTGEWFGSQYFGFQPDIMPIAKG
ITSGYIPLGAAMFNDRVAKVLKEQGGELAHGATYSGHPVCAAVALENIRILQDEKIVET
AKNDIAPYLAQRWAELGEHRLVGQARIAGMVGALELVPDKGKRAFFPERGTVGPRCR
DHALKHGLILRATWDAMLLSPPLIITRAQVDELFDKTWRALNDTATDLGMHHHHHH 
 

> pQR2201 
MALTDHLAPLRAHKGQRLTQGLDDATIERLAKGHPDLVAAIEAAAAEHARLQDEFAEL
LAMDEAEQLRAVQAGYVNFYADDAINPYIALAARGPWVVTLNGAVLYDAGGYGMLGF
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GHTPAAVLEAMARPQVMANIMTPSLSQLRFDRALRNEIGHTRGGCPFAKFLCLNSGS
ESVGLAARIADINSKLMTDPDGRHAGRTIKRIVVKGSFHGRTERPALYSDSSRKSYQQ
HLASYRGEDSVIAIPPYDVDALKQAFADAEAKGWFVEAVFLEPVMGEGDPGRSVPPA
FYAAARELTRSHGSLFLVDSIQAGLRAHGVLSIIDYPGFEGLDAPDMETYSKALNAAQY
PLSVLAVNERAAGLYRKGVYGNTMTTNPRALDVACATLAQLTPQVRENIRKRGVEAV
QKLQQLQGELGGLITNVQGTGLLFSCELSPAFKCYGTGSTEEWLRQQGLNVIHGGAN
SLRFTPHFAMDGEELELLVGMVGRALREGPRISQAAAAHHHHHH 
 
> pQR2202 

MSHVMNTYARLPVAFSHGDGSWVTDTDGRIYLDALSGIAVSTLGHNHPELVAAIAAQA
GRLLHTSNLYRMPQQELLADKLTSLAGMDEVFFCNSGCEANEAAIKLARYYGHQQGV
ESPAIIVMEKAFHGRTMATLSATGNRKTQAGFEPLVSGFVRVPYNDMAAIRAIAEHNK
SVVAVMLEIVQGEGGINIADLDYQRALRQLCDENGWLLICDEVQCGMGRTGTWFGFQ
HAGIRPDIVTLAKGLGGGVPIGACLTAGKAACLFKPGNHGSTFGGNQLATTAALTTIDV
VERDRLIANAESVGELIRKELAKALAGLTGVVDIRGQGLMIGIELDRPCGELVARALEA
GLLINVTADKVVRLLPALTFSMDEGRELVARLSLLIRNFLASHHHHHH 
 
> pQR2203 
MTSRNEELFARAQKHIPGGVNSPVRAFRSVGGTPLFFQKGAGSQVQDTDGKWYTDY
VGSWGPMILGHAHPQVIAAVQAAVVDGLSFGAPTEREVEIADLLCDMVPSLDMVRLV
SSGTEATMSAIRLARGFTGRDILVKFEGCYHGHADHLLVKAGSGLLTFGNPSSGGVP
AGTAETTMVLTYNDPQGLAEAFKTHGDKIAAVIVEPVVGNMNLIAPTPEFLKAMRDLTA
QYGAVLIFDEVMTGFRVGLKSAQGLFGITPDLSTFGKVVGGGMPMGAFGGRREIMEK
IAPLGPVYQAGTLSGNPIATAAGLATLKLIQAPGFHETLTAKTKALCDGLVAAAQKHGV
AFSAQNVGGMFGLYFAERCPGSYDEVLACDKEAFNRFFHAMIEAGHYFAPSAFEAGF
VSAAHSDAEIAATVAAADAWFATQRHHHHHH 
 
> pQR2204 
MTITPLMPVYPRCGVRPVRGEGAYLIGDRGERYLDFASGIAVNLLGHGHPHLTKAIQD
QAATLMHVSNLYGSPQGEAYAARLVENTFADTVFLTNSGAEAVECSIKTARAYHSSA
GNAEKHTLITFNNAFHGRTLGTISATNQEKLRKGFDPLLPGFAYAPFDDINAALDLVDD
NTAGFLVEPIQGEGGIRPASQPFLQALRDICDKRDLMLIFDEVQCGVARTGHLYAYEH
FGVTPDIMASAKGIGGGFPMGACLATEKAARGMVIGTHGSTYGGNPLACAAGQAVLD
VVLEEGFLASVRTTGERLRGALEQLIPNHDQLFDSVRGVGLMLGLKLSSDSRAFVAHL
RDNHGLLTVAAGENVVRVLPPLNIDDSHIAEFIEKLSAGAASYTPPEAHHHHHH 
 
> pQR2205 
MSSPHPQPASLARRSLDAVWHPCTQMARAEHLPPLAIARGNGPWLEDTAGQRYFDA
NSSWWVNLFGHSDAGVHNAIREQLGTLPHVMLAGCTHEPAVRLAERLGARTGGALG
HAFFASDGASAVEIALKQSFHSWRNLGQAQRREFVCLQNGYHGETIGALAVTDVAVF
RDAYDPLLMRAHTVESPDERRGNEAAALAAMRALLAERAEHIAAVIVEPLVQGAAGM
VMHGPGYLRGLRALTREFGVHLIADEIAVGCGRTGTFFAWEQTEPTGPADWPDFILLS
KGITAGTLPLSLVLSSEAVYRAFWSEDVGRGFLHSHSYTGNALACAAANAVLDRFDA
GQAERVRVQAACLATHCAPLATHPRVRHWRQRGLILAFDVAEAGAGFSERFHLAAR
RHGLLIRPIGATVYLMPPYLIEDESAAFLARAVAAALDDVTAKDHHHHHH 
 
> pQR2206 
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MNHDQSHALFARAQQLLPGGVNSPVRAFKSVGGEPFFVQRADGAYLHDVDGNRYID
YVGSWGPMIVGHNHPAVREAVQAAIQNGLSYGAPCPAEVTMAETITRLVPSCEMVR
MVNSGTEATLSAIRLARGATGRNRIVKFEGCYHGHGDSFLVKAGSGMLTLGVPTSPG
VPAGLSELTLTLSYNDFEGATALFEQYGSEIACLIIEPVVGNANCLPPREGYLQHLRAL
CTQHGALLIFDEVMTGFRVALGGAQAHYGITPDLTTFGKIIGGGMPVGAYGGRRALM
QQIAPAGPIYQAGTLSGNPVAMAAGLAMLELIQARGFHDGLAAATAALCEGMEAAAR
DAGVPLTTTRVGAMFGLFFTDQQVDTYAQAVACDTAAFNRFFHAMLERGVYLAPSAF
EAGFMSSAHTPDVIDATISAARDAFKVVAAGHHHHHH 
 

> pQR2207 
METPFAAAPAANALMWITQRPQLVFAEGRGSWLVDQQGKRYLDFVQGWAVNCLGH
GHPAIVEALASQAGKLINPSPAFYNEPSLKLAAGLAAHSCFDRVFFASTGAEANEGAIK
LARKWGQKHKGGAHEIITFAGGFHGRTLATMSASGKPGWDTLFAPQVPGFPKAQLN
DLDSVAALINERTVAIMLEPIQGEGGVVPASVEFLQLLRQICDDRGLLLIVDEVQTGMG
RTGKLFAHQHAGIEPDIMTLGKGIGGGVPLSALLAKESVCCFEAGDQGGTYNGNPLM
TAVGVAVLEVLTAPGFLDEVAAKGEYLGAGLQRLSDRLGLRGERGEGLLRALLLADE
RGPAIVEAARERGPEGLLLNAPRPHLLRFMPSLTVSREEIDQMLAWLEELLGAHHHHH
H 
 
> pQR2208 
MTLRNYDMAELKRLDLAHHLPAQASYGLIRDLGGSRIITRAEGSTIWDAEGNAILDGM
AGLWCVDVGYGRAELAEVAREQMLELPYYNTFFRTATPPPVKLAAKIAGLLGGSLQHI
FFNSSGSESNDTVFRLVRTYWALKGQPERTIFISRRNAYHGSTVAGVSLGGMAAMHA
QGGLPIAGIEHVMQPYAFGEGFGEDPEAFAARAAQEIEDRILAVGPEKVAAFIGEPVQ
GAGGVIIPPPGYWPRVDAICRKYGILLVSDEVICGFGRLGEWFGFQKYGYTPDIVSMA
KGLSSGYLPISATGVSSEIVETLRASGDDFVHGYTYSGHPVAAAVALRNLEIIKREGLV
DRVRDDLAPYFAKALATLDDHPLVGEARSVGLLGAVEIVSEKGTNHRFGGKEGTAGP
VVRDHCIAGGLMVRAIRDSIVMCPPYVITHDEIDRMVAIIRSALDKAAVDLGGGAHHHH
HH 
 
> pQR2209 
MNHPSALPSAASLMPIATRPDVLFVRGQGAWLFDAAGRRYLDWMQGWAVNCLGHS
PQVIVDAVAQQAATLLNPGPAFHNLPAMRLAEKLTAHSGFDHVFFASSGAEANEGAIK
LARKWGQLHKGGAHEIVTFVDGFHGRTLATMSASGKPGWDTLFAPQVAGFPKARLN
DIATVDRLIGPKTVAVMLEPIQGEAGVIPASGDFLRQLRQLCDERQLLLIVDEVQTGVG
RTGHLFAHSAHGIQPDIMTLGKGLGGGLPISALLATRAASCFAPGDQGGTYCGNPLVC
AAGLAVLDTLLADGFLAASRQRGEQLADALRTLSAELGLGAVRGEGFLLALELGADLG
PAIATRARDLGLLVNAPRAHCLRLMPALNTSAAEIAEGIALLRRAIADVQEAQAHHHHH
H 
 

> pQR2210 
MSVSTTADLLAHGQRYYLPVYRPREVILERGEGARVWDSEGREYLDLSAGIAVCGLG
HNDPDLVAALTEQAGKLWHTSNVFYSEPPLRLAEELVTASRFAERVFLCNSGAEANE
AAIKLVRKWAASQGRAPDQRVIVTFRGSFHGRTLAAVTATAQPKYQEGYEPLPGGFR
YVDFNDVTQLEIAMSCGDVAAVMLEPVQGEGGVMPAASGFLRAVRELCDHHGALLV
LDEIQAGMGRTGTLFAHWQDGVVPDIVTLAKALGGGFPIGAMLAGPKVAQAMQFGAH
GTTFGGNPLAAAVARVALRKLASPQIANNVARQSVALRKGLDAMNAELGLFSQVRGR
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GLMLGAVLDAKYAGRAGEVLDLAAAKGLLMLQAGPDVLRFVPSLNITDEEVGEGLSRL
HAALRAFAKPGHHHHHH 
 

> pQR2211 
MSVQHDPVQRADFDQYLVPNYAPAAFVPVRGLGSRVWDQSGRELIDFAGGIAVNAL
GHCHPALVKALTEQANTLWHISNVFTNEPTLRLAHKLVDATFAERVFFCNSGAEANEA
AFKLARRVAHDRFGPEKYEIIAALNSFHGRTLFTVSVGGQPKYSDGFGPKIEGITHVPY
NDLDALKAAISDKTCAVVLEPIQGEGGVLPADKAYLEGARALCDQHNALLVFDEVQSG
MGRSGELFTYMHYGVTPDILSSAKSLGGGFPIGAMLTTTELAKHLAVGTHGTTYGGN
PLACAVAEAVLDIVNTPEVLQGVKAKSEQFKQRLLAIGERYGMFAEVRGLGLLLGCVL
NDAWKGKAKAVLDAAAAEGVLVLQASPDVVRFAPSLVVEEADIVDGLDRFERAVAKL
AQGHHHHHH 
 
> pQR2212 
MADTSPVWHPFTQHGLGDPIPLISHAKDAKLYAADGQSWIDAISSWWVTTHGHAHPR
IMAAIRAQTEKLDQLIFAGWTHEPAESLAAELIRITPAPLTRVFFSDSGSTSVEVALKMA
LGYWYNIGEPRSRILVLEHSYHGDTIGTMSVGERGVYNRAWQPLLFDVDTIPFSYEG
MEQATLDALEAACSAKPAAFIVEPLILGAGGMLIYPAWVLAEMRAICARHGVLFIADEV
MTGWGRTGTRFACDSAGVIPDIVCLSKGLTGGALPLAVTLCIEPIFEAHFSTDRSKTFY
HSSSYTANPIACAAANANLEIWREEPVQQRIDALAEAQAAHLSLLSHDPRVQNPRRLG
TIAALDIVVADSGYLSNLAPRLIAFYRDHGVLLRPLGNTLYVMPPYCITPDELAQVWSAI
TASLDAVHHHHHH 
 

> pQR2213 
MISPAAIARVAEREADRFRAANTRAFAHHAAATGWFQSVPFHWMKDWPSPVPIVAAS
AKDAALTSIDGQTYDDFCLGDTASLFGHSPPALAAALARQAGEGLSYMLPTGRGAAL
SERLAVMFALPQWQVTTTASEANRAVIRWCRGISGRPKILTFNGAYHGAVDDAFVDL
KAGAPTMRASLIGQAHDLCTTTAVIEFNDEDALANALRGGDVACVLAEPVMTNVGMV
RDAPGFLATLRRLCDETGTLLVFDETHTISSGYGGHSVTHGPAPDLIVIGKSIGGGVPC
AIYGFSAVVAERMAALNQSRPPGHSGIGTTLSANALAITAMDAMLGEVITSAAYDHML
RGAARLVAGLEQEIAHVGLDWHVTQVGARVEFLTCPTPPRNGSEAKAAMHLELEAA
MHLFLANRGILLAPFHNMMLVSPVTTDDQIDRLVGAFADSVQALKEHHHHHH 
 

> pQR2214 
MNYPESIAAQVGTPQGLDNYWLPFTPNRYFREHPKLIAGAEGAYFILSDGRKLFDALS
GLWCCPLGHGNPKIVEALAKQAKALDYATAFQFANPVTLSLAERIATMAPEGLTRVFF
ANSGSESVDTALKVAYGYQRLRGEGGRTRFIGREKGYHGVGFGGMSVGGMVANRK
MFGPIMVPGVDHLPHTYNLSQMAFSKGMPTWGAHLAEELERIVALHDASTIAAVIVEP
MQGSVGVIAPPVGYLQKLRDICTKHGILLIFDEVITGFGRMGTNFGSDFFGVTPDIICFA
KGVTNGTVPMGGIIVREEIYQAFMGVNAPEYAVELMHGYTYSGHPLAAAVGHVALDA
LVNDGLIQRAAELAPVLEDVIHGLKGEPGVIDIRNVGLAAAVDLEGIPGKVGLRALRTFE
AGIEEGLMLRFTADTIAMGPPFISTRDEIEALGEKLRRAIRKAFSQTHHHHHH 
 
> pQR2215 
MSATTPDLLSNGQRYYLPVYRPREVILERGQGARVWDSEGREYLDLSAGIAVCGLGH
NDPDLVAALTEQAGKLWHTSNVFYSEPPLRLAEELVSASRFAERVFLCNSGAEANEA
AIKLVRKWATSQGRAPDQRVIVTFRGSFHGRTLAAVTATAQPKYQEGYEPLPAGFRY
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VDFNDLTQLEIAMSCGDVAAVMLEPVQGEGGVMPAAPGFLSAVRALCDHHGALLVLD
EIQAGMGRTGTLFAHWQDGVVPDIVTLAKALGGGFPIGAMLAGPKVAEVMQFGAHGT
TFGGNPLAAAVARVALRKLASPQIANNVARQSAALRKGLDAINAELGLFSQVRGRGLM
LGAVLNAKYAGRAGEVLDLAAAQGLLMLQAGPDVLRFVPSLNITDAEVAEGLKRLHTA
LKAFAARHHHHHH 
 

> pQR2216 
MSHVMNTYARLPVTFSHGCGSRLFDVEGKEYLDALSGIAVSTLGHAHPKLVAALAAQ
AGRMLHVSNLYRIAEQEQLADKLCSLSGMQEVFFGNSGAEANEAAIKLARFYGHKKG
VELPTVIVMEKAFHGRTMATLSATANRKAQAGFEPLVSGFVRVPYGDLDAIKAVAEHN
KNIVAVMFEIIQGEGGIHLVDPAFYRGVRELCDRNEWLMMCDEVQCGMGRTGKWFG
FQTAGVQPDVATLAKGLGSGVPIGACLAGGKAAGLFGPGNHGSTFGGNPLVATAALT
TIAVIEEEGLLDNAAKIGVLIRQGFAEALAGVKGVVEIRGHGLMIGIELERPCGELVGQA
LAAGLLINVTADTVVRFLPPLNFTENDARELVDRVAPLIKAFLAGHHHHHH 
 
>pQR2217 
MGSSHHHHHHSSGLVPRGSHMTTATTINPETVVLRFLRALENQDHDTVAELLSPELV
YSNVSLPTLRGGQKVSGLFRQLLRPATGFGVEVHSIAAKGDTVMTERTDIISAGPLSV
SFWVCGTFKVRDGRIVLWRDYFDWWDISRGTLRGLAGIALPGLRQRPSVPQAEHHH
HHH 
 
>pQR2218 
MGSSHHHHHHSSGLVPRGSHMQYLDENVEYYSGTRLVIGNAATVEFSKQGGIALGL
VSWRAETLHIAAHGDDVLYERIDYQINDEGEVAVVTPIAGCIRVKNGKIVQWRDYWDA
KELIEYGVTYRAKKGLPPIEWKTDPATNTRVALASAAEHHHHHH 
 
>pQR2219 
MGSSHHHHHHSSGLVPRGSHMTAEETVLAFVDAWNRLDEDAIYGLMADGIVYHNMP
LKPVTGREAVRAYLVSWPVDSAEWIVLNIAAMGNVVLTERIDRFVRGEDRITIPVMGTF
EVENGLITHWRDYFDMGAMKPEPREHHHHHH 
 
>pQR2220 
MGSSHHHHHHSSGLVPRGSHMQKPLDVVLEFFDHWGPTKAALKDSMRTYLTEDAV
WENVGIARTVGIEEAIGCVDAFNDKAPFEYITVEMIHAATSGDAVLTERIDHFHAADGTI
LSSLRMMGVFELRGGKIAAWRDYYDTAGFVEHHHHHH 
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14 Appendix VI – UV-Vis spectra 

 
Figure 54. UV-Vis spectra of amines 51b-57b between 190-840 nm. 
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15 Appendix VII – Traces 

15.1 HPLC traces 

 
Figure 55. Chromatogram of acetophenone using HPLC method A. Retention time 9.5 min 

 
Figure 56. Chromatogram of amine 51b using HPLC method B. Retention time 6.5 min. 

 
Figure 57. Chromatogram of amine 53b using HPLC method B. Retention time 5.3 min. 

 
Figure 58. Chromatogram of amine 52b using HPLC method B. Retention time 7.0 min. 
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Figure 59. Chromatogram of amine 54b using HPLC method B. Retention time 5.4 min. 

 
Figure 60. Chromatogram of amine 55b using HPLC method B. Retention time 6.7 min. 

 
Figure 61. Chromatogram of amine 56b using HPLC method B. Retention time 5.4 min. 

 
Figure 62. Chromatogram of amine 57b using HPLC method B. Retention time 6.0 min. 
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Figure 63. Chromatogram of ketone 58a using HPLC method B. Retention time 10.3 min. 

 
Figure 64. Chromatogram of amine 58b using HPLC method B. Retention time 7.4 min. 

15.2 GC Traces 

 
Figure 65. Chromatogram of racemic 51b using GC method A. Retention times 7.4 & 7.5 min. 

 
Figure 66. Chromatogram of (R)-51b using GC method A. Retention time 7.3 min. 

=====================================================================
Acq. Operator   : SYSTEM                         Seq. Line :   2
Acq. Instrument : HPLC                            Location :   91
Injection Date  : 25/09/2017 18:00:53                  Inj :   1
                                                Inj Volume : 10.000 µl
Acq. Method     : C:\Chem32\1\Data\7 mem SM calibration curve 2017-09-25 17-44-06\Leona_204_
                  acetonitrile_10muL_15min.M
Last changed    : 25/09/2017 17:44:07 by SYSTEM
Analysis Method : C:\Chem32\1\Data\Leona\7 mem SM calibration curve 2017-09-25 17-44-06\Leona
                  _204_acetonitrile_10muL_15min.M (Sequence Method)
Last changed    : 25/09/2017 17:44:07 by SYSTEM
Additional Info : Peak(s) manually integrated

min2 4 6 8 10 12 14

mAU

-500

0

500

1000

1500

2000

 VWD1 A, Wavelength=204 nm (Leona\7 mem SM calibration curve 2017-09-25 17-44-06\091-0201.D)

Area: 3208.49

10
.26

4

=====================================================================
                         Area Percent Report
=====================================================================

Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: VWD1 A, Wavelength=204 nm

Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
----|-------|----|-------|----------|----------|--------|
   1  10.264 MM    0.0872 3208.48828  613.14825 100.0000

Totals :                  3208.48828  613.14825

=====================================================================

Data File C:\Chem32\1\Data\Leona\7 mem SM calibration curve 2017-09-25 17-44-06\091-0201.D
Sample Name: 7 mem SM CC7

HPLC 15/02/2018 12:03:45 SYSTEM Page 1 of 2

=====================================================================
Acq. Operator   : SYSTEM                         Seq. Line :   1
Acq. Instrument : HPLC                            Location :   1
Injection Date  : 27/07/2017 12:04:53                  Inj :   1
                                                Inj Volume : 10.000 µl
Method          : C:\Chem32\1\Data\Leona\7 mem product CC 270717 2017-07-27 12-04-01\Leona_
                  204_acetonitrile_10muL_15min.M (Sequence Method)
Last changed    : 27/07/2017 12:04:01 by SYSTEM
Additional Info : Peak(s) manually integrated

min2 4 6 8 10 12 14

mAU

-500

0

500

1000

1500

2000

 VWD1 A, Wavelength=204 nm (Leona\7 mem product CC 270717 2017-07-27 12-04-01\001-0101.D)

Area: 1515.32

7.4
27

=====================================================================
                         Area Percent Report
=====================================================================

Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: VWD1 A, Wavelength=204 nm

Peak RetTime Type  Width     Area      Height     Area
  #   [min]        [min]   [mAU*s]     [mAU]        %
----|-------|----|-------|----------|----------|--------|
   1   7.427 MM    0.1138 1515.32239  221.90334 100.0000

Totals :                  1515.32239  221.90334

=====================================================================
                          *** End of Report ***

Data File C:\Chem32\1\Data\Leona\7 mem product CC 270717 2017-07-27 12-04-01\001-0101.D
Sample Name: 10 mM 7 membered prod

HPLC 15/02/2018 12:04:18 SYSTEM Page 1 of 1
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Figure 67. Chromatogram of (S)-51b using GC method A. Retention time 7.4 min. 

 
Figure 68. Chromatogram of racemic TFA-52b using GC method B. Retention times 7.4 and 7.6 min. 
Enantioselectivity inferred from 51b. 

 
Figure 69. Chromatogram of (+)-limonene-1,2-oxide 13a using GC method C. Retention times 3.8 and 3.9 

min. 

 
Figure 70. Chromatogram of 1S,2S,4R-13b using GC method C. Retention time 7.7 min. 
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Figure 71. Chromatogram of 1R,2R,4R-13b using GC method C. Retention time 7.4 min. 

 
Figure 72. Chromatogram of (-)-limonene-1,2-oxide 13a using GC method C. Retention times 3.8 and 3.9 

min. 

 
Figure 73. Chromatogram of 1R,2R,4S-13b using GC method C. Retention time 7.6 min. 

 
Figure 74. Chromatogram of epoxide 60a using GC method D. Retention time 3.4 min. 
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Figure 75. Chromatogram of epoxide 61a using GC method D. Retention time 3.8 min. 

 
Figure 76. Chromatogram of diol 61b using GC method D. Retention times 7.1 and 7.2 min. 

 
Figure 77. Chromatogram of epoxide 62a using GC method D. Retention time 5.9 min. 

 
Figure 78. Chromatogram of epoxide 63a using GC method E. Retention time 3.3 min. 
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Figure 79. Chromatogram of epoxide 64a using chiral HPLC method G. Retention times 4.9 and 5.2 min. 

 
Figure 80. Chromatogram of epoxide 64a using chiral HPLC method G. Retention times 31.1 and 33.7 min. 

 
Figure 81. Chromatogram of epoxide 65a using GC method C. Retention times 5.3 and 6.0 min. 

 
Figure 82. Chromatogram of epoxide 66a using GC method F. Retention times 8.8 and 8.9 min. 
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16 Appendix VIII – Calibration curves 

 
Figure 83. Calibration curve for acetophenone using HPLC method A. 

 
Figure 84. Calibration curve for amine 51b using HPLC method B. 

 

Figure 85. Calibration curve for amine 52b using HPLC method B. 

 
Figure 86. Calibration curve for amine 53b using HPLC method B. 
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Figure 87. Calibration curve for amine 54b using HPLC method B. 

 
Figure 88. Calibration curve for amine 55b using HPLC method B. 

 
Figure 89. Calibration curve for amine 56b using HPLC method B. 

 
Figure 90. Calibration curve for amine 57b using HPLC method B. 
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Figure 91. Calibration curve for ketone 58a using HPLC method B. 

 

 
Figure 92. Calibration curve for acetophenone at 300 nm. 

 
Figure 93. Calibration curve for (+)-limonene-1,2-oxide 13a using GC method C. 

 
Figure 94. Calibration curve for 1S,2S,4R-13b using GC method C. 
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Figure 95. Calibration curve for 1R,2R,4R-13b using GC method C. 

 
Figure 96. Calibration curve for (-)-limonene-1,2-oxide 13a using GC method C. 

 
Figure 97. Calibration curve for 1R,2R,4S-13b using GC method C. 

 
Figure 98. Calibration curve for epoxide 60a using GC method D. 
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Figure 99. Calibration curve for epoxide 61a using GC method D. 

 
Figure 100. Calibration curve for diol 61b using GC method D. 

 
Figure 101. Calibration curve for epoxide 62a using GC method D. 

 
Figure 102. Calibration curve for epoxide 63a using GC method E. 
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Figure 103. Calibration curve for epoxide 64a using chiral HPLC method G. 

 
Figure 104. Calibration curve for epoxide 64b using chiral HPLC method G. 

 
Figure 105. Calibration curve for epoxide 65a using GC method C. 

 
Figure 106. Calibration curve for epoxide 66a using GC method F. 
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Transaminases remain one of the most promising biocatalysts for use in chiral amine synthesis, however

their industrial implementation has been hampered by their general instability towards, for example, high

amine donor concentrations and organic solvent content. Herein we describe the identification, cloning

and screening of 29 novel transaminases from a household drain metagenome. The most promising

enzymes were fully characterised and the effects of pH, temperature, amine donor concentration and co-

solvent determined. Several enzymes demonstrated good substrate tolerance as well as an unpre-

cedented robustness for a wild-type transaminase. One enzyme in particular readily accepted IPA as an

amine donor giving the same conversion with 2–50 equivalents, as well as being tolerant to a number of

co-solvents, and operational in up to 50% DMSO – a characteristic as yet unobserved in a wild-type trans-

aminase. This work highlights the value of using metagenomics for biocatalyst discovery from niche

environments, and here has led to the identification of one of the most robust native transaminases

described to date, with respect to IPA and DMSO tolerance.

Introduction
Amine-containing drugs represent an important class of thera-
peutics, with a recent analysis of the FDA database finding
that 84% of approved small molecule drugs contain at least
one nitrogen.1 In recent years, the use of biocatalysts for single
isomer chiral amine synthesis has gained significant traction,
with the pharmaceutical industry identifying the sustainable
production of chiral amines as a key research priority.2

Traditional chiral amine synthesis often requires the use of
toxic transition metal catalysts, protecting groups, multi-step
procedures and harsh conditions.3 These factors mean, that as
well as offering the advantages attributed to biocatalysis,4 bio-
catalytic aminations in particular are significantly more sus-
tainable than their chemical counterpart. A number of
different enzymes catalyse the formation of chiral amines,
including transaminases (TAms),5,6 monoamine oxidases,7

imine reductases,8,9 lipases10 and amine dehydrogenases.11,12

Over the past decade, transaminases have garnered a huge
amount of interest in the field of biocatalysis, and remain one
of the most promising enzymes for chiral amine synthesis.5

They are a class of pyridoxal 5′-phosphate (PLP) dependent
enzymes that catalyse the reversible transfer of an amino
group from an amine donor to a ketone or aldehyde. The sim-
plicity and broad availability of the starting materials, as well
as the excellent stereoselectivity associated with these
enzymes, make them valuable reagents for further research.13

Transaminases have been employed in the synthesis of a
number of pharmaceutical compounds, both on a small14 and
industrial scale, as demonstrated in the manufacture of the
antidiabetic drug, Sitagliptin.15 Recent work has also demon-
strated the benefit of using transaminases in the synthesis of
small molecule amines, which contain functional groups that
are susceptible to reductive chemical reaction conditions.16

Despite the promise that transaminases hold in biocatalytic
syntheses, progress has been hampered by the unfavourable
reaction equilibrium and poor enzyme stability.17,18

Researchers have tried to shift the equilibrium towards the
desired amine product, either by removal of the ketone by-
product or by using a large excess of amine donor.13,19–24 In
this regard, isopropylamine (IPA) is often described as the
ideal amine donor for industrial scale up; it is relatively cheap
and acetone, the ketone by-product, is highly volatile.25,26

However, IPA is not broadly accepted as an amine donor,26,27

and the high equivalents required to shift the equilibrium
often leads to denaturation of the enzyme.18 Even in the case

†Electronic supplementary information (ESI) available: Taxonomical assign-
ments and sequence information, protein gels, analytical methods and traces,
calibration curves, kinetic data and NMR spectra. See DOI: 10.1039/c8gc02986e
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of Sitagliptin, the (R)-selective transaminase was subjected to
multiple rounds of evolution to increase its tolerance towards
IPA.15 The general instability of transaminases to high amine
donor concentrations and solvent content are a major hurdle
for their industrial application, thus novel, robust trans-
aminases are highly desirable.18,28

In this work, a metagenomic approach was used to identify
36 putative Class III transaminases from a domestic drain
metagenome. Twenty-nine were successfully cloned and over-
expressed in E. coli and their activity compared using a
number of assays. The most active transaminases were then
characterised and their value in preparative scale reactions was
investigated.

Results and discussion
Transaminase identification, cloning and expression from a
drain metagenome

Metagenomics is a culture independent method to study the
collective genomes in an environmental sample,29,30 and the
adoption of a sequence based approach allows us to access a
largely untapped resource of unculturable bacteria.31 As
microbial lifeforms are found in virtually every ecological
niche, the analysis of their microbiomes could lead to the dis-
covery of enzymes with wider operating parameters as well as
an excellent starting point for mutagenesis.

Previous work has employed metagenomic approaches in
the search for novel transaminases, using either a functional
based32 or a sequence-based approach.33,34 In this work, trans-
aminases have been retrieved from a domestic household
drain metagenome. DNA was extracted from the drain and
sequenced using the Illumina MiSeq platform, as opposed to
the Roche 454 Titanium platform which had been used in pre-
vious work.33,34 This generated 10 million individual sequence
reads – 10 times the number generated using the Roche 454
Titanium platform for a tongue metagenome35 – due to the
larger number of reads giving a much greater sequence depth
which allows the recovery of novel genes.

Thirty-six full-length, non-redundant novel Class III trans-
aminase candidates were identified in the drain metagenome.
Multiple sequence alignments showed an average identity of
28% (ESI, Fig. S1†) indicating the enzyme diversity. In a BLAST
search against the NCBI database, amino acid sequences of
these 36 putative transaminases showed an average of 87%
identity (range 64–100%) with proteins in sequence databases
(ESI, Table S1†). Of these, 29 genes were successfully cloned
and expressed in E. coli BL21 (DE3). All enzymes were well
expressed except for pQR2204, which showed low levels of
total expression. Most of the enzymes showed good solubility
and only pQR2196 and pQR2198 were completely insoluble
(ESI, Fig. S2–9†).

The homologies of the expressed enzymes, compared to the
known and extensively studied (S)-TAms Chromobacterium vio-
laceum (Cv-TAm),36 and Vibrio fluvialis (Vf-TAm),37 and (R)-TAm
Mycobacterium vanbaalenii (Mv-TAm),38 were assessed (ESI,

Fig. S1†) and percentage identities ranged from 17–54% for
Cv-TAm, 16–36% for Vf-TAm and identities to Mv-TAm were the
lowest between 13–20%. Only three of the new drain TAms had
identities over 45% with Cv-TAm (pQR2189 – 48%, pQR2200 –
54% and pQR2208 – 48%). This showed that the drain meta-
genome is a source of novel and distantly related Class III
TAms.

Initial screening of 29 cloned transaminases

The 29 successfully cloned Class III transaminases were
initially screened against four substrates (1–4) (Fig. 1) to ident-
ify active enzymes. Representative substrates 1–4 were chosen
to assess the activity towards cyclic ketones, α-keto acids,
linear and aromatic aldehydes or ketones respectively. A
number of amine donors – 2-(4-nitrophenyl)ethan-1-amine
hydrochloride 5 (Fig. 1a), xylylenediamine 6 (Fig. 1b), (S)- and
(R)-α-methylbenzylamine (S)/(R)-7 (Fig. 1c) – were also tested
against each substrate to establish activities in these quantitat-
ive or qualitative assays (Fig. 1a–c). Amine donors 5 and 6 are
from previously published colorimetric assays and both rely on
the formation of a coloured product following conversion of
the amine donor.13,39 Using MBA 7 as an amine donor relies
on the formation of acetophenone and subsequent HPLC
detection at 254 nm, allowing for quantitative analysis.

No conversion was observed with ten of the transaminases,
pQR2192, pQR2194, pQR2195, pQR2196, pQR2197, pQR2198,
pQR2199, pQR2203, pQR2210 and pQR2212 (data not shown).
However, 19 of the assayed enzymes displayed some activity
with at least one of the amine donors tested and Fig. 1 shows
results from these assays. Pyruvate 2, a natural substrate for
many transaminases, was the most broadly accepted substrate,
displaying activity with most of the transaminases. The linear
ketone 3 showed low levels or no activity towards the enzymes
assayed. Cyclohexanone 1 and benzaldehyde 4 were more
widely accepted and enzymes that accepted one tended to also
show activity with the other; pQR2205 was a notable exception
and activity was only observed with benzaldehyde 4 and amine
donor 6.

(S)- and (R)-MBA were also used to determine the selectivity
of the enzymes. Class III transaminases are known to be (S)-
selective,40,41 and assay results confirmed that activity was only
observed with (S)-MBA. Overall, conversions with (S)-7 (Fig. 1c)
correlated well with donor 5 (Fig. 1a), with pQR2188, pQR2189,
pQR2191, pQR2200, pQR2208 and pQR2214 giving the best
activities. Enzymes pQR2193, pQR2201, pQR2202, pQR2207,
pQR2211 and pQR2216 also showed some potentially interest-
ing activities towards one or more substrates. Transaminase
pQR2190, pQR2204, pQR2205, pQR2206, pQR2209, pQR2213
and pQR2215 showed low conversion levels across the assays
performed so were not used in further assays.

Probing the substrate scope

Enzymes that showed the highest or potentially interesting
activities in the first round of screening were assayed against a
wider set of substrates (8–17) (Fig. 2). Substrates were selected
to increase the range of aromatic (8–11), aliphatic (12–14) and
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Fig. 1 Colorimetric assays with amine donors 5 and 6 and conversions with (S)-MBA (S)-7. Using 5 as amine donor: 5 (25 mM), amino acceptor
(10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.2–0.4 mg mL−1), 30 °C, 400 rpm, 18 h. Water was used as a negative
control (N) in place of a substrate, red precipitate is indicative of activity. Using 6 as an amine donor: 6 (5.5 mM), amino acceptor (5 mM), PLP (1 mM),
KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.2–0.4 mg mL−1), 30 °C, 400 rpm, 18 h. Water was used as a negative control (N) in place of a
substrate, a black precipitate indicates transamination has occurred. All colorimetric assays were performed in duplicate. For both colorimetric
assays, water was used in place of an enzyme extract as a negative control (results not shown). (S)- and (R)-MBA were used to determine selectivity:
(S)/(R)-7 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.2–0.4 mg mL−1), 30 °C, 400 rpm,
18 h. Acetophenone was detected at 254 nm by HPLC and used to determine percentage conversions. Water was used as a negative control, and
any background levels of acetophenone production were subtracted from the reactions. All reactions were performed in triplicate, and standard
deviations were <4%.
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cyclic ketones and aldehydes (15–17) tolerated. Heterocycles
8–10 were chosen based on the recently published work detail-
ing the transamination of various furfural analogues.16 To the
best of our knowledge, this work represents the first time that
thiophene and pyrrole analogues have been used with trans-
aminases. Transaminases from an oral cavity metagenome
were previously shown to accept a number of unsaturated alde-
hydes/ketones, and therefore cinnamaldehyde 11 was included
for comparison.34 Substituted cyclopentanones and cyclohexa-
nones were also selected, as substitution of cyclic compounds
often leads to a drop in conversion.26

Fig. 2 shows the results of the expanded substrate screen
with the 12 most active enzymes from the first screen.
Heterocycles 8 and 10 were widely accepted, giving a strong
coloration for a number of enzymes (pQR2188, pQR2189,
pQR2200, pQR2208 and pQR2214), whilst activity was predo-
minantly seen with pQR2189 and pQR2208 for the pyrrole 9.
Cinnamaldehyde 11 and all of the straight chain aldehydes
(12–14) were readily accepted, showing some activity for all
active enzymes. There appeared to be a slight preference for
hexanal 12, with octanal 14 giving rise to lower conversions.
Interestingly, only four enzymes (pQR2189, pQR2191,
pQR2200 and pQR2208) showed activity towards the cyclic
compounds 1, 15–17. Generally, better conversions were
observed for the 6-membered rings (1 and 17) than their
5-membered counterparts (15 and 16), and α-methyl substi-
tution led to a drop in activity. No activity was observed with
more complex substituted cyclic compounds (ESI, Fig. S10†).
Notably, pQR2189 showed activity with almost every substrate.
In addition, pQR2191 and pQR2208 performed well with many
of the substrates tested including the cyclic ketones, so these
were explored further as detailed below.

Pharmaceutically relevant substrates

Substituted aminopyrrolidines, aminopiperidines and amino-
azepanes are common motifs found in a number of pharma-
ceutically active compounds.42–44 Previous studies have probed
the feasibility of introducing the amine functionality of these
products with transaminases, demonstrating that they are rela-
tively challenging substrates requiring either a large excess of
amine donor (e.g. with Vibrio fluvialis (Vf-TAm) up to 27%
yield) or use of a second enzyme for ketone co-product
removal (e.g. with Vf-TAm up to 80% yield) to give moderate to
good yields.22,38,45 Scale-up strategies have also been used to
generate an aminopiperidine using a pure transaminase
enzyme in 70% yield.46

Compounds 18a–26a were selected to assay against the
three most promising enzymes: pQR2189, pQR2191 and
pQR2208. The activities of the three metagenomic-derived
enzymes were investigated with three amine donors: phenethyl-
amine 5, (S)-MBA (S)-7 and IPA 27 (Table 1). The well-studied
(S)-selective transaminase Cv-TAm36 was screened in parallel
with amine donors 5 and (S)-7 for comparison purposes.

On the whole, the benzyl-protected pyrrolidone and piperi-
done substrates were less well accepted than their Boc-protected
equivalents. For example, the unsymmetrical piperidone 21a
gave low to no conversion with (S)-7 and 27 as donors, while
the Boc-piperidone 20a gave yields of up to 60% of 20b with
27. The colorimetric assay also indicated higher reactivities
towards 20a compared to 21a. Similarly, the Boc-pyrrolidine
18b was formed in higher yields than 19b using (S)-7 and 27 as
donors, indeed pQR2189 gave 18b in 72% and 19b in 20%
yield with 27. However, the colorimetric assay suggested that
19a was more readily converted by the metagenomics trans-
aminases. Overall, moderate to good conversions were
observed with pyrrolidinone 18a and piperidone 20a, with a
universal preference for the five-membered ring. A similar ring

Fig. 2 Colorimetric assay with 2-(4-nitrophenyl)ethan-1-amine 5 as
amine donor using substrates 1, 8–17: 5 (25 mM), amino acceptor 1,
8–17 (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified
cell extract (0.2–0.4 mg mL−1), 30 °C, 400 rpm, 18 h. Water was used as
a negative control (N), and a red precipitate was indicative of activity.
Assays were performed in duplicate.
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size preference has been noted when using 18a and 20a in Vf-
TAm mediated kinetic resolutions.45

The use of compounds with Boc or benzylic groups at the
4-position gave greatly improved yields, with the amine donor
having a significant effect on the reaction. The use of IPA con-
sistently gave higher yields. Piperidones 22a and 24a were
more readily accepted than 23a by all the TAms, and quantitat-
ive yields were observed using 22a and 24a with pQR2189 and
pQR2191. Enzyme pQR2189 performed best with 23a and IPA,
producing 23b in 75% yield.

The 3-oxo-azepane 25a was accepted by all of the meta-
genomics transaminases, being converted in 75% yield with
pQR2189 and IPA 27. For the 4-oxo-azepane 26a, reduced con-
versions were noted with (S)-MBA, so activities were not
explored further. To the best of our knowledge, this is the first
time the seven-membered N-Boc-protected azepane structures
25a and 26a have been used with transaminases. It is note-
worthy, that for almost all substrates, higher conversions were
observed with at least one of the metagenomic transaminases
compared with Cv-TAm.

Table 1 Results for TAm catalysed reactions of 18a–26a using phenylethanamine 5, (S)-MBA 7 and IPA 27 as amine donors for pQR2189, pQR2191,
pQR2208 and Cv-TAma,b,c

pQR2189 pQR2191 pQR2208 Cv-TAm

5 MBA (S)-7 IPA 27 5 MBA (S)-7 IPA 27 5 MBA (S)-7 IPA 27 5 MBA (S)-7

18a 43% 72% 8% 25% 45% 67% 30%

19a 23% 20% 5% 4% 9% 10% 6%

20a 30% 60% 11% 19% 30% 55% 27%

21a 4% 2% 68%d 1% 2% 1% 0%

22a 41% Quant.e 39% Quant.e 25% 51% 27%

23a 30% 75% 11% 46% 19% 30% 34%

24a 31% Quant.e 36% Quant.e 39% 70% 37%

25a 35% 75% f 3% 13% f 12% 32% f n.d.g

26a 13% n.d.g 7% n.d.g 3% n.d.g n.d.g

aReaction conditions: Amine donor 5 (25 mM), amino acceptor (10 mM), PLP (0.5 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract
(0.4 mg mL−1), 30 °C, 400 rpm, 18 h. Water was used as a negative control (not shown), red precipitate is indicative of activity. Assay was per-
formed in duplicate. bReaction conditions: Amine donor (S)-7 (25 mM), amino acceptor (5 mM), PLP (1 mM), KPi buffer pH 7.5 (100 mM) and
clarified cell extract (0.4 mg mL−1), 30 °C, 400 rpm, 18 h. Acetophenone was detected at 254 nm by HPLC and used to determine percentage con-
versions. Water was used as a negative control, and any background levels of acetophenone production were subtracted from the reactions. All
reactions were performed in triplicate, and standard deviations were <7%. c Reaction conditions: Amine donor 27 (100 mM), amino acceptor
(10 mM), PLP (1 mM), KPi buffer pH 7.5 (100 mM) and clarified cell extract (0.4 mg mL−1), 35 °C, 400 rpm, 18 h. Yields were determined using
HPLC against product standards. All reactions were performed in triplicate, and standard deviations were <5%. d By acetophenone production,
product detection confirmed negligible amounts of 21b. eQuantitative conversion. f Yields were determined by 25a depletion, but product pres-
ence was confirmed against a product standard. gNot determined.
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The stereoselectivities were determined for all reactions
giving a chiral product in yields >50% by chiral GC analysis.
Both pQR2189 and pQR2208 showed excellent selectivity with
18a and 20a, giving the (S)-isomer exclusively for 18b and 20b
with ee values >99%.

Characterisation of pQR2189, pQR2191 and pQR2208

In order to determine the scope of the operating conditions of
pQR2189, pQR2191 and pQR2208, the effect of temperature,
pH, co-solvent and buffer concentration were investigated
using pyrrolidinone 18a as an amine acceptor and IPA as the
donor (Fig. 3). Varying the temperature between 20 °C and
50 °C proved to have little effect on the activity for pQR2189
and pQR2191, both maintained a similar activity. The optimal
activity for pQR2208 was observed at 25 °C, after which there
was a steady decline up until 40 °C, where above this the
activity dropped markedly. For both pQR2191 and pQR2208,
optimal activity was observed between pH 9–10, after which
there was a significant reduction. Conversely, pQR2189 was
stable across all pH values tested, pH 6–11. DMSO is often
used as a co-solvent in enzymatic transformations for substrate
solubilisation, so DMSO concentrations (v/v) of 5–50% were
investigated. All enzymes were tolerant of up to 30% DMSO,
after which there was a significant drop in yields for pQR2208
with almost total loss of activity at 50%. Activity was

unchanged at 40% for pQR2191, but a decline could be seen
above this. Remarkably, pQR2189 was operating at 80% of the
relative activity even at 50% DMSO concentrations.
An improvement in the yield was also observed above 20%
levels of DMSO, although this may reflect improved substrate
solubility. An example of another wild-type transaminase
reported to show activities with DMSO concentrations above
10% is Polaromonas sp. JS666 (ω-TAPo), however a marked
decrease in yield was observed above 20% levels.47 The
(R)-selective transaminase ArRMut11 is also known to be oper-
ational in 50% DMSO however, 11 rounds of evolution were
required to increase its stability towards these conditions.15

PEG200 was also explored as an alternative co-solvent, and
although there was a slight fall in activity for pQR2189 and
pQR2208, the activity was similar across all concentrations
tested (Fig. 3d). The buffer concentration was reduced from
100 mM to 50 mM and no effect on yield was observed
(results not shown); subsequent reactions were run at the
lower concentration.

Further investigation of pQR2189

Due to the remarkable DMSO tolerance of pQR2189, the effect
of the concentration of IPA, enzyme and substrate as well
kinetic parameters were investigated further (Fig. 4).
Thermoactivity up to 70 °C was also investigated to determine

Fig. 3 Effects of (a) temperature 20–50 °C, (b) KPi buffer pH 6–11 (100 mM), (c) 5–50% (v/v) DMSO, and (d) 5–50% (v/v) PEG200 on the yield of 18b
using IPA 27 as the amine donor. General reaction conditions: Amine donor 27 (100 mM), 18a (10 mM), PLP (1 mM), KPi buffer pH 8 (100 mM) and
clarified cell extract (0.4 mg mL−1), 20% DMSO, 35 °C, 400 rpm, 18 h. Yields were determined using HPLC against product standards. All reactions
were performed at least in duplicate, and standard deviations were <8%.
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its active temperature range. Although activity was seen to
drop above 50 °C, 70% relative activity was still observed at
60 °C with lower yields observed at 70 °C (Fig. 4a), demonstrat-
ing a similar temperature profile to two recently published
transaminases from thermophilic sources.33 Different concen-
trations of cell-free extract were also used, and similar yields
were observed with 0.1 mg mL−1 total protein, compared to
higher concentrations of protein, and 80% relative activity
compared to higher concentrations with only 0.04 mg mL−1

total protein (Fig. 4b). To determine both the minimum
amount of IPA required to drive the equilibrium towards
amine formation, as well as the maximum amount of IPA toler-
ated, reactions with 1–50 equivalents of IPA were investigated.
As little as one equivalent of IPA was required to achieve
almost 80% activity relative to the maximum yield, increasing
to over 90% with only two equivalents. Additionally, there was
no decrease in yield observed with 50 equivalents of IPA
(500 mM final concentration) (Fig. 4c). Although increasing
the substrate concentration led to a decrease in yield, the
overall amount of 18b formed continued to increase,
suggesting that this is not due to substrate inhibition (Fig. 4d).
Further kinetic studies showed that no substrate inhibition
was observed up to 200 mM (ESI, Fig. S45†).

Kinetic studies with crude cell lysate showed rapid reaction
rates, with full conversion being observed after 2 hours (ESI,

Fig. S48†). Using purified pQR2189, kinetic parameters were
determined for the conversion of pyrrolidinone 18a to amine
18b with donor 27, as well as the more general reaction
between pyruvate 2 and (S)-7.48,49 Based on the assumptions of
the Michaelis–Menten kinetics, the apparent Km, kcat and
kcat/Km values for 2, (S)-7, 18a and 27 were calculated, and
have been summarised in Table 2. The apparent specific
activity of pQR2189 with pyruvate 2 and donor (S)-7 are two to
three orders of magnitude higher than that of Cv-TAm.50,51

Preparative scale reaction pQR2189 and pQR2208

As the overall yield of 18b could not be increased with
pQR2191, preparative scale reactions were carried out with

Fig. 4 Effects of temperature (a), enzyme concentration (b), IPA equivalents (c) and substrate concentration (d) on yield of 18b using IPA 27 as an
amine donor for pQR2189. General reaction conditions: Amine donor 27 (100 mM), amino acceptor (10 mM), PLP (1 mM), KPi buffer pH 8 (100 mM)
and clarified cell extract (0.4 mg mL−1), 20% DMSO, 35 °C, 400 rpm, 18 h. Yields were determined using HPLC against product standards. All reac-
tions were performed in triplicate, and standard deviations were <8%. Reaction condition variations: (a) Temperature 20–70 °C, (b) clarified cell
lysate 0.04–4 mg mL−1, (c) 1–50 equivalents of IPA 27 and (d) 10–200 mM amino acceptor 18a.

Table 2 Kinetic parameters for pQR2189 for the reaction between 2
and (S)-7, as well as the conversion of 18a with donor 27a

Km (mM) kcat (s−1) kcat/Km (s−1 M−1)

2 0.29 ± 0.08 25 87 069
(S)-7 14.8 ± 3.2 58 3942
18a 18.9 ± 3.1 4.5 237
27 10.6 ± 1.6 2.9 275

aReaction conditions detailed in the experimental.
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pQR2189 and pQR2208. Given the known difficulty of using
DMSO in large-scale reactions (due to its high boiling point)
and the apparent robustness of the enzyme, alternative co-sol-
vents were investigated. Whilst pQR2208 showed reduced
stability in most of the co-solvents selected, CPME, TBME,
acetonitrile and methanol all had limited effect on the activity
for pQR2189. Methanol was therefore selected as it was well
tolerated (other than DMSO) by both pQR2189 and pQR2208
(Fig. 5).

Reactions were then performed on a 20 mM scale (50 mL)
using 10 equivalents of IPA. Whilst scale-up to a 50 mL reac-
tion volume had little effect on the yield for pQR2189, a signifi-
cant drop in yield was observed for pQR2208 from 67% to
34%. Enantiopure amine (S)-18b (by chiral GC-analysis) was
isolated in 64% and 31% for pQR2189 and pQR2208 respect-
ively (Table 3). Additionally, a preparative scale reaction was
carried out with pQR2189 on a 50 mM scale (50 mL) with only
2 equivalents of IPA to demonstrate the usefulness of this
enzyme. Amine (S)-18b was isolated in 57% yield (ee > 99%),
and the reaction was complete after eight hours.

During kinetic experiments, a 100% conversion yield of 18a
was observed with purified pQR2189, therefore a 50 mM scale
(50 mL) reaction was repeated with the purified enzyme. HPLC
analysis showed a product yield of 86%, and 18b was isolated
in 82% yield.

Conclusions
In this work, a metagenomic approach has been used to dis-
cover and clone 29 putative transaminases from a household
drain metagenome. It was believed that the habitat of the
organisms in this microbiome might lead to the identification
of niche organisms and their enzymes. The location in the
waste pipe of the domestic shower with periods of drought
and high water temperatures with surfactants and cleaning
chemicals could be considered as an extreme environment.
Twelve transaminases showed good activity towards a wide
range of substrates. Three transaminases, pQR2189, pQR2191
and pQR2208 were selected for further analysis due to their
promising performance toward heterocyclic ketones and the
effect of temperature, pH and co-solvents established. Of
these, reactions with pQR2189 and pQR2208 were performed
on a preparative scale. Transaminase pQR2189 showed
remarkable robustness, displaying characteristics often only
observed in highly engineered enzymes. Up to 50% DMSO was
used in reactions without a significant drop in activity. Whilst
coming from a non-thermophilic environment, pQR2189 was
also operational at a wide range of temperatures (20–60 °C) as
well as pH values (6–11), good relative activity was observed
with as little as one equivalent of IPA and as many as 50
equivalents of IPA. These attributes have been described as
highly desirable for novel transaminases; pQR2189 shows
unique properties for a wild type enzyme, making it an excel-
lent scaffold for enzyme engineering. This work highlights not
only the value of metagenomics in biocatalyst discovery, but
also its unrivalled ability to identify novel enzymes specifically
adapted to operate in harsh conditions.

Experimental
General information

All chemicals were obtained from chemical suppliers with no
further purification.

Column chromatography was carried out using Biotage®
Isolute 1 with Biotage® Snap Cartridge KP-NH and analytical
thin layer chromatography was carried out using Biotage®
KP-NH TLC plates. Compounds were visualised by ultra-violet
light, potassium and phosphomolybdic acid stains. Infrared

Fig. 5 Effect on yield of 18b with various co-solvents (10% final con-
centration). The reaction conditions used were the same as those indi-
cated in Fig. 4, all reactions were performed in triplicate and standard
deviations were <8%.

Table 3 Yields for preparative scale reaction with 18a and pQR2189 and pQR2208a,b

Conc. 18a
(mM)

Equivalents
IPA 27

HPLC yield
18b (200 μL)c

HPLC yield
18b (50 mL)c

Isolated yield
18b (50 mL)c ee (%) (S)

pQR2189a 20 10 69% 65% 64% >99%
pQR2208a 20 10 67% 34% 31% >99%
pQR2189b 50 2 55% 57% 57% >99%
pQR2189d 50 2 100% 86% 82% nde

a Reaction conditions for 20 mM scale: Amine donor 27 (200 mM), amino acceptor (20 mM), PLP (1 mM), KPi buffer pH 10 (50 mM) and clarified
cell extract (0.4 mg mL−1), 35 °C, 250 rpm, 24 h. b Reaction conditions for 50 mM scale: Amine donor 27 (100 mM), amino acceptor (50 mM), PLP
(1 mM), KPi buffer pH 10 (50 mM) and clarified cell extract (1 mg mL−1), 30 °C, 250 rpm, 24 h. c Total reaction volume. d Reaction conditions
same as for (b) but using purified pQR2189 (130 μg mL−1). eNot determined.
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(IR) spectra were recorded using a Bruker Alpha Platiunum-
ATR. 1H NMR spectra were recorded at 600 MHz on a Bruker
Avance 600 spectrometer in deuterated chloroform (residual
protic solvent δ 7.26 ppm, s). Chemical shifts are quoted in
ppm relative to tetramethylsilane, with multiplicities for 1H
spectra shown as s (singlet) and m (multiplet). The coupling
constants ( J) are measured in hertz. 13C NMR spectra were
recorded at 150 MHz on a Bruker Avance 600 spectrometer in
deuterated chloroform (δ 77.00 ppm, t). Chemical shifts are
reported to the nearest 0.1 ppm. Mass spectra were obtained
using a Waters LCT Premier XE ESI Q-TOF mass spectrometer
at the Department of Chemistry, UCL. HPLC analysis was
carried out on an Agilent 1260 Infinity HPLC and Dionex
Ultimate 3000 with an Ace 5 C18 150 × 4.6 mm column.
Sterilisation of waste and media was carried out in a Priorclave
autoclave at 121 °C for 30 min. The following centrifuges were
used: Beckman Coulter Allegras x-15R centrifuge, Eppendorf
Centrifuge 5415R, Eppendorf Centrifuge 5810R, Eppendorf
Centrifuge 5430R. A Kuhner ShakerX ClimoShaker ISFI-X, New
Brunswick Scientific Innova 44 or BIOER Mixing Block MB-102
incubating shaker was used.

Enzyme selection and cloning

DNA was extracted from a domestic drain metagenome and
sequenced using the Illumina MiSeq platform.52 Predicted
protein sequences from the drain metagenome were previously
functionally annotated by scanning the sequences against
Pfam28.0 libraries of domain families (pfam.xfam.org). To
identify putative ω-transaminases, sequences annotated with
the Pfam domain family: aminotransferase class-III (PF00202)
were retrieved. Of 77 sequences, 36 were judged to be full-
length, non-redundant proteins by methods previously
described.34,35 The genes of interest were amplified by PCR
from the metagenome DNA using NEB Phusion PCR kit or
NEB Q5 High-Fidelity kit. PCR products were visualised by gel
electrophoresis, isolated via Qiagen Gel extraction columns
and cloned into pET-28a(+) with the C- and N-terminal His6-
tag for pQR2188–pQR2199 using the restriction enzymes NdeI
and XhoI and pET-29a(+) with the C-terminal His6-tag for
pQR2200–pQR2216 (ESI, section 4†). In all cases, recombinant
plasmids were transformed into E. coli TOP10, then isolated
and verified by sequencing before transformation into E. coli
BL21 (DE3).

Enzyme expression and preparation

For each expression strain, the overnight starter culture (4 mL)
was used to inoculate 400 mL Terrific Broth (TB) sup-
plemented with kanamycin (50 μg mL−1). The culture was
incubated at 37 °C with shaking (200 rpm) until the OD600

reached 0.6–0.8, at which point the cells were induced by
addition of IPTG to a final concentration of 1 mM. Post induc-
tion, cells were incubated at 25 °C with shaking (200 rpm)
overnight. The cells were harvested by centrifugation (8000
rpm, 20 min, 4 °C) and the cell pellet re-suspended in KPi
buffer (100 mM, pH 7.5, 2 mM PLP) and freeze dried. The
freeze-dried cells were used fresh or stored at −20 °C for up to

4 months. To prepare the clarified cell lysate, freeze dried cells
(40 mg) were re-suspended in potassium phosphate buffer
(100 mM, pH 7.5, 2 mM PLP) and disrupted by sonication (5 ×
45 s), and centrifuged (12 000 rpm, 20 min, 4 °C). Clarified cell
lysate was prepared fresh for each use and kept on ice at all
times. Total protein concentration was determined using a
standard Bradford assay. Clarified cell lysate was diluted to a
final concentration of 4 mg mL−1 with KPi buffer (100 mM, pH
7.5, 2 mM PLP).

2-(4-Nitrophenyl)ethan-1-amine colorimetric assay

The enzymatic reaction was carried out in 96-well plates
(200 μL system) containing clarified cell lysate (0.2–0.4 mg mL−1),
KPi buffer (100 mM, pH 7.5), PLP (0.5 mM), 2-(4-nitrophenyl)
ethan-1-amine 5 (25 mM) as amine donor and the substrate
(10 mM), with 20% DMSO to aid substrate solubility, at 30 °C
and 400 rpm for 18 h. A red precipitate indicated a positive
result.39

ortho-Xylylenediamine colorimetric assay

The enzymatic reaction was carried out in 96-well plates
(200 μL system) containing clarified cell lysate (0.2–0.4 mg mL−1),
KPi buffer (100 mM, pH 7.5), PLP (1 mM), xylylenediamine
dihydrochloride 6 (5.5 mM) as amine donor and the substrate
(5 mM), with 10% DMSO to aid substrate solubility, at 30 °C
and 400 rpm for 18 h. A black precipitate indicated a positive
result.13

Initial (S)-MBA assay

The enzymatic reaction was carried out in 96-well plates
(200 μL system) containing clarified cell lysate (0.4 mg mL−1),
KPi buffer (100 mM, pH 7.5), PLP (1 mM), (S)/(R)-MBA 7
(25 mM) as amine donor, and substrate (10 mM) with 20%
DMSO to aid substrate solubility, at 30 °C and 400 rpm for
18 h. To stop the reaction, 10% TFA (10 μL) was added to each
well and denatured protein removed via centrifugation
(20 min, 12 000 rpm, 4 °C). The supernatant was diluted and
analysed by analytical HPLC.

Subsequent (S)-MBA assay

The enzymatic reaction was carried out in 96-well plates or
Eppendorf tubes (200 μL system) containing clarified cell
lysate (0.4 mg mL−1), KPi (100 mM, pH 7.5), PLP (1 mM),
(S)/(R)-MBA 7 (25 mM) as amine donor, and substrate (5 mM)
with 10% DMSO to aid substrate solubility, at 30 °C and 400
rpm for 18 h. To stop the reaction, 10% TFA (10 μL) was added
to each well, and denatured protein removed via centrifugation
(20 min, 12 000 rpm, 4 °C). The supernatant was diluted and
analysed by analytical HPLC.

Isopropylamine assay

The enzymatic reaction was carried out in 96-well plates or
Eppendorf tubes (200 μL system) containing clarified cell
lysate (0.4 mg mL−1), KPi buffer (100 mM, pH 8), PLP (1 mM),
IPA 27 (100 mM, pH 8) as amine donor and the substrate
(10 mM) with 20% DMSO to aid substrate solubility, at 35 °C
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and 400 rpm for 18 h. To stop the reaction, 10% TFA (10 μL)
was added to each well, and denatured protein removed via
centrifugation (20 min, 12 000 rpm, 4 °C). The supernatant
was diluted and analysed by analytical HPLC.

The buffer concentration (KPi) was also tested at a final con-
centration of 50 mM. The pH was varied by changing the pH
of potassium phosphate buffer (pH 6–11) and IPA (pH 6–11).
The temperature range was investigated by leaving the reaction
at the specified temperature and 400 rpm for 18 h. DMSO
assays used 5–50% (v/v). Final IPA concentrations of 10, 20, 50,
100 and 500 mM were also examined, with the substrate
(10 mM) to give 1–50 equivalents of IPA. The substrate concen-
tration was investigated by varying the amine acceptor
(10–200 mM) using 2 equivalents of amine donor, IPA 27
(20–400 mM). Enzyme concentrations of 0.04, 0.1, 0.2, 0.4, 1, 2
and 4 mg mL−1 were also examined.

Determination of ee for pQR2189 and pQR2207

The enantiomeric excess of the amine products 1-Boc-3-amino-
pyrrolidinone 18b and 1-Boc-3-aminopiperidine 20b were
determined by chiral-GC analysis. Reactions were carried out
as described above, using either (S)-MBA 7 (5 mM) or IPA 27
(10 mM) as an amine donor on a 200 μL scale reaction in
Eppendorf tubes. The reaction mixture was extracted with
ethyl acetate (1 mL), dried (Na2SO4) and concentrated to
dryness. The product was then either re-dissolved in ethyl
acetate (18b) and analysed by chiral-GC or derivatized for
chiral-GC analysis (20b). The retention time for (S)-1-Boc-
3-aminopyrrolidinone 18b was 7.4 min and 7.3 min for the
(R)-enantiomer.

Derivatisation of 1-Boc-3-aminopiperidine

The residue 20b in dichloromethane (50 μL) was derivatized
with trifluoroacetic anhydride (7 μL for the reaction with
(S)-MBA 7 and 14 μL for the reaction with IPA 27) and shaken
overnight at room temperature. The reaction mixture was then
analysed by chiral-GC without further dilution. The retention
time for the N-TFA-derivatized (S)-enantiomer was 7.4 min and
7.6 min for the (R)-enantiomer.

Purification of pQR2189

Transaminase pQR2189 was expressed on a 400 mL scale as
previous described. After centrifugation cells were resus-
pended in 5 mL buffer (Na2HPO4 50 mM, NaCl 500 mM, imid-
azole 10 mM, pH 7.4, 0.5 mM PLP) and lysed by sonication
(4 × 45 s). Cell debris was removed via centrifugation (45 min,
10 500 rpm, 4 °C) and the cell lysate loaded into an open tubal
mini column containing Chelating Sepharose™ Fast Flow
resin, and the column washed with 50 mL of start buffer.
Proteins were eluted with elution buffer (Na2HPO4 50 mM,
NaCl 500 mM, imidazole 50–500 mM, pH 7.4) with increasing
concentrations of imidazole. The eluents with the highest con-
centrations of protein were pooled and dialysed overnight at
4 °C into dialysis buffer (Tris 20 mM, NaCl 150 mM, PLP
0.5 mM, pH 7.5). Protein was concentrated using a 10 kDa cut
off Vivaspin concentrator (Sartorius, Germany), and purified

further by size exclusion chromatography using a Superdex
200 10/300 GL 24 mL column (GE Healthcare). The fractions
were pooled and concentrated to 24 mg mL−1 and stored at
−80 °C.

Kinetics assay with pyruvate and (S)-MBA

To determine the linear range of enzymatic activity, pyruvate 2
(2.5 mM), (S)-7 (5 mM), PLP (0.1 mM), KPi buffer pH 7.5
(50 mM), 1% DMSO and varying amounts pQR2189
(2.6–130 μg mL−1) were mixed in a cuvette at 30 °C for 180 s
and absorbance at 300 nm continuously followed.

The enzymatic reaction was carried out in cuvettes (1 mL
system) containing amine donor (S)-7 (5 mM) and varying
amounts of pyruvate 2 (0.25–5 mM) or pyruvate 2 (1 mM) and
varying (S)-7 (3–15 mM), PLP (0.1 mM), KPi buffer pH 7.5
(50 mM) and pQR2189 (6.5 μg mL−1), 1% DMSO, 30 °C, 180 s.
Yields were determined by constant monitoring of UV absorp-
tion at 300 nm.48 All reactions were performed in triplicate.

Kinetics assay with 1-Boc-3-pyrrolidinone 18a and IPA

To determine the linear range of enzymatic activity, amino
acceptor 18a (10 mM), donor 27 (100 mM), PLP (1 mM), KPi
buffer pH 8 (50 mM), 20% DMSO and varying amounts
pQR2189 (6.5–130 μg mL−1) were mixed in an Eppendorf at
35 °C for 20 min. Reactions were stopped by adding aliquots
(100 μL) to 1% TFA (400 μL) at specified time points and
denatured protein removed via centrifugation (10 min, 12 000
rpm, 4 °C). The supernatant was analysed by analytical HPLC.

The enzymatic reaction was carried out in Eppendorf tubes
(1 mL system) containing amine donor 27 (200 mM) and
varying amounts of amino acceptor 18a (10–200 mM) or amino
acceptor 18a (10 mM) and varying amounts of amine donor 27
(10–500 mM), PLP (1 mM), KPi buffer pH 8 (50 mM) and
pQR2189 (26 μg mL−1), 20% DMSO, 35 °C, 400 rpm, 20 min.
Reactions were stopped by adding aliquots (100 μL) to 1% TFA
(400 μL) at specified time points and denatured protein
removed via centrifugation (10 min, 12 000 rpm, 4 °C). The
supernatant was analysed by analytical HPLC.49 All reactions
were performed in triplicate.

Calculating Km and Vmax

Km and Vmax were determined by a Michaelis–Menten non-
linear regression of initial velocity vs. substrate concentration
using Prism 7. kcat is given in s−1 and defined as:

kcat ¼
Vmax

½E#mol

where [E]mol is defined as:

½E#mol ¼
½protein#
MW

and [protein] is in mg mL−1 and MW is in Daltons.

Preparative scale reaction (20 mM)

The reaction was scaled up to 50 mL with 18a (186 mg,
1.00 mmol), isopropylamine (860 μL, 10.5 mmol), PLP (1 mM),
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KPi buffer (50 mM, pH 10), clarified cell lysate (0.4 mg mL−1)
and incubated at 35 °C and 250 rpm for 24 h. To determine
reaction yields, 10% TFA (2.5 μL) was added to an aliquot
(50 μL) and denatured protein removed via centrifugation
(10 min, 13 000 rpm, 4 °C), then the supernatant was
diluted and analysed by analytical HPLC. To stop the reaction,
methanol (150 mL) was added to the reaction mixture,
and denatured protein removed via centrifugation (20 min,
4000 rpm, 4 °C). Methanol was removed in vacuo, the
aqueous layer acidified with sat. ammonium chloride and
any remaining starting material extracted with ethyl acetate
(3 × 100 mL).

pQR2189. The pH was then adjusted to pH 13 and amine
18b extracted with ethyl acetate (11 × 100 mL) and the com-
bined organic extracts were dried (Na2SO4), filtered and con-
centrated in vacuo. The crude oil was purified by column
chromatography (ethyl acetate in petroleum ether 40–60 °C,
20–100% gradient) to give 18b (119 mg, 64%) as a clear oil;
Rf 0.27 (20% ethyl acetate in petroleum ether 40–60); νmax

(film/cm−1) 3335, 3092, 2961, 2932, 2869, 1689; 1H NMR
(CDCl3; 600 MHz) δ 1.45 (9H, s, C(CH3)3), 1.59–1.69 (1H, m,
CHH), 2.00–2.07 (1H, m, CHH), 2.97–3.08 (1H, m, CHH)
3.30–3.58 (4H, m, CHNH2, CHH, CH2); 13C NMR (CDCl3;
150 MHz) δ 28.6, 34.4 & 34.9, 44.1 & 44.5, 50.7 & 51.6, 54.2 &
54.6, 79.3, 154.8 (two peaks seen for each carbon in pyrrolidine
ring due to restricted rotation around amide bond); LRMS
(ES+) m/z 187 (80%, M+), 145 (100%), 131 (100%), 113 (63%).
Spectroscopic data was in agreement with the literature.45

pQR2208. The pH was then adjusted to pH 13 and amine
18b extracted with ethyl acetate (5 × 100 mL) and the com-
bined organic extracts were dried (Na2SO4), filtered and con-
centrated in vacuo to give 18b (57 mg, 31%) as a clear oil with
spectroscopic data identical to that above.

Preparative scale reaction (50 mM) with pQR2189

The reaction was scaled up to 50 mL with 18a (468 mg,
2.53 mmol), containing isopropylamine (430 μL, 5.25 mmol),
PLP (1 mM), potassium phosphate buffer (50 mM, pH 10),
clarified cell lysate (1 mg mL−1) or purified enzyme
(130 μg mL−1) and incubated at 30 °C and 250 rpm for 24 h.
To determine reaction yields, 10% TFA (2.5 μL) was added to
an aliquot (50 μL), denatured protein removed via centrifu-
gation (10 min, 13 000 rpm, 4 °C), and the supernatant was
diluted and analysed by analytical HPLC. To stop the reaction,
methanol (150 mL) was added to the reaction mixture, and
denatured protein removed via centrifugation (20 min,
4000 rpm, 4 °C). Methanol was removed in vacuo, the aqueous
layer acidified with sat. ammonium chloride and any remain-
ing starting material extracted with ethyl acetate (3 × 100 mL).
The pH was then adjusted to pH 13, amine 18b extracted with
ethyl acetate (3 × 100 mL) and the combined organic extracts
were dried (Na2SO4), filtered and concentrated in vacuo to give
18b (266 mg, 57%) for clarified cell lysate and 18b (377 mg,
82%) with purified pQR2189 as a clear oil with spectroscopic
data as recorded above.
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