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Abstract 

Development of novel biocatalytic routes toward the synthesis of Naproxen 

 

Whilst pressure grows for ógreenerô solutions to chemical synthesis, biocatalysis offers a 

cleaner and more efficient way of chemical production using ambient experimental 

conditions such as temperature and pressure. Biocatalysts can offer a route to 

enantioselective reactions that can produce pure yields of product. Reductases are capable 

of carrying out asymmetric reduction of C=C bonds which lead to important chiral 

compounds from alkenes. Old yellow enzymes were employed in the synthesis of the 

profen Naproxen by precursors with three different functional groups; nitro, carboxylic 

acid and methyl ester. Three routes were developed using the three precursors with activity 

detected with at several OYEs. Reactions towards Naproxen were completed by enzymatic 

or chemoenzymatic routes. Of particular interest was the direct reduction of 2-(6-

methoxynaphthalen-2-yl)acrylate to (R)-Naproxen by OYEs, XenA and GYE. This 

reaction was run at a 50 mg scale with 85% yield of Naproxen observed. This activity of 

XenA and GYE towards substrates containing monoacid activating groups is as yet 

unreported in OYEs and leads the way to expand the biocatalytic potential of this enzyme 

group. Additional screens were carried out with XenA and GYE with 2-phenylacrylic acid 

and additional related substrates screened in an attempt to expand the substrate range of the 

OYEs. However, the only activity detected was that with XenA and 2-phenylacrylic acid, 

suggesting that XenA and GYE are not active with a wide range of monoacid containing 

substrates.  

 

The University of Manchester 

John Edmund Waller 

Doctorate of Philosophy 

12 September 2015 



Declaration 

9 

 

 

 

 

 

 

 

 

 

 

Declaration 

 

That no portion of the work referred to in the thesis has been submitted in support of an 

application for another degree or qualification of this or any other university or other 

institute of learning 

 

 

 



Copyright Statement 

10 

 

Copyright Statement 

 

i. The author of this thesis (including any appendices and/or schedules to this thesis) owns 

certain copyright or related rights in it (the ñCopyrightò) and he has given The University 

of Manchester certain rights to use such Copyright, including for administrative purposes. 

ii. Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, 

may be made only in accordance with the Copyright, Designs and Patents Act 1988 (as 

amended) and regulations issued under it or, where appropriate, in accordance with 

licensing agreements which the University has from time to time. This page must form part 

of any such copies made. 

iii. The ownership of certain Copyright, patents, designs, trademarks and other intellectual 

property (the ñIntellectual Propertyò) and any reproductions of copyright works in the 

thesis, for example graphs and tables (ñReproductionsò), which may be described in this 

thesis, may not be owned by the author and may be owned by third parties. Such 

Intellectual Property and Reproductions cannot and must not be made available for use 

without the prior written permission of the owner(s) of the relevant Intellectual Property 

and/or Reproductions. 

iv. Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property and/or 

Reproductions described in it may take place is available in the University IP Policy (see 

http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=487), in any relevant Thesis 

restriction declarations deposited in the University Library, The University Libraryôs 

regulations (see http://www.manchester.ac.uk/library/aboutus/regulations) and in The 

Universityôs policy on Presentation of Theses. 

 

 

 

 



Acknowledgements 

 

11 

 

 

Acknowledgements 

First, I would like to thank my supervisor Professor Nigel Scrutton for affording me the 

opportunity to undertake this project. 

I would also like to thank Dr Helen Toogood for instruction in all aspects of molecular 

biology and sound advice on all aspects of my project, Dr Anna Fryszkowska for guidance 

regarding the chemistry based aspects of my project, and all current and ex members of the 

Scrutton group who have helped at various stages during the course of my studies. 

Personal thanks go to my mother and father for their unconditional support, my partner 

Holly Copp for helping to keep me in check, all the guys at Burnley Football Club and my 

fish. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations 

12 

Abbreviations 

ACN - acetonitrile 

AcOH ï acetic acid 

ADH ï alcohol dehydrogenase 

AlDH ï aldehyde dehydrogenase 

AMP ï adenosine monophosphate 

ATP ï adenosine triphosphate 

CASTing ï combinatorial active site 

saturation testing 

CAR ï carboxylic acid reductase 

CDCl3 ï deuterated chloroform 

CrS ï Chromate reductase 

DBR ï double bond reductase 

DMF ï dimethylformamide 

DMSO ï dimethyl sulfoxide 

DNA ï deoxyribonucleic acid 

dNTP ï deoxyribose nucleoside 

triphosphate 

DWB ï deep well block 

EDTA - Ethylenediaminetetraacetic acid 

ee ï enantiomeric excess 

epPCR ï error prone polymerase chain 

reaction 

EtOH - ethanol 

FDH ï formate dehydrogenase 

FMN ï flavin mononucleotide 

GC ï gas chromatography 

GDH ï glucose dehydrogenase 

GYE ï Gluconobacter yellow enzyme 

HPLC ï high performance liquid 

chromatography 

IPTG - Isopropyl ɓ-D-1-

thiogalactopyranoside 

KOD - kodakaraensis 

LB ï Luria broth 

LeOPR1 - Lycopersicon esculentum 12-

Oxophytodienoate reductase 

LTD - leukotriene B4 dehydrogenase 

subfamily 

MeOH - methanol 

MDR ï medium chain dehydrogenase 

MOA ï monoamine oxygenase 

MR ï Morphinone reductase 

MTBE - Methyl tert-butyl ether 

NADPH ï nicotinamide adenine 

dinucleotide phosphate (reduced form) 

NerA ï glycerol tetranitrate reductase 



Abbreviations 

13 

Ni - NTA ï Nickel-nitrilotriacetic acid 

NMR ï nuclear magnetic resonance 

NSAID ï non-steroidal anti-

inflammatory drug 

OFN ï Oxygen Free Nitrogen 

OYE ï Old yellow enzyme 

PCR ï polymerase chain reaction 

PETNR ï Pentaerythritol Tetranitrate 

Reductase 

POA - Pseudomonas aeruginosa 

PPAR - a peroxisome proliferator-

activated receptor 

PPTase - Phosphopantetheine transferase 

SDR ï small chain dehydrogenase 

SDS-PAGE - sodium dodecyl sulfate 

Polyacrylamide gel electrophoresis 

SHIPREC - sequence homology-

independent protein recombination 

SOC ï super optimal broth 

TIM - triosephosphateisomerase 

TMS-CHN2 ï trimethyl silyl 

diazomethane 

TOYE ï thermostable old yellow enzyme 

UV ï ultraviolet 

XenA ï xenobiotic reductase 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1: Introduction 

14 

1. Introduction  

1.1 Biocatalysis and the fine chemical market 

Biocatalysis is defined as the use of natural catalysts, such as enzymes, to chemically alter 

organic compounds. There are many advantages that biotechnology offers over traditional 

chemical synthesis such as sustainable and cheaper production with purer product and less 

waste (Meyer & Turner 2009). Biocatalytic processes include the use of recyclable 

reaction components contributing to cheaper running costs, whilst the level of waste of 

many chemical synthesis processes increases with each step in the process. As biocatalytic 

routes often contain fewer steps to the final product, the resulting waste is significantly 

reduced (Woodley 2008) as is the overall process cost. In addition, biocatalytic processes 

are typically performed under ambient conditions, such as neutral pH and room 

temperature, with the absence of toxic additives. As environmental pressure throughout the 

world is shifting away from the use of fossil fuels towards a more sustainable form of 

energy, biotechnology offers a more environmentally friendly approach to chemical 

synthesis. With reduced energy input, recyclable materials and reduced waste, biocatalysis 

is demonstrating how traditional chemical synthetic methods can be replaced, the timing of 

which coincides perfectly with the biotechnology industry to help lead the way in shifting 

to a ógreenerô future (Toogood & Scrutton 2013). 

Incorporation of enzymes in pathways to chemical synthesis has become increasingly 

common in the past few decades, such as in the starch, leather, detergent and pulp and 

paper industries (Rubin-Pitel & Zhao 2006). The present wave of biocatalysis has reached 

a new industrially proven level through the advancement of technological research and 

innovation (Bornscheuer et al. 2012), which has seen an increase in the use of enzymes for 

the synthesis of fine chemicals and pharmaceuticals (Toogood & Scrutton 2013). Typically 

high chemo-, regio- and stereoselectivity coupled with ambient conditions has helped 

contribute to the increase of enzyme use, when synthesising pharmaceuticals (Bornscheuer 

& Pohl 2001). Due to the often highly selective nature of enzymes, in some cases products 

can be achieved that are not attainable through alternative chemical processes (Muralidhar 

et al. 2001; Muralidhar et al. 2002; Panke et al. 2004; Reetz et al. 2009). However, this 

selectivity of enzymes can also work against the adoption of such processes, as enzymes 

may not have activity against non-native, yet industrially useful substrates. Additionally, 

they rarely contain all the additional properties required for an industrial scale reaction, 



Chapter 1: Introduction 

15 

such as stability and reactivity in the presence of high levels of organic solvents and high 

substrate loading. As a result, many studies have focussed on the modification of enzymes 

to improve commercial usefulness (Reetz et al. 2009; Rubin-Pitel & Zhao 2006; Kumar & 

Singh 2012). Recent advances in high-throughput screening and protein engineering 

processes have seen such modifications becoming routine in the optimisation of enzymes 

(Kumar & Singh 2012). 

Chemical synthesis has an estimated worth of 2,290 billion US$ globally, and a predicted 

growth to 4,000 billion US$ by 2020, (Meyer & Turner 2009). About 85 billion of the 

market worth is generated through industrial biotechnology (Chemical and Engineering 

News 2015). The biotechnology industry involvement in fine chemical production is 

predicted to be responsible for 20 % of global chemical production by 2020, which will 

result, in theory, in a 16 fold increase in worth of the industry to 800 billion US$ 

(Gavrilescu & Chisti 2005). Despite the predicted increases in market growth, a major 

hurdle is to develop cost effective and ógreenô manufacturing processes to meet this 

increasing demand. This will require advances in the development of novel biocatalytic 

processes and the improved industrial usefulness of existing enzymes via mutagenic 

techniques.  

Focus on improvement of high-throughput techniques and the development of ósmarterô 

enzyme libraries along with improved cofactor regeneration and protein stability have led 

to the use of biocatalysis for the optimisation of metabolic pathways or multi-step cascade 

reactions (Bornscheuer et al. 2012). As a result, the adoption of biocatalytic methods has 

seen an increase in recent years. These processes are used to improve direct or indirect 

routes towards the synthesis of fine chemicals, with some methods going as far to produce 

products from substrates initially thought inert with enzymes. 

1.2 Biocatalyst use in pharmaceutical synthesis 

An increase in studies aimed at identifying enzymatic approaches to chemical synthesis has 

occurred in recent years, largely due to the high selectivity and ease of use of enzymes 

(Huisman & Collier 2013). Of all the reactions currently being used in industry, the main 

four are reductions, hydrolytic reactions, transaminations and oxidations (Huisman & 

Collier 2013). Early research focussed on the development of commercial processes 

employing alcohol dehydrogenases (Hummel 1990). For example the use of alcohol 

dehydrogenase from Lactobacillus kefir to convert acetophenone to (R)-phenylethanol was 
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employed as early as 1990, paving the way for biocatalysis to be used in replacing existing 

chemical synthesis methods (Hummel 1990).  

Table 1.1. Biocatalytic processes used in the synthesis of pharmaceutical compounds. 

No. Reaction Ref. 

1 

 

(Xun, 

2013) 

2 

 

(Martinez, 

2008) 

3 

 

(Shin, 

2009) 

4 

 

(Znabet,  

2010) 

5 

 

(Bechtold, 

2012) 

MOAN ï Monoamine oxidase N from Aspergilus niger 

 Hydrolyases have been used for the resolution of racemic mixtures, enabling pure 

enantiomers to be obtained. For example, the commercial synthesis of the anti-retroviral 

drug Abacavir includes the use of a lactamase to resolve Vince-lactam (the commercial 

name given to the bicyclic molecule ɔ-lactam 2-azabicyclohept-5-en-3-one) to the (R)-

enantiomer (Xun et al. 2013; Huisman & Collier 2013) (Table 1.1, reaction 1). In the 

production of the antiepileptic drug Pregabalin, lipases selectively hydrolyse an (S)-ester 

from a racemic mix, resulting in the (R)-precursor remaining untouched (Martinez et al. 

2008) (Table 1.1, reaction 2). Advancement of the (S)-enantiomer to pregabalin occurs in 

the remaining reaction steps, whilst the (R)-enantiomer is recycled to racemic substrate. 

Biocatalytic transamination is an established process in the production of chiral amine 

pharmaceuticals and precursors, as it often produces products with excellent 

enantioselectivity compared to competing synthesis methods. For example, many studies 
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have described the development and optimisation of transamination reactions for the 

resolution of racemic mixtures (Tufvesson et al. 2011). Levetiracetam is the active 

ingredient in KeppraÊ, an anticonvulsant used to treat epilepsy. A transaminase was 

employed to synthesise the intermediate 1,2-aminobutyric acid via the transamination of 2-

oxobutyric acid and benzylamine (Shin & Kim 2009) (Table 1.1, reaction 3). However for 

many of the transamination reactions, the equilibrium remains unfavourable for industrial 

applications (Tufvesson et al. 2011). 

Biocatalytic oxidations are potentially very powerful as selective transformations, and the 

use of monoamine oxidases (MOAs) for industrial biotransformations are becoming 

increasingly relevant. One such commercial success of MOAs is in the synthesis of 

telaprevir, an antiviral protease inhibitor used in the treatment of hepatitis C (Znabet et al. 

2010). Due to the lack of stereoselectivity in Ugi- and Passerini-type reactions (Banfi & 

Riva 2005; Dömling & Ugi 2000), a flavin-dependent MAO was used to de-symmetrise 

the prochiral meso-amine substrate in a multi-component reaction (Znabet et al. 2010) 

(Table 1.1, reaction 4). 

The final major class of biocatalytic pharmaceutical reactions are hydrogenations 

(reductions), catalysed by enzymes such as ketoreductases and óeneô-reductases. In recent 

years blockbuster drugs, such as atorvastatin and phenylephrine, have been developed from 

a range of ketoreductase processes by Codexis, whereby a ketone is reduced to an alcohol, 

(Huisman et al. 2010) demonstrating the potential of reduction as a step towards the 

synthesis of pharmaceuticals. óEneô reductases have been employed to catalyse the 

asymmetric reduction of activated C=C bonds of Ŭ,ɓ-unsaturated aldehydes and ketones. 

AstraZeneca employed óeneô reductases in the synthesis of chiral ethers, such as 

Tesaglitazar (Bechtold et al. 2012). This compound is a peroxisome proliferator-activated 

receptor (PPAR) antagonist, a drug acting upon the PPAR, in the treatment of type 2 

diabetes (Bechtold et al. 2012) (Table 1.1, reaction 5). 

The biocatalytic reaction that is the focus of this thesis is the reduction of C=C bonds. Two 

new stereogenic centres can be generated in such a reaction, which can be used to generate 

enantiomerically pure alkanes (Toogood et al. 2010). As such, finding enzymes capable of 

carrying out asymmetric reductions for use in industrial biocatalysis has great potential. 

While most biocatalytic reductions described in the literature have been performed by the 

Old Yellow Enzyme (OYE) family (purified enzymes or whole cell extracts), (Toogood et 
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al. 2011)), recently members of the NADPH-dependent double bond reductase subfamily 

of medium chain dehydrogenase/reductases (MDRs) have been studied (Mansell et al. 

2013; Hirata et al. 2009). This thesis will explore the use of both classes of óeneô-

reductases, to find the most suitable candidate(s) for the chosen asymmetric biocatalytic 

reductions. 

1.3 Biocatalytic reduction and óEneô reductases 

The asymmetric reduction of activated C=C bonds is an established route towards fine 

chemical production, pharmaceutical and agrochemical intermediates. Existing methods of 

synthesis include the use of precious metals, chiral phosphines and organocatalytic 

reduction of cyclic enones (Tuttle et al. 2006). However, there is significant pressure to 

replace such methods with more environmentally friendly processes that require less 

energy input and produce less waste. There is also huge pressure from the food additive 

industry to replace all chemically derived additives with naturally derived flavours from 

the enzyme and biocatalysis industry (Fronza et al. 1996). Due to this demand asymmetric 

synthesis methods utili sing biological catalysts have become increasingly important, with 

the quantity and scale of research into reductases reflecting this. The work described in the 

following sections on óeneô reductases pertains to the use of Old Yellow Enzymes and the 

double bond reductase from Nicotiana tobacum. 

1.3.1 Old Yellow Enzymes 

The first óeneô reductase discovered was an óOld Yellow Enzymeô from Saccharomyces 

pastorianus (formerly Saccharomyces carlsbergensis; OYE1) in 1932 (Warburg 1932). 

The family got their name due to the yellow colour of the FMN cofactor of these enzymes 

(Akeson & Theorell 1956). As the first cofactor dependent enzyme directly involved in the 

catalysis of a redox reaction, OYE1 played an important role in the development of the 

field of enzymology (Massey & Schopfer 1986). Subsequent to this was the discovery of 5 

isozymes (OYE1-5) of OYE1 from other yeast species, initially indistinguishable by their 

molecular weights and spectral properties. The only apparent difference was their 

oligomeric states and subtle differences in the shape of the enzyme active site (Massey & 

Schopfer 1986). Further early studies established that the reduction of C=C bonds was 

dependent on NADPH as the hydride donor. Despite the discovery of numerous enzymes 

within the OYE family (Table 1.2) the allocation of a specific natural and physiological 
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role has not been assigned to this class of enzymes largely due to their promiscuous nature 

and the absence of any known óphysiological substrateô in most cases.  

Table 1.2. Summary of major OYE homologues.  

Organism Enzyme Subgroup Reference 

S. pastorianus OYE1 Classical (Matthews & Massey 1969) 

S. cerevisiae OYE2 Classical (Stott et al. 1993) 

OYE3 Classical (Niino et al. 1995) 

Enterobacter cloacae PB2 PETNR Classical (French et al. 1996) 

Gluconobacter oxydans GYE Classical (Yin et al. 2008) 

Pseudomonas putida M10 MR Classical (French & Bruce 1994) 

Pseudomonas putida XenA Thermophilic (Blehert et al. 1999) 

Bacillus subtilis Yqjm Thermophilic (Fitzpatrick, 2003) 

Thermoanaerobacter p. E39 TOYE Thermophilic (Adalbjornsson, 2010) 

PETNR ï Pentaerythritol tetranitrate reductase; GYE ï Gluconobacter yellow enzyme; MR 

ï Morphinone reductase; XenA ï Xenobiotic reductases; TOYE ï Thermostable old 

yellow enzyme. 

The OYE family is an extensively studied family that is capable of reducing C=C bonds 

which are activated by a wide spectrum of functionalities (Toogood et al. 2011). These 

functional groups activate C=C bonds by acting as electron withdrawing groups which 

draw electrons away from the C=C bond. This bond is then vulnerable to hydride attack 

from the reduced FMN. OYEs contain flavin mononucleotides (FMN) and can catalyse the 

NADPH dependent C=C bond reduction of a variety of substrates including Ŭ,ɓ-

unsaturated ketones, di-carboxylic acids, nitroalkenes, aldehydes and derivatives.  

1.3.1.1 Structure of OYE Enzymes 

The first structure of an OYE (OYE1) was solved to 2 Å, both in the oxidised and reduced 

forms, bound to a NADPH analogue. This gave great insight into the mechanism of OYEs 

(Saito et al. 1991) (Fox & Karplus 1994). To date approximately 24 structures of OYEs 

have been solved (http://www.rcsb.org/pdb), many containing substrates, products or 

inhibitors within the active site (Fox & Karplus 1994; Spiegelhauer et al. 2010; 

Adalbjornsson et al. 2010).  
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Overall structure of OYEs: OYEs are typically found as homodimers (XenA and OYE1-3), 

however PETNR and GYE from Gluconobacter oxydans exist as monomers. Some also 

exist in multiple oligomeric states such as tetramers and octamers (TOYE). However, 

despite the variation seen in the oligomeric state of OYEs the homologue monomers all 

display a similar single domain structure (Karplus et al. 1995; Fraaije & Mattevi 2000). An 

Ŭ,ɓ8-barrel (TIM barrel) fold with a ólidô covering the N-terminus is formed by ɓA-ɓB 

strands (OYE1 numbering) (Fox & Karplus 1994) and are a common feature not only in 

OYEs but flavoproteins in general. The secondary structures of OYEs tend to consist of 8 

Ŭ-helices and 8 ɓ-strands (Figure 1.1). 

 

Figure 1.1. Overall structure of OYE1. OYE1 represented as a ribbon structure of a 

single subunit. The TIM barrel is viewed from the centre outwards with the N-terminus 

being above the C-terminus on the right hand side. The Ŭ-helices and ɓ-strands are 

represented as red ribbons and blue sheets respectively and those from the TIM barrel are 

numbered in the order they appear in the OYE1 sequence. Generated in Discovery Studio. 

While high amino acid sequence conservations of the FMN and substrate binding 

functional regions exists in the OYE homologues (Adalbjornsson et al. 2010), distinct 

sequence and structural features (Kitzing et al. 2005; Fitzpatrick et al. 2003) have led to the 

description of two subgroups of OYEs (Adalbjornsson et al. 2010). The main subgroup of 

OYEs is designated as óClassicalô, and is populated by OYEs such as OYE1-3, PETNR 
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and MR (Table 1.1). The second subclass is called óthermophilic-likeô as at least one 

mesophilic enzyme (YqjM) belongs to this group in addition to thermophilic ones (TOYE). 

The thermophilic-like group also displays properties typical of thermophilic enzymes, such 

as shorter sequences and higher oligomeric states (Adalbjornsson et al. 2010). XenA 

remains somewhat between the two categories as it contains features of both, but does not 

display a conserved similarity between either. A sequence alignment of selected regions of 

the OYE family highlights the differences in conservation between the active site of the 

two subclasses Figure 1.2. 

 

Figure 1.2. Amino acid sequence alignment between the 8 OYE enzymes subject to 

research in this thesis. Sequence alignment performed using Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). Residues highlighted in yellow and green 

indicated key conserved active sight residues T26, Y28, W102, H181, H184, Y186 and 

Y351 (PETNR numbering) as well as R333 in the thermophilic like subclass (TOYE 

numbering). Yellow boxes indicate the conserved residues in the classical subclass whilst 

green boxes indicate conserved residues in the thermophilic like subclass. Group 1 

indicates the classical OYEs and group 2 indicate thermophilic like OYEs. Accession 

numbers from UniProt (http://www.uniprot.org): PETNR (U68759), LeOPR-1 - 12-

oxophytodienoate 10,11-reductase from Lycopersicon esculentum cv. Castlemart II 

(Q9XG54), NerA ï glycerol trinitrate reductase from Agrobacterium radiobacter 
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(O31246), OYE2 (Q03558), OYE3 (P41816), GYE (A1E8I9), XenA (Q3ZDM6) and 

TOYE (B0KAH1). 

Key amino acid residues can be seen to be conserved throughout the different subclasses of 

OYEs. A key threonine residue is observed at position 26 (PETNR numbering) in classical 

OYEs and is known to stabilise the negative charge of the FMN (Opperman et al. 2010; 

Karplus et al. 1995; Xu et al. 1999) however, in thermophilic like OYEs this residue is a 

cysteine. Further differences can be observed at key residue W102 (PETNR numbering), 

which is an alanine residue in thermophilic-like OYEs. All subclasses do share some 

similarity in conserved regions at the key substrate binding residues H181, H/N184 and 

Y186 (Figure 1.2). The other major difference in highly conserved residues occurs towards 

the N-terminus. Residue Y351 is a highly conserved residue amongst classical OYEs and 

is known to hydrogen bond with substrates, but is not present in thermophilic like OYEs 

due to shorter sequences (Figure 1.2). 
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Figure 1.3. Superimposition of the X-ray crystal structures of OYE homologues. A ï 

PETNR, LeOPR-1, NerA, OYE2, OYE3, GYE, XenA and TOYE are shows as yellow, 

blue, purple, pink, orange, red, brown and green flat ribbons respectively. PDB codes 

(http://www.rcsb.org/pdb/home/home.do): PETNR (3P62), LeOPR-1 (1VJI), NerA (4JIC), 

GYE (3WJS), XenA (2H8X) and TOYE (3KRU). Generated in Coot and Discovery 

Studio. B ï percent identity matrix generated for comparison of structure similarity 

between OYEs, performed on alignment programme Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/).  

Some of the OYEs demonstrate a sequence similarity as observed in the superimposition 

and sequence similarity matrix (Figure 1.3), however some demonstrate a poor similarity 

such as PETNR and XenA (25%). Despite some poor sequence similarities they all have 
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very similar structural similarities. PETNR and NerA most closely resemble each other 

with 47% sequence similarity, OYE2 and OYE3 are highly similar with 81% similarity and 

both TOYE and XenA share the highest similarity with each other despite a lower 

similarity observed with the other classical OYEs (Figure 1.3) 

The major differences between OYEs tend to be between the surface loop amino acid 

compositions. The differences are thought to reflect interactions between the monomer-

monomer interface of functional dimers between classes of OYEs (Adalbjornsson et al. 

2010). Consequently, some surface loops are seen to be smaller in size in the thermophilic 

class of OYEs suggesting a mechanism for thermo-stabilisation. For example, when 

comparing the N-terminal surface loop of TOYE to that of the classical OYEs, such as 

PETNR and LeOPR-1, the TOYE loop is not only shorter, but does not have the same 

angle as that of classical OYEs (Figure 1.3), with an outwards facing loop. It is within this 

loop that classical OYEs contain a highly conserved tyrosine residue. The angles of 

interaction between subunits of the thermophilic subunits tend to be different and as such 

the amino acids involved in dimer-dimer interactions (R312, Q333, Y334 and R336) in this 

subclass are highly conserved. 

Thermostable TOYE showed the highest sequence similarity with YqjM (Adalbjornsson et 

al. 2010). This led to the definition of two major subclasses within the OYE family of 

óclassicalô and óthermophilic-likeô. YqjM is a homotetramer, assembled as a dimer of 

catalytically dependent dimers, and displays a difference in ligand binding with an 

important contribution by the N-terminal Tyr28 (Kitzing et al. 2005; Fitzpatrick et al. 

2003). This is in contrast to classic OYEs in which such a contribution is seen by a tyrosine 

at the COOH-terminal end (Y351; PETNR numbering). Additional enzymes within this 

relatively new subclass have been identified as thermostable, a feature not usually seen in 

classic OYEs.  

Key active site residues of OYEs: FMN is non-covalently bound to OYEs in the extended 

conformation of the C-terminal ɓ-barrel (Fraaije & Mattevi 2000). The residues that 

interact with FMN are highly conserved throughout both classes of OYEs with T26, W102, 

H181 and H184 interacting with the FMN side chain (PETNR numbering). Additionally a 

P35 (OYE1 numbering) residue interacts with the O2ô atom of FMN, and is highly 

conserved throughout all OYEs. The major residue difference between classic and 

thermophilic like OYEs is the residue that interacts with FMN isoalloxazine ring O4 atom 
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stabilising the negative charge of the reduced flavin (Opperman et al. 2010; Karplus et al. 

1995). This is a threonine residue in classic OYEs but a cysteine in thermophilic-like 

OYEs. The lack of the Cɓ atom in cysteine is thought to be advantageous to the binding of 

bulky substrates as it has previously been seen to cause steric clashes between substrates 

C6 atom (when substrate was progesterone) (Khan et al. 2005). 

 

Figure 1.4. Active site of PETNR with FMN bound. PETNR (PDB:1 GVQ) residues and 

FMN are shown as atom coloured sticks with green and yellow carbons respectively. 

Positive interactions between the protein and the isoalloxazine ring of FMN are shown as 

green lines. Generated in Discovery Studio. 

Aromatic residues occupy the main bulk of OYE active sites along with the conserved 

H181 and H/N184 (PETNR numbering) residues involved in substrate binding and 

activation. These can be seen in the sequence alignment to be highly conserved throughout 

all OYEs. The H181 NE2 atom also binds with the O2 atom of FMN (Figure 1.4). These 

residues are highly conserved as they are required for the orientation of the reactive double 

bond (Fraaije & Mattevi 2000). The substrate is angled at a suitable distance from the N5 

atom of FMN for successful hydride transfer. The activating group of the oxidising 
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substrate forms a hydrogen bond with one or both of the conserved histidine residues. 

XenA (Griese et al. 2006), PETNR (Khan et al. 2002) and TOYE (Adalbjornsson et al. 

2010) have all been seen to form bonds between both histidine residues and bound 

compounds. For example in TOYE the H163/H166 were seen to interact with bound 

inhibitor NADH4 in crystallography trials (Adalbjornsson et al. 2010), in PETNR 

H181/H184 interacted with the carbonyl group of 2-cyclohexenone (Khan et al. 2005) and 

in XenA H178/H181 bound with 8-Hydroxycoumarin but is flipped 180º so that the 

phenolic hydroxyl group at C-8 is hydrogen bonded to the histidine pair (Griese et al. 

2006). Alternative binding angles have been observed in XenA suggesting that there are 

different conformations for successful reduction in XenA (Griese et al. 2006). The Y186 

residue has been shown to be the proton donor in various OYEs (Kohli & Massey 1998). 

However, mutagenic studies with PETNR have shown it is not vital for catalysis (Khan et 

al. 2005). 

Further differences exist between the classic and thermophilic-like OYEs. For example, in 

classic OYEs Y351 (PETNR numbering) is a highly conserved residue responsible for 

hydrogen bonding to substrates. However, this interaction is not present in thermophilic-

like OYEs. A unique feature of the thermophilic-like OYEs is the presence of an óarginine 

fingerô (Kitzing et al. 2005) seen to interact with substrate atoms in an adjacent monomer 

in both YqjM and TOYE (R336 and R333 in YqjM and TOYE respectively 

(Adalbjornsson et al. 2010)). In XenA this is not present however, as this equivalent 

residue is a tryptophan (W358; Figure 1.2). This region is highly conserved, and explains 

why these OYEs exist as functional dimers (tetramer has four active sites, each made of 

pairs of monomers). The presence of this region is due to the reorientation of the C-

terminal residues involved in subunit-subunit interactions. This reorientation has led to the 

absence of the Y351 residue from thermophilic-like residues and it is though the 

functionality of Y351 has been replaced by Y27 (TOYE numbering) in a spatially similar 

location. 

The W102 residue of PETNR was mutated to smaller amino acids alanine and glycine 

leading to an increase in volume within the active site. This led to the loss of steric clashes 

that would otherwise prevent binding of bulkier substrates (Hulley et al. 2010). Crystal 

structures of OYEs have led to further insights into the roles of specific residues in OYE 

active sites. The crystal structure of XenA complexed with coumarin highlighted the 

presence of ˊ-ˊ stacking interactions between the FMN isoalloxazine ring and coumarin 
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(Griese et al. 2006) whilst other structures of PETNR bound to nitrocyclohexene have 

demonstrated that multiple binding conformations of substrates exist. Recent studies 

speculate that the lack of a defined physiological role of OYEs such as PETNR is due to 

human environmental influences forcing the evolution of the enzymes towards performing 

non-natural reactions, such as the degradation of explosive residues in soil (Renata et al. 

2015). 

1.3.1.2  Catalytic mechanism of OYEs 

The overall mechanism catalysed by OYEs is described as an NAD(P)H-dependent 

asymmetric reduction of the C=C bond of Ŭ,ɓ-unsaturated aldehydes, cyclic amides, 

nitriles and ketones. The mechanism proceeds via two main steps, reductive and oxidative 

half reactions (Scheme 1.1). Unlike most OYEs, PETNR can also catalyse nitro aromatic 

explosive degradation via a different, albeit slower, oxidative half-reaction mechanism 

(Khan et al. 2002) involving the formation of the hydride-Meisenheimer complex with 

explosive substrates. Due to the slow nature of this reaction it is thought this activity might 

have been an adaptation to the environmental pollutant introduced by humans (Renata et 

al. 2015). However, this study is only concerned with C=C bond reduction, so a detailed 

mechanistic description of nitroaromatic degradation is beyond the scope of this thesis.  

 

Scheme 1.1. Overall reaction catalysed by OYEs.  
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1.3.1.3 Reductive half reaction 

Before alkene reduction can proceed, the oxidised FMN cofactor must be reduced by the 

addition of a hydride from a donor molecule to form an activated enzyme complex. The 

most common donor for OYEs is NADPH, although some studies have investigated the 

use of non-physiological hydride donors for biocatalytic processes (Toogood et al. 2014). 

In the case of the OYE MR, the preferred hydride donor is NADH (Williams et al. 2004).  

 

Scheme 1.2. Reductive half-reaction of OYEs (Karplus et al. 1995; Brown et al. 2002). 

The binding of NADPH to the oxidised OYE results in the formation of a non-covalent 

binary Michaelis complex (Scheme 1.2). Optimal positioning for hydride transfer is 

thought to occur by positioning of the amide oxygen of the nicotinamide ring to the 

conserved histidine residues in the active site for hydrogen bonding (Fox & Karplus 1994). 

This positions the C4 atom close to the N5 atom of FMN allowing for hydride transfer 

(Figure 1.5). After the NADPH binds to the OYE a charge-transfer complex is formed, 

which is observed as a long wavelength absorbance band, with oxidized FMN as the 

electron acceptor and the NADPH as the electron donor. Research has shown that the 

hydride transfer occurs via quantum mechanical tunnelling between the NADPH and FMN 

(Basran et al. 2003; Hay et al. 2009). Following the reduction of FMN the NADP
+
 is 

released (Karplus et al. 1995).  
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Figure 1.5. Crystal structure of PETNR complexed with the NADH analogue 1,4,5,6-

tetrahydro NAD PH. PETNR is shown as cartoon ribbon, coloured by secondary structure. 

FMN and 1,4,5,6-tetrahydro NADH shown as atom coloured sticks where yellow = carbon, 

blue = nitrogen and red = oxygen.  The red line = positive interaction between the N5 atom 

of FMN and the C4 atom of 1,4,5,6-tetrahydro NADH. Structure taken from Pudney et al. 

2009. 

More recently, studies have focussed on the replacement of expensive nicotinamide 

coenzymes for more cost-effective hydride donors. For example, the use of photoreduction 

has been employed in the OYE YqjM with free flavin and a sacrificial electron donor 

(Taglieber et al. 2008). The enzyme bound FMN was reduced by the photoreduced FMN, 

and used to reduce ketoisophorone to (R)-levodione. Other studies have also employed the 

use of photoreduction of YqjM and the OYE NemA (N-ethylmaleimide reductase from E. 

coli) with the use of sacrificial electron donors EDTA and formate (Taglieber et al. 2008). 

However, the drawback to such methods is the requirement of strict anaerobic conditions 

to prevent the rapid reoxidation of reduced FMN by oxygen (Toogood et al. 2014). 

Additional electro-catalytic methods have been applied to PETNR biotransformations 

where an electrochemical biphasic closed system was used to feed electrons into the active 
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site through the use of a mediator (methyl viologen) (Fisher et al. 2013). The system 

required some optimisation as the reduction rates of substrates tested were between 15-

70% of those observed with NADPH (Fisher et al. 2013). However, these approaches may 

offer potential for future use and further cost cutting benefits by replacing the expensive 

NADPH coenzyme. Some OYEs have been observed to operate in the absence of NADPH 

if an alternative nicotinamide mimic is used, such as 2-enone or 1,4-dione. These co-

substrates act as the hydride source, generating the equivalent phenolic co-product 

(Stueckler et al. 2010). 

1.3.1.4 Oxidative half reaction 

The oxidative half-reaction of OYEs proceeds via hydride transfer from the N5 of FMN to 

the Cɓ of the oxidative substrate (Scheme 1.3) (Khan et al. 2002). This is followed by 

protonation of the CŬ of the substrate by either a conserved tyrosine residue (Y186, 

PETNR numbering) in the active site (Kohli 1998) or a solvent-derived proton. For 

example, in the latter case, the T177 residue in the OYE chromate reductase (CrS; Thermus 

scotoductus SA-01) was mutated to a phenylalanine, with no significant loss in activity of 

the reductive half reaction (Opperman et al. 2010). This behaviour has also been detected 

in PETNR where the Y168 residue was mutated to a phenylalanine but activity was 

retained (Khan et al. 2005).   

 

Scheme 1.3. Mechanism of the OYE oxidative half-reaction. Adapted from (Craig et 

al. 1998). 
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To enable a successful hydride transfer from N5 of the FMN to the Cɓ atom of the 

oxidative substrate, it is important that the orientation of the compound is suitable and the 

distances between such bonds are ideal. The conserved histidine 181 and 184 residues 

(PETNR numbering) are responsible for this orientation, and are sometimes present as 

alternative pairs of His/His, His/Asn or Asn/Asn, For example PETNR contains His/His 

(Khan et al. 2005) and OYE2 contains His/Asn (Niino et al. 1995).  These pairs are highly 

conserved and act to donate H-bonds to the substrate electron withdrawing/activating 

group (Oberdorfer et al. 2011). Delivery of a proton to the CŬ atom during the oxidative 

half-reaction is carried out by either the tyrosine residue or through the solvent (Brown et 

al. 2002; Kohli 1998; Xu et al. 1999). 

The range of oxidative substrates of OYEs varies between enzymes, but no single 

physiological oxidants are known. The reduced FMN is able to donate 2H (H
-
 and H

+
) to a 

C=C bond on to a wide variety of acceptors containing activating groups such as ketones, 

aldehydes, diesters, nitroalkenes and diacids (Toogood et al. 2010; Stuermer et al. 2007)). 

The functional groups of these compounds act as activating groups, which donate some of 

their electron density into a conjugated ˊ system making it more nucleophilic. This 

effectively results in an activated compound sensitive to reduction. OYEs are also sensitive 

to oxygen as it acts as an oxidative substrate, albeit under very slow reaction rates. Despite 

this most reactions with OYEs are still conducted under aerobic conditions due to the 

complications of performing biotransformations under anaerobic conditions.  

1.3.1.5 General substrate profile of OYE enzymes 

The OYE family is capable of reducing a wide variety of Ŭ,ɓ-unsaturated activated 

ketones, aldehydes, nitroalkenes, carboxylic acids, derivatives and are also known to show 

moderate activity towards nitrate esters, nitroglycerin, nitroaromatic explosives and cyclic 

triazines, albeit by an alternative reaction (Khan et al. 2002a; Williams et al. 2004). Table 

1.3 summarises examples of the asymmetric reductions catalysed by OYEs studied in this 

thesis. For example, XenA, OYE2 and PETNR reduce the C=C bond of cinnamaldehyde, 

maleimides and Ŭ,ɓ-unsaturated ketones (Chaparro-Riggers et al. 2007), while the latter 

enzyme also shows good reactivity with a variety of Ŭ,ɓ-unsaturated nitroalkenes 

(Fryszkowska et al. 2009). The enzyme OYE1 (Swiderska & Stewart 2006) shows a 

stereoselective reduction of a series of 2- and 3-alkyl-substituted 2-cyclohexenones. 

However, despite such promiscuity, generated products are often the lesser desired 
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enantiomer or produced in low yields and with significant side products (Toogood et al. 

2010; Toogood et al. 2008; Hulley et al. 2010; Fryszkowska et al. 2009). 

Table 1.3. Oxidative substrate profile of seven OYEs. 

Organism Enzyme Substrates References 

E. cloacae PETNR Aldehydes, ketones, nitroalkenes, 

terpenoids, aromatic and aliphatic 

explosives. 

(Toogood et al. 2008; 

Fryszkowska et al. 2009; 

Khan et al. 2002; 

Williams et al. 2004; 

French et al. 1996) 

S. cerevisiae OYE2 Aldehydes (cyclic and acyclic), 

ketones, imides, carboxylic acids, esters 

and terpenoids. 

(Tuttle et al. 2006; Hall 

et al. 2008; Müller et al. 

2007; Wada et al. 2003; 

Niino et al. 1995)  OYE3 Similar to OYE2 

T. pseudethanolicus TOYE Ŭ,ɓ-unsaturated aldehydes and ketones 

and maleimides 

(Adalbjornsson et al. 

2010) 

G. oxydans GYE Ŭ,ɓ-unsaturated ketones and terpenoids (Yin et al. 2008; Richter 

et al. 2011) 

P. putida XenA Ŭ,ɓ-unsaturated aldehydes, ketones, 

maleimides and terpenoids. 

(Blehert et al. 1999; 

Chaparro-Riggers et al. 

2007) 

S. lycopersicum LeOPR1 Ŭ,ɓ-unsaturated aldehydes, ketones, 

maleimides and nitroalkenes. 

(Hall et al. 2008; Hall et 

al. 2007; Stueckler et al. 

2007) 

A. radiobacter NerA Ŭ,ɓ-unsaturated aldehydes and 

nitroalkenes. 

(Oberdorfer et al. 2013) 

Aldehydes can be used for various commercial applications including dispersants and 

detergents. The reduction of Ŭ-methyl substituted cinnamaldehyde has been reported in 

OYE2 and OYE3 (Müller et al. 2007). The OYE family reduces a variety of acyclic Ŭ,ɓ-

unsaturated alkyl aldehydes with high stereoselectivity. Longer chain acyclic aldehydes 

such as trans-dodec-2-enal have been observed to be highly reactive with OYEs, 

specifically with LeOPR1 (Straßner et al. 1999). 

Cyclic and acyclic ketones are produced in mass quantities in industry and have several 

uses as solvents and synthons in processes such as polymerisations and drug synthesis 

(Kirk & Othmer, 2005). There are several examples of large-scale ketone syntheses such as 

the production of (R)-levodione from ketoisophorone by biocatalytic reduction with 
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bakerôs yeast. Isolated OYEs have been used in the reduction of substituted 2-cyclopenten-

1-one and cyclohexen-1-one (Toogood et al. 2010). The compound 2-cyclopenten-1-one is 

a near universal substrate for OYEs, and has aided in the understanding of OYE 

mechanism and structure. However, an alkyl substitution at the Ŭ- or ɓ-carbon of 

cyclohexen-1-one can have a huge impact on the reactivity of OYEs. Additionally, the 

enantiopurity of products from 2-cyclohexen-1-ones with bulkier substituents remains 

largely unchanged but the yield of such reactions is very dependent on whether or not the 

substitution was at the CŬ or Cɓ atom. XenA has been shown to be capable of reducing 

small acyclic Ŭ,ɓ-unsaturated enones (Müller et al. 2007). 

Maleimides have been observed to be excellent substrates for isolated OYEs with the (R)-

enantiomer consistently being produced in high yields (Fryszkowska et al. 2009; Chaparro-

Riggers et al. 2007). Further to this N-substituted maleimides are excellent substrates for 

PETNR and TOYE with high selectivity. Kinetic studies of PETNR and TOYE have 

demonstrated that these enzyme have a Km value for N-substituted maleimides that is near 

to the physiological range (Adalbjornsson et al. 2010; Fryszkowska et al. 2009). Structural 

analysis of PETNR has led to the idea that maleimides are such tight binders due to 

interaction of the carbonyl group with the H181/H184 pair and the second carbonyl group 

to Y351. 

1.3.2 Double bond reductases 

Double bond reductases (DBRs) are members of the Zn
2+

-independent reductive 

leukotriene B4 dehydrogenase subfamily (LTD) of the medium chain dehydrogenase 

(MDR) family (Nordling et al. 2002). While typical MDRs include NADP
+
-dependent 

alcohol dehydrogenases (ADH) and polyol dehydrogenases, the Zn
2+

-independent 

reductive subclass catalyse the asymmetric reduction of C=C bonds (Nordling et al. 2002). 

Initial studies with the native double bond reductase enzyme isolated from Nicotiana 

tobacum (NtDBR) showed monoterpene allylic alcohol reduction abilities (ADH activity; 

Hirata et al. 2009). However, the recombinant enzyme did not show this activity, and 

instead showed C=C bond reductive functionality typical of the LTD subclass of MDRs. 

Confirmation of its classification was the high sequence similarity with other LTD 

members such as from Artemisia annua (67%) (Zhang et al. 2009), Mentha piperita (66%) 

(Ringer et al. 2003) and the alkenal double bond reductase of Arabidopsis thaliana (71%) 

(Youn et al. 2006). NtDBR has also previously been named as pulegone reductase due to 
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its ability to reduce pulegone to menthone and isomenthone isomers, and its high sequence 

similarity to the pulegone reductase from M. piperita (Hirata et al. 2009). However, this 

activity was minor compared to other oxidative substrates, so it was renamed as a general 

double bond reductase (Mansell et al. 2013).  

The LTD subclass of enzymes are colourless as they do not contain any bound cofactor 

(Mansell et al. 2013). Members of the family have been observed to reduce Ŭ,ɓ-unsaturated 

aldehydes, ketones and nitroalkenes. For example, the reduction of phenylpropenal 

aldehydes by phenylpropenal double bond reductase of Pinus taeda (Kasahara et al. 2006). 

An alkenal double bond reductase from Arabidopsis thaliana was observed to reduce the 

C7-8 alkene group of p-coumaryl- and coniferyl aldehydes and 4-hydroxy-(2E)-nonenal 

(Youn et al. 2006). The reduction of an antimalarial artemisinin in the glandular trichomes 

of Artemisia annua was observed during biosynthesis (Zhang et al. 2008). Given that DBR 

does not contain any bound cofactor, an OYE-like mechanism is not possible. In the case 

of LTD enzymes, both the NADPH and oxidative substrate are bound at the same time, 

with likely direct transfer of the hydride from NADPH to the oxidised substrate. 

The three-dimensional crystal structure of NtDBR from tobacco was solved, and shown to 

be a functional homodimer with an overall protein fold resembling ADHs (Mansell et al. 

2013). Each monomer of DBR contained two domains; a substrate binding domain and a 

nucleotide binding domain. The substrate binding domain, or catalytic domain, consists of 

three Ŭ-helices and eight ɓ-strands (Figure 1.6). The ɓ-strands form a barrel-like structure. 

The nucleotide binding domain contains alternating Ŭ-helices and ɓ-strands forming a 

Rossmann fold common amongst nucleotide binding enzymes (Figure 1.6). The interface 

of the two domains is where the active site was observed (Mansell et al. 2013).  
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Figure 1.6. Overall monomeric co-crystal structure of NADPH and 3-(4-

hydroxyphenyl)propanal-bound NtDBR. The two distinct domains are displayed as red 

and green cartoons. The substrates NADP(H) and 3-(4-hydroxyphenyl)propanal are shown 

as atom-coloured sticks where yellow = carbon, blue = nitrogen, orange = phosphate and 

red = oxygen. PDB: 2J3J. Structure taken from Mansell et al. 2013. 

The regio- and stereoselectivity of NtDBR was characterised against a number of Ŭ,ɓ-

unsaturated alkenes.  In some cases, the enantiomer produced was opposite to those 

produced by members of the OYE family (Mansell et al. 2013). The reduction of (E)-2-

methoxy-6-(1-nitroprop-1-en-2-yl)naphthalene was observed to go to full completion 

however, a racemic product was formed. Simple changes in the reaction conditions, such 

as the pH, resulted in large changes of the yield of the reactions. This highlights the 

sensitive nature of enzymes and that a concerted effort to change nature via directed 

evolution is not always necessary, when optimisation can proceed through reaction 

conditions (Mansell et al. 2013).  

DBR demonstrated activity towards 1-nitrocyclohexene and alkenals, but relatively no 

activity was detected with maleimides, citral and substituted cyclohexenones and 


