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The late -stage oxidative functionalis ation of C -H bonds can be used to circumvent 

synthetic route re -design  and to generate molecules not easily accessible via  

conventional methods . Such reactions can be  problematic due to a lack of site -

selectivity and the poor intrinsic reactivity of the C -H bond. Enzymes may  provide a 

solution to both these issues, and  enhancements in activity, selectivity, temperature 

stability and organic solvent tolerance over the w ild -type  enzyme are  achievable by 

protein engineering.   

 

The stereoselective chlorination of unactivated hydrocarbons is challenging from a 

synthetic perspective, yet this type of reaction is performed in nature by enzymes of 

the i ron and 2 -oxoglutarate ( 2OG)-dependent halogenase family. By utilising  a radical 

mechanism,  these enzymes remove the requirement of existing chlorination 

biocatalysts for inherent substrate activation (in the form of aromatic or alkene 

functionalities), and demonstrate the  potent ial for the evolution of new and interesting 

C-H functionali sation capabilities.  Historically, enzymes from the i ron and 2OG - 

dependent halogenase family were unsuitable for biocatalysis due to the necessity of a 

substrate -bound carrier protein for activit y. Identified in 2014, WelO5 was the first 

enzyme from this family shown to be capable of carrier protein -independent 

chlorination.  

 

This thesis  has evaluated the tractability of developing synthetically useful biocatalysts 

based on the 2OG -dependent halogenase  WelO5, with the aim  of adding new reaction 

capabilities to the synthetic toolbox  of  the future.  To achieve this , WelO5 was 

produced in high yields and purity for  characterisation and crystallisation trials. Three 

novel WelO5 crystal structures w ere determined, which aided the rational selection of 

active site residues for replacement. The natural substrate for WelO5, (+) -12-epi-

fischerindole U isonitrile, was synthetically produced and used for the development of 

a screening assay for assessing WelO5 variant activity against substrate -like analogues. 

A total of 40 WelO5 variants were p roduced and tested for activity towards  the natural 

substrate and structurally similar analogues. Variant I161A was found to introduce a 

new hydroxylation activity t o the enzyme. Activity was also seen for WelO5 and 

variants against two structurally unrelated compounds.  

 

Overall, the generated variants of WelO5 have shown promise as biocatalysts, with the 

main limitation to further progress being the throughput of the  available screening 

methods. Novel activities have been discovered which merit further investigation into 

small molecule 2OG -halogenases as biocatalysts and this thesis provides the tools with 

which to do so.  
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Chapter 1. Introduction  

 

1.1. Biocatalysis  

The use of enzymes to perform chemical processes in the production and 

manufacture of fine chemicals and pharmaceuticals ha s had major successes, 

but still has enormous untapped potential . Indeed, the field of biocatalysis has 

rapidly grown in the past decade as chemistry looks for new methodologies 

which can offer advantages over existing chemical procedures in terms of 

chemoselectivity, regioselectivity, stereoselectivity, C -H activation  capabilities 

and greener chemistry .1 

 

1.1.1. Enzyme engineering  

Enzymes are very efficient catalysts, often capable of achieving turnovers far 

superior to that of non -biological chemical catalysts. However, their excellent 

catalytic activity and selectivity often exists against a singular substrate or 

substrate type an d tends to come at the price of low promiscuity. Chemical 

methods are often much more generally applicable, especially in research 

synthesis. By making modifications at the amino acid sequence level, enzymes 

can be made more amenable to the production of  compounds desired by 

synthetic chemists . Which  substitutions are made very much depend s upon the 

property being evolved for and the availability of structural and mechanistic 

knowledge of  the enzyme. In addition to activity against non -native substrates, 

examples of  evolvable enzyme properties include thermostability, 2 selectivity, 3,4 

non -native substrate activity 5 and organic solvent tolerance .6,7  

 

Active -site m odifications are most commonly used to alter reaction selectivity 

or to develop non -native substrate activities. 8 If available, crystal structures or 
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homology models can be exploited to guide the rational re -design of an active 

site through the substitution of key residues. 9,10 However, crystal structures 

only provide a static picture and the success rate for substitutions at the active 

site can be difficult to predict , particularly when  attempting to design 

synergistic  combinations of active site substitutions . 

 

Directed evolution aims to  overcome this limitation by  experimentally 

mimicking  the natural evolutionary process. Iterative rounds of diversification 

and screening/selection are used to bias enzyme evolution towards the 

enhancement of a given enzyme property. 11,12  

 

Directed evolution can be used to broaden substrate scope,  enhance 

stereoselectivity and  to optimise enzyme characteristics such as solvent 

tolerance and thermostability, which are  typically a more  significant  challeng e 

to improve by rational design. The d irected evolution of an  entire enzyme 

sequence does not require knowledge of enzyme structure or mechanism . 

However, due to the large numbers involved, a high -throughput screening or 

selection method is essential. 13 

 

1.1.2. Advantages & challenges  

The chemical industry has a substantial interest in proce sses which are both 

economically and environmentally sustainable and the adoption and 

implementation of new technologies can be highly influenced by how ôgreenõ 

they are determined to be. Biocatalysis is widely regarded as a ôgreenõ 

technology due to the minimal use of hazardous and ônon-greenõ solvents and 

reagents, energy efficiency ( ambient temperature and pressure) and employing 

catalytic rather than stoichiometric reagents. 14,15 
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Biocatalytic processes can be superior to chemical methods in terms of 

specificity and selectivity  but significant resource (i.e. directed evolution) is 

often required to achieve these properties on non -natural substrates. However, 

the ability to produce large quantities of a fine chemical or pharmaceutical 

intermediate often justifies this investment,  particularly if no practical 

alternative synthetic route exists for synthesis on scale. 11 

 

Enzymes typ ically demonstrate their greatest catalytic power in aqueous 

media, unfortunately this is not conducive to performing reactions on organic 

compounds which typically demonstrate poor solubility in water. The addition 

of co -solvents to the reaction such as I PA, DMSO or methanol can help with 

substrate solubility. 16 Alternatively, reactions have been successfully 

performed in biphasic solvent systems by adding water immiscible solvents 

such as toluene, heptane or ethyl acetate to the aqueous reaction mixture. 17,18 

 

Enzymes generally operate within pH 5 -8 and 20 -40ĚC. Whilst the ability to 

carry out reactions at neutral pH, ambient temperature and low pressure is 

advantageous (particularly on scale), it does mean that enzymatic reactions 

have a narrow w indow for optimisation .19 Although exceptions do exist. 20-23 

 

Reactions with cofactor -dependent enzymes require supplementation w ith 

stoichiometric cofactor, which can be prohibitively expensive on scale 

(depending on the cofactor). In some cases, cofactors can be regenerated in situ  

- although this is not applicable to every cofactor. 24,25  

 

An important area of biocatalysis research involves the identification of 

enzymes which can perform rea ctions not possible using existing synthetic 
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methods. Such reactions can introduce new disconnection approaches and 

show promise for addition to the synthetic chemistry toolbox of the future. 26 

 

1.1.3. Industrial applications  

Biocatalytic processes are already employed in industry for the synthesis of 

fine chemicals, pharmaceutica ls and APIs (active pharmaceutical 

intermediates). 27-31 Perhaps one of the most highly cited examples  of the 

application of biocatalysis to an industrial process is the Codexis developed 

synthesis of Sitagliptin, the API in Januvia®. 16 Guided by dockings of the 

substrate into a transaminase homology model and using their proprietary 

directed evolution platform, Codexis developed an enzymatic process which 

circumvented a high pressure, rhodium metal -catalysed hydrogenation and 

achieved superior enantioselectivity (>99.95% e.e.) (comparisons with the 

chemocatalytic process are summarised in Figure 1.1.). 16,32 

 

  



 

 
 

5
 

 

 

 
 

 

Figure 1.1. A summary of the advantages of the Codexis transaminase -catalysed route to Sitagliptin, over the optimised Merck chemo -catalytic route. The chemo -
catalytic route employed a rhodium -catalysed asymmetric hydrogenation step at 250 psi to achieve the desired product in 97 % e.e., with a 0.15 mol% catalyst 
loading. Subsequent treatment with activated carbon was required to remove the residual rhodium, followed by a crystallisation step to achieve a  chiral purity of 
99.9 % e.e. In  contrast, the biocatalytic route obtained optically pure material (undesired enantiomer was not detected) at 50% DMSO at 50ĚC.  
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1.2. Enzymatic halogenation  

Nature employs several different approaches to install halogens, mostly via  

oxidative mechanisms. 33 Chlorine and bromine are the most prevalent halogens 

in natural products . Iodination  is rare as a direct result of the low natural 

abundance of this element. 34 Due to the high electronegativity o f fluorine, 

reactions proceeding via an oxidative mechanism would have to overcome a 

significant energy barrier and currently no enzymes are known to be able to 

perform this process. 35 Instead, the introduction of enzymatic fluorine has 

been shown  to proceed via  a nucleophilic mechanism. 36 The approaches taken 

by nature to introduce halogens by nucleophilic, electrophilic and radical 

mechanisms are discussed.  

 

1.2.1. Nucleophilic halogenases  

A single characterised example exists for enzymatic fluorination - the 

fluorinase from  the bacterium  Streptomyces cattleya .36 This unique enzyme has 

evolved the ability to use hydrogen bonding to sufficiently desolvate the 

fluoride and perform nucleophilic displacement under aqueous conditions. 35 

Fluoride attacks the C -5õ of (S)-adenosyl -L-methionine (SAM), displacing 

methionine to generate 5õ-fluoro -5õ-deoxyadenosin e (Figure 1.2.). This enzyme 

has been shown to accept and use chloride instead of fluoride (albeit at 

significantly reduced activity), but not bromide. 36,37 

 

 
Figure 1. 2. Nucleophilic mechanism employed by the fluorinase from Streptomyces cattleya. X is 
representative of fluoride and chloride.  
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The nucleophilic chlorinase from  Salinispora tropica  (SalL) also mediates an 

analogous S N2 reaction with SAM. 38 This enzyme shares 35% identity with the 

fluorinase, but they differ in the key residu es responsible for co -ordinating 

their halide ions. For SalL, chloride has been  successfully replaced with 

bromide and iodide, but not fluoride. 38  

 

1.2.2 . Electrophilic halogenases  

Electrophilic halogenases use an effective ôX+õ equivalent (hypohalous acid;  

HO-X) for halogenation (Figure 1.3.). 39 These enzymes are categorised into 

haloperoxidase and flavin -dependent halogenase subfamilies depending on 

how the hypohalous acid is generated. The nature of the ôX+õ equivalent means 

that electrophilic halogenases are restricted to electron -rich substrates (i.e. 

possessing aromatic or double -bond functionalities). 40 

 

 
Figure 1. 3. Generic outline of the hypohalous acid halogenation mechanism.  

 

1.2.2.1. Haloperoxidases  

In haem -dependent haloperoxidases, the porphyrin ligand co -ordinates to a 

ferric iron (i.e. Fe3+) held within the enzyme active site by a cysteine residue ( cf. 

cytochrome P450 oxidases). 40 Hydrogen peroxide binds to the resting ferric 

(Fe3+) state of the haem group, forming a ferryl -oxo Fe(IV)=O species. This 

species then oxidises the halide ion to generate hypohalous acid (Figure  1.4.).39 

Chlorination, bromination and iodination have been observed for haem -

dependent haloperoxidases. 39 
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Figure 1. 4. Halogenation mechanism employed by haem -dependent haloperoxidases for 
generat ion of hypohalous acid.  

 

In the vanadium haloperoxidases, a trigonal bipyramidal vanadium is anchored 

into the active site by a histidine. 40 Hydrogen peroxide binds to the vanadium, 

followed by hal ide addition and the release of the hypohalous acid (Figure 

1.5.).40,41 In nature, bromination reactions domina te for vanadium 

haloperoxidases,  however , a singular example of a vanadium chloroperoxidase 

has been found  in the fungus  Curvularia inaequalis .42 

 

 
Figure 1. 5. Mechanism employed by vanadium haloperoxidases for generation of hypohalous acid.  

 

Whilst haloperoxidase enzymes are responsible for the formation of 

hypohalous acid, subsequent halogen ation of the substrate is not enzyme 

mediated , resulting  in poor regioselectivies. 39 
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1.2.2.2. Flavin -dependent halogenases  

From a biocatalytic perspective, the flavin -dependent halogenases have been 

the most widely investigated for their ability to introduce  bromine and 

chlorine atoms. This is due to their broad er substrate scope and their 

improved regioselectivit ies relative to the haloperoxidases. 43,44 

 

Flavin -dependent halogenases use molecular oxygen as a co -substrate and 

FADH 2 as a cofactor. 40 Reaction of the cofactor with molecular oxygen 

generates a peroxide intermediate which then forms HO -X though reaction 

with a halogen (Figure 1.6.). The addition of a flavin reductase enzyme is 

required for such reactions to recycle the flavin cofactor back to FADH 2.
40 

 

 
Figure 1. 6. Mechanism employed by flavin -dependent halogenases.  

 

Structural studies into the flavin -dependent tryptophan halogenase PrnA 

proposed that the generated hypohalous acid does not leave the enzyme, and 

is instead guided through a tunnel towards the substrate. 45 Similar mechanisms 

may help to rationalise the improved regioselectivities seen for flavin -

dependent halogenases over the haloperoxidases. 46  

 

1.2.3. Radical halogenases  

Also known as Fe 2+ and 2 -oxoglutarate (2OG) -dependent halogenases, these 

radical halogenases belong to the Fe 2+ and 2OG -dependent oxygenase 

superfamily, more detailed discussion on which can be found in Section 1. 3. 
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The 2OG-dependent halogenases are proposed to employ a radical mechanism, 

using  2OG and molecular oxygen as co -substrates (Figure 1.7.). 47 The radical 

mechanism allows enzymes from this family to halog enate un -activated, 

aliphatic carbons. These h alogens are also introduced regio - and 

stereospecifically. 47 In nature, 2OG -dependent halogenases use chlorine. 

However, it has been shown that activity with bromine is also achievable. 48,49 

 

  
Figure 1. 7. Halogenation mechanism employed by Fe 2+ and 2OG -dependent halogenases.  

 

Historically, 2OG -dependent halogenases have only been able to chlori nate 

carrier protein -tethered substrates (Figure 1.8.), limiting investigations into 

these enzymes as biocatalysts. 47 
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Figure 1. 8. Summary of the substrates of known 2OG -halogenases. All substrates are tethered to a 
carrier -protein (represented by a rectangle) and are small and amino -acid like in structure.  

 

The recent discoveries of WelO5 50 & AmbO5, 51 2OG-dependent halogenases 

which do not require carrier protein pre -functionalisation for activity, show 

promise for the engineering of 2OG -dependent halogenases as  biocatalysts. 

WelO5 & AmbO5 will be cover ed in more detail in Section 1.3. 3.1. 

 

1.2.4. Biocatalytic applications of halogenase enzymes  

It has been shown that halogens can be introduced to small molecules via a 

variety of mechanisms, however , not all are practical from a biocatalytic 

perspective. By virtue of their substrate scope and regioselectivity, t he majority 
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of enzymes investigated for biocatalytic halogenation to date have been from 

the flavin -dependent halogenase enzyme family . The me chanism of these 

enzymes employs electrophilic chlorine, meaning that only electron rich 

substrates (containing aromatic or double bond functionalities) have been 

investigated for halogenation activity. 52-56 

 

Discovery of the carrier -protein independen t 2OG -halogenases, WelO5 and 

AmbO5, has opened up the possibility of developing biocatalysts which 

operate through  a different mechanism, expanding the substrate scope of 

biocatalytic halogenases to include unactivated, aliphatic substrates 

(highlighted in  green, Figure 1.9.).  

 

  

 

 



 

 

1
3

 

 

 
 

Figure 1. 9. A summary of natureõs halogenation enzymes. Electrophilic halogenation on electron rich substrates dominates. Nucleophilic halogenases are 
highly -substrate specific, working only on SAM as a substrate. Iron and 2OG -dependent halogenases (highlighted by the green box) employ a radical 
mechanism, enabling halogenation of aliphatic and un -activated substrates. Blue a rrows indicate the positions where halogens have been introduced. 
References fo r product examples: iron & haem -dependent, 57 vanadium dependent, 58 flavin -dependent, 45,59,60 iron & 2OG -dependent 61 and nucleophilic. 62 
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1.3. The Fe 2+ & 2OG -dependent oxygenase family  

The non -haem Fe 2+ and 2OG -dependent oxygenase family (commonly referred 

to as 2OG -dependent oxygenases or 2OG -oxygenases) is a ubiquitous family of 

enzymes that catalyses oxidative reactions on a variety of large and small 

molecule substrates, including proteins, peptides,  amino acids, nucleic acids, 

lipids, antibiotics and signalling molecules. 63 In higher organisms (i.e. humans 

& animals), known 2OG -oxygenase enzyme activity  is li mited to hydroxylation 

reactions (and N-demethylation proceeding via  hydroxylation), but a wider 

range of reactions are  catalysed by 2OG -oxygenases in plants and 

microorganisms. 64,65 Interestingly, despite the varied substrates and r ange of 

reaction types, members of this superfamily have several common active -site 

structural features, therefore possessing a well -adapted structural platform for 

the evolution of new catalytic activities. 64  

 

All studied 2OG -oxygenases require Fe 2+ as a cofactor. Two histidine residues 

and the carboxylate of an aspartate/glutamate bind to the Fe 2+ and form a 

highly (but not universally) conserved facial triad of residues. 66 This motif is 

supported within a conserved double -stranded beta -helix (DSBH, a.k.a. jelly -roll 

or cupin)  fold. 63 The DSBH fold is constru cted from two ɼ-sheets , with each 

sheet consisting of four anti -parallel ɼ-strands denoted by the roman numerals 

I-VIII. ɼ-strands I, VIII, III and VI form the major sheet and ɼ-strands II, VII, IV 

and V form the minor sheet (Figure 1.10.). 63 Variation in the secondary 

structural elements extending from DSBH, particularly between strands IV and 

V (termed the ɼIV-V insert) in part leads to the different sub -families of 2OG -

oxygenases . This insert can vary in size from just a few residues to a whole 

domain .63,67 2OG is employed as a co -substrate by this enzyme family, in a 
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mechanism which couples oxidation of the substrate with deoxygenation of 

2OG to yield succinate and carbon dioxide. 64  

      

 
 

        
 

Figure 1. 10. Views from a crystal structure of FIH (PDB ID: 4Z2W) with Fe2+ metal (red sphere) and 
2OG (yellow) bound illustrate the conserved structural features of 2OG -oxygenase enzymes. The 
N- and C -termini are labelled in red. The core DSBH strands (I -VIII) are h ighlighted in cyan  and 
the ɼIV-V insert  is coloured pink.  The metal sphere is shown coordinated to an aspartate and two 
histidine residues (sticks), typical of the 2OG -oxygenase active site facial triad. Secondary 
structural elements common among most 2OG -oxygenases are labelled.  



 CHAPTER 1: Introduction  

 

16 

1.3.1. The consensus mechanism for 2OG -oxygenases  

The most well studied reaction performed by 2OG -oxygenases is 

hydroxylation, a mechanism for which is outlined in Scheme 1.1. 68 A 2OG-

dependent oxygenase is considered in its resting state when the Fe 2+ is held 

within the active site, octahedrally coordinated by the side chains of two 

histidine residues and an aspart ate or glutamate. The three remaining Fe 2+ 

coordination sites are occupied by water molecules. Binding of 2OG displaces 

two waters , forming  a bidentate interaction with the Fe 2+, and  initiating the 

catalytic cycle  (i).68 Positioning of th e substrate within the active site proximal 

to the catalytic triad leads to displacement of the third water, activating the 

enzyme towards oxygen binding  (ii) . Binding of molecular oxygen at the metal 

centre  generates a Fe(III) -superoxo intermediate (iii),  which attacks the C-2 

position of 2OG, leading to the formation of a highly reactive Fe(IV)=O (ferryl) 

intermediate 69 with concomitant decarboxylation of the 2OG to succinate and 

carbon dioxide  (iv) . This Fe(IV)=O intermediate abstracts a hydrogen from a 

substrate C -H bond, leading to a substrate radical and an Fe(III) -hydroxyl 

intermediate  (v). In what has been termed a radical rebound mechanism 

(althou gh direct insertion is also possible), the substrate radical abstracts the 

resulting hydroxyl (formed in the previous abstraction step) to form a 

hydroxylated product (vi), which dissociates from the active site  (vii) .68 The 

catalytic cycle resumes at this point by displacement of the succinate with 

2OG, or the resting state is restored by the binding of waters in the vacant 

coordination sites. If the position of hydroxylation is next to a nitrogen (i.e. N -

Me), a hemiaminal intermediate is formed which spontaneously fragments to 

deliver N-demethylation as the net process.   
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Hydroxylation (and N-demethylation) proceeding via  the consensus mechanism 

dominates in human 2OG -oxygenases, with reaction substrates ranging from 

proteins to nucleic acids and lipids. It is this activity which is responsible for 

the diverse roles of 2OG -oxygenases in humans , with roles in collagen 

biosynthesis, oxygen sensing, DNA repair and the regulation of gene 

expression (epigenetics). 67 Small molecule 2OG -oxygenases display a wider 

range of reactions (i.e. beyond hydroxylation) with implications for biocatalytic 

engineering.  

 

 

  



 

 
 

1
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Scheme 1.1.  The 2OG -oxygenase consensus mechanism.  The catalytic cycle starts with the binding of 2OG  (i), followed by substrate (ii) within the enzyme 
active site. Molecular oxygen binding at the Fe(II) centre generates a Fe(III) -superoxo intermediate (iii) which attacks the C -2 position of 2OG, resulting in a 
Fe(IV)=O intermediate and decarboxylation of  the 2OG to succinate (iv). The Fe(IV)=O intermediate abstracts a hydrogen from a substrate C -H bond, to give 
a substrate radical and a Fe(III) -hydroxyl intermediate (v). Subsequent hydroxyl abstraction by a substrate radical (vi) generates the hydroxylate d product, 
which dissociates from the active site (vii).
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1.3.2. Small -molecule Fe 2+ & 2OG -dependent oxygenases  

The range of small molecule reactions performed by plant and bacterial 2OG -

oxygenases are of particular interest to the synthetic chemist, with examples 

of desaturation, 70 epoxidation, 71 haloge nation, 61 rearrangements, 72 

epimerisations, 73 and cyclisations 74 documented in the literature. By varying the 

non -essential active site residues of enzymes from this family, it should be 

possible to engineer in promiscuity whilst maintaining catalytic activity. CAS, 

BBOX and  AsqJ are used to illustrate the flexibility in catalysis demonstrated 

by small molecule 2OG -oxygenases.  

 

Clavaminic acid synthase (CAS)  

CAS, from the bacterium Streptomyces clavuligerus , has been shown to mediate 

three separate oxidative reactions in clavaminic acid biosynthesis; 

hydroxylation, cyclisation and desaturation (Figure 1.11.). 75 All three reactions 

are coupled with the decarboxylation of 2OG to succinate and take place at the 

same active site. 75  

 

 
Figure 1. 11. The three oxidative reactions performed by CAS (clavaminic acid synthase) all occur 
at a single active site.  

 

Additionally, crystal structures of CAS demonstrated that 2OG has the capacity 

to co-ordinate in more than one geometry around the metal centre (Figure 

1.12.). 75 Crystals of CAS exposed to nitric oxide (a surrogate for the binding of 
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molecular oxygen) showed binding in the axial coordina tion site and 

movement of the 2OG C-1 carboxylate into an alternative coordination site 

vacated by the coordinated water. 76 This coordination flexibility indicates the 

possibility of active site rearrangements during catalysis which may aid the 

ability of CAS to act upon multip le substrates.  

 

 
Figure 1. 12. Active site views of the crystal structures of CAS with (left; PDB ID: 1GVG) and without 
the dioxygen surrogate nitric oxide (right; PDB ID: 1DRY, nitric oxide shown as red -blue spheres), 
reveal diffe rent coordination geometries for 2OG (yellow).  

 

Observations for CAS indicate the potential for other 2OG -oxygenases to 

operate as promiscuous enzymes, showing promise for the development of 

biocatalysts which exploit the 2OG -oxygenase catalytic motif.  

 

ɾ-butyrobetaine hydroxylase (BBOX)  

Human ɾ-butyrobetaine hydroxylase (hBBOX) and its more promiscuous 

homologue PsBBOX (from  the bacterium  Pseudomonas  sp. AK1) were found to 

be able to catalyse the hydroxylation of a variety of different substrate -like 

compounds (including fluorinated analogues) in addition to their endogenous 

substrate, ɾ-butyrobetaine. 77 The ability of hBBOX to catalyse the oxidative 

desymmetrisation of achiral N,N-dialkyl piperidine -4-carboxylates is of 

particular interest from a biocatalytic perspective  due to the level of structural 

differentiation  between these piperidine substrates and ɾ-butyrobetaine (Figure 

1.13.). 78 
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Figure 1. 13. Active site views of the crystal structures of hBBOX complexed with the substrates     
ɾ-butyrobetaine (top; PDB ID: 3O2G) and N,N-dimethypiperidine ( bottom ; PDB ID: 4CWD). 

 

AsqJ 

AsqJ, from  the fungus  Aspergillus nidulans,  catalyses both the desaturation 

and epoxidation of a benzodiazepinedione within the same active site (Figure 

1.14.). 71,79  

 
 

Figure 1. 14. Desaturation and epoxidation reactions catalysed in the active site of the 2OG -
dependent oxygenase AsqJ.  
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The presence of a methyl group at the N-4 position of the substrate (Figure 

1.15.) was found to be key to AsqJ activity. 80 However, the V 72I variant was 

shown to be able to catalyse desaturation and epoxidation of the des -methyl 

benzodiazepinedione, in addition to the wild -type activity (effectively doubling 

the number of reactions being performed at the active site). 80 This increased 

promiscuity was ra tionalised in terms of the isoleucine side chain being able to 

compensate for the lack of methyl group.  

 

 
Figure 1. 15. AsqJ variant V72I compensate s for the lack of methyl group, catalysing the 
desaturation and epoxidation of des -methyl benzodiazepinedione  substrates.  

 

1.3.3. Fe 2+ & 2OG -dependent halogenases  

Despite the conserved structural elements within the active sites of 2OG -

oxygenases, members of this enzyme family show activity against a remarkable 

range of substrates. Individually, many of these enzymes have also been shown 

to catalyse the turnover of non -natural substrates  (exemplified in Section 

1.3.2).  The active site of 2OG -halogenases is an additional example of catalytic 

flexibility for 2OG -oxygenases. A glycine/alanine residue takes the place of the 

glutamate/aspartate in the active site of 2OG -halogenases. 40 Absence of the 

side chain carboxylate of the iron binding triad creates a vacant Fe 2+ 

coordination site which is occupied by a chlorine atom. As for the 2OG -
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oxygenases, the Fe 2+ centre is bound to two active site histidine residues and is 

chelated by 2OG in the same bidentate  manner (Figure 1.16.). 40   

 

 
Figure 1. 16. Typical active site motifs for the 2OG -halogenases on the left (as exemplified by 
SyrB2, PDB ID: 2FCT) and the 2OG -hydroxylases on the right (as exemplified by FIH, PDB ID: 
1MZF). Coordination of the two histidine residues to the Fe 2+ (brown sphere) and bidentate binding 
of 2OG (yellow) is conserved. Substitution of the Asp/Glu in 2OG -oxygenases for an Ala/Gly 
residue in 2OG -haloge nases results in a coordination site suitable for halogen binding.  

 

The mechanism of halogenation is therefore comparable to that of the 2OG -

dependent oxygenases, with both mechanisms proceeding to the hydrogen 

abstraction step in an analogous manner but d iverging at the radical rebound 

step. 69 In the halogenases, the substrate radical abstracts the Fe 2+ bound 

chlorine at this point, and not the hydroxyl (Scheme 1.2.).69 This radical 

mechanism permits the introduction of chlorine at an un -activated carbon 

centre. As this reaction is enzyme -mediated, chlo rine introduction is regio - and 

stereoselective. The ability to perform such a reaction, also in the presence of 

other active functionalities, is not currently possible synthetically.  



 

 
 

2
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Scheme 1.2. The 2OG -halogenase catalytic cycle.  Catalysis is initiated by  the binding of 2OG (i), followed by substrate (ii) within the enzyme active site. Molecular 
oxygen binding at the Fe(II) centre generates a Fe(III) -superoxo inter mediate (iii) which attacks the C -2 position of 2OG, resulting in a Fe(IV)=O intermediate and 
decarboxylation of the 2OG to succinate (iv). The Fe(IV)=O intermediate abstracts a hydrogen from a substrate C -H bond, to give a substrate radical and a Fe(III) -
hydroxyl -chloro  intermediate (v). Subsequent chloride (and not hydroxyl) abstraction by a substrate radical (vi) generates the chlorinat ed product, which 
dissociates from the active site (vii).  
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Studies on the 2OG -halogenase SyrB2 have provided evidence for the proposal 

that substrate positioning relative to the Fe(III) intermediate leads to 

chlorination over hydroxylation. 81,82 SyrB2 was shown to exhibit a preference 

for chlorination, rather than it being the exclusive reaction outcome. This is 

also assumed to be the case for the other 2OG -halogen ases.81 Further 

indications toward the catalytic flexibility of 2OG -halogenases were il lustrated 

by the ability of SyrB2 to accept and use alternative anions in place of 

chloride. 83 This shows potential for the development o f 2OG -halogenase based 

biocatalysts capable of regio -and stereoselective installation of  hydroxyl, 

bromide, chloride, nitrite and azide functionalities.  

 

However, as previously mentioned in Section 1.3.3., 2OG -halogenases have 

seen little investigation for biocatalytic applications due to the requirement of 

a substrate -bound carrier protein for activity. The discovery of the homologous 

2OG-halogenases WelO5 and AmbO5, which are capable of the chlorination of 

isolated small molecules, has fuelled interest  in 2OG -halogenase -catalysed 

halogenation for biocatalytic purposes.  

 

1.3.3.1. Discovery of WelO5 and AmbO5  

Through  efforts to understand the biosynthesis of compounds from the 

hapalindole -type natural product family (Figure 1.17.), the group of Xinyu Liu 

at the University of Pittsburgh identified a 36kb welwitindolinone gene cluster 

in the cyanobacterium Hapalosiphon welwitschii  UTEX B1830 84 and a 42kb 

ambiguine ge ne cluster in the cyanobacterium Fischerella ambigua  UTEX 

1903. 85 Using the identity of compounds isolated from these organisms and 

bioinformatic analysis of the genes within each cluster , proposal s were made  

for the enzymes involved at different stages of compound biosynthesis.  
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Figure 1. 17. Generic structures representing the carbon skeletons of over 80 compounds of the 
hapalindole -type natural product family , with sites of chlorination indicated by stars . 
Stereochemistry excluded for clarity.  R = isocyanate ( -NC) or isothiocyanate ( -NCS). 

 

These included two putative 2OG-dependent halogenases, WelO5 

(Hapalosiphon welwitschii  UTEX B1830) 84 and AmbO5 ( Fischerella ambigua  

UTEX 1903). 85 Recombinant protein production and activity testing confirmed 

the functional assignment of these enzymes, which were  found to share ~ 80 % 

sequence identity .51  

 

In 2014, WelO5 (the first confirmed member of this family) was shown to 

regio - and stereoselectively chlorinate the un -activated carbon of 12 -epi-

fischerindole U to generate 12 -epi-fischerindole G (Figure 1.18.). 50 This activity 

was also shown to be dependent upon Fe 2+ and 2OG.  
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1 2 

 
 

 

Figure 1. 18. WelO5-catalysed formation of 12 -epi-fischerindole G , 2  by the late -stage chlorination 
of 12 -epi-fischerindole U , 1 . 

 

WelO5 was also shown to chlorinate 12-epi-hapalindole C, albeit with 

considerably reduced activity  relative to 12 -epi-fischerindole U ( Figure 1.19.). 50 

                 

   
Figure 1. 19. WelO5 is also capable chlorinating 12 -epi-fischerindole C to generate 12 -epi-
fischerindole E.  

 

In 2016, AmbO5 was characterised and c onfirmed to be a 2OG -dependent 

halogenase. 51 AmbO5 was found to be capable of chlorinating five different 

hapalindole -type natural products isolated from Fischerella ambigua  UTEX 

1903  to varying extents (in addition to  those chlorinated by WelO5; Figure 

1.20.) , therefore the natural substrate for AmbO5 could not conclusively be 

assigned. However, this demonstrated that for compounds of the hapalindole -

type family, AmbO5 was more promiscuous than WelO5. 51 
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Figure 1. 20. Structures of compounds which undergo AmbO5 chlorination , with s ites of 
chlorination indicated by green star s. Ambiguines H,C, L and I  were shown to be equally 
competent substrates for AmbO5 , with  significantly reduced  activ ity demonstrated for hapalindole 
U. AmbO5 showed comparable activity to WelO5 for substrates 12-epi-hapalindole C and 12 -epi-
fischerindole U.    

 

A sequence alignment of AmbO5 with WelO5 (both 290 amino acids in size) 

showed that a large number of non -identical residues were clustered in the 

region between residues 213 and 235. 51 By mu tating this 23 residue region of  

WelO5 to match that of AmbO5, the activity  of the resulting variant was 

increased against the ambiguine compounds (albeit with reduced activity 

relative to AmbO5) but also decreased against 12-epi -fischerindole U and  

12-epi -hapalindole C. 51 Th is chimeric variant possessed an expanded substrate 

scope relative to WelO5, but a different selectivity profile to both WelO5 and 

AmbO5 ð showing promise for the evolution of these enzymes against 

alternative substrates.   

  

The discovery and functional assignment of AmbO5 and WelO5  establish ed the 

existence of a  new family of 2OG -dependent halogenases. For all previously 

characterised Fe2+ & 2OG-dependent halogenases, the binding of a carrier 

protein to the substrate is necessary for activity.  61,86-92  Therefore, whilst WelO5 
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and AmbO5 were not the first Fe2+ & 2OG-dependent halogenases  to be 

identified, their ability to act upon isolated small molecules renders them 

highly suitable for biocatalytic evaluation.  

 

1.4. Aims & objectives  

Biocatalytic methods have been successfully developed for a number of 

pharmaceutical and fine chemical i ndustrial processes but an increase in the 

breadth of available reaction types would help to increase the routine 

application of  biocatalysis in synthetic  chemistry.  

 

One enzyme family demonstrating potential to deliver in this regard is that of 

the iron and 2 -oxoglutarate (2OG) -dependent oxygenases, due to the variety of 

different synthetically interesting reactions achievable using a common active 

site motif. 64 The discovery of WelO5 (and  later AmbO5) has opened up the 

possibility of developing biocatalytic 2OG -dependent small -molecule 

halogenases for the chlorination o f unactivated carbons.  

 

This thesis outlines the development of tools used to evaluate the tractability 

of producing  synth etically useful biocatalysts based on WelO5. This work 

could lead to the development of a series of engineered enzymes capable of 

accepting a variety of small molecules for late -stage halogenation. Novel 

enzymes of this type could be used to explore new ve ctors on existing lead 

compounds and provide access to chemical matter currently unobtainable by 

other means. The work described in this thesis focuses predominantly on 

WelO5 because AmbO5 was not characterised until 2016. 51 However, additional 

rationale exists for the selection of WelO5 over AmbO5 as a biocatalytic 

starting point. Firstly, the natural substrate for AmbO5 ha s not been 



 CHAPTER 1: Introduction  

  

30 

conclusively assigned. AmbO5 ha s been shown to catalyse the chlorination of 

multiple compounds but none to the levels of conversion seen for WelO5 on 

12-epi -fischerindole U (AmbO5 had comparable activity to WelO5 for this 

substrate). Secondly, the development of enzymes against non -hapalin dole -like 

compounds may not necessarily be more successful for AmbO5 than WelO5 

due to the high homology shared by these enzymes and the reasonable 

similarity of the substrates used to define AmbO5 promiscuity.  

 

To investigate the suitability of WelO5 as a  starting point for biocatalytic 

development, work was initiated in the following areas:  

(1) Use of bioinformatic tools (database searches, sequence comparisons and 

structural prediction) to analyse WelO5 and search for related enzymes (it 

is unlikely that Wel O5 is an isolated case and by looking for similar 

enzymes it may be possible to cover a wider range of substrates).  

(2) WelO5 evaluation (e nzyme production and characterisation, structural 

studies, probing of wild -type enzyme promiscuity).  

(3) The production of We lO5 mutants with new activities and modified 

specificities.  
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Chapter 2. Production of WelO5 & related 

proteins  

 

2.1. Introduction  

Towards the end of 2014, WelO5 was report ed in the literature as a member of 

the Fe2+ and 2OG -dependent halogenase family .50 The ability of WelO5 to act 

upon an untethered substrate molecule had not been seen before for  a 

member of th e halogenase sub family  of 2OG -oxygenase  enzyme s, possibly 

indicating novel structural and mechanistic features . Although  the  biochemical 

function  of WelO5 had been assigned , structural information beyond its 

primary s equence was not available at the  time. Further bioinformatic and 

experimental investigation into the structure -fun ction relationship of WelO5 

was therefore warrante d. It was hoped that t hree -dimensional  structural 

information  for WelO5 could  be used to relate structure to function, 86,89,93 

provide insight into h ow WelO5õs novel activity is achieved, and possibly  

indicate the  feasibility of developing novel small -molecule bio catalysts based 

on WelO5.  

 

In this Chapter, the primary sequence of WelO5 is compared with known Fe2+ 

and 2OG -dependent halogenase enzyme  family member s. WelO5 homologues 

were identified from a literature  search 94,95 with the aim of providing further 

insight into the  relationship between the structure of WelO5 and its novel 

activity . The ability to predict the three -dimensional structure of WelO5 is 

evaluated and efforts towards  producing protein in  suitable quantities for 

assays, and in sufficiently high purity for c rystallisation trials are described . 
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2.2. Bioinformatics  & biocatalysis  

To engineer in  unique acti vities and/or alter substrate specificities,  existing 

enzymes can be modified by directed evolution  or by rational design .3,9,96 

Directed evolution does not necessarily require prior structural knowledge and 

can rapidly  generat e enzyme variants  with desired characteristics . However , 

the large numbers involved demand  an efficient and robust selection method 

or high -throughput screening capabilities .13,97 Unfortunately, the outcom e of 

WelO5õs chlorination reaction  does not obviously lend itself to the use of 

selection processes  and the development of a robust , high -throughput screen 

for directed evolution was assumed to be a significant  and likely expensive 

challeng e within the designated time constraints. As the  eventual  goal was to 

evolve WelO5 to act up on alternat ive substrates, the development of  a 

universal , medium -throughput , LC-MS based screening method  was envisaged  

as a suitable alternative . By designing  specif ic amino acid substitutions  in the 

WelO5 active site , it was hoped that a n understanding of the biocatalytic 

potential of WelO5 could be obtained in the absence of high -throughput 

screening methods. Whilst efforts  towards  a WelO5 crystal structu re were 

ongoing, bioinformatic tools were used for several aspects of WelO5 structural 

analysis  and for the identification of  WelO5 homologues . 

 

Bioinformatic tools we re anticipated  to  help guide the rational re -design of the 

WelO5 active site in the absen ce of three -dimensional biophysical  

information ,98-100 with the analysis of WelO5 being divided into the following 

parts:  

- Identification of similar enzymes . The ôgenome mining õ of predicted and 

known protein  sequence  databases could  identify enzymes with  

reasonable sequence similarity to WelO5 . Similar proteins without 
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functional assignment could be identified and investigated as putative  

novel  Fe2+ and 2OG -dependent halogenase enzymes. Proteins possessing 

structural information and sharing a certain leve l of sequence i dentity 

with WelO5 may  provide guidance on the three -dimensional structure of 

WelO5, with  any differences between  the sequences provid ing  ideas for  

amino acid  substitution .  

- Comparison of WelO5 primary sequence to enzymes of known and 

related function . Structural information  (principally crystallographic)  on  

other members of the Fe2+ and 2OG -dependent enzyme  family could 

provide insight into the structure of WelO5. 63,64  

- WelO5 structural prediction . It was envisaged that structural  information 

from related Fe2+ and 2OG -dependent oxygenase s could be used to 

devel op a homology model in the event of a WelO5 crystal structure 

being unobtainable. Structural prediction algorithms  (covered in more 

detail  later), which attempt to simulate p rotein tertiary structure using  

primary sequence as an input  could also be used . 101 -104 In  the absence of 

a WelO5 crystal structure, a homology model or predicted three -

dimensional structure  based on knowledge of crystallised Fe2+ and 2OG -

dependent oxygenases  could help to  find enzymes with a similar 

structure , but relatively low sequence ident ity/similarity to WelO5. 

Insight into the tertiary structure of these enzymes may  then provide 

ideas for WelO5 active site  substitutions.  

 

2.2.1. WelO5 p rimary sequence a nalysis  

2.2.1.1. Identification of similar enzymes  

WelO5, from cyanobacterium Hapalosiphon  welwitschii , is a 290  amino  acid  

protein. 84 Substituting  each residu e in turn to the other 19 proteogenic amino 
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acids (i.e. saturation mutagenesis) would require the generation of  5,510 (290 x 

19) unique proteins . Furthermore, performing multiple simultaneous amino 

acid substitutions would  expand  the total number exponentially  to the point of 

impractical ity . Ideally, a crystal structure wou ld help to narrow down the 

number of residues for selection . However , structural information beyond the 

primary sequence  was not available  for WelO5  at the start of this  work (i.e. late 

2014) . Although predictions onto regions of WelO5 substrate  binding  residues 

may be made on the  basis of comparisons with known 2OG -dependent 

oxygenase structures , the substrate  binding elements of 2OG-dependent 

oxygenases  tend to be variable, es pecially compared to the  core Fe2+ and 2OG  

binding elements. 63 By identifying proteins with a certain level of sequence 

similarity to WelO5, it was envisaged that th e number of amino acid 

substitutions could be narrowed down. Between these similar enzymes, a reas 

of high sequence similarity could be disrega rded, whilst areas of low similarity 

could relate to differences in substrate selectivity and show  areas tolerant to  

variation without abolishing enzymatic function . 

 

To initiate a comparison of WelO5 with  other proteins, a  PHI-BLAST 94,95 search 

was performed on all av ailable non -redundant protein sequences using the 

WelO5 primary sequence as a search query. PHI -BLAST is a sub -category  of  the  

protein -BLAST search  program which uses a specific motif or pattern as part of  

the  search query  to act as  an automatic  constraint  when  filtering results.  

Similar enzymes from  the Fe2+ and 2OG -dependent enzyme family  were desired , 

therefore searches were performed using the conserved iron -binding catalytic 

motif  as an input  pattern ; the H-X-A/ G éH motif  105 was used for the 

identification of  potential halogenases  and the H-X-D/EéH motif  66 for the 

identification of  potential hydroxylases , respectively.  EMBOSS Needle 106 was 
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used to generate pairwise sequence alignments of WelO5 with each of the PHI -

BLAST results and to subsequently calculate sequence identity (using the 

equation below) and similarity (scored using the BLOSUM62 substitution 

matrix). 107 

Percentage identity =  
number of identical amino acid matches  

 x 100  
length of alignment  

 

Only one enzyme  sequence  identified from  the  PHI-BLAST search es had 

already been reported in the literature , AmbO5. 85 Like WelO5, AmbO5 is  a 

cyanobacterial halogenase enzyme known to be involve d in alkaloid 

biosynthesis. 51 The 316 amino  acid sequence initially publi shed for AmbO5 was 

found to share  ~70% identity and ~85% similarity with WelO5  (EMBOSS Needle; 

Needleman -Wunsch algorithm).  The AmbO5 sequence was later revised at the 

N-terminus to give a 290 amino acid protein .51 This  revised sequence was 

found to possess ~80% identity  to,  and ~90% similarity with WelO5. In  addition 

to AmbO5,  nine  putative halogenases with >25% identity (range 29 -99%) and 

>45% similarity (range 46 -99%) to WelO5 were identified  from  PHI-BLAST 

search es (Table 2.1.). Using Clustal Omega, 108 the sequences of these putative 

halogenases were used to generate a multiple sequence alignment with WelO5 

(Figure 2.1.) for the identification of areas of high sequence conservation as 

well  as sequence diversity.   



 

 
 

3
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Table 2. 1. WelO5 PHI -BLAST halogenase motif (HXG/AéH) search  results . Proteins are labelled per their annotation within the NCBI protein database. Identity 
to, and similarity shared with WelO5 were calculated  by EMBOSS Needle pairwise sequence alignment  using the default BLOSUM 62 substitution matrix . 

 

Figure 2.1. Sequence alignment of WelO5 PHI-BLAST halogenase motif (HXG/AéH) search results.  Putative halogenase sequences from Table 2.1. are shown 
aligned to WelO5 and arranged in ord er of decreasing WelO5 identity & similarity.  Residues are shaded using the amino a cid similarity group ing s DN, EQ, ST, 

KR, FYW and LIVM; with black indicating 100% conservation, dark grey indicating ~80% conservation and light grey indicating ~40% conservation within each 
similarity group. The position of the HX G/AéH metal binding motif of the 2OG -dependent halogenases, includ ing WelO5, is highlighted in orange.  Alignment 
generated by Clustal Omega and figure created in GeneDoc.  

 
NCBI Protein 

Identifier  
Source  Annotation  

% Identity shared 
with WelO5  

% Similarity to 
WelO5  

1 AIH14779.1  Westiella intricata UH HT -29-1 oxidoreductase  99 99 
2 AIH14734.1  Hapalosiphon welwitschii  UH IC-52-3 oxidoreductase  95 98 
3 AHB62755.1  Fischerella ambigua  UTEX 1903  AmbO5  79 90 
4 WP_029631942.1  Scytonema hofmannii  UTEX B 1581  hypothetical protein  45 63 
5 WP_012826049.1  Haliangium ochraceum  hypothetical protein  33 52 
6 WP_012826042.1  Haliangium ochraceum  hypothetical protein  32 52 
7 WP_004162178.1  Microcystis aeruginosa  hypothetical protein  32 50 
8 WP_004162172.1  Microcystis aeruginosa  hypothetical protein  32 48 
9 WP_026723823.1  Fischerella sp. PCC 9431 hypothetical protein  29 48 

10  WP_004162167.1  Microcystis aeruginosa  hypothetical protein  29 46 
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We can initially see from th e align ment in Figure 2.1 . that the  sequences of 

the se putative halogenases are similar in length  (between 260 -290 residue s), 

with t wo regions show ing  noticeable variability (residues  60-90 and 2 15-255 ). 

Three highly conserved regions are also present , corresponding t o residues  

190 -215, 255 -265 and 280 -290 in WelO5 . In the absence of three -dimensional 

structural information, predicti ng the role of these conserved regions is 

extremely challenging  (they are not part of  the core DSBH of the 2OG -

dependent oxygenases ). Howe ver, it is possible that regions of variability may 

be involved  in selectively  binding substrate , whilst areas of conservation may 

be involved in enzyme halogenation activity. What is also notable for these 

proposed halogenases is that most of them are cyanobacterial in origin  

ð together with the high levels of sequence similarity found, this may suggest  a 

common evolutionary ancestor. The source species for e ach of these 

halogenases wa s mapped to a phylogenetic tree to help visualise  the 

evolutionary re lationships between these bacterial halogenases  (Figure 2.2.) . 
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Figure 2.2.  Phylogenetic tree constructed from  putative halogenases  identified by a WelO5 PHI-
BLAST search  and adapted from a tree generated in NCBI Taxonomy Browser . In the absence of a 
given name, p roteins ar e identified by their NCBI database ID numbers . Proteins are mapped to 
their species of origin  (as per  Figure  2.1.). Changes in taxonomic rank  are shown by horizontal 
movements across the table and are represented by changes in column shading.  

 

In addition to these ten putative halogenases, a small number of homologous 

hydroxyl ases were identified by  PHI-BLAST (Table 2.2.). To iden tify enzyme s 

considered likely to demonstrate  hydroxylase functionality, only sequence s 

consistent with the hydroxylase motif (HXD/EéH) as well as a ô2OG-oxygenaseõ 

(or related) annotation were selected from the PHI -BLAST results list. Due to 

the lower lev els of WelO5 similarity  (relative to the previous halogenase result 

list) , only the top five results  were selected.  These share  >20% identity (range 

23-34%) and >35% similarity (range 38 -50%) with  WelO5. As was true for t he 

halogenases, the alignment (Figu re 2.3 .) shows that sequences of  these 

hydroxylase enzymes are similar in length to WelO5 (between 270 -290 

residues), with the same two regions showing noticeable variability  relative to 

WelO5 (residues 60 -90 and 215 -255)  ð however , it is important to note that the 

hydroxylase sequences do sh ow greater variability overall because of  the 

reduced levels of WelO5 homology.  
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Table 2.2. WelO5 PHI-BLAST hydroxylase motif (HXD/EéH) search results. Proteins are labelled per their annotation within the NCBI protein database. Identity 
to, and similarity shared with WelO5 were calculated by EMBOSS Needle pairwise sequence alignment using the default BLOSUM62 substitution matrix.  

 
  

 

Figure 2.3.  Sequence alignment of WelO5 PHI -BLAST hydroxylase motif (HXD/EéH) search results. Putative hydroxylase sequences from Table 2.2. are shown 
aligned to WelO5 and arranged in order of decreasing WelO5 identity & similarity. Residues are shaded us ing the amino acid similarity group ing s DN, EQ, ST, 

KR, FYW and LIVM; with black indicating 100% conservation, dark grey indicating 80% conservation and light grey indicating ~40% conservation within each 
similarity group. The position of the HXD/EéH metal binding motif of the 2OG -dependent hydroxylases is highlighted in blue with the analogous WelO5 
HXGéH halogenase motif highlighted in orange. Alignment generated by Clustal Omega and figure created in GeneDoc. 

 
Protein Identifier  Source  Annotation  

% Identity shared 
with WelO5  

% Similarity to 
WelO5  

1 WP_002634351.1  Myxococcus hansupus  2OG-Fe2+ oxygenase  34 50 

2 WP_002613971.1  Stigmatella aurantiaca  2OG-Fe2+ oxygenase  33 50 

3 WP_026105571.1  Methylobacterium sp. MB200 proline hydroxylase  23 39 

4 WP_003600403.1  Methylobacterium extorquens  prolyl 4 -hydroxylase subunit ɻ 23 38 

5 WP_012253837.1  Methylobacterium sp. prolyl 4 -hydroxylase subunit ɻ 23 38 
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2.2.1.2. Comparison of WelO5 t o enzymes of known function  

The ability to develop an accurate homology model tends to correlate with the 

level of sequence identity shared between the template and target, with > 30% 

identity ideally required for a  reasonably  accurate and  credible  model. 109 -111 The 

previously discussed BLAST searches were unable to identify any literature 

known Fe2+ and 2OG -dependent halogenases sharing >20% identity with  WelO5 

(AmbO5 had been proposed but not confirmed as a halogenase a t  this time) .  

 

To investigate  how different WelO5 was at the sequen ce level from other 

members of the family, an alignment  was performed with literature -confirmed  

Fe2+ and 2OG -dependent halogenases  (AmbO5 was also included for 

comparative purposes). T he similarity to WelO5 across these enzymes was 

shown to be  very low (Figure 2.4.) - of note are the enzymes  SyrB2, CurA HAL 

and CytC3 , the only family members with published crystallographic 

information .89,93,105 Due to the low -level homology  (Table 2.3.), plausible  models 

using  any  of these  three  templates  could not be generated.   

 

Description  Source  PDB IDs  
% Ident ity shared 

with WelO5  
% Similarity 

to WelO5  

SyrB2  
Pseudomonas 

syringae  

2FCT 

2FCU 

2FCV 

14 25 

Cur A H al  Lyngbya majuscula  

3NNF 

3NNJ 

3NNL 

3NNM  

11 20 

CytC3  Streptomyces sp.  
3GJA 

3GJB 
7 11 

Table 2. 3. Comparison of WelO5 with 2OG-dependent halogenases of known structure, SyrB2, 
CytC3 and CurA H al. Values reported for i dentity and similarity were calculated using  EMBOSS 
Needle pairwise alignment.  
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Figure 2.4. Sequence alignment of WelO5 & AmbO5 with other known 2OG -dependent halogenases. Residues are shaded using the amino acid similarity 
groupings DN, EQ, ST, KR, FYW and LIVM; with black indicating 100% conservation,  dark grey indicating 80% conservation and light grey indicating 40% 
conservation within each similarity group. The position of the HXG/AéH metal binding motif of the 2OG-depdendent halogenases, including AmbO5, is 
highlighted in pink with the analogous We lO5 motif highlighted in orange. Alignment generated by Clustal Omega and figure created in GeneDoc.  
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It is  know n that WelO5 possesses the ability to  chlorinate an isolated  small 

molecule where as other  super family members require a tethered 

protein/peptide  for  activity .50,61,87,93 AmbO 5 shares a high level of identity  and 

similarity  with WelO5 (79% and 90%, respectively)  and  is also reported to 

possess th e ability to chlorinate an isolated small molecule .51 Th is unusual 

activity  and the low levels of homology shown by WelO5 and AmbO5  to other 

small molecule  2OG-depende nt enzyme  family members  is unlikely to be a 

coincidence. Therefore, it  seems entirely plausible  that both WelO5 and 

AmbO5  have evolved  independently from the other Fe2+ and 2OG -dependent 

halogenases  identified in  the literature  thus  far .  

 

In the absence of three -dimensional structural information for WelO5 or 

AmbO5, rationalising their ability to act upon isolated small molecule 

substrates is extremely challenging. Whilst efforts towards the crystallisation 

of WelO5 were ongoing, a parallel work strand wa s established to try to 

accurately predict the structure of WelO5 computationally.  

 

2.2.2. WelO5 tertiary structure prediction  

It was initially thought possible that  a protein  with a reasonable level of 

sequence similarity to WelO5 , preferably also from the Fe2+ and 2OG -dependent 

enzyme superfamily , could be used to generate  a homology model. However, 

as previously discussed, WelO5 exhibited  very  low homology to  all superfamily  

members with  publicly available  crystallographic structural information. The 

absence of structural information for homologous protein s raised  significant 

doubts  about the feasibility of creating a credible homology model for  WelO5. 

Consideration was then given to  protein structure prediction methods . Such 
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methods employ  algorithms to computationally estimate and model  a proteinõs 

tertiary structur e using the  primary  sequence  as an input .112 ,113  

 

Proteins sharing a similar arrangement of secondary structural elements and 

the same topological connections can be identified as sharing a common fold.  

For crystal structures within the  Protein Data Bank ( PDB),114 it has been 

observed that all proteins are comprised o f a limited set of folds .115 -117  As a 

result, protein fold recognition c an be used  as a tool  to  predict  structure . Even 

with low sequence similarities, pr oteins with similar folds may  demonstrate  

similar function s - meaning that  other 2OG -dependent oxygenases could still 

possess a similar tertiary structure to WelO5 , despite sharing very low 

sequence homology. By computationally aligning sections of amino acid 

sequence to known structur al motifs/templates (instead of a global alignment ), 

models of protein tertiary structur e can be constructed from templates with 

low sequence similarity .112 Consequently, s uch prediction methods can  become 

useful in the absence of structural information for homologous proteins.  

 

The web-interfaces  for  several open -source algorithms (Phyre 2,101 RaptorX ,102 

SWISS-MODEL103 & I-TASSER104) were used to automate the generation of  three -

dimensional  models of WelO5 . The production of very similar  looking  models 

by different  algorithms  increased confidenc e in the predicted structure s 

obtained . The protein SadA was chosen by several algorithms as a tem plate  for 

their WelO5 model, despite each  computational  method differing in the ir 

prediction  calculations . SadA (found in  rhizosphere organism Burkholderia 

ambifaria  AMMD ) is a bacterial Fe2+ and 2OG -dependent hydroxylase shown to 

hydroxylat e several  different N-succinyl L -amino acids. 118 ,119 Interestingly, 

despite their shared structural similarities, SadA was found to share only 19% 
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sequence identity with WelO5  - which  explain s why SadA  was not identified by 

previous primary sequence -reliant  BLAST searches.  

 

The main purpose of  a tertiary structural model of WelO5 was to guide the 

selection of acti ve site residues for variation . It was hoped that p rotein 

structure prediction methods could generate  a model with sufficient accuracy 

to ac hieve this aim in the absence of a crystal structure. Due to their inherent 

flexibility, the structure of loop regions  can prove  very difficult  to predict 

computationally. 120 However, based upon knowledge of ot her members of the 

Fe2+ and 2OG -dependent oxygenase family , it is extremely likely  that  the active 

site of WelO5 is sandwiched within a  double -stranded beta -helix  (DSBH, a.k.a. 

jelly -roll or cupin fold) .63,64 As this structural motif is relatively rigid  and well 

defined it was hoped that structural predictions for the active site would be 

sufficiently accurate , even if the global structural prediction was not.  

 

   

SadA 
(crystal structure)  

RaptorX  
(WelO5 prediction)  

SWISS-MODEL  
(WelO5 prediction)  

Figure 2.5. Overlays of the active site residues of SadA (PDB: 3W21) shown in grey, with those 
from the models of predicted WelO5 tertiary structure generated by RaptorX (shown in blue) and 
SWISS-MODEL (shown in orange) respectively. Fe2+ is represented by a green sphere and 2OG is 
coloured yellow. Figure generated in PyMOL.  

 

All models generated for WelO5 were aligned in PyMOL using the key Fe2+ co-

ordinating histidine ligands (H164 & H259) as anchor points and overlaid  with 

the crystal structure of SadA. From this alignment, the active site structural 
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prediction s generated by RaptorX  and SWISS-MODEL appear ed very similar to 

one another as well as  to SadA  (Figure 2.5.) . Both models were therefore  used  

to guide the selection of active site amino acid residues for variation . 

 

2.3. WelO5 cloning, expression & purification  

Reasonable quantities of high purity WelO5 were  required for crystallisation 

trials and to enable protein characterisation and activit y studies. The following 

section describes the cloning, expression and purification methods developed 

for accessing WelO5 protein.  

 

2.3.1. Construction of WelO5 recombinant expression v ector  

The literature protocol for production of WelO5 involved PCR amplification 

from the genomic DNA of source organism H. welwitschii , prior to restriction 

enzyme digest and ligation into the pQTEV vector .50 As t his prior work resulted 

in  publication of the WelO5 sequence, the WelO5 g ene was accessed via  

commercial gene synthesis  (GeneArt) . The synthetic WelO5 gene was ordered 

codon optimised for expression in E. coli  and sub -cloned from the supplier 

plasmid into the pN IC28-Bsa4 expression vector by  Ligation Independent 

Cloning (LIC ), an efficient  PCR based cloning method .121 LIC was thought to  

offer rel ative simplicity, reduced cost and increased speed  over the published 

restriction digest/ligation method - particularly for the cloning of multiple 

sequences in parallel ( a l ikely prospect for this project considering the 

anticipated levels of mutagenesis ).  

 

The LIC protocol employed in this work was developed by the SGC .122 It 

employs the pNIC28 -Bsa4 vector ; a kanamycin resistant pET28a-derived E.coli 

expression vector which introduces a n N-terminal, TEV -cleavable His 6-tag  to 
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the protein to facilitate purification. An N-terminal  tag was important because 

the C-terminus of other members of the Fe2+ and 2OG -dependent oxygenase 

family tends to be involved in substrate binding. 63 After cloning and sequence 

verification, the desired pNIC28 -Bsa4[WelO5] construct  (Figure 2.6.) was 

transformed into BL21(DE3) chemically competent cells (NEB) for WelO5 

protein expression trials.  

    
Figure 2.6. Vector  map of the recombinant p NIC28 -Bsa4[WelO5] construct . This vector 
incorporates an N -terminal His 6-tag, followed by a TEV cleavage site prior to the gene of interest 
(in this case, WelO5). Expression lies under control of the T7-lacO promoter. The vector also 
contains a kanamycin resistance gene.  Figure generated in VectorNTI.  

 

2.3.2. WelO5 expression  

2.3.2.1. Expression  t rials  

Expression trials were initiated to determine the best conditions for soluble 

recombinant WelO5 production  by varying both the temperature at induction 

and expression time post -induction.  Protein expression in pNIC28 -Bsa4 lies 

under the control of the T7 promoter, meaning that  gene transcription can be 

induced by the addition of isopropyl b-D-1-thiogalactopyranoside ( IPTG) to cell 

cultures.  For these trials, WelO5 plasmid -containing E. coli  were grown in  100 

mL cultures at 37ĚC until OD600 ~ 0.6-0.8 was reached. Pairs of flasks were then  
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placed in one of three incubators set at 18 ĚC, 28ĚC or  37ĚC, respectively. A 

culture capable of expressing an unrelated protein from a validated plasmid 

was also included as a positive control. Allowing 15 min  to equilibrate to  their 

respective temperatures, the control cultures and one flask from each WelO5 

expression pai r w ere induced with 0.5 mM IPTG  (the second flask was 

deliberately not induced to examine WelO5 baseline expression in the  absence 

of IPTG ). At 4 -hr  and 20 -hr  post -IPTG induction timepoints, analytical samples 

were removed from  the flasks  at all three temperatures  (the positive control 

samples were collected at the 20 -hr  timepoint only ). Each sample was pelleted 

in a benchtop centrifuge and then frozen  at -80ĚC.  

 

For analysis, the samples were defrosted and re-suspended in  BugBuster® 

Master Mix protein extraction reagent  (Novagen) . A portion of this re -

suspended sample was then removed to represent  the [TOTAL] protein 

fraction . After c entrifug ing, a sample of the supernatant was  removed to 

represent the [SOLUBLE] protein fraction. Each of the IPTG induced samples 

were also subjected to a small -scale purification with Ni 2+ resin which binds to 

the N-terminal His 6-tag present on the over -expressed protein to give an 

indication of [PURIFIED] protein levels . All  fractions were analysed by SDS-

PAGE to compare expression levels and the relative amounts of soluble  protein 

(Figure 2.7.).  

 

The positive control successfully showed overexpression of the expected 

protein (observed at 73 kDa) and WelO5 expression was found to be inducible 

at all  temperatures tested. All 20 -hr post -induction timepoints resulted in 

greater yields of protein at their respective temperatures; however , higher 

temperatures tended to correlate with increased proportions of insoluble 
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protein. Inducing the cells at 28ĚC and harvesting at the 20 -hr timepoint was 

deemed an appropriate compromise between expression levels and the 

proportion of soluble protein. Further optimisation (e.g. varying IPTG 

concentration, growth media, cell type) was not deemed necessary at this 

stage. These conditions were subsequently used to scale up to a 12L 

expression volume.   

 

 

Figure 2.7. SDS-PAGE gels for expression trials performed at three different temperatures.  His6-
WelO5: 35 kDa. The protein molecular weight marker is labelled M. [TOTAL ] samples are labelled 
T, [SOLUBLE] fractions are labelled S and [PURIFIED] samples are labelled P. Samples were 
collected at 4 -hr  and 20 -hr  timepoints post -induction (I); with comparator non -induced samples 
(NI) collected simultaneously . A plasmid proven to express an unrelated protein (73 kDa) was also 
included in these trials to act as a positive control, labelled C.  

 

2.3.2.2 . Large scale expression of WelO5   

12L of WelO5 culture was grown using the conditions selected from the 

previou sly mentioned expression trials and the cell pellet frozen at -80ĚC. 

After purification and confirmation that the desired protein had been isolate d, 

it was thought that optimisation and refinement of the existing protocol would 

be beneficial if  access to  multiple related proteins  may be  required  later down 

the line. The potential for a fed -batch method  was explored because it can 

produce comparable ( or  increased) protein yields from reduced culture 

volumes relative to  the standard  batch process .123 By supplementing the cells  

with extra nutrients  as they approach  stationary phase , the log phase of 

growth is extended and  cell densit ies are increased  (Figure 2.8 .).  
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Figure 2.8. Graphical comparison of batch vs. fed -batch expression cultures. The addition of 
nutrients in the fed -batch protocol prolongs the log phase of growth to increase cell density. 
Greater yield of protein are therefore obtainable for smaller/reduced culture volumes.  

 

For WelO5, a fed -batch procedure using a 5L culture volume produced higher 

yields of purified protein than the previous 12L batch expression. This 

protocol was therefore selected as the primary method for subsequent large -

scale protein expressions.  

 

2.3.3. WelO5 purification  

The literature method for WelO5 purification  was opt imised to improve  

protein yield and  purity  (suitable for crystallisation) .50 An adapt ed immobilized 

metal ion  affinity  chromatography ( IMAC) protocol  for isolation of  the His 6-

tagged construct did not yield protein of  sufficiently high purity  (>95%) for 

crystallisation trials. However,  it was found that by running a second Ni 2+ 

affinity purification after cleavage of the His 6-tag removed  nearly all 

impurities. A final g el filtration polishing step yield ed 45 mg L -1 WelO5 (12L 

expression)  with sufficient purity for crystallisation trials. Using cell pellet 

isolated from the fed -batch expression method and condensing the initi al 

purification protocol into fewer  steps substantially increased the purified yield 
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to 75 mg L -1 (5L expression) of  WelO5. This protein was also of sufficient purity 

for use in crystallisation trials.  

 

2.3.3.1. Immobilized Metal Ion  Affinity  Chromatography (IMAC)  

IMAC 124 is commonly used as an initial  protein purification technique d ue to  

the ease of optimisat ion,  high levels of selectivity and good recoveries. 125 For 

purification via  th e IMAC method, t he desired p rotein needs to  have been 

expressed  with  a polyhistidine tag . Upon application of the cell lysate to the 

column, the tag forms a highly specific, reversible interaction with the 

immobilised metal ions of the chromatography matrix. Ni 2+ ions are most 

commonly used in  IMAC and are also used in this WelO5 protocol .125 After 

application of the cell lysate , the column is washed to remove impurities 

before the desired tagged -protein is eluted with  a buffer containing high 

concentrations of imidazole. Imidazole competes out the histid ine residues by 

disrupting the reversible interaction  between the proteinõs polyhistidine tag 

and the column matrix , releasing the protein from the column .125   

 

Two different but comparable r esins (Ni -NTA  agarose , Qiagen & Ni -Sepharose 

FF, GE Healthcare ) were used interchangeably for WelO5 IMAC  purification , 

depending on the equipment available at the time . In each case, the purity of 

the  resulting  His 6-WelO5 w as found to be unsatisfactory for  the set -up of  

crystallisation trials  and therefore assumed to not be related to the choice of 

resin use d. Minimal changes to  the literature IMAC protocol  were made apart 

from minor alterations t o t he composition of the buffers : 

- Initial purification using beta -mercaptoethanol ( BME)-containing bu ffers 

resulted in a noticeable browning of the nickel resin. This raised 

concerns about the possibility of reduction of the Ni 2+ which could have 
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a negative impact upon resin  binding capacity. BME was then exchanged  

for tris(2 -carboxyethyl)phosphine  (TCEP) which minimised  this  

discolour ation  effect . TCEP was also preferable to BME as it can be used 

at lower concentrations, is thiol -free (i.e. odour less) and stable in 

solution  for longer periods of time .  

- Removal of the Tween -20 detergent from the buffer was found to have 

no negative effects and  aided buffer preparation due to the elimination 

of foaming.  

 

A typical IMAC elution profil e for WelO5 is shown in Figure 2.9 . The fractions 

isolated from this  purifi cation  (B5-C7) were  combined and concentrated  in 

preparation  for a  f inal size -exclusion (SEC) step. However, as the His 6-WelO5 

purified by SEC was  not clean enough, another strategy needed to be 

considered.  
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Figure 2.9. WelO5 purification by IMA C: (a) Elution profile of WelO5; (b) SDS-PAGE gel analysis of 
fractions A2 -C10, indicating that the peak  shown in the elution profile corresponds to purified 
His6-WelO5 at  35 kDa. The protein molecular weight marker is labelled M. Flow-through collected 
during column loading is labelled FT & FT2.  

 

2.3.3.2. Cleavage with  the  TEV protease  

The addition of a His 6-tag cleavage step  after gel filtration , followed by a 

second round of  IMAC was found to purify  the protein sufficiently  for 

crystallisation trials . The concentrated fra ctions from the previous  (IMAC) step 

were buffer exchanged to transfer the protein into the recommended reaction 
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buffer for TEV protease cleavage 126 and to remove the imidazole , which  at high 

concentrations  could interfere with the cleavage reaction. T he reduced volume 

also facilitate d direct loading of the cleavage reaction onto a second IMAC 

column . As mentioned previously, the second IMAC column was found to 

remove the impurities remaining from the first IMAC step - presumably 

because these impurities were retained by the column whil st the cleaved 

WelO5 was not. Later , it was found that imidazole concentration did not 

noticeably interfere with the cleavage reaction and the reaction  could be 

loaded  directly onto the gel filtration column  and still achieve the desired 

purity . After anal ysis by SDS-PAGE (Figure 2.10 .), the fractions corresponding 

to the cleaved WelO5 were combined and concentrated.  

 
Figure 2.10. SDS-PAGE gel analysis of TEV cleavage reaction and subsequent Ni 2+ purification . The 
protein molecular weight marker is labelled M. TEV protease -treated WelO5 is run alongside un -
cut WelO5 and a mixture of both samples  (ô1:1 mixõ) for comparative purposes due to the minimal 
changes in molecular weight achi eved by tag -cleavage. Crude TE V cleavage reaction  (C) is run 
alongside elution fractions 1 -8. Cut WelO5 elutes from the column at the 5mM imidazole loading 
concentration (fractions E 1 + E2). Un-cut WelO5 and other impurities elute at higher imidazole 
concentration s (fractions E7 + E8).  

 

2.3.3.3. Size-Exclusion Chromatography (SEC)  

Size exclusion chromatography  (or gel filtration  chromatography )127 separate s 

proteins by molecular size and shape . It is often used as an  orthogonal 

pur ification technique to IMAC because multimers and aggregates of the same 



 CHAPTER 2: Production of WelO5 & related proteins  

 

54 

protein species can be separa ted , leading to  sample homogeneity and high er 

purities .128 The stationary phase used for SEC is comprised  of a matrix of inert 

polymer beads , through which  molecules of differ ing  size and shape will pass 

at different speeds. Larger molecules which cannot enter the pores  in the 

matrix will elute early on , whilst t he ability of smaller molecules to enter  the 

pores leads to slow er movement through the matrix and to later elution 

times. 128  

 

SEC was initially employed as a polishing step for  the IMAC -purified His 6-

WelO5. However, as previously mentioned, sufficiently clean protein was not 

achievable  until tag -cleavage and a second IMAC column were introduced. A 

typical SEC elution profile is shown in Figure 2.11. (a), WelO5 SEC did not show 

protein multi mers  and the retention time of the prot ein eluting from the 

column (at approx. 235 mL ) was consistent with  that of  WelO5 monomer (35 

kDa for His 6-WelO5 or 32.5 kDa for cleaved WelO5).  

 

2.3.3.4. Condensed purification protocol  

The complete  WelO5 purification protocol involved several concentration , 

buffer exchange and purification steps. An effort was made to condense the 

number of steps to  increase the yields of purified protein obtained. The TEV 

protease used was found to have activity in the p resence of imidazole, which 

meant exchange into the reaction buffer was not required  ð instead, WelO5 -

containing fractions from the IMAC column were minimally concentrated and 

the TEV protease added  directly . After overnight incubation at 4ĚC, the 

cleavage reaction could be  loaded directly onto a size -exclusion column, with 

gel filtration acting  as a combined purification and buffer exchange step. The 
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resulting protein  appeared highly pur e (by SDS-PAGE analysis ) with  separation 

from any  uncleaved His 6-WelO5 and the TEV protease achieved  (Figure 2.11.).  

 

(a)  
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Figure 2.11 . WelO5 purification by SEC: (a) Elution profile of WelO5 ; (b) SDS-PAGE gel analysis of 
fractions A1 -B1, showing high purity WelO5 at 32.5 kDa and clear separation from TEV protease. 
Single bands indicate separation from any uncleaved His 6-WelO5 (if present) has also been 
achieved.  
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Specific comparisons between the different expression and purification 

protocols used to access WelO5 are detailed in Table 2.4., with Figure 2.12. 

acting as a graphical representation of the overall protocol optimisation 

process. The finalised fed -batch expression and optimised purification 

protocol provided 75 mg L -1 of WelO5 in sufficient purity for crystallisation 

trials.  
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Table 2. 4. Specific details of the protein expression and purification protocol optimisation. The published method (A) was adapted (method B) , and then 
optimised (method C) by reducing the number of steps, removing Tween -20 and exchanging BME for TCEP. Method D involves a fed -batch expression , followed 
by a c ondensed purification protocol to maximis e the yields of WelO5. A comparison of the yiel ds obta ined from each method is shown in the final row of the 
table.  

 
Published Expression & 

Purification Procedure (A)  
Adapted Expression & 

Purification Procedure (B)  
Optimised Expression & 

Purification Procedure (C)  
Fed Batch Expression & 

Purification (D)  

Vector  pQTEV (His 7, ampicillin)  pNIC28 -Bsa4 (His 6, kanamycin)  

Expression Strain  C43 (DE3) BL21 (DE3) 

Induction  1 mM IPTG, 16ĚC 0.5 mM IPTG, 28ĚC 
0.3 mM IPTG, 17ĚC 

(fed -batch nutrient buffer 
added)  

Affinity Purification  Ni-NTA (Qiagen)  HisTrap TM FF (GE Healthcare)  Ni -NTA (Qiagen)  

Affinity Purification 
Buffers  

50 mM Tris  
500 mM NaCl  
10 mM BME  

0.1% Tween-20 
pH 7.4  

50 mM Tris  
500 mM NaCl  
10 mM BME  

0.1% Tween-20 
pH 7.5  

50 mM Tris  
500 mM NaCl  
1 mM TCEP 

pH 7.5  

10 mM PBS 
500 mM NaCl  

1mM TCEP 
pH 7.5  

[imidazole] Buffer A  20 mM  5 mM  5 mM  Imidazole free  

[imidazole] Buffer B  250 mM  500 mM  500 mM  500 mM  

TEV cleavage?  N Y, manual HisTrap TM to purify  
Y, load directly onto GF 

column  

Size Exclusion?  N  Y, S200-300 mL   Y, S75-300 mL   Y, S200-300 mL  

Size Exclusion  
Buffer  

N/A  

50 mM Tris  
500 mM NaCl  
10 mM BME  

pH 7.5  

50 mM Tris  
500 mM NaCl  
1 mM TCEP 

pH 7.5  

20 mM HEPES 
150 mM NaCl  

pH 7.5  

No. of purification steps  X 1 X 3 X 3 X 2 

No. of buffer exchange/  
concentration steps  

X 1 X 4 X 3 X 2 

Yield (mg L -1) 25  15  45  75  
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Figure 2.12. Graphical representation of the pr otein expression and purification optimisation  performed for WelO5 . Each step within the f low chart illustrates  a 
single step within the protocol, showing a decrease in the overall number of steps from nine in the adapted literature protoc ol (B) to the six used for the 
finalised protocol (D).
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2.4. Clo ning & expression of  WelO5 r elate d p roteins  

To mitiga te for  potential f ailure  in  obtain ing  well -diffracting WelO5 crystals , 

the homologous proteins identified from WelO5 primary sequence analysis 

and previously discussed in Section 2.2.1 . were investigated further. If  the  

crystal structure of  one of these  homologues  was faster and easier to obtain , i t  

could act  as a template for a WelO 5 homo logy model and help provide i nsight 

into the structure of WelO5.   

 

By leveraging technology and expe rtise in high -throughput protein production 

at the OPPF (Oxford Protein Production Facili ty), multiple novel constructs 

were  generated and expressed in a parallel manner 129 ð spreading the risk, 

maximising research efficiency and  theoretically tipping the scales in favour of 

obtaining at least one novel crystal structure.  In addition, a ccess to a selection 

of  pre -prepar ed constructs, as well as  two literature -known enzymes  CytC3 93 

and SyrB2105 could facilitate further research  into novel Fe2+ and 2OG -

dependent halogenases,  including confirmation of functio n, enzyme 

characterisation and WelO5 comparat or  studies  - with selection of the most 

suitable  and well -behaved  enzymes for further investigation  guided by the 

results generated at the OPPF.  

 

Synthetic genes (c odon optimised for E. coli expression) were ordered for six of 

the  homologous  proteins described in Section 2.2.1.1.  (Table 2.5.) , as well as  

for  the  known Fe2+ and 2OG -dependent halogenases  CytC3 and SyrB2. One or 

more N-terminal truncations were designed for each WelO5 homolog ue and  

two  OPPF vectors were selected for the trials : pOPINE (C-terminal His 6-fusion ) 

or pOPINF ( N-terminal His 6-3C-fusion .129 As t he C-terminus of Fe2+ and 2OG -

dependent oxygenases can be involved in substrate recognition, only full -
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length  proteins were included in the pOPINE selection as a general test for 

expression . Investigation of m ore complex tags was not deemed necessary 

based on the ease of expression and purification encountered with His 6-WelO5. 

The previously produced pNIC28 -Bsa4[WelO5] construct was included as an 

expression control alongside the OPPFõs GFP control, giving a total of 32 

constructs  ð sufficient to fill one third of  a 96-well plate  and  facilitat e plate -to -

plate manipulations.  A summary of these constructs is included near the end 

of this Chapter  (Table 2. 6.), with full protein sequence information included in 

the supplementary experimental information.  

 

Table 2. 5. Table  of homologous proteins taken from  Section 2.2.1.1. ; proteins sel ected for further 
work at the OPPF are highlighted in yellow.  

 

The Clontech  In -Fusion® method, a ligation -independent cloning method  

analogous to  that used in Section 2.3.1. , was used to insert the commercially 

supplied synthetic genes into the designated OPPF vectors :129 

- Inserts of the desired genes were generated by PCR, DpnI treated to 

digest any remaining unwanted t emplate vector and then purified. 130 

Analysis of the products on an agarose gel (Figure 2.13.) confirmed that 

all reactions produce d a single band consistent with the expected insert 

NCBI Protein 
Identifier  

Source  
% Identity 

shared with 
WelO5  

% Similarity to 
WelO5  

AIH14779.1  Westiella intricata UH HT -29-1 99  99  

AIH14734.1  Hapalosiphon welwitschii  UH IC-52-3 95  98  

AHB62755.1  Fischerella ambigua  UTEX 1903  79  90  

WP_029631942.1  Scytonema hofmannii  UTEX B 1581  45  63  

WP_012826049.1  Haliangium ochraceum  33  52  

WP_012826042.1  Haliangium ochraceum  32  52  

WP_004162178.1  Microcystis aeruginosa  32  50  

WP_004162172.1  Microcystis aeruginosa  32  48  

WP_026723823.1  Fischerella sp. PCC 9431 29  48  

WP_004162167.1  Microcystis aeruginosa  29  46  
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size s (750-1000 bp ; see Table 2.6. ), with  sufficient quantities for the 

subsequent transformation step.   

 
Figure 2.13 . Agarose g el analysis of PCR-generated gene insert s. Analysis was performed in a 
multiple  lane, high -throughput format . Gel markers  were  loaded in lanes M01 -M04 and the 
purified PCR products loaded from the purification plate to their corresponding lanes  using a 
multi -channel pipette . All  products f ound to be  present and consistent with expected insert size.  
Lanes G04 and H04 are empty as they will be later occupied by the WelO5 and GFP expression 
controls.  

 

- The purified inserts were added to the linearized pOPINX vectors and 

incubated for 30 min at 42ĚC before transformation into OmniMax II 

cells, spread over agar plates and incubated  overnight.  

- From these plates, t hree colonies were picked for each construct , grown 

overnight and m ini -prepped. The constructs were verified by PCR with 

the relevant pOP INX primer s and the reaction products analysed by 

agarose gel . For each construct, at least one clone was found to produce 

a band of the desired size  (Figure 2.14.) . Using these results, one verified 

plasmid for each construct was selected for use in expression trials.  
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Figure 2.14. Construct verification: a garose gel showing PCR products (A01 -F04) from each of t he 
three c lones selected for each construct . Lanes G04 and H04 are empty as they will be later 
occupied by the WelO5 and GFP expression controls.  Construct verification results are summarised 
in the table  as follows: g reen indicates formation of a band of the expected size, r ed indicat es a 
reaction  failure  and a mber indicates detection of  a faint band of the desired size.  The plasmids  
selected for subsequent expression trials are marked with  an X. 

 

Expression trials were set up using four different conditions resulting from a 

combination of two different cell types ( LemoÊ 21(DE3), NEB and RosettaÊ 

2(DE3) pLacI, Novagen ) with two differe nt induction conditions (IPTG  or auto -

induction media). After overnight incubations, the harvested expression 

cultures were isolated by small scale Ni 2+ purification and analysed by SDS -

PAGE to compare expression levels. Table 2.6. provides a tabulated ove rview of 

the cloning and expression work carried out at the OPPF.  
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Table 2. 6. Summary of the high -throughput molecular biology work carried out at the Oxford Protein Production Facility (OPPF). The selected eight genes and 
their specific truncated forms are described (number of amino acids, number of base pairs and molecular weight), alongside the  OPPF vectors they were 
cloned into. Bands consistent with the correct construct (from analysis by agarose and SDS -PAGE gel) are c olour -coded green , orange colour -coding indicate s 
that isolation was inconclusive (weak bands, poor purity etc.) and red colour -coding indicate s failure. The pOPINE vector adds an additional nineteen  amino 
acids to the protein of choice, whilst the pOPINE vector adds eight . The molecular weights were estimated by multiplication of the number of base pairs by 110 
(the weighte d average amino acid molecular weight). The 30  designed constructs were expressed alongside GFP and WelO5 controls.

Well 
Gene 

Identifier 
Description 

No. amino 
acids 

No. amino acids 
(includes His6-tag) 

Number of 
base pairs 

Protein MW 
(Da, estimated)  

OPPF 
Vector 

Cloning Expression Trial 

PCR 
Construct Verification Lemo21 Rosetta 

Clone 1 Clone 2 Clone 3 IPTG AI IPTG AI 

A01 CytC3 N-His, full length gene 318 337 1011 37070 pOPINF  X       

B01 SyrB2 N-His, full length gene 309 328 984 36080 pOPINF  X       

C01 AmbO5 N-His, full length gene 315 334 1002 36740 pOPINF  X       

D01 AmbO5 N-His, N-terminal truncation A 290 309 927 33990 pOPINF  X       

E01 AmbO5 N-His, N-terminal truncation B 272 291 873 32010 pOPINF  X       

F01 AmbO5 N-His, N-terminal truncation C 252 271 813 29810 pOPINF  X       

G01 WP1942 N-His, full length gene 294 313 939 34430 pOPINF   X      

H01 WP1942 N-His, N-terminal truncation A 271 290 870 31900 pOPINF  X       

A02 WP1942 N-His, N-terminal truncation B 251 270 810 29700 pOPINF  X       

B02 WP2172 N-His, full length gene 284 303 909 33330 pOPINF  X       

C02 WP2172 N-His, N-terminal truncation A 269 288 864 31680 pOPINF  X       

D02 WP2172 N-His, N-terminal truncation B 250 269 807 29590 pOPINF  X       

E02 WP2172 N-His, N-terminal truncation C 243 262 786 28820 pOPINF  X       

F02 WP3823 N-His, full length gene 263 282 846 31020 pOPINF  X       

G02 WP3823 N-His, N-terminal truncation A 247 266 798 29260 pOPINF  X       

H02 WP3823 N-His, N-terminal truncation B 232 251 753 27610 pOPINF  X       

A03 WP6042 N-His, full length gene 285 304 912 33440 pOPINF  X       

B03 WP6042 N-His, N-terminal truncation A 274 293 879 32230 pOPINF  X       

C03 WP6042 N-His, N-terminal truncation B 254 273 819 30030 pOPINF  X       

D03 WP6042 N-His, N-terminal truncation C 245 264 792 29040 pOPINF  X       

E03 WP6049 N-His, full length gene 263 282 846 31020 pOPINF  X       

F03 WP6049 N-His, N-terminal truncation A 245 264 792 29040 pOPINF  X       

G03 WP6049 N-His, N-terminal truncation B 224 243 729 26730 pOPINF  X       

H03 AmbO5 C-His, full length gene 315 323 969 35530 pOPINE  X       

A04 AmbO5 C-His, N-terminal truncation A 290 298 894 32780 pOPINE   X      

B04 WP1942 C-His, full length gene 294 302 906 33220 pOPINE   X      

C04 WP2172 C-His, full length gene 284 292 876 32120 pOPINE   X      

D04 WP3823 C-His, full length gene 263 271 813 29810 pOPINE   X      

E04 WP6042 C-His, full length gene 285 293 879 32230 pOPINE   X      

F04 WP6049 C-His, full length gene 263 271 813 29810 pOPINE   X      

G04 GFP control control - - - 27000 N/A N/A  X      

H04 WelO5 control control 290 312 936 34320 N/A N/A  X      
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Overall, expression levels were generally moderate to poor depending on the 

construct (Table 2.6.). T he internal OPPF GFP control showed good expression 

for all four conditions used, indicating a successful trial. However, the WelO5 

control demonstrated poor expression for both cell types under the IPTG 

induction conditions. This was despite the high expr ession levels seen 

previously for analogous WelO5 IPTG induction conditions ( Section 2.3.2.). The 

known halogenases  CytC3 93 and SyrB2105 also showed sub -optimal expression 

levels under the same OPPF conditions. There are several differences between 

the cond itions used for these expression trials and those used in the literature 

for WelO5, SyrB2 and CytC3 and one or more of these differences could have 

contributed to the moderate to poor expressions seen.  

 

The poor expression levels achieved at the OPPF were  surprising considering 

how well WelO5 had been previously expressed. It was anticipated that th e 

WelO5-homologous halogenases (AmbO5, WP1942, WP2172, WP3823, WP6042, 

WP6049) and their truncated analogues  may express  better when using  the 

conditions specif ically developed for WelO5 . An additional  expression trial was  

then  initiated , using a limited set of OPPF constructs to see if better expression 

levels could be achieved with conditions closer to those used previously  for 

WelO5. SyrB2 and CytC3 were also included.  

 

To limit numbers, o nly the full -length N-terminal His 6-tag (pOPINF) constructs 

were selected for the trial. ôAmbO5 N-terminal truncation Aõ (Table 2.6., ID: 

D01) was selected over its full -length analogue because it had demonstrated 

relatively g ood expression levels at the OPPF and, based on sequence analysis 

and alignment with WelO5, was already suspected to be the actual sequence 

for AmbO5 (the published sequence for AmbO5 included an extra 26 N-
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terminal amino acids). This N-terminal truncation  was eventually confirmed as 

the correct AmbO5 sequence by an addendum within the literature and 

updated within publicly available databases .51 

 

All full -length N-ter minal His 6-tag (pOPINF) constructs were sequenced prior to 

the expression trial to confirm identity  and a ll constructs, apart from WP1942, 

were confirmed to be correct. As shown in Figure 2.14., only one full -length 

construct of approximately the correct size for full -length WP1942 ( ID: G01) 

was identified by PCR verification (clone 2). However, sequence analysis 

revealed the insertion of an extra guanine base af ter the His 6-tag, moving the 

desired WP1942 sequence out of frame. This frame shift mutation would have 

been introduced by a mis -priming event during the gene-insert generation by 

PCR. As a complete repeat of the LIC protocol would be required for the 

corr ect full -length WP1942 construct, this target was temporarily set aside and 

not carried through into the mini expression trial.  

 

The remaining seven pOPINF constructs (CytC2, SyrB2, AmbO5, WP2172, 

WP3823, WP6042, WP6049) were expressed alongside pNIC28 -Bsa4[WelO5] in a 

plate -based format using a pro tocol modified from that used previously 

(Section 2.3.2. ). As before, the cell pellets were harvested and re-suspended in 

BugBuster® Master Mix protein extraction reagent  (Novagen) . A portion of this 

re-suspende d sample was removed to represent the [TOTAL] protein fraction. 

After centrifuging, a sample of the supernatant was removed to represent the 

[SOLUBLE] protein fraction  and t he remaining clarified supernatant purified 

with Ni 2+ resin to give the  [PURIFIED] samples . The [TOTAL], [SOLUBLE] and 

[PURIFIED] samples for each protein were then analysed by SDS -PAGE to 

compare expression levels (Fig ure  2.15.). 
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WelO5 expressed well under these conditions, as expected. Bands of 

comparable size can be seen for WelO5 in the soluble fraction (S) and in the 

total cell lysate (T), showing that the majority of the WelO5 protein produced is 

in a soluble form. We know that we can isolate good yields of purified WelO5 

despite what the purified band indicates - the small band siz e is most likely 

due to the quantity of protein exceeding the binding capacity and/or quantity 

of Ni 2+ resin used.  

 
Figure 2.15 . SDS-PAGE gel illustrating results of the mini -expression trial of full -length WelO5 -
homolog ue constructs performed under cond itions previously optimised for WelO5 expression. 
Proteins were expressed in auto -induction media over 20 h r  at 30ĚC. The protein molecul ar 
weight marker is labelled M. For each sample the total cell extract was run alongside the soluble 
fraction and the purified protein  to examine overexpression levels for each protein.  [TOTAL] 
samples are labelled T, [SOLUBLE] fractions are labelled S and [PURIFIED] samples are labelled P.  

 

In contrast, five of the seven pOPINF constructs (CytC3, SyrB2, WP2172, 

WP3823 & WP6042) yielded exclusively insoluble protein s. For AmbO5 and 

WP6049 it was possible to isolate s ome soluble protein . Clearly the conditions 

for expression of these OPPF constructs require further o ptimisation . As only 

the p urified fractions were analysed in the  initial  OPPF expression trial, the 

formation of insoluble protein as seen here could explain why we saw very 

little purified protein on th ose gels. Further optimisation work was put on 

hold , pending the outcome of ong oing WelO5 crystallisation trials.  

 



 CHAPTER 2: Production of WelO5 & related proteins  

 

67 

 

2.5. Summary of the production of WelO5 & related proteins  

In this Chapter, the primary sequence of WelO5 was analysed and compared to 

characterised enzymes of known, related function. WelO5 was found to share 

low homology with all structurally solved Fe2+ and 2OG -dependent oxygenase 

enzymes. Following a search of the wide r literature by PHI -BLAST, proteins 

displaying greater similarity to WelO5 were identified. However, due to a lack 

of three -dimensional structural information for any of these homologues , the 

development of a homology model was not possible. Instead, these  proteins 

were produced in parallel at the OPPF with a view to providing alternative 

options if well -diffracting WelO5 crystals could not be obtained. Additionally,  

a successful protocol was developed for production of suitable quantities of 

high purity W elO5 protein for further studies, including crystallisation trials. 

Whilst awaiting the growth of well -diffracting WelO5 crystals, open -source 

structure prediction algorithms were evaluated for their ability to produce a 

three -dimensional representation of  the WelO5 active site. Such models were 

used as an interim solution to guide enzyme evolution by active -site residue 

substitution .  
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Chapter 3. Synthesis of WelO5 endogenous 

substrate and substrate analogues   

 

3.1. Introduction  

In 1994, fifteen complex natural products from the extracts of cyanobacterium 

H. welwitschii (W. & G.S. West UH strain IC -52-3) were isolated and structurally 

assigned ( Figure 3.1.). 131 

 
Figure 3.1. Structures of the fifteen compounds isolated from H. welwitschii (W. & G.S. West UH 
strain IC-52-3).131 Structures are numbered as per the traditional hapalindole labelling 
convention. 132 ,133 The same numbering system is used for all compounds of this series w ithin the 
literature and within this thesis.   

 

Of these isolated compounds, four were fischerindoles (Figure 3.1., compounds 

1, 2, 10  & 11), proposed to be formed from their analogous acyclic hapalindole 

precursors via  an enzyme -controlled, acid -catalysed cyclisation of the 

isopropenyl group onto the 2 -position of the indole. 131 The acyclic hapalindole 
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precursors themselves, 12 -epi-hapalindole E isonitrile ( 12 ) and 12 -epi-

hapalindole C isonitrile ( 13 ), were proposed to be formed from reactive  

intermediates derived from tryptophan and geraniol phosphate in the presence 

of either  a chloronium o r hydrogen ion (Figure  3.2.).131 ,133  

 

 
     2        12      

 
 

 
         1        13

 
 

Figure 3.2 . Proposed biosynthetic route to H. welwitschii fischerindoles, as proposed by Moore et 
al. 131  

 

The hypothesis that chlorine is introduced at the start of the biosynthetic 

route to these fischerindole species was not disproven until some 20 years 

later, following the identification and functional assignment of the Fe2+ and 

2OG-dependent halogenase, WelO5. 50 Instead of being derived from compound 

12 , compound 2 was experimentally shown to form  from  compound 1 via  a 

WelO5-catalysed, late -stage regio - and ste reo-specific C-13 chlorination event 

(Figure 3.3. ).50 The report of this synthetically interesting reaction raised the 

question as to whether WelO5 -type halogenations could be performed upon 

alte rnative substrates.  
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1 2 

 
 

Figure 3.3. WelO5-catalysed formation of 12 -epi-fischerindole G by regio - and stereo -specific late -
stage C-13 chlorination of (+) -12-epi-fischerindole U isonitrile.  

 

With a successful protocol in hand for the production of large quantities of 

high purity, wild -type WelO5 (Chapter 2, Section 2.3.), it was clear that access 

to the enzymeõs natural substrate was key to  confirming activity of the 

purified WelO5. Access to  1 could also enable crystallisation  studies (soaking, 

co-crystallisation) and assay development for eva luation of the activity of wild -

type WelO5 and its variants against alternative substrates.  

 

Potential approaches for accessing 12 -epi-fischerindole U isonitrile, 1 were 

evaluated:  

- 1 and any highly similar precursors/derivatives were unavailable 

commercially (this is perhaps not unsurprising considering their low 

natural abundance). 131  

- The large -scale fermentation protocol used in the literature to access 1 

was determined physically impractical, in part because it was reported 

to be low yielding ( <1 mg of 1 was isolatable from a 20 L algal culture 

volume). 50 The necessary experimental work for this project (particularly 

co-crystallisation/crystal soaking attempts) was anticipated to require 

much greater quantities of 1 than this fermentation proce ss could 

feasibly provide.  
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- Given the complex structure of  1, a polycyclic indole with multiple 

stereocentres, access via  organic synthesis was initially ruled out on the 

grounds of synthetic complexity  and the predicted time it would take to 

evaluate and work through a suitable route. However, a subsequent 

search of the literature found a relatively recent publication with a 

concise synthesis to an almost identical compound, (-)-12-epi-

fischerindole U isothiocyanate. 134 This route appeared to be amenable to 

adaptation for the generation of 1. The synthetic intermediates from 

this ro ute could also provide additional value if WelO5 was found to 

possess halogenation activity for any of them.  

 

This C hapter outlines the modifications and revisions made to the published 

synthetic route to ( -)-12-epi-fischerindole U isothiocyanate for the generation of 

milligram quantities of the desired WelO5 endogenous substrate, (+) -12-epi-

fischerindole U isonitrile , 1. The catalytic activity of wild -type WelO5 produced 

by the newly developed protocol (Chapter 2, Section 2.3.) is confirmed using 

this syn thetically produced substrate and results from the incubation of WelO5 

with simple substrate analogues and intermediates isolated during substrate 

synthesis are also described.  

 

3.2. Synthesis of endogenous substrate  

The literature route to ( -)-12-epi-fisc herindole U isothiocyanate involves a five 

step synthesis from cheap & readily availabl e starting materials (Scheme 

3.1.).134 This route employs a novel copper -catalysed indole -carvone coupling 

reaction, followed by the addition of acetaldehyde at C-12, subsequent 

dehydration to install the alkene, and a biomimetic acid -catalysed cyclisation 

to create the carbocyclic scaffold. 134 Manipulation of the ketone moiety by 
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reductive amination, followed by treatment of the resulting amine with 

thiocarbonyl diimidazole (CDI) yielded the isothiocyanate in an overall yield  

of 22%.134 



 

 
 

7
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Scheme 3.1. Baranõs total synthesis of (ð)-12-epi-fischerindole U isothiocyanate (2004). 134 Reagents and conditions: (a)  indole (2.0 equiv.), R-carvone (1.0 equiv.), 
LiHMDS (3.0 equiv.), THF, ð78 ºC, 30 min; then copper(II)2 -ethylhexanoate (1.5 equiv.), ð78 ºC, 12 h, (b)  (i) LiHMDS (1.5 equiv.), THF, ð78 ºC, 20 min; then L -
Selectride (1.05 equiv.), ð78 ºC, 1 h; then CH 3CHO (6.0 equiv.), ð78 ºC, 15  min; (ii) Martin Sulfurane (1.1 equiv.), CHCl 3, rt, 10 min; (iii) TMSOTf (3.0 equiv.), MeOH 
(1.1 equiv.), DCM, 0 ºC, 1 h; (iv) NaCNBH 3 (10 equiv.), NH 4OAc (40 equiv.), MeOH/THF, rt, 7 d; (v) CS(imid) 2 (1.1 equiv.), DCM, rt, 4 h.
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To access WelO5 substrate  1, modifications were made to the final step of the 

published route to yield the analogous isonitrile instead of the isothiocyanate. 

The specific rotation of the synthetically produced 12-epi-fischerindole U 

isothiocyanate was given as [ ὄ]D -200 (DCM, c 0.020), 134 identifying itself as the 

opposite enantiomer to that isolated from H. welwitschii , [ὄ]D +231 (DCM,   

c 0.035)  (Figure 3. 4.).131 

 
Figure 3. 4. Specific rotations for both enantiomers of 12 -epi-fischerindole U isothiocyanate as 
reported in the literature, 131 ,134 compared to the WelO5 endogenous substrate. The desired synthesis 
needs to produce the isonitrile analogue of (+) -12-epi-fischerindole U isothiocyanate, as drawn and 
highlighted in the  box. For this, it was envisaged that the synthetic route reported in the literature 
by P. Baran et al. 134 could be followed by replacing the (R) -carvone starting material used in the 
first step with (S) -carvone.  

 

Fortunately, the published route was apparently easily amenable to synthesis 

of the opposite enantiomer. Exchanging the (R)-carvone starting material for 

(S)-carvone should lead to the opposite enantiomer when following the same 

reaction scheme. The final, modified synthetic route used for the synthesis of 

1 is outlined in Scheme 3.2 ., with deviations from the literature pr otocol 

highlighted in red. The isolation of by -products and intermediates enabled a 

spectrum of structurally -related compounds for testing against WelO5 to 

investigate structure -activity relationships.  
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Scheme 3.2. Total synthesis of (+) -12-epi-fischerindole U isonitrile, adapted from that described in Figure 3.3. Reagents and conditions: (a)  indole (2.0 equiv.), S-
carvone (1.0 equiv.), LiHMDS (3.0 equiv.), THF, ð78 ºC, 30 min; then copper(II)2 -ethylhexanoate (1.5 equiv.), ð78 ºC, 12 h, (b)  (i) LiHMDS (1.5 equiv.), THF, ð78 ºC, 
20 min; then L -Selectride (1.05 equiv.), ð78 ºC, 1 h; then CH 3CHO (6.0 equiv.), ð78 ºC, 30  min; (ii) Martin Sulfurane (1.1 equiv.), CHCl 3, rt, 15 min; (iii) TMSOTf (3.0 
equiv.), MeOH (1.1 equiv.), DCM, 0 ºC, 1 h; (iv) NaCNBH 3 (10 equiv.), NH 4OAc (40 equiv.), MeOH/THF, rt, 5 d; (v) HCO 2H (1.2 equiv.), DMT -MM: formed in situ from 
CDMT (1.5 equiv. ) & NMM (1.5 equiv.), DMAP (0.1 equiv.), DCM, rt, 1 h; (vi) Et 3N (20 equiv.), COCl 2 (3.0 equiv.), DCM, 0 ºC, 15 min.  
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3.2.1. Step 1: Indole -carvone coupling  

The first step in the synthesis of 1 involves the addition of a solution of 

LiHMDS to a mixture of carvone and indole starting materials, followed by the 

addition of a super -stoichiometric quantity of copper(II) -2-ethylhexanoate 

oxidant (Scheme 3. 3.).134 The literature -proposed mechanism for this reaction 

proceeds via  formation  of a copper -chelated carvone radical which then 

undergoes nucleophilic attack by an indole anion to give the desired 6 -(1H-

indol -3-yl) -5-isopropenyl -2-methyl -cyclohex -2-en-1-one, compound 16 .135 

 

 

Scheme 3.3. Copper -catalysed  formation of 6 -(1H-indol -3-yl)-5-isopropenyl -2-methyl -cyclohex -2-en-
1-one (16 ) from indole and carvone.  

 

This reaction could be considered the most important in the synthetic scheme 

because of the formation of a product with two fixed stereocentres in a s ingle 

step without pre -functionalisation of the starting materials, or the requirement 

for chiral reagents or catal ysts. All the stereocentres in final product 1 (except 

C-11) are determined by this first step and one can select which 12 -epi-

fischerindole U isonitrile enantiomer is formed by simply exchanging the 

carvone starting material enantiomers. As the rest of the synthetic route relies 

upon this first step and there is no comparable alternative reaction, formation 

of the desired product was very impo rtant. Concerns appeared during 

characterisation of the isolated material that the 1H NMR spectrum compound  

16 , prepared from ( S)-carvone , showed inconsistences with its opposite 

enantiomer (prepared from ( R)-carvone ), the characterisation of which had 

already b een reported in the literature. 134 Two protons at 6.91 ppm (assigned as 
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NH-CH=C) and 6.82 ppm (assigned as CH=CMe-C=O) were found to differ to 

the literature spectra in both their chemical shift and multiplicity; 6.91 (d, J = 

2.4 Hz, 1H) vs. lit.  6.82 (s, 1H) & 6.84 -6.75 (m, 1H) vs. lit. 6.71 (d, J = 2.0 Hz, 1H)  

(Figure 3.5 .).  

 

When chemical shifts from the entire spectrum were compared with the 

literature values, differences (albeit more subtle ones) were also seen for other 

protons (Figure 3. 5.). These differences vary in magnitude, and their direction 

of movement (upfield vs. downfield) is inconsistent across the spectrum. 

However, the 13C NMR spectra of the (S,S)- and (R,R)-diastereomers appea r to be 

identical (Figure 3.6 .). Variations in chemical shift observed  in the 1H NMR 

spectra of samples prepared from the same solid stock led to the hypothesis 

that a concentration -dependent effect could be responsible. 
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Figure 3. 5. Comparison of 1H NMR spectra for (5R,6R) -6-(1H-indol -3-yl)-5-isopropenyl -2-methyl -
cyclohex -2-en-1-one (literature) 134 with that of synthetically produced 16  (this work) shows some 
discrepancie s. The exchange of two peaks in the aromatic region of the spectrum is notable and 
highlighted here in red. The literature reports a singlet (1H) at 6.82 ppm and a doublet (1H, J=2.0 
Hz) at 6.71 ppm, whereas a doublet (1H, J=2.4 Hz) at 6.91 ppm and a multi plet (1H) at 6.84 -6.75 
ppm were identified. Both spectra were obtained in the same deuterated solvent, CDCl 3.   
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Figure 3. 6. Comparison of 13C NMR spectra for (5R,6R)-6-(1H-indol -3-yl)-5-isopropenyl -2-methyl -
cyclohex -2-en-1-one (literature) 134 with that of synthetically produced 16  (this work) shows no 
obvious differences. Both spectra were obtained  in the same deuterated solvent, CDCl 3. 
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To investigate this proposal, 1H NMR spectra were obtained for samples  of 

compound 16  over a specified  concentration range and the spectra compared 

(Figure 3.7 .). Noticeable changes in chemical shift were seen across the range  

(1 mg/mL ð 100 mg/ mL), with the spectrum prepared at 50 mg/mL appearing 

near -identical to that of the literature . It was conclude d that these changes are 

likely the result of intermolecular hydrogen bonding effects. By increasing 

concentration, molecules in the NMR sample develop an increased propensity 

towards intermolecular hydrogen bonding due to their proximity. Changes in 

the e lectron density around the nuclei of atoms directly involved in hydrogen 

bonding  (or  indirectly affected as a result of  changes in the electronics of the 

molecule ) manifest in changes in chemical shift. A reduction in electron 

density around the nucleus results in a downfield movement to higher 

chemical shift. Similarly, an increase in electron density results in greater 

shielding of the nucleus from the externally applied magnetic field, leading to 

an upfield movement to lower chemical shift values. The presence of an 

intermolecular hydrogen bond between the indole NH and the enone carbonyl 

oxygen in more concentrated samples could explain the observations seen in 

the 1H NMR spectra. From the crystal structure of (5R,6R)-6-(1H-indol -3-yl) -5-

isopropenyl -2-methyl -cyclohex -2-en-1-one supplied with the synthetic 

publication, 134 the proximity of the NH and C=O of two adjacent molecules is 

consistent with a hydrogen bond in both length and geometry (Figure 3. 8.).  



 

 

8
1

 

 

 

 
 

Figure 3. 7. Overlay of proton NMR spectra for compound 16  collected over a range of concentrations. Samples were dissolved in deuterated chloroform (s, 7.26 
ppm). The greatest changes in chemical shift can be seen for protons 5  and 6 , and to a lesser extent proton 4 . Increasing the sample concentration from 1mg/ mL 
to 100 mg/mL results in the movement of NH proton 5  downfield by 0.26 ppm. Across the same concentration differential, aromatic protons 6 and 4  move 
upfield by 0.38 ppm and 0.14 ppm respectively. More moderate movements are shown by aromatic proton 3  (0.03 ppm upfield) as well as the methyl protons at 
8  (spectral region not shown, 0.07 ppm downfield) and vinylic proton 9  (0.03 ppm downfield). The remaining protons of the molecule do not exhibit ɝɿ + 0.01 
ppm over the concentration gradient.  
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Figure 3. 8. Proposed intermolecular hydrogen bond between two molecules of compound 16 . The 
measured donor -acceptor distance is 3.1Å. These intermolecular hydrogen bonds are responsible 
for the changes in proton shifts seen at different concentrations in the NMR spectra of this 
compound, with the most pronounced changes in shift (ppm) seen for the hydrogen bond acceptor 
(NH). Image rendered in PyM OL using the CIF file supplied with the Baran grou p synthetic 
paper. 134  

 

A second issue arose during characterisation of compou nd 16 , which was more 

challenging to rationalise than the 1H NMR discrepancies: the specific rotation 

matched the literature value for the opposite (undesired) enantiomer. For the 

(R,R)-enantiomer (literature), [ὄ]D = +55 (DCM, c 3.6);134 whereas for  (S,S)-

enantiomer  16 , (this work), [ὄ]D = +56 (DCM, c 3.9). To confirm that the correct 

enantiomer had been used in the synthesis  of 16 , the specific rotation of the 

carvone starting material was also measured. A value of [ὄ]D = +55 (neat) was 

obtained for S-carvone, in agreement with the manufacturerõs specification.136 

The reaction was then repeated using R-carvone and the specific rotation of 

the starting material and product both measured, giving R-carvone, [ὄ]D = -58 

(neat) and  6-(1H-indol -3-yl) -5-isopropenyl -2-methyl -cyclohex -2-en-1-one, [ὄ]D =   

-56 (DCM, c 1.3) respectively (Figure 3. 9.). The suspected error in the literature -
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reported value was proven to be correct, providing assurance that the desired 

enantiomer had been isolated.  

 

Both enantiomers of 6-(1H-indol -3-yl) -5-isopropenyl -2-methyl -cyclohex -2-en-1-

one (the products of  step  1) were also analysed by chiral chromatography [SFC; 

10-25% MeOH (0.1% NH4OH); Hichrom CHIRALCEL OJ -3: 4.6 x 150 mm, 3 µm]. 

Chiral purity calculated by relative UV peak area was determined to be  

97.7% e.e. for the (R,R)-enantiomer (from R-carvone, manufacturers 

specification > 97.5%)137 and 95.7 % e.e. for the (S,S)-enantiomer , 16  (from S-

carvone, manufacturers specification > 95.5%).136 

 

  
Figure 3. 9. Experimentally determined specific rotations are stated alongside the literature quoted 
values for 6 -(1H-indol -3-yl)-5-isopropenyl -2-methyl -cyclohex -2-en-1-one enantiomers. The specific 
rotations of both enantiomers of carvone were also measured and confirmed to match the 
supplier specification.  

 

3.2.2. Step 2 : Alkene installation  

Installation of the fischerindole C-12 alkene proceeds via  1,4 conjugate 

addition of hydride to the enone of compound 16 , with L-selectride (a bulky 

hydride source) used to achieve diastereoselectivity.  
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        16           17       18  
 

Scheme 3.4. Formation of C -12 secondary alcohol and subsequent dehydration to give the alkene 
of (2S,5S,6S)-6-(1H-indol -3-yl)-5-isopropenyl -2-methyl -2-vinyl -cyclohexanone.  

 

The lithium enolate adds into the carbonyl of acetaldehyde, with d ehydration 

of the resulting secondary alcohol 17 yielding the desired alkene (Scheme 3. 4.). 

Martin sulfurane ( diphenylbis(1,1,1,3,3,3 hexafluoro 2 phenyl 2

propoxy)sulfurane , Figure 3. 10.) was used to perform the alcohol 

dehydration. 138 

 
Figur e 3.10 . Structure of Martin Sulfurane. This reagent dehydrates a secondary alcohol as part 
of the C -12 alkene installation process.  

 

Initial dehydration reaction failures were found to be due to the presence of 

ethanol as an additive (0.5 -1%) in the anhydrous reaction solvent (chloroform); 

this was then replaced with  solvent containing unreactive amylene stabilise rs. 

After this correction, the desired product 18  was formed in an overall 60% 

yield (2 steps), with analytical data consistent with the literature. 134 The specific 

rotation for this product was measured as [ ɻ]D = - 126 (DCM, c 0.15), indicating 

formation of the opposite enantiomer to the literature, for which the specific 

rotation value is quoted as [ ɻ]D = + 119 (DCM, c 1.3).134  This provides additional 

evidence for isolation of the desired enantiomer  of 16  in the preceding indole -
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carvone coupling step. Omitting the addition of acetaldehyde entirely led to 

1,4-reduction product, compound 21  (Figure 3.11 .) during the reaction 

quench. 139 This compound was isolated in an inseparable 85:15 ratio of 

diastereoisomers and retained for WelO5 reactivity screening.  

 

   
21  

Figure 3. 11. Structure of 21 , the by -product  produced during the synthesis of 18 . Modification of  
the reaction conditions resulted exclusively in this conjugate reduction product which was retained 
for future testing against WelO5.  

 

3.2.3. Step 3: Cyclisation  

The final reaction used to construct the fischerindole carbocyclic skeleton was 

an acid -catal ysed cyclisation of the isopropenyl group onto the 2 -position of 

the indole (Scheme 3. 5.).134  

 
               18                   19      

Scheme 3.5. Acid catalysed biomimetic cyclisation of indole onto the isobutylene unit of (2S,5S,6S) -
6-(1H-indol -3-yl)-5-isopropenyl -2-methyl -2-vinyl -cyclohexanone to give fischerindole (6aS,9S,10aS)-
6,6,9 -trimethyl -9-vinyl -6a,7,8,10a -tetrahydro -5H-indeno[2,1 -b]indol -10-one. 

 

In the proposed mechanism, the indole reacts at the 3 -position with the 

tertiary carbocation formed from protonation of the isopropenyl group. Re -

arrangement of the resulting four -membered ring onto the indole 2 -position 

generates the desired 6,5,5,6 scaffold , 19 .140 Catalytic triflic acid, formed in situ  

from the addition of methanol to trimethylsilyl trifluo romethanesulfonate 

(TMSOTf), was used for this step due to reported stability issues with the 
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fischerindole product under prolonged exposure to acid. 139 Recycling of the 

unreacted starting material after purification improved the overall reaction 

yield.  By-products 22 , 23  and 24  were also isolated from the reaction (Fi gure 

3.12 .). 

 
   22            23     24  
 

Figure 3.1 2. Structures of the three by -products formed during acid -catalysed cyclisation of 
2S,5S,6S)-6-(1H-indol -3-yl)-5-isopropenyl -2-methyl -2-vinyl -cyclohexanone with t riflic acid. Samples 
of each were retained for future testing against WelO5.  

 

The mechanism for formation of these by -products has already been proposed 

in the literature, 139 differentiating itself from the previously described 

mechanism via  cyclisation onto the far  end of the isopropenyl group to give a 

five -membered ring (formation of the desired product proceeds via  a four -

membered ring) which re -arranges onto the indole 2 -position to generate the 

6,5,6,6 - by-products 22 , 23  and 24  (Figure 3.13 .)139   

 

 
Figure 3.13.  Proposed reaction mechanisms for the formation of de sired product (6aS,9S,10aS) -
6,6,9 -trimethyl -9-vinyl -6a,7,8,10a -tetrahydro -5H-indeno[2,1 -b]indol -10-one (pathway coloured 
blue), and the formation of minor by -products 2 -4 (pathway coloured red). 139  
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A small -scale cyclisation using microwave irradiation and acidic 

Montmorillonite K -10 clay was also attempted and demonstrated similar yields 

to the triflic acid. 141 However, this method was not adopted because it was not 

easily scalable and the previously mentione d by -products were not detected 

(the production of multiple structurally -related molecules in a single step has 

added -value in terms of being able to probe WelO5 structure -activity 

relationships). Multi -milligram quantities of acyclic material were cyclise d 

using the original triflic acid -recycling method, with samples of all products 

retained for WelO5 screening. Analytical data for the desired fischerindole 

reaction product was found to be consistent with the literature, apart from the 

specific rotation ( comparable magnitude, opposite sign). 134, 139   

 

3.2.4. Step 4: Reductive amination  

The published reaction conditions for th e reductive amination step  in Scheme 

3.6. involve long reaction times (48 hr) and an excess of both reagents (10 

equiv. sodium cyanoborohydride, 40 equiv. ammonium acetate) to yield 55% 

isolated amine (10:1 diastereomeric ratio) and 10% recovered starting 

material. 134 

 

 
  19                 20  
 

Scheme 3.6. Formation of (6aS,9S,10R,10aS)-6,6,9 -trimethyl -9-vinyl -5,6a,7,8,10,10a -
hexahydroindeno[2,1 -b]indol -10-amine from reductive amination of the ketone to a primary 
amine.  

 

However, the superb selectivity achieved by the literature conditions was 

unrepeatable. A selectivit y ratio of 3:2 in favour of the undesired 

diastereoisomer was estimated from NMR and LC -MS analysis of the crude 
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isolated reaction mixture. Increasing the reaction time to five  days achieved an 

acceptable balance between starting material consumption and r eaction 

impurity level to give an 85% (crude) yield of amino diastereoisomers, with 

approximately 10% unreacted starting material (LC -MS). Due to the reduced 

selectivity observed, preparative chromatography (SFC) was used to separate 

the constituent isomer s. Purification at the amine stage was found to be more 

favourable than carrying the mixture through and separating the fischerindole 

diastereoisomers at the end of the synthetic route as it made the reactions 

easier to follow and gave better overall yield s (25-30% isolated yield achieved 

from the ketone for each amine isomer).  

 

Several alternative conditions were tried for this reductive amination, all 

without success. The obvious exchange of sodium cyanoborohydride for 

sodium triacetoxyborohydride failed to yield desired product. Attempts to pre -

form the imine with titanium (IV) isopropoxide followed by reduction with 

sodium borohydride 142 yielded only the corresponding alcohol, s uggesting 

imine formation was either very slow or had not occurred. As a result, an 

attempt was made to produce the oxime which could then be reduced to the 

desired amine. Oxime formation was unsuccessful at room temperature but 

was found to proceed after heating to 60ĚC. Attempts to reduce the oxime 

under mild conditions using zinc and ammonium formate were unsuccessful. 

Re-analysis of the oxime analytical data suggested that the starting material 

had undergone a Beckmann rearrangement, explaining the redu ction reaction 

failure.  

 

With a view to forming amine 20  via  reduction to the alcohol a nd displacement 

with azide, ketone  19  was treated with sodium borohydride. 141 This reaction 
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was complete within 10 minutes, suggesting that imine formation may be 

reaction limiting for the reductive amination. The overall yield for the alcohol 

mixture was 80%, in a 2:1 ratio of diastereoisomers. Isomer ratios for the 

keto ne reduction and reductive amination reactions were estimated from the 

1H NMR of the crude reaction mixture (Figure 3.1 4.).  

 

 
 

Figure 3.1 4. Selected regions of 1H NMR spectra (CDCl 3) of crude product mixtures for both the 
sodium borohydride ketone reduction (2:1; desired: undesired) and sodium cyanoborohydride 
reductive amination reaction (3:2; undesired: desired). Key protons used to calculate the 
approximate isomer ratio are highli ghted in red.  

 

The major isomer produced from the sodium borohydride ketone reduction 

(25 ) had the same relative stereochemistry as the major isomer from the 

reductive amination  (27 ). However, whilst the C-11  (S)-amine (27) was 

undesired, the C-11 (S)-alcohol (25 ) was apparently perfectly set up for 

inversion at C-11 with azide. Initial attempts at a one -step reaction with DPPA 

were unsuccessful, yielding only starting material. Following the literature 

protocol, a two -step process via  the mesylate and  treatment with LiN 3 initially 

appeared successful. 141 However, attempts to avoid the use of Na/Hg 

amalgam 141 by reducing the azide with triphenylphosphine (Staudinger 

reduction) 143 led only to elimination of the azide. In the interest of time, and 














































































































































































































































































































































