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ABSTRACT 

 

Terpenes and terpenoids are natural products produced by terpene synthases from linear 

polyprenyl diphosphates. These enzymes catalyse a complex cascade of reactions involving 

carbocations, modification in bonding and hybridisation in a regio- and stereoselective 

manner. A great number of them are high-value compounds as they display relevant biological 

activities and their supply is limited. The terpenoid artemisinin is, for example, the most used 

treatment against malaria and currently extracted from human cropped Artemisia annua.  

Recent studies have promoted the in vitro use of natural or unnatural substrates with terpene 

synthases to generate existing or novel terpenoids. Chemically synthesised farnesyl 

diphosphates containing heteroatoms, hydroxy, fluoride or alkyl groups have been used with 

sesquiterpene synthases (STS) to generate new sesquiterpene analogues. This 

chemoenzymatic approach has allowed the discovery of compounds showing potential 

application in the agriculture, flavour, or fragrance industry. This thesis focuses on the design 

and exploration of methodologies to address the challenges of the chemoenzymatic 

production of natural and novel terpenoids. The first part of the thesis focuses on improving 

the diphosphorylation procedure of farnesol and its analogues. A one-pot enzymatic 

diphosphorylation involving undecaprenol kinase and a variant of isopentenyl phosphate 

kinase was proven to convert farnesol successfully to farnesyl diphosphate (FDP) in 95% 

yield. In comparison to the traditional method, a chemical disphosphorylation, which gives 

FDP in 40% yield on average. Several farnesol analogues were also diphosphorylated using 

this method showing its potential versatility, namely: 6,15-dimethylfarnesol, 14,15-

dimethylfarnesol, 10,11-epoxyfarnesol and 8-methoxyfarnesol. The sesquiterpene product 

arising from the incubation of 10,11-epoxyfarnesyl diphosphate with germacradien-4-ol 

synthase was isolated and fully characterised for the first time. Ultimately, this work illustrated 

how the high-performance counter current chromatography (HPCCC), a technique 

traditionally used for chromatography, could be used as a liquid-liquid reactor for biocatalysis 

to improve sesquiterpene yields. Several sesquiterpenes were synthesised in a high yield 

using the efficient mixing created by the centrifugal forces in the HPCCC apparatus. Carrying 

out the reaction in this counter current chromatography apparatus gave >70% yields while 

being almost 10 times faster than the segmented flow system and 70 times faster than batch. 

This methodology also found applications in stereoselective esterification with lipases, cutting 

the reaction time from one hour in batch to six minutes using the HPCCC apparatus. 
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1.1 TERPENES 

 

Terpenes and terpenoids belong to a large family of natural products characterised by an 

impressive variety of chemical structures, functionalities, and bioactivities. More than 80 000 

different terpenoids are known to date, all arising from successive exquisite regio- and stereo- 

specific cyclisation derived from the five-carbon isoprene unit to yield complex polycyclic 

structures with several strereocenters.[1,2] These complex cyclisation reactions are catalysed 

by a class of enzymes called terpene synthases.[2] Terpenes have been identified in all 

domains of life, from microorganisms to insects, but most terpenes are found in plants.[3–6] 

Terpenes show a broad range of biological functions including roles in electron carriers 

(prenylquinones, coenzyme Q10, 1),[7][8] photosynthesis (chlorophyll A, 2), hormones 

((S)-abscisic acid, 3),[9] and semiochemicals [(E)--farnesene], 4).[10,11] It is this range of bio-

activities that has drawn significant interest from the medicinal, agricultural, fragrance and 

food industries with compounds worth several hundreds of pounds per gram (Figure 1-1). 

Examples of commercially utilised terpenoids include artemisinin (6), which is widely used as 

an antimalarial drug;[12] paclitaxel (Taxol™, 5) as a treatment for several cancers,[13] and 

(R)-(+)-limonene (7) or (1R,2S,5R)-(-)-menthol (8) for flavouring. Until recently, production of 

these compounds was performed exclusively from plant extraction; for example, artemisinin 

is still extracted from Artemisia annua. Rising demands, limited long-term reserves and high 

costs have brought increased interest in using bio-synthetic tools as a sustainable alternative 

for the production of terpenes.[14] The work presented in this thesis focuses on discovering 

new valuable terpene products and exploring novel procedures as well as optimising existing 

processes for the synthesis of terpenes through biological tools. 
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Figure 1-1 Examples of commercially available terpenes with the terpene skeleton highlighted in red 

(Aldrich prices)a  

1.1.1 Terpene biosynthesis 

 

Virtually all terpenes originate from the same two simple universal building blocks, isopentenyl 

diphosphate (IDP, 9) and its isomer dimethylallyl diphosphate (DMADP, 10).[2] For example, 

condensation of DMADP with IDP in a regular fashion (i.e. head-to-tail) forms a C10 linear 

chain called geranyl diphosphate (GDP, 11). Subsequent additions of IDP by 

prenyltransferases form longer, linear terpenes that are consecutively subjected to cyclisation 

by terpene synthases.[2] Those cyclic terpenes often undergo further transformations such as 

oxidations by cytochrome P450s to form a wide variety of metabolites called terpenoids such 

as artemisinin (6).[15]  

 

 

a Prices can be significantly lower from other suppliers, consulted on 30/09/2019 
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Due to their large structural diversity, a systematic nomenclature has been created. They are 

classified according to the “biogenetic isoprene rule” introduced by Ruzicka in 1953 which 

classifies each structure by the number of isoprene building blocks (12) they are composed 

of (commonly used acronyms are summarised in Table 1.1).[16] On the other hand, the 

appellations “terpenoid” and “terpene” are not used consistently throughout the literature as 

there is currently no consensus on their definitions. In this work, a terpene is defined as the 

direct product from a terpene synthase, whereas terpenoids result from further biomodification 

of the terpene. Examples of terpenes and terpenoids are given in Table 1.1. GDP (11) can be 

cyclised to the monoterpene (S)-limonene (13) by limonene synthase, farnesyl diphosphate 

(FDP, 14) is converted by trichodiene synthase to the sesquiterpene (1S,4S)-trichodiene (15), 

geranylgeranyl diphosphate (GGDP, 16) to (4aS, 6S)-taxadiene (17) by taxadiene synthase 

and can be further oxidised to the diterpenoid paclitaxel (5). Alternatively, head-to-head 

coupling of farnesyl diphosphate (12) and geranylgeranyl diphosphate (13) form squalene (15) 

which then forms epoxysqualene which can cyclise to the precursor of cholesterol (17). 

 

 

 

Figure 1-2 Structures of a) isoprene b) regular c) irregular condensation of isoprene units.[16] 
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Table 1.1 General classification of terpenes. Prenyl transferases couple successively five-carbon 

building blocks to form linear terpenes which undergo cyclisation to form complex cyclic structures 

(examples are given in the last column). 

 

 

IDP (9) and DMADP (10) are produced along two currently known pathways depending on 

the organism and subcellular location they are produced in. The mevalonate pathway (MVA), 

found in all eukaryotes, plants and archaea is localised in the cytosol with recent studies 

suggesting certain enzymes of the MVA pathway are also located in the mitochondria, 

endoplasmic reticulum (ER) and peroxisomes. The deoxyxylulose 5-phosphate pathway 

(DXP) (also called the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway) is found in 

bacteria cytosol and plant plastids.[17] Monoterpenes, diterpenes, and tetraterpenes are mostly 

produced in the plastids whereas sesquiterpenes and triterpenes are mostly synthesised in 

the cytosol.[18] Interestingly, the two pathways are not equally found in all three domains of life 

(eukaryotes, bacteria and archaea). For example, archaea only possess the MVA pathway 

and two decades ago, Grochowski et al. discovered that archaea use different variation of the 

MVA pathway.[19][20] 
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1.1.2 Mevalonate pathway 

 

The MVA pathway is composed of the following chemical steps: first a Claisen condensation 

of two molecules of acetyl-CoA (19) to acetoacetyl-CoA (20) by acetyl-coenzyme A (CoA) C-

acetyltransferase (or acetoacetyl-CoA thiolase). Acetoacetyl-CoA (20) then undergoes aldol 

condensation with another acetyl-CoA (19) to form (3S)-3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA, 21) via HMG-CoA synthase. HMG-CoA (21) is reduced twice to (R)-mevalonic 

acid (MVA, 22) by nicotinamide adenine dinucleotide phosphate (NADPH) dependent enzyme 

3-hydroxy-3-methylglutaryl-CoA reductase (HMGR). The resulting alcohol is successively 

phosphorylated twice by adenosine triphosphate (ATP)-dependent MVA kinase (MK) and 

phospho-MVA kinase (PMK) to give (R)-5-diphosphomevalonic acid (DPM, 23). A last 

phosphorylation of DMP (24) causes decarboxylation by MVA diphosphate decarboxylase 

(MPDC) to generate IDP (9). IDP (9) can isomerise to DMADP (10) in an approximately 3:1 

ratio (DMADP:IDP) via IDP isomerase (IDPI) (Figure 1-3).[21]   

1.1.3 Deoxyxylulose 5-phosphate pathway 

 

The DXP pathway starts from the condensation of pyruvate (25) and D-glyceraldehyde-3-

phosphate (GA-3P, 26) catalysed by thiamine diphosphate (TDP) dependent 1-deoxy-D-

xylulose 5-phosphate synthase (DXS) to give 1-deoxy-D-xylulose 5-phosphate (DXP, 27). A 

subsequent intramolecular rearrangement and reduction by NADPH dependent DXP 

reductoisomerase (DXR or IspC) yields 2-C-methyl-D-erythritol-4-phosphate (methylerythritol 

phosphate, MEP, 28). Transfer of cytidyl phosphate onto 28 via CDP dependent 2-C-methyl-

D-erythritol 4-phosphate cytidylyltransferase (MCT or IspD) results in 4-(cytidine 5’ -

diphospho)-2-C-methyl-D-erythritol (CDP-ME). The product is then phosphorylated on the 2-

hydroxyl group of CDP-ME by 4-(cytidine 5’ - diphospho)-2-C-methyl-D-erythritol kinase (CMK 

or IspE) and cyclisation of the product 2-phospho-4-(cytidine 5’-diphospho)-2-C-methyl-D-

erythritol (CDP-ME2P, 29) by 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MDS or 

IspF) gives 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP, 30). Finally, two 

consecutive reductions of MEcPP by 4-hydroxy-3-methylbut-2-enyldiphosphate (HMBPP) 

synthase to give 1-hydroxy-2-methyl-2-(E)-butenyl diphosphate (31) followed by HMBPP 

reductase result in formation of both DMADP (10) and IDP (9) in a ratio of 1 :5. The 

mechanism of the last two reductive steps has still not been fully elucidated but is believed to 

involve two single-electron transfer in a [4Fe-4S] cluster (Figure 1-3).[22] 
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Figure 1-3 MVA and DXP pathways. 
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1.1.4 The lost alternate mevalonate pathway in archaea 

 

Archaea have been shown to use the MVA pathway to produce IDP (9) and DMADP (10). 

However, characterisation of all the putative enzymes in the previously described MVA 

pathway was incomplete until recently. Enzymes involved in the formation of IDP (9) from 

phosphomevalonate remained unknown for a long time due to low sequence identity in 

genome analysis for PMK and PPMD.[23–25] It is only since 2013 that an alternate pathway to 

the MVA pathway has been fully elucidated for archaea. In 2006, Grochowski et al. identified 

a gene encoding for an ATP-dependent kinase later called isopentenyl kinase (IPK) catalysing 

the conversion of isopentenyl phosphate (IP, 33) to IDP (9) in Methanocaldococcus jannashii 

(Mj).[17,20,26] In 2013, mevalonate-5-phosphate decarboxylase was identified to catalyse the 

reaction from (R)-phosphomevalonate (34) to IP (33) uncovering the mystery behind the 

hypothetical alternate mevalonate pathway.[27] Since then, novel pieces of evidence of other 

alternative MVA pathways have been found.[28] 

 

 

Figure 1-4 Alternative mevalonate pathway found in archaea. 
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1.1.5 Isoprenyl diphosphate elongation 

 

Synthesis of longer linear isoprenyl diphosphates mentioned in 1.2 such as GDP (11), FDP 

(14) or GGDP (17) is catalysed by isoprenyl diphosphate synthases (IDPS) called GDP 

synthase (GDPS), FDP synthase (FDPS) or GGDP synthase (GGDPS) respectively. In the 

case of GDP (11), catalysis starts with ionisation of DMADP (10) favoured by a trinuclear 

magnesium coordination to the diphosphate group followed by nucleophilic attack of IDP (9) 

double bond onto the newly formed dimethylallyl cation.[2] A final stereoselective deprotonation 

of the pro-R-hydrogen at C2 gives GDP (11).[29] For FDPS or GGDPS, GDP (11) stays in the 

active site and additional IDPs are added in the same manner to generate C15 and C20 linear 

prenyl diphosphates.  

 

 

Figure 1-5 Mechanistic representation of trans prenyl diphosphate biosynthesis. 

 

1.1.6 Terpene synthases 

 

The conversion of linear isoprenyl diphosphates to cyclic products is catalysed by terpene 

synthases. Terpene cyclisations are one of the most complex reactions found in nature. From 

the small pool of acyclic substrates mentioned above (Figure 1-5) more than ten thousand 

cyclic terpene products can be produced. The active site of terpene synthases is host to 

complex multistep cascade reactions involving carbocation intermediates changing their 
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hybridization, bonding and stereochemistry.[2] Such reactive species can only exist because 

terpene synthases have a nonpolar active site pocket with protected dipoles and aromatic 

residues that shelter and stabilise carbocations from other reactive species.[2] Remarkably, 

some synthases have evolved to accommodate polar groups such as water in their active site 

to form specific hydroxylated products.  

Terpene synthases can be divided into two major classes depending on how the reaction is 

initiated. Class I synthases use a Mg2+ binding motif to coordinate the diphosphate group of 

the polyprenyl diphosphate, promoting ionisation of the substrate through cleavage of the 

diphosphate moiety and formation of an allyl cation.[2] In contrast, class II synthases form the 

initial carbocation by aspartic acid catalysed protonation of the distal double bond (or an 

epoxide derivative) to form a tertiary carbocation.[2] Structurally, class I synthases usually have 

their active site in the middle of an -helical domain containing an aspartate-rich motif 

DDXXD/E and a NSE/DTE (N,D)DXX(S,T)XXXE which binds three Mg2+.[30] In rare cases, two 

aspartate-rich motifs and no NSE/DTE motif are found.[31] On the other hand, class II active 

sites are located between two -helical domains and are characterised by an acid motif 

DDXD.  

This work will focus on one specific sub-class of terpene synthases: the sesquiterpene 

synthases utilizing the 15-carbon chain FDP (14) as a substrate.  

1.2 SESQUITERPENES 

 

Sesquiterpenes are produced by sesquiterpene synthases (STS). Several hundred 

sesquiterpenes are known to date all resulting from stereo, chemo, regio- specific cyclisation 

of only one common precursor: FDP (14).[2]  A wide variety of sesquiterpene is found in nature 

from a- , mono-,  bi- and tri-cyclic structures. Some cyclases are high fidelity, that is to say 

only a single product is generated but majority of cyclases are promiscuous and generate 

multiple products. An extreme example is -humulene synthase which produces 52 different 

sesquiterpene products.[32] Over the last past four decades, research development has 

enabled us to gain a deeper understanding of terpene synthase chemistry to exploit these 

enzymes. Manipulating the active site of terpene synthases or feeding them non-natural 

substrates has led to the discovery of new terpenoids with potentially useful applications 

through their bioactivity. 
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1.2.1 Structure 

 

Majority of plant sesquiterpene synthases belong to the class I and are composed of two -

helical domains while synthases from fungi and bacteria are single domain.[2] Catalysis takes 

place within the C-terminal -helical bundle, where FDP binds to a trinuclear metal cluster to 

then be converted to a sesquiterpene product (see Figure 1-6).[2]  

 

 

Figure 1-6 Cartoon image of crystal structures of two sesquiterpene synthases 1a. Aristolochene 

synthase (ATAS) from Aspergillus terreus complexed with three Mg2+ and diphosphate (PPi) 1b. Epi-

isozizaene synthase (EIZS) from Steptomyces coelicolor complexed with [Mg2+]3-PPi. (PDB: 2OA6 and 

3KB9). Magnesium ions are shown in blue balls, PPi as a stick structure where oxygen atoms are red 

and phosphorus is orange. 1c. Close up on ATAS active site highlighting the NSE and DDXXE motif 

1d. Close up on EIZS highlighting the NSE and DDXXE motif.[33,34] 
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The function of the second domain, the N-terminal domain is still under investigation although 

it has been proposed it might assist the catalytic C-terminal domain by ensuring a correct 

folding, desolvating and protecting the active site. The metal cluster is made of three 

magnesium ions. Magnesium cations are pivotal for terpene catalysis and all sesquiterpene 

cyclases have in common two Mg2+ binding sites that coordinate three Mg2+ which in turn 

interact with the substrate FDP (14). The first region is typically an aspartate-rich motif 

“DDXXD/E” binding two Mg2+ and the second is a “NSE/DTE” motif binding a third Mg2+.[35] 

Some sesquiterpene synthases do not follow this rule including (R)-germacrene D synthase 

from Solidago canadensis that has an NDTYD motif instead of a DDXXD motif and -cadinene 

synthase from Gossypium arboretum that has a second DDXXD motif instead of a DTE 

motif.[31] Nevertheless, these two aspartate-rich regions possess the same function, which is 

binding three magnesium ions to anchor FDP within the active site through the coordination 

of its diphosphate group. Catalysis is then initiated by the cleavage of the C-O bond to form 

the highly reactive farnesyl cation intermediate. Formation of the farnesyl cation (35) results 

in a series of carbocationic rearrangements chaperoned by the active site, it eventually ends 

by quenching of the final carbocation to form the sesquiterpene product.[35]  

 

1.2.2 Origin of sesquiterpene diversity and its mechanism 

 

As explained above, the complex reaction cascade of sesquiterpenes is initiated by cleavage 

of the diphosphate group yielding (2E,6E)-farnesyl cation (35). This farnesyl cation (35) can 

only undergo [1,10] or [1,11] cyclisation due to structural constraint resulting in (E,E)-

germacradienyl cation (36) and (E,E)-humulyl cation (37) respectively. This farnesyl cation 

can also isomerise through a proposed tertiary diphosphate specie leading to (2Z, 6E)-

farnesyl cation (nerolidyl cation, 38). 38 can in turn undergo, [1,10], [1,11] as well as [1,6] and 

[1,7] cyclisation resulting in (Z,E)-germacradienyl cation (39), (Z,E)-humulyl cation (40), 

bisabolyl cation (41) and cycloheptanyl cation (42). This myriad of possibilities together with 

additional hydride, methyl shifts, second cyclisation and rearrangements show how a single 

precursor can form several hundreds of different compounds. Alternatively, the farnesyl cation 

(35) can be quenched by water or lose a proton, terminating the reaction in early stages to 

form linear products such as nerolidol (43) and farnesenes.[2,36,37]  
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Figure 1-7 Scheme representing first steps of reaction mechanism of all sesquiterpene synthases. Loss 

of diphosphate leads to the formation of a highly reactive carbocation. The resulting farnesyl cation can 

undergo a large range of cyclisation bringing diversity to sesquiterpenes backbones.   

Key understanding of how STS protect active species from early quenching was achieved two 

decades ago from the first few successful crystallised STS: 5-epi-aristolochene synthase 

(TEAS) from Nicotiana tabacum and (1R,7R,8aS)-aristolochene synthase from Aspergillus 

terreus (AT-AS).[33,38] Together with later studies using 2-fluoro-farnesyl diphosphate (2F-FDP, 

44) as an inhibitor, researchers showed that exclusion of water from the active site is achieved 

by enzyme conformational change upon substrate binding.[39] During catalysis, the active site 

is closed by electrostatic hydrogen bonds using the trinuclear magnesium cluster bond to the 

diphosphate group and DDXXD motif as well as Arg and Lys residues. Twelve different 

structures of ATAS were crystallised with varying numbers of magnesium in the active site (1 

to 3), with and without the diphosphate group in a closed and open conformation of the 
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protein.[33] Molecular dynamics simulations by Shishova et al.  supported by Van der Kamp et 

al. proposed the following sequence for the STS catalysis cycle (see Figure 1-8).  

 

 

Figure 1-8 Model of the substrate, metal-binding and conformational changes in ATAS (adapted from 

Shishova et al. 2008).[39]  

First hydrogen bond donor residues such as Arg and Tyr lead the recognition of the 

diphosphate moiety of FDP (14), one magnesium Mg2+
B possibly binds at the same time or 
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subsequently to the NSE/DTE motif which triggers reposition of the substrate into the right 

orientation. A second Mg2+
C binding to the DDXXD motif induces further conformational 

changes causing active site closure. A final third Mg2+
A comes into DDXXD motif finalising the 

active site closure and formation of a Michaelis-complex. When the sesquiterpene product is 

formed, it is hypothesised that opening of the active site and release of the product occurs in 

the reverse sequence.[39,40] 

1.2.3 Kinetics of sesquiterpene synthases 

 

Turnover numbers (kcat) usually range between 1 to 1000 s-1 for most metabolic enzymes at 

their physiological pH.[41] Sesquiterpene synthases are generally below average values 

making them slow enzymes. The average kcat value of a sesquiterpene synthase is 2.5 s-1, 

and the average value for an enzyme in central metabolism is 79 s–1.[42] Pre-steady state 

kinetics on several sesquiterpene synthases showed that the rate-limiting step of the catalysis 

is the product release, most likely due to the hydrophobic nature of the sesquiterpene product. 

Initially Mathis et al. performed pre-steady state kinetics using isotope traps ([3H]-FDP, 45) 

and rapid quenching of the reaction on vetispiradiene synthase from Hyoscyamus muticus 

(HVS) and two chimeric sesquiterpenes from epi-aristolochene and vetispiradiene.[43] Results 

showed that enzyme-substrate complex formation and ionisation of FDP (14) was 10-70 times 

faster than the rest of chemical steps for all three enzymes. It was unclear if additional 

chemical steps to form the final product from the intermediate germacrene A or product 

release was the rate limiting step as experiments did not differentiate different sesquiterpene 

products.[43] Additional studies from Cane et al. on trichodiene synthase from Fusarium 

sporotrichioides using rapid quenching showed that the release of the product was indeed the 

rate determining step in the catalytic cycle. The observed rate for the release of the product 

(0.086 s-1), which is equivalent to the measured kcat, proved to be 40 times slower than 

consumption of FDP.[44] 

 

 

Scheme  1-1 Simplistic model for the mechanism of biocatalysis of FDP by a sesquiterpene synthase 

to its product. E: enzyme, [E·FDP] enzyme FDP complex, [E·P] enzyme product complex, P: product. 
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1.2.4 Current production of sesquiterpenes and recent developments  

 

Terpenes represent a 510 million US$ worldwide market that is expected to grow steadily.b 

Sesquiterpenes find their applications in fragrance, food industries, as building blocks for 

pharmaceutical synthesis but also increasingly as biofuel. Today, most of the known 

sesquiterpenoids are extracted from plants as the complexity of their structures is often a 

challenge for industrial scale production by chemical synthesis. Total synthesis involves 

multistep reactions often resulting in low yield, low enantiomeric purity and is overall an 

expensive process. Although significant advances have been made to solve those 

challenges,[45–47] industries still rely on plant extraction. As we know, extraction from natural 

sources is limited, with highly variable quality and availability due to inherent problems from 

crop harvest. As an example, -santalol and -santalol priced at £74.10 per mL and widely 

used in perfumery for their woody scent are still currently obtained by distillation of heartwood 

of mature Santalum album trees (1 – 2% wt of oil),[14] while chemical synthesis gives 8% 

overall yield. (-)-patchoulenol (48), the main component of the patchouli oil is still produced by 

distillation of Pogostemon cablin leaves for perfumery and fabric softener industries.[14] 

Economic, environmental factors, and the search for a reliable supply chain have driven 

research to find more sustainable processes to access these high value compounds.  

 

Production in vivo by engineered yeast 

 

Recent advances in metabolic engineering have made possible the production of terpenes 

using large scale microbial fermentation of engineered organisms (Figure 1-9).[14] Escherichia 

coli (E. coli) and Saccharomyces cerevisae (S. cerevisae) are the two most widely used 

hosts.[48] Optimisation of sesquiterpenoid productivity was achieved through several 

mechanism such as increasing the expression of key enzymes in the MEV or DXP pathway 

by introducing additional promoters or restricting the gene encoding for squalene synthase, a 

competing reaction with STS using two FDPs to generate squalene (15).[48] 

(1R,4R,4aS,8aR)-Amorpha-4,11-diene (49), precursor of artemisinin (6) was for example 

successfully produced at 40 g.L-1 using engineered S. cerevisae containing genes for the 

 

b  https://www.theexpresswire.com/pressrelease/Terpenes-Market-2019-Globally-Market-Size-

Analysis-Share-Research-Business-Growth-and-Forecast-to-2024-360-Research-Reports_10350212 

https://www.theexpresswire.com/pressrelease/Terpenes-Market-2019-Globally-Market-Size-Analysis-Share-Research-Business-Growth-and-Forecast-to-2024-360-Research-Reports_10350212
https://www.theexpresswire.com/pressrelease/Terpenes-Market-2019-Globally-Market-Size-Analysis-Share-Research-Business-Growth-and-Forecast-to-2024-360-Research-Reports_10350212
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overexpression of the mevalonate pathway enzymes and amorpha-4,11-diene synthase.[49] 

Trans--farnesene (50), a linear sesquiterpene used in a wide range of industries such as 

polymers, lubricants and crop protection was very recently brought to industrial production by 

Amyris also using S. cerevisiae engineered organism.[14]  

Evova and Isobionics have also commercialised valencene (up to 80% purity), nootkatone 

(51) (98%), -elemene (52) (98%), -bisabolene (53) (90%), -cadinene (54) (95%), and 

germacrene D (55) (85%) from yeast production. However, significant efforts are still needed 

towards higher yield, purity and lower cost of production using the current in vivo methods. 

This method does also not allow the production of unnatural sesquiterpenes yet.  

 

 

 

Figure 1-9 Scheme for the biosynthesis of sesquiterpene through MVA pathway in a sugar fed 

engineered host.[14] 

Production in vitro  

 

In vivo production of terpenes has been a continuous challenge as careful design and balance 

of the biosynthetic pathways is needed for high fermentation efficiency. Cell free alternatives, 

in vitro solutions, have been developed recently as a potential answer to this issue. Whole 

biosynthetic pathways coupled with cofactor regeneration for sesquiterpenes have been 
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reconstituted and enabled the optimisation of each step (e.g. adjusting equivalents of 

substrates or enzyme to avoid deleterious accumulation of intermediates and side reactions). 

For example, an enzymatic synthesis of patchoulol has been reported from acetic acid, and 

(1R,4R,4aS,8aR)-amorpha-4,11-diene (49) from (R)-mevalonic acid (22) (MVA) or isoprenol 

(56) and prenol (57). [50–52]  

Supramolecular chemistry – an artificial sesquiterpene cyclase 

 

Tiefenbacher et al. have reported the first synthesis of multiple sesquiterpenes using a 

supramolecular catalyst mimicking a sesquiterpene synthase active site.[53–56] Using a 

hexameric resorcinarene capsule developed by Atwood et al. (Figure 1-10),[57] isolongifolene 

(58) has been successfully produced from (2Z)-cyclofarnesyl acetate (59) in 11% yield,  -

selinene (60) in 18% yield from 2E,6Z-farnesyl acetate (61). They published the shortest 

synthesis of the tricyclic sesquiterpene presilphiperfolan-1β-ol (62) to date from commercially 

available (-)-caryophellene oxide (63) (Figure 1-11).[58]  

 

 

Figure 1-10 Resorcinarene chemical structure and structure of the hexameric resorcinarene capsule 

(modified from CIF CCDC 1590340).  

 

Kinetic studies showed that encapsulation of the starting material is the rate limiting step.[56] 

Interestingly, only 2E isomers of farnesol or farnesyl acetate afforded 1,10 cyclisation giving 

-selinene (60). Coupled together with 6Z bond conformation, higher product specificity was 

observed toward -selinene (60) and only four other side products were generated (Figure 

1-11a).[56] A better selectivity for isolongifolene (58) was only achieved when using an already 

conformationally restricted substrate, showing the capsule is not yet close to mimicking the 
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intricate three-dimensional active site of terpene synthases leading to precise substrate 

folding and intermediate quenching.[55] Nevertheless, this promising approach offers a new 

“one pot” synthesis of high value compounds with potential to create novel analogues that the 

engineered host cannot yet achieve.  

 

 

 

 

Figure 1-11 Products formed from the resorcinarene capsule. *Isolated yield.[53–56,58] 
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1.3 SESQUITERPENE SYNTHASES USED IN THIS STUDY 

1.3.1 Amorpha-4,11-diene synthase 

 

Amorpha-4,11-diene (amorphadiene) synthase (ADS) from Artemisia annua catalyses the 

formation of (1R,4R,4aS,8aR)-amorphadi-4,11-diene (49), a key intermediate in the 

biosynthesis of artemisinin. The mechanism was investigated and fully established using 

deuterated FDPs coupled with GC-MS and NMR spectroscopy. Initial formation of a farnesyl 

cation (35) is followed by isomerisation to nerolidyl diphosphate (64) (NDP). Then a 1,6 

cyclisation occurs to form bisabolyl cation (41) followed successively by a stereoselective 

[1,3]-hybride shift and a 1,10 cyclisation to give a bicyclic amorphyl cation (65). Final 

deprotonation from C12 or C13 generates (1R,4R,4aS,8aR)-amorpha-4,11-diene (49).[59–62] 

 

 

 

Scheme  1-2 Putative catalytic mechanism of amorpha-4,11-diene synthase. 

Brodelius and co-workers suggested that the mechanism goes via the nerolidol cation (38) 

and a [1,6] cyclisation due to the presence of minor bisabolene side product in the incubation 

of FDP (14) with ADS. Moreover, ADS can catalyse the conversion of GDP (11) to form cyclic 

products such as (R)-limonene (13), -terpinol (66) and terpen-4-ol (67) supporting an initial 

[1,6] cyclisation. GC-MS analysis of  incubations of (1S)-[1-2H]-FDP (68), (1R)-[1-2H]-FDP (69) 

and [1,1-2H2]-FDP (70) (double deuterated C1 FDP) with ADS showed that the pro-R-H-1 

remains at the C1 position while pro-S-H-1 has migrated to the C7. Kim and co-workers 

studied incubation products of (1S)-[1-2H]-FDP (68), (1R)-[1-2H]-FDP (69) and [1,1-2H2]-FDP 

(70) with ADS by 1H and 2H NMR spectroscopy. Double deuterated FDP (70) formed 
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(1R,4R,4aS,8aR)-amorpha-4,11-diene with 2 signals on the 2H NMR spectra at H = 1.38 and 

2.60 while the 1H NMR spectra showed no signals at H = 1. 40 and 2.55 corresponding to H7 

and H1 respectively (Figure 1-12). On the other hand, the product arising from (1R)-[1-2H]-

FDP (69) only showed a single signal at H = 2.60 while from (1S)-[1-2H]-FDP (68) gave a 

signal at H = 1.38. These spectra showed a [1,6] cyclisation with pro-S-H-1 transferring to 

C7, pro-R-H-1 remaining at the C1, confirming the previous GC-MS findings (Figure 1-12).[60] 

 

 

 

Figure 1-12 Incorporation of deuterium into (1R,4R,4aS,8aR)-amorpha-4,11-diene from deuterated 

FDPs identified by NMR spectroscopy.  

 

1.3.2 Aristolochene synthase 

 

Aristolochene synthase from Penicilin roquefortii (PRAS) catalyses the formation of the main 

product (1R,7R,8aS)-aristolochene (71) (92 %) as well as (S)-germacrene A (72) (7.5%) and 

valencene (73) (< 0.5%) from FDP (14). The enzyme has been extensively studied from this 

bacterial organism as well as from Aspergillus terreus (ATAS). The mechanism has been 
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demonstrated by site directed mutagenesis (SDM) and incubation with fluorinated FDP 

analogues. It was shown to go through a concerted [1,10] cyclisation to form (S)-germacrene 

A (72). Additional investigations using aza-analogues and SDM showed a subsequent 

protonation of the 6,7 double bond of germacrene A leading to a second cyclisation to give a 

bicyclic eudesmane cation (74). Then [1,2] hydride and methyl shifts occur and final 

deprotonation of HSi on C8 gives (1R,7R,8aS)-aristolochene (71).[63–66]  

 

 

 

Scheme  1-3 Putative catalytic mechanism of PRAS. 

It was first hypothesised that the mechanism goes through a germacrene A (72) intermediate 

from its high proportion of side products. They first showed that the Y29F PRAS mutant 

catalysed a higher proportion of germacrene A (72) compared to the wild type.[67] To ascertain 

this hypothesis, fluorine analogues of FDP that would only lead to germacrene A products due 

to destabilisation of further carbocation formation after germacrene A were designed. (2Z, 

6E)-6F-FDP (6F-FDP, 75), 14-F-FDP (76) and 2-F-FDP (77) were incubated with PRAS and 

all generated corresponding fluorogermacrene A analogues, proving the role of germacrene 

A as an intermediate in the mechanism of PRAS (see Figure 1-13).[68,69] Formation of 2-

fluorogermacrene A (78) also indicated that [1,10] cyclisation and leaving of the diphosphate 

group is a concerted mechanism because if those two steps were to occur stepwise, the allylic 

farnesyl cation would be destabilised by the -position of the fluorine in 2-F-FDP (77) (see 

Figure 1-13).[70] This finding was further supported by verifying that [12,13]-F2-FDP (78) acted 

as a competitive inhibitor of PRAS with a Ki comparable to the reported Km (Ki = 0.8 M, KM 

= 2.3 M).[71] In a concerted mechanism, a carbocation would be formed on C11 however with 
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two -fluorines the latter cannot develop resulting in competitive inhibition (see Figure 1-13). 

On the other hand, a stepwise mechanism would lead to an allylic farnesyl cation (79) which 

would be expected to end the carbocationic cascade by a final deprotonation to form 

farnesenes (80 and 81) as a ring closure is not favourable due to a formation of a carbocation 

with two -fluorine atoms (see Figure 1-13).[71]  

 

 

Figure 1-13 Cyclisation outcome of fluorinated FDPs by PRAS. 
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1.3.3 Germacradiene-4-ol synthase 

 

Germacradien-4-ol synthase (GdolS) from Streptomyces citricolor catalyses the conversion 

of FDP (14) to (1R,4S)-germacradien-4-ol (82) as the sole product. Grundy et al. 

demonstrated that 2-F-FDP (77) and 15-CF3-FDP were inhibitors of GdolS while incubation 

of 12,13-F2-FDP (78) with GdolS gave 12,13-difluorofarnesene (80) suggesting [1,10] ring 

closure to the germacryl cation is a stepwise mechanism.[72] Incubation of 1-[2H2]-FDP (70) 

with GdolS also showed a [1,3] hydride shift from following the cyclisation (see Scheme 1-4). 

Interestingly this hydride shift is not sterereodefined as incubation with 1-(R)-[2H1]-FDP (69) 

gave products with fragments of m/z= 161 and m/z = 162. Alternatively, stereochemical 

information is lost through equilibration of the allylic cation. Final quenching is proposed to 

originate from bulk water in the solvent upon the product release step.[72] 

    

 

Scheme 1-4 Putative catalytic mechanism of GdolS. 

1.3.4 Germacrene D synthase  

 

(S)-Germacrene D synthase (GDS) from Solidago canadensis catalyses the production of 

(S)-germacrene D (55) as the sole product, which acts as a repellent against aphids. It has 

been previously isolated and fully characterised with a kcat = 0.03 s-1 and KM = 2.0 ± 0.3 M. 

The mechanism was proposed to proceed through a [1,10] ring closure followed by a 1,3-

hydride shift at a final deprotonation at C15 yield (S)-germacrene (55).[73,74]  

 

 

 

Scheme  1-5 Putative catalytic mechanism of (S)-GDS. 
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The mechanism was heavily studied using deuterated FDPs coupled with GC-MS. Incubation 

of (1S)-[1-2H]-FDP (68) and (1R)-[1-2H]-FDP (69) gave products with a molecular ion [M+] m/z 

= 205, revealing the presence of one deuterium in the final compound. The most abundant 

fragment ion in the incubation with (1R)-[1-2H]-FDP (69) was at m/z = 161 while (1S)-[1-2H]-

FDP (68) gave m/z = 162. This fragment arises from the loss of the isopropyl group from M+. 

This result demonstrated that the pro-R-H-1 of FDP performs the 1,3-hydride shift.[74]  

 

 

Scheme  1-6 Fragmentation of (S)-germacrene D from the incubation with (1R)-[1-2H]-FDP. 

1.4 APPROACHES TO NOVEL TERPENOIDS 

 

Natural terpenoids and sesquiterpenes show a wide range of bioactivities. However, the final 

terpene product is usually difficult to functionalise or modify to create analogues in the search 

for better potency. A striking example is the antimalaria drug: artemisinin. The search for more 

potent and bioavailable compounds is difficult due to the structure being mostly hydrocarbon 

based. As a matter of fact, most analogues come from modification of the sole lactone 

group.[75] Research has demonstrated that harnessing the synthetic potential of sesquiterpene 

synthases instead to produce novel or analogue compounds is possible. This enzymatic 

pathway is more appealing because cyclases are readily capable of exquisitely controlling 

stereo-, chemo- and regio- selectivity, whereas chemical synthesis is costly, cumbersome and 

will likely not achieve the same degree of selectivity. Over the past decade, deeper 

understanding has enabled exploitation of the promiscuity of sesquiterpene synthases. 

Enzyme engineering for unnatural substrate acceptance, control and modification of their 

product profiles enabled easy access to analogues of known terpenoids or completely novel 

compounds. This coupled with existing robust strategies to express these proteins make this 

method an appealing strategy to produce new high value sesquiterpenes compared to existing 

methods. 
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1.4.1 Unnatural substrates   

 

The discovery of novel sesquiterpenes has been reported numerously in the literature through 

selectively feeding unnatural substrates to wild type enzymes or production as by-products 

from mechanistic investigations.[76] It was shown by Allemann and co-workers that alterations 

(mainly additional methyl groups or fluorine) in the FDP structure are possible and lead to the 

production of analogues of the naturally occurring sesquiterpene. For example, a range of 

analogues were synthesised using (S)-GDS and germacrene A synthase (GAS) and tested 

for behavioural activity of aphids, a major world crop pest. Notably, FDP analogues containing 

an extra methyl group on C15 were not readily accepted by the natural enzyme and mutation 

of the active site was performed to facilitate substrate acceptance. 

(S)-12-Methylgermacrene D (84) and (S)-14-methylgermacrene D (85) were found to be 

repellent against aphids while (S)-14,15-dimethylgermacrene D (86) was found to have a high 

attractant semiochemical activity towards aphids (see Figure 1-14).[77] Further studies are 

ongoing to commercialise this novel compound. Interestingly, feeding ADS with analogues of 

FDP with additional methoxy groups led to a structurally distinct hydrocarbon skeleton 

compared to the natural occurring product (see Figure 1-14). Instead of a [1,6] cyclisation 

through an isomerisation to NDP, 8-methoxy FDP (8-OMe FDP, 87) resulted in a [1,11] 

cyclisation product (88).[78] In contrast, 12-methoxy FDP (89) successfully ionised and 

isomerised but only went through the first [1,6] cyclisation giving two products with 

sesquiphellandrene (90) and zingiberene skeletons (91) (see Figure 1-14).[78] These results 

from Demiray et al. suggested that this inductively withdrawing functional group with a -acid 

functionality modify the outcome of carbocationic species. This demonstrates the limitations 

of the chemoenzymatic pathway for the synthesis of sesquiterpene analogues guided by 

corresponding non-natural FDP analogues. However, this has allowed generation of novel 

terpenoids. 
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Figure 1-14 Examples of analogues of FDP turned over by sesquiterpene synthases and their products 

published by Allemann R. K. and co-workers. 

Hou et al. also reported a C6 methylated FDP (92) being accepted by T‐muurolol synthase 

from Roseiflexus castenholzii (TmS).[79] Depending on the stereochemistry of the additional 

methyl group, products generated by TmS were different. The R isomer did not only produced 

the methylated analogue natural product (93), but also two other products (94, 95) including 

one (94) where the normal second cyclisation to the two 6-membered ring did not happen 

(see Figure 1-15b).[79]  
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Figure 1-15 a. Product generated by TmS from FDP b. C6 methylated analogues of FDP turned over 

by TmS published by Dickschat J. S. and co-workers. 

An unconventional approach was taken by Harms et al., where novel sesquiterpenes were 

generated from FDP with methyl groups shifted by one position toward the diphosphate moiety 

from presilphiperfolan-8β-ol synthase (Bot2) from Botrytis cinereal.[80] Not only were these 

atypical FDP analogues substrates to Bot2, they apparently also modified Bot2’s cyclisation 

pathway. When C11 methyl was shifted to C10 (96), Bot2 generated a humulene type 

structure (97) instead of the tricyclic presilphiperfolan-8β-ol (98). Similar 11-membered ring 

structures (99, 100) were produced when the three methyl group were shifted (101) (C3 to C2, 

C7 to C6 and C11 to C10) (see Figure 1-16). Surprisingly, when only two methyl group were 

shifted (C3 to C2 and C7 to C6) (102), a 10-membered ring sesquiterpene (103) similar to 

germacrene A was formed (see Figure 1-16).[80] 
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Figure 1-16 a. Product generated by Bot2 from FDP. b-d. examples of methyl-shifted analogues of FDP 

turned over by Bot2 published by Kirschning A. and co-workers. 

Kirschning and co-workers introduced heteroatoms into the FDP structure and tested them on 

the following sesquiterpene synthases: [1,11] cyclisation synthase: presilphiperfolan-8--ol 

synthase (Bot2) from Botrytis cinereal, caryolan-1ol synthase (GcoA) from Streptomyces 

griseus cyclisation, and a [1,10] cyclisation synthases: viridiflorene synthase (Tps32) from 

Solanum lycopersicum, cubebol synthase (Cop4) from Coprinus cinereus, (+)-T-muurolol 

synthase (TmS) from Roseiflexus castenholzii.[81] While nitrogen containing analogues did not 

give any products, oxygen and sulphur functionalised analogues (thioethers and ethers) were 

generally turned over by the cyclases yielding heteroatom-containing medium cycles. 

Interestingly, (X=O, m=1, n=2) with [1,10] or [1,11] cyclisation type cyclases (such as Tps32, 

GcoA, Cop4, GcoA) were all able to produce the macrocyclic ether (104). Similar behaviour 

(product 105) was also observed with the sulphur containing analogue.[81] Substrate (X=S, 

m=2, n=1) was converted to structure (106) by again both [1,10] and [1,11] cyclisation type 

cyclases such as Pts, Tps32, PenA, Cop4, Bot2 or TmS via [1,10] cyclisation. But the oxygen 

analogue (X=O, m=2, n=1) was only turned over to the corresponding oxygen analogue (107) 

by TmS, all other enzymes produced the linear product (108) instead. The most notable 

product is the tricyclic terpene formed (109) from (X=O, m=1, n=2) by Bot2. It is hypothesised 
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that the oxygen stabilises one of the carbocation intermediates, allowing a different 

mechanism to occur.[81]  

 

Figure 1-17 Examples of hetereoatom containing analogues of FDP from Kirschning and co-workers 

turned over by sesquiterpene synthases and their product. 

Sesquiterpenes with carbonyl functional groups were also successfully produced using 

non-natural FDPs. Allemann and co-workers reported the first synthesis of dihydroartemisinic 

aldehyde (DHAAl) by amorpha-4,11-diene synthase from several oxygenated FDPs.[82] 12-

Hydroxy FDP (12-OH FDP, 111) gave a mixture of isomers with a ratio of 3:2 (11S : 11R) (112 

and 113) and one minor product identified as the enol form of 11S (114) (Figure 1-18).[82] 

Resulting DHAAl was later successfully converted to artemisinin (6) in four chemical steps 

making this chemoenzymatic route the most concise synthesis of this anti-malaria drug known 

to date.[83] 
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Figure 1-18 Carbonyl containing sesquiterpenes from oxygenated analogues of FDP with ADS. 

Arnold and co-workers used a vinyl methyl ether FDP analogue (115) as substrate for BcBOT2 

and SSCG_02150 synthases that naturally produce presilphiperfolan-8β-ol (PSP, 98) and 

(-)--cadinene (54) from FDP (14) respectively.[84] Both enzymes converted the non-natural 

FDP (115) to the aldehyde (116). It is believed to go through a [1,10] cyclisation, followed by 

water quenching of the resulting carbocation to generate a hemiacetal. A final release of 

methanol produces the aldehyde. By taking advantage of the fact that methanol is generated 

as side product, they successfully coupled the reaction to a colorimetric assay involving 

alcohol oxidase (AOX) converting methanol to formaldehyde and Purpald which turns purple 

in presence of an aldehyde. This was used with directed evolution to create a more 

thermostable synthase. BCBOT2 T50 was increased by 12 °C while retaining comparable 

enzyme activity and expression level (Figure 1-19).[84] 

 

Figure 1-19 Synthesis of aldehyde (116) from vinyl ether containing analogue of FDP coupled with 

assay for methanol detection for high-throughput screening of suitable mutant.  
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Notably, only one example of an alkaloid synthesised by a sesquiterpene cyclase has been 

demonstrated to date. An aza-analogue of GDP, 8-anilino GDP (AGDP) (117) was originally 

designed to bind TEAS active site for crystallographic studies. However, upon studying the 

crystal structure of TEAS – AGDP complex Rising et al. discovered AGDP was a substrate 

for TEAS and underwent cyclisation generating a novel 13-membered paracyclophane 

alkaloid (118).[85]  

 

Scheme  1-7 Proposed mechanism for the conversion of 8-anilino GDP (117) by TEAS. 

1.4.2 Engineering sesquiterpene synthases 

 

Discoveries of new sesquiterpene products do not only arise from feeding non-natural 

substrates to cyclases. Researchers have also shown how enzymes can be engineered to 

form new products from natural FDP as well as turning promiscuous cyclases into high fidelity 

enzymes in a predictable manner.  

Rational design and random mutagenesis have been used to convert a -cadinene synthase 

(DCS) into a functional GdolS. Work from Yoshikuni and co-workers used directed evolution 

to search for potentially improved variants. A high throughput screening activity method was 

created with a chloramphenicol acetyltransferace (CAT) fused to the mutant DCS gene. 

Higher activity of CAT was correlated to high solubility of the protein variant because it was 

shown that the C-terminal protein is dependent on the solubility of the N-terminal fused 

protein.[86] This fast pre-screening method was however not able to evaluate activity of the 

cyclase.[86] Through this screening, two mutants N403P and L405H were identified that 

produce a higher proportion of (1R,4S)-germacradien-4-ol (gd4ol, 82) with around 52% 

selectivity. L405H showed improved selectivity up to 93% when the incubation with FDP (14) 

was not overlaid with an organic solvent; this phenomenon is explained by faster evaporation 

of -cadinene (54) over gd4ol (82).[86] Later Allemann and co-workers successfully converted 

DCS to a high fidelity GdolS (up to 90% selectivity) by a single mutation using careful rational 

design and previous work reported by Yoshikuni. They identified the residue W279 to be 

responsible in shielding the active site from bulk water.[87] Mutation to alanine reduced 
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hydrophobic contacts with the reactive carbocation intermediate allowing water quenching to 

form almost exclusively germacradien-4-ol corrected to (1R,4S)-germacradien-4-ol (82). 

In 2006, Yoshikuni et al. also engineered the highly promiscuous -humulene synthase to 

several high fidelity sesquiterpene synthases.[32] Initial side reactions were enhanced to 

achieve high selectivity through directed evolution. Mutation of 19 residues around the active 

site revealed four residues were responsible of substrate selectivity. Careful rational 

combination of mutations resulted in modified product profiles with higher selectivity toward 

one product. This method was successfully translated to multiple other cyclases 

demonstrating the power of enzyme engineering to create or modify terpenoid skeletons. 

The entire active site of epi-isozizaene synthase was also remodelled by single point 

mutations turning the promiscuous cyclase into nine different high fidelity sesquiterpene 

synthases: (E)--farnesene synthase with F96A variant, -curcumene synthase with F95H 

variant, sesquisabinene A synthase with F96S, F96M or F96Q, -acoradiene synthase with 

F95M, -cedrene synthase with F198L, zizaene synthase with F96W, (Z)-γ-bisabolene 

synthases with F96V and W203F variant.[88]  

Many more examples have been reported in the literature showing the potential to predict and 

direct the product outcome of a sesquiterpene synthase. New sesquiterpenes remain to be 

discovered and developed through protein engineering. Together with the use of non-natural 

FDP analogues, a new range of sesquiterpenes with potential bioactivities are to be 

discovered.  

 

1.4.3 Limitations 

The main limitations of this chemoenzymatic method is the production of FDP or its analogues. 

Currently FDP (14) can be potentially synthesised in vivo (see section 1.2.4) but analogues of 

FDP still need to be chemically synthesised. This process is presently inefficient and costly 

due to the last step of the synthesis where a diphosphate group needs to substitute the alcohol 

functional group.[89] The incubation of FDP and its analogues with STS-s also require further 

optimisation due to their low yield. Current developments are presented in the section below.   

1.5 BIOCATALYTIC OPTIMISATION OF SESQUITERPENE SYNTHASES 

 

The discovery of a great number of high value-terpenoids has been reported though the 

conversion of analogues of FDP by recombinant terpene synthases. This chemoenzymatic 
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pathway is a convenient platform compared to the cumbersome and costly chemical synthesis 

to discover and produce, new compounds with potential bioactivities. The process however 

suffers from several weak points to be reasonably upscaled for research or commercial use. 

An efficient and up-scalable route to these compounds is essential for its use. Extensive 

efforts in the past have been therefore devoted to the optimisation of the biocatalysis of FDP 

by sesquiterpene synthases.  

 

1.5.1 Batch process 

 

The most widely used procedure for the catalysis of sesquiterpene synthases in vitro in batch 

uses a biphasic mixture comprising of an aqueous phase containing the enzyme, cofactor 

(Mg2+) and substrate (FDP or analogues) in incubation buffer and an organic phase (usually 

hexane or pentane). Various enzyme and substrate concentrations are used across the 

literature as well as different methods (reaction vessels and mixing time) and quantity of 

solvent (ratio between aqueous/organic phase). This biphasic system has been rapidly 

introduced because the use of a single solvent (water) led to slow catalytic activity due to 

hydrophobicity of the product formed. Indeed, as described in section 1.2.3, pre steady state 

kinetics have shown the rate limiting step of sesquiterpene synthases is the release of the 

product. Introducing an organic solvent to extract the hydrophobic product prevents the 

enzymatic reaction from stalling. Reported yields in the literature range from 1% to 70% with 

isolated yields only given when product characterisation is needed.[70,78,81,90] This procedure is 

therefore not predictable and not reliable for the production of existing and new 

sesquiterpenes in a cheap and efficient way. In the race to solve this issue, Brodelius and co-

workers produced epi-aristolochene from GDP and IDP using a fused FDPS and epi-

aristolochene synthase (epiAS).[91] They observed great improvement of product formation 

from an equivalent amount of FDP using the fused enzymes compared to the two enzymes in 

one pot. This might be explained by improved substrate channelling due to the enzyme’s 

proximity. However, they only conducted the reaction on a pmol scale. 

 

1.5.2 Flow systems 

 

Flow chemistry is a process involving channels or tubings to carry out a reaction. Reagents 

and reactants are pumped through a mixing device in a temperature-controlled tubing: the 
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reactor and final mixture is collected at the exit. Flow chemistry has, over the last two decades, 

become widely used in organic chemistry thanks to its easy scalability, safety in using 

hazardous chemicals or short lifetime chemicals as well as its process being continuous.[92] 

Flow chemistry has numerous applications in multiphasic reaction systems (liquid-liquid, gas-

liquid, solid liquid or even triphasic solid-liquid-gas).[92] In the case of liquid-liquid reactions, 

flow chemistry reactors can considerably improve efficiency of the reaction compared to batch 

methods thanks to enhanced heat transfer and efficient phase mixing from increased 

interfacial area. A half-filled 50 mL round bottom flask has for example a surface area of 

approximately 66 m2.m-3 while a coiled tubing allows between 830 – 3200 m2.m-3 interfacial 

area when the internal diameter size of the tubing ranges from 0.5 – 1.0 mm.[92,93] This 

increased area leads to higher mass transfer, hence being the perfect reaction vessel for mass 

transfer limited reactions. Mass transfer can be increased using static mixers such as packed 

beds or active mixers such as pulsing or oscillations.[93] Phase-transfer catalyst can also be 

used to facilitate exchange of one compound from one phase to another.[93]  

Segmented flow systems  

 

A lot of liquid-liquid flow regimes used are segmented and defined as slug (i.e. a T-mixer 

allows the formation of droplets of the liquid 1 in liquid 2, this generates alternating segments 

of liquid 1 and 2) (see Figure 1-20).[93] Typically, when this flow pattern is used, internal circular 

flow in each liquid further increase mass transfer by constantly renewing the interfacial area 

between the two liquids (see Figure 1-20).[93] This type of system has been more recently 

applied to biocatalytic systems. In 2013, Wirth and co-workers demonstrated that the 

traditional low yielding biocatalytic batch reaction could be improved using segmented flow 

chemistry.[83,94] When injecting two immiscible liquids through a T mixer, alternating small 

segments of the two liquids are created. This property was used to improve sesquiterpene 

biosynthesis using terpene cyclases. Segmented flow chemistry allowed a continuous 

extraction of the aqueous layer containing the enzyme and FDP by an organic solvent: 

pentane. The flow system improved surface-liquid volumetric ratio and provided better control 

over the mixing and interaction of the enzyme with the organic layer. By optimising the 

diameter of the tubing and the ratio between the aqueous and organic phase higher reaction 

rates and yields could be achieved. Higher mass transfer between the two phases is 

dramatically improved compared to batch synthesis. Constant renewal of the interfacial area 
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is generated through internal circulation in each segment due to the shear forces between the 

axis of a segment and the wall of the tubing.[95,96]  

 

 

 

Figure 1-20 a. Batch procedure for terpene synthases b. Segmented flow set up for terpene synthesis. 

Black double ended arrows represent mass transfer between the two phases. Grey circular arrow 

represents the convective flow inside the segment. 

A design of experiment (DOE) was used to investigate the influences of the internal reactor 

diameter, volumetric ratio of aqueous:organic phase, and residence time.[83] Bigger tubing 

resulted in lower yields due to insufficient interfacial area. Enzyme deactivation by 

precipitation was also observed due to excessive exposure to pentane. Similarly, a too high 

or low ratio of pentane led to lower yields. Time had a proportional influence on the yield and 

96% yield (by GC MS) was obtained using 0.35 mM FDP (14) with 6 M AS in 90 min. 

(1R,4R,4aS,8aR)-Amorpha-4,11-diene (49) was synthesised in 69% yield from FDP(14)  with 

ADS in 70 min.[83] 

 

 

 

Figure 1-21 a. (1R,7R,8aS)-Aristolochene synthesis in flow b. (1R,4R,4aS,8aR)-Amorpha-4,11-diene 

synthesis in flow. 
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Packed bed  

 

Enzymes can be used in a segmented flow system as mentioned above, but most of the 

research has focused on attaching enzymes to solid supports for intensification process and 

recycling purposes.[97] Immobilisation on a carrier offers several attractive advantages; usually 

enzyme stability is enhanced enabling enzyme recycling, sometimes selectivity and reaction 

rates are improved.[98] Growing interest in this method has driven research and nowadays 

many immobilisation supports exist with a broad range of enzymatic reactions performed 

using immobilised proteins.[99–102] However only few examples can be found in the literature 

for the immobilisation of terpene synthases. Croteau and co-workers showed (-)-patchoulol 

cyclase could be immobilised by coupling the cyclase amino groups to N-hydroxysuccinimide 

activated 6-aminohexanoic acid Sepharose 4B. Storage stability at 4 °C was improved, 

however, the enzyme lost up to 80% of its activity when immobilised.[103]  

In 2020, Wirth and co-workers also successfully immobilised germacradien11-ol synthase 

(Gd11olS) and germacradien-4-ol synthase (Gd4olS) on a hybrid-controlled porous glass. 

This support was coated with an organic polymer and chelated Fe3+ allowing enzyme 

immobilisation through the fused histidine tag on heterologously expressed synthases. Both 

enzymes retained their activity for at least 50 cycles with a conversion of about 50%.[104]  

 

1.5.3 Site directed mutagenesis for improved catalytic efficiency 

Sesquiterpene synthases have shown to have on average a lower catalytic efficiency than 

other enzymes. Few investigations have focused on optimising their catalytic efficiency for a 

better yield. Zhang and co-workers observed a dramatic improvement with a single amino 

acid substitution in the active site of ADS. The kcat of of the T399S ADS variant was measured 

to be 83% higher than the wild type with kcat/Km increasing from 0.385 to 0.662 M-1.s-1.[42] This 

could be explained by serine favouring the deprotonation step more than threonine, and 

possibly a more hydrophilic active site favouring product release. Further studies from Quax 

and co-workers identified a second key residue for catalytic improvement in ADS using a 

bioluminescent assay (malachite green) for a high throughput screening of the variant’s 

catalytic activity.[105] The H448A variant was shown to have a better catalytic efficiency by 4-

fold and the double mutant T399S/H448A demonstrated to have a 5 times better turnover rate 

while conserving a similar product profile. When incorporated for (1R,4R,4aS,8aR)-amorpha-
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4,11-diene production in vivo in E. coli, the double mutant produced 4 times more (2.7 mg/L) 

than the wild type (0.7 mg/L). Clearly these studies show the beneficial impact of a higher kcat 

on the sesquiterpene yield. 

 

Table 1.2 Comparison of the kinetics characteristics of ADS wild type and mutants. 

Enzyme kcat (s−1 ) Km (μM) kcat/Km (s−1 .M−1 ) 

ADS WT 0.20±0.007 5.47±0.558 3.6×104 

ADS H448A 0.68±0.03 5.04±0.753 13.5×104 

ADS T399S 0.39±0.06 5.89±1.278 6.6×104 

ADS T399S/H448A 1.00±0.14 8.50±1.605 11.8×104 

 

1.6 AIM OF THE PROJECT 

1.6.1 Context 

 

Terpenoids and terpenes are high value compounds used in a broad range of industries and 

as intermediates for chemical synthesis of high value compounds. Due to their structural 

complexity, the majority of those compounds are still extracted from natural sources. More 

recently, through technology advances and growing understanding of their biosynthesis, 

terpenes such as artemisinin were successfully produced in vivo from sugars through an 

engineered host. However, a deeper understanding of the whole machinery is needed to 

produce non-natural terpenes through this process. The rapid rise of resistance against drugs 

and industry demand for new terpenoids drive a constant race for the development of new 

alternatives, either with analogues of existing compounds or completely novel compounds. 

The use of sesquiterpene cyclases in vitro combined with modified substrates proved to be a 

successful pathway to produce new compounds. While existing chemistry methods cannot 

compete with the high regio-, stereo- and chemo-selectivity of terpene synthases yet. 

Nevertheless, key milestones still need to be achieved to exploit this promising 

chemoenzymatic pathway. For example, further investigations into the ability of terpene 

synthases to accept non-natural FDP precursors should be accomplished. If for example other 

simple di-methylated terpenes can be generated from their corresponding FDP analogues 

such as the novel (S)-14,15-dimethylgermacrene D (86) and show enhanced or potential 

semiochemical activity, it would provide a predictable, reliable process to produce new 
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compounds for testing against aphids, a major crop pest. However, for this to be economically 

viable, two key challenges need to be overcome: an efficient procedure should be designed 

for the FDP precursor synthesis and an efficient incubation process with the cyclase need to 

be designed. Currently the limiting factor for FDP synthesis is the low yield and cumbersome 

diphosphorylation step of the farnesol analogue to its FDP analogue. Finally, despite the 

recent discovery of the high yield segmented flow process for the enzymatic conversion of 

FDP (14) by terpene synthases, improvements can be achieved in terms of reaction time and 

application with FDP analogues or other sesquiterpene synthases.  

 

1.6.2 Aims 

 

The project was divided into parts aiming to focus on the key issues in utilising terpene 

synthases in vitro for the synthesis of known or new terpenes. The first aim was to find a 

reliable and efficient alternative procedure to the traditional diphosphorylation of farnesol (119) 

which involved two time-consuming ion exchange procedures. Two approaches were 

investigated for this process; a chemical synthesis without the need for ion exchange involving 

a trimethylsilyl protected diphosphate (120), and an enzymatic approach using kinases to 

diphosphorylate farnesol (119). The second aim was to investigate the production of novel 

terpenes from FDP analogues. Building on the discovery of the novel aphid attractant 

(S)-14,15-dimethylgermacrene D (86), other sesquiterpene analogues were investigated 

using (S)-germacrene D synthase and germacradien-4-ol synthase, leading to the full 

characterisation of a novel cyclic ether. The final part of the project focused on exploring 

segmented flow chemistry, oscillatory flow chemistry and high-performance counter-current 

chromatography (HPCCC) as tools for efficient and high yielding in vitro synthesis of high 

value sesquiterpenes.  
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2.1. PREFACE 

 

Terpene synthases produce a range of high value compounds. The use of these enzymes on 

an industrial scale requires an efficient, economic, and safe synthetic route for producing their 

substrates. This chapter outlines the chemical challenges in substrate production, namely: the 

diphosphorylation of farnesol to from farnesyl diphosphate (FDP) and proposes an enzymatic 

alternative to traditional approaches. Isoprenoid diphosphates are terpene synthases’ natural 

substrate. The abstraction of the diphosphate group in the enzyme active site is the essential 

step initiating a carbocation cascade of reactions converting the linear isoprenoid diphosphate 

to a high-value terpene product. To generate the first carbocation and trigger subsequent 

reactions, the diphosphate group coordinates to the metal cluster in the enzyme catalytic site. 

This creates an electrophilic driving force and triggers ionisation of the substrate. In 

sesquiterpene synthases (STS), it starts from farnesyl diphosphate (FDP), its natural 

substrate; upon abstraction of the diphosphate group, a farnesyl cation is generated. It will 

then undergo a series of complex reactions leading to the final product. The first chemical 

synthesis of FDP (14) from farnesol (119) was reported by Cramer et al. in 1959.[106] It involved 

the reaction of farnesol with phosphoric acid in trichloroacetonitrile, generating the 

corresponding diphosphate after two in-situ successive phosphorylations. (see Figure 2-1) 

This procedure was successively modified by Cornforth et al., Danilov et al. and Keller et al. 

to improve the yield and selectivity towards the diphosphate and establish a time-efficient 

procedure for the preparation of diphosphorylated polyprenols.[107–109] In practice, a solution of 

bis(triethylammonium) hydrogenphosphate (TEAP) in acetonitrile is added to farnesol (119) 

in trichloroacetonitrile over three separate additions (three additions at five-minute intervals at 

37 °C). TEAP is easily prepared by mixing triethylamine and phosphoric acid in acetonitrile. 

The reaction mixture is then transferred to a silica column pre-equilibrated with the following 

buffer: iPrOH:NH4OH:H20, 6:2.5:0.5. This allows the separation of phosphates species and 

exchange of the triethylammonium counter ion to readily generate the trisammonium salt. 

Optimised, this procedure only takes thirty minutes to run and is followed by a flash 

chromatography purification with yields varying from 20 – 40%. High purity is not easily 

achieved due to the formation of a mixture of mono-, di-, tri-, tetraphosphate species.  

In 1986, Davisson et al. developed a selective method.[110,111] This process is now the 

prevailing method to synthesise FDP (14) (see Figure 2-1). It requires the conversion of 

farnesol into the corresponding halogenated derivative (preferably the chloride form) followed 

by its SN2 displacement with tris(tetrabutylammonium) hydrogendiphosphate ion (123). The 
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tris(tetrabutylammonium) hydrogendiphosphate (123) ion must be prepared from the 

commercially available disodium dihydrogen diphosphate (124) through ion-exchange 

chromatography. It should be noted that poor handling of this highly hygroscopic compound 

yields unsuccessful diphosphorylation. After a usually overnight reaction of the farnesyl halide 

and diphosphorylating agent, the resulting product (125) must undergo a second ion exchange 

chromatography followed by lyophilisation and purification by HPLC or reverse phase flash 

chromatography. The second ion exchange is required to get a satisfactory level of purification 

because tetrabutylammonium counteractions leads to tailing during the chromatography step. 

Moreover, tri(tetrabutylammonium) FDP salt is a tacky solid difficult to handle, whereas 

ammonium salts of FDP is a fluffy white powder. Altogether the procedure from Davisson et 

al. is cumbersome to perform and scale up due to the two time-consuming ion-exchange 

chromatography processes. Moreover, although selective toward the diphosphate species, 

yield reproducibility is mediocre with reported values in the literature ranging from 10-

70%.[78,80,82,90] 

 

All the procedures described above require either a lot of time or are not selective; in both 

cases yield is below 50% on average and both methods should not be run on more than one 

mmol scale. The high cost, low yield, and unscalable diphosphorylation process renders the 

in vitro chemoenzymatic synthesis of terpenoids industrially unattractive as well as making its 

use troublesome for research purposes. Interestingly, no new alternative in the literature has 

been proposed since the publication of the unselective method (2005) by Keller et al. 

 

In 2005, Wessjohann et al. published a patent showing that the tetratrimethylsilyl ester of the 

diphosphoric acid (120) could be used to displace prenyl bromide (126) and generate prenol 

diphosphate (DMADP, 10) in excellent yield (83%).[112] (see Figure 2-1) Synthesis of the 

diphosphorylating agent (120) can be performed on a gram-scale from disodium dihydrogen 

diphosphate (124) in under an hour.[113] The TMS protected diphosphate (120) is reported to 

be stable for at least two months at -20 °C.[113] Simple reaction with water leads to the 

hydrolysis of one tetratrimethylsilyl ester which allows subsequent deprotonation of the 

hydroxide by N,N-Diisopropylethylamine (DIPEA) to form an active species capable of 

displacing the bromide (see Figure 2-1). Upon the formation of DMADP, HBr-DIPEA crystals 

will precipitate driving the reaction towards the product. Final isolation of DMADP (10) is 

performed by deprotecting the diphosphate group using a basic aqueous solution containing 

a counter-ion of choice such as NH4
+ from 6M NH4OH. This method appears to be selective, 
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rapid, scalable (up to grams) and no time-consuming ion exchange chromatography is 

involved.  

 

 

Figure 2-1 Various procedure for the chemical diphosphorylation of polyprenol. Prenol is used as 

example. a. Cramer method n = 0, 1, 2 b. Davisson method c. Wessjohann method.  

This method was therefore investigated to synthesise FDP (14). Synthesis of the protected 

diphosphoric acid (120) is sensitive to acid impurities from hydrolysis of trimethylsilyl chloride, 

however, it was successfully synthesised in quantitative yields and characterised by NMR 

spectroscopy. Residual hydrolysis product of 120 could be seen in the 1H NMR spectra when 

performing the characterisation in deuterated chloroform with signal at  = 0.03 ppm. The next 

step was performed on farnesyl bromide (127). Farnesyl bromide (127) was synthesised from 

farnesol using PBr3 as brominating agent. Both steps combined resulted in 30-40% yield on 

2 - 4 mmol scale. Using alternative bases such as 2,2,6,6-tetramethylpiperidine or 1,8-

diazabicyclo[5.4.0]undec-7-ene resulted in poor yields. This process is overall less time 

consuming (three hours including both steps and all work-up and one-day waiting time), 

cheaper, and feasible on a bigger scale than the Davisson et al. method (here 4 mmol).  

However, this method showed poor reproducibility in terms of yield due to the second step 
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being difficult to repeat consistently. Success of the procedure was only as high as 43% and 

reasons why the procedure did not yield the intended product could not be clearly identified.    

 

An alternative enzymatic pathway was therefore investigated to perform the diphosphorylation 

of farnesol (or analogues of farnesol) to give FDP (or analogues). Diacylglycerol kinase A from 

Streptococcus mutans was recently discovered to have an activity as an ATP-dependent 

undecaprenol kinase (UK) and turn undecaprenol (128) into undecaprenol phosphate 

(129).[114–116] (see Figure 2-2) Varieties of polyprenol from C10 to C55 were also shown to be 

excellent substrates for this enzyme.[117] In parallel, isopentenyl phosphate kinase (IPK) from 

Methanocaldococcus jannaschii has been observed by Grochowski et al. to catalyse the ATP- 

dependent phosphorylation of isopentenyl phosphate (IP, 33) to isopentenyl diphosphate 

(IDP, 9) in the archaea isoprenoid Lost pathway (see Chapter 1 and Figure 2-2).[118]  

 

 

 

Figure 2-2 a. UK-catalysed conversion of undecaprenol to undecaprenol phosphate. b. IPK-catalysed 

conversion of IP to IDP. 

The crystal structures of IPK from Methanocaldococcus jannaschii (Mj) and Thermoplasma 

acidophilum (Tha) in complex with IP (33) and IDP (9) show that the C5 substrate lies in a 

hydrophobic pocket.[119,120] In Mj IPK, IP is surrounded by Ala63, Phe76, Met79, Phe83, Ile86, 

Met90, Ile146 and Ile156 around the tail.[120] Rational engineering of Mj IPK and Tha IPK was 

successfully performed to direct phosphorylation of bigger substrates such as farnesyl 

phosphate (130) and geranyl phosphate (131) respectively.[119,120] Mj IPK F83A I86A I146A 

was identified to convert 27% farnesyl phosphate (FP, 130) to FDP (14).[120] Coupled together 

with a terpene synthase they could potentially successively phosphorylate farnesol (or 

analogues of farnesol) to generate any sesquiterpenes. (see Scheme 2-1) 
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Scheme 2-1 Potential two-step enzymatic synthesis of FDP analogues from farnesol analogues using 

UK and IPK. 

Thus far, there has been no enzymatic procedure to diphosphorylate farnesol (or analogues) 

reported in the literature; even less from farnesol to the sesquiterpene product. 

Here, the aim was to first heterologously produce undecaprenol kinase (UK), then perform 

site-directed mutagenesis of isopentenyl phosphate kinase to rationally create variants 

capable of efficiently phosphorylating farnesyl phosphate (or analogues). Combined, they can 

be used as a tool for a rapid diphosphorylation of polyprenol and be potentially coupled with 

a sesquiterpene synthase for the rapid synthesis of sesquiterpenes from farnesol (or 

analogues). 

2.2. UNDECAPRENOL KINASE 

2.2.1 Expression 

A codon-optimised gene encoding for undecaprenol kinase (UK) from Streptococcus mutans 

was purchased in a pMARQ plasmid from Thermofisher (see Table 6-2, Material and 

methods) and subcloned into a pET28a expression vector encoding an N-Terminal poly-

histidine tag (His Tag) through golden gate assembly (plasmid 1). Protocols are described in 

detail in section 6.1 Materials and methods.  Successful cloning was verified through digestion 

with two restriction enzymes. Restriction enzymes have unique cleavage sites in a DNA 

sequence and will result in a digestion pattern that allows identification of the correct clone. 

This digestion pattern was visualised by agarose gel electrophoresis which separates out DNA 

fragments by size. Visualisation of the fragments were obtained by pre staining the agarose 

gel with SybrSafe, a fluorescent dye that intercalates the DNA bases. Plasmid 1 was digested 

with NcoI and XhoI, yielding theoretically two 5231 and 504 base pair fragments when 

digested (calculated using Benchling online softwarec). Digested samples were analysed by 

agarose gel electrophoresis. The size of DNA fragments after digestion were an identical 

 

c https://benchling.com 

https://benchling.com/
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match to what expected and therefore showed evidence of successful golden gate procedure. 

The newly formed plasmid was sequenced (Eurofins Genomics) to further validate the 

formation of the new construct pET28a-UK. 

 

 

Figure 2-3 Agarose gel showing the results from digestion of Plasmid 1 pet28a-UK. Lane 1) uncut 

pet28a-UK, Lane 2) digestion with XbaI, Lane 3) digestion with NcoI and XhoI. 

 

Gene expression in the pET28-a vector is controlled by a T7 promoter and contains a gene 

encoding for the lac repressor protein (LacI). Plasmid 1 was transformed in E. coli BL21 (DE3) 

cells for expression. E. coli strains such as BL21 (DE3) are ideal hosts for expressing these 

genes as they have been engineered to contain the gene for T7 RNA polymerase in their 

genome whose expression is under the control of the lacUV5 promoter. This allows control of 

the gene expression by IPTG (isopropyl--D-1-thiogalactopyranside). If IPTG is added to the 

culture media, LacI unbinds the lac promoter leading to transcription of T7 polymerase into 

mRNA. Subsequently, the T7 polymerase can bind to the T7 promoter situated on the plasmid 

of the gene of interest. IPTG is used preferentially to allolactose because it cannot be 

degraded by bacterial metabolic enzymes. Expression of Plasmid 1 in BL21 (DE3) cells were 

induced with IPTG (0.2 mM) when the cell culture achieved an optical density of 0.6 at 600 

nm (OD600). Cultures were then incubated at 16 °C overnight with shaking prior to harvesting 

the cells. Protein expression protocols are detailed in section 6.1 Materials and methods. SDS 

polyacrylamide gel electrophoresis (SDS PAGE) was used to verify protein overexpression 

by observing the presence of a band at the estimated molecular weight of UK: 18.5 kDa 

(estimated using from the amino acid sequence using Benchling online software). SDS PAGE 

was used to also verify if the protein was in a soluble or insoluble form by lysing a small 
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amount of cells through sonication. Unfortunately, no expression was observed. In the attempt 

to identify the issue, other cell lines were tested such as BL21-CodonPlus(DE3)-RP, BL21-

CodonPlus-RIL, C41(DE3) pLysS. C41(DE3) strains are derived from BL21(DE3) and 

effective in expressing toxic and membrane proteins as they have an unknown mutation which 

prevents cell death.[121] Moreover, toxic proteins are better expressed because the pLysS 

plasmid allows the production of T7 lysozyme to reduce basal level expression of the gene of 

interest.[122] BL21-CodonPlus-RIL cells contain additional copies of tRNA gene which 

recognises AGA/AGG, AUA and CUA codons for expression of AT-rich genomes. BL21-

CodonPlus-RP contains additional copies of tRNA gene to recognise AGA and AGG arginine 

codons and CCC proline codon for GC-rich genomes. Unfortunately, in all attempts using 

various media, induction temperature and strains, no expression was detected by SDS PAGE.  

Since various conditions and cell lines yielded no successful expression, the gene was 

subcloned into a different expression vector, pET32-Xa/Lic. The pET32a-Xa/Lic is an 

expression vector encoding a thioredoxin tag (Trx Tag) as well as a N-terminal His Tag and 

an S Tag, all cleavable using a Factor Xa protease, an optional C-terminal His Tag is also 

encoded. The Histidine Tag (His Tag) is usually composed of 6-10 consecutive histidines and 

allows the rapid and inexpensive purification of the protein of interest by immobilised metal 

affinity chromatography (usually nickel). The S Tag is a defined 15 amino acids sequence and 

allows an easy purification of the protein of interest because has a strong interaction with the 

103 amino acid S-protein. The Trx Tag is generally recommended for improving the solubility 

of the protein of interest and the production of soluble proteins containing disulphide bonds 

as it has been shown to allow bond formation in E. coli. cytoplasm.[123]  

 

The plasmid pET32 Xa/Lic was present in the Allemann group library and contained the gene 

for Z-farnesyldiphosphate synthase. This plasmid was used as a source of the required 

backbone pET32 Xa/Lic vector.  DNA encoding for the UK gene from Plasmid 1 and the 

pET32 Xa/Lic vector were amplified by polymerase chain reaction (PCR) and the UK gene 

was then cloned in the pET32 Xa/Lic vector using the Gibson Assembly® method (Plasmid 

2).  The primers used for these PCR reactions and protocols are described in detail in section 

6.1 Materials and methods. Successful cloning was verified through digestion. Plasmid 2 was 

digested with HindIII and XbaI, yielding two 5344 and 915 base pair fragments when digested 

while the original vector containing zFPS would yield two fragments of 1362 and 5344 base 

pairs. Digested samples were analysed by agarose gel electrophoresis. Samples showed 
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evidence of successful cloning procedure and were sequenced to further validate the 

formation of pET32 Xa/Lic-UK. (see Figure 2-4, lane 7) 

 

 

Figure 2-4 Agarose gel showing the results from digestion of Plasmid 2 pet32 Xa/Lic-UK. Lane 1) 

Ladder, Lane 2) PCR products from the amplification of plasmid A1, Lane 3) PCR products from the 

amplification of pet32 Xa/Lic vector containing Z-FDPS Lane 4) uncut plasmid 2. Lane 6-10) Different 

Gibson assembly products digested with HindIII and XbaI, lane 7 contains the 2 expecting bands. 

In order to determine if over expression from the new vector was occurring, E. coli BL21(DE3), 

BL21-CodonPlus(DE3)-RP, BL21-CodonPlus-RIL, C41(DE3) pLysS cells were transformed 

with the Plasmid 2 and 2 mL test expressions were carried out to investigate which cell line 

was suitable for expression.  Cultures were induced with IPTG (0.2 mM) at 0D600= 0.6 and 

incubated for a further 4 hours at 37 °C. Western blot was used to characterise expression 

using the His Probe HRP (horseradish peroxidase) as this method is more sensitive and 

specific for the detection of protein than SDS PAGE. (see Figure 2-5) Expressed UK in 

pET32 Xa/Lic is expected to have a relative molecular mass of 31,819 Da (calculated from 

the amino acid sequence using Benchling online software).  The protein appeared to express 

well in E. coli BL21(DE3), BL21-CodonPlus(DE3)-RP, BL21-CodonPlus-RIL as it can be 

detected around the 30 kDa band in the protein ladder. Plasmid 1 showed no expression of 

UK (see Figure 2-5). Because expression temperature has an impact on level and quality of 

expressed proteins, various temperatures (16 °C, 20 h; 20 °C, 20 h, 25 °C, 20 h, 37 °C, 4 h) 

were investigated using BL21 (DE3) strains. Samples of the culture were taken after and 

before induction and analysed by SDS PAGE. It appears only overnight expression at 16 °C 

yielded UK (see Figure 2-5). This can be explained by a reduced rate of overall bacteria 
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mechanism (translation, transcription, cell division) when expressing at a low temperature and 

potential reduced protein aggregation and degradation. Therefore, under the optimal 

conditions found, Plasmid 2 was expressed in BL21 (DE3) cells at 37 °C until reaching 0D600 

= 0.6, the temperature was reduced to 16 °C, cells were induced with IPTG (0.2 mM) and 

expression was allowed to continue overnight (20 h).  

An attempt to extract and purify the protein from the pellets was performed by sonication and 

purification by nickel affinity chromatography. Ni-NTA affinity column was used for the 

purification. The supernatant (40 mL) after sonication was applied to the resin, the His Tag 

motif from the protein coordinates to Ni2+ and other proteins are eluted in the flow through as 

they do not bind to the resin. The resin is then washed in fractions with an increasing amount 

of imidazole (20 mM – 500 mM in buffer) to elute the protein from the affinity column (Full 

procedure is described in section 6.1 Materials and methods). SDS PAGE was used to identify 

which fractions contained the protein of interest. UK started to elute in buffer containing 

250 mM imidazole (see Figure 2-6). Fractions containing UK were pooled and loaded on a 

desalting column to remove the imidazole and concentrated by ultrafiltration (see Figure 2-7). 

Protein concentration was measured using the modified Bradford procedure. Despite 

presence of the Trx Tag, an only small amount of soluble protein was released from the 

supernatant after sonication (see Figure 2-6a). A basic extraction procedure was therefore 

subsequently performed to extract the protein from the inclusion bodies. This procedure 

involves unfolding and refolding the protein’s tertiary structure through increasing the pH 

(around 12) of the solution containing the resuspended pellet (unfolding step) followed by 

decreasing it back to pH 8 (refolding step). The buffer contained Tween® 20 (1%) because 

such detergent helps solubilising membrane proteins, glycerol (10%) was also added to 

reduce protein aggregation and improve its stability[124] and TCEP (0.1 mM) was added as 

reducing agent to further reduce protein aggregation from the formation of disulfide bonds 

between cysteine residues. The basic extraction method showed a slight improvement in 

protein extraction to the supernatant solution as determined by SDS-PAGE (see Figure 2-6b). 
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Figure 2-5 Left: Western blot gel of the test expression of the UK gene in pet28a (Plasmid 1), pet 32 

Xa/Lic (Plasmid 2) and IPK wild type as positive reference for expression. (1-4) E. coli BL21-(DE3), 

BL21-CodonPlus(DE3)-RIL, BL21-CodonPlus(DE3)-RP and BL21-CodonPlus(DE3)-RIL and 

C43(DE3) pLysS; (5) E. coli BL21-AI cells; Two proteins of 45 kDa (+) and 35 kDa (-) size were used 

as positive and negative control respectively for the western blot. Left: SDS-PAGE: analysis of the pellet 

after expression at various temperature. +: after induction and -: before induction 

 

 

 

Figure 2-6 Purification of undecaprenol kinase. a. SDS-PAGE: analysis and supernatant (SN) after 

sonication of the pellet after expression and purification by nickel affinity chromatography. B. SDS-

PAGE: analysis of the pellet (PE) and supernatant (SN) after basic extraction of the pellet after 

sonication followed by purification by affinity chromatography of the supernatant. 
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Figure 2-7 FPLC chromatogram of gel filtration chromatography using Sephadex G-25 resin for 

desalting the pooled fractions containing UK after nickel affinity chromatography. 

2.2.2 Incubation of farnesol with UK 

 

Analytical incubations of UK and farnesol were carried out to test the activity of the purified 

undecaprenol kinase. Farnesol (5 mM) together with UK (10 M) were put in incubation buffer 

(20 mM Tris, 20 mM MgCl2, 1 mM ATP, 10 mM PEP, 20 U pyruvate kinase) and left for 2 

hours at 37 °C with shaking (250 rpm). ATP (132) was regenerated using pyruvate kinase 

(PK) with phosphoenolpyruvic acid (PEP, 133). (see Figure 2-17b for ATP-PEP recycling 

system). A white precipitate formed over time. Analysis of the precipitate by TLC against 

chemically synthesised FP (130) and FDP (14) using the method by Keller et al. showed the 

solid had the same Rf  as FP. (see Figure 2-8) Interestingly, farnesyl phosphate (FP, 130) 

precipitated upon formation allowing easy isolation for characterisation. The reaction was also 

followed by 31P NMR spectroscopy. Four signals could be seen in the control corresponding 

to the ,  and  phosphorus of ATP (132) and phosphorus in PEP (133). Over time two new 

signals appeared at  = 3.3 and 2.2 ppm corresponding to the phosphorus from FP (130) and 

free phosphate respectively. The intensity of the signal for FP quickly decreased (see Figure 

2-8), this can be explained by the precipitation of FP over time. No precipitate was observed 

after 17 and 31 min, and after 53 min the whole NMR tube was filled with white solid. This 

correlates with the NMR spectrum at 53 min, where the signal corresponding to FP had a very 

low intensity. 
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Figure 2-8 UK-catalysed synthesis of FP from farnesol. a. TLC plate with FP and FDP chemically 

synthesised, lane 1: precipitate from the incubation of farnesol with UK. b. 31P NMR spectra recorded 

over the time of the incubation of farnesol with UK. FP is formed after only 17 min and the intensity of 

the peak decreases when FP precipitates. 

 

2.3. ISOPENTENYL PHOSPHATE KINASE 

 

The optimised gene encoding for the isopentenyl phosphate kinase from 

Methanocaldococcus jannaschii was purchased from Thermofisher and subcloned in a 

pET28a vector by Dr. Luke Johnson from the Allemann group. Wild type IPK was produced 

in E. coli. BL21 (DE3). As shown previously, the wild type IPK does not readily accept FP 

(130) as substrate. However, published crystal structures in the “apo” form and complexed 

with IP or IDP allow rational mutagenesis for larger isoprenoid acceptance. Several key 

residues in IPK were identified in the hydrophobic pocket near the IP (33) tail and mutated for 

FP (130) acceptance.  

IPK is composed of two domains, the N-terminal domain is responsible for binding the 

phosphate group in IP while the C-terminal domain binds the phosphate group in ATP (132). 

In this hydrophobic pocket, five residues: at the back of the binding pocket F76, F83, at the 

front of the binding pocket I86, I146, I156 can be potentially mutated to accommodate 
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substrates with a longer tail than IP (33). (see Figure 2-9) Only variants containing mutations 

at the front and back of the pocket were designed as studies from Dellas et al.[120] showed that 

mutations at the back were only effective combined with a mutation at the front. For this 

purpose, point mutations were carried out to create a library of 18 variants containing single, 

double, triple, quadruple, or quintuple substitutions. All residues were mutated to alanine. 

Alanine was chosen because it removes all carbons past the -carbon, thus reducing steric 

effects to its minimum. Replacing residues with glycine (the smallest amino acid) would lead 

to backbone flexibility and potential conformational changes which would likely render the 

protein inactive. Moreover, substitution by alanine minimises alteration of the hydrophobic 

environment of the active site since all selected amino acids for mutation are also 

hydrophobic. The primers used for SDM and protocols are described in detail in section 6.1 

Materials and methods. All variants were sent for sequencing to verify successful SDM. 

Single- and double-point variants were not expressed as literature shows they very weakly 

accept GP (131) or FP (130) as substrates. A total of 10 variants were expressed in E. coli. 

BL 21 (DE3) at 37 °C for 4 hours and purified using nickel affinity chromatography. (see Table 

2-1) Variants appeared to express qualitatively with the same yield as the wild type version. 

(see Figure 2-10).  

 

 

Figure 2-9 Cartoon representations of an X-ray crystal structure of Mj IPK in complex with IP(PDB: 

3K52) a. Full view b. Close view of the active site with residues around the IP tail displayed. 
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Table 2-1 Table of created and expressed variant of Mj IPK by SDM. 

 

 

 

 

Figure 2-10 Purification of IPK and variant 3. a. IPK WT: SDS PAGE analysis and supernatant (SN) 

after sonication of the pellet after expression and purification by nickel affinity chromatography. b. IPK 

variant 3: SDS PAGE analysis and supernatant (SN) after sonication of the pellet after expression and 

purification by nickel affinity chromatography. 

To test the activity of each variant with FP (130) in a relatively high-throughput manner, the 

reaction was coupled with a sesquiterpene synthase in a concentration 20 times higher than 

the variant. If the variant was to accept FP (130), the FDP (14) produced will, in turn, be 

converted to the sesquiterpene product. The STS was put in large excess so that it is not rate-

limiting. Gd4olS was chosen as it had been previously fully characterised in the literature with 

a reported kcat of 0.198 s-1 and KM 0.115 M. Gd4olS was overexpressed from a plasmid in 
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the Allemann library and purified as reported in the literature (section 6.1 Materials and 

methods).[72]  

 

  

Scheme 2-2 Coupled IPK-sesquiterpene synthase assay to test for FP activity of variants 

The reaction was carried out overnight at 37 °C with shaking (350 rpm) in 500 L buffer 

containing ATP (5 mM), FP (2 mM), MgCl2 (20 mM), IPK variant (0.5 M), Gd4olS (10 M). 

The aqueous solution was extracted with pentane and the organic layer was analysed by GC-

MS. As expected, when performing the assay, addition of FP in the incubation buffer lead to 

precipitation of a FP-Mg2+ complex as seen in the reaction of farnesol with UK. Despite this, 

FDP was produced because sesquiterpene product was detected by GC-MS. (see Figure 

2-11) The total ion chromatogram showed a single product peak with a molecular ion of m/z 

= 222 corresponding to [M(C15H26O)]+ and major fragments m/z = 207 ([M – CH3]+), 204 ([M – 

H2O]+), 161 ([M – (H2O + C3H7)]+), 81. (see Figure 2-11) The mass spectrum of the product, 

germacradien-4-ol (82) corresponds well with reported literature.[125] Upon TLC analysis of the 

precipitate, FDP was also identified. (see Figure 2-11) 

 

  

Figure 2-11 GC-MS analysis of the pentane extractable compounds arising from the incubation of FP 

with IPK variant, Gd4olS and analysis of the white precipitate by TLC a. Total ion chromatogram 

highlighting the formation of one major product. b. Corresponding mass spectrum of the corresponding 

compound eluting at 13.58 min. c. TLC of the redissolved precipitate in 1% H3PO4 in butanol (TLC 

solvent system NH4OH:iPrOH:H20 6:3:1) 
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In principle, the precipitation of polyprenophosphates affords easy isolation and 

characterisation of the FDP product (14). However, in this system, it stops the cascade 

reaction to the sesquiterpene product. The one pot-type procedure from farnesol to the 

sesquiterpene product can therefore not be achieved with a high yield due to the combined 

removal of FP (130) and FDP (14) complexed with magnesium. Addition of detergent would 

be detrimental to the overall reaction as tween 20 or glycerol are substrates for UK. 

Cyclodextrins (CD) have been reported for medicinal purposes to help the solubility of 

terpenes as they possess a hydrophobic cavity and a hydrophilic surface. (Figure 2-12a)  

 

 

 

Figure 2-12 Cyclodextrins structures. a. 3D structure of -CD b. Chemical structure of alpha-

cyclodextrin (α-CD), beta-cyclodextrin (β-CD), and gamma-cyclodextrin (γ-CD) and 2-hydroxypropyl-β-

CD (HP-β-CD). 

FDP could potentially fit in the cavity of cyclodextrins as it contains a hydrophobic tail and 

prevents precipitation of FP and FDP with Mg2+. Depending on the number of glucose units 

they are made from, cyclodextrins cavity sizes range from 0.57 nm to 0.95 nm. Several 
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cyclodextrins were tested with FP and FDP: alpha-cyclodextrin (α-CD, 134), beta-cyclodextrin 

(β-CD, 135), and gamma-cyclodextrin (γ-CD, 136), 2-hydroxypropyl-β-CD (HP-β-CD, 137) 

and 2-hydroxypropyl- γ -CD (HP-γ-CD, 138). (Figure 2-12b) Substitution by hydroxypropyl 

group conferred higher hydrophilicity of CD. Surprisingly, Mg-FP and Mg-FDP complexes 

were not broken in presence of -CD or -CD while showing improvements in -CD/ HP-β-

CD. (Figure 2-13, lane 5 - 14) This can be explained from the difference in the size of each 

CD, presumably, FP and FDP have a better fit in β-CD forms. Interestingly, the precipitate 

was not observed when having HP-β-CD and FP together while β-CD was observed to be 

better to keep FDP in solution (Figure 2-13, lane 8 and 11). When added together in equimolar 

quantities in buffer, no precipitate was observed for 10 consecutive hours. (Figure 2-13, lane 

15) Further experiments were therefore carried out in presence of β-CD and HP-β-CD. 

 

 

Figure 2-13 Solubility test of FP and FDP at 5 mM. 1&3) FP in buffer. 2&4) FDP in buffer. 5-10) FP in 

buffer and various CD (5 mM). 11-14) FDP in buffer and various CD (5 mM). 15) FP + FDP in buffer 

containing MgCl2 (20 mM) and -CD (5 mM) HP--CD. 

The coupled assay designed in Scheme 2-2 does not allow direct quantification of the % 

conversion of FP to the sesquiterpene product through GC because unreacted FP will remain 

in the aqueous solution. Directly measuring the reaction yield through quantification by GC 

FID is a possibility but due to the small scale of the reaction (total volume 200 L) and the 

reproducibility of the results could be challenging. Another subsequent step was therefore 

added to hydrolyse the unreacted FP. (see Figure 2-14) Alkaline phosphatase (10 mg.mL-1) 

together with MgCl2 (100 mM) was added after the 20-hour incubation and left at 37 °C with 

shaking (250 rpm). After 2 h, the solution was extracted with heptane (500 L) and the organic 

layer was analysed by GC-MS. This allowed direct comparison of each variant by calculating 

the ratio between farnesol and sesquiterpene product. Control experiments without a variant 

of IPK, without Gd4olS (82) or without both enzymes were performed and resulted in only 

farnesol being observed in the heptane extractable fraction. 
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Figure 2-14 Coupled IPK-sesquiterpene synthase-alkaline phosphatase assay to test for FP activity of 

variants. 

An example of the chromatogram obtained with IPK F83A I86A I156A (IPK variant 5) is 

displayed in Figure 2-15. Two peaks were observed eluting at 13.58 min and 15.44 min. Gd4ol 

(82) was identified above in Figure 2-11. The second compound was identified as farnesol 

through its mass spectrum. (see Figure 2-15) This assay was performed on all variants and 

wild type IPK in triplicates and results are shown in Figure 2-16. 

 

 

Figure 2-15 GC-MS analysis of the heptane extractable compounds arising from one of the coupled 

assay IPK-GdolS-AP a. Total ion chromatogram highlighting the formation of two products with a 

retention time of 13.58 min (gd4ol) and 15.44 min (farnesol). b. Corresponding mass spectrum of the 

corresponding compound eluting at 15.44 min, characteristic of farnesol. 

Results suggest that mutation on the top of the B helix (I86A) has little effect on the activity 

towards FP (or even negative, IPK 3 versus IPK7), while a mutation on the 9-10 hairpin 

(I146 or I156) is necessary for accommodating FP (IPK 1, 2 and 3). The mutation F76A on 

the 3-4 hairpin appears to be critical for a high activity as the variants not containing this 

mutation do not perform as well (IPK 4 and 5 versus IPK 3). 
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Figure 2-16 Results from the coupled assay IPK-GdolS-AP for FP activity with the 10 IPK variants. 

It was also found that increasing the number of mutations was detrimental to the activity of 

the enzyme; adding a fourth mutation to the highly potent variant 3 (> 99% conversion of FP 

to FDP) generated variants 7 and 8 that gave decreased FP conversion, showing only 64% 

and 39% conversion respectively. These kind of results are expected as the substitution of 

amino acids (even with conservative mutations) in an enzyme’s catalytic site often have a 

profound impact on enzyme activity due to several reasons such as misfolding or decrease of 

affinity of the protein to the substrate. The most potent variant was found to be IPK 3 and 

contained I156A, F76A and F83A mutations. Phenylalanine is a bulky hydrophilic residue and 

when replaced with a small hydrophilic amino acid it predictably resulted in extremely good 

activity with > 99% conversion of FP to FDP.  For further studies, variant 3 (IPK F76A, F83A, 

I156A) was selected as it had demonstrated high activity towards FP.   

Kinetic characterisation of IPK variants was not performed because no assay (fluorescence, 

absorbance, or NMR spectroscopy) was reliable due to FP/FDP precipitation. The use of high 

cyclodextrins concentrations to prevent precipitation also proved to inhibit the reaction leading 

to inaccurate results.   

2.4. ENZYMATIC SYNTHESIS OF FDP FROM FARNESOL 

 

After showing that UK was able to turn farnesol (119) to FP (130) and re-engineering IPK to 

convert > 99% FP to FDP, both enzymes were combined to create the first in vitro enzymatic 

route to FDP (14) from farnesol (119). Both kinases are ATP-dependent enzymes. In previous 
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studies, ATP was used in equimolar amounts, however, due to its high cost, ATP (132) should 

be used in catalytic amounts and regenerated in situ using an enzyme catalysed reaction. 

Several enzymatic systems have been described in the past for the regeneration of ATP from 

ADP (139) in situ. Most used systems are acetyl phosphate/acetate kinase (AcP/AcK) and 

phosphoenolpyruvate/pyruvate kinase (PEP/PK).[126] In this work, PEP/PK regeneration 

system was chosen as it was readily available in the Allemann laboratory. (see Figure 2-17) 

To efficiently screen optimum conditions for the synthesis of FDP, UK and IPK were coupled 

with a sesquiterpene. In this case (S)-germacrene D synthase was used as a stock that had 

been prepared fresh. (see Figure 2-17) 

 

 

Figure 2-17 a. One pot enzymatic synthesis of (S)-germacrene D from farnesol catalysed by UK, IPK 3 

and GDS. b. Recycling scheme of ATP with PEP. 

Through comparison of reported kcat/KM value of the two kinases, IPK might have better 

catalytic efficiency for its natural substrate compared to UK for FP (reported values are 

0.34 M.s-1 and 0.17 M.s-1 respectively). A few reported Tha IPK variants exhibited similar 

catalytic efficiencies for GP to the wild type Mj IPK enzyme for IP.[119] Therefore, the first 

assays were carried out with equimolar quantities of kinases (2 M). Unfortunately, the 

pentane extractable fraction was composed of more than 80% farnesol (see Figure 2-19 lane 

1). Such results can be explained as heavy precipitation could be observed after 5 min 

incubation at 37 °C despite CD being present. The solid was identified to be FP; suggesting 

accumulation of a high concentration of FP in the solution due to a slower catalytic rate of IPK 

variant 3 compared to UK. This likely led to the previously observed FP-Mg2+ complex. The 

concentration of farnesol was reduced from 5 mM to 2 mM, leading to a slight improvement 
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of farnesol (119) conversion to (S)-germacrene D (55) (see Figure 2-19a lane 2). 

Unfortunately, a small amount of precipitate was still observed, therefore cyclodextrin 

concentrations were increased to obtain a concentration twice as high as the starting material. 

Interestingly no precipitate was observed but lower conversion was observed. (see Figure 

2-19 lane 3) This demonstrates again that entrapment of FP/FDP in CD has a significant 

impact on the kinases reaction rates.  While cyclodextrins allowed the reaction to process 

through maintaining FP and FDP in solution, a too high concentration slows down significantly 

the conversion of FP to FDP. To overcome this key issue, the ratio between UK and IPK 3 

was modified to 1:5 and 1:10 ratio. (see Figure 2-19 lane 5 and 4 respectively) As expected, 

the proportion of sesquiterpene product increased, with conversion of 95% of farnesol to (S)-

germacrene D when using 1:10 ratio (UK:IPK, 0.2 M:2 M). (see Figure 2-19 lane 4 and 

Figure 2-19) Those results hint that IPK 3 exhibits slower catalytic efficiency than UK. 

However, a value could not be measured in the kinetics assays as heavy precipitation 

hindered the reliability of fluorescence and absorbance measures. An assay involving NMR 

spectroscopy was also attempted but same issue was encountered. However, slower catalytic 

rates can be reasonably expected when mutating the active site of an enzyme. 

 

 

Figure 2-18 Optimisation of the one pot enzymatic synthesis of (S)-germacrene D from FDP. Lane 1: 

UK (2 M), IPK 3 (2 M), MgCl2 (20 mM), ATP (0.1 mM), −CD (5 mM), HP-−CD (5 mM), PEP (10 

mM), PK (50 U), GDS (40 M), farnesol (5 mM), 37 °C, 20 hours. Lane 2: same as lane 1 with 

farnesol (2 mM), −CD (2 mM), HP-−CD (2 mM). Lane 3: same as lane 2 with, −CD (4 mM), HP-

−CD (4 mM). Lane 4: same as lane 2 with UK (0.4 M), IPK 3 (2 M). Lane 5: same as lane 2 with 

UK (0.2 M), IPK 3 (2 M). 
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Figure 2-19 a. Total ion chromatogram of the pentane extractable compounds from the one pot 

enzymatic synthesis of (S)-germacrene D from farnesol. (S)-germacrene D eluting at 12.26 min and 

farnesol eluting at 15.44 min. Conditions: UK (0.2 M), IPK 3 (2 M), MgCl2 (20 mM), ATP (0.1 mM), 

−CD (5 mM), HP-−CD (5 mM), PEP (10 mM), PK (50 U), GDS (40 M), farnesol (2 mM), 37 °C, 20 

hours b. Mass spectrum of compound eluting at 12.26 min corresponding to (S)-germacrene D. 

Optimised conditions were used to evaluate the efficiency of this novel enzymatic 

diphosphorylation method from farnesol. HP--Cyclodextrin (137) only was used to maintain 

FP in solution and allowed FDP to precipitate for easy and rapid isolation. Satisfactory 95% 

yield was achieved from farnesol in a 0.1 mmol scale.  

 

 

Scheme 2-3 One pot enzymatic diphosphorylation scheme of farnesol.  

Next, several FDP analogues were synthesised to test the promiscuity of the two kinases. 

Dimethylated analogues were chosen such as 14,15-dimethylfarnesol (140), precursor to 

(S)-14,15-dimethylgermacrene D (86), a novel potent semiochemical against aphids, a 

worldwide pest. 14,15-farnesol (140) was synthesised following a previously reported 

synthetic route by a Master’ student (Clotilde Phillipe) who was supervised by the author of 

this work for 5 months.[77] 6,15-dimethylfarnesol (141) synthesis is described in chapter 3.  

Oxygenated analogues were also tested as they are bulkier analogues. 12-methoxy farnesol 
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(142), 8-methoxy farnesol (143) and 10,11-epoxyfarnesol (144) were synthesised as 

previously described and synthesis route is described in chapter 3.[78]  

 

 

 

Figure 2-20 Analogues of FDP tested with the design one pot enzymatic diphosphorylation.  

Enzymatic diphosphorylations were coupled with sesquiterpene synthases readily accepting 

the FDP analogues for a fast assessment of this new procedure with the exception of 6,15-

dimethylfarnesol (141). GDS Y406F was used for 14,15-dimethylfarnesol (140); ADS for 12-

methoxy farnesol (142) and 8-methoxy farnesol (143) and Gd4olS for 10,11-epoxyfarnesol 

(144). All synthases were expressed as described in section 6.1 Materials and methods.  

6,15-dimethyl FDP (145) was successfully isolated in 89% yield using the procedure in 

Scheme 2-3. 10,11-epoxyfarnesol (144) was found to be a good substrate for UK and IPK 3 

because full conversion was observed in the total ion chromatogram (see Figure 2-21). The 

major product is a cyclic ether (146) eluting at 13.28 min and a full characterisation is given in 

Chapter 3. 14,15-dimethylfarnesol showed lower conversion. 14,15-dimethylgermacrene D 

(86) eluted at 15.62 min but starting material could be seen at 17.33 min (see Figure 2-22a).  

Heavy precipitation was observed in the reaction vessel before adding alkaline phosphatase. 

Upon analysis of the solid by TLC, 14,15-FDP was identified as the major compound as it 

eluted similarly to FDP. (see Figure 2-22b) It is possible that GDS Y406F was rate-limiting in 

this one pot synthesis. This would lead to an accumulation of 14,15-dimethylFDP in the buffer 

and results in its precipitation with magnesium as observed.  
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Figure 2-21 a. Total ion chromatogram of 10,11-epoxy-farnesol b. Total ion chromatogram of heptane 

extractable compounds from the incubation of 10,11-epoxyfarnesol with IPK 3, UK, Gd4olS and 

subsequently AP.   

 

Figure 2-22 a. Total ion chromatogram of heptane extractable compounds from the incubation of 14,15-

dimethylfarnesol with IPK 3, UK, Gd4olS and subsequently AP. 14,15-dimethylfarnesol eluting at 17.33 

min. 14,15-dimethylgermacrene D eluting at 15.62 min. b. TLC of the white precipitate formed at the 

bottom of the incubation of 14,15-dimethylfarnesol with IPK 3, UK, Gd4olS.  

 

Analogues containing methoxy functional group were found to not perform as well as FDP 

(14). Both analogues were coupled with ADS because Demiray et al. reported the 8-

methoxy FDP (87) and 12-methoxy FDP (89) to be substrates of ADS. ADS generates the 8-

methoxy--humulene (88) as major product from 8-methoxy FDP (87) while 12-methoxy FDP 

(89) is converted to 12-methoxy--sesquiphellandrene (90) and 12-methoxy-zingiberene (91) 

by ADS. Incubation with 8-methoxy farnesol (143) showed low turnover to 8-methoxy--
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humulene (88) when using IPK 3. When using IPK 9 (IPK F83A I86A I146A I156A), 8-

methoxy--humulene (88) was found to be the major heptane extractable compound (see 

Figure 2-23) although some starting material was still observed. On the other hand, incubation 

of 12-methoxy farnesol (142) resulted in only starting material being observed in the organic 

extractable compounds after incubation (see Figure 2-24). This can be explained by the 

bulkiness of this additional group at the end of farnesol tail. It is possible that the active site of 

IPK needs to be further modified to accept substrates longer than the C15 farnesol.  

 

 

Figure 2-23 a. Total ion chromatogram of heptane extractable compounds from the incubation of 8-

methoxy-farnesol with IPK 3, UK, ADS and subsequently AP. 8-methoxy--humulene eluting at 16.85 

min. 8-methoxy-farnesol eluting at 17.00 min. b. Mass spectrum of compound eluting at 16.85 min 

corresponding to 8-methoxy--humulene. The mass spectrum of the product corresponds well with 

reported literature.[78] 
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Figure 2-24 Total ion chromatogram of heptane extractable compounds from the incubation of 12-

methoxy-farnesol with IPK 3, UK, ADS and subsequently AP. 12-methoxy-farnesol eluting at 18.28 min. 

2.5. SUMMARY 

This chapter describes the investigation of an alternative chemical pathway to the traditional 

Davisson et al. procedure for diphosphorylation of farnesyl bromide. Despite greatly 

shortening the length of the diphosphorylation procedure as well as drastically reducing the 

labour required, the method proved to not be highly reproducible. In parallel, a novel in vitro 

enzymatic synthesis route was developed for a one pot diphosphorylation of farnesol (119) 

using two kinases: undecaprenol kinase (UK) in its wild type form with an engineered 

isopentenyl phosphate kinase (IPK). UK was successfully expressed in E. coli, a total of 

eighteen variants of IPK containing one to five mutation in the active site were created through 

site-directed mutagenesis. Out of the eighteen variants, ten (containing three to five 

mutations) were expressed in E. coli. An assay involving a sesquiterpenes synthase (GDS or 

GdolS) was designed to access IPK variants’ performance as well as optimising the conditions 

of the one pot diphosphorylation. This in vitro method can be used to diphosphorylate farnesol 

and allow easy isolation as FDP (14) precipitates upon formation.  This novel enzymatic route 

can also be directly coupled with a sesquiterpene synthase to generate in a single reaction a 

high value sesquiterpene product from commercial farnesol (£1 /g). This is also a useful 

method to rapidly test the activity of sesquiterpene synthase variants produced for mechanistic 

investigations or when looking for novel sesquiterpenoids. Finally, this method was 

successfully applied to few farnesol analogues 10,11-epoxy farnesol (144), 6,15-

dimethylfarnesol (141), 14,15-dimethylfarnesol (140), 8-methoxyfarnesol (143), 12-

methoxyfarnesol (142)). This shows that this enzymatic procedure coupled with a 

sesquiterpene synthase can rapidly demonstrates if a chemically synthesised farnesol 

analogue is a substrate for a cyclase. Up until the time of writing, after synthesising a farnesol 

analogue (usually over 10 steps, overall yield <10%), the procedure from Davisson et al. was 
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used to generate the corresponding FDP analogue. Because this last chemical step gives an 

inconsistent and often low yield, researchers would invariably lose over 50% of the starting 

material and were obliged to synthesise at least 0.5 g for biological testing. With this one pot 

enzymatic procedure, less than 1 mg is required to test for substrate acceptance by the 

sesquiterpene cyclase. Further optimisation of the IPK active site needs to be performed but 

this enzymatic route can be readily used in research laboratory scale for sesquiterpene 

synthase variants screening. 
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3.1. PREFACE 

 

In this chapter, the development and synthesis of several FDP analogues will be described. 

These analogues were incubated with sesquiterpene synthases in an attempt to expand the 

library of sesquiterpenes. Firstly, analogues of FDP were synthesised to mimic the natural 

substrate to generate a second generation of semiochemicals based on the discovery of the 

aphid attractant: 14,15-dimethylgermacrene D (86). Then an analogue of FDP was 

synthesised with the aim of prematurely terminating the normal carbocationic cascade 

reaction of GdolS hence generating a new sesquiterpene product.  

3.2. DIMETHYLATED ANALOGUES FOR NOVEL SEMIOCHEMICALS 

 

Recently, collaborators from the Allemann group at Rothamsted Research have identified 

(S)-germacrene D (55) as a potent semiochemical that acts on major world crop pests such 

as aphids and other arthropods.[11,127] However, due to the chemical instability of 55, new 

semiochemicals have been investigated to overcome this issue.[128] It has been hypothesised 

that if the enzyme (S)-GDS was able to convert a modified FDP to its analogue product 

germacrene D, it will probably be recognised by the aphid’s receptor and act as a 

semiochemical. This theory has been explored by Touchet et al. A series of fluorinated and 

methylated analogues of FDP were synthesised and incubated them with (S)-GDS.[129] Not all 

analogues were accepted to the same level by the wild type enzyme. To overcome this issue 

site-directed mutagenesis was used and several non-natural substrates were successfully 

converted by (S)-GDS Y406F variant. (S)-12-Methylgermacrene D (84) and (S)-15-

methylgermacrene D (147) were found to act as repellents of Sitobion avenae by 

electrophysiological and behavioural assay. (S)-14,15-Dimethylgermacrene D (86) on the 

other hand was found to be a powerful attractant (see Figure 3-1).[129] These findings 

supported the idea of rationally designing new aphid semiochemicals based on their 

acceptance by sesquiterpene synthase naturally biosynthesising semiochemicals. The 

surprising inverse activity of the dimethylated analogue opened a new research area in the 

development of dimethylated germacrenes in the search of new olfactory ligands with such 

attractant activity.  

In this chapter, the biosynthesis of two closely related analogues of (S)-14,15-

dimethylgermacrene D was therefore attempted (see Figure 3-1). To do so, dimethylated FDP 
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analogues: (6,15)-dimethyl FDP (145) and (12,15)-dimethyl FDP (148) were chosen as 

substrate for (S)-germacrene D synthase. These two analogues were chosen to demonstrate 

whether methylation on C15 and another methyl group might be the ground of the unexpected 

reversal bioactivity. Moreover, substrate with an additional methyl group on C15 or C12 were 

already observed to possess behavioural activity. Another crucial aspect to this method is to 

also find relatively short chemical synthesis of FDP analogues for an industrial viability 

prospect. The C6 methylation respect this condition, that is why it was chosen as a second 

position for methylation. The dimensions of the enzyme active site and its plasticity are still 

cryptic because no crystal structure has yet been published, these two relatively close 

analogues to the natural substrate FDP will also allow further characterisation of GDS. 

 

 

 

Figure 3-1 Second generation design of (S)-dimethylated germacrene D from dimethylated FDP. a. 

Top: (S)-14,15-dimethylgermacrene D was found to be an aphid attractant. Bottom: (S)-15-

dimethylgermacrene D was found to be an aphid repellent. b. Dimethylated analogues synthesised in 

this chapter with both C15 methylated. 
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3.2.1. 6,15-Dimethyl FDP synthesis 

 

(6,15)-Dimethyl FDP (145), a novel analogue was prepared via a nine steps synthesis (see 

Scheme 3-2). Firstly, a Horner-Wadsworth-Emmons reaction was performed on 6-methylhept-

5-en-2-one (122) with ethyl 2-(diethoxyphosphoryl)propanoate (149) to form the 

,-unsaturated ester (150) in 67% yield (1:1, Z:E). The Horner-Wadsworth-Emmons is a 

modified version of the Wittig olefination.[130,131] A phosphonoester substituted with electron-

withdrawing group such as ethyl trifluoroethylphosphonopropionate could have been used to 

favour Z-olefin product because such group promote the formation of Z-olefin during the last 

elimination step by stabilising the formation of the erythro intermediate adduct as reported by 

Still and Gennari.[132] Due to the explorative goal of this study, it was chosen to avoid 

supplementary steps in the synthesis. Synthesis of ethyl trifluoroethylphosphonopropionate 

would add either three more steps (overall yield 84%) to the synthesis or only one with a 

reported poor yield of 12%.[133–135] Then reduction of ,-unsaturated ester (150) with di-

isobutyl aluminium hydride (DIBAL-H) followed by flash chromatography to separate the E 

and Z isomer gave the alcohol (151) (36%). The latter was then brominated using phosphorus 

tribromide to form 152 (quantitative) and underwent a chain elongation with a dianion prepared 

by treating ethyl acetoacetate successively with sodium hydride and n-butyl lithium (63%). 

The resulting compound (18) was then transformed in a stereoselective manner to the (Z)-

enol triflate (153) (quantitative) in order to yield 154 by a copper-mediated alkylation using a 

Grignard reagent (44% over 2 steps). Weiler and Sum have previously reported that this 

isoprenoid ester can be synthesised by coupling a vinyl phosphate analogue with Me2CuLi, 

but 100% conversion was found to be successful only with enol triflate.[136] Moreover, McMurry 

and Scott have used these vinyl triflates with a variety of substituents and showed their 

powerful qualities to give substituted alkenes in a stereo- and regioselective manner.[137] Ester 

(154) was reduced with DIBAL-H to give the farnesol derivative (141) (76%). Finally, a 

successive bromination and diphosphorylation following Davisson et al. procedure yielded the 

final compound (145) which was used as the ammonium salt (33%).[110] 
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Scheme  3-1 Possible products resulting from a Horner-Wadsworth-Emmons olefination. 

 

 

Scheme 3-2 Synthesis of 6,15-dimethyl FDP Reagent and conditions i. Triethyl-2-phosphonopropionate 

(1.1 eq), n-BuLi (1.1 eq), THF, 0 °C, 4 h, ii. DIBAL-H (4 eq), Toluene, 78 °C, 3 h iii. PBr3 (0.5 eq), THF, 

-10 °C, 30 min. iv. Ethyl acetoacetate (3 eq), NaH (3.5 eq), n-BuLi (3.1 eq), THF, 0 °C. v) LiOTf (3 eq), 

Tf2O (1.3 eq), NEt3 (3 eq), DCM, 0 °C, 2 h. vi. CuCN (2.5 eq), EtMgBr (1.5 eq), THF, -78 °C, 3h. vii. 

DIBAL-H (3 eq), Toluene, -78 °C, 1h. viii. PBr3 (0.5 eq), THF, -10 °C, 30 min. xi. OPP (2 eq), MeCN 

followed by cation exchange (Davisson et al. method[110] see chapter 2). 
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3.2.2. 12,15-Dimethyl FDP synthesis 

 

(12,15)-Dimethyl FDP (148) was prepared via an 11-step synthesis (see Scheme 3-3). The 

first step was an allylic oxidation of commercially available geranyl acetate (155) using 

catalytic amount of selenium dioxide, salicylic acid and tert-butyl hydroperoxide.[138] Tert-butyl 

hydroperoxide has been used as co-oxidant to reduce toxic by-products and reoxidizes the 

selenium (II) compounds in situ. Relatively average conversion of the starting material was 

observed when the reaction was left overnight (40%). If left for too long, SeO2 can generate 

epoxides and diols hypothetically from perselenious acid species.[138] The reaction was 

therefore monitored by TLC until the majority of the starting material converted to either the 

allylic alcohol or aldehyde.   

 

 

Scheme 3-3 Synthesis of 12,15-dimethyl FDP Reagent and conditions i. SeO2 (0.1 eq), Salicylic acid 

(0.1 eq), tBuOOH (0.1 eq), DCM, 0 °C to R.T., 40 h then NaBH4 (2 eq), EtOH. ii. PBr3 (0.5 eq), THF, -

10 °C, 30 min. iii. MeMgBr (5 eq), Et2O, 0 °C, 2h. iv. PBr3 (0.5 eq), THF, -10 °C, 30 min. v. Ethyl 

acetoacetate (3 eq), NaH (3.5 eq), nBuLi (3.1 eq), THF, 0 °C. vi. LiOTf (3 eq), Tf2O (1.3 eq), NEt3 (3 

eq), DCM, 0 °C, 2 h. vii. CuCN (2.5 eq), EtMgBr (1.5 eq), THF, -78 °C, 3h. viii. DIBAL-H (3 eq), Toluene, 

-78 °C, 1h. ix. PBr3 (0.5 eq), THF, -10 °C, 30 min. x. OPP (2 eq), MeCN followed by cation exchange 

(Davisson et al. method[110] see chapter 2). 
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The crude mixture was then subjected to treatment with sodium borohydride to yield the 

alcohol (156) (80%). The compound 156 was then brominated using phosphorus tribromide 

followed by a methylation of C12 using methylmagnesium bromide as well as deprotection of 

the alcohol on C1 in one pot to yield the alcohol 157 (29% over 2 steps). To form the final 

compound 159, a chain elongation was necessary. Compound 157 was brominated using 

phosphorus tribromide and treated with the ethyl acetoacetate dianion as previously described 

above to yield the ,-ketoester 159 (52%). The resulting product was converted to the enol 

triflate 160 to allow the conjugate addition of an additional ethyl group on the -isoprene unit 

as described above (61% over 2 steps). Ester 161 was reduced using DIBAL-H (55%) to 158, 

followed by bromination using phosphorus tribromide and using Davisson et al. procedure to 

give the final compound and was used as the ammonium salt (148) (37%).[110] 

 

3.2.3. Incubation with GDS and variants  

 

An expression vector containing the gene for GDS (pET21d) was retrieved from the Allemann 

plasmid library and overexpressed in E. coli. BL21 DE3 at 37 °C for 4 hours. The resulting 

enzyme was purified by nickel affinity chromatography as previously described.[90] SDS-page 

can be seen in section 4.2.  

Because Touchet et al. reported that the 15-methyl FDP (162) and 14,15-dimethyl FDP (163) 

were very poor substrate for wild type GDS, it was anticipated that both 

6,15-dimethyl FDP (141) and 12,15-dimethyl FDP (148) would either be poor substrate or 

simply not turned over by GDS.[129] Nevertheless, both analogues were incubated with GDS. 

The hypothesis proved to be correct since both gas chromatograms from the incubations 

showed no signals (see Figure 3-2).  

 

Since no X-ray single crystal structure of GDS has been published before, a homology model 

of GDS was generated using I-Tasser[139] based on 5-epi AS from Nicotiana tabacum 

complexed with farnesyl hydroxyphosphonate (FHP) reported crystal structure (PDB-

5EAT).[140] 6,15-dimethyl FDP and 12,15-dimethyl FDP were then docked in the catalytic site 

in an attempt to identify critical residues hindering substrate folding (see Figure 3-3). 

Interestingly no immediate steric clashes were observed. 
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Figure 3-2 Total ion chromatograms of the pentane-extractable products arising from incubation of FDP 

and analogues with GDS. a. FDP with GDS b. 12,15-dimethyl FDP with GDS c. 6,15-dimethyl FDP with 

GDS. 

Touchet et al. reported that GDS Y406F variant was effective in converting 15-methyl and 

14,15-dimethyl FDP (163) with a higher catalytic efficiency (kcat/KM) than the wild type version 

(GDS Y406F: KM = 12.75 M, kcat = 0.00853 s-1; kcat/KM = 6.69 M-1.s-1; GDS WT KM = 3.6 M, 

kcat = 0.0094 s-1, kcat/KM = 2.6 M-1.s-1). On the other hand, Y524F variant showed reduced 

enzyme catalytic activity (KM = 5.34 M, kcat = 0.0143 s-1; kcat/KM = 2.669 M-1.s-1), while the 

W275F variant was found to be less efficient than Y406F variant (KM = 2.06 M, kcat = 0.0082 

s-1; kcat/KM = 3.971 M-1.s-1).[140] Touchet et al. also reported that 12-methyl FDP was naturally 

converted by the wild type version of GDS.[140] This potentially suggest that the Y406F variant 

could convert 12-15-dimethyl FDP (148). In the 6,15-dimethyl analogue (145) case, no 6-

methyl FDP analogue was reported to be converted by any sesquiterpene synthase.  It was 

therefore chosen to primarily determine if the Y406F variant was turning over these two new 

dimethylated FDP analogues as it appears that the Y406 residue play a key role for any C15 

methylated analogue. 
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Figure 3-3 Homology models of GDS with dimethylated analogues in the active site based on 5-epi AS 

from Nicotiana tabacum complexed with farnesyl hydroxyphosphonate (FHP) (PDB-5EAT)[140]. Red 

arrows indicate the additional unnatural methyl groups. 

A range of GDS mutants were present in the Allemann library. They were created using site 

directed mutagenesis by Dr. Touchet. Therefore, the plasmid containing the GDS Y406F gene 

was directly expressed and purified as previously described.[140]  Both analogues and FDP as 

a positive control were incubated with GDS Y406F. Unfortunately, no activity was observed 

for both analogues. Then a variety of Y406 variants containing changes to smaller residue 

than phenylalanine to further decrease potential steric hindrance (valine, leucine, and 

isoleucine), they again showed no activity towards both new analogues. Lastly GDS W275F 

variant was expressed and incubated with again no activity seen (summary of variants tested 

in Table 3-1). 

 

Table 3-1 Summar of all GDS variant tested with 6,15-dimethyl FDP and 12,15-dimethyl FDP. + sign 

indicates product was generated. – sign indicates no product was generated. 
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In conclusion, both 6,15-dimethyl FDP (145) and 12,15-dimethyl FDP (148) were not 

converted by GDS wild type or various GDS variants. Because these two analogues are not 

readily accepted by GDS, further active site engineering was not pursued. This non 

acceptance hints that 6,15-dimethyl germacrene D (164) and 12,15-dimethyl germacrene D 

(165) have no semiochemical activity based on the conclusion from Touchet et al.[140] 

3.3. TEMPLATING GDOLS FOR THE SYNTHESIS OF A CYCLIC ETHER 

 

Another approach to novel sesquiterpenes is to introduce a substituent or modify the FDP 

skeleton to divert the mechanism pathway. This has been illustrated in Chapter 1 with for 

example the destabilisation of intermediate carbocation through strategically placed fluorine 

in the FDP structure. Previous work in the group by Dr. Daniel J. Grundy explored the use of 

the 10,11-epoxide FDP (166) or 10-hydroxy-11-ene FDP (167) as a substrate for 

germacradien-4-ol synthase from Streptomyces citricolor (GdolS) to control the outcome of 

the cyclisation product.[129] GdolS is a 1,10-cyclase producing germacradien-4-ol (82) from 

FDP where the final step of the mechanism is the quenching of the carbocation by water (see 

Chapter 1, section 1.3.3).[141] Introducing the epoxide as a nucleophile would allow a possible 

capture of the farnesyl cation (168) and a final deprotonation of C12 of 169 would produce 

146.  

 

Scheme 3-4 Proposed reaction mechanism for the GdolS catalysed conversion of epoxide x to the 

medium sized terpene ether 146. 
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Alternatively, other products could be formed by cleavage of the C10-O bond followed by 

nucleophilic attack at C1 that might lead to a 12-membered ethereal carbocation (see Scheme 

3-4). Proton loss would give 170; a [1,2]-methyl shift from C11 followed by proton loss would 

result in 171 or 172 (see Scheme 3-4).  Dr. Grundy showed that the 10,11-epoxide FDP (166) 

was a substrate for GdolS and germacrene A synthase (GAS).[142] However, full 

characterisation of the product was not fully performed. In this section, full characterisation of 

the product generated by GdolS from 10,11-epoxide FDP will be performed. To do so, 166 

was synthesised and GdolS expressed in E. coli BL21 DE3. 

 

Synthesis of 10,11-epoxy FDP (166) can be performed in 4 steps from farnesyl acetate.[143] 

Stereospecific epoxidation of the 10,11 double bond using N-bromosuccinimide has been 

described before.[144] It generates a bromohydrin which can undergo a base-catalysed ring 

closure, with these conditions, the acetate group is deprotected at the same time and 

produces the 10,11-epoxy farnesol (144) in 80% yield over 2 steps. The alcohol is finally 

chlorinated, diphosphorylated using Davisson et al. procedure and used as the ammonium 

salt (166) (54%) (see Scheme 3-5).[110]  

An expression vector containing the gene for GdolS (pET16b-SC1) (a gift from Professor 

Ohnishi, University Tokyo) was overexpressed in E. coli. BL21 DE3 at 16 °C for 20 hours. The 

resulting enzyme was purified as previously described by nickel affinity chromatography. SDS 

PAGE was used to identify which fractions contained the protein of interest. (see Figure 

3-4).[141] 

 

 

Figure 3-4 Purification of germacradien-4-ol synthase. a. SDS-PAGE: analysis of the supernatant (SN) 

and pellet (PE) after sonication of the pellet after expression and purification by nickel affinity 

chromatography. Pierce™unstained protein MW marker was used as reference of protein size (L). 
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Scheme 3-5 i. NBS, THF/H2O ii. K2CO3, MeOH. iii. LiCl (4 eq), S-collidine (6 eq), MsCl (2 eq), DMF, 3h, 

0 °C iv. OPP (2 eq), MeCN followed by cation exchange (Davisson et al. method[110] see chapter 2). 

Then a preparative scale incubation in batch of 166 (60 mg) with GdolS (10 M in 50 mM Tris, 

5 mM -mercaptoethanol, 5 mM MgCl2, pH 7.5) was performed to give a colourless oil purified 

by preparative thin layer chromatography (5% ether in pentane, 30% yield) (see Figure 3-5).  

 

 

Figure 3-5 Total ion chromatogram of the pentane extractable compounds from the incubation of 10,11-

epoxy-FDP with Gdol4S. Major compound eluting at 15.52 min, side products at 15.83 min and 20.16 

min (compound eluting at 15.83 min identified to be 10,11-epoxyfarnesene by Dr. Grundy, unknown 

compound at 20.16 min). b. Mass spectrum of compound eluting at 15.52 min. c. Total ion 

chromatogram of purified oil from the incubation a. 
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To estimate the efficiency, with which GdolS turned over the 10,11-epoxy FDP, competitive 

incubations of 166 and FDP (14) with GdolS were performed and analysed by GC-MS to follow 

the relative production of germacradien-4-ol (82) and 146. Incubations of 3 M enzyme with 

0.125 mM 166 and 25 M FDP (14) led to similar turnover of the two substrates. This result 

suggests that turnover for the conversion of 10,11 epoxy FDP (166) by GdolS is about 20% 

of that of the natural substrate FDP. 

 

 

Figure 3-6 Relative quantities of products in a competitive assay of 10,11-epoxy FDP (0.125 mM) and 

FDP (0.025 mM) with GdolS as judged by relative integration of product peaks in the total ion 

chromatogram of the pentane extractable products. 

The incubation yield was then improved using the segment flow procedure developed for 

sesquiterpene synthases in the Allemann group by varying the residence time, ratio between 

organic and aqueous phase, concentration of GdolS, Mg2+ or pH (see Figure 1-20).[94,145] Tang 

et al. reported that reactors with 0.5 mm internal diameter (I.D.) yielded higher yields for 

aristolochene synthase (AS) and amorphadiene synthase (ADS) thanks to small segments of 

organic/aqueous phase. A increasing the ratio between the organic and aqueous phase 

reduces the size of segments and was shown to deactivate AS while optimal yields were 

obtained sung 4:1 ratio with ADS. Similar behaviour to AS is observed with GdolS (see Table 

3-2, entry 4 versus 7, 6, 10, 11). Overall, yields were found to be lower when pH was at 7.5 

instead of 8.0 and Mg2+ concentration at 5 mM instead of 7.5 mM. This supports the optimal 

condition results obtained by Dr. Grundy for GdolS optimal pH for steady-state kinetic 

measurements (Mg2+ = 5 mM, pH 8.0, [enzyme] = 30 nM).[142] Varying the enzyme 
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concentration did not greatly influence the yield while residence time from 60 min were 

observed to result in higher yields. The segmented flow procedure improved the yield to 75% 

(measured by GC) using 5 M concentration GdolS, 7.5 mM Mg2+, at pH 8.0 with a residence 

time of 60 min, and a ratio organic:aqueous phase of 1:1. 

 

Table 3-2 Optimisation of the incubation of 10,11-epoxyFDP with GdolS using flow segmented system. 

Yield measured by GC FID using farnesol as internal standard.  

 

 

Initial 1H-NMR spectroscopic analysis of the purified product at room temperature in CDCl3 

showed broad, poorly defined signals in some areas of the spectrum. This prevented a full 

assignment of the spectrum (see yellow spectrum on Figure 3-7) but allowed excluding 

several hypothetical structures (see Scheme 3-4). Four alkene protons were discernible in the 

region H = 4.5-5.5 ppm with a clear pair of singlets corresponding to an exo-methylene group. 

This ruled out structures 170 and 171 as reaction products (see Scheme 3-4). There were 

also three singlets corresponding to methyl groups between H = 1.5 and 2.0 ppm, ruling out 

structure 172, which would give a doublet for one of these resonances (see Scheme 3-4). 

However, the presence of several broad signals prevented a full assignment of the spectrum. 

Slow exchange on the NMR timescale at room temperature has been observed previously for 

similar medium sized ring systems;[70] hence variable temperature NMR spectra were 

measured between -50 °C and +50 °C. The structure was successfully elucidated at +50 °C. 

The NMR signals were much sharper at +50 °C and an ABX system corresponding to the 
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diastereotopic protons on C1 was identified between H = 3.6 and 4.0 ppm. The signals at 

H = 4.98 and 5.32 ppm also resolved into a triplet and a double doublet. They were assigned 

as the protons on C6 and C2 of 146 (Table 3-3 and Figure 3-9).  

 

 

Figure 3-7 1H-NMR spectra (400 MHz, CDCl3) of 146 from -50 °C to +50 °C (10 °C increment). 

A full assignment of the 1H and 13C NMR spectra is given in the section 6.1.28 (Materials and 

methods) and confirmed 146 as the major product generated by GdolS from 166. At -50 °C 

two conformations were apparent as indicated, for example, by the signal at H = 5.32 ppm 

corresponding to the proton on C2 split into two resonances at H = 5.19 and 5.48 ppm (Table 

3-3, Figure 3-7 and Figure 3-9.) in ~2:1 ratio. Resonances for the minor conformation of 146 

also appeared at -50 °C in all other regions of the spectrum, particularly clearly for the protons 

on C1 and C10 (H = 3.2 - 4.0 ppm) and in the alkyl region (see Figure 3-8). A NOESY 

spectrum at -50 °C showed several distinct NOEs (Figure 3-9) allowing some conformational 

restraints to be applied. Close proximity was apparent between the protons on C2 and C6, 

C13 and C15 and C10 and C12. Hence, the major conformation of (R)-146 is the down-down 
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form, in which C14 and C15 are on the same side of the ring system (Figure 3-9) with (S)-146 

being the mirror image. NOEs were not detectable for the minor isomer, however, the most 

significant changes in the 1H-NMR spectrum, as temperature decreased, corresponded to the 

protons on C1 and C2 suggesting that the minor conformer is the up-down conformation 

(Figure 3-9), where the methyl groups are on opposite sides of the 10-membered ring. These 

two alkyl groups change position most during the conformational transition. 

 

Figure 3-8 1H-NMR spectra (400 MHz, CDCl3) in the alkyl region ( = 1.3 - 1.8 ppm) of 146 

from -50 °C to +50 °C (20 °C increment). 

 

Figure 3-9 a. observed NOEs for x. b. Sketch of the proposed conformational equilibrium at -50 °C 

between the major down-down (CH3-14 and 15 compared) conformer of (R)-146 and the minor up-

down form. 
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Table 3-3 Proton NMR spectroscopic assignment of 146 at -50 °C and +50 °C. [a] All resonances are 

H (400 MHz, CDCl3) in ppm. Entries are chemical shift followed by multiplicity and coupling constants 

(Hz). 

 

 

3.4. VARIOUS FDP ANALOGUES SYNTHESISED IN THIS WORK  

 

Various analogues were synthesised for chapter 2 and chapter 4 studies. Their synthesis 

route is described below. 

3.4.1. 14,15-dimethyl FDP synthesis 

 

(14,15)-Dimethyl FDP (163) was prepared with the help of a project student, Clotilde Phillipe 

as part of the scope investigation of the one pot enzymatic diphosphorylation of polyprenol 

described in chapter 2 and the optimisation of the incubation conditions with the synthase is 

described in chapter 4 via an 11-step synthesis (see Scheme 3-6). Commercially available 

prenyl bromide (126) was subjected to chain elongation with a dianion prepared by treating 

ethyl acetoacetate successively with sodium hydride and n-butyl lithium (89%). The resulting 

compound (173) was then transformed in a stereoselective manner to the (Z)-enol triflate 

(quantitative) in order to yield 174 by a CuCN-mediated methylation using a Grignard reagent 

(61% over 2 steps). This placed the first methyl group on the future C14 (14,15)-dimethyl FDP 

(163). The ,-unsaturated ester 174 was then reduced with di-isobutyl aluminum hydride 



Chapter 3. Expanding the terpenome 

 89 

(DIBAL-H) to the alcohol (175, 88%). The latter was brominated using phosphorus tribromide 

(quantitative) and underwent a second identical chain elongation (176, 57%) followed by 

generation of the vinyl triflate and copper catalysed alkylation to produce 177 (60% over 2 

steps). Reduction of the alcohol with DIBAL-H afforded (14,15)-dimethylfarnesol (140, 88%). 

Bromination using phosphorus tribromide followed by diphosphorylation using Davisson et al. 

procedure gave the final compound (163) and was used as the trisammonium salt (24%).[110] 

 

 

Scheme 3-6 Synthesis of 14,15-dimethyl FDP Reagent and conditions. i. Ethyl acetoacetate (3 eq), 

NaH (3.5 eq), n-BuLi (3.1 eq), THF, 0 °C. ii. LiOTf (3 eq), Tf2O (1.3 eq), NEt3 (3 eq), DCM, 0 °C, 2 h. iii. 

CuCN (2.5 eq), EtMgBr (1.5 eq), THF, -78 °C, 3h. iv. DIBAL-H (3 eq), Toluene, -78 °C, 1h. v. PBr3 (0.5 

eq), THF, -10 °C, 30 min. vi. Ethyl acetoacetate (3 eq), NaH (3.5 eq), n-BuLi (3.1 eq), THF, 0 °C. ii. 

LiOTf (3 eq), Tf2O (1.3 eq), NEt3 (3 eq), DCM, 0 °C, 2 h. vii. LiOTf (3 eq), Tf2O (1.3 eq), NEt3 (3 eq), 

DCM, 0 °C, 2 h. viii. CuCN (2.5 eq), EtMgBr (1.5 eq), THF, -78 °C, 3h. ix. DIBAL-H (3 eq), Toluene, -

78 °C, 1h. x. PBr3 (0.5 eq), THF, -10 °C, 30 min. xi. OPP (2 eq), MeCN followed by cation exchange 

(Davisson et al. method[110] see chapter 2). 

 

3.4.1. 12-Hydroxy FDP synthesis 

 

12-OH FDP was prepared as part of the scope investigation of using novel methodologies for 

the incubation of sesquiterpenes synthases described in Chapter 4. This analogue was 
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synthesised using a previously reported synthetic route from farnesol.[146] The allylic alcohol 

farnesol (119) is first converted to the corresponding allylic chloride 178 using methane 

sulfonyl chloride with lithium chloride and 2,4,6-collidine. The resulting crude product is 

subjected to an allylic oxidation of its omega position using selenium dioxide in catalytic 

quantities together with salicylic acid and tert-butyl hydroperoxide giving 179 in 50% yield. It 

is finally diphosphorylated using the procedure of Davisson et al. yielding 111, 46%) and used 

as its trisammonium salt (46%).[110] 

 

  

Scheme 3-7 Synthesis of 12-OH FDP Reagent and conditions. i. LiCl (4 eq), 2,4,6-collidine (6 eq), MsCl 

(2 eq), DMF, 3h, 0 °C ii. SeO2 (0.1 eq), Salicylic acid (0.1 eq), tBuOOH (0.1 eq), DCM, 0 °C to R.T, 20 

h. iii. (Bu4N)3OPP (2 eq), MeCN followed by cation exchange (Davisson et al. method[110] see chapter 

2). 

3.4.2. 8-Methoxy FDP and 12-methoxy FDP synthesis 

 

8-Methoxy FDP (8-OMe FDP) and 12-methoxy FDP (12-OMe FDP) were prepared to 

understand the promiscuity of the two enzymes used in the one pot enzymatic 

diphosphorylation of polyprenols described in Chapter 2. Synthetic routes to both analogues 

have been reported previously and they were prepared in the same manner.[78] The five-step 

synthetic route is similar for both compounds. It starts from the protection of the hydroxy group 

of commercially available farnesol with 3,4-dihydropyran to give (181) in quantitative yield. It 

is followed by an allylic oxidation using catalytic amount of SeO2 as previously described in 

section 3.2. Major products formed are from an allylic oxidation on C12 and C8. Compound 

can be purified at this stage to give 182 and 183 in 14%, and 46% yield, respectively.  This is 

followed by methylation using sodium hydride and methyl iodide yielding 184 and 185 in 69% 

and 67% yield respectively. Both compounds are deprotected with catalytic amount of 

p-toluenesulfonic acid to yield 8-OMe farnesol (143, 86%) and 12-OMe farnesol (142, 73%).  
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Scheme 3-8 Synthesis of 8-OMe FDP and 12-OMe FDP. Reagent and conditions. i. 3,4-dihydropyran 

(1.1 eq.), pyridinium p-toluenesulfonate (0.1 eq), DCM 1 h. ii. SeO2 (0.1 eq), salicylic acid (0.1 eq), 

tBuOOH (0.1 eq), DCM, 0 °C to R.T., 20 h. iii. NaH (1.5 eq), MeI (5 eq), THF, 0 °C, 24 h. iv. 

p-toluenesulfonic acid (0.1 eq), MeOH, 1 h. 

3.5. SUMMARY 

 

Several FDP analogues were synthesised and incubated with sesquiterpene synthases to 

create novel sesquiterpenes. Although a similar approach to Touchet et al. work was used, 

6,15-dimethyl FDP (145) and 12,15-dimethyl FDP (148) proved to not be accepted by (S)-

germacrene D synthase or published variants. This shows a limitation to the chemoenzymatic 

method to create novel sesquiterpenoids. Further knowledge needs to be gathered to 

engineer proteins to accept unnatural substrate. In this case, obtaining of an X-ray crystal 

structure of GDS would greatly facilitate the process.  On the other hand, it was verified that 

having an in-built nucleophile on the starting substrate allowed trapping an intermediate cation 

in the mechanism, here the farnesyl cation. The 10,11-epoxy FDP (166) was turned over by 

GdolS to a 11-membered cyclic ether and fully characterised using variable temperature NMR 

spectroscopy. 
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CHAPTER 4  

NOVEL METHODOLOGIES FOR SESQUITERPENE 

CATALYSIS 
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4.1. PREFACE 

 

This chapter will present both an optimisation of the synthesis of the high-value compound 

(S)-14,15-dimethylgermacrene through segmented flow chemistry, in addition to results of a 

novel application of an oscillatory segmented flow system and a high-performance counter-

current chromatography system (HPCCC) for the enzyme-catalysed production of 

sesquiterpenes. As discussed in chapter 1, in nature sesquiterpenes are synthesised in a 

single step from FDP in exquisite regioselective and stereospecific pathways by 

sesquiterpene synthases. Researchers have used recombinant sesquiterpene synthases 

expressed in E. coli to produce and expand the terpenome in search of novel compounds with 

biological or synthetic uses as an alternative to low-yield plant extraction or costly total 

synthesis. The bottleneck of this approach is the typically high hydrophobicity of the 

sesquiterpene products causing catalysis of the enzyme to slow down or even stop, this can 

be overcome with the use of biphasic systems. In this work, a biphasic segmented flow system 

was used to improve the conversion of 14,15-dimethyl FDP (163) to (S)-14,15-

dimethylgermacrene D (86) by (S)-GDS Y406F through design of experiment (DoE). Although 

being a relatively high yielding procedure, the production rate was not sufficient to deliver the 

compound within a reasonable time frame for external studies of the potency of the compound 

as a semiochemical. For this reason, an oscillatory segmented flow and a HPCCC system 

were alternatively considered with several STS to improve the yield and reduce the reaction 

time. The oscillatory system proved to deactivate the enzyme leading to low yields. On the 

other hand, excellent results with the HPCCC lead to further investigation of this novel method 

with other enzymes. The HPCCC system was successfully applied to sesquiterpene 

synthases and lipases. This work has demonstrated the versatility of the HPCCC as reaction 

vessel for enzyme-catalysed batch and continuous processes. 

  

4.2. EXPRESSION AND PURIFICATION OF SESQUITERPENES SYNTHASES 

 

Recombinant aristolochene synthase (AS) from Penicillium roqueforti, amorphadiene 

synthase (ADS) from Artemisia annua and (S)-germacrene D synthase (GDS) from Solidago 

canadensis were obtained from the Allemann group gene library, expressed in E. coli BL21 

(DE3) RP, E. coli BL21 (DE3), E. coli BL21 (DE3) respectively and purified as previously 



Chapter 4. Novel methodologies for sesquiterpene catalysis 

 96 

described.[129,145] SDS polyacrylamide gel electrophoresis (SDS PAGE) was used to verify 

protein overexpression and purification (see Figure 4-1). Due to the presence of a histidine 

tag in the recombinant ADS, GDS and GDS Y406F enzymes, these enzymes were able to be 

purified by nickel affinity chromatography (see chapter 2, section 2.2.1). Purification by this 

method typically gave a purity of 95% as judged by SDS-PAGE (see Figure 4-1, Figure 4-2). 

AS on the other hand, was purified by anion exchange column (Quaternary (Q) Sepharose) 

(see Figure 4-1). This purification technique allows binding of the charged enzyme to the 

oppositely charged resin. An increasing gradient of sodium chloride buffer was then used to 

elute the protein with high purity from the column. Protein concentrations were estimated using 

the Bradford method with commercial bovine serum albumin as calibration standard and 

aliquots of enzyme were stored in 10% glycerol at –20 °C until further use.[147]  

 

 

Figure 4-1 Purification of ADS and AS, red arrows indicating the enzyme. a. ADS: SDS-PAGE analysis 

of the supernatant after sonication, pellet (PE) and supernatant (RAW) after basic extraction of the 

pellet after sonication followed by purification by nickel affinity chromatography of the RAW (expected 

MW: 66 kDa). b. AS: SDS-PAGE analysis of the supernatant after sonication, pellet (PE) and 

supernatant (RAW) after basic extraction of the pellet after sonication followed by purification by anion 

exchange Q-sepharose of the RAW (expected MW: 39 kDa). 

Products generated by sesquiterpene synthases in this chapter using various methods 

(segmented flow, oscillatory segment flow or HPCCC) were analysed by GC-MS and 

compared to the literature data to identify the compounds. Gas chromatograms and mass 

spectra of the products are presented below (see Figure 4-3 to Figure 4-6). All techniques 

generated the expected product with similar amounts of side products compared to reported 

literature except for AS where surprisingly under 3% of germacrene A was observed as side 

product.[148–151] 
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Figure 4-2 Purification of GDS and GDS Y406F, red arrows indicating the enzyme. a. GDS: SDS-PAGE 

analysis of the supernatant after sonication, pellet (PE) and supernatant (RAW) after basic extraction 

of the pellet after sonication followed by purification by nickel affinity chromatography of the RAW 

(expected MW: 63 kDa).  b. GDS Y406F: SDS-PAGE analysis of the supernatant after sonication, pellet 

(PE) and supernatant (RAW) after basic extraction of the pellet after sonication followed by purification 

by nickel affinity chromatography of the RAW (expected MW: 63 kDa) 

 

 

Figure 4-3 GC-MS analysis of the pentane extractable compounds arising from the incubation of FDP 

with ADS a. Total ion chromatogram highlighting the formation of one major product with a retention 

time of 12.53 min. b. Corresponding mass spectrum of the corresponding compound eluting at 12.53 

min. 
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Figure 4-4 GC-MS analysis of the pentane extractable compounds arising from the incubation of FDP 

with AS. a. Total ion  chromatogram highlighting the formation of one major product with a retention 

time of 12.68 min. b. Corresponding mass spectrum of the corresponding compound eluting at 12.68 

min. 

 

Figure 4-5 GC-MS analysis of the pentane extractable compounds arising from the incubation of FDP 

with GDS. a. Total ion chromatogram highlighting the formation of one major product with a retention 

time of 12.63 min. b. Corresponding mass spectrum of the corresponding compound eluting at 12.63 

min. 
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Figure 4-6 GC-MS analysis of the pentane extractable compounds arising from the incubation of FDP 

with GDS Y406F. a. Total ion chromatogram highlighting the formation of two products, predominant 

one with a retention time of 15.06 min. b. Corresponding mass spectrum of the corresponding 

compound eluting at 15.06 min identified as the 14,15-dimethylgermacrene D. 

4.3. (S)-14,15-DIMETHYLGERMACRENE D SYNTHESIS USING A 

SEGMENTED FLOW SYSTEM 

 

Owing to the promising semiochemical activity of the (S)-14,15-dimethylgermacrene D (86)  

(see Chapter 1, section 1.4.1), an efficient and up-scalable route to this compound is essential 

for its commercialisation.[129] Extensive efforts were therefore devoted to the optimisation of 

the (S)-14,15-dimethylgermacrene D synthesis as the compound was needed for field trials 

(10 - 50 mg). Following previously reported work in the Allemann group,[94,145] a segmented 

flow system was created by injecting an aqueous phase (a solution containing the enzyme 

and the substrate) and an organic phase (an organic solvent) through a T-mixer. The 

conversion of the substrate to the product by the enzyme naturally took place in the aqueous 

phase and the organic phase was continuously extracting the product to drive the reaction 

equilibrium toward the product and increase the reaction’s yield.  A DoE (design of 

experiment) approach was used in the past.[145] However, only the one variable at a time 

method (OVAT) had been used to improve GDS conversion yield.[94] Moreover, only a few 

factors were taken into account such as the internal diameter of the reactor tubing, the 

residence time, ratio between the organic and aqueous phase and enzyme concentration. 

Therefore, a screening design using a two-level fractional factorial design was carried out to 

characterise the major factors impacting on the yield, quantify their effects and interactions 

between each other. Eight parameters were chosen, namely:  
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- the sesquiterpene synthase concentration used in the incubation buffer (A),  

- the substrate (FDP) concentration (B),  

- the pH of the incubation buffer (C),  

- the Mg2+ concentration in the buffer (D),  

- the residence time (linear flow velocity) of the reaction (E),  

- the inner diameter (I.D.) of the tubing reactor (F),  

- the ratio between the organic and aqueous phase (G),  

- the temperature (H).  

Factorial designs are used to evaluate the importance of a factor to a process. In the case of 

8 factors being considered, a full factorial design requires running 256 experiments.[152] In 

practice, this is time consuming and costly to run such high number of reactions. A fractional 

factorial design was therefore used to reduce the number of runs. A  2𝐼𝑉
8−6 fractional factorial 

design with 4 additional central points was chosen because running 20 experiments allowed 

factors being differentiated from two-factor interactions hence reducing aliases (confounded 

effects).[152–154] This type of DoE design is a resolution IV design meaning two-factor 

interactions can be confounded with other two-factor interactions.[152,155] However, statistically 

only few factors will be found to be important among the 8 and two confounded interactions 

are most likely containing a significant factor.[155] Pentane was chosen as the organic solvent 

because of its high log P. Moreover, no product was observed when extracting with toluene, 

acetonitrile, dichloromethane or ethyl acetate. Using hexane and heptane gave lower 

extraction yields (determined by GC-MS with -humulene as internal standard), respectively 

29% and 35% compared to 46% with pentane (results not shown here). Heptadecane was 

then chosen as the internal standard for further studies. The enzyme in buffer and the 

substrate were premixed, and the reaction was not quenched as previous studies have shown 

no impact on product yield.[94] 2-Mercaptoethanol (5 mM) and bovine serum albumin (0.1%) 

were added to prevent enzyme aggregation and help improve enzyme stabilisation. Finally, 

the third reaction volume was collected and analysed by GC. Yields are reported in Table 4-1.    
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Table 4-1 Results of DoE experiments for GDSY406F in flow. Yields were analysed by GC MS and 

calculated by using heptadecane as internal standard. *yield measured by GC FID. Experiments with 

(-) did not give any results due to technical issues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Design Expert® Version 10 software[156] was used to analyse the data. Figure 4-7 represents 

the half-normal probability plot which shows ordered estimated factor effects from less 

important (right) to most important (left). Points away from the straight red line are significant 

factors, blue represents a negative factor while orange a positive factor.  

 

A (mM) B (mM) C D (mM) E (min) F (mm) G(orga:aq) H (°C) Yieldb  

0.003 0.35 8.5 5 30 0.5 3 37 5% 

0.015 0.35 8.5 15 60 0.8 3 37 7% 

0.003 0.1 8.5 15 60 0.5 1 37 24% 

0.003 0.35 7.5 15 60 0.5 3 20 5% 

0.015 0.1 8.5 15 30 0.5 3 20 46% 

0.015 0.35 7.5 15 30 0.5 1 37 18% 

0.015 0.1 7.5 5 60 0.5 3 37 - 

0.003 0.1 7.5 5 30 0.5 1 20 21% 

0.003 0.35 8.5 15 30 0.8 1 20 10% 

0.009 0.23 8 10 45 0.5 2 28.5 - 

0.003 0.35 7.5 5 60 0.8 1 37 6% 

0.015 0.1 7.5 15 60 0.8 1 20 66% (60%*) 

0.009 0.23 8 10 45 0.8 2 28.5 41% 

0.015 0.35 7.5 5 30 0.8 3 20 17% 

0.015 0.1 8.5 5 30 0.8 1 37 38% 

0.003 0.1 7.5 15 30 0.8 3 37 87% 

0.003 0.1 8.5 5 60 0.8 3 20 34% 

0.015 0.35 8.5 5 60 0.5 1 20 11% 

0.009 0.23 8 10 45 0.5 2 28.5 35% 

0.010 0.35 7.5 10 45 0.8 2 28.5 47% 
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Figure 4-7 Half-Normal Plot of effects resulting from the fractional factorial two-level design of 

experiment. In blue negative effects and orange positive effects on the yield. 

 

This study showed that two factors out of the eight were predominantly influencing the yield. 

First substrate concentration was found to have a highly negative impact the yield when 

increased (from 0.1 mM to 0.35 mM), while high pH is detrimental. It is known that enzymes 

have an optimal pH were activity is at its highest. The concentration, on the other hand, reveals 

that when using a segmented flow system, a low concentration is needed to maximise the 

yield of the reaction. Moreover, it is worth noting that the interaction of the enzyme 

concentration and the tubing diameter negatively influences the yield. This can be explained 

by the fact that increasing the diameter increases the segment size and leads to an insufficient 

interfacial area, hence giving a lower yield. Despite a high yield (87%) observed in one of the 

DoE experiments, this system quickly proved to be inefficient on lab scale. Using these 

conditions with a 2 mL reactor would only yield 1 mg in 56 hours, it was also not possible to 

leave the system unattended for long periods due to enzyme precipitation leading to blockage 

of the tubing. If the conditions giving 66% GC yield were used, the reaction would take less 



Chapter 4. Novel methodologies for sesquiterpene catalysis 

 103 

time as the ratio between organic and aqueous phase was smaller, however due to the 

residence time being doubled, it would still take 74 hours to produce 1 mg. Increasing the 

flowrate for faster production was also impossible due to the length of tubing required, leading 

to an extremely high back pressure rendering the system unusable. Moreover, due to an 

excessive amount of emulsion at the exit of the reactor, loss of product occurred reducing the 

yield even further. Therefore, despite promising yields during the DoE, an alternative method 

was required for production of the desired sesquiterpene on a reasonable scale. 

 

4.4. OSCILLATORY SEGMENTED FLOW SYSTEM 

 

A potential improvement of the existing flow segmented system was investigated with the 

oscillatory multiphase flow method. This procedure is a variant of the segmented flow where 

an oscillation of the liquid/gas segments is induced to increase mixing and interfacial area.[157] 

Oscillation of the droplets (i.e. segments of liquid) can be achieved by applying an alternative 

pressure gradient on one end of the tubing. In the literature, researchers have used this 

method to improve chemical as well as some biochemical reactions.[157] A programmable 

syringe pump (Modular lab) with infuse/withdraw capabilities connected to a flow reactor 

similar to the one used in the paragraph above (see 4.3) was used to induce this oscillatory 

motion in the segments (Figure 4-8). This would enhance the mixing and mass transfer 

between the two immiscible liquids. Aristolochene synthase from Penicillium roqueforti, 

amorphadiene synthase from Artemisia annua and (S)-germacrene D synthase from Solidago 

canadensis were chosen as model enzymes for the study and preliminary experiments were 

performed at different oscillation rates to evaluate the efficiency of this methodology. A 4 mL 

reactor (I.D. 0.5 mm) was used and filled with 0.5 mL of water then a segmented system (V = 

2 mL) was prepared by injecting at the same flowrate through a T mixer a solution of pentane 

containing -humulene as internal standard and an aqueous solution containing the enzyme 

and FDP, resulting in segments of a similar size. Then 0.5 mL of water was injected to fill the 

rest of the reactor, and the oscillatory motion was then created by withdrawing and reinjecting 

the last 0.5 mL of water at a determined flow rate (0.050 mL.s-1, 0.1 mL.s-1 or 0.2 mL.s-1). After 

1 h at room temperature, the reactor full content was collected and the organic phase 

separated, reaction yield was calculated by GC MS using the internal standard.  
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Figure 4-8 a. Schematic representation of the oscillatory segmented system used. A. reservoir 

containing pentane B. reservoir containing the enzyme in buffer and FDP. The modular system allows 

drawing liquid from the reservoir when the valve in closed in position 3 and open in position 1 and 2. 

Liquid is injected in the flow reactor when valve is switched to position 2 closes and open for 1 and 3. 

Oscillatory motion in the reactor is created by both syringes simultaneously pushing and drawing liquid 

with position 2 closed and 1 and 3 open. b. Results from performing the biocatalysis in an oscillatory 

segment system. Yields were obtained using GC-MS and calculated by using -humulene as internal 

standard.  

 

In almost all the cases, oscillatory segmented flow led to lower yields with increasing 

oscillation rate (see Figure 4-8). Upon collection of the reactor content, a significant amount 

of precipitated enzyme was also observed in all reaction conditions, this potentially indicates 

that contact between the enzyme and the organic phase was too high and the mixing too 

strong. As a result, generally low yields (45-65% for AS, 16-29% for ADS, 3-5% for GDS) were 

observed from this method which correlated with a low enzyme activity caused by the type of 

mixing the oscillatory motion created. This method do not perform better than traditional batch 

reaction (10-45% yield) or flow-segmented systems (50-97% yield).[94,145] It is apparent that 

this method is unsuitable for such enzyme, GDS appears, in particular, more prone to lose 

activity in contact to pentane. Therefore, the oscillatory segmented flow system was not further 

investigated.  
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4.5. HPCCC 

 

The high-performance counter-current chromatography (HPCCC) has been traditionally used 

as a liquid/liquid chromatography to separate mixtures of natural compounds or to purify 

pharmaceuticals on analytical or industrial scales.[158–164] Recent developments in this field 

have made robust, reliable, high flow counter-current instruments commercially available. 

There are currently several types of CCC instruments but only the J-type machine has been 

used in this work.[159] A J-type equipment is designed in a way in which the tubing do not get 

twisted while it is rotated, this allows a continuous use of the machine without the need of 

performing regular maintenance.  

In contrast to high-performance liquid chromatography (HPLC), the stationary phase is a liquid 

phase in the HPCCC. The two liquids in the HPCCC are defined as follows: one liquid is 

stationary in the column (the stationary phase) and the other is pumped through it (the mobile 

phase). The HPCCC system uses a PTFE tubing wrapped in a coil onto a drum (bobbin) (see 

Figure 4-9). Each HPCCC has two bobbins. The bobbins (hence the coil) are rotated in a 

planetary motion that creates a radial centrifugal force. The immobile liquid phase is held 

stationary in the coiled tubing through those centrifugal forces. The second (mobile) liquid 

phase, immiscible with the stationary liquid phase, is at the same time pumped through the 

system. In CCC, two terms are important to define: the “head” which is where the liquid is 

pushed out of the coil and the “tail” in opposition to the “head”. Depending on the rotation 

direction, the head and tail position will change. During a run, the lighter phase (here the 

pentane) will always move toward the “head” while the heavy phase will remain at the “tail”. 

Therefore, when choosing the lighter phase as the mobile phase, the liquid needs to be 

pumped through the tail so it goes through the heavy phase, making the heavy phase unable 

to exit the column. This is how the heavy phase will stay stationary on the column. This is 

called tail-to-head direction or normal phase mode of the HPCCC. The HPCCC can also be 

run in reverse mode (head-to-tail). Experiments in this chapter were performed on a Dynamic 

Extractions Spectrum instrument (Slough, UK) which was fitted with an analytical scale 

column with a volume of 22 mL (0.8 mm I.D. PTFE tubing) and a semi-preparative scale 

column with a volume of 135 mL (1.6 mm I.D. of 1.6 mm PTFE tubing). However, a range of 

HPCCC instruments exist and reactors are available up to 18 L.  
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Figure 4-9 High-performance counter-current chromatography (HPCCC) device. a. Schematic view 

showing only one of the two bobbins for clarity. (Huynh F. et al., 2020) b. Showing the settling and 

mixing zone in the HPCCC column generated by variable centrifugal forces induced by the planetary 

motion of the bobbin. The mixing zone is situated toward the centre of the axis of revolution coinciding 

with a low acceleration field and the settling zone coinciding with the high acceleration field away from 

the centre of revolution. c. Photo of the HPCCC showing the two bobbins and its rotation in the 

apparatus. Photo of the HPCCC extracted and adapted from Dynamic extraction® presentation by Dr. 

David J. Rooke. 

Because the bobbin revolves around the central axis while simultaneously rotating around its 

axis at the same velocity, it creates an effect similar to wave mixing with up to 4.8 million 

partitioning steps per hour.[165] This results in a better surface area between the two phases 

and therefore a potential higher mass-transfer rate than the batch system and the segmented 

flow system (see Figure 4-10). Moreover, the constant change between settling and mixing 

constantly renews the interfacial area which should push the equilibrium of the reaction 

towards the sesquiterpene product. Thus, providing an ideal platform to improve the 

biosynthesis of product-inhibited enzymes such as sesquiterpene synthases. In this chapter, 

we proposed to use the HPCCC as a reactor for catalysis with the stationary phase containing 

the synthase and substrate while passing through an organic phase to continuously extract 

the product. In an early publication, the use of a counter current chromatography device for 

an enzymatic ester hydrolysis has been described. However, few details are given in the 
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seminal publication.[166] A later report described the use of the centrifugal partition 

chromatography equipment (CPC) as a reactor for biocatalytic esterification.[167]   

 

 

 

Figure 4-10 Comparison of the diffusion pattern of different biphasic processes. a. batch in a stirred 

tank. b. segmented flow. C. high-performance counter-current chromatography in normal phase, the 

organic phase is flowing, alternative segments are forming and mixing and settling zones are appearing. 

First, a method was developed to set up the HPCCC as a reactor for biocatalysis. The HPCCC 

was used in normal phase therefore, with the stationary phase as the aqueous phase 

containing the enzyme and the substrate (FDP, 14) in catalysis buffer, and the mobile phase 

as the organic solvent, pentane. To set up a reaction, the column was filled firstly with pentane 

(Vc,P) (Step 1) followed by Vaq mL of aqueous buffer containing enzyme (Step 2). At this stage, 

the tubing contains two segments as depicted in Figure 4-11. Then the rotation of the bobbin 

is turned on and pentane is pumped from tail-to-head to equilibrate the system, forming a true 

stationary phase and a mobile phase. (Vc,P – Vaq) mL of injected organic phase will exit the 

column before the system is equilibrated. We define this time as the equilibration phase. After 

this period any pentane that exits the column will have undergone intense mixing with the 

stationary phase and is therefore collected for analysis. 
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Figure 4-11 Setting up the HPCCC to perform a biphasic reaction using sesquiterpene synthases and 

pentane as extraction solvent. (Huynh F. et al., 2020) 

 

The conversion of FDP (14) to (1R,7R,8aS)-aristolochene (72) by AS was first examined. 

Purified enzyme (6 M) and FDP (0.35 mM) in a buffer solution (20 mM Tris base, 5 mM 2-

mercaptoethanol, 10% glycerol, 3 mM MgCl2, pH = 7.5) was loaded into a pentane-filled 

analytical column (22 mL volume) to form a stationary phase. Buffer, substrate and enzyme 

concentration were kept identical to those previously used for batch and segmented flow 

experiments. To assess the efficiency of HPCCC, it was first determined how long the mobile 

phase needed to be circulated to reach a plateau in reaction yield. The pentane was collected 

in 5 mL fractions and analyzed by GC FID. The yield was calculated by comparing peak areas 

of the product to a calibration curve using α-humulene. Surprisingly, over 95% yield (measured 

by GC FID) was reached in less than one column volume (CV) at a flow rate of the mobile 

phase of 0.5 mL•min-1 (see Figure 4-12). The first phase depicted in blue on the graph is the 

equilibration of the biphasic system. It was collected and analysed to verify that no product 

was contained in those fractions. The residence time is defined as the ratio between the 

volume of the mobile phase in the reactor and the flow rate of the mobile phase. Control 

reactions (no substrate or no enzyme) were negative. To further investigate the potential of 

the HPCCC, the concentration of the substrate was doubled (0.7 mM) to increase the scale 

of the reaction. This did not impact on the turnover as the same range of yield was achieved 

after 0.5 CV. Above 0.7 mM, precipitation of a white solid occurred making it impossible for 

higher FDP concentrations to be tested.   
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Figure 4-12 Time course for the AS-catalysed conversion of FDP to (1R,7R,8aS)-aristolochene in the 

HPCCC system (6 μM AS, 0.35 mM FDP, 0.5 mL•min–1 pentane flow rate), determined by GC-FID. 

(Huynh F. et al., 2020) 

The flow rate was next increased from 0.5 mL.min-1 to 2 mL.min-1, to give a four-fold reduction 

in reaction time. The increased flow rate proved greater than the retaining centrifugal force 

exerted on the aqueous phase leading to loss of the stationary phase when using 2 mL.min-1 

flowrate. This is due to the amount of retained stationary phase being closely correlated to its 

density, the revolving speed of the coil, and the flow rate of the organic phase. The relationship 

between the rotation speed, flow rate and composition of the incubation buffer was therefore 

characterised using the value Sf to determine the best parameters to use for faster reaction 

time (see Figure 4-13). The percentage retention of the stationary phase relative to the total 

column volume is defined as Sf using the following equation: 

 

𝑆𝑓 (%) =
𝑉𝑐 − (𝑉𝑑 − 𝑉𝑒𝑐)

𝑉𝑐
  ×  100 

 

where Vc is the volume of the column, Vd is the measured displaced volume at the exit, Vec is 

the volume resulting from the tubing linking the two bobbins, valves or tubing connecting the 

column to the pumps (for this system is was determined to 1 mL).  
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Figure 4-13 Left: Characterisation of the relationship between the pentane flow rate and glycerol content 

of the aqueous phase on the stationary phase retention Sf. The surface highlights that Sf is severely 

reduced with glycerol in the buffer and a high flow rate. Right: Characterisation of the relationship 

between the pentane flow rate and rotation speed of the bobbin on the stationary phase retention Sf. 

Surface highlights that Sf is severely reduced with low rotation speed and high flow rate. (Surface 

rendered using Matlab 2018b). Sf: Percentage retention of the stationary phase relative to total column 

volume. (Huynh F. et al., 2020) 

 

Sf is observed to be severely reduced when increasing glycerol %, flow rate or decreasing the 

rotation speed. Glycerol is usually required to maintain the stability of the sesquiterpene 

cyclases in flow and batch, but the additional density it provides reduced Sf (see Figure 4-13). 

However, the reaction time when using HPCCC is so short it can be potentially omitted 

entirely. Therefore glycerol was removed from the incubation buffer and rotation speed set to 

1600 rpm to retain as much aqueous phase as possible in the column which is approximately 

half of the column volume (10 mL) at a pentane flow rate of 2 mL.min-1. The reaction was 

performed again using AS (6 M) and FDP (0.70 mM). This increased flow rate did not 

negatively impact the yield (see Figure 4-14) and reduced the reaction time from 44 to 11 

minutes. Thus, HPCCC was demonstrated to be more efficient than segmented flow with a 

~10-fold shorter reaction time.  
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Figure 4-14 Time course for the AS-catalysed conversion of FDP to (1R,7R,8aS)-aristolochene in the 

HPCCC system (6 μM AS, 0.7 mM FDP, 2 mL•min–1 pentane flow rate), determined by GC-FID. (Huynh 

F. et al., 2020) 

 

Considering these results, these optimised conditions were applied to several different 

sesquiterpene synthases using FDP  as well as a modified analogue, 12-OH FDP (111) with 

ADS. Batch, segmented flow and HPCCC reactions were performed to compare the three 

methods. Incubation buffers, enzyme and substrate concentration for each reaction were as 

follows:   

 

Table 4-2 Incubation conditions for batch, flow and HPCCC set-up. 
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Batch reactions were run for 24 hours with pentane (10 mL) overlaying the aqueous phase 

(10 mL). Yields were calculated by spiking a known volume of pentane with -humulene or 

synthesised farnesal. The segmented flow reactions were run in 2 mL PTFE tubing (0.5 mm 

I.D.) using a ratio of 1 between organic:aqueous phase, except for ADS with 12-OH-FDP 

where 0.5 ratio (organic:aqueous) was used. Different residence times were used: 90, 70, 100 

and 90 min for AS, ADS, GDS and ADS + 12-OH-FDP respectively. Vastly improved yields 

(up to 99% by GC FID) were observed compared to batch synthesis (21-32%, see Figure 

4-15) or segmented flow synthesis (57-96%). GDS proved to be more difficult to use in the 

HPCCC without glycerol, therefore 10% was added and residence time increased to 14 min 

to retain the same amount of aqueous phase in the HPCCC. 

 

Figure 4-15 Comparison of the batch, segmented flow and HPCCC method for different substrates by 

PR-aristolochene synthase (AS), amorphadiene synthase (ADS) and (S)-germacrene D synthase 

(GDS). Yields were determined by GC-FID and calculated by using a calibration curve plotted with -

humulene. (Huynh F. et al., 2020) 

HPCCC has been previously reported to scale well when used for purification.[164] To verify if 

this statement applies to this new methodology, the optimized conditions were tested with AS 

using a larger HPCCC column (135 mL). In this case, 0.7 mM FDP was used, and 65 mL was 

retained on the column. A similar extraction profile was obtained to those for the smaller 

column (see Figure 4-16). Reactions were repeated four times to obtain a substantial amount 

of compound and avoid the loss of material due to evaporation. This resulted in excellent 



Chapter 4. Novel methodologies for sesquiterpene catalysis 

 113 

isolated yields (see Figure 4-16) in good agreement with those measured by GC-FID for the 

smaller column.  

 

 

Figure 4-16 a. Time course for the AS-catalysed conversion of FDP to (1R,7R,8aS)-aristolochene in 

the preparative column of the HPCCC system (6 μM AS, 0.7 mM FDP, 5 mL•min–1 pentane flow rate), 

determined by GC-FID. b. Isolated yields for different substrates by PR-aristolochene synthase (AS), 

amorphadiene synthase (ADS) and (S)-germacrene D synthase (GDS).  The reaction products are 

shown performed on a preparative scale with a 135 mL HPCCC column using the optimised conditions 

(pentane flow rate: 5 mL•min–1), each reaction was repeated four times to increase amount of product 

and reduce product loss when removing pentane under reduced pressure. (Huynh F. et al, 2020) 

As expected, reactions of FDP with AS, ADS or GDS using the HPCCC formed >90% of the 

major product, and 30-35 mg were isolated, highlighting the practicality of this method for 

producing meaningful quantities of sesquiterpene products. The reaction of 12-OH FDP with 

ADS generated three products in the pentane phase, as previously reported.[151] Due to the 

relative ease of scale-up, enough material was produced to purify the products generated by 

ADS from 12-OH FDP, resulting in isolation of the previously uncharacterised side product 

(see Figure 4-17). In the original publication from Derimay et al., aldehydes 112 and 113  could 

not be purified from the side product observed in the GC spectrum at 14.83 min and it was 

therefore tentatively proposed to be the enol form of aldehyde based from the compound’s 

mass spectrum and experiments in deuterated buffer.[151] Carrying out the incubation in 

deuterated buffer resulted in the incorporation of a deuterium in solely 11S-112 epimer. It was 

therefore hypothesised that 11S-112  could be deprotonated by the enzyme to form the enol 
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and then tautomerise to the 11S-112 aldehyde while once 11R-113 is produced, it remains as 

a stable conformer. 

 

Figure 4-17 Total ion chromatograms and mass spectra of the pentane extracted products arising from 

the incubation of 12-OH FDP with ADS by HPCCC. a. Total ion chromatogram with three compounds 

eluting at 14.83 min (side product), 15.08 min (R-DHAA), 15.12 min (S-DHAA) b. Flame ionisation 

detection chromatogram (chiral column) with three compounds eluting at 15.03 min, 15.57 min, 15.66 
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min. c. Total ion chromatogram of purified aldehydes. d-e. Mass spectrum of compound eluting at 15.08 

min and 15.12 min. f. Purified side product chromatogram. g. Mass spectrum of compound eluting at 

14.83 min. 

The purified side product with a retention time of 14.83 min was shown to have the same 

elementary composition as the aldehyde since the mass spectrum displayed a molecular ion 

peak with m/z = 220 (see Figure 4-17). A major fragmentation peak with m/z = 162 

demonstrated a loss of a C3H6O fragment validating a potential enol structure but analysis of 

the purified compound NMR spectrum revealed the presence of only one alkene proton H = 

5.10 ppm disfavouring the enol hypothesis. Moreover, 13C and DEPT 135 spectra showed 

only two signals corresponding to the C2-C3 alkene bond, C = 120.6 and 139.7 ppm 

respectively. Instead, a clear AB system is observed with roofing doublet and dd signals at H 

= 2.75 and 2.50 ppm with J = 4.7 Hz and J= 4.7 and 0.5 Hz respectively. These two signals 

can be assigned to two deshielded diastereotopic protons such as a CH2 in an epoxide group. 

This is further corroborated with a signal at C = 58.2 ppm corresponding to a quaternary 

carbon correlating with the diastereotopic CH2 in a HMBC experiment and a fragment with 

m/z = 205 corresponding to the loss of a methyl group. Further elucidation of the structure 

using NMR spectroscopy confirmed the side product C5 generated is artemisinic-11S,12-

epoxide (186) (see Figure 4-18). A 1H and 13C NMR spectra is given in the section 6.3.4 

Materials and methods and in the Annexes. This compound has only been reported to be 

produced by one engineered P450 from amorpha-4,11-diene in E. coli in a single 

publication.[168]  
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Figure 4-18 Products arising from the incubation of 12-OH FDP with ADS. a. Products and mechanism 

proposed by Demiray et al. b. Products and mechanism suggested in this chapter. 

4.6. TRANSESTERIFICATION BY LIPASES 

 

Lipases are hydrolases catalysing trans-, inter- and esterification. Of all enzymes, lipases 

have been the most studied enzyme and are nowadays used widely in many sectors such as 

pharmaceutical, textile, food industries or for biodiesel production. They are generally 

thermostable and compatible with organic solvents. They are often used immobilised to 

enable an easy workup, create a continuous process and recycle the enzyme.[169] However, 

this also results in loss of activity as well as limitation in the mass transfer.[170] One of the other 

key challenges of lipases is the formation of by-products which inhibit the enzyme, this is 

usually solved in the same way as with sesquiterpene synthases using an organic solvent for 

continuous extraction.[171] This makes the HPCCC a potential solution for an efficient and fast 

method for lipase esterification. To further demonstrate the capabilities of the HPCCC system 

as a methodology for biocatalysis, lipase from Candida Antarctica B (CalB) was used to 

produce commercially valuable octyl acetate (187) and (R)-2-pentyl acetate (188) from the 

corresponding alcohol (189 and 190)  by transesterification with vinyl acetate (191) (see 

Figure 4-19).[171,172] CalB was selected for this study due to its high activity and stability.  
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Scheme  4-1 Mechanism of Cal B-catalysed transesterification of vinyl acetate with a primary alcohol. 

 

For lipases, the HPCCC system was used in normal phase; that is to say, the lipase was held 

stationary in the aqueous phase and organic solvent was mobile. The HPCCC was set up 

slightly differently than for STS because both substrate and product were both soluble for the 

lipase transesterification are in the organic phase (see Figure 4-19). This differs to the 

application with sesquiterpene synthases, where only the product was soluble in the organic 

phase. In the case of lipases, it was possible to use the HPCCC in a continuous process 

similar to when using immobilised enzymes. The HPCCC was set up as followed: the 

analytical column was first filled with CalB in incubation buffer (20 mM phosphate buffer, 

pH 7.2), the rotation was then turned on to 1600 rpm and heptane was pumped through at 

2 mL.min-1. When hydrodynamic equilibrium was reached (volume of aqueous phase expelled 

is constant), the organic phase was switched to a heptane solution containing the substrates 

at a set concentration. The liquid at the exit of the reactor was collected after reaching steady-

state (three times residence time, the residence time is defined as the ratio between the 

volume of mobile phase in the reactor and the mobile phase flow rate, here the residence time 
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is 6 min) and analysed by GC FID. The conversion was calculated using a calibration curve 

of octanol starting material.  

 

 

Figure 4-19 Setting up the HPCCC to perform a biphasic reaction using CalB lipase and heptane as 

extraction solvent. (Huynh F. et al., 2020) 

Using these conditions, an initial experiment was performed with 10 mL of stationary phase 

at 25 °C containing 1 mg.mL-1 of enzyme in the analytical column. Initial concentration of 

octanol was set to 30 mM to be able to compare future results to reported results when using 

immobilised CalB, and the molar ratio between octanol (189) and vinyl acetate (191) was set 

to one.[172] Analysis by GC FID of the collected organic phase showed that a new product with 

a retention time of 8.81 min was formed, while octanol was not totally consumed at seen in 

Figure 4-20b. (retention time 7.74 min). The fraction was purified by flash chromatography in 

10% EtOAc in hexane to isolate the new product and analysis by GC-MS and NMR 

spectroscopy showed that the product was octyl acetate (187)  (see Figure 4-20c. and d.). 

This validated the potential of the HPCCC system to perform biocatalysis with lipases, and 

further optimisation was then performed to develop this application.  
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Figure 4-20 a. CalB-catalysed transesterification of octanol by vinyl acetate. b. Flame ionisation 

detection chromatogram of the collected heptane at the exit of the HPCCC with two compounds eluting 

at 7.74 min (octanol) and 8.81 min. c. Total ion chromatogram of purified compound eluting at 8.81 min 

in the GC FID. d. Mass spectrum of compound eluting at 7.66 min corresponding to octyl acetate after 

comparison to NIST library. 

Many reports show the transesterification kinetics heavily depend on the molar ratio between 

the alcohol and acetylating agent due to the alcohol being a competitive inhibitor of the 

reaction.[171] A higher concentration of vinyl acetate was expected to yield increased rate and 

conversion. Therefore, a set of experiments were performed with the same conditions as 

above with varying ratio of alcohol:acetate. As a comparison, the reactions were performed 

with the traditional batch method using a biphasic system in a round bottom flask. Similar 

conditions were used as for the HPCCC experiment: 10 mL incubation buffer (20 mM 

phosphate buffer pH 7.2, 1 mg.mL-1 CalB) and 10 mL heptane containing the substrates. The 

reaction was stirred (800 rpm) at r.t. (25 °C) and the organic phase was regularly sampled to 

measure the conversion. As expected, a higher ratio of vinyl acetate yielded higher conversion 

in both batch and HPCCC methods. Conversion is observed to quickly plateau after 1.5 hours 



Chapter 4. Novel methodologies for sesquiterpene catalysis 

 120 

in batch, with 16% at 1:1 ratio (alcohol:vinyl acetate) while reaching about 75% when using 

1:9 ratio. In comparison, the HPCCC achieved 34% conversion in 6 minutes using 1:1 and 

98% using 1:9 ratio. 98% conversion was also obtained when using 1:6 ratio. This shows the 

potential of this new methodology, showing qualitatively faster kinetics and almost total 

conversion of the substrate in only 6 min at 25 °C (see Figure 4-21). 

 

Figure 4-21 Influence of the ratio alcohol:vinyl acetate on the conversion of octanol to octyl acetate. 

a. Batch reaction. b. Reaction performed in the HPCCC, residence time 6 min. 

Next, the influence of the temperature and enzyme concentration were studied using the 

HPCCC at a substrate ratio of 1:1 to reveal if these two parameters influenced the conversion. 

Interestingly, only a small variation in conversion was seen with no apparent trend (see Figure 

4-22). Therefore, the concentration of alcohol was varied. The conversion was found to 

increase between 30 mM and 100 mM while decreasing beyond 100 mM octanol (see Figure 

4-22). This type of behaviour was also observed in the literature and hypothesised as a dead-

end inhibition complex formation by n-octanol with the lipase.[171,172] 
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Figure 4-22 Influence of the temperature, enzyme concentration and substrate concentration on % 

conversion in HPCCC. a. Various temperature, reaction condition: 1600 rpm, 2 mL.min-1, CalB 

(1 mg.mL-1), octanol (30 mM), vinyl acetate (30 mM). b. Various enzyme concentration, reaction 

condition: 1600 rpm, 2 mL.min-1, 20 °C, octanol (30 mM), vinyl acetate (30 mM). c. Various substrate 

concentration, reaction condition: 1600 rpm, 2 mL.min-1, CalB (1 mg.mL-1), octanol (30 mM), vinyl 

acetate (30 mM).  

For further studies, 100 mM octanol was therefore chosen.  Subsequently, the three main 

controllable parameters when using the HPCCC were studied using a DoE method, namely 

(i) temperature, (ii) residence time, and (iii) rotation speed (see Figure 4-23a). A face-centred 

design was used and three levels for each parameter were set with the 15 reactions screened 

in random order. Again 1:1 ratio was chosen to see a change in conversion and an enzyme 

concentration of 1 mg.mL-1  was arbitrarily chosen. The temperature was varied from 17 °C to 

37 °C, a lower temperature was not possible due to the chilling capacity required.  The rotation 

speed of the bobbins was varied from 1200 rpm to 1600 rpm. Lower rotation speed would 

have resulted in a too low Sf value while 1600 rpm is the maximum rotation speed of the 

HPCCC. For a consistent study, all experiments were set up at the same Sf value (volume of 

stationary phase). Therefore, the system was set up at the highest flowrate and lowest rotation 

speed studied (2 mL.min-1 and 1200 rpm). This resulted in only 7 mL of aqueous phase being 

retained on the column for each experiment. Lastly, the residence time was varied from 7.5 

min to 30 min (see Figure 4-23a).   
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Figure 4-23 a. 3-Level face centered DoE performed. b. Results from the DoE, conversion depending 

on the temperature. c. Conversion depending on the rotation speed d. Conversion depending on the 

residence time. (Huynh F. et al., 2020) 

 

Figure 4-24 Result from the DoE, 3D view, conversion depending on temperature, rotation speed and 

residence time. 
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Results showed that temperatures towards 37 °C decreased conversion of octanol to octyl 

acetate. Longer residence time and low rotation speed of the bobbin sharply decreased the 

conversion (see Figure 4-23). Figure 4-24 shows the 3D representation of the results from the 

DoE and clearly indicates that the top left corner of the cube is where conditions are optimal 

for high conversion that is to say: high rotation speed, low temperature and short residence 

time. Theoretically, a lower rotation speed leads to weaker centrifugal forces hence higher 

partition between phases allowing higher interfacial area.[159,173] A higher rotation speed will 

create stronger centrifugal forces leading to more separated phases (i.e. the upper phase will 

be located in the inner portion of the coil and lower phase will be in the outer zone). Mixing is, 

therefore, weaker on high rotation speed. This result indicates a fine balance is to be found to 

avoid inactivation of the enzyme by the interfacial area between the enzyme and the organic 

solvent being too high. This was for example observed with sesquiterpene synthases when 

using a high ratio of pentane:enzyme in the flow segmented system or when the oscillatory 

segmented flow was trialled on sesquiterpene synthases. The highest conversion (71%) was 

obtained using the following conditions: 17 °C, 1600 rpm and a residence time of 7.5 min. 

Compared to the batch reactor, conversion was doubled while time reduced by ten times using 

equimolar quantities of substrates.  

 

In order to reach full conversion, the quantity of vinyl acetate was increased to obtain 1:3 ratio, 

residence time was decreased to 6 min by increasing the amount of stationary phase 

(aqueous phase), while keeping rotation speed at its maximum and temperature in the 

HPCCC at its lowest. Unfortunately, when running the HPCCC for a long time, the chiller used 

was only able to keep the temperature to a stable 20 °C due to the heat generated by the 

rotating bobbins. Therefore, the reaction was run at 20 °C, 1600 rpm with a residence time of 

6 min.  The organic layer was collected from the third residence time to the sixth and solvent 

removed under reduced pressure. The crude product was purified by flash chromatography 

(10% EtOAc in hexanes) to obtain a colourless oil in 97% yield.   

Next, reusability of the enzyme was assessed by running the system for 22 cycles at 1600 

rpm, 20 °C, 6 min residence time. Fractions were collected regularly, and yield was measured 

by GC FID. Figure 4-25 shows a decrease in yield between cycle 6 and 8 from >95% to 77% 

then yield slowly decreased to reach 33% by recycling number 22. Decreasing activity of CalB 

over time has been reported numerous times, in an immobilised system or free system.[174–

176] The loss in activity may be caused by repeated contact and shear stresses in the HPCCC 

as well as a natural loss of activity of CalB standing at room temperature. However, the use 
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of the HPCCC allows the use of CalB in a simple immobilised form without the cost of 

immobilising the enzyme on a resin while being highly efficient in terms of conversion and 

reaction time.  

 

 

Figure 4-25 Recycling efficiency of CalB for the transesterification of octanol with vinyl acetate in 

HPCCC (Octanol 100 mM (1:3 ratio, alcohol:acetate), CalB (1 mg.mL-1), 20 °C, 1600 rpm, 6 min 

residence time). (Huynh F. et al, 2020) 

Finally, these optimised conditions were used to study if performing the reaction in the HPCCC 

system allowed stereoselectivity of CalB to be retained. 2-pentanol (190) was chosen as 

substrate to produce the valuable (R)-2-pentyl acetate (188) widely used in perfumery and the 

food industry. (see Figure 4-25). Performing the reaction in heptane resulted in the formation 

of the desired product acetylated, however, upon removal of the solvent, both (S)-pentanol 

and (R)-2-pentyl acetate were lost due to their low boiling point and volatility. The reaction 

was therefore performed again in pentane as it has a lower boiling point than heptane and 

pleasingly resulted in 49% isolated yield (> 99% e.e.). Enantiomeric excess was measured by 

GC FID using a racemic mixture of 2-pentyl acetate synthesised chemically from racemic 2-

pentanol (see Figure 4-26). The product was presumed to be (R)-2-pentyl acetate (188) as 

CalB is reported to catalyse stereoselectivity the transesterification of (R)-alcohols.[177,178] 

 

 

Scheme  4-2  Stereoselective transesterification of 2-pentanol by CalB lipase using vinyl acetate 
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Figure 4-26 a. Flame ionisation detection chromatogram of a racemic mixture of 2-pentyl acetate 

chemically synthesised 3.45 min (S)-2-pentyl acetate, 4.04 min (R)-2-pentyl acetate. b. Flame 

ionisation detection chromatogram of the pentane collected at the exit of the HPCCC from the 

incubation of 2-pentanol with vinyl acetate. (R)-2-pentanol eluted with the solvent. 

4.7. SUMMARY 

 

In the chapter, important parameters influencing the conversion of 14,15-dimethyl FDP (1-“)  

by GDS Y406F using a flow segmented system were evaluated. A fractional factorial DoE 

design showed that a low concentration of FDP was critical for high yields. Upon this discovery, 

it was decided to pursue other methods as the results indicated an extremely low production 

per hour (about 1 mg in 56 hours) using the segmented flow approach. The oscillatory 

segmented flow system was shown to inactivate sesquiterpene synthases due to excessive 

mixing from the oscillating segments. Finally, the HPCCC was probed as a reaction vessel for 

sesquiterpene synthases and lipases.  Positive results have demonstrated the potential of the 

high-performance counter-current chromatography system as a novel reactor for biphasic 

enzymatic reactions. More precisely, it dramatically improved the reaction rate of two classes 

of enzymes known for product inhibition by an optimised interfacial area between the aqueous 

and organic phase. Optimisation of both reactions’ conditions proved to be possible in a 

minimum amount of experiments and relatively easy showing the HPCCC has potential for 

other applications. Sesquiterpene synthases successfully converted FDP (14) to high-value 

compounds in the HPCCC. All synthases retained their regio- and stereo-specificity. Three 

synthases were tested and yielded up to 99% in a minimum amount of time. On a small scale, 

the reaction was 10 times faster in the HPCCC than in a flow segmented system. This process 

was also successful when using unnatural substrates such as the 12-OH-FDP (111) with ADS. 

Production of about 35 mg crude products in less than 2 hours allowed characterisation of the 
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side product for the first time, identified to be the artemisinic-11S,12-epoxide (186). Although 

this process is not a continuous process like the segmented flow system, it can produce 30 

mg of compound in one hour while the flow segmented system would take 350 hours (2 

weeks)4 to theoretically produce an equivalent amount. The HPCCC system also showed to 

be as efficient with lipases. In this case, the reactor could operate in a continuous manner as 

the substrate and product were both soluble in the organic mobile phase. The influence of the 

rotation speed, temperature and residence time (flow rate) were studied. Interestingly, short 

residence time and high rotation speed led to higher yields even though a higher rotation 

speed meant less mixing thus, interfacial area. This proves that a high level of control of the 

interfacial area between the two immiscible phases is needed to allow efficient mass transfer 

while avoiding inactivation of the enzyme due to excessive contact to organic solvent. A high 

temperature led in the same manner to low conversion of the substrate expressing a lower 

enzyme activity. CalB was reused up to 8 times before a drop in yield below 70%. Similar 

results are reported in the literature with immobilised CalB.  A better understanding of the 

hydrodynamic behaviour in the HPCCC could increase the recyclability of the enzyme. One 

other key advantage of the HPCCC over biphasic systems (immobilised CalB or liquid/liquid 

reaction) is the collection of only the organic phase at the exit of the reactor thus avoiding the 

separation work up step always generated when using immobilised enzymes or batch biphasic 

reaction. A separation is indeed sometimes complicated due to the presence of an emulsion, 

often leading to loss of product as seen previously with sesquiterpene synthases. The 

development of such a method offers an alternative approach to the traditional low yielding 

batch process and the flow segmented system developed recently in our group for the 

production of high-value terpenoids. 

 

 

 

 

 

 

 

 

 

4 Value calculated from reported results from Tang et al. 
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This project aimed to develop new methodologies to improve the chemoenzymatic synthesis 

of sesquiterpenes from farnesyl diphosphate (FDP) or analogues of FDP and to further 

expand the sesquiterpenome using unnatural FDP analogues. New methodologies were 

investigated as the chemoenzymatic synthesis of sesquiterpenes is currently not 

commercially relevant due to its overall low yield. There are two challenging steps in the 

chemoenzymatic synthesis of sesquiterpenes: the disphosphorylation of farnesol or its 

analogues, and the biocatalytic conversion of these diphosphate species to a sesquiterpene 

by a sesquiterpene synthase. Two different methods were investigated to improve the 

diphosphorylation yield, a chemical approach using a trimethylsilyl (TMS) protected 

diphosphate and an enzymatic approach using two different enzymes: undecaprenol kinase 

(UK) and isopentenyl phosphate kinase (IPK) in a one-pot reaction. The improvement of FDP 

conversion by sesquiterpene synthases was investigated using an oscillatory segmented flow 

system and by repurposing high-performance counter current chromatography (HPCCC) 

equipment as a liquid-liquid reactor. 

 

5.1. DEVELOPMENT OF AN EFFICIENT DIPHOSPHORYLATION PROCESS 

 

Chemical diphosphorylation using a trimethylsilyl protected diphosphate species proved to be 

feasible, however moderate yields were obtained (around 40%). One advantage was the easy 

scalability of the method, performed on a 4 mmol scale, whereas the Davisson et al. method 

could not be used above 1 mmol scale. Despite being less cumbersome, this alternative 

chemical procedure showed extremely poor reproducibility. 

On the other hand, the development of a one-pot, two-step enzyme cascade was successful. 

Farnesol was converted to farnesyl phosphate by heterologously expressed UK in E. coli. 

Isopentenyl phosphate kinase was rationally engineered using site directed mutagenesis to 

accept farnesyl phosphate as substrate. The variant IPK F76A F83A I146A showed extremely 

good activity toward farnesyl phosphate with >95% conversion to FDP. Four or five residue 

changes in the IPK active site proved to be detrimental to the activity toward farnesyl 

phosphate. In a one-pot reaction containing UK and IPK F76A F83A I146A, FDP was 

synthesised from farnesol in 95% yield in a 0.1 mmol scale. This method was also applied to 

diphosphorylate 6,15-dimethyl farnesol in 89% yield. Other analogues of farnesol were tested 

in combination with sesquiterpene synthases to rapidly evaluate the promiscuity of both 
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kinases. 14,15-Dimethyl farnesol showed promising results but the conversion could not be 

quantified due to an apparent low activity of GDS Y406F. Pleasingly, 10,11-epoxy farnesol 

was fully converted to a cyclic sesquiterpene product with Gd4olS. Less satisfying results 

were obtained with methoxy substituted farnesols. Since little activity was observed for 8-

methoxy farnesol and 12-methoxy farnesol, other variants of IPK were tested. When using UK 

and IPK F76A F83A I146A with ADS, >50% of 8-methoxy farnesol was converted to 8-

methoxy--humulene. 

5.2. EXPANDING THE TERPENOME 

 

A library of FDP analogues was synthesised in this work. 6,15-Dimethyl FDP and 12,15-

dimethyl FDP were incubated with GDS and variants known to accept 14,15-dimethyl FDP. 

Unfortunately, these two analogues were not accepted as substrates and were therefore not 

further investigated. However, the novel enzymatic product arising from the incubation of 

10,11-epoxy FDP with Gd4olS was successfully isolated and fully characterised for the first 

time. Variable temperature NMR spectroscopy coupled with 2D NMR experiments allowed 

the full characterisation of the structure; an 11-membered cyclic ether. This illustrates the 

potential of introducing a functional group to modify the course of the natural sesquiterpene 

mechanism allowing access to novel sesquiterpenes with potential bioactivities. 

 

5.3. NOVEL METHODOLOGIES FOR SESQUITERPENE CATALYSIS 

 

Segmented flow chemistry was used to improve the enzymatic synthesis of the aphid 

attractant (S)-14,15-dimethyl germacrene D from 14,15-dimethyl FDP using GDS. A 69% yield 

(measured using GC) was observed after optimisation of the reaction conditions using a 

design of experiment. Conversely, the oscillatory flow segmented system proved to not be 

suitable for sesquiterpene synthases due to heavy enzyme precipitation over the course of 

the incubation in the tubing; this is likely due to mixing being too vigorous leading to denaturing 

of the enzyme from excessive exposure to the organic phase. 

The HPCCC has demonstrated it to be an excellent novel reaction vessel for sesquiterpene 

synthases by enabling efficient biocatalysis through continuous extraction of the 

sesquiterpene. Traditionally used for liquid-liquid chromatography, this system offers a 
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platform to immobilise the enzyme and the substrate together in an aqueous phase while 

running an organic solvent through it to continuously extract the product. GC yields of >80% 

were obtained when incubating FDP with ADS, AS or GDS in the analytical column of the 

HPCCC (22 mL reactor, 11 min reaction time). Subsequently, isolated yields were obtained 

by using the preparative column (135 mL, 20 min residence time), and around 30 mg of each 

sesquiterpene product was isolated (from the combination of four experiments in the 

preparative column), namely: (1R,7R,8aS)-aristolochene (94% isolated yield from FDP), 

(1R,4R,4aS,8aR)-amorpha-4,11-diene (84% from FDP), (S)-germacrene D (92% from FDP) 

and dihydroartemisinic aldehyde (70% from 12-OH FDP). Thanks to this efficient process, the 

side product arising from the incubation of 12-OH FDP with FDP was for the first time 

successfully isolated and characterised by NMR spectroscopy. It was identified to be the 

artemisinic-11S,12-epoxide instead of the previously hypothesised enol form of 

dihydroartemisinic aldehyde. This methodology was also successfully applied to lipases (Cal 

B in this work). Since both substrates and products are soluble in the organic phase, this 

enzymatic reaction was able to run as a continuous process offering a useful alternative to 

the traditional enzyme immobilisation on a resin. Octyl acetate was produced in 97% isolated 

yield from octanol and CalB could be reused for at least 8 cycles with >75% yield. The activity 

of the enzyme slowly decreased to reach 33% yield by cycle 22. The stereoselectivity of CalB 

was unaffected using this method as (R)-2-pentylacetate was generated from a racemic 

mixture of 2-pentanol in 49% yield (>99% e.e.).  

5.4. FUTURE WORK 

 

This work has demonstrated the possibility to create unnatural terpenoids from FDP 

analogues and has also identified and addressed the two key challenges of the 

chemoenzymatic approach for the synthesis of sesquiterpenes. Further research should be 

conducted to widen the scope of analogues accepted by IPK; obtaining a crystal structure of 

the variant IPK F76A F83A I146A with FDP bound to the active site would allow a better 

understanding of the folded conformation of FDP.  

The advantages and potential of the HPCCC apparatus as a reactor for enzymatic reactions 

was clearly illustrated in this work. Further studies need to be undertaken to identify a way to 

use the HPCCC for sesquiterpene synthases in a continuous process similar to current 

immobilised enzymes. For this purpose, the HPCCC could be used in a co-current elution 

mode where the two phases are pumped in the reactor simultaneously (in a similar manner 
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as the segmented flow system).  The use of “dual-mode” could also be explored (where mobile 

and stationary phases are switched during the experiment). This mode would allow feeding of 

a new solution containing new substrate and enzyme and is defined as intermittent 

countercurrent extraction (ICcE). A dual-flow mode is also possible where each phase is 

pumped in the system simultaneously from opposite directions inside the column.  However, 

this mode requires modification of the HPCCC apparatus.   

The possibility of combining the one-pot enzymatic diphosphorylation and the sesquiterpene 

synthase step in the HPCCC also warrants further investigation and could prove to be 

beneficial for upscaling the chemoenzymatic synthesis of natural and unnatural 

sesquiterpenes. 

In addition, further research should examine the HPCCC as a potential vessel for organic 

synthesis. As an example, organic reactions involving two phases, such as a catalyst or an 

immiscible side product such as water in an esterification, could be studied. 
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6.1. BIOLOGICAL METHODS 

 

6.1.1. Materials  

 

All chemicals were purchased from Sigma-Aldrich, Apollo Scientific UK, Melford Laboratories 

Ltd or Fisher Scientific Ltd and were used without further purification. Restriction enzymes, T4 

ligase, Golden gate assembly mix and Gibson Assembly Mix were purchased from New 

England Biolabs UK Ltd (Hitchin, United Kingdom). A prestained protein size marker (14.4-

116.0) kDa was used to identify proteins by 12% SDS-gel. PrimeSTAR polymerase was 

purchased from Takara Bio Europe (Saint-Germain-en-Laye, France). Oligonucleotide 

primers for site-directed mutagenesis were purchased from Sigma-Aldrich, the pET16b-SC1 

plasmid construct was a generous gift from Prof. Yasuo Ohnishi, University of Tokyo. All the 

mutated and ligated constructs were confirmed by DNA sequence analysis using Eurofins. 

 

6.1.2. Media 

 

Luria-Bertani (LB) media was prepared by dissolving tryptone (10 g), yeast extract (5 g) and 

sodium chloride (10 g) in deionised water (1 L) and pH was adjusted to 7.4 with sodium 

hydroxide (1 M). Media was autoclaved at 121 ºC for 15 minutes before usage. 

Terrific broth (TB) was prepared by dissolving tryptone (12 g), yeast extract (24 g) and glycerol 

(4 mL) in deionised water (900 mL). In a separate flask, a solution of monopotassium 

phosphate (0.17 M) and dipotassium phosphate (0.72 M) in deionised water (100 mL) was 

prepared. Both solutions were autoclaved at 121 ºC for 15 minutes and the solutions were 

combined at the sterile bench immediately before usage.  

Media was cooled to room temperature before use. Any required antibiotic was added 

immediately before use under aseptic conditions. 

 

6.1.3. Antibiotics stocks 

 

Antibiotics were prepared as sterile stock solutions (mg/mL). Solid antibiotics were weighted 

out and dissolved in deionised water (10 mL). Solutions were filter-sterilised (0.2 m) under 

aseptic conditions and aliquoted out into sterile Eppendorfs (1 mL). Antibiotics were then 
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diluted 1:1000 into media to yield the correct concentrations: ampicillin (100 g/mL), 

kanamycin (50 g/mL), and tetracycline (15 µg/mL). Stock solutions were stored in -20 ºC 

freezer and thawed on ice prior to use. 

6.1.4. Agar plate preparation 

 

Agar solution for plates was prepared by dissolving agar (7.5 g), tryptone (5 g), yeast extract 

(2.5 g) and sodium chloride (10 g) in deionised water (500 mL). The suspension was 

autoclaved at 121 ºC for 15 minutes. The resulting solution was allowed to cool down to 

approximately 40 ºC before adding the required antibiotics and pouring it into sterile plates 

under aseptic conditions. Plates were allowed to cool and set before storage in the cold room 

at 4 ºC until required. 

6.1.5. Bacterial strains 

 

A number of E. coli strains were used in the course of this work. XL1-Blue cloning strain was 

employed for DNA amplification and cloning. E. coli BL21(DE3), BL21-CodonPlus(DE3)-RP, 

BL21-CodonPlus-RIL, C41(DE3) pLysS, BL21 AI, BL21 cell lines were used for test 

expression and protein expression. 

 

6.1.6. Competent cells 

 

Calcium chloride buffer I 

Calcium chloride (100 mM) was dissolved in deionised water and autoclaved at 121 °C for 15 

minutes. The resulting solution was stored at 4 ºC prior to use. 

 

Calcium chloride buffer II 

Calcium chloride (100 mM) was dissolved in deionised water and glycerol (15% v/v) was 

added. The final volume made up with deionised water and in an autoclave (121 °C, 15 

minutes). 

 

Protocol 

An aliquot of the cell strain (50 µL) was incubated in LB media (50 mL) overnight at 37 ºC in 

the absence of antibiotics, except for XL1-Blue cells for which the media was supplemented 
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with tetracycline. An aliquot (1 mL) of the overnight culture was used to inoculate fresh LB 

media (100 mL) and the resulting culture was grown at 37 ºC until the optical density at 600 nm 

(OD600) reached 0.6 for the cloning strain (XL1-Blue), or 0.9-1.2 for the expression strains. 

Cells were chilled on ice for 15 to 30 minutes, and then distributed between two sterile 50 mL 

flacon tubes at the sterile bench.  

Cells were harvested by centrifugation (3,400 g, 10 minutes). The supernatant was discarded, 

and the cells were gently resuspended in calcium chloride buffer I (5 mL). Cells were 

incubated on ice for an additional 15 minutes and then harvested by centrifugation (3,400 g, 

10 minutes). The supernatant was discarded, the cell pellet was gently resuspended in 

calcium chloride buffer II (5 mL), and cells were incubated on ice for 10 minutes. The cells 

were divided into aliquots (50 µL) into pre-chilled 1.5 mL Eppendorf tubes and flash-frozen in 

liquid nitrogen. Cells were stored at -80 ºC until required. 

 

6.1.7. Supercompetent cells 

 

Rubidium chloride buffer I  

Potassium acetate (30 mM), rubidium chloride (100 mM) and calcium chloride (10 mM) were 

dissolved in deionised water, glycerol (15%) was added and the pH of the solution adjusted 

to 5.8 before addition of manganese chloride (50 mM). The final volume was made up with 

deionised water and sterilised by filtering through a sterile 0.2 µm syringe filter under aseptic 

conditions, and stored at 4 °C.  

 

Rubidium chloride buffer II   

3-(N-morpholino)propanesulfonic acid (MOPS, 10 mM), calcium chloride (75 mM) and 

rubidium chloride (10 mM) were dissolved in deionised water, glycerol (15%) was added and 

the pH adjusted to 6.5. The final volume made up with deionised water and sterilised by 

filtering through a sterile 0.2 µm syringe filter under aseptic conditions, and stored at 4 °C.  

 

Protocol 

Supercompetent cells were prepared in the same manner as competent cells (6.1.6) but with 

rubidium chloride buffers I and II in place of calcium chloride buffers I and II respectively. 
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6.1.8. Gene sequence  

 

Plasmids used in this work were taken from the plasmid library of Prof. Allemann or purchased 

as gene sequences from Thermofisher Scientific A list of all plasmids used is found in Table 

6-1 and sequence of the gene of interest used in Table 6-2. 

 

Table 6-1 List of plasmids used in this project. 

Plasmid 
reference  Gene Vector Antibiotic 

resistance 

Plasmid 1 Hisx6-Thrombin-UK pET28a Kanamycin 

Plasmid 2 Thioredoxin- Hisx6-Thrombin-STag-UK pET-32 Xa/LIC Ampicillin 

- Hisx6-Thrombin-IPK pET28a Kanamycin 

- Hisx10-GdolS pET16b  Ampicillin 

- ADS- Hisx6 pET21d Ampicillin 

- AS pLM1 Ampicillin 

- GDS- Hisx6 pET21d Ampicillin 

 

 

Table 6-2 Gene sequences of protein used in this project. His Tag underlined. *Gene synthesised by 

Thermo Fisher including necessary BsaI recognition sequence (underlined), and overhangs (in bold) 

for Golden Gate cloning. 

Name Sequence 

UK* CATGGTCTCAAGTCATGCCGATGGATCTGCGTGATAATAAACAGAGCCAG

AAGAAATGGAAAAATCGTACCCTGACCAGCAGCCTGGAATTTGCACTGAC

CGGTATTTTTACCGCCTTTAAAGAAGAACGCAACATGAAAAAACATGCCGT

TAGCGCACTGCTGGCAGTTATTGCAGGTCTGGTTTTTAAAGTTAGCGTGAT

CGAATGGCTGTTTCTGCTGCTGAGCATTTTTCTGGTTATCACCTTTGAAATT

GTGAACAGCGCCATTGAAAATGTTGTTGATCTGGCAAGCGATTACCATTTT

AGCATGCTGGCAAAAAACGCCAAAGATATGGCAGCCGGTGCAGTTCTGGT



Chapter 6. Materials and Methods 

 139 

GATTAGCGGTTTTGCAGCCCTGACCGGTCTGATTATCTTTGTTCCGAAAAT

TTGGTTCCTGCTGTTTCACTAATGATTGAGACCATG 

IPK ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCG

CGGCAGCCATATGGAAAACCTGTATTTTCAGTCCATGCTGACCATTCTGAA

ATTAGGTGGTAGCATTCTGAGCGATAAAAATGTGCCGTATAGCATCAAATG

GGATAACCTGGAACGTATTGCCATGGAAATCAAAAATGCCCTGGACTACTA

TAAAAACCAGAACAAAGAGATCAAGCTGATTCTGGTTCATGGTGGTGGTGC

ATTTGGTCATCCGGTTGCCAAAAAGTATCTGAAAATTGAGGACGGCAAAAA

AATCTTCATCAACATGGAAAAAGGCTTTTGGGAAATTCAGCGTGCAATGCG

TCGTTTTAACAACATTATTATCGATACCCTGCAGAGCTATGATATTCCGGCA

GTTAGCATTCAGCCGAGCAGCTTTGTTGTTTTTGGTGATAAACTGATCTTTG

ACACCAGCGCCATTAAAGAAATGCTGAAACGTAATCTGGTTCCGGTGATTC

ATGGTGATATTGTGATCGATGATAAAAACGGCTATCGCATTATTAGCGGTG

ATGATATTGTTCCGTATCTGGCCAATGAACTGAAAGCAGATCTGATTCTGTA

TGCCACCGATGTTGATGGTGTTCTGATTGATAACAAACCGATCAAACGCAT

CGACAAGAACAACATCTATAAAATCCTGAACTATCTGAGCGGCAGCAATAG

CATTGATGTTACCGGTGGTATGAAATACAAGATCGATATGATCCGCAAAAA

CAAATGCCGTGGCTTTGTGTTTAATGGCAATAAAGCCAACAACATTTACAA

AGCACTGCTGGGTGAAGTTGAAGGCACCGAAATTGATTTTAGCGAGTAA 

GDS ATGGCAGCGAAACAGGGCGAGGTTGTGCGCCCAGATGCAGATTATAGTTA

TCATCCGAGTCTGTGGGGCGATCAATTCCTGCATTACGATGAACAAGAAGA

CGACCAGGTCGAGGTGGATCAGCAGATTGAAATTCTGAAAGAGGAGACTC

GTAAAGAGATTCTGAGTAGCCTGGATGATCCGGCTAAACACACCAACCTG

CTGAAACTGATTGATGTTATCCAGCGTCTGGGCATCGCTTATTACTTTGAA

CACGAAATTACCCAGGCGCTGGGCCATATCTATAACGTTTACGGTGACGA

ATGGAACGGCGGCTCGACCTCGCTGTGGTTTCGCCTGCTGCGTCAGCAG

GGTTTCTATGTAAGCTGTGATATCTTTAACATCTACAAACTGGATAATGGCA

GCTTTAAGGATAGCCTGACCAAAGACATTGAGTGCATGCTGGAACTGTATG

AAGCTGCGTATATGCGTGTTCAGGGCGAAATCATTCTGGATGAAGCGCTG

GAATTTACCAAAACCCACCTGGAGCAGATTGCAAAAGATCCACTGCGTTGT

AATAATACGCTGAGCCGTCACATTTACGAAGCCCTGAAACGCCCGATTCG

CAAACGTCTGCCGCGCGTCGATGCACTGCAATATATGCCGTTTTACGAGC

AACAAGATTCGCACAATAAAAGTCTGCTGCGTCTGGCTAAACTGGGTTTCA

ACCGCCTGCAAAGTCTGCATAAGAAAGAACTGAGCCAGCTGTCGAAGTGG
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TGGAAGGAATTTGACGCGCCGAAGAATCTGCGTTATGTGCGTGACCGTCT

GGTAGAGCTGTACTTTTGGGTACTGGGCGTTTATTTCGAACCGCAATACAG

CCGTAGTCGCATTTTCCTGACCAAGGTAATCAAAATGGCGACCATTCTGGA

TGACACCTATGATATTCACGGGACGTATGAAGAACTGGAGATCTTTACCAA

GGCAGTGCAGCGCTGGAGCATTACCTGCATGGATACCCTGCCGGATTACA

TGAAAATGATCTACAAGAGCCTGCTGGACGTTTACGAAGAGATGGAAGAAA

TTATTGACAAAGATGGTAAAGCGTATCAGGTGCACTATGCGAAAGATAGCA

TGATCGATCTGGTGACCAGCTATATGACTGAAGCCAAATGGCTGCATGAA

GGTCATGTTCCAACGTTTGAGGAATATAATAGCATCACGAATCTGACGGGT

GGCTATAAAATGCTGACGACGAGCAGCTTCGTGGATATGCCGGGTGATAT

TGTGACGCAGGAGAGTTTCAAATGGGCGCTGAACAATCCGCCTCTGATTA

AAGCGTCGGCAGATGTCTCGCGCATTATGGACGACATCGTTGGGCATAAA

GAAGAACAGCAACGCAAACATCTGCCTTCGCGTGTGGAAATGTATATGAA

GAAATACCATCTGGCCGAAGAGGATGTGTATGATCTGCTGAAACAGCGCG

TCGAAGACGCCTGGAAAGACCTGAACCGCGAAACTCTGACTTGCAAGGAC

ATCCATATGGCCCTGAAAATGCGCCCAATCAACCTGGCCCGCGTGATCGA

CATGCTGTACAAGAATGACGACAACCTGAAGAACGTCGGTCAAGAAATCC

AAGACTACATCAAGTCGTGTTTCATCAACGCCATCAGTGTCAAGGATCCGA

ATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCAC

CACCACTGA 

ADS ATGGCCTTGACTGAAGAGAAACCTATAAGGCCAATTGCAAATTTCCCACCT

TCTATTTGGGGCGATCAATTTTTGATTTATGAGAAACAAGTTGAACAGGGT

GTGGAGCAAATAGTAAACGATCTAAAGAAGGAAGTAAGACAGTTGTTAAAG

GAAGCATTGGATATTCCTATGAAACATGCAAATTTGTTGAAGCTGATTGAC

GAGATTCAACGTTTAGGTATTCCGTATCATTTTGAACGTGAAATTGATCATG

CATTGCAATGTATTTACGAGACCTATGGTGATAATTGGAATGGCGACAGGT

CTAGCTTATGGTTTAGGCTGATGCGTAAACAAGGATACTATGTCACGTGTG

ATGTGTTTAATAACTATAAAGACAAGAATGGTGCTTTTAAACAATCGTTAGC

GAATGATGTTGAAGGATTGTTGGAATTATATGAGGCTACGTCCATGAGAGT

TCCGGGCGAAATAATTCTTGAAGATGCCCTGGGATTCACAAGATCAAGGCT

ATCGATTATGACAAAGGACGCGTTTAGTACAAACCCCGCTTTATTCACTGA

AATCCAGAGAGCTTTAAAGCAACCATTGTGGAAGAGATTGCCAAGGATCGA

GGCCGCCCAGTACATACCCTTCTATCAGCAACAAGACTCCCATAATAAAAC

TCTGCTAAAGTTAGCTAAACTGGAGTTCAATCTATTGCAGAGCCTACATAA



Chapter 6. Materials and Methods 

 141 

GGAAGAGTTGAGTCACGTATGCAAGTGGTGGAAGGCATTTGATATTAAGAA

AAATGCCCCGTGCCTGCGTGACCGTATCGTTGAATGTTACTTCTGGGGTCT

GGGTTCTGGTTATGAACCACAGTACTCCCGTGCACGTGTGTTCTTCACTAA

AGCTGTAGCTGTTATCACCCTGATCGATGACACTTACGATGCTTACGGCAC

CTACGAAGAACTGAAGATCTTTACTGAAGCTGTAGAACGCTGGTCTATCAC

TTGCCTGGACACTCTGCCGGAGTACATGAAACCGATCTACAAACTGTTCAT

GGATACCTACACCGAAATGGAGGAATTCCTGGCAAAAGAAGGCCGTACCG

ACCTGTTCAACTGCGGTAAAGAGTTTGTTAAAGAATTCGTACGTAACCTGA

TGGTTGAAGCTAAATGGGCTAACGAAGGCCATATCCCGACTACCGAAGAA

CATGACCCGGTTGTTATTATCACCGGTGGTGCAAACTTGCTAACAACTACC

TGTTATCTGGGTATGTCCGACATCTTTACCAAGGAATCTGTTGAATGGGCT

GTTTCTGCACCGCCGCTGTTCCGTTACTCCGGTATTCTGGGTCGTCGTCTG

AACGACCTGATGACCCACAAAGCAGAGCAGGAACGTAAACACTCTTCCTC

CTCTCTGGAATCCTACATGAAGGAATATAACGTTAACGAGGAGTACGCACA

GACTCTGATCTATAAAGAAGTTGAAGACGTATGGAAAGACATCAACCGTGA

ATACCTGACTACTAAAAACATCCCGCGCCCGCTGCTGATGGCAGTAATCTA

CCTGTGCCAGTTCCTGGAAGTACAGTACGCTGGTAAAGATAACTTCACTCG

CATGGGCGACGAATACAAACACCTGATCAAATCCCTGCTGGTTTACCCGAT

GTCCATCTGTCCCGGGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGG

CCGCACTCGAGCACCACCACCACCACCACTGA 

AS ATGGAAAACCTGTATTTTCAGTCCATGGCTACCTCAACAGAAACCATTTCTT

CCCTGGCCCAACCGTTCGTGCACCTTGAAAACCCTATCAATAGCCCTCTG

GTCAAAGAGACAATCAGGCCCAGAAATGACACGACGATCACTCCGCCTCC

TACTCAGTGGTCGTACCTTTGCCATCCACGAGTGAAGGAGGTACAGGACG

AAGTCGATGGATACTTCCTGGAGAACTGGAAATTTCCCAGCTTCAAGGCTG

TTCGCACCTTCTTGGATGCCAAGTTCTCAGAGGTTACTTGTCTTTTCTTCCC

TCTTGCACTGGACGATCGCATCCACTTTGCCTGCCGACTGCTGACCGTTCT

CTTCCTTATCGATGATGTTCTTGAGCATATGTCTTTCGCGGATGGAGAAGC

CTACAACAACAGATTGATCCCGATATCGCGTGGAGACGTGCTCCCGGACC

GAACCAAGCCAGAAGAGTTCATTCTCTATGACCTCTGGGAAAGCATGCGC

GCCCATGATGCGGAGCTGGCCAACGAAGTTCTTGAGCCGACTTTCGTGTT

CATGCGCGCGCAGACAGATCGAGCGCGTTTGAGCATCCATGAATTGGGG

CATTATCTCGAGTACCGTGAGAAGGATGTAGGCAAGGCGTTGCTTTCGGC

TCTAATGAGATTCTCGATGGGACTTAGACTCAGTGCAGATGAGCTTCAGGA
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TATGAAAGCCCTTGAAGCCAACTGTGCCAAGCAGCTTTCTGTAGTCAATGA

CATATACAGTTATGACAAGGAAGAGGAAGCGTCTCGGACTGGACACAAGG

AGGGAGCCTTCCTTTGTTCAGCTGTGAAGGTTCTGGCGCAGCTTTCTGTAG

TCNATGACNTATACAGTTATGACAAGGAAGAGGAAGCGTCTCGGACTGGA

CACAAGGAGGGAGCCTTCCTTTGTTCAGCTGTGAAGGTTCTGGCGGAGGA

GTCCAAGCTTGGTATACCCGCAACGAAACGCGTGCTTTGGTCTATGACTC

GGGAGTGGGAGACTGTGCATGACGAGATCGTGGCAGAGAAGATCGCATC

CCCAGACGGCTGCTCTGAAGCTGCCAAGGCGTATATGAAGGGCCTAGAGT

ACCAGATGAGCGGCAATGAGCAGTGGAGCAAGACCACGCGTATGTACAAC

TAA 

GdolS ATGGGCCATCATCATCATCATCATCATCATCATCACAGCAGCGGCCATATC

GAAGGTCGTCATATGATGTCCGACGACACCTCACTTGAGCTTCCGTTCACC

CACCGCCGCAACCCCCATCAGACCGAGGCCGCCGATCGCCATCTCGAAT

GGCTCCAACGCCACCGCGAGCTGGCCGCCGTCGTCAGCGGATCAACCTA

CACCGGTTGGGACATCACGGAACTCGCCTCCCTGGTCTACCCCGAGAGCT

CCGCCGAGGATCTGGCCCTGGCCGCCGACCTCATGGGGTTCTACTTCCTC

TTCGACGACCAGTTCGACAGCCCGCTCGGGCGCCGCCCCGAGCAGGTGG

CCCTGATCTGCGAACGGCTCTCCGCCATCGCGCACGGCACCCTCACGGC

TGTCACCTCACCCTCCGAACGCGCCTTCGCCGACCTCTGGCGGCGCATCA

CCCTTGGCATGACGGACCGTTGGCGCGCACGGGCCGCCTGCAACTGGGA

GTACTACTTCGCCTGCCACCCCGCGGAGGCCGCCGGCCGGACCATCGGG

CAGCCGCCGGACCGGGAGGGCTATCTGACGCTCAGACGCGGTACCGCCG

CGATGGAGAGCATCTTCGACATGATCGAGCGGCTCGGCCACTTCGAGGTG

CCCCAGCACGTCATGCACCACCCGCTGTTCCGGCAGCTTCGCCAACTCGC

GGCCGACATCCCGTCGTTCACCAATGACGTGCGCTCCTTCGCACAGGAGT

CCGAGCGCGGCGACGTGGCCAACCTGGTGATGATCGTCCGGCGGGACCG

CTGCTGCTCCACCGAGGAGGCCTGCGCGGTGGTCTGGGACGAGGCCCAG

CGCATGGCCGACCGGTTCTGCGACCTGCGCGACCAACTCCCGGACGCCT

GCCGCTCGATGTCGCTGGACCCGGCTCAGCGGCTGGCCGCCGAGCGCTA

CGCCGACGGCATGGCGCTCTGGCTCGCGGGTTACCTCCACTGGGAGTCC

CACACCCGCCGCTACCACCACGGCTGA 

 



Chapter 6. Materials and Methods 

 143 

6.1.9. Cloning  

 

Site directed mutagenesis 

Primers design 

Oligonucleotide primers were designed in the online software Benchling 

(https://benchling.com) following the criteria listed below when possible: 

 

- The melting temperature (Tm) should be lower than 72 ºC, ideally between 40 – 60 ºC. 

- Primers should begin and terminate with two consecutive G or C, and ideally have a 

GC content of 40 to 60 %. However, there should be no more than 3 G or C in the first 

5 and last 5 bp. 

- Primers should not be longer than 60 base pairs (bp). Ideally designed primers were 

20-45 bp-long 

- Primers should contain at least 15 consecutive base pairs matching the plasmid to be 

amplified in the first cycle. Primers for SDM should contain the mutation in the centre 

of the primer and contain ideally 2 bp mismatch. 

- Tm of forward and reverse primer should be in the same range 

Primers were analysed in the online software Benchling (https://benchling.com) to check Tm, 

primer length, mispriming and primer secondary structures. 

 

Primers used for the insertion of one base pair into the Plasmid 1 to obtain UK gene in frame 

are shown in Table 6-3. Primers used to perform the site-directed mutagenesis of IPK are 

shown in Table 6-5, variant containing 3 or more mutations were obtained from consecutive 

SDM. Each mutation was confirmed by sequencing using the forward (T7 promoter) or the 

reverse primer (T7 terminator). 

 

Table 6-3 6-4 Oligonucleotide primers for the insertion of 1 base pair into plasmid containing UK gene 

in pET28a (5’ to 3’). Added base pair depicted in bold. 

Name 5’ Sequence 3’ 

UK FWD CAGTCTATGCCGATGGATCTGCGTGATAATAAACAGAGCC 

UK REV CATCGGCATAGACTGAAAATACAGGTTTTCCATATGGCTGC 

https://benchling.com/
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Table 6-5 Oligonucleotide primers for site-directed mutagenesis (5’ to 3’) of IPK WT with the changed 

codon in bold and underlined. 

Name 5’ Sequence 3’ 

F83A FWD GGAAAAAGGCGCGTGGGAAATTCAGCGTGCAATGCGTC 

F83A REV CCACGCGCCTTTTTCCATGTTGATGAAGATTTTTTTGCCGTCCTC 

F76A F83A REV GGAAAAAGGCGCGTGGGAAATTCAGCGTGCAATGCGTC 

F83A I86A FWD GGAAAAAGGCGCGTGGGAAGCTCAGCGTGCAATGCG 

I146A I156A FWD GTGATGCTGTGATCGATGATAAAAACGGCTATCGCGCGATTAGC 

I146A REV CATCGATCACAGCATCACCATGAATCACCGGAACCAGATTACG 

I156A FWD CTATCGCGCGATTAGCGGTGATGATATTGTTCCGTATCTGG 

I156A REV GCTAATCGCGCGATAGCCGTTTTTATCATCGATCACAGC 

 

Table 6-6 List of all variant created using SDM from primers in Table 6-5. 

IPK variant 

n°  n°  

a F83A 2 F76A F83A I146A 

b I146A 3 F76A F83A I156A 

c I156A 4 F83A I86A I146A 

d F76A F83A 5 F83A I86A I156A 

e F83A I86A 6 F83A I146A I156A 

f F83A I146A 7 F76A F83A I86A I146A 

g F83A I156A 8 F76A F83A I86A I156A 

h I146A I156A 9 F76A F83A I146A I156A 

1 F76A F83A I86A 10 F83A I86A I146A I156A 

 

Site directed mutagenesis protocol 
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Site-directed mutagenesis (SDM) was performed using the same cycle criteria as for PCR 

reactions (see Table 6-8). Biometra Thermocycler T-Gradient Thermoblock thermocycler was 

used. PrimeSTAR thermophilic polymerase was used. Two different reaction mixtures were 

performed in parallel (see Table 6-7). 

 

Table 6-7 PCR mixture for SDM protocol 

 
a FWD = forward (5’ to 3’). b REV = reverse (3’ to 5’). c Master mix contains dNTPs (deoxyribose nucleotide 

triphosphate and the polymerase in the appropriate buffer with MgSO4. 

 

Table 6-8 PCR for SDM conditions 

 

 

The result of the PCR reaction was always digested with DpnI (0.5 µL) for 15 minutes at 37 ºC 

to eliminate the parental plasmid from the mixture. No further purification was performed for 

SDM applications, and 10 µL of the reaction mixture was used to transform XL1-Blue cells. 

 

PCR protocol 

PCR was performed using the protocol described in Table 6-10. Thermocycler T-Gradient 

Thermoblock thermocycler was used. PrimeSTAR thermophilic polymerase was used. 
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Table 6-9 PCR mixture 

 
a FWD = forward (5’ to 3’). b REV = reverse (3’ to 5’). c Master mix contains dNTPs (deoxyribose nucleotide 
triphosphate and the polymerase in the appropriate buffer with MgSO4. d DMSO = dimethyl sulfoxide is added to 
avoid mispriming for long primers, volume added depends on the reaction. 
 

Table 6-10 PCR conditions 

 
a Extension time depends on the size of the desired PCR product, around 60 seconds per 1 kbp (kilo base pair). 

The result of the PCR reaction was always digested with DpnI (0.5 µl) for 15 minutes at 37 

ºC to eliminate the parental plasmid from the mixture. No further purification was performed 

for SDM applications, and 5 µl of the reaction mixture was used to transform XL1-Blue cells. 

DNA was purified by gel extraction from a 1% agarose gel. 

6.1.10. Agarose gel 

Tris-acetate EDTA buffer (TAE, 50x) was prepared by adding Tris-base (242 g), glacial acetic 

acid (57.1 mL) and EDTA solution (10 mL, 0.5 mM, pH 8.0) in deionised water (diH2O, 1 L). 

TAE buffer (1x) was prepared by diluting 50x of TAE (20 mL) in diH2O (1 L). Agarose gels 

were prepared by suspending agarose (1 g) in TAE buffer (1x, 100 mL) in a conical flask and 

heating in a microwave until boiling. SYBR Safe dye (5 µL) was then added to the mixture to 

allow gel imaging and DNA extraction with blue light. The solution was then poured into a gel 

casting tray (Bio-Rad Sub Cell GT Mini) and was left to set for 30 minutes at room temperature. 

Gels were then submerged in 1x TAE buffer in the gel tank (Bio-Rad) before loading the 

samples. DNA ladder (Melford), 10 kbp was loaded in the gel as reference. FastDigest Green 
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buffer (x10, ThermoFisher Scientific) was added to the DNA samples (1 µL per 10 µL of 

sample) and they were loaded into the gel. Gels were run at 100 V for 40 minutes then imaged 

using a ChemiDoc Gel Imaging System (Bio-Rad). 

6.1.11. Gel extraction  

Bands of interest (visualised using ChemiDoc Gel Imaging System (Bio-Rad) were cut from 

the gel with a scalpel and transferred to a weighted 1.5 mL Eppendorf microcentrifuge tube. 

Gel slices were dissolved in QG buffer (300 µL/100 µg gel) and incubated at 50 ºC for 

10 minutes. PE buffer (100 µL/100 µg gel) was added and mixed by inverting the tube several 

times. The mixture was applied to a Qiagen Spin Miniprep Column. Columns were spun down 

at 16,110 g for 60 s in an Eppendorf benchtop microcentrifuge. The flow-through (FT) was 

discarded and column was washed with 750 µL PE buffer and spun down for 60 s. The FT 

was again discarded, and columns were spun down for 60 s to completely remove PE buffer. 

The column was loaded on top of a new 1.5 mL microcentrifuge tube and autoclaved diH2O 

(50 µL) was loaded on top of the column membrane. Columns were spun for 60 s to obtain 

the purified DNA. DNA concentrations were determined by absorbance at 260 nm using a 

Nanodrop 1000 UV Visible spectrophotometer (ThermoFisher Scientific). 

Table 6-11 Recipe of Qiagen DNA purification buffers. 

 

 

6.1.12. Gibson assembly 

 

The Gibson assembly method (Figure 6-1) is a technique relying on three different enzymes. 

First, an exonuclease cuts approximately 20 bp (base pairs) in the 5’ to 3’ direction exposing 

the complementary sequence: a sticky end. 20 bp of the 5’ end of one of the sections is 

required to be complementary to the 3’ of the next section. This yields two complementary 

sticky ends that can anneal and be a substrate for a DNA ligase. Purified PCR products were 

mixed in 1:1 or 1:3 ratio to achieve a final volume of 10 µL and were added to the Gibson 
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assembly master mix (10 µL). Reactions were incubated at 50 ºC for 1 hour, and then used 

to transform XL1-Blue cells (2 L). 

 

Figure 6-1 Gibson assembly: 5’ exonuclease cuts in the 5’ to 3’ direction creating a 20 bp-long sticky 

end. 5’ end of one segment is complementary to the 3’ end of the other for annealing. A polymerase 

fills in the gaps of the annealed single strands region. A ligase joins segments covalently and fixes DNA 

nicks. 

Table 6-12 Gibson assembly reaction mixture 

 
apmols = (weight in ng) x 1,000 / (base pairs x 650 daltons) bMix contains buffer, optimised 

mix of exonuclease, DNA polymerase, Taq DNA ligase. *Final reaction volume of 20 L. 
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6.1.13. Golden gate 

 

Golden Gate assembly (Figure 6-2) relies on a type IIS restriction enzyme BsaI able to cut 

DNA outside of the recognition site (upstream, shown in red). This leads to a 4 bp overhangs 

and allows T4 ligase to join these 4 base pairs with a complementary fragment between the 

5’end of the first segment and the 3’end of the other. This method is interesting as the ligated 

product will not contain the original restriction site. This drives the ligation/digestion equilibrium 

towards the desired product. Reaction mixture (see Table 6-13) was incubated for 1 hour at 

37 ºC and then used to transform XL1-Blue cells (2 L).  

 

Figure 6-2 Golden Gate assembly: BsaI cuts DNA outside of its recognition site (shown in red) creating 

a 4 base pair long sticky end (shown in yellow and blue) then T4 Ligase connects complimentary DNA 

fragments and fixes DNA nick. 
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Table 6-13 Golden Gate reaction mixture 

 

a Buffer including Mg2+ and Bovine serum albumin. bMix contains optimised mix of BsaI and 

T4 DNA ligase. *Final reaction volume of 10 L. 

 

Table 6-14 PCR primer for cloning UK in pET32-Xa Lic 

 

 

6.1.14. Transformation of competent cells 

 

The appropriate frozen competent cells (50 L) were allowed to thaw on ice. Plasmids 

encoding the gene of interest were added to the cells (1 L for plasmids of 100 ng/L DNA 

concentration) and mixture mixed gently. The mixture was then incubated on ice for at least 

30 minutes and heat shocked at 42 ºC (water bath) for 45 seconds before returning to ice. LB 

media (1 mL) was added to the mixture under aseptic conditions and incubated at 37 ºC for 1 

hour whilst shaking (250 rpm). Cells were harvested by centrifugation at 3,300 g for 

60 seconds (Eppendorf centrifuge 5415R) and the supernatant was discarded. The cells were 

resuspended in fresh LB media (100 L) and suspension was spread on agar plates 

containing the necessary antibiotic(s). The plate was then incubated overnight at 37 ºC. 
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6.1.15. Plasmid preparation (MiniPrep of DNA) 

 

A single colony from a plate, or a spike from a glycerol stock, harbouring the required 

transformed cells was used to inoculate 10 mL of LB medium (containing the appropriate 

selective antibiotic(s)) and incubated overnight at 37 °C whilst shaking (250 rpm). Cells were 

harvested by centrifugation (3,400 g, 10 minutes) and the Easy Pure® Plasmid MiniPrep kit 

(TransGen Biotech, Beijing, China) was used to purify the plasmid following the 

manufacturer’s protocol. 

 

6.1.16. Protein expression 

 

A single colony from a plate was picked with a sterile pipette tip and used to inoculate LB 

media (50 mL) containing the appropriate antibiotic. The culture was grown overnight in an 

incubator at 37 ºC with shaking (250 rpm). The resulting culture was then used to inoculate 

fresh LB-media (5 ml of culture per 500 mL media). Culture was grown until reaching an OD600 

of 0.6. At this stage, gene transcription was induced with isopropyl-ß-D-1-

thiogalactopyranoside (IPTG, see Table 6-15 for concentration) and were incubated at the 

required temperature for the required time (see Table 6-15). Cells were harvested by 

centrifugation (3,400 g, 15 minutes) and pellets were stored at -20 ºC. 

 

Test expressions were used to optimise the protein production of UK, factors such as 

expression cells, and temperature of expression were investigated. They were typically carried 

out on a 1 mL scale in a 1.5 mL Eppendorf. Cells were induced when OD600 reached 0.6 with 

the required compound (IPTG (0.2 mM) or L-arabinose (0.2 %) and incubated at the required 

temperature during the required time (37 °C – 4 hours, 25°C – 20 hours, 20°C – 20 hours, 

16°C – 20 hours). The cells were harvested by centrifugation, (3300 g, 1 minute, Eppendorf 

centrifuge 5415R) the pellets resuspended in SDS-sample buffer and analysed by SDS-PAGE. 
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Table 6-15 Expression conditions for proteins used in this work 

 

 

6.1.17. Protein purification 

 

Cell lysis 

 

Frozen induced cells harvested after expression were thawed on ice before being 

re-suspended in the appropriate buffer (see Table 6-16) containing phenylmethylsulphonyl 

fluoride (PMSF, 1 mM) to inhibit proteases and prevent degradation of the protein of interest. 

Cells were lysed by sonication (5 second sonication period (40% amplitude) followed by 10 

second rest period for a total of 15 minutes, cells were kept in an ice-water bath). In some 

cases, lysozyme (1 mg.mL-1) was added prior sonication, the suspension was stirred at 4°C 

for 30 min before the sonication step. Cell debris was then removed from the suspension by 

centrifugation at 4 °C, (38,000 g, 40 minutes) and the resulting supernatant and pellet 

analysed by SDS-PAGE. 

 

Basic extraction 

 

For proteins that remained as insoluble inclusion bodies (see Table 6-16), a basic extraction 

procedure was carried out to solubilise the protein after the cell lysis step. The cell pellet 

obtained after the centrifugation step was resuspended in the appropriate buffer (40 mL from 

750 mL expression media, see Table 6-16) and the suspension was stirred at 4 °C for 30 min. 

The pH of the solution was subsequently adjusted to 12 using sodium hydroxide (6 M), at 

pH = 12 the milky solution becomes clearer. After 30 min stirring at 4 °C, 2-mercaptoethanol 
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is added to the solution to a concentration of 5 mM and the pH is slowly decreased to 8 by 

dropwise addition of 6 M hydrochloric acid. The solution is finally stirred for a further 30 min 

at 4 °C before centrifugation at 4 °C, (38,000 g, 40 minutes) and the resulting supernatant and 

pellet analysed by SDS-PAGE. 

 

Table 6-16 List of cell lysis buffer used in this work. 

 
a tris(2-carboxyethyl)phosphine 

 

6.1.18. Ni-NTA affinity chromatography 

 

Harvested supernatant after centrifugation (IPK and variants) or basic extraction (UK, GdolS, 

ADS, and GDS) was applied to an Ni-NTA column (5 mL Ni-NTA Affinity Resin - Amintra® , 

Expedeon, Cambridge, United Kingdom in an Econo-Column® Chromatography Column, 

Bio-Rad, 2.5 I.D. × 20 cm) pre-equilibrated with the buffer used for cell lysis, and flow-through 

collected. The column was then washed with 5 column volumes (CV) of lysis buffer and a 

gradient of imidazole (20, 60, 100, 250, 500 mM) applied. Solutions of imidazole consisted of 

lysis buffer containing 20, 60, 100, 250, and 500 mM concentrations of imidazole. The column 

was washed with 2 CV of each solution for a stepwise purification. Fractions were analysed 

by SDS-PAGE electrophoresis and those containing the protein of interest (>95 % pure) were 

combined for dialysis (ADS, GdolS, GDS and variants) or desalting (UK, IPK and variants). 
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6.1.19. Purification of AS using anion exchange  

 

Anion exchange chromatography was carried out with an AKTA FPLC system. Harvested 

supernatant after basic extraction was loaded to a pre-equilibrated Q-SepharoseTM Fast Flow 

column (Amersham Pharmacia BiotechTM, Amersham, United Kingdom, 2.5 cm I.D. × 20 cm) 

with 20 mM Tris, 5 mM EDTA, 5 mM 2-mercaptoethanol, pH 8.0, and flow-through collected. 

The column was then washed with 5 column volumes (CV) of lysis buffer to remove any 

unbound protein. Protein was eluted using a linear gradient of 100 mM to 600 mM NaCl. 

Fractions absorbing at 280 nm were analysed by SDS-PAGE electrophoresis and those 

containing the protein of interest (>95 % pure) were combined for dialysis. 

6.1.20. Dialysis 

 

Fractions from purification found to contain the desired protein (>95 % pure) were dialysed to 

remove the residual imidazole. Fractions were combined in dialysis tubing (MWCO 

12 - 14 kDa) and stirred overnight (16 h) in the appropriate buffer (seeTable 6-17). After 

dialysis, the protein solution was concentrated by ultrafiltration (AMICON system, YM 30). 

 

Table 6-17 List of dialysis buffer used in this work. 

 

6.1.21. Desalting 

 

Fractions from purification found to contain the desired protein (>95 % pure) were desalted to 

remove the residual imidazole. Fractions were combined and loaded on a pre-equilibrated 

HiPrep™ 26/10 Desalting (GE Healthcare, Amersham United Kingdom, column volume = 

60 mL, 2.6 mm I.D. 100 mm, 17 – 132 m particle size) with desalting buffer (20 mM Tris, 

100 mM NaCl, 10 % glycerol, pH 8.0) at 4 mL.min-1. The protein was then eluted using 100% 
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desalting buffer at 4 mL.min-1 and then the column was further washed with the desalting 

buffer (2 C.V.) to remove remaining salt.  The presence of the protein was confirmed by SDS-

PAGE electrophoresis.  

 

6.1.22. SDS-PAGE electrophoresis 

 

Protein samples were analysed by sodium dodecylsulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Gels were prepared, cast and run using the MiniPROTEAN system (Bio-Rad, 

California, USA) 

 

Resolving and stacking gel mixture 

 

The recipes for buffers used to cast the gels are found in Table 6-18. Each component was 

prepared in advance and stored at room temperature apart from 10% (w/v) APS which was 

freshly prepared. Resolving and stacking gel mixture were prepared by mixing all ingredient 

together in a Sterilin tube with APS and TEMED added only prior pouring the gel between the 

gel plates to initiate polymerisation. 

 

Table 6-18 Gel casting buffers for SDS-PAGE (amount to make 2 gels). 

 
a SDS = sodium dodecylsulfate. b APS = ammonium persulfate. c TEMED = 

N,N,N’,N’-tetramethylethylenediamine. 

 

SDS sample buffer  
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Deionised water (3.55 mL), stacking buffer (1.25 mL), glycerol (2.5 mL), bromophenol blue 

(0.2 mL of 0.6% w/v solution), SDS (2 mL of 10% w/v solution) and 2-mercaptoethanol were 

mixed together and stored at room temperature. 

 

Electrode running buffer (X10) 

 

Tris-base (0.25 M, 30.3 g) and Glycine (2 M, 150.14 g) were dissolved in 600 mL deionised 

water, once dissolved SDS (10% w/v, 10 g) was added and left to stir slowly. After SDS 

dissolution, the final volume was brought up to 1 L with deionised water. Electrode running 

buffer X10 was diluted 10-fold prior to use. 

SDS gel stain 

Coomassie brilliant blue G-250 (50 mg) was dissolved in ethanol (50 mL), once dissolved, 

phosphoric acid (56 mL, 85 wt.% in H20) and 850 mL of water was added, and solution was 

stirred for 20 minutes. Dextrin-15 (2.5 g), -cyclodextrin (2.5 g), -cyclodextrin (2.5 g), 

-cyclodextrin (2.5 g) were then added and solution was for a further 60 minutes. The solution 

was stored at 4°C. 

SDS Page protocol 

Gel plates were held together in a casting gate to set the gels. Resolving gel mixture 

(approximately 3 mL) was poured between the gel plates, leaving around 2 cm space at the 

top, and covered with isopropanol (around 0.5 mL). The gel was left to polymerise for 20 

minutes, isopropanol was removed and stacking gel mixture was poured on top of the 

resolving gel. A comb (for 10 or for 15 samples) was inserted in the stacking solution between 

the plates to create loading wells. After polymerisation, the comb was removed, and gels fitted 

into the running chamber filled with electrode running buffer. Protein sample (10 L) were 

incubated with SDS sample buffer (10 L) for 5 min at 85 °C and loaded into the gel’s wells 

(for pellet samples, samples were centrifuged in a benchtop centrifuge (7,000 g, 5 minutes) 

prior loading). Gel was allowed to run at 150 V for 1 hour. Once run gel were stained for 5 

minutes in the SDS gel stain to reveal the protein bands then imaged in ChemiDocTM XRS+ 

gel imager (Bio-Rad). This stain does not require distaining. 
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6.1.23. Western blotting 

 

Protein samples were analysed by western blot to identify protein of interest from the crude 

lysate. Western blotting was performed using the Trans-Blot® Turbo™ Transfer Starter 

System, Mini PVDF and Trans-Blot Turbo RTA Mini 0.2 µm PVDF Transfer Kit (Bio-Rad, 

California, USA) 

 

Transfer buffer 

Transfer buffer (1x) was prepared by 1:4 dilution of the commercial Bio-Rad 4x transfer buffer 

in deionised water.  

 

Tris-buffered saline with Tween 20 (TBST) buffer 

TBST buffer was prepared by dissolving Tris-base (25 mM, 3.0 g) and sodium chloride 

(150 mM, 8.8 g) in deionised water (800 mL) and adjusting the pH to 7.5 with diluted 

hydrochloric acid. Tween 20 (0.1% v/v) and deionised water were added to a final volume of 

1 L. The buffer was stored at 4 ºC.  

 

Blocking solution 

Bovine serum albumin (3 g) was dissolved in TBST buffer (100 mL). Solution was prepared 

just prior use. 

 

Western blotting protocol 

Proteins were first separated by SDS-PAGE electrophoresis and gel was immediately 

transferred to a pre-activated polyvinylidene difluoride (PVDF) membrane. The PVDF 

membrane was activated by submersion in methanol for 12 seconds. Two nitrocellulose 

membranes (stacks) were soaked in transfer buffer for three minutes, then a transfer sandwich 

was created by first placing one stack in the Trans-Blot Turbo Transfer System (Bio-Rad) then 

the PVDF membrane followed by the SDS-PAGE gel and finally the second stack. Excess 

transfer buffer and air bubbles were removed using a blotting roller before closing the transfer 

cell. The electrophoretic transfer was performed at 25 V, 1.3 A for 7 min. Once proteins were 

transferred onto the PVDF membrane, the membrane was left shaking in blocking buffer (20 
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mL) for 1 hour at room temperature. The membrane was then washed in TBST buffer (2 x 15 

mL, 10 min) and incubated with His Probe HRP (horseradish peroxidase) Conjugate (0.8 

mg/mL) overnight. The next morning, the PVDF membrane was washed in TBST buffer (4 x 

15 mL, 10 min) and incubated with Clarity western enhanced chemiluminescence (ECL) 

substrate (Bio-Rad, 10 mL, 5 min) to reveal the proteins. The resulting membrane was 

analysed at 425 nm using a ChemiDocTM XRS+ gel imager (Bio-Rad). 

6.1.24. Protein concentration – Bradford assay 

 

A modified version of the Bradford assay was used to determine the concentration of proteins. 

 

Bradford reagent  

Coomassie Brilliant Blue G-250 (20 mg) was dissolved in ethanol (2 mL), and phosphoric acid 

(20 mL, 80% wt. %) was added. Solution was brought to a final volume of 200 mL with 

deionised water. The solution was stored in the dark at 4 ºC until use. Reagent was filtered 

through a 0.2 µm Millex syringe filter immediately prior to use. 

 

Bradford assay 

A sample of known concentration of bovine serum albumin (BSA, 1 mg.mL-1) in deionised 

water was used to prepare a series of dilutions in deionised water from 2 to 100 µg.mL-1 in a 

final volume of 200 µL. Each dilution was performed in triplicate. Bradford reagent (800 µL) 

was then added to each dilution and the absorbance from 400 to 600 nm was recorded using 

a Shimadzu spectrophotometer. The ratio of absorbances at 590 nm and 450 nm was 

calculated and the values for BSA were used to plot a standard curve. The same protocol was 

repeated to measure the concentration of an unknown protein sample. Three samples of 

different dilutions were prepared and recorded. Protein concentration was determined by 

comparing the absorbance ratios of unknown samples to the standard curve. 

 

6.1.25. GC-MS analysis of products 

 

The pentane extracted products of small (250 µL) analytical incubations of enzymes with FDP 

and analogues of FDP were analysed by GC-MS. 
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General incubation buffer  

Tris-base (1.2 g, 50 mM) and magnesium chloride (200 mg, 5 mM) were dissolved in deionised 

water, 2-mercaptoethanol (70 µL, 5 mM) was added and the pH adjusted to 8 before the final 

volume was made up to 200 mL and stored at 4 °C. 

 

GC-MS method 

Gas chromatography coupled with mass spectrum (GC-MS) was performed on a Perkin Elmer 

Clarus 680 GC fitted with a Perkin Elmer Elite-1 column (30 m x 0.25 mm internal diameter) 

and a Perkin Elmer Clarus SQ 8 C mass spectrometer detecting in the range m/z 50-800 in 

EI+ mode with scanning once a second with a scan time of 0.9. The program uses an injection 

port temperature of 100 °C; split ratio 19:1; initial temperature 80 °C hold 2 min, ramp of 

8 °C/min to 280 °C hold 3 min. 

 

6.1.26. GC-FID analysis 

 

Gas chromatography with flame ionisation detector (GC-FID) chiral analysis was performed 

on an Agilent 7890A GC system fitted with a Restek Rt-bDEXsm column (30 m x 0.32 mm 

internal diameter). GC FID method A: uses an injection port temperature of 200 °C, 5 μL was 

injected with a 19:1 split. The oven temperature was held at 80 °C for 1 min and then rose at 

8 °C/min to 200 °C and then held for 2 min. 

 

6.1.27. UK and IPK phosphorylation incubation 

 

Undecaprenol kinase incubation 

Farnesol was monophosphorylated in a solution (1 mL) containing farnesol (5 mM), UK 

(10 M), ATP (1 mM), PEP (10 mM), pyruvate kinase (20 U) in incubation buffer (20 mM Tris, 

20 mM MgCl2). The solution was left under shaking (250 rpm) at 37 °C for 2 hours before the 

solution was quenched with methanol (0.5 mL). The solution was centrifuged (3,400 g, 5 min) 

and supernatant was discarded. For the TLC analysis, pellet was redissolved using a solution 

of butanol and 1% phosphoric acid (1:1, 200 L). 
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Isopentenyl phosphate kinase incubation 

Farnesyl phosphate (2 mM) was added to a solution (500 L) containing ATP (5 mM), MgCl2 

(20 mM), IPK variant (0.5 M), Gd4olS (10 M), β-CD (2 mM), and HP-β-CD (2 mM). The 

solution was left under shaking (350 rpm) at 37 °C overnight before alkaline phosphatase 

(10 mg.mL-1) and MgCl2 (100 mM) were added. The solution was left under shaking (250 rpm) 

at 37 °C for 2 hours before heptane (500 L) was added to extract the organic compounds. 

The organic layer was analysed by GC-MS. 

 

One pot diphosphorylation of alcohols 

Farnesol (7.2 L, 2 mM) was added to a solution (Vtot = 25 mL) containing UK (0.2 M), IPK 

3 (2 M), MgCl2 (20 mM), ATP (0.1 mM), −CD (5 mM), HP-−CD (5 mM), PEP (10 mM), PK 

(50 U), and the solution was left under shaking (250 rpm) at 37 °C for 20 hours before 

quenching with methanol (10 mL). The precipitate was isolated by centrifugation (3,400 g, 

5 min), washed with water 3 times by repeated suspension and centrifugation and Na4P2O7 

(5 mL, 250 mM, pH 7) was added. The solution was loaded on to a SNAP Ultra C18 cartridge 

(Biotage®) to purify FDP by flash chromatography (a linear gradient from 0% to 2% A over 3 

CV then 2% to 5% over 2 CV followed by 5% to 90% over 5CV and finally a linear gradient to 

90% A over 2 CV.; solvent A: CH3CN, solvent B: 25 mM NH4HCO3, flow rate 25 mL.min-1, 

detecting at 210 nm and 220 nm) to give the title compound 14 as a white solid in 95% yield. 

The same procedure was used to synthesise 6,15-dimethyl FDP (145) in 87% yield.  

 

One pot synthesis of sesquiterpene from farnesol analogues 

Farnesol analogue (2 mM) was added to a solution (Vtot = 0.5 mL) containing UK (0.2 M), 

IPK 3 (2 M), sesquiterpene cyclase (5-200 M), MgCl2 (20 mM), ATP (0.1 mM), −CD (5 

mM), HP-−CD (5 mM), PEP (10 mM), PK (50 U), and the solution was left under shaking 

(250 rpm) at 37 °C overnight before the solution was extracted with heptane (0.5 mL). Layers 

were separated and the organic layer was analysed by GC-MS.  

 

6.1.28. Preparative scale enzymatic incubation 

 

Preparative incubation of the 10,11-epoxy farnesyl diphosphate (166) was used for production 

of milligram quantities of product.   
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To a gently stirred solution of 10,11-epoxy farnesyl diphosphate (166, 30 mg, 67 mol) in 

incubation buffer (50 mM Tris, 5 mM -mercaptoethanol, 5 mM MgCl2, pH 8.0, 450 mL) was 

added GdolS to a final concentration of 6 M and the mixture was overlaid with pentane (50 

mL). The flask was stoppered and stirred gently for 24 h at room temperature then a further 

portion of 10,11-epoxy farnesyl diphosphate (30 mg, 67 mol) was added into the aqueous 

layer. After a further 24 h the solution was cooled to 4 °C then stirred for a further 64 h. The 

pentane layer was separated, and the aqueous layer was extracted with pentane (5 x 5 mL) 

by gentle swirling and slow separation. The combined pentane extracts were washed with 

brine, dried (Na2SO4), filtered and solvent was then removed carefully under reduced pressure 

(800 mbar minimum pressure at 30 °C water bath temperature to avoid loss of volatile product) 

to yield the terpenoid product as an oil. Purification by preparative thin layer chromatography 

on silica (5% ether in pentane) gave the title compound 146 as a colourless oil. (9 mg, 30%). 

H (400 MHz, CDCl3, 323 K) 1H NMR (400 MHz, CDCl3, 323 K)  5.32 (1 H, dd, 3JH,H = 9.0 Hz 

and 3JH,H = 7.0 Hz, C=CHCH2O), 4.98 (1 H, t, 3JH,H = 7.0 Hz, C=CHCH2CH2), 4.88 – 4.84 (1 

H, s, C=CHH), 4.84 – 4.79 (1H, s, C=CHH), 3.89 (1 H, dd, 2JH,H = 12.0 Hz, 3JH,H = 7.0 Hz, 

CHCH2O), 3.70 (1 H, dd, 2JH,H = 9.0 Hz, 3JH,H = 7.0 Hz, CHCH2O), 3.51 (1 H, m, CH2OCHC=C), 

2.32 – 2.02 (6 H, m, 3 x CH2), 1.70 (3 H, s, CH3C=CH2), 1.68 – 1.52 (2H, m, CH2CHO), 1.64 

(3H, s, CH3CC=CHCH2O), 1.54 (3H, s, CH3C=CHCH2CH2). 13C NMR (151 MHz, CDCl3)  (100 

MHz, CDCl3, 323 K) 147.0 (C=CHH), 139.3 (CH3C=CHCH2O), 134.6 (CH3CCH2CH2CHO), 

127.8 (CH=CCH2CH2), 124.7 (C=CHCH2O), 110.7 (C=CH2), 78.5 (CH2OCHC=CH2), 62.7 

(CH2OCH), 39.7 (CH2CH2), 39.3 (CH2CH2), 39.7 (CH2CH2), 25.1 (CH2CH2), 17.8 (CH3C=CH2), 

16.1 (CH3C=CHCH2O), 15.1 (CH3CCH2CH2). m/z (EI+) 220.2 (6%, M+), 202.2 (22), 187.2 (20), 

159.1 (15), 147.1 (12), 145.1 (17), 134.1 (32), 125.1 (100), 121.1 (50), 119.1 (40), 93.1 (51), 

91.1 (38), 81.1 (33), 79.1 (32), 68.1 (31), 67.1 (57), 55.1 (10).  HRMS (EI+, M+) found 220.1828, 

C15H24O requires 220.1827. 

 

6.2. SYNTHESIS 

 

6.2.1. General experimental 

 

All chemicals were purchased from Sigma-Aldrich, Alfa-Aesar or Fisher Scientific and used 

without further purification unless otherwise stated. Anhydrous tetrahydrofuran (THF), diethyl 
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ether, toluene and acetonitrile were obtained from a MBraun SPS800 solvent purification 

system. Dichloromethane, and triethylamine were distilled from calcium hydride and KOH 

under nitrogen respectively. Room temperature (rt) refers to 20 - 25 °C. Temperatures of 0 °C 

and -10 °C were obtained using ice/water baths and ice/acetone baths respectively. 

Thin layer chromatography (TLC) was performed on pre-coated aluminium plates of silica of 

Merck silica gel 60 F254 (0.20 mm). TLC visualizations were performed with 4.2% ammonium 

molybdate and 0.2% ceric sulfate in 5% H2SO4, or 0.1% berberine hydrochloride in EtOH or 

UV radiation (254 nm). Ion-exchange chromatography was performed using ion-exchange 

resin (Amberlyst 131 wet, H+ form and DOWEX 40 W, NH4
+ form) pre-equilibrated with ion-

exchange buffer (25 mM NH4HCO3 containing 2% isopropanol). Manual column 

chromatography was performed using silica gel 60 (Merck, 230-400 mesh), while automated 

column chromatography and reverse phase purifications were performed on a Biotage® 

Isolera Four using Biotage® SNAP Ultra cartridges (Biotage, Uppsala, Sweden). The solvents 

used were laboratory grade. Lyophilisation process was carried out  with a Christ Alpha 2-4 

LD Plus Freeze Dryer fitted with a RZ6 vacuum pump (SciQuip, Newton, United Kingdom) 

 

1H, 13C NMR and 31P NMR spectra were measured on a Bruker DPX-600MHz spectrometer, 

Bruker Avance 500 NMR (1H: 500 MHz, 13C: 125 MHz) spectrometer, Bruker Avance 400 (1H: 

400 MHz, 13C: 100 MHz) spectrometer or a Bruker Fourier 300 NMR spectrometer (1H: 300 

MHz, 13C: 76 MHz) at 25 °C unless otherwise stated and are reported as chemical shifts in 

parts per million downfield from tetramethylsilane and all coupling  constants, J, (to the nearest 

0.5 Hz) in Hz. Multiplicities are reported using the following notation: s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet. High and low-resolution electrospray mass spectra of 

small molecules were determined by Waters GCT Premier time of flight mass spectrometer 

or a Waters LCT time of flight mass spectrometer. 

 

6.2.2. Experimental 

 

(2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-1-yl tris-ammonium diphosphate 14 

 

Procedure 1 
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A stirring solution of N-chlorosuccinimide (1.12 g, 8.4 mmol) in anhydrous dichloromethane 

(50 mL) was cooled to -30 ºC in an acetonitrile/dry ice bath and dimethyl sulfide (0.68 mL, 

9.2 mmol) was added dropwise. The mixture was allowed to warm to 0 °C in an water/ice bath 

before being cooled down to -40 °C. A solution of farnesol (1.9 mL, 7.6 mmol) in dry 

dichloromethane (10 mL) was added dropwise to the milky mixture over 10 min. The reaction 

was allowed to warm to 0 °C slowly in an ice/water bath. After an additional hour of stirring, 

the now colourless solution was allowed to stir at rt for 15 min before quenching using cold 

brine (50 mL) and layers were separated. The aqueous layer was extracted with hexane (3 x 

50 mL). The combined organic fractions were washed with sat. CuSO4 (50 mL), sat. NaHCO3 

(50 mL) and brine (50 mL), dried (MgSO4), the solvent removed under reduced pressure, and 

dried under high vacuum for 1 h to yield the chloride, which was used without further 

purification.  

The chloride intermediate was taken up in anhydrous acetonitrile (30 mL, 0.25 M) and 

tris(tetrabutylammonium)hydrogen diphosphate (13.5 g, 15.2 mmol) dissolved in anhydrous 

acetonitrile (15 mL) was added and stirred under N2 for 16 h. The acetonitrile was removed 

under vacuum and the sticky brown residue dissolved in 5 mL of ion-exchange buffer (25 mM 

NH4HCO3, 2% iPrOH), and the resulting cloudy solution was passed slowly through a column 

of Dowex 50W-X8 cation-exchange (100 g) resin pre-equilibrated in ion-exchange buffer. 

Fractions were eluted with the same buffer and analysed by TLC (3:1:1, iPrOH:NH4OH:buffer) 

and the fractions found to contain product were combined and lyophilised. The white powder 

was dissolved in 2 mL ion exchange buffer and purified by reverse-phase flash 

chromatography (SNAPCHAT Ultra C18 column (25 g), eluting a linear gradient from 0% to 

2% A over 3 CV then 2% to 5% over 2 CV followed by 5% to 90% over 5CV and finally a linear 

gradient to 90% A over 2 CV.; solvent A: CH3CN, solvent B: 25 mM NH4HCO3, flow rate 

25 mL.min-1, detecting at 210 nm and 220 nm) to give the title compound as a white solid in 

13% yield (436 mg, 1.008 mmol) 

1H NMR (500 MHz, D2O):  5.41 (1 H, t, J = 7.0, CHCH2O), 5.18-5.10 (2 H, m, 2 x 

C=CHCH2CH2), 4.41 (2 H, t, J = 6.5, CHCH2O), 2.11-1.94 (8 H, m, 2 x CHCH2CH2), 1.67, 1.63 

and 1.57 (2 x 3 H and 1 x 6 H, 3 x s, 4 x CH3).  

31P NMR (121 MHz, D2O):  -6.49 (d, J = 22), -10.25 (d, J = 22).  

HRMS (ES-, [M - H]-) found 381.1235, C15H27O7P2 requires 381.1232 

Procedure 2  

A stirring solution of farnesol (1.9 mL, 7.6 mmol) in dry THF (50 mL) was cooled to -10 ºC in 

an acetone/ice bath and phosphorus tribromide (0.356 mL, 3.8 mmol) was added dropwise. 
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The mixture was stirred at -10 °C for 15 min and quenched using sat. NH4Cl (50 mL) and 

layers were separated. The aqueous layer was extracted with hexane (3 x 50 mL). The 

combined organic fractions were washed with NaHCO3 and brine, dried (MgSO4), the solvent 

removed under reduced pressure, and dried under high vacuum for 1 h to yield farnesyl 

bromide, which was used without further purification.  

The bromide intermediate was taken up in anhydrous acetonitrile (30 mL, 0.25 M) and 

tris(tetrabutylammonium)hydrogen diphosphate (13.5 g, 15.2 mmol) dissolved in anhydrous 

acetonitrile (15 mL) was added and stirred under N2 for 16 h. The acetonitrile was removed 

under vacuum and the sticky brown residue dissolved in 5 mL of ion-exchange buffer (25 mM 

NH4HCO3, 2% iPrOH), and the resulting cloudy solution was passed slowly through a column 

of Dowex 50W-X8 cation-exchange (100 g) resin pre-equilibrated in ion-exchange buffer. 

Fractions were eluted with the same buffer and analysed by TLC (3:1:1, iPrOH:NH4OH:buffer) 

and the fractions found to contain product were combined and lyophilised. The white powder 

was dissolved in 2 mL ion exchange buffer and purified by reverse-phase flash 

chromatography (SNAPCHAT Ultra C18 column (25 g), eluting a linear gradient from 0% to 

2% A over 3 CV then 2% to 5% over 2 CV followed by 5% to 90% over 5CV and finally a linear 

gradient to 90% A over 2 CV.; solvent A: CH3CN, solvent B: 25 mM NH4HCO3, flow rate 

25 mL.min-1, detecting at 210 nm and 220 nm) to give the title compound as a white solid in 

24% yield (784 mg, 1.811 mmol) 

Procedure 3 

A stirring solution of farnesol (0.5 mL, 2 mmol) in dry THF (20 mL) was cooled to -10 ºC in an 

acetone/ice bath and phosphorus tribromide (0.094 mL, 1 mmol) was added dropwise. The 

mixture was stirred at -10 °C for 15 min and quenched using sat. NH4Cl (20 mL) and layers 

were separated. The aqueous layer was extracted with hexane (3 x 20 mL). The combined 

organic fractions were washed with NaHCO3 and brine, dried (MgSO4), the solvent removed 

under reduced pressure, and dried under high vacuum for 1 h to yield farnesyl bromide, which 

was used without further purification.  

Dry N,N-diisopropylethylamine (2.3 mL, 13.2 mmol) was added dropwise to the trimethylsilyl 

protected pyrophosphate intermediate 120 under inert atmosphere at 0 °C. Water in acetone 

(0.115 mL, 6.4 mmol, 1.6 equiv, acetone/water 9:1) was then added dropwise. The 

suspension was warmed up to room temperature and the farnesyl bromide intermediate was 

added dropwise, after a brief stirring, the solution was left at r.t. until solid crystallised. The 

liquid phase was added dropwise to a stirred solution of ammonia (100 mL, 6 M in water) at 

0 °C (pH after addition was 11.47). The resulting cloudy solution was washed with ether (2 x 
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50 mL). Acetonitrile (250 mL) was added to the aqueous layer to precipitate FDP. The white 

solid (2.90 g) was filtered and purified by flash chromatography (25 mM NH4HCO3, 2% iPrOH/ 

MeCN, Snapchat C18 30 g, CV = 90 mL, H2O/MeCN, 0% to 5% MeCN over 10 CV, 10% to 

90% MeCN over 5 CV, 90% MeCN for 5 CV, UV collection 210 nm & 220 nm ) to give a white 

fluffy solid in 43% yield (372 mg, 0.859 mmol). 

 

Tris(tetra-n-butyl ammonium)hydrogen diphosphate 123 

 

A solution of disodium dihydrogen diphosphate (3.3 g, 15 mmol) in ammonium hydroxide 

(25 mL, 10% v/v) was passed through a column of Amberlyst® 131 cation exchange resin 

(Hydrogen-form) and the free acid eluted with deionised water (110 mL). The flowthrough was 

collected and immediately titrated with aqueous tetra-n-butyl ammonium hydroxide (40% w/v) 

to pH 7.3. The resulting clear solution (~150 mL) was lyophilised to yield a hygroscopic white 

solid in quantitative yield (13.5 g, 15 mmol) and used without further purification. 

1H NMR (300 MHz, CDCl3):  3.50 – 3.30 (24 H, m, 12 x NCH2CH2CH2CH3), 1.75 – 1.55 (24 

H, m, 12 x NCH2CH2CH2CH3), 1.53 – 1.36 (24 H, m, 12 x NCH2CH2CH2CH3), 0.92 (3 H, t, J 

7.5, 12 x NCH2CH2CH2CH3). 

13C (75 MHz, CDCl3)  58.88, 24.30, 19.84, 13.92.  

31P (121 MHz, CDCl3)  -5.76. 

 

Tetrakis(trimethylsilyl) diphosphate 120 

 

 

A stirring solution of finely powdered dihydrogen disodium diphosphate (1.1 g, 5 mmol), in dry 

formamide (5 mL) was cooled down to 0 °C and trimethylsilyl chloride (2.78 mL, 22 mmol) was 

added. After 1 h of stirring, petroleum ether (10 mL) was added and solution was stirred for 

an additional 5 min. The clear top layer was transferred into a dry 25 mL flask and the solvent 

as well as excess TMSCl were evaporated off under reduced pressure (ca. 2 mbar) at 40 °C 

to give a colorless liquid. The trimethylsilyl protected pyrophosphate intermediate was used 

without further purification.  
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1H NMR (500 MHz, None)  0.55 (s, 36H, 12 x CH3). 

 31P NMR (202 MHz, None)  -29.72 (s). 

 

 

 

(2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-1-yl ammonium phosphate 130 

 

A solution of bis-ethylammonium phosphate (TEAP) in acetonitrile was prepared by adding a 

solution of phosphoric acid in acetonitrile (18.2 mL, 21% v/v) to a solution of triethylamine in 

acetonitrile (30 mL, 52% v/v).  

To a stirred solution of farnesol (1 mL, 4 mmol) in trichloroacetonitrile (10 mL, ca. 100 mmol) 

was added the TEAP solution in acetonitrile at 37°C for 15 min (3 successive additions of 16 

mL at five-minute intervals). The reaction mixture was purified on silica column pre-

equilibrated with the running buffer (iPrOH:NH4OH:H2O, 6:2.5:0.5) using a isocratic gradient 

of the running buffer. Fractions were analysed by TLC (iPrOH:NH4OH:H2O, 6:3:1) and 

fractions containing the product pooled together and solvent removed under reduced 

pressure. The final product was dissolved in ammonium hydrogen carbonate (25 mM) and 

lyophilised to yield a white solid in 22 % yield (280 mg, 0.9 mmol).  

1H NMR (400 MHz, D2O)  5.36 (t, J = 7.0 Hz, 1H, CHCH2O), 5.17 – 4.99 (m, 2H, 2 x 

C=CHCH2CH2), 4.36 (t, J = 6.2 Hz, 2H, CHCH2O), 2.14 – 1.87 (m, 8H, 2 x CHCH2CH2), 1.66, 

1.61, 1.56, 1.53 (4 x s, 4 x 3H, 4 x CH3). 319.3818. 

31P NMR (162 MHz, D2O)  0.42 (s). 

HRMS (ES-): calculated for (C15H27O4P - [H])-: 301.1569 found: 301.1573. 

 

Ethyl (E)-2,3,7-trimethylocta-2,6-dienoate 150  

 

To a solution of triethyl 2-phosphonopropionate (21.7 mL, 101.1 mmol) in dry THF (100 mL) 

was added n-BuLi (40.5 mL, 101.1 mmol, 1.5 eq.) was added dropwise at 0 °C. The reaction 

was stirred for 2 hours at rt, cooled to 0 °C and 6-methyl-5-hepten-2-one (10 mL, 67.4 mmol) 

was added. The reaction was stirred at rt overnight and quenched with water (150 mL). The 

aqueous layer was separated and extracted with ethyl acetate (3 x 50 mL). The combined 
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organic fractions were washed with water (100 mL), brine (100 mL), dried over sodium 

sulphate, filtered, and solvent was removed under reduced pressure. Purification by flash 

chromatography on silica (10% ethyl acetate in hexane) yielded a mixture of E and Z alkene 

in 73% yield as a clear oil (10.0 g, 47.6 mmol). Flash chromatography (5% ethyl acetate in 

hexane) partially separated E ester for analysis. 

1H NMR (300 MHz, CDCl3):  5.19 – 5.07 (1H, m, (CH3)CCH), 4.19 (2H , q, J = 7.1 Hz, 

OCH2CH3), 2.42 – 2.30 (2H, m, CH2(CH3)CC(CH3)C(O)), 2.19 – 2.14 (2H, m, CH2), 1.87 (3H, 

s, CH3), 1.85 (3H, s, CH3), 1.80 (3H, s, CH3), 1.62 (3H, s, CH3), 1.31 (3H, t, J = 7.1 Hz, 

OCH2CH3).  

13C NMR (75 MHz, CDCl3):  169.9 ((CH3)CC(CH3)C(O)), 146.1 ((CH3)CC(CH3)C(O)), 145.6 

((CH3)CC(CH3)C(O)), 131.8 ((CH3)CCH), 124.0 ((CH3)CCH), 60.0 (OCH2CH3), 36.5 

(CH2(CH3)CC(CH3)C(O)), 29.7 (CH2CH2(CH3)CC(CH3)C(O)), 20.9 (CH3), 17.6 (CH3), 15.9 

(CH3), 15.3 (CH3), 14.3 (OCH2CH3).  

HRMS (ES+): calculated for [C13H23O2]+; 211.1698, found 211.1698. 

 

(E)-2,3,7-Trimethylocta-2,6-dien-1-ol 151 

 

DIBAL-H (71.4 mL, 71.4 mmol, 1 M in THF) was added to a mixture of E and Z 150 (5 g, 

23.8 mmol) in anhydrous toluene (100 mL) at -78 °C. Reaction was quenched with HCl 

(100 mL, 1 M) at 0 °C when complete consumption of starting material was observed via TLC 

(20% ethyl acetate in hexane) (usually after 2 hours). The aqueous layer was separated and 

extracted with dichloromethane (3 x 50 mL). The combined organic fractions were washed 

with sat. aq. NaHCO3 (3 x 100mL), brine (3 x 100 mL), dried over sodium sulphate, filtered, 

and solvent was removed under reduced pressure. Purification by flash chromatography on 

silica (5% ethyl acetate in hexane) yielded the title compound in 36% yield as a clear oil 

(1.45 g, 8.6 mmol). 

1H NMR (300 MHz, CDCl3)  5.12 (m, 1H,C=CH), 4.12 (s, 2H, CH2OH), 2.05 (m, 4H, CH2CH2), 

1.70 – 1.80 (m, 6H, 2 x CH3), 1.68, 1.61 (2 x s, 2 x 3H, 2 x CH3). 

13C NMR (75 MHz, CDCl3)  133.15, 131.80 (2 x CH3CC), 127.86 (C=CH), 124.13 (C=CH), 

64.15 (CH2OH), 34.95, 26.40 ( 2 x CH2), 25.76, 17.98, 17.64, 16.26 (4 x CH3). 

HRMS (EI+): calculated for [C11H20O2] – H2O]+; 150.1409, found 150.1403. 
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NOESY 1H-1H interactions of Z isomer: signal at 5.04 to 2.02 and 1.5, 4.00 to 2.02 and 1.68 

to 1.52 ppm. 

 

Ethyl (E)-6,7,11-trimethyl-3-oxododeca-6,10-dienoate 18 

 

 

A stirring solution of (E)-2,3,7-trimethylocta-2,6-dien-1-ol 151 (1.52 g, 9.0 mmol) in dry THF 

(50 mL) was cooled to -10 ºC in an acetone/ice bath and phosphorus tribromide (0.423 mL, 

4.5 mmol) was added dropwise. The mixture was stirred at -10 °C for 15 min and quenched 

using sat. NH4Cl (50 mL) and layers were separated. The aqueous layer was extracted with 

hexane (3 x 50 mL). The combined organic fractions were washed with NaHCO3 and brine, 

dried (MgSO4), the solvent removed under reduced pressure, and dried under high vacuum 

for 1 h to yield the corresponding bromide, which was used without further purification.  

Ethylacetoacetate (3.41 mL, 27 mmol) was added drop wise over 10 min into a stirring 

suspension of NaH (1.26 g in 60% oil, 31.5 mmol) in dry THF (100 mL) at 0 °C. After 30 min 

of stirring at rt, the solution was cooled down to 0°C and n-BuLi (11.1 mL, 2.5 M in hexanes, 

27.9 mmol) was added drop wise over 10 min. The yellow solution was stirred 30 min at rt and 

then cooled down to 0 °C.  The bromide intermediate in dry THF (5 mL) was added dropwise 

and the mixture was stirred 1 h at 0 °C and over the weekend at rt. The reaction was quenched 

with HCl (50 mL, 1 M), diluted with water (50 mL). The aqueous layer was separated and 

extracted with ether (3 x 50 mL). The combined organic fractions were washed with water (2 

x 100 mL), brine (2 x 100 mL), dried over sodium sulphate, filtered, and solvent was removed 

under reduced pressure. Purification by flash chromatography on silica (5 to 20% ethyl acetate 

in hexane) yielded the title compound in 63% yield as a clear oil (1.60 g, 5.7 mmol). 

1H NMR (300 MHz, CDCl3)  5.26 – 5.05 (m, 1H, C=CH), 4.21 (q, J = 7.1 Hz, 2H, OCH2CH3), 

3.46 (s, J = 2.3 Hz, 2H, COCH2CO), 2.62 – 2.02 (m, 2 x 4H, 4 x CH2), 1.69 (s, 3H, CH3), 1.64 

(m, 9H, 3 x CH3), 1.30 (t, J = 7.1 Hz, 3H, OCH2CH3). 

13C NMR (75 MHz, CDCl3)  203.12 (CO), 167.29 (OCOCH2CH3), 131.56 (C=C), 129.78 

(C=C), 126.24 (C=CH), 124.32 (C=CH), 61.41 (OCH2CH3), 49.43 (OCCH2CO), 41.55, 34.78, 

28.61, 26.65 (4 x CH2), 25.77, 18.12, 17.87, 17.63, 14.14 (5 x CH3). 

HRMS (AP+): calculated for (C17H28O3 + [H])+: 281.2072, found: 281.2070. 
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Ethyl (2E,6E)-3-ethyl-6,7,11-trimethyldodeca-2,6,10-trienoate 154 

 

A stirring solution of ethyl (E)-6,7,11-trimethyl-3-oxododeca-6,10-dienoate 18 (500 mg, 

1.8 mmol) in dry dichloromethane (25 mL) under inert atmosphere was cooled to 0 °C and 

lithium triflate (842 mg, 5.4 mmol) was added. After 10 min of stirring at 0 °C, dry triethylamine 

(0.752 mL, 5.4 mmol) was added dropwise and then stirred at 0°C for a further 5 min. Triflic 

anhydride (0.387 mL, 2.3 mmol)  was then added and stirred for 1.5 h at 0 °C before it was 

quenched with sat. NH4Cl (25 mL). The aqueous layer was separated and extracted with 

dichloromethane (3 x 10 mL). The combined organic fractions were washed with brine, dried 

over magnesium sulphate, filtered and solvent was removed under reduced pressure to give 

a yellow oil (709 mg). This triflate intermediate was then stored at -20 ºC and used the 

following day without further purification. 

A stirring suspension of copper cyanide (403 mg, 4.5 mmol) in dry THF (25 mL) was cooled 

down to -78 °C in an acetone/dry ice bath, and ethyl magnesium bromide (0.9 mL, 3 M in 

ether, 2.7 mmol) was added dropwise at -78 °C. The resulting suspension was stirred at -78 °C 

for a further 30 min before the dropwise addition of the triflate intermediate in dry THF (2 mL). 

After 2 h at -78 °C, the reaction mixture was quenched with sat. NH4Cl (20 mL). The aqueous 

layer was separated and extracted with ether (3 x 10 mL), and the combined organic fractions 

were washed with brine, dried over magnesium sulphate, filtered and solvent was removed 

under reduced pressure. Purification by flash chromatography on silica (5 to 20% ethyl acetate 

in hexane) yielded the title compound in 44% yield over 2 steps as a clear oil (243 mg, 

0.8 mmol). 

1H NMR (300 MHz, CDCl3)  5.61 (s, 1H, C=CHCO), 5.11 (s, 1H, C=CH), 4.14 (q, J = 7.1 Hz, 

2H, OCH2CH3), 2.63 (q, J = 7.5 Hz, 2H, CH=CCH2CH3), 2.15 - 2.01 (m, 8H, CH2), 1.64 (t, J = 

11.5 Hz, 14H), 1.27 (t, J = 7.1 Hz, 3H), 1.09 (t, J = 7.5 Hz, 3H).  

HRMS (AP+): calculated for (C19H32O2 + [H])+: 293.2481 found: 293.2485. 

 

 

(2E,6E)-3-Ethyl-6,7,11-trimethyldodeca-2,6,10-trien-1-ol 141 
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DIBAL-H (2.4 mL, 1 M in THF, 2.4 mmol) was added to ethyl (2E,6E)-3-ethyl-6,7,11-

trimethyldodeca-2,6,10-trienoate 154 (243 mg, 0.8 mmol) in anhydrous toluene (15 mL) 

at -78 °C. Reaction was quenched with HCl (20 mL, 1 M) at 0 °C when complete consumption 

of starting material was observed via TLC (20% ethyl acetate in hexane) (usually after 1 hour). 

The aqueous layer was separated and extracted with dichloromethane (3 x 10 mL). The 

combined organic fractions were washed with sat. aq. NaHCO3 (3 x 10mL), brine (3 x 20 mL), 

dried over sodium sulphate, filtered, and solvent was removed under reduced pressure. 

Purification by flash chromatography on silica (5% ethyl acetate in hexane) yielded the title 

compound in 76% yield as a clear oil (156 mg, 0.6 mmol). 

1H NMR (300 MHz, CDCl3)  5.38 (t, J = 7.0 Hz, 1H, C=CHCH2OH), 5.30 (s, 1H, OH), 5.12 (s, 

1H, C=CH), 4.16 (d, J = 7.0 Hz, 2H, CH2OH), 2.22 – 1.92 (m, 8H, 4 x allylic CH2), 1.68 (s, 3H, 

CH3), 1.64 (s, 3H, CH3), 1.60 (s, 3H, CH3), 1.57 (s, 6H, 2 x CH2), 1.00 (t, J = 7.6 Hz, 3H, 

CH3CH2). 

13C NMR (75 MHz, CDCl3)  142.85 (C=CH), 135.62 (C=CH), 131.40 (C=C), 124.31 (C=C), 

123.45 (C=CH), 120.27 (C=CH), 66.10 (CH2OH), 39.69, 39.45, 26.69, 26.10 (4 x allylic CH2), 

25.74 (CH3), 25.67 (CH2CH3), 17.72, 16.14, 16.06 (3 x CH2). 

HRMS (ES+): calculated for (C17H30O - [H20])+: 232.2191 found: 232.2199. 

 

(2E,6E)-3-Ethyl-6,7,11-trimethyldodeca-2,6,10-trien-1-yl tris-ammonium diphosphate 145 

 

This compound was prepared and purified from alcohol 141 (78 mg, 0.3 mmol) in the same 

manner as FDP 14, using protocol 3 to give the title compound as a white solid in 33% yield 

(49 mg, 0.11 mmol). 

1H NMR (500 MHz, D2O)  5.48 (t, J = 7.0 Hz, 1H, C=CHCH2O), 5.24 (m, 1H, C=CH), 4.50 

(m, 2H, CH2O), 2.29 – 2.05 (m, 8H, allylic CH2), 1.69 (m, 9H, CH3), 1.63 (s, 3H, CH3), 1.02 (t, 

J = 7.5 Hz, 3H, CH2CH3). 

31P NMR (202 MHz, D2O)  -6.29 (d, J = 22.3 Hz), -10.41 (d, J = 22.4 Hz). 

HRMS (ES-, [M - H]-) found 409.1547, C15H27O7P2 requires 409.1545. 
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(2E,6E)-8-hydroxy-3,7-dimethylocta-2,6-dien-1-yl acetate 156 

 

To a stirring suspension of selenium dioxide (0.5 g, 4.7 mmol) and salicylic acid (0.6 g, 

4.7 mmol) in dichloromethane (100 mL) was added tBuOOH (19 mL, 70% in water, 140 mmol) 

and the mixture was stirred at rt for 10 min. The mixture was cooled to 0 °C, and geranyl 

acetate (10 mL, 46.7 mmol) in dichloromethane (20 mL) was added. The reaction mixture was 

stirred for a further 40 h at rt. The suspension was diluted with ether (100 mL) and successively 

washed with sat. aq. sodium hydrogen carbonate (200 mL), sat. aq. copper sulphate (200 

mL), sat. aq. sodium sulphite (200 mL), water (200 mL), brine (200 mL), dried over magnesium 

sulfate and solvent was removed under reduced pressure. The crude mixture was dissolved 

in EtOH (100 mL) and NaBH4 (3.5 g, 93.4) was added. The mixture was stirred for 2 h at rt 

before it was quenched with dropwise addition of HCl (1M, 50 mL). The aqueous layer was 

separated and extracted with dichloromethane (3 x 30 mL). The combined organic fractions 

were washed with water (100mL), brine (100 mL), dried over sodium sulphate, filtered, and 

solvent was removed under reduced pressure. Purification by flash chromatography on silica 

(5 – 30% ethyl acetate in hexane) yielded the title compound in 80% yield as a yellow oil 

(6.3 g, 29.9 mmol). 

1H NMR (400 MHz, CDCl3)  5.48 – 5.25 (m, 2H, 2 x C=CH), 4.58 (d, J = 7.0 Hz, 1H, 

CH2OCOCH3), 3.99 (s, 1H, CH2OH), 2.23 – 2.07 (m, 4H, CH2CH2), 2.06 (s, 3H, CH3CO), 1.70 

(s, 1H, CH3), 1.66 (s, 1H, CH3). 

13C NMR (75 MHz, CDCl3)  171.28 (CO), 141.78 (C=CH), 135.26 (C=CH), 125.31 (C=CH), 

118.63 (C=CH), 68.91 (CH2OH), 61.45 (CH2OCO), 39.06, 25.64 (CH2CH2), 21.10 (CH3CO), 

16.43, 13.72 (2 x CH3).  

LRMS (ES+): calculated for (C12H20O3 [Na])+: 235.1310, found: 235.1299. 

 

 

(2E,6E)-3,7-Dimethylnona-2,6-dien-1-ol 157 
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A stirring solution of (2E,6E)-8-hydroxy-3,7-dimethylocta-2,6-dien-1-yl acetate 156 (4.44 g, 

20.9 mmol) in dry THF (100 mL) was cooled to -10 °C in an acetone/ice bath and phosphorus 

tribromide (0.987 mL, 10.5 mmol) was added dropwise. The mixture was stirred at -10 °C for 

15 min and quenched using sat. NH4Cl (50 mL) and layers were separated. The aqueous 

layer was extracted with hexane (3 x 50 mL). The combined organic fractions were washed 

with NaHCO3 and brine, dried (MgSO4), the solvent removed under reduced pressure, and 

dried under high vacuum for 1 h to yield the corresponding bromide, which was used without 

further purification.  

The bromide intermediate was taken up in dry THF (200 mL) and the stirred solution was 

cooled to 0 °C. Methyl magnesium bromide (35 mL, 3 M in ether, 105 mmol) was added 

dropwise through a syringe driver (25 mL/h) and the solution was left stirred for 2 h at 0°C 

before it was quenched quenching with sat. NH4Cl (100 mL). The aqueous layer was 

separated and extracted with ether (3 x 80 mL). The combined organic fractions were washed 

with brine (100 mL), dried over magnesium sulphate, filtered and solvent evaporated under 

reduced pressure. Purification by flash chromatography on silica (5 – 20% ethyl acetate in 

hexane) yielded the title compound in 29% yield over 2 steps as a clear oil (1.0 g, 6.1 mmol). 

1H NMR (300 MHz, CDCl3)  5.42 (m, 1H, C=CHCH2OH), 5.09 (m, 1H, C=CHCH2CH2), 4.16 

(m, 2H, CH2OH), 2.02 (m, 6H, allylic 3 x CH2), 1.68 (s, 3H, CH3), 1.59 (s, 3H, CH3), 0.98 (t, J 

= 7.4 Hz, 3H, CH3CH2). 

13C NMR (75 MHz, CDCl3)  139.95 (C=CH), 137.33 (C=CH), 123.27 (C=CH), 122.29 (C=CH), 

59.46 (CH2OH), 39.60, 32.35, 26.24 (3 x CH2), 22.11, 16.33, 12.83 (3 x CH3). 

LRMS (AP+): calculated for (2 x C17H28O3 + 2[H])+: 338.3185, found: 338.3501. 

 

Ethyl (6E,10E)-7,11-dimethyl-3-oxotrideca-6,10-dienoate 159 

 

A stirring solution of alcohol 157 (1.0 g, 6.1 mmol) in dry THF (50 mL) was cooled to -10 ºC in 

an acetone/ice bath and phosphorus tribromide (0.291 mL, 3.1 mmol) was added dropwise. 

The mixture was stirred at -10 °C for 15 min and quenched using sat. NH4Cl (50 mL) and 

layers were separated. The aqueous layer was extracted with hexane (3 x 50 mL). The 

combined organic fractions were washed with NaHCO3 and brine, dried (MgSO4), the solvent 

removed under reduced pressure, and dried under high vacuum for 1 h to yield the 

corresponding bromide, which was used without further purification.  
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Ethylacetoacetate (2.31 mL, 18.3 mmol) was added drop wise over 10 min into a stirring 

suspension of NaH (0.856 g in 60% oil, 21.4 mmol) in dry THF (100 mL) at 0 °C. After 30 min 

of stirring at rt, the solution was cooled down to 0°C and n-BuLi (7.6 mL, 2.5 M in hexanes, 

18.9 mmol) was added drop wise over 10 min. The yellow solution was stirred 30 min at rt and 

then cooled down to 0 °C.  The bromide intermediate in dry THF (5 mL) was added dropwise 

and the mixture was stirred 1 h at 0 °C and over the weekend at rt. The reaction was quenched 

with HCl (50 mL, 1 M), diluted with water (50 mL). The aqueous layer was separated and 

extracted with ether (3 x 50 mL). The combined organic fractions were washed with water (2 

x 100 mL), brine (2 x 100 mL), dried over sodium sulphate, filtered, and solvent was removed 

under reduced pressure. Purification by flash chromatography on silica (5 to 20% ethyl acetate 

in hexane) yielded the title compound in 52% yield over 2 steps as a clear oil (0.907 g, 

3.2 mmol). 

1H NMR (300 MHz, CDCl3)  5.10 – 5.08 (m, 2H, C=CH), 4.21 (q, J = 7.1 Hz, 2H, OCH2CH3), 

3.45 (s, 2H, COCH2CO), 2.58 (t, J = 7.4 Hz, 2H, CH2CH2CO ), 2.45 – 2.18 (m, 2H, allylic CH2), 

2.18 – 1.90 (m, 6H, 3 x allylic CH2), 1.62 (s, 3H, CH3), 1.60 (s, 3H, CH3), 1.29 (t, J = 7.1 Hz, 

3H, OCH2CH3), 0.98 (t, J = 7.5 Hz, 3H, CH3CH2C). 

13C NMR (75 MHz, CDCl3)  202.76 (COCH2), 167.28 (OCOCH2), 137.04 (C=CH), 136.82 

(C=CH), 122.54 (C=CH), 122.04 (C=CH), 61.40 (OCH2CH3), 49.43 (OCCH2CO), 43.10 

(CH2COCH2), 39.69, 32.35, 26.45, 22.14 (4 x allylic CH2), 16.04, 15.95, 14.14, 12.84 (4 x 

CH3). 

LRMS (ES+): calculated for (C17H28O3 [Na])+: 303.1936, found: 303.1931. 

 

Ethyl (2E,6E,10E)-3-ethyl-7,11-dimethyltrideca-2,6,10-trienoate 161 

 

A stirring solution of ethyl (6E,10E)-7,11-dimethyl-3-oxotrideca-6,10-dienoate 159 (500 mg, 

1.8 mmol) in dry dichloromethane (25 mL) under inert atmosphere was cooled to 0 °C and 

lithium triflate (842 mg, 5.4 mmol) was added. After 10 min of stirring at 0 °C, dry triethylamine 

(0.752 mL, 5.4 mmol) was added dropwise and then stirred at 0°C for a further 5 min. Triflic 

anhydride (0.387 mL, 2.3 mmol)  was then added and stirred for 1.5 h at 0 °C before it was 

quenched with sat. NH4Cl (25 mL). The aqueous layer was separated and extracted with 

dichloromethane (3 x 10 mL). The combined organic fractions were washed with brine, dried 

over magnesium sulphate, filtered and solvent was removed under reduced pressure to give 
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a yellow oil (741 mg). This triflate intermediate was then stored at -20 ºC and used the 

following day without further purification. 

A stirring suspension of copper cyanide (403 mg, 4.5 mmol) in dry THF (25 mL) was cooled 

down to -78 °C in an acetone/dry ice bath, and ethyl magnesium bromide (0.9 mL, 3 M in 

ether, 2.7 mmol) was added dropwise at -78 °C. The resulting suspension was stirred at -78 °C 

for a further 30 min before the dropwise addition of the triflate intermediate in dry THF (2 mL). 

After 2 h at -78 °C, the reaction mixture was quenched with sat. NH4Cl (20 mL). The aqueous 

layer was separated and extracted with ether (3 x 10 mL), and the combined organic fractions 

were washed with brine, dried over magnesium sulphate, filtered and solvent was removed 

under reduced pressure. Purification by flash chromatography on silica (5 to 20% ethyl acetate 

in hexane) yielded the title compound in 61% yield over 2 steps as a clear oil (335 mg, 

1.1 mmol). 

1H NMR (300 MHz, CDCl3)  5.61 (s, 1H, C=CHCO), 5.18 – 4.96 (m, 2H, C=CH), 4.14 (q, J = 

7.1 Hz, 2H, OCH2CH3), 2.62 (q, J = 7.5 Hz, 2H, CH3CH2C=C), 2.17 (s, 4H, CH3), 2.02 – 1.92 

(m, 12H; allylic CH2), 1.59 – 1.61 (m, 6H, CH3), 1.27 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.07 (t, J 

= 7.5 Hz, 3H, CH3CH2C), 0.97 (t, J = 7.5 Hz, 3H, CH3CH2C). 

13C NMR (75 MHz, CDCl3)  166.57 (OCOCH2CH3), 165.71 (C=CHCO), 136.99, 136.12 (2 x 

C=CH), 123.03, 122.62 (2 x C=CH) , 114.80 (C=CHCO), 59.49 (OCH2CH3), 39.72, 37.99, 

32.35, 26.51, 26.13, 25.37 (6 x allylic CH2), 16.08, 15.94, 14.34, 13.04, 12.83 (5 x CH3). 

LRMS (AP+): calculated for (C19H32O2 + [H])+: 293.2481 found: 293.2479. 

 

(2E,6E,10E)-3-Ethyl-7,11-dimethyltrideca-2,6,10-trien-1-ol 158 

 

DIBAL-H (3.3 mL, 1 M in THF, 2.4 mmol) was added to 161 (335 mg, 1.1 mmol) in anhydrous 

toluene (15 mL) at -78 °C. Reaction was quenched with HCl (20 mL, 1M) at 0 °C when 

complete consumption of starting material was observed via TLC (20% ethyl acetate in 

hexane) (usually after 1 hour). The aqueous layer was separated and extracted with 

dichloromethane (3 x 10 mL). The combined organic fractions were washed with sat. aq. 

NaHCO3 (3 x 10mL), brine (3 x 20 mL), dried over sodium sulphate, filtered, and solvent was 

removed under reduced pressure. Purification by flash chromatography on silica (5% ethyl 

acetate in hexane) yielded the title compound in 55% yield as a clear oil (141 mg, 0.6 mmol). 
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1H NMR (300 MHz, CDCl3)  5.38 (t, J = 6.9 Hz, 1H, C=CHCH2OH), 5.20 – 4.99 (m, 2H, 2 x 

C=CH), 4.16 (d, J = 7.0 Hz, 2H, CH2OH), 2.20 – 1.90 (m, 12H, 6 x allylic CH2), 1.60 – 1.59 

(m, 6H, CH3C=CH), 0.99 (tt, J = 7.5, 3.7 Hz, 6H, 2 x CH3CH2). 

13C NMR (75 MHz, CDCl3)  145.82 (C=CHCH2OH), 136.94, 135.40 (C=CH), 123.89, 122.74, 

122.71 (3 x C=CH), 61.72 (CH2OH), 39.75, 36.42, 32.37, 26.51, 23.53, 16.08 (6 x allylic CH2), 

15.96, 14.71 (2 x CH3C=CH), 13.77, 12.84 (2 x CH3CH2). 

HRMS (ES+): calculated for (C17H30O - [H20])+: 232.2191 found: 232.2190. 

 

(2E,6E,10E)-3-Ethyl-7,11-dimethyltrideca-2,6,10-trien-1-yl tris-ammonium diphosphate 148 

 

This compound was prepared and purified from alcohol 158 (141 mg, 0.6 mmol) in the same 

manner as FDP 14, using protocol 3 to give the title compound as a white solid in 37% yield 

(55 mg, 0.12 mmol). 

1H NMR (400 MHz, D2O)  5.27 (bs, 1H, C=CHCH2OH), 5.07 (bs, 2H, 2 x C=CH), 4.31 (t, J = 

7.7 Hz, 2H, CH2O), 2.01 – 1.97 (m, 12H, 6 x allylic CH2), 1.52 (s, 6H, CH3C=CH), 0.3 – 0.85 

(m,6H, 6 x CH3CH2). 

31P NMR (162 MHz, D2O)  -6.72, -10.48. 

HRMS (ES-): calculated for (C15H27O7P2 – [H])-, found 409.1540, requires 409.1545. 

 

(2E,6E)-9-(3,3-dimethyloxiran-2-yl)-3,7-Dimethylnona-2,6-dien-1-ol 144 

 

A stirring solution of 2, 6-E, E-farnesyl acetate (1.1 g, 4.2 mmol) in THF (105 mL) was colled 

to 0 °C and diluted with water (80 mL) to give a cloudy solution. N-Bromosuccinimide (0.82 g, 

4.6 mmol) was added in 3 portions over the course of 1 h at 0 °C and the suspension was 

stirred for a further 1 h at 0 °C before solvent partially removed under reduced pressure in a 

5°C water bath. The solution was diluted with ether/hexane (1:1, 25 mL) and washed with 

water (2 x 25 mL), dried over sodium sulphate and solvent was removed under reduced 

pressure. Purification by flash chromatography on silica (20% ethyl acetate in hexane) yielded 

the bromohydrin intermediate as a pale-yellow oil and was taken up immediately in methanol 

(25 mL). Potassium carbonate (1.1 g, 8.0 mmol) was added to the solution and the reaction 

mixture was stirred for 4 h at rt. The mixture was concentrated under reduced pressure and 
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then diluted with EtOAc (50 mL) and water (50 mL). The aqueous layer was separated and 

extracted with EtOAc (3 x 20 mL). The combined organic fractions were washed with HCl 

(1 M, 15 mL), brine (50 mL), dried over sodium sulphate, and solvent removed under reduced 

pressure. Purification by flash column chromatography on silica (20% EtOAc in hexane) 

yielded the title compound as a clear oil in 80% yield over 2 steps (0.81 g, 3.4 mmol).  

1H NMR (500 MHz, CDCl3)  5.41 (m, 1H, CCHCH2OH), 5.25 – 5.06 (m, 1H, CCHCH2CH2), 

4.14 (d, J = 6.9 Hz, 2H, CCHCH2OH), 2.70 (t, J = 6.2 Hz, 1H, C(O)CH), 2.20 – 1.99 (m, 6H, 3 

x CH2), 1.69 – 1.66 (m, 3H, CH3), 1.65 – 1.60 (m, 5H, CH2, CH3), 1.30 , 1.26 (s, 3H, 2 x CH3). 

13C NMR (126 MHz, CDCl3)  139.41 (CH3CCH), 134.37 (CH3CCH), 124.52 (CCHCH2CH2), 

123.62 (CCHCH2OH), 64.17 (C(O)CH), 59.38 (CCHCH2OH), 58.38 (C(O)CH), 39.40, 36.34, 

27.28, 26.15 (4 x CH2), 24.87, 18.79, 16.24, 15.98 (4 x CH3). 

HRMS (ES+) calculated for (C15H26O2 + [Na])+, found 261.1838, requires 261.1831.  

 

(2E,6E)-9-(3,3-dimethyloxiran-2-yl)-3,7-Dimethylnona-2,6-dien-1-yl tris-ammonium 

diphosphate 166 

 

This compound was prepared and purified from alcohol 144 (200 mg, 0.8 mmol) in the same 

manner as FDP 14, using protocol 3 to give the title compound as a white solid in 54% yield 

(194 mg, 0.4 mmol). 

1H NMR (500 MHz, D2O)  5.15 – 5.07 (2 H, m, 2 x C=CH), 4.25 – 3.78 (2 H, m, C(O)CHCH2O), 

3.21 (1 H, dd, J 7.5, 3.5, C(O)CHCH2O), 2.10 – 1.89 (6 H, m, 3 x CH2), 1.59, 1.54, 1.53, 1.27 

(4 x 3 H, 4 x s, 4 x CH3). 

13C (126 MHz, D2O)  136.90, 133.53 (2 x C=CH), 124.50 (C=CH), 123.71 (C=CH), 64.47 

(C(O)CHCH2O), 63.77 (C(O)CHCH2O), 38.84, 37.67, 25.84 (3 x CH2), 24.89 (CH3), 23.02 

(CH2), 17.02, 15.72, 15.23 (3 x CH3); 31P (202 MHz, D2O) -6.95 (m), -10.47 (m). 

HRMS (ES-) calculated for (C15H27O8P2 – [H])-, found 397.1182, requires 397.1181. 

 

Ethyl 7-methyl-3-oxooct-6-enoate 173 

 

Ethylacetoacetate (8.5 mL, 67.1 mmol) was added drop wise over 20 min into a stirring 

suspension of NaH (4.1 g in 60% oil, 100.7 mmol) in dry THF (250 mL) at 0 °C. After 30 min 
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of stirring at rt, the solution was cooled down to 0°C and n-BuLi (40.3 mL, 2.5 M in hexanes, 

100.7 mmol) was added drop wise over 10 min. The yellow solution was stirred 30 min at rt 

and then cooled down to 0 °C.  3,3-dimethylallyl bromide in dry THF (10 mL) was added 

dropwise and the mixture was stirred 1 h at 0 °C and over the weekend at rt. The reaction was 

quenched with HCl (100 mL, 1 M), diluted with water (50 mL). The aqueous layer was 

separated and extracted with ether (3 x 100 mL). The combined organic fractions were 

washed with water (2 x 100 mL), brine (2 x 100 mL), dried over sodium sulphate, filtered, and 

solvent was removed under reduced pressure. Purification by flash chromatography on silica 

(5% ethyl acetate in hexane) yielded the title compound in 89% yield as a clear oil (5.95 g, 

30.0 mmol). 

1H NMR (300 MHz, CDCl3)  5.06 (1H, s, C=CHCH2), 4.16-4.22 (2H, q, OCH2CH3, J = 7.2 

Hz), 3.42 (2H, s, COCH2CO), 2.53-2.58 (2H, t, CH2CH2CO, 7.5 Hz), 2.26-2.30 (2H, m, 

CH2CH2CO), 1.67 (3H, s, CH3C=CH), 1.61 (3H, s, CH3C=CH), 1.25-1.30 (3H, t, OCH2CH3, 

7.2 Hz) 

13C NMR (126 MHz, CDCl3)  202.6 (COCH2CO), 167.2 (COCH2CH3), 133.1 (C=CHCH2), 

122.5 (C=CHCH2), 61.3 (OCH2CH3), 49.4 (COCH2CO), 43.0 (CH2CH2CO), 25.6 (CH3C=CH), 

22.2 (CH2CH2CO), 17.6 (CH3C=CH), 14.1 (OCH2CH3) 

HRMS (EI+) calculated for (C11H18O3)+, found: 198.1256, requires 198.1260. 

 

Ethyl (E)-3-ethyl-7-methylocta-2,6-dienoate 174 

 

A stirring solution of 173 (3.0 g, 15.3 mmol) in dry dichloromethane (300 mL) under inert 

atmosphere was cooled to 0 °C and lithium triflate (8.3 g, 53.0 mmol) was added. After 10 min 

of stirring at 0 °C, dry triethylamine (10.2 mL, 53.0 mmol) was added dropwise and then stirred 

at 0 °C for a further 5 min. Triflic anhydride (3.8 mL, 22.7 mmol)  was then added and stirred 

for 1.5 h at 0 °C before it was quenched with sat. NH4Cl (100 mL). The aqueous layer was 

separated and extracted with dichloromethane (3 x 50 mL). The combined organic fractions 

were washed with brine, dried over magnesium sulphate, filtered and solvent was removed 

under reduced pressure to give a yellow oil. This triflate intermediate was then stored at -20 

ºC and used the following day without further purification. 

A stirring suspension of copper cyanide (3.39 g, 37.8 mmol) in dry THF (190 mL) was cooled 

down to -78 °C in an acetone/dry ice bath, and ethyl magnesium bromide (7.6 mL, 3 M in 

ether, 23.0 mmol) was added dropwise at -78 °C. The resulting suspension was stirred 
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at -78 °C for a further 30 min before the dropwise addition of the triflate intermediate in dry 

THF (10 mL). After 2 h at -78 °C, the reaction mixture was quenched with sat. NH4Cl (100 mL). 

The aqueous layer was separated and extracted with ether (3 x 50 mL), and the combined 

organic fractions were washed with brine (2 x 70 mL), dried over magnesium sulphate, filtered 

and solvent was removed under reduced pressure. Purification by flash chromatography on 

silica (5 % ethyl acetate in hexane) yielded the title compound in 61% yield over 2 steps as a 

clear oil (1.93 g, 9.2 mmol). 

1H NMR (300 MHz, CDCl3)  5.60 (1H, s, C=CHCO), 5.08 (1H, m, C=CHCH2), 4.10-4.17 (2H, 

q, OCH2CH3, 7.1 Hz), 2.57-2.64 (2H, q, CCH2CH3, 7.5 Hz), 2.14-2.15 (4H, m, C=CHCH2CH2 

and C=CHCH2CH2), 1.68 (3H, s, CH3C=CH), 1.61 (3H, s, CH3C=CH), 1.24-1.29 (3H, t, 

OCH2CH3, 7.1 Hz), 1.03-1.09 (3H, t, CCH2CH3, 7.5 Hz) 

13C NMR (126 MHz, CDCl3)  166.5 (C=CHCO), 165.5(C=CHCO), 132.4(C=CHCH2), 123.1 

(C=CHCH2), 114.8 (C=CHCO), 59.5 (OCH2CH3), 38.0 and 26.2 (CHCH2CH2 and CHCH2CH2), 

25.7 (CH3C=CH), 25.3 (CCH2CH3), 17.7 (CH3C=CH), 14.3(OCH2CH3), 13.0 (CCH2CH3) 

HRMS (EI+): calculated for (C13H22O2)+, found: 210.1621, requires 210.1620. 

 

(E)-3-Ethyl-7-methylocta-2,6-dien-1-ol 175 

 

DIBAL-H (15 mL, 1 M in THF, 14.7 mmol) was added to 174 (1.55 g, 7.4 mmol) in anhydrous 

toluene (150 mL) at -78 °C. Reaction was quenched with HCl (30 mL, 1M) at 0 °C when 

complete consumption of starting material was observed via TLC (20% ethyl acetate in 

hexane) (usually after 1 hour). The aqueous layer was separated and extracted with 

dichloromethane (3 x 30 mL). The combined organic fractions were washed with sat. aq. 

NaHCO3 (3 x 70 mL), brine (2 x 70 mL), dried over sodium sulphate, filtered, and solvent was 

removed under reduced pressure. Purification by flash chromatography on silica (10% ethyl 

acetate in hexane) yielded the title compound in 88% yield as a clear oil (1.09 g, 6.5 mmol). 

1H NMR (300 MHz, CDCl3)  5.35-5.40 (1H, t, C=CHCH2OH, 7 Hz), 5.10-5.11 (1H, m, 

C=CHCH2CH2), 4.11-4.19 (2H, d, CHCH2OH, 7 Hz), 2.05-2.13 (6H, m, CHCH2CH2, 

CHCH2CH2 and CCH2CH3), 1.69 (3H, s, CH3C=CH), 1.60 (3H, s, CH3C=CH), 0.96-1.02 (3H, 

t, CCH2CH3, 7.5 Hz) 
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13C NMR (126 MHz, CDCl3)  144.5 (C=CHCH2), 131.1 (CH3C=CH), 122.9 (CH3C=CH), 121.8 

(C=CHCH2), 58.0 (OCH2CH3), 35.4 (CH2CH2), 25.6 (CH3C=CH), 24.7 (CH2CH2), 16.7 

(CH3C=CH), 12.7 (OCH2CH3) 

HRMS (EI+): calculated for (C11H20O2)+, found: 168.1521, requires 168.1514. 

 

 

 

Ethyl (E)-7-ethyl-11-methyl-3-oxododeca-6,10-dienoate 176 

 

This compound was prepared and purified from alcohol 175 (1.24 g, 7.4 mmol) in the same 

manner as 173, to give the title compound as a colourless oil in 57% yield (1.17 g, 4.2 mmol). 

1H NMR (300 MHz, CDCl3)  4.98-5.09 (2x1H, m, C=CHCH2 x2), 4.16-4.23 (2H, q, OCH2CH3, 

7.1 Hz), 3.43 (2H, s, COCH2CO), 2.34-2.60 (2H, t, CH2CH2CO, 7.5 Hz), 2.24-2.31 (2H, m, 

CH2CH2CO), 1.96-2.07 (6H, m, CHCH2CH2C, CHCH2CH2C and CH2C=CH), 1.68 (3H, s, 

CH3C=CH),  1.60 (3H, s, CH3C=CH), 1.26-1.31 (3H, t, OCH2CH3, 7.1 Hz), 0.92-0.98 (3H, t, 

CCH2CH3, 7.5 Hz) 

13C NMR (126 MHz, CDCl3)  202.7 (COCH2COO), 167.3 (COCH2COO), 142.7 (CH2C=CH), 

131.5 (CH3C=CH), 124.3 (C=CH), 121.5 (C=CH), 61.4 (OCH2CH3), 49.4 (COCH2CO), 43.4 

(CH2CH2CO), 36.4 (CH2), 26.8 (CH2), 25.7 (CH3C=CH), 23.1 (CH2), 21.8 (CH2CH2CO), 17.7 

(CH3C=CH), 14.1 (OCH2CH3), 13.2 (CCH2CH3) 

HRMS (EI+): calculated for (C17H28O3)+, found: 279.1089, requires 280.2038. 

 

Ethyl (2E,6E)-3,7-diethyl-11-methyldodeca-2,6,10-trienoate 46 

 

This compound was prepared and purified from 176 (4.2 mmol) in the same manner as 174, 

to give the title compound as a colourless oil in 60% yield over two steps (0.74 g, 2.5 mmol). 

1H NMR (300 MHz, CDCl3)  5.60 (1H, s, C=CHCO), 5.04-5.08 (2x1H, m, CH3C=CH and 

C=CHCH2), 4.12-4.14 (2H, q, OCH2CH3, 7.1 Hz), 2.56-2.64 (2H, q, COCH=CCH2CH3, 7.5 Hz), 

2.15-2.16 (2x2H, m, CH2CH2CCH2 and CH2CH2CCH2), 1.95-2.05 (3x2H, m, CH2CH2CCH2, 

CH2CH2CCH2 and CH2CH2CCH2), 1.66 (3H, s, CH3C=CH), 1.59 (3H, s, CH3C=CH), 1.23-1.28 
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(3H, t, OCH2CH3, 7.1 Hz), 1.03-1.08 (3H, t, COCH=CCH2CH3, 7.5 Hz), 0.91-0.96 (3H, t, 

CH3CH2C=CHCH2, 7.6 Hz) 

13C NMR (126 MHz, CDCl3)  166.5 (C=CHCO), 165.6 (C=CHCO), 142.0 (CH2C=CHCH2), 

131.4 (CH3C=CH), 124.4 (C=CHCH2), 122.6 (C=CHCH2), 114.8 (C=CHCO), 59.5 (OCH2CH3), 

38.3 and 36.5 (CHCH2CH2C and CHCH2CH2C), 26.9, 25.8 and 25.7 (CHCH2CH2CCH2, 

CHCH2CH2CCH2 and CHCH2CH2CCH2), 25.3 (CH3CH2C=CHCO), 23.2 (CH2),17.8 

(CH3C=CH), 14.3 (OCH2CH3), 13.2 (COCH=CCH2CH3), 13.0 (CH3CH2C=CHCH2) 

HRMS (EI+): calculated for (C19H32O2)+, found: 292.2341, requires 292.2402. 

 

(2E,6E)-3,7-diethyl-11-methyldodeca-2,6,10-trien-1-ol 140  

 

This compound was prepared and purified from 46 (0.42 g, 1.4 mmol) in the same manner as 

175, to give the title compound as a colourless oil in 88% yield over two steps (0.31 g, 1.4 

mmol). 

1H NMR (300 MHz, CDCl3)  5.36-5.41 (1H, t, CHCH2OH, 7.0 Hz), 5.08-5.11 (2x1H, m, 

CH3C=CH and CH2C=CH), 4.15-4.17 (2H, d, CHCH2OH, 7.0 Hz), 1.99-2.13 (6x2H, m, 

CH2CH2CCH2 x2, CH2CH2CCH2 x2 and CH2CH2CCH2 x2), 1.68 (3H, s CH3C=CH), 1.60 (3H, 

s CH3C=CH), 0.93-1.01 (2x3H, m, CH3CH2C) 

13C NMR (126 MHz, CDCl3)  145.7 (CCH2OH), 141.3 (CH2C=CHCH2), 131.3 (CH3C=CH), 

124.5 (CH2C=CHCH2), 123.5 (CH2C=CHCH2), 122.9 (CCHCH2OH), 59.1 (OCH2CH3), 36.7 

and 36.5 (CH2CH2C=CH x2), 26.9 and 26.2 (CH2CH2C=CH x2), 25.7 (CH3C=CH), 23.5 and 

23.2 (CH3CH2C=CH), 17.7 (CH3C=CH), 13.7 (CH3CH2C), 13.2 (CH3CH2C) 

HRMS (ES+): calculated for (C17H30O - [H20])+: 232.2191 found: 232.2189. 

 

(2E,6E,10E)-12-Chloro-2,6,10-trimethyldodeca-2,6,10-trien-1-ol 179 

 

A stirring solution of farnesol (2 mL, 8 mmol) in anhydrous DMF (80mL) was cooled to 0 °C 

and collidine (6.3 mL, 48 mmol) was added followed by MsCl (1.3 mL, 16 mmol). The solution 

was stirred at 0 °C for 15 min and anhydrous LiCl (1.35 g, 32 mmol) was added. The reaction 

mixture was stirred for a further 3 h at 0 °C before it was diluted with water (80 mL). The 

reaction mixture was extracted with hexane (3 x 50 mL) and the combined organic fractions 

were washed with sat. copper sulphate (100 mL), sat. sodium bicarbonate (100 mL), brine 
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(100 mL), dried over sodium sulphate, and the solvent removed under reduced pressure, and 

dried under high vacuum for 1 h to yield the chloride, which was used without further 

purification.  

To a stirring suspension of selenium dioxide (226 mg, 2.4 mmol) and salicylic acid (331 mg, 

2.4 mmol) in dichloromethane (40 mL) was added tBuOOH (5.5 mL, 70% in water, 40 mmol) 

and the mixture was stirred at rt for 10 min. The mixture was cooled to 0 °C, and the chloride 

intermediate (8 mmol) in dichloromethane (20 mL) was added. The reaction mixture was 

stirred overnight at 0 °C. The suspension was diluted with ether (100 mL) and successively 

washed with sat. aq. sodium hydrogen carbonate (200 mL), sat. aq. copper sulphate (200 

mL), sat. aq. sodium sulphite (200 mL), water (200 mL), brine (200 mL), dried over sodium 

sulphate and solvent was removed under reduced pressure. Purification by flash 

chromatography on silica (dichloromethane with 1% NEt3) yielded the title compound in 50% 

yield over 2 steps as a clear oil (1.04 g, 4.0 mmol). 

1H NMR (300 MHz, CDCl3)   5.48-5.36 (2 H, m, 2 x C=CH), 5.10 (1 H, t, J = 6.0, C=CH), 4.10 

(2 H, d, J = 6.0, CH2Cl), 3.99 (2 H, s, CH2OH), 2.17-1.98 (8 H, m, CH2CH2), 1.73, 1.66 and 

1.60 (3 x 3 H, 3 x s, 3 x CH3).  

13C NMR (75 MHz, CDCl3)  142.6, 136.2, 134.35 (3 x CH3CCH), 126.05, 124.02, 120.32, (3 

x CH3CCH), 69.25 (CH2OH), 42.51 (CH2Cl), 39.22, 39.06 (2 x CCH2CH2), 26.22, 26.01 (2 x 

CCH2CH2), 16.24, 16.15, 13.70 (3 x CH3).  

HRMS (ES+): calculated for (C15H25O35Cl + [Na])+: 279.1483, found: 279.1482. 

 

(2E,6E,10E)-12-Chloro-2,6,10-trimethyldodeca-2,6,10-trien-1-yl tris-ammonium diphosphate 

111 

 

This compound was prepared and purified from 179 (1.0 g, 4 mmol) in the same manner as 

FDP 14, using protocol 1 to give the title compound as a white solid in 46% yield (832 mg, 1.8 

mmol). 

1H NMR (500 MHz, D2O)  5.46 – 5.25 (m, 2H, 2 x C=CH), 5.15 (t, J = 6.3 Hz, 1H, C=CH), 

4.41 (d, J = 5.6 Hz, 2H, CHCH2O), 3.88 (s, 2H, CH2OH), 2.15 – 1.91 (m, 8H, 4 x allylic CH2), 

1.64 (s, 3H, CH3), 1.58 – 1.53 (m, 3H, 2x CH3).  

31P NMR (162 MHz, D2O)  -10.69 – -10.86 (m), -10.88 – -11.04 (m). 

HRMS (ES-): calculated for (C15H28O8P2- 2[H] + [Na])-: 419.1001, found: 419.0996. 
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2-(((2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-pyran 181 

 

To a stirring solution of farnesol (5 g, 22.7 mmol) and 3,4-dihydropyran (8.1 mL, 88.8 mmol) 

in dichloromethane (50 mL) at rt was added pyridinium p-toluenesulfonate (PPTS, 150 mg, 

0.6 mmol) and left stirring at room temperature for 3 hours before water (50 mL) was added. 

The aqueous layer was separated and extracted with dichloromethane (3 x 30 mL). The 

combined organic fractions were washed with brine (100 mL), dried over magnesium sulphate 

and solvent removed under reduced pressure. Purification by flash column chromatography 

on silica (10% EtOAc in hexane) gave the title compound as a clear oil in quantitative yield 

(7.0 g, 22.7 mmol). 

1H NMR (300 MHz, CDCl3)  5.36 (1 H, t, J = 6.5, CHCH2O), 5.10-5.13 (2 H, m, 2 x 

CCHCH2CH2), 4.63 (1 H, t, J = 4.0, OCHO), 4.24 (1 H, dd, J = 12.0 and 6.5, CCHCHAO), 4.06 

(1 H, dd, J = 12.0 and 7.5, CCHCHBO), 3.97-3.39 (2 H, m, OCH2CH2), 2.33-1.91 (8 H, m, 2 x 

CCHCH2CH2), 1.62-1.47 (6 H, m, OCHCH2CH2CH2), 1.68 and 1.60 (2 x 6 H, 2 x s, 4 x CH3).  

13C NMR (75 MHz, CDCl3)  140.34, 135.26 and 131.34 (3 x CH3CCH), 124.34, 123.90 and 

120.55 (3 x CH3CCH), 97.80 (OCHO), 63.67 and 62.31 (2 x CHOCH2), 39.72 and 39.65 (2 x 

CH3CCH2), 30.73 (OCHCH2), 26.74 and 26.30 (2 x CCHCH2CH2), 25.73 (OCH2CH2), 25.52 

(OCH2CH2CH2), 19.64, 17.71, 16.45 and 16.03 (4 x CH3).  

HRMS (ES+): calculated for (C20H34O2 + [Na])+: 329.2457, found: 329.2463. 

 

(2E,6E,10E)-2,6,10-Trimethyl-12-((tetrahydro-2H-pyran-2-yl)oxy)dodeca-2,6,10-trien-1-ol 

182 

 

To a stirring suspension of selenium dioxide (777 mg, 7 mmol) and salicylic acid (966 mg, 

7 mmol) in dichloromethane (100 mL) was added tBuOOH (11.2 mL, 70% in water, 114 mmol) 

and the mixture was stirred at rt for 10 min. The mixture was cooled to 0 °C, and 2-(((2E,6E)-

3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-pyran 181 (7.0 g, 22.7 mmol) in 

dichloromethane (20 mL) was added. The reaction mixture was stirred overnight at 0 °C. The 

suspension was diluted with ether (100 mL) and successively washed with sat. aq. sodium 

hydrogen carbonate (200 mL), sat. aq. copper sulphate (200 mL), sat. aq. sodium sulphite 
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(200 mL), water (200 mL), brine (200 mL), dried over sodium sulphate and solvent was 

removed under reduced pressure. Purification by flash chromatography on silica (0 – 100% 

EtOAc in hexane) yielded the title compound in 46% yield as a clear oil (1.04 g, 3.2 mmol). 

1H NMR (300 MHz, CDCl3)  5.45 – 5.25 (m, 2H, CCHCH2), 5.20 – 4.93 (m, 1H, CCHCH2), 

4.63 (t, J = 3.5 Hz, 1H, OCHO), 4.36 – 4.01 (m, 2H, CCHCH2O), 3.99 (s, 2H, OHCH2), 3.95 – 

3.40 (m, 2H, OCH2CH2), 2.15 – 2.00 (m, 8H, 4 x allylic CH2), 1.70 – 1.64 (m, 6H, 

CHCH2CH2CH2), 1.64 – 1.47 (m, 9H, 3 x CH3). 

13C NMR (75 MHz, CDCl3)  143.36, 134.72 (3 x C=CH), 125.90, 124.28, 122.73 (3 x C=CH), 

97.92 (OCO), 67.50 (CH2OH), 63.25, 63.21 (2 x OCH2), 41.90, 41.25 (2 x CCH2CH2), 31.05 

(OCCH2), 26.24, 25.96 (2 x CCH2CH2), 23.40 (OCH2CH2CH2), 19.21 (OCH2CH2CH2), 15.85, 

15.41, 13.69 (CCH3). 

HRMS (ES+): calculated for (C20H34O3 + [Na])+: 345.2406, found: 345.2409. 

 

(6E,10E)-2,6,10-Trimethyl-12-((tetrahydro-2H-pyran-2-yl)oxy)dodeca-2,6,10-trien-5-ol 183 

 

To a stirring suspension of selenium dioxide (777 mg, 7 mmol) and salicylic acid (966 mg, 

7 mmol) in dichloromethane (100 mL) was added tBuOOH (11.2 mL, 70% in water, 114 mmol) 

and the mixture was stirred at rt for 10 min. The mixture was cooled to 0 °C, and 2-(((2E,6E)-

3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-pyran 181 (7.0 g, 22.7 mmol) in 

dichloromethane (20 mL) was added. The reaction mixture was stirred overnight at 0 °C. The 

suspension was diluted with ether (100 mL) and successively washed with sat. aq. sodium 

hydrogen carbonate (200 mL), sat. aq. copper sulphate (200 mL), sat. aq. sodium sulphite 

(200 mL), water (200 mL), brine (200 mL), dried over sodium sulphate and solvent was 

removed under reduced pressure. Purification by flash chromatography on silica (0 – 100% 

EtOAc in hexane) yielded the title compound in 14% yield as a clear oil (313 mg, 1.0 mmol). 

1H NMR (300 MHz, CDCl3)  5.39-5.35 (2 H, m, 2 x CCHCH2), 5.08 (1 H, t, J = 7.0, CCHCH2), 

4.63 (1 H, m, OCHO), 4.33 – 4.16 (1 H, m, CCHCHAO), 4.05 – 3.95 (2 H, m, CCHCHBO and 

CHOH), 3.88 (1 H, t, J = 7.5, CHOH), 3.64 – 3.42 (2 H, m, OCH2CH2), 2.37 – 2.01 (6 H, m, 

CHCH2CH and CHCH2CH2), 1.88-1.50 (6 H, m, CHCH2CH2CH2), 1.72, 1.68, 1.64 and 1.58 (4 

x 3 H, 4 x s, 4 x CH3).  

13C NMR (125 MHz, CDCl3)  142.23, 136.53 and 134.65 (3 x CH3CCH), 124.92, 122.02 and 

120.54 (3 x CH3CCH), 97.22 (OCHO), 63.94 (CHOH), 63.74 and 62.57 (2 x CH2O), 39.65 
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(CH3CCH2), 33.84 (CH2CHOH), 30.92 (CH2OCHCH2), 26.45 (OCH2CH2CH2), 25.26 

(OCH2CH2CH2), 19.95, 18.32, 15.27 and 11.56 (CH3). 

HRMS (ES+): calculated for (C20H34O3 + [Na])+: 345.2406, found: 345.2419. 

 

 

 

 

2-(((2E,6E)-8-Methoxy-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-pyran 185 

 

To a stirred suspension of sodium hydride (0.24 g, 60% in mineral oil, 6 mmol) in anhydrous 

THF (50 mL), was added a solution of the alcohol 183 (313 mg, 1.0 mmol) in anhydrous THF 

(20 mL) and the reaction mixture was stirred for 15 min at rt. Methyl iodide (0.933 mL, 

15 mmol) was then added. Reaction was quenched with HCl (20 mL, 1M) at rt when complete 

consumption of starting material was observed via TLC (20% ethyl acetate in hexane) (usually 

after 20 hour). The aqueous layer was separated and extracted with ether (3 x 30 mL). The 

combined organic fractions were washed with NaOH (30 mL, 1 M), brine (2 x 50 mL), dried 

over sodium sulphate, filtered, and solvent was removed under reduced pressure. Purification 

by flash chromatography on silica (20% EtOAc in hexane) yielded the title compound in 69% 

yield as a clear oil (231 mg, 0.7 mmol). 

1H NMR (300 MHz, CDCl3)  5.37 (1 H, t, J = 6.4, CCHCH2), 5.30 (1 H, t, J = 6.4, CCHCH2), 

5.09 – 4.95 (1 H, m, CCHCH2), 4.65 – 4.58  (2 H, m, OCHO), 4.33 – 3.96  (2 H, m, CCHCH2O), 

3.93 – 3.81 (2 H, m, OCH2CH2), 3.50 (1 H, t, J = 7.0, CHOCH3), 3.15 (3 H, s, OCH3), 2.34-

2.04 (6 H, m, CCHCH2CH and CCHCH2CH2), 1.75-1.52 (6 H, m, OCH2CH2CH2), 1.68, 1.59, 

and 1.52 (2 x 3 H and 1 x 6 H, 3 x s, 4 x CHCCH3).  

13C NMR (125 MHz, CDCl3)  139.86, 134.19 and 132.82 (3 x CH3CCH), 128.44, 120.92 and 

120.62 (3 x CH3CCH), 102.69 (OCHO), 87.43 (CHOCH3), 63.87 and 62.46 (OCH2), 55.95 

(OCH3), 39.33 (CH3CCH2), 32.50 (CCHCH2CH), 30.92 (CH2OCHCH2CH2), 26.05 

(CH3CCH2CH2), 25.81 (CHCCH3), 25.50 (OCH2CH2CH2), 19.82 (OCH2CH2CH2), 17.97, 16.39 

and 10.46 (3 x CHCCH3).  

HRMS (ES+): calculated for (C21H36O3 + [Na])+: 359.2562, found: 359.2557. 

 



Chapter 6. Materials and Methods 

 185 

2-(((2E,6E,10E)-12-Methoxy-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-

pyran 186 

 

To a stirred suspension of sodium hydride (0.8 g, 60% in mineral oil, 20 mmol) in anhydrous 

THF (50 mL), was added a solution of the alcohol 182 (1.05 g, 3.3 mmol) in anhydrous THF 

(20 mL) and the reaction mixture was stirred for 15 min at rt. Methyl iodide (3.11 mL, 50 mmol) 

was then added. Reaction was quenched with HCl (50 mL, 1M) at rt when complete 

consumption of starting material was observed via TLC (20% ethyl acetate in hexane) (usually 

after 20 hour). The aqueous layer was separated and extracted with ether (3 x 30 mL). The 

combined organic fractions were washed with NaOH (60 mL, 1 M), brine (2 x 50 mL), dried 

over sodium sulphate, filtered, and solvent was removed under reduced pressure. Purification 

by flash chromatography on silica (20% EtOAc in hexane) yielded the title compound in 67% 

yield as a clear oil (750 mg, 2.2 mmol). 

1H NMR (300 MHz, CDCl3)  5.49 – 5.28 (2 H, m, 2 x CCHCH2), 5.11 (1 H, t, J = 6.1, CCHCH2), 

4.70 – 4.57 (2 H, m, OCHO), 4.26 (1 H, dd, J = 12.0 and 6.5, CCHCHAO), 4.02 (1 H, dd, J = 

12.0 and 7.5, CCHCHBO), 3.95-3.44 (2 H, m, OCH2CH2), 3.78 (2 H, s, CH2OCH3), 3.26 (3 H, 

s, OCH3), 2.29 – 1.96 (8 H, m, 2 x CHCH2CH2), 1.70-1.54 (6 H, m, OCH2CH2CH2), 1.68, 1.63, 

and 1.58 (3 x 3 H, 3 x s, 3 x CCH3).  

13C NMR (125 MHz, CDCl3)  140.27, 134.94 and 132.45 (3 x CCHCH2), 128.67, 124.16 and 

121.18 (3 x CCHCH2), 98.29 (OCHO), 79.92 (CH2OCH3), 64.05 and 63.67 (2 x CHOCH2), 

51.73 (CH2OCH3), 42.28 and 39.30 (2 x CH3CCH2), 31.39 (OCHCH2), 27.47 and 26.30 (2 x 

CCHCH2CH2), 25.51 (OCH2CH2CH2), 19.65 (OCH2CH2CH2), 16.45, 16.12 and 13.87 (3 x 

CCH3).  

HRMS (AP+): calculated for (C21H36O3 + [Na])+: 359.2549, found: 359.2562. 

 

(2E,6E)-8-Methoxy-3,7,11-trimethyldodeca-2,6,10-trien-1-ol 143 

 

To a stirred solution of 185 (231 mg, 0.7 mmol) in THF (10 mL) was added a solution a 

aqueous solution of hydrochloric acid (3 mL, 10%) and was stirred overnight. The reaction 

was quenched with sat. sodium bicarbonate solution (10 mL) and the aqueous layer was 

separated. The aqueous layer was extracted with diethyl ether (3 x 10 mL) and the combined 
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organic fractions were washed with brine (30 mL), dried over magnesium sulphate, filtered, 

and solvent removed under reduced pressure. Purification by flash chromatography on silica 

(20% EtOAc in hexane) yielded the title compound in 86% yield as a clear oil (142 mg, 

0.6 mmol). 

1H NMR (300 MHz, CDCl3)  5.51 – 5.37 (1 H, m, CCHCH2), 5.32 (1 H, t, J = 6.6, CCHCH2), 

5.09 – 4.99 (1 H, m, CCHCH2), 4.17 (2 H, d, J = 6.8, CH2OH), 3.43 (1 H, t, J = 7.1, CHOCH3), 

3.18 (3 H, s, OCH3), 2.43 – 2.02 (6 H, m, CHCH2CHO and CHCH2CH2), 1.68 (6 H, s, 2 x 

CCH3), 1.61 and 1.54 (2 x 3 H,2 x s, 2 x CCH3).  

13C NMR (125 MHz, CDCl3)  141.6, 134.92 and 134.34 (3 x CCHCH2), 127.50, 123.58 and 

121.62 (3 x CCHCH2), 87.69 (CHOCH3), 59.34 (CH2OH), 56.73 (OCH3), 39.27 (CH3CCH2), 

32.56 (CCHCH2CH), 27.06 (CH3CCH2CH2), 25.81, 17.97, 16.29 and 10.74 (4 x CHCCH3).  

HRMS (ES+): calculated for (C16H28O2 + [Na])+: 275.1987, found: 275.1978. 

 

(2E,6E,10E)-12-Methoxy-3,7,11-trimethyldodeca-2,6,10-trien-1-ol 142 

 

To a stirred solution of 186 (750 mg, 2.2 mmol) in methanol (20 mL) was added p-

toluenesulfonic acid (38 mg, 0.2 mmol) and stirred at room temperature for 1 h before it was 

quenched with sat. sodium bicarbonate solution (20 mL). The reaction mixture was extracted 

with ether (3 x 10 mL) and combined organic fractions were washed with brine (30 mL), dried 

over anhydrous magnesium sulphate, filtered, and solvent was removed under reduced 

pressure. to give the title compound as a colourless oil (91 mg, 80%). Purification by flash 

chromatography on silica (20% EtOAc in hexane) yielded the title compound in 73% yield as 

a clear oil (408 mg, 1.6 mmol). 

1H NMR (400 MHz, CDCl3)  5.50 – 5.32 (2 H, m, 2 x CCHCH2), 5.18 – 5.06 (1 H, m, CCHCH2), 

4.15 (2 H, d, J = 6.9, CH2OH), 3.78 (2 H, s, CH2OCH3), 3.27 (3 H, s, CH2OCH3), 2.20 – 1.98 

(8 H, m, 2 x CHCH2CH2), 1.68, 1.63, and 1.60 (3 x 3 H, 3 x s, 3 x CCH3).  

13C NMR (125 MHz, CDCl3)  139.67, 135.02 and 131.94 (3 x CCHCH2), 128.07, 124.05 and 

123.41 (3 x CCHCH2), 78.68 (CH2OCH3), 59.42 (CH2OH), 57.36 (CH2OCH3), 39.50 and 39.26 

(2 x CH3CCH2), 26.43 and 26.24 (CCHCH2CH2), 16.30, 15.99 and 13.82 (CCH3).  

HRMS (ES+): calculated for (C16H28O2 + [Na])+: 275.1987, found: 275.1983. 

 

(2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trienal 
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To a stirred solution of farnesol (2.5 mL, 10 mmol) in THF (60 mL) was added manganese 

dioxide (9 g, 104 mmol) and stirred for 48 h at rt. The reaction mixture was filtered through 

celite and washed with ether. The solvent was removed under reduced pressure. Purification 

by flash chromatography on silica (20% EtOAc in hexane) yielded the title compound in 21% 

yield as a clear oil (460 mg, 2.1 mmol). 

1H NMR (400 MHz, CDCl3)  9.99 (d, J = 8.1 Hz, 1H, CHCHO), 5.87 (d, J = 8.0 Hz, 1H, 

CHCHO), 5.27 – 4.97 (m, 2H, 2 x C=CH), 2.33 – 1.96 (m, 8H, 2 x CH2CH2), 2.17 (d, J = 0.8 

Hz, 3H, CH3), 1.69, 1.61, 1.60  (3 x 3 H, 3 x s, 3 x CH3). 

13C NMR (101 MHz, CDCl3)  191.38 (CHO), 163.99 (CCHCHO), 136.57, 131.39 (2 x 

CCHCH2), 127.40 (CCHCHO), 124.19, 122.42 (2 x CCHCH2), 40.61, 39.64 (2 x CHCH2CH2), 

26.61, 25.60 (2 x CHCH2CH2), 17.76, 17.55, 16.05, 14.11 (4 x CH3). 

HRMS (ES+): calculated for (C15H24O + [H]]+: 221.1905, found: 221.1913. 

 

 

rac-Pentan-2-yl acetate rac-188 

 

Pentanol (1 mL, 9.2 mmol) was added to a solution of 4-dimethylaminopyridine (2.2 g, 

18.4 mmol) and glacial acetic acid (1 mL, 18.4 mmol) in dichloromethane (50 mL). 

Dicyclohexyl carbodiimide (3.8 g, 18.4 mmol) was subsequently added and the solution was 

stirred overnight at room temperature. The precipitated solids were filtered off, the filtrate was 

concentrated in vacuo and purified by silica flash chromatography (ethyl acetate/pentane 1:4) 

to yield a colorless liquid (0.85 g, 6.5 mmol, 70%). 

1H NMR (500 MHz, CDCl3):  4.96 – 4.85 (m, 1H, CHOCO), 2.02 (s, 3H,CH3CO), 1.63 – 1.27 

(m, 4H, 2 x CH2), 1.20 (d, J = 6.3 Hz, 3H, CH3CH), 0.91 (t, J = 7.3 Hz, 3H, CH3CH2) ppm. 

13C NMR (126 MHz, CDCl3)  171.2 (CO), 71.2 (CHOCO), 38.5 (CH2CHO), 21.8 (COCH3), 

20.4 (CHCH3), 19.0 (CH3CH2), 14.3 (CH3CH2CH2). 

 

6.3. FLOW METHODS 
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6.3.1. General experimental 

 

FDP, 12-OH FDP, farnesal were synthesized from commercial (2E,6E)-farnesol (see section 

6.2). 2-Pentylacetate was synthesised from 2-pentanol (see section 6.2). All other chemicals 

were purchased from Sigma-Aldrich, Acros Chemicals or Alpha Aesar unless otherwise stated, 

solvents were obtained HPLC grade from Sigma-Aldrich. 

Aqueous solution of lipase B from C. antarctica (CaLB) with a declared lipase activity of 5000 

LU/g of liquid was purchased from Strem chemicals.  

 

All 1H and 13C NMR spectra were obtained on either a Bruker Avance 500 NMR (1H: 500 MHz, 

13C: 125 MHz) spectrometer at 25 °C in the solvent stated and are reported as chemical shifts 

in parts per million downfield from tetramethylsilane and all coupling  constants, J, (to the 

nearest 0.5 Hz) in Hz. Multiplicities are reported using the following notation: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet.  

Design-Expert® version 11 software was used to design design of experiment (DoE) study 

and analyse the data. 

 

 

HPCCC 

 

All high performance counter current chromatography (HPCCC) experiments were performed 

using a were performed on a Dynamic Extractions Spectrum instrument (Slough, UK) which 

was fitted with an analytical scale column with a column volume of 22 mL (0.8 mm I.D. PTFE 

tubing) and a revolution radius of 85 mm and a semi-preparative scale column with a column 

volume of 135 mL (1.6 mm I.D. of 1.6 mm PTFE tubing) and a revolution radius of 85 mm. β-

value range of 0.52−0.86. The Spectrum HPCCC was connected to two HPLC pumps (ECOM 

ECP 2010), manually controlled fluidic and sample injection valves. 

 

Segmented flow chemistry 

 

The flow reactor (2 mL, 0.5 mm I.D. tubing) was constructed from PTFE tubing (Diba, Kinesis 

Ltd). The two liquid solutions (aqueous and organic) were loaded in glass syringe and injected 

to the flow reactor through a T‐piece by using two syringe pumps (Fusion 100 Touch infusion 

syringe pump, KR Analytical Ltd), and the reaction mixture was collected in a glass vial at exit. 
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Oscillatory flow segmented chemistry 

 

Modules of Modular-Lab standard (Eckert & Ziegler, Berlin, Germany) were used to set up the 

oscillatory segmented flow system with a flow reactor (4 mL, 0.5 mm I.D. tubing) was 

constructed from PTFE tubing (Diba, Kinesis Ltd). 

 

6.3.2. GC-MS analysis 

 

Gas chromatography coupled with mass spectrum (GC-MS) was performed on a Perkin Elmer 

Clarus 680 GC fitted with a Perkin Elmer Elite-1 column (30 m x 0.25 mm internal diameter) 

and a Perkin Elmer Clarus SQ 8 C mass spectrometer. The program uses an injection port 

temperature of 100 °C; split ratio 19:1; initial temperature 80 °C hold 2 min, ramp of 8 °C/min 

to 280 °C hold 3 min. 

 

6.3.3. GC FID analysis 

 

GC FID method A uses an injection port temperature of 200 °C, 5 μL was injected with a 19:1 

split. The oven temperature was held at 80 °C for 1 min and then rose at 8 °C/min to 200 °C 

and then held for 2 min.  

 

GC FID method B uses an injection port temperature of 200°C; 5 μL, split ratio 10:1; initial 

temperature 80 °C hold 1 min, ramp of 8 °C/min to 150 °C hold 2 min.  

 

GC FID method C uses an injection port temperature of 200 °C; 5 μL, split ratio 10:1; initial 

temperature 80 °C hold 10 min, ramp of 8 °C/min to 100 °C hold 2 min. 

 

6.3.4. Sesquiterpene synthases, HPCCC, flow, batch protocols 

Incubation buffers and enzyme concentrations 
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Throughout chapter 4, AS, ADS and GDS were incubated with FDP or 12-OH FDP under 

various incubation systems, namely HPCCC, flow segmented system or batch. Incubation 

buffers and enzyme concentrations were kept identical if possible (see Table 6-19). 

 

Table 6-19 List of incubation buffer and enzyme concentration used in chapter 3. 

 

HPCCC protocols 

 

Method 1 (analytical column) 

Aqueous and organic were pumped using the two HPLC pumps, temperature was regulated 

by a chiller to 28 ºC. The column was initially filled with pentane (HPLC grade, Sigma-Aldrich) 

at 6 mL•min–1 from tail periphery to head-centre. The analytical column was then loaded 

through a loop with 10 mL AS incubation buffer (20 mM Tris base, 5 mM 2-mercaptoethanol, 

10% glycerol, 3 mM MgCl2, pH = 7.5) containing 6 μM AS and 0.35 mM FDP at a flow rate of 

0.5 mL•min-1 resulting in 10 mL of pentane being displaced out of the column. The instrument 

was rotated at 1600 rpm and pentane was pumped at the same time from tail periphery to 

head-centre at a flow rate of 0.5 mL•min-1. The pentane was collected in 5 mL fractions and 

analysed by GC FID (method A). The yield was calculated by comparing peak areas of the 

product to a calibration curve using α-humulene. 

 

Method 2 (analytical column) 
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Aqueous and organic were pumped using the two HPLC pumps, temperature was regulated 

by a chiller to 28 ºC. The column was initially filled with pentane (HPLC grade, Sigma-Aldrich) 

at 6 mL•min-1 from tail periphery to head-centre. The analytical column was then loaded 

through a loop with 10 mL of incubation buffer containing a set concentration of protein and 

0.35 mM FDP at a set flow rate resulting in 10 mL of pentane being displaced out of the 

column. The instrument was rotated at 1600 rpm and pentane was pumped at the same time 

from tail periphery to head-centre at a set flow rate. The first 10 mL of pentane were discarded 

and then two fractions (respectively 20 mL and 10 mL) were collected and analysed by GC 

FID (method A). The yield was calculated by comparing peak areas of the product to a 

calibration curve using α-humulene. 

 

Method 3 (preparative column) 

 

Aqueous and organic were pumped using the two HPLC pumps; temperature was regulated 

by a chiller to 28 ºC. The preparative column was initially filled with pentane (HPLC grade, 

Sigma-Aldrich) at 10 mL•min-1 from tail periphery to head-centre. The column was then loaded 

through a HPLC pump with 65 mL of incubation buffer containing a set concentration of protein 

(6 M for AS) and 0.7 mM FDP at 5 mL•min-1 resulting in 65 mL of pentane being displaced 

out of the column. The instrument was rotated at 1600 rpm and pentane was pumped at the 

same time from tail periphery to head-centre at a set flow rate. The first 70 mL of pentane 

were discarded and then 70 mL of pentane (approximately 0.5 CV) were collected and 

analysed by GC FID (method A). The yield was calculated by comparing peak areas of the 

product to a calibration curve using α-humulene. 

 

Preparative scale 

Aqueous and organic were pumped using the two HPLC pumps; temperature was regulated 

by a chiller to 28 ºC. The preparative column was initially filled with pentane (HPLC grade, 

Sigma-Aldrich) at 10 mL•min-1 from tail periphery to head-centre. The column was then loaded 

through a HPLC pump with 65 mL of incubation buffer containing a set concentration of protein 

(6 µM for AS, 12 µM for GDS, 10 µM for ADS) and FDP (0.7 mM, 0.045 mmol) at 5 mL•min-1 

resulting in 65 mL of pentane being displaced out of the column. The instrument was rotated 

at 1600 rpm and pentane was pumped at the same time from tail periphery to head-centre at 

a set flow rate. The first 70 mL of pentane were discarded and then 100 mL (20 min) of 

pentane were collected. Experiment was repeated four times and organic phase was pooled 
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together, dried (Na2SO4), filtered, 80% of the solvent was removed by distillation at 

atmospheric pressure then under reduced pressure (800 mbar minimum pressure at 30 °C 

water bath temperature to avoid loss of volatile product)  to give a colourless oil.  

 

(1R,7R,8aS)-Aristolochene (72)  

FDP (14) was incubated with AS described above to give (1R,7R,8aS)-aristolochene as a 

colourless oil (35 mg, 94%). 

1H NMR (500 MHz, CDCl3): δ = 5.32 (dt, J = 5.5, 1.9 Hz, 1H), 4.74 – 4.69 (m, 2H), 2.27 – 2.09 

(m, 2H), 2.06 – 1.96 (m, 2H), 1.93 – 1.82 (m, 1H), 1.77 (ddd, J = 8.5, 5.4, 3.1 Hz, 1H), 1.75 – 

1.74 (m, 3H), 1.74 – 1.67 (m, 1H), 1.48 – 1.21 (m, 5H), 1.19 (dt, J = 18.6, 6.9 Hz, 1H), 0.97 

(d, J = 0.6 Hz, 3H), 0.85 (d, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ = 150.6 (C=CH2), 144.5 (C=CH), 118.8 (C=CH), 108.3 (C=CH2), 

44.2 (CH2CH2CH2CHC), 43.3 (CHCCH2), 38.8 (CHCCH2), 37.8 (CH2=CCH), 32.6 

(CH2CH2C=CH), 31.3 (CH2CH=C), 31.1 (CH3CHCH2), 27.8 (CH3CHCH2CH2), 20.9 

(CH2=CCH3), 18.1 (CH3C), 15.7 (CH3CH). 

 

(S)-Germacrene D (55) 

FDP (14) was incubated with GDS as described above to give (S)-germacrene D as a 

colourless oil (34 mg, 92%). 

1H NMR (500 MHz, CDCl3): δ = 5.71 (d, J = 15.9 Hz, 1H, H2C=C-CH=CH), 5.18 (dd, J = 15.8, 

9.9 Hz, 1H, H2C=C-CH=CH), 5.06 (dd, J = 11.0, 4.8 Hz, 1H, CH3C=CH), 4.72 (dd, J = 2.3, 0.8 

Hz, 1H, C=CH2), 4.67 (d, J = 2.3 Hz, 1H, C=CH2), 2.30 – 2.21 (m, 10H, CH3C=CH 

H2C=CCH2CH2, (CH3)2CHCHCH2), 0.86 – 0.78 (m, 6H, (CH3)2CH). 

13C NMR (126 MHz, CDCl3): δ = 149.0 (C=CH2), 135.6 (CH=CHC=CH2), 134.1 (CH3C=CH), 

133.7 (CH=CHC=CH2), 129.8 (CH3C=CH), 109.2 (CH2=C), 53.1 (CHCHCH=CH), 40.9 

(CH2CH2C=CH), 34.5 (CH2CH2C=CH2), 32.1 (CHCHCH=CH), 29.6 (C=CHCH2CH2), 25.0 

(CH2CH2C=CHCH2), 22.9 (CH3CHCH), 19.5 (CH3CHCH), 16.1 (CH3C). 

 

(1R,4R,4aS,8aR)-Amorpha-4,11-diene (49)  

FDP (14) was incubated with ADS as described above and purified on silver (5%) impregnated 

silica (hexane:EtOAc 95:5) to give (1R,4R,4aS,8aR)-amorpha-4,11-diene as a colourless oil 

(31 mg, 84%). 

1H NMR (500 MHz, CDCl3): δ = 5.07 (dd, J = 8.8, 1.4 Hz, 1H, CH=CCH3), 4.90 – 4.85 (m, 1H, 

C=CHA), 4.64 (s, 1H, C=CHB), 2.64 – 2.51 (m, 1H, CH2CCHCH), 2.01 – 0.92 (m, 11H, 
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(CH2)2CHCH(CH2)2CH), 1.74 (dd, J = 3.6, 3.0 Hz, 3H, CH2=CCH3), 1.60 (s, 3H, CH=CCH3), 

0.88 (t, J = 5.6 Hz, 3H, CH2CHCH3).  

13C NMR (126 MHz, CDCl3): δ = 148.2 (CH3C=CH2), 134.8 (CH3C=CH), 120.7 (CH3C=CH), 

109.9 (CH3C=CH2), 47.8 (CH2=CCH), 42.0 (CH3CCH2CH2CH), 37.8 (C=CHCH), 35.6 

(CH3CHCH2), 28.0 (CH=CCH2CH2), 26.6 (CH3CCH2), 26.2 (CH3CH), 26.0 (CH3CHCH2CH2), 

23.8 (CH3C=CH), 22.7 (CH3C=CH2), 20.0 (CH3CHCH2). 

 

Dihydroartemisinic aldehyde (112, 113) (mixture of 11-R and 11-S epimers) 

12-OH FDP was incubated with ADS as described above. The crude oil was purified by flash 

chromatography on silica gel (Gradient 0 to 25% dichloromethane in pentane) to obtain 

compounds 112 and 113 as colourless oil (30 mg, 70%). 

1H NMR (500 MHz, CDCl3): δ = 9.63 (d, J = 4.0 Hz, 1H, CHO, (11S)), 9.58 (d, J = 3.9 Hz, 1H, 

CHO, (11R)), 5.27 (d, J = 1.1 Hz, 1H, CH3C=CH, (11S)), 5.13 (s, 1H, CH3C=CH, (11R)), 2.52 

– 2.44 (m, 1H, 2 x C=CHCH, (11R) and (11S)), 2.42 – 2.37 (m, 1H, 2 x OCHCH, (11S) and 

(11R)), 1.96 – 1.19 (m, 20H, 2 x (CH2)2CHCH(CH2)2, (11R) and (11S)), 1.63 (dd, J = 8.4, 3.6 

Hz, 6H, 2 x CCH3), 1.08 (d, J = 6.8 Hz, 3H, OCHCHCH3, (11R)), 1.05 (d, J = 2.2 Hz, 3H, 

OCHCHCH3, (11S)), 0.99 – 0.95 (m, 1H, CH3CHCH2), 0.87 (d, J = 6.5 Hz, 6H, 2 x CHCH3, 

(11R) and (11S)). 

13C NMR (126 MHz, CDCl3): δ = 206.2 (CHO, (11R)), 206.0 (CHO, (11S)), 136.2 (CH=CCH3, 

(11R)), 136.1 (CH=CCH3, (11S)), 119.7 (CH=CCH3, (11S)), 119.7 (CH=CCH3, (11R)), 48.6 

(OCHCH, (11R)), 48.0 (OCHCH, (11S)), 43.6 (CH3CCH2CH2CH, (11S)), 42.0 

(CH3CCH2CH2CH, (11R)), 41.95 (OCHCHCH, (11S)), 41.6 (OCHCHCH, (11R)), 39.3 

(C=CHCH, (11S)), 36.7 (C=CHCH, (11R)), 35.6 (CH3CHCH2CH2, (11S)), 35.4 

(CH3CHCH2CH2, (11R)), 27.9 (CH3CHCH2CH2, (11S)), 27.8 (CH3CHCH2CH2, (11R)), 27.5 

(CH3CHCH2CH2, (11R)), 26.7 (CH3CCH2, (11R)), 26.6 (CH3CCH2, (11S)), 25.9 

(CH2CH2C=CH, (11R)), 25.7 (CH3CHCH2CH2, (11S)), 25.3 (CH2CH2C=CH, (11S)), 24.0 

(CH3C=CH, (11S)), 24.0 (CH3C=CH, (11R)), 20.0 (CH2CHCH3, (11S)), 19.8 (CH2CHCH3, 

(11R)), 12.7 (CH3CHCH2, (11S)), 11.9 (CH3CHCH2, (11R)). 

 

Artemisinic-11S,12-epoxide 186 

12-OH FDP (180) was incubated with ADS as described above. The crude oil was purified by 

flash chromatography on silica gel (Gradient 0 to 25% dichloromethane in pentane) to obtain 

Artemisinic-11S,12-epoxide as colourless oil (2 mg) 
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1H NMR (500 MHz, CDCl3) δ 5.17 (s, 1H, C=CH), 2.82 (d, J = 4.7 Hz, 1H, CHAO), 2.62 – 2.58 

(m, 1H, C=CHCH), 2.56 (dd, J = 4.7, 0.5 Hz, 1H, CHBO), 1.98 – 1.76 (m, 4H, OCCH and 

CH=CCH2), 1.65 – 1.61 (bs, 4H, CH3C=CH), 1.55 (s, 4H, 2 x CH2), 1.36 (s, 4H, CH3CO and 

CH), 1.28 – 1.24 (m, 3H, CH2 and CH), 0.88 (d, J = 6.5 Hz, 3H, CH3CH). 

13C NMR (126 MHz, CDCl3) δ 135.72 (C=CH), 120.42 (C=CH), 58.08 (COCH2), 51.12 (CH2O), 

45.12 (CHCO), 41.72 (CH), 38.46 (C=CHCH), 34.86 (CH3CHCH2), 29.71 

(CH=CCH2CH2CHCH), 27.97 (CH2), 26.37 (CH=CCH2), 23.83 (CH3C=CH), 21.64 (CH3CO), 

21.63 (CH2CHCO), 19.74 (CH3CH). 

HRMS (EI+): calculated for (C15H24O)+: 220.1827, found: 220.1818. 

 

Segmented flow protocol 

 

For all experiments, the aqueous solution (5 mL) was prepared by dissolving FDP (0.35 mM, 

0.175 µmol) and enzyme in the incubation buffer. The organic solvent is pentane with 

α-humulene (35 μM) or farnesal (70 µM) as internal standard (IS). The reaction mixture was 

collected after reaching steady state (third reactor volume), the organic layer was directly 

analysed by GC FID (method A). The yield was calculated by comparing peak areas of product 

and internal standard. 

 

Batch protocol 

 

The enzyme was added to the incubation buffer to a set concentration at room temperature 

with gentle stirring then FDP or 12-OH FDP (0.35 mM, 0.35 mol) was added and the 

incubation (Vtot = 10 mL) was overlaid with pentane (5 mL) and stirred at room temperature 

for 36 h. The pentane overlay was removed, and the aqueous layer was further extracted with 

pentane (2 x 5 mL) by gentle swirling and slow separation. The combined organic extracts 

were pooled together in a 20 mL volumetric flask (grade A+), and volume was adjusted with 

fresh pentane to a total volume of 20 mL. The solution was analysed by GC FID (method A). 

The yield was calculated by comparing peak areas of the product to a calibration curve using 

α-humulene or farnesal. 
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6.3.5. Lipase activity  

 

The lipase activity was spectrophotometrically determined by following the hydrolysis of p-

nitrophenyl butyrate (pNPB) at 400 nm. An aliquot of enzyme (10 L) was added to buffer 

(The initial lipase activity was 10514 U/mL (45 U/mg). One unit of lipase activity (U) is defined 

as the amount of lipase required to release 1 nmol of pNPB per minute at pH 7.2 at 37 °C 

using p-nitrophenylbutyrate as substrate. 

 

Incubation buffer 

Sodium dihydrogen phosphate monohydrate (0.46 g, 33 mM), disodium hydrogen phosphate 

heptahydrate (1.79 g, 67 mM) and sodium chloride (0.88 g, 150 mM) were dissolved in 

deionised water. Triton1 X-100 (0.5 mL, 0.5% (v/v)) was added the final volume was made up 

to 100 mL and stored at 4 °C. 

 

pNPB solution 

pNPB (10 mg, 50 mM) was added to acetonitrile (1 mL).  

 

Lipase solution 

Aqueous solution of lipase B from C. antarctica (CaLB) (Strem Chemical, Cambridge, United 

Kingdom) (10 L) was added to the incubation buffer (990 L) and stored at 4 °C. 

 

Protocol 

Lipase solution (10 L) was added to incubation buffer (900 L) in a cuvette and solution was 

gently mixed and put in a Shimadzu spectrophotometer at 37 °C. When absorbance at 400 

nm was constant, pNPB solution (10 L) was added and solution was immediately mixed by 

inversion. Absorbance at 400 nm was recorded for 5 min and A400/ min was calculated. 

Reaction was performed in triplicate and a blank recorded using the same protocol using 

deionized water instead of pNPB solution.  

 

𝑈𝑛𝑖𝑡𝑠

𝑚𝐿
 𝑒𝑛𝑧𝑦𝑚𝑒 =  

(∆𝐴400𝑛𝑚
𝐿𝑖𝑝𝑎𝑠𝑒

/ min − ∆𝐴400𝑛𝑚
𝐵𝑙𝑎𝑛𝑘 ) ∗ 1.01 ∗ 100

0.0148 ∗ 0.1
 

 

One unit will release 1.0 nanomole (10-9 mole) of p-nitrophenol per minute at pH 7.2 at 37 °C 

using p-nitrophenol butyrate as substrate. 
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6.3.6. Lipase HPCCC and batch protocols 

 

Batch protocol 

 

A solution of octanol (30 mM) and vinyl acetate (x mM depending on the ratio alcohol: vinyl 

acetate) in heptane was added to a solution of Cal B lipase (1 mg•mL-1) in aqueous buffer 

(20 mM phosphate buffer, pH 7.2). The solution was stirred at 400 rpm at 25°C and organic 

layer was sampled at regular interval of time to determine the conversion of octanol to octyl 

acetate. The solution was analysed by GC FID (method B). The conversion was calculated 

by comparing peak areas of the product to a calibration curve using octyl acetate. 

 

General HPCCC protocol 

Aqueous and organic were pumped using the two HPLC pumps, temperature was regulated 

by a chiller at the desired temperature. The analytical column was initially filled with the 

incubation buffer (20 mM phosphate buffer, pH 7.2) containing CalB lipase at a set 

concentration at 6 mL•min–1 from tail periphery to head-centre. The bobbin was then rotated 

at 1200 rpm and a solution of known concentration of octanol and vinyl acetate in heptane 

(HPLC grade, Sigma-Aldrich) was pumped through the column at 2 mL•min-1. After 1 CV, the 

rotation speed and the flowrate were readjusted to the desired reaction condition. The solution 

at the exit of the HPCCC was then collected after 3 CV and analysed by GC-FID (method B). 

The conversion was calculated by comparing peak areas of the product to a calibration curve 

using octanol. 

 

HPCCC recycling protocol 

Aqueous and organic were pumped using the two HPLC pumps, temperature was regulated 

by a chiller (20 °C). The analytical column was initially filled with the incubation buffer (20 mM 

phosphate buffer, pH 7.2) containing Cal B lipase (1 mg•mL-1) at 6 mL•min- 1 from tail periphery 

to head-centre. The bobbin was then rotated at 1600 rpm and a solution of octanol (100 mM) 

and vinyl acetate (300 mM) in heptane was pumped through the column at 2 mL•min-1. After 

1 CV, the rotation speed was readjusted to 1600 rpm. The solution at the exit of the HPCCC 
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was then collected at regular intervals and analysed by GC-FID (method B). The yield was 

calculated by comparing peak areas of the product to a calibration curve using octyl acetate. 

Isolated yield was obtained from collecting the equivalent to 3 residence time. Solvent was 

removed under reduced pressure and the crude oil was purified by flash chromatography on 

silica gel (20% EtOAc in hexanes) to obtain octyl acetate as colourless oil (597 mg, 97%). 

 1H NMR (500 MHz, CDCl3): δ = 4.05 (t, J = 6.8 Hz, 2H, CH2O), 2.04 (s, 3H, OCOCH3), 1.70 

– 1.53 (m, 2H, CH2), 1.40 – 1.20 (m, 10H, 5 x CH2), 0.88 (t, J = 6.8 Hz, 3H, CH3CH2) ppm. 

13C NMR (126 MHz, CDCl3): δ = 171.4 (CO), 64.8 (CHOCO), 31.9 (CH2CHO), 29.4 (CH2), 

29.3 (CH2), 28.8 (CH2), 26.1 (CH2), 22.8 (CH2), 21.2 (CH3CO), 14.2 (CH3CH2) ppm. 

HRMS (EI-): calculated for (C10H20O2 - [H])-: 171.1385 found: 171.1380 

 

 

 

HPCCC protocol for the stereoselective transesterification of 2-pentanol 

Aqueous and organic were pumped using the two HPLC pumps, temperature was regulated 

by a chiller. The analytical column was initially filled with the incubation buffer (20 mM 

phosphate buffer, pH 7.2) containing CalB lipase (1 mg•mL–1) at a set concentration at 

6 mL•min–1 from tail periphery to head-centre. The bobbin was then rotated at 1600 rpm and 

a solution of rac-2-pentanol (100 mM) and vinyl acetate (300 mM) in pentane was pumped 

through the column at 2 mL•min–1. The solution at the exit of the HPCCC was then collected 

after 3 CV and solvent was removed under reduced pressure. The crude product was purified 

using flash chromatography (5% EtOAc in hexanes) to give (R)-2-pentyl acetate as a 

colourless liquid (49%, >99% e.e.). The enantiomeric excess was determined by GC-FID 

(method C) using synthesized rac-2-pentyl acetate from the following procedure: Pentanol (1 

mL, 9.2 mmol) was added to a solution of 4-dimethylaminopyridine (2.2 g, 18.4 mmol) and 

glacial acetic acid (1 mL, 18.4 mmol) in dichloromethane (50 mL). Dicyclohexyl carbodiimide 

(3.8 g, 18.4 mmol) was subsequently added and the solution was stirred overnight at room 

temperature. The precipitated solids were filtered off, the filtrate was concentrated in vacuo 

and purified by silica flash chromatography (ethyl acetate/pentane 1:4) to yield a racemic 

mixture of 2-pentyl acetate as a colourless liquid (0.85 g, 6.5 mmol, 70%). 

1H NMR (500 MHz, CDCl3): δ  4.96 – 4.85 (m, 1H, CHOCO), 2.02 (s, 3H,CH3CO), 1.63 – 1.27 

(m, 4H, 2 x CH2), 1.20 (d, J = 6.3 Hz, 3H, CH3CH), 0.91 (t, J = 7.3 Hz, 3H, CH3CH2) ppm. 

13C NMR (126 MHz, CDCl3): δ 171.2 (CO), 71.2 (CHOCO), 38.5 (CH2CHO), 21.8 (COCH3), 

20.4 (CHCH3), 19.0 (CH3CH2), 14.3 (CH3CH2CH2). 
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6.3.7. Data analysis 

 

Data analysis was performed in Microsoft Excel. Every measurement was performed in 

triplicate unless otherwise specified. Average values were calculated using the equation 

below: 

𝑥̅ =
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 

 The error bars corresponding to the standard deviation were calculated according to the 

equation below: 

𝜎 = √
1

𝑛
∑(𝑥𝑖 − 𝑥̅)2

𝑛

𝑖=1
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 II 

I. GAS CHROMATOGRAMS AND CALIBRATIONS CURVES 

 

Figure A-1 Calibration curve for flame ionization detection response of α-humulene. 

 

Figure A-2 Calibration curve for flame ionization detection response of farnesal. 
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 III 

 

Figure A-3 Example of a calibration curve for flame ionization detection response of octanol. 
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 IV 

 

Figure A-4 Flame ionization detection response of AS with FDP by HPCCC using method 2. 
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 V 

 

Figure A-5 Flame ionization detection response of ADS with FDP by HPCCC using method 2. 



Appendix 

 VI 

 

Figure A-6 Flame ionization detection response of GDS with FDP by HPCCC using method 2. 
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 VII 

 

Figure A-7 Flame ionization detection response of ADS with 12-OH FDP by HPCCC using method 2. 

(11-R and 11-S epimer at 15.571 min 15.567 min). 
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 VIII 

 

Figure A-8 Total ion chromatogram of authentic sample of FDP with aristolochene synthase by HPCCC 

on the preparative scale method. Inset: mass spectrum of peak at 12.68 min. 
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Figure A-9 Total ion chromatogram of authentic sample of FDP with amorphadiene synthase by 

HPCCC on the preparative scale method. Inset: mass spectrum of peak at 12.53 min. 
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 X 

 

Figure A-10 Total ion chromatogram of authentic sample of FDP with germacrene D synthase by 

HPCCC on the preparative scale method. Inset: mass spectrum of peak at 12.63 min. 
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Figure A-11 Total ion chromatogram of authentic sample of 12-OH FDP with amorphadiene synthase 

by HPCCC on the preparative scale method. 
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Figure A-12 Mass spectrum of peak at 15.12 min of total ion chromatogram of authentic sample of 12-

OH FDP with amorphadiene synthase by HPCCC on the preparative scale method. 

. 
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Figure A-13 Mass spectrum of peak at 15.10 min of total ion chromatogram of authentic sample of 12-

OH FDP with amorphadiene synthase by HPCCC on the preparative scale method. 
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Figure A-14 Flame ionization detection response of octanol. 
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Figure A-15 Flame ionization detection response of octyl acetate. 
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Figure A-16 Example of a flame ionization detection response of the enzymatic transesterification of 

octanol with vinyl acetate by Cal B lipase (octanol at 7.744 min and octyl acetate at 8.812 min). 
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Figure A-17 Flame ionization detection response of chemically synthesised racemic mixture of 2-pentyl 

acetate. 
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Figure A-18 Flame ionization detection response of the enzymatic transesterification of rac-2-pentanol 

with vinyl acetate by Cal B lipase [(R)-2-pentylacetate at 4.131 min]. 
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 XIX 

II. NMR SPECTROSCOPIC ANALYSIS OF CYCLIC ETHER 

 

Figure A-19 Full 1H NMR spectrum (400 MHz, CDCl3, 298 K) of macrocyclic ether. 
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Figure A-20 1H NMR spectrum (400 MHz, CDCl3, 298 K) of macrocyclic ether. 
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Figure A-21 1H NMR spectrum (400 MHz, CDCl3, 223 K) of macrocyclic ether. 
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Figure A-22 1H NMR spectrum (400 MHz, CDCl3, 323 K) of macrocyclic ether. 
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Figure A-23 13C NMR spectrum (100 MHz, CDCl3, 323 K) of macrocyclic ether. 
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Figure A-24 COSY NMR spectrum (400 MHz, CDCl3, 323K) of macrocyclic ether. 
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Figure A-25 Edited HSQC NMR spectrum (400 MHz, CDCl3, 323 K) of macrocyclic ether. 



Appendix 

 XXVI 

 

Figure A-26 HMBC NMR spectrum (400 MHz, CDCl3, 323 K) of macrocyclic ether.  
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Figure A-27 NOESY NMR spectrum (400 MHz, CDCl3, 223 K) of macrocyclic ether. 
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III. NMR SPECTROSCOPIC ANALYSIS OF ARTEMISINIC-11S,12-EPOXIDE 

  

Figure A-28 1H NMR spectrum (500 MHz, CDCl3, 298 K) of artemisinic-11S,12-epoxide. 
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Figure A-29 13C NMR spectrum (125 MHz, CDCl3, 298 K) of artemisinic-11S,12-epoxide. 
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Figure A-30 COSY NMR spectrum (500 MHz, CDCl3, 298K) of artemisinic-11S,12-epoxide. 
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Figure A-31 Edited HSQC NMR spectrum (500 MHz, CDCl3, 298 K) of artemisinic-11S,12-epoxide. 
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Figure A-32 HMBC NMR spectrum (500 MHz, CDCl3, 298 K) of artemisinic-11S,12-epoxide. 
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Figure A-33 DEPT 135 NMR spectrum (500 MHz, CDCl3, 298 K) of artemisinic-11S,12-epoxide. 

 


