


 

 

ABSTRACT 

Development of de novo biosynthetic pathways 

by 

Seokjung Cheong 

 

Microbial biorefineries and biomanufacturing, which harness biosynthetic pathways, 

are becoming economically viable alternatives to traditional petrochemical refineries 

and manufacturing due to their cleanness, flexibility, and usage of biorenewable or 

recycled feedstocks. However, the energy or carbon efficiencies and product diversity 

of biosynthetic pathways are not sufficient for scaled-up industrial processes. The 

goal of this thesis is to develop de novo biosynthetic pathways with improved energy 

or carbon efficiencies and/or product diversity as alternatives to three widely used 

biosynthetic pathways: β-oxidation reversal, isoprenoid biosynthesis and polyketide 

biosynthesis. 

A novel, iterative, modular, combinatorial and orthogonal carbon-carbon elongation 

platform composed of non-decarboxylative Claisen condensation reactions and 

susbsequent β-reductions was developed. This platform follows a similar mechanism 

and exhibits equivalent high carbon and energy efficiencies to those of the β-oxidation 

reversal, but in addition is able to accept various ω-, and ω-1-functionalized primers 

and α-functionalized extender units and synthesize diverse chemicals with α-, β-, ω-, 

and ω-1-functionalities. During the study, the production of 18 compounds from 10 

product classes was demonstrated with noticeable titers. Among them, seven 



 

 

compounds were produced for the first time via microbial fermentations.  

This thesis also proposed four novel pathways for the biosynthesis of isoprenoid 

building blocks dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate 

(IPP), which are more energy- or carbon-efficient than native mevalonate or non-

mevalonate pathways. Though the search of some enzymes required for realizations 

of these pathways are still underway, many enzymatic components have been 

characterized in vitro and in vivo and utilization of confirmed components led to 

efficient microbial productions of 2-hydroxyisovalerate and prenol with titers of 8.46 

g/L and 0.48 g/L respectively.  

A novel, energy-efficient polyketide biosynthesis pathways has also been designed as 

an alternative to native, polyketide synthase (PKS)-based routes. Instead of using 

PKSs, the pathway is based on repetitive non-decarboxylative Claisen condensation 

reactions catalyzed by thiolases, which bypasses the ATP-consuming carboxylation 

step required for the generation of extender units used by PKSs. Among thiolases 

tested for polyketide synthesis, BktB, ScFadA, FadAx and DcaF showed promising 

signs of production of pyrone triacetic acid lactone (TAL) through condensation 

between acetoacetyl-CoA and acetyl-CoA with highest titer as 0.36 g/L. FadAx also 

promisingly exhibited in vitro condensation activity between two acetoacetyl-CoAs to 

generate another pyrone dehydroacetic acid.  

Achievements of this thesis, in line with subsequent improvements, are expected to 

highly benefit the development of microbial biomanufacturing processes and 

biorefineries.   
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Chapter 1  

Introduction 

 

More than 70,000 products are produced in chemical refinery and manufacturing 

processes and their worldwide sales are expected to be more than 5 trillion US dollars 

by 2020.
1, 2

 Current chemical refinery and manufacturing processes supply many 

ubiquitous commodities and materials for human life and industries, but these 

processes have some limitations: their original feedstocks are restricted to 

nonrenewable fossil feedstocks; the facilities and scales of these processes are too 

large and inflexible resulting in inefficient capital expenditures and construction 

restraints in environmental, geographical and economic factors; these processes 

possess safety issues like possible explosions, leaks and pollutions and sustainability 

issues like greenhouse gas emissions.
2, 3

 These problems could limit the further 

development and market accessibility of chemical industry. To solve these problems, 

industrial biorefineries and biomanufacturing have become a promising replacement 

of current chemical manufacturing and refinery processes. 

Development of biotechnologies enabled the exploitation and engineering of microbes 

for synthesizing fuels and chemicals for industry. Microbes can utilize various 

materials including biorenewable feedstocks like oil, sugars and glycerol and one-

carbon feedstocks like methane and carbon dioxide which are usually wasted in 

current refinery and manufacturing processes.
2, 3

 Their growth requires mild 20 °C – 

100 °C temperature and atmospheric pressure and their enzymatic reactions are highly 



2 

 

selective, reducing the possibilities of safety and environmental hazards and amounts 

of wastes and greenhouse gas emissions.
2-4

 The tools of genetic engineering, 

metabolic engineering, protein engineering, synthetic biology and systems biology 

can aid the further improvement of productivity, efficiency, specificity and condition 

tolerance of microbes for industrial fermentation processes.
3, 5

 Also, the fermentation 

of these microbes are usually one-pot, one-step with smaller scales, increasing the 

flexibility and reducing expenditures for manufacturing.
2, 3

 Due to these advantages, 

the chemical biomanufacturing through fermentations of engineered microbial hosts 

represent a cleaner, more flexible and sustainable source with greater capital 

efficiencies and new market accessibility, compared to current petrochemical refinery 

and manufacturing processes (Fig. 1.1).
2, 3

 

 

Figure 1.1 Feedstocks, processes, products and advantages of industrial 

biomanufacturing. (Adapted from the review
2
 by Clomburg et al. 2017) 

Driven by great advantages and opportunities of biomanufacturing, researchers in 

academics and biotechnology companies have achieved biosynthesis of innumerable 

natural or non-natural fuels and chemicals with diversity of structures and 

functionalities in engineered microbes. For some chemicals, like 1,3-propanediol, 
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polylactic acid, farnesene, isobutanol and 1,4-butanediol, their biomanufacturing is 

already commercialized or close to commercialization in the near future.
3, 4

 To enable 

the microbial synthesis of fuels and chemicals, many researchers have harnessed 

various native biosynthetic pathways with additional modifications and engineering, 

and fatty acid biosynthesis, isoprenoid biosynthesis and polyketide biosynthesis are 

commonly used pathways among them (Fig. 1.2).
6-9

 Fatty acid biosynthesis pathway 

is an acyl carrier protein (ACP) dependent iterative carbon chain elongation pathway 

composed of decarboxylative Claisen condensation reactions by ketoacyl synthases 

and subsequent β-reduction reactions by 3-ketoacyl-ACP reductases, dehydratases and 

enoyl-ACP reductases.
10

 Isoprenoid biosynthesis pathway is a series of condensation 

reactions by prenyltransferases starting from dimethylallyl diphosphate (DMAPP) 

with isopentenyl diphosphate (IPP) as the carbon extender unit, and IPP and DMAPP 

are supplied through mevalonate (MVA) and non-mevalonate (MEP) pathways.
11

 

Polyketide biosynthesis pathway is another carbon chain elongation pathway mainly 

through coenzyme A (CoA) or ACP-dependent repetitive decarboxylative Claisen 

condensation reactions by polyketide synthases, similar to fatty acid biosynthesis, but 

with optional β-reduction reactions.
12

 Researchers also have developed novel carbon 

elongation pathways with better efficiencies and performances to substitute the 

natural pathways, and engineered β-oxidation reversal as the replacement of fatty acid 

biosynthesis is a typical example.
13

 Reversal of β-oxidation degradation pathway 

converts it to a novel biosynthetic pathway consisting of Claisen condensation and 

subsequent β-reductions similar to fatty acid biosynthesis, but CoA-dependent and 

recruiting non-decarboxylative Claisen condensation for carbon chain elongation. 

Noticeable achievements of utilization of these biosynthetic pathways for microbial 
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biosynthesis of chemicals and fuels would be elaborately reviewed in subsequent 

chapters.  

However, fatty acid biosynthesis, isoprenoid biosynthesis and polyketide biosynthesis 

pathways have limits in energy or carbon efficiencies, as described in subsequent 

chapters. Moreover, these pathways are present in most organisms contributing to the 

biosynthesis of essential cellular building blocks such as lipids and sterols, signaling 

molecules and secondary metabolites
14-16

, so these pathways are not independent with 

native life-sustaining metabolic networks and unwanted interaction between their 

substrates, intermediates, genes and enzymes and native metabolism and regulatory 

systems of host strains can easily occur, adding the difficulty for control of pathway 

performance.
17

 These limits can undermine the economic and environmental 

sustainability and increase the manufacturing costs.
2, 4

 
18

 β-oxidation reversal, a CoA-

dependent carbon elongation pathway composed of non-decarboxylative Claisen 

condensation and series of β-reduction reactions, is a more energy-efficient substitute 

of fatty acid biosynthesis pathway due to bypass of ATP-consuming extender unit 

supply reactions, but its product range is still limited.
18

 Therefore, pathways with 

better efficiencies and product diversity are demanded. 

The overall objective of this thesis is to design novel biosynthetic pathways with 

improved carbon or energy efficiencies and/or capability on productions of wider 

range of chemicals as an alternative to fatty acid biosynthesis, β-oxidation reversal, 

isoprenoid biosynthesis and polyketide biosynthesis and demonstrate these designed 

pathways in microbes like E. coli, as illustrated in Fig 1.2. 
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Figure 1.2 Production of fuels and chemicals in microbes through biosynthetic 

pathways. Thick, purple lines indicate de novo biosynthetic pathways with improved 

efficiencies; black lines indicate native or engineered biosynthetic pathways; black 

dashed lines indicate assimilation pathways of feedstocks; red, dashed lines indicate 

interaction from native metabolism and regulatory system. This figure is inspired 

from Figure 1 of review Manufacturing Molecules Through Metabolic Engineering 

(2010)
8
 

Thanks to developments of synthetic biology and systems biology technologies, the 

designs and constructions of de novo biosynthetic pathways through exploitation of 

various enzyme parts are possible to enable productions of non-natural chemicals and 

improve the performance of microbes.
5, 19

 In this thesis, the design of de novo 

biosynthetic pathways exploited the inherent promiscuity and reversibility of many 

enzymes and in some instances followed the concept of retro-biosynthesis.
19, 20

 After 

in vitro enzymatic assays and in vivo fermentation tests, the designed pathways were 

verified and demonstrated in E. coli. Once the synthesis of various compounds from 
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varying carbon sources and precursors was demonstrated, production of some 

compounds was further improved through metabolic engineering.  

This thesis has three specific research objectives, all focusing on the metabolic 

engineering designs, builds, test cycles for the following pathways: 

1. A novel carbon elongation platform for biosynthesis of diverse chemicals with 

improved carbon- and energy- efficiencies through non-decarboxylative 

Claisen condensation reactions. This novel platform would follow a 

mechanism similar to the reverse β-oxidation pathway through utilization of 

non-decarboxylative Claisen condensation and series of subsequent β-

reductions and termination reactions, but with the main distinction that newly 

selected enzymatic components would accept with diverse ω-, ω-1-, and α-

functionalized substrates to diversify the product structures and functionalities.  

2. A novel pathway for synthesis of isoprenoid building blocks dimethylallyl 

diphosphate (DMAPP) and isopentenyl diphosphate (IPP) with higher carbon 

and/or energy efficiencies than native mevalonate (MVA) and non-mevalonate 

(MEP) pathways. Isoprenoids are synthesized through repetitive 

condensations of building blocks DMAPP and IPP by prenyltransferases, so 

design and employment of more efficient novel IPP and DMAPP pathways 

would improve the efficiency of isoprenoid biosynthesis. This thesis proposed, 

analyzed and tested totally four different de novo pathways for IPP and 

DMAPP supply with better carbon- or energy- efficiencies than native MVA 

or MEP pathways. 

3. A novel polyketide biosynthesis pathway recruiting non-decarboxylative 
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Claisen condensation. This novel polyketide biosynthesis pathway would 

bypass ATP-consuming carboxylation steps for supply of extender units 

owing to utilization of non-decarboxylative Claisen condensation reactions for 

polyketide elongation, resulting in higher energy efficiency than native 

polyketide biosynthesis pathway which recruits decarboxylative Claisen 

condensation mechanism. Thiolases would be selected and tested to replace 

polyketide synthase and catalyze non-decarboxylative Claisen condensation 

for polyketide synthesis.   
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Chapter 2  

Materials and methods 

 

2.1 Strains, plasmids and genetic methods 

The strains with genetic modifications for this project, listed in the Appendix Table 1, 

were derived from the wild type K12 Escherichia coli strain MG1655. Except the 

deletion pykF gene, P1 phage transduction
21

 was the method of gene knockouts and 

single gene knockout mutants from the National BioResource Project (NIG, Japan)
22

 

served as the specific deletion donor. The antibiotics resistance marker was removed 

subsequently through FLP recombinase
23

. The pykF gene knock-out was performed 

using the CRISPR-Cas9 recombineering system with  pTargetF plasmid and PCR 

amplified template.
24

 The integration of the lpdA
A358V

 gene was also conducted 

through same method of CRISPR-Cas9 recombineering. The templates for CRISPR 

recombineering were constructed through overlap PCR amplification using the 

MG1655 chromosome as a template. Cumate-controlled expressions of atoB, bktB 

ΔatoB, fadB ΔfadA and egter at the fabI locus and anhydrotetracycline-controlled 

expression ydiI ΔtesB in chromosome were seamlessly constructed through standard 

recombineering protocols
25

 and subsequent P1 phage transduction
21

 as described in 

previous reports.
26, 27

 Polymerase chain reaction (PCR) verified deletions, mutations, 

chromosomal integrations of genes. λDE3 was integrated into the chromosome 

through λDE3 lysogenization kit (Novagen, Darmstadt, Germany).  

The plasmids and oligonucleotides used in this work are listed in the Appendix 
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Tables 1 and 2 respectively. Vectors pZS
28

, pTrcHis2A (Invitrogen, Carlsbad, CA), 

pUCBB
29

, pETDuet-1, and pCDFDuet-1 (Novagen) served as backbones for cloning. 

E. coli genes were obtained through PCR from the genomic DNA of MG1655, while 

heterologous genes were synthesized with codon-optimizations by GeneArt®  (Life 

Technologies, Carlsbad, CA) or GenScript (Piscataway, NJ), except phaB1, pct, bktB, 

adhE2, seeutE, cbjALD and mks1 which were PCR amplified from genomic DNAs or 

cDNAs of their source organisms. The recognition site of NdeI in the paaH sequence 

was eliminated through overlap PCR. Phusion polymerase (Thermo Scientific, 

Waltham, MA) was used for PCR genetic amplifications. The vector backbones were 

extracted and purified from E. coli cultures through protocols from the manufacturer 

(Qiagen, Valencia, CA). Appropriate restriction enzymes (New England Biolabs, 

Ipswich, MA) digested the vectors for cloning. The insertion of genes into the 

digested vector was performed through In-Fusion cloning technology (Clontech 

Laboratories, Inc., Mountain View, CA) and the product was then chemically 

transformed into E. coli Stellar cells (Clontech) with subsequent verifications by 

antibiotic resistance, colony PCR and sequencing. The sequence confirmed plasmids 

were then introduced to host strain through electroporation.  

All molecular biology techniques were performed using standard methods
30, 31

 or by 

manufacturer protocols. The bacterial strains were stored in 32.5% glycerol at -80 °C. 

The plate composition was LB medium plus 1.5% agarose with addition of antibiotics 

at following concentrations if necessary: ampicillin (100 μg/mL), carbenicllin (50 μg/ 

mL), spectinomycin (50 μg/ mL), kanamycin (50 μg/ mL), and chloramphenicol (34 

μg/mL). 
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2.2 Fermentation medium and conditions 

MOPS minimal medium
32

 with 125 mM MOPS and Na2HPO4 when using glycerol as 

the carbon source (1.48 mM for flask fermentations studies investigating novel 

carbon-chain elongation platform utilizing non-decarboxylative Claisen condensation 

as described in Chapter 3; 2.8 mM in other fermentations) or K2HPO4 when using 

glucose as the carbon source (2.8 mM), supplemented with 20 g/L glycerol or 40 g/L 

glucose, 10 g/L tryptone, 5 g/L yeast extract, 5 mM (NH4)2SO4, 30 mM NH4Cl, 100 

μM FeSO4 and 5 mM calcium pantothenate
33

, was used for most fermentations except 

fermentations with glycolic acid supplementation. Under minimal media fermentation, 

yeast extract and tryptone were removed in the medium. 55 g/L of CaCO3 was also 

supplemented as pH buffer when required.
34

 Neutralized 5 mM phenylacetic acid or 

20 mM succinic acid, glutaric acid, malonic acid, adipic acid, glycolic acid, isobutyric 

acid or propionic acid was supplemented as primer precursor when needed. 

Antibiotics (50 μg/mL spectinomycin, 50 μg/mL carbenicillin, 50 μg/mL kanamycin 

and 34 μg/mL chloramphenicol) were also added when required. Sigma-Aldrich Co. 

(St. Louis, MO) and Fisher Scientific Co. (Pittsburg, PA) were the sources of all 

chemicals.  

The flask microaerobic fermentation conditions and methods were modified from 

those in a previous report.
33

 Before flask fermentations, a few colonies on the LB 

plate or a small portion of glycerol stock of strains of interests were inoculated and 

cultivated overnight (14-16 h) in 10 mL LB medium in 50 mL Pyrex Delong Shaker 

Erlenmeyer Flask (Corning Inc., Corning, NY) with proper antibiotics. The overnight 

pre-culture was used as the fermentation inoculum with initial optical density at 550 



11 

 

nm (OD550) as ~ 0.05. Most of flask fermentations, except fermentations with glycolic 

acid supplementation, were performed microaerobically in 25 mL Pyrex Erlenmeyer 

flasks (narrow mouth/heavy duty rim, Corning) with sealing by foam plugs. The 

volume of medium in flasks was 20 mL except in the fermentations for geraniol 

production in which the volume was 15 mL. The cells were grown in an NBS I24 

Benchtop Incubator Shaker (New Brunswick Scientific Co., Inc., Edison, NJ) at 200 

rpm. The fermentation temperature was 37 °C or 30 °C as needed. When OD550 

reaches ~0.3-0.5, inducer isopropyl β-D-1-thiogalactopyranoside (IPTG) was added 

into the culture. 1, 5, 10 or 50 μM of IPTG was added for induction of plasmid-based 

expressions as needed. For inductions of controlled chromosomal genetic 

overexpression, 0.1 mM cumate or 100 ng/mL anhydrotetracycline (aTc) were also 

added. Optical density was measured in Thermo Spectronic Genesys 20 (Thermo 

Scientific). After induction, the strains were grown at same condition for another 48 h 

except for adipic acid fermentation with longer durations in which the post-induction 

growth time was 96 hours. 

For anoxic and anaerobic fermentations, the pre-induction fermentation procedures 

were same in microaerobic flask fermentations, and after induction, 4 mL of culture 

was transferred to a 17-mL Hungate tube (Bellco Glass, Inc., Vineland, NJ). After 

tube was sealed, the anoxic fermentation was directly started, while the purging of 

headspace by argon gas was required before the start of anaerobic fermentation. The 

anaerobic and anoxic fermentations were performed in a rotator (Glas-Col, Terre 

Haute, IN) spinning at 40 rpm under 37 °C for 48 hours after induction. 

Controlled bioreactor fermentations were performed in a SixFors multi-fermentation 
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system (Infors HT, Bottmingen, Switzerland) with independent controls of pH (7.0, 

controlled with NaOH and H2SO4), temperature (37 °C) and stirring speed (660 rpm 

for adipic acid production and 720 rpm for tiglic acid production), 400 mL initial 

volume and an air flow at 2 N L/hr. Fermentations for adipic acid production used the 

fermentation media same as above but with 50 g/L glycerol, the extra inclusion of 5 

uM sodium selenite, and 1 uM IPTG. Pre-fermentation cultures were grown in 25 mL 

flasks for 24 hours after induction as described above. An appropriate amount of this 

culture was centrifuged, washed twice with fresh media, and inoculated with initial 

OD550 ~3. Tiglic acid fermentations used the fermentation media with 30 g/L glycerol, 

the extra inclusion of 5 uM sodium selenite, and 5 uM IPTG. 20 mM of neutralized 

propionic acid was added at 0, 24, and 48 hour time points. Pre-fermentation cultures 

were incubated for 4 hours post-induction in 25mL flasks as described above, and 

used as the inoculum with initial ~0.05 OD550. The duration of bioreactor 

fermentation for adipic acid productions was 144 hours, while the duration of tiglic 

acid production fermentation was 64 hours. 

Fermentations with glycolic acid addition were performed in 250 mL Erlenmeyer 

Flasks (Corning) filled with 50 mL LB media supplemented with 10 g/L glucose and 

appropriate antibiotics.  A couple of colonies of strains was cultivated overnight (14–

16 h) in LB medium with appropriate antibiotics and used as the inoculum (2%). After 

the inoculation, cells were grown in a NBS I24 Benchtop Incubator Shaker at 30 °C 

and 250 rpm. When OD550 reached ~0.8, 0.1 mM of inducer IPTG (0.1 mM) and 40 

mM of neutralized glycolic acid were added. Cells were then incubated for 72 hours 

for productions of β-hydroxy-γ-butyrolactone, or 96 hours for productions of 4-

hydroxybutyric acid and 2,3-dihydroxybutyric acid after the induction. 
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Details for individual fermentations are described in subsequent chapters. After 

fermentation, the culture samples were centrifuged at 5,000 g, 5 min and the 

supernatants were collected for further analysis.  

2.3 In vitro enzyme analysis 

Enzymes for in vitro assay were collected and purified before the analysis. E. coli 

enzymes for in vitro analysis were obtained from the ASKA collection
35

, while genes 

encoding other enzymes were cloned into pTrcHis2A or pUCBB or pCDFDuet-1 

backbone with His-tag through methods described above with BL21(DE3)
36

 as the 

host strain except for expression of BktB in which AG1 (Agilent Technologies, Santa 

Clara, CA) served as the host strain.  

To grow the cells overexpressing the above enzymes, 1 mL of the overnight inoculum 

prepared through above described methods was added into 25 mL LB medium in 125 

mL Pyrex Erlenmeyer flasks (Corning) and incubated in NBS I24 Benchtop Incubator 

Shaker under 37 °C or 30 °C as required. 0.1 mM IPTG inducer was added when 

OD550 reaches ~0.6. After further growth for 4 h (ASKA strains) or 16 h (other 

strains), the cells were collected and washed twice by 9 g/L sodium chloride solution. 

Then, 40 units of OD550 of cells were re-suspended by lysis buffer (50 mM NaH2PO4, 

300 mM NaCl, 10 mM imidazole, pH 8.0). After re-suspension, the cells were 

disrupted by Disruptor Genie (Scientific Industries, Bohemia, NY), and then 

centrifuged at 4 °C, 13,000 g, 10 min. The resultant supernatant was the crude enzyme 

extract.  

The his-tagged enzymes were purified from crude extract by using Ni-NTA spin kit 

(Qiagen, Valencia, CA). The crude extracts were centrifuged in spin columns which 
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had been equilibrated with lysis buffer for 270 g, 5 min. Then, the column was 

washed twice by wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 

pH 8.0). After washing, the enzyme was eluted twice in elution buffer (50 mM 

NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 8.0). Both washing and elution 

required centrifugation at 890 g, 2 min. The purified enzyme extracts were then 

optionally concentrated and dialyzed through Amicon®  Ultra 10K Device (Millipore, 

Billerica, MA). These enzymes were first filtered by centrifugation at 4 °C, 14000 g, 

10 min, and then washed with 100 mM potassium phosphate, pH 7 buffer under the 

same centrifugation conditions. Finally, the concentrated and dialyzed enzymes were 

recovered through 4 °C, 1000 g, 2 min centrifugation.  

The protein concentration was established using the Bradford Reagent (Thermo 

Scientific) using BSA as the protein standard. SDS-PAGE monitor of purified 

proteins was performed through XCell SureLock
TM

 Mini-cell system (Invitrogen) 

with gels (12% acrylamide resolving gel and 4% acrylamide stacking gel) prepared 

through SureLock
TM

 Mini-cell system (Invitrogen). The composition of the running 

buffer for SDS-PAGE was 3 g/L tris base, 14.4 g/L glycine and 1 g/L SDS in water. 

Enzymatic reactions were spectrophotometrically monitored on either a Synergy HT 

plate reader (BioTek Instruments, Inc., Winooski, VT) or a Biomate 5 

Spectrophotometer (Thermo Scientific, Waltham, MA) according to established 

protocols. Each spectrophotometric measurements of in vitro enzyme activity required 

linearity and subtraction of background control non-enzymatic adsorption changing 

rate. 

The in vitro activity of hydroxyacyl-CoA dehydrogenase PaaH was measured through 
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observing oxidation of NADH at 340 nm during reduction of acetoacetyl-CoA to 3-

hydroxybutyryl-CoA.
37

 The total 200 μL reaction system consisted of 50 mM MOPS 

(pH 7.0), 1 mM 1,4-dithiothreitol (DTT) and 0.2 mM NADH, supplemented with 10 

μL of appropriately diluted enzyme solution. The addition of 75 μM acetoacetyl-CoA 

initiated the reaction and the sample was incubated under 30 °C for 2 min before the 

activity measurement. 

The in vitro assay of thiolase PaaJ for condensation between succinyl-CoA and acetyl-

CoA was coupled with subsequent reduction reduction by PaaH to drive the whole 

reaction continuously, and the activity was measured by monitoring decrease of 

NADH adsorption at 340 nm due to PaaH reaction.
38, 39

 The composition of 200 μL 

reaction sample was 100 mM Tris-HCl (pH 7.8), 1.0 mM succinyl-CoA, 0.5 mM 

acetyl-CoA, 0.2 mM NADH, 1 mM DTT and 4.5 mM MgCl2, with supplementation 

of 10 μL of properly diluted PaaH elute. The reaction was initiated by addition of 10 

μL of appropriately diluted PaaJ extract. Before the measurement, the sample was 

incubated for 2 min at 30 °C. 

The assay of SucCD on activation of succinate to succinyl-CoA was measured 

through observation of absorbance increase of product succinyl-CoA at 235 nm.
40

 The 

reaction system was 200 μL composed of 50 mM Tris-HCl pH 7.4, 50 mM succinate, 

10 mM MgCl2, 100 μM ATP and 100 μM CoA. The addition of 10-50 μL 

appropriately diluted SucC and SucD mixture extracts started the reaction.  

For assays on acyl-CoA transferases Cat1, ScpC and Cat1 on reverse activity of CoA 

transfer from acetate to succinyl-CoA, the 200 μL reaction system consisted of 

100mM potassium phosphate (pH 7.0), 5 mM MgCl2, 10 mM oxaloacetate (OAA), 
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1.0 mM DTNB, 5 U citrate synthase, 0.2 M sodium acetate and 0.1 mM succinyl-CoA. 

The reaction was initiated with addition of 5 or 10 μL of enzyme extracts with 

appropriate dilutions. When enzyme is active on CoA transfer from succinyl-CoA to 

acetate, acetyl-CoA is formed which reacts with OAA by citrate synthase, releasing 

CoASH. CoASH then spontaneously reacts with DTNB, releasing TNB
2-

, which has 

specific absorbance at 412nm.
41

 The activity was measured by monitoring the 

increase of absorbance at 412nm.  

Measurements of activities of acyl-CoA transferases Pct and Pct540 on activation of 

2-hydroxyisovaleric acid or 3-methyl-2-butenoic acid or control propionic acid were 

conducted in a two-step reaction in which the residual amount of acetyl-CoA after 

incubation of the enzyme with the substrate of interest was measured.
42

 First, 0.1 mM 

acetyl-CoA and 1 or 10 mM of the substrate was dissolved in 100 mM Tris–HCl (pH 

7.4) and incubated with appropriately supplemented purified enzyme for 15 min at 

30 °C. After enzyme denaturation at 95 °C for 90 seconds, 5 μg citrate synthase, 0.1 

mM oxaloacetate and 500 μM DTNB were added. Then, the reaction system was 

further incubated at 30 °C for 15 min. Through measuring of the absorbance at 412 

nm, the amounts of generated CoASH and residual acetyl-CoA were calculated. 

Measurement of 3-methylcrotonyl-CoA reduction by acyl-CoA reductases was 

measured by following the decrease (oxidation of NAD(P)H) in absorbance at 340 nm 

from a reaction mixture
43

 containing 100 mM Tris-HCl (pH 7.5), 5 mM DTT and 0.3 

mM NAD(P)H, with addition of 1 or 5 mM 3-methylcrotonyl-CoA.  
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Measurement of alcohol dehydrogenase activity on prenol was measured by following 

the increase (reduction of NAD(P)
+
) in absorbance at 340 nm from a reaction mixture 

containing 100 mM Tris-HCl (pH 8.0), 1 mM NAD(P)
+
, and 1 mM prenol. 

In vitro enzymatic assays for the synthesis of triacetic acid lactone (TAL) through 

thiolase condensation between acetoacetyl-CoA and acetyl-CoA were conducted in 

the presence of 100 mM potassium phosphate (pH 7), 3 mM EDTA, 1 mM 

acetoacetyl-CoA and and 1 mM acetyl-CoA in a total volume of 200 μL for DcaF, 

ScFadA and FadAx, or 220 μL for other tested thiolases at 25 °C.
44

 For DcaF, 

ScFadA and FadAx, 4 μL of undiluted enzyme elute was added in the assay system, 

while for other thiolases, 24 μL of undiluted enzymes were added. Activity was 

measured by monitoring the increase of TAL absorbance at 298 nm
45

 using an 

extinction coefficient of 2.9443 mM
−1

 cm
−1

 measured through calibrations of different 

concentrations of TAL standards. The FadAx assay sample was further analyzed 

through a reversed phase high-performance liquid chromatography (RP-HPLC) using 

Shimadzu LC-20AD HPLC system (Shimadzu Scientific Instruments, Columbia, MD) 

with an SPD-20A dual-wavelength UV-vis detector (Shimadzu Scientific Instruments) 

and a Phenomonex Luna C18 column (Phenomonex, Torrance, CA, 25 cm × 4.6 mm, 

5 μm). Following elution profile was used: solvent A, 1% (v/v) acetic acid in water; 

solvent B, 1% (v/v) acetic acid in acetonitrile; gradient: 5% B (0–5 min), 5–15% B 

(5–18 min), 15–100% B (18–23 min), 100% B (23–30 min); flow rate 1.0 mL/min; 

wavelength, 300 nm. 

In vitro enzymatic assays of thiolase FadAx and DcaF on dehydroacetic acid synthesis 

through condensation between two molecules of acetoacetyl-CoA were performed in 
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the presence of 100 mM potassium phosphate (pH 7), 3 mM EDTA and 1 mM 

acetoacetyl-CoA in a total volume of 200 μL for FadAx, or 220 μL for DcaF at 

25 °C.
44

 For FadAx, 4 μL of undiluted enzyme elute was added in the assay system, 

while for DcaF, 24 μL of undiluted enzymes were added. Activity was measured by 

monitoring the increase of absorbance at 312 nm (absorbance of dehydroacetic acid)
46

 

using an extinction coefficient of 4.8567 mM
−1

 cm
−1

 acquired through calibrations of 

dehydroacetic acid standards with different concentrations. 

For liquid chromatography–mass spectrometry (LC-MS) analysis on in vitro reactions 

of PaaJ and PaaH, the 100 μL reaction sample composition was 50 mM Tris-HCl (pH 

8.0), 1 mM NADH, 1 mM succinyl-CoA and 0.5 mM acetyl-CoA, supplemented with 

5 μL of undiluted purified PaaJ and PaaH extracts.
47

 The reaction was initiated by 

additions of CoA thioester substrates and conducted for 30 min, at 30 °C. The sample 

was then stored in -20 °C before the analysis. The LC-MS facility was MicroTof ESI 

mass spectrometer (Bruker Daltonics., Billerica, MA) equipped with Agilent 1200 LC 

system (Agilent Technologies). Shim-pack XR ODS II (Shimadzu Scientific 

Instruments) was the column in the analysis and the flow rate was 0.15 mL/min. The 

mobile phase was at first 5% 50/50 water/methanol in 40 mM ammonium acetate and 

the percentage increased to 70% within 7 min by linear gradient and retained until 10 

min and finally decreased back to 5% at 10.1 min with equilibrium until 15 min. The 

m/z analysis range was 100-1000 with resolution of 15000 full width at half 

maximum (FWHM). 

2.4 Analysis of in vivo fermentation metabolites 

High-performance liquid chromatography (HPLC) quantified the compounds that 
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were detectable in this facility. The HPLC facility was a Shimadzu Prominence SIL 

20 system (Shimadzu Scientific Instruments) equipped with an HPX-87H organic acid 

column (Bio-Rad, Hercules, CA). For optimal separations, the operation condition 

was set as: 0.3 mL/min flow rate, 30 mM H2SO4 mobile phase and 42 °C column 

temperature.
33

 The calibration of standard metabolites had been conducted before 

HPLC operation for calculations of metabolite concentrations and acquisitions of peak 

information such as retention time.  

Extraction of functionalized acids except ω-hydroxyacids and dicarboxylic acids 

produced through the novel carbon-chain elongation utilizing non-decarboxylative 

Claisen condensation as described in Chapter 3 for gas chromatography (GC) analysis 

was conducted as previously described 
48

: 2 mL supernatant aliquots of fermentation 

cultures were first transferred to 5 mL glass vials (Fisher Scientific Co.). Then, 80 μL 

of 50 % H2SO4 was added to adjust the pH and 340 μL of 30 % NaCl solution was 

added for ionic strength adjustment. Final concentration 50 mg/L of internal standard 

tridecanoic acid and 2 mL of extraction solvent hexane-MTBE (1:1) were then added 

and the samples were rotated for 120 min at 60 rpm. After subsequent 2 min 2,375× g 

centrifugation, 1.5 mL of top separated organic layer was transferred to another 5 mL 

glass vial and dried under N2. After drying, to convert extracted functionalized 

carboxylic acids to corresponding fatty acid methyl esters (FAMEs), 1 mL boron 

trifluoride-methanol solution was added. Then, the samples were vortexed and heated 

in AccuBlock digital dry bath (LabNew, Woodbridge, NJ, USA) for 60 min at 60 °C. 

After heating, the samples were cooled to room temperature, added with 1 mL of 

water and vortexed. 1.5 mL hexane was then added for extraction of FAMEs and the 

samples were rotated for 60 min at 60 rpm, followed by 30 s vortex and another 
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centrifugation for 2 min at 2,375 × g. The upper organic phases were separated, 

collected and transferred to GC vials (Fisher Scientific Co.) for analysis.  

For GC analysis of ω-hydroxyacids and dicarboxylic acids, the sample was prepared 

with 12-hydroxydodecanoic acid as internal standard and diethyl ether as organic 

extraction solvent
26

: 2 mL supernatants of fermentation culture were transferred to 

5 mL glass vials and mixed with 50 μL of 10 mg/mL 12-hydroxydodecanoic acid 

stock. Then, 2 mL of diethyl ether was added and series of extraction steps consisting 

of first 30 s vortex, 2 h rotation at 60 rpm, second 30 s vortex and 1 min 4 °C 

centrifugation at 8,000 rpm were performed. After that, 1.5 mL extraction aliquots 

were transferred to 5 mL glass vials and supplemented with anhydrous Na2SO4 for 

drying. 1 mL of organic layer was then transferred to a 2 mL borosilicate glass vial 

(Fisher Scientific Co.), and dried under N2. The dried sample was re-suspended in 

100 µL of pyridine, vortexed briefly and supplemented with 100 µL of BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide). Then, the sample was heated at 70 °C for 

30min. The heated sample was dried again under N2, re-suspended in 1 mL hexane 

and analyzed by GC. 

For analysis of prenol and geranoids, the supernatant aliquots of 2 mL were 

transferred to 5 mL glass vials and supplemented with 50 μL of 2 mg/mL 1-decanol 

stock as the internal standard. Then, solvent hexane was added at a 1:1 ratio to a 

fermentation broth sample (e.g. 2 mL for a 2 mL aqueous solution) for extraction
33

. 

Following an appropriate extraction processes (vortex of samples for 15 seconds, spin 

on a rotator at 60 rpm for 2 hours, second vortex for 15 seconds, and 4 °C, 2 min 

centrifugation at 6,500 rpm), 1 mL of the organic phase was removed and transferred 
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to a 2 mL glass vial. 50 uL pyridine and 50 uL BSTFA were then added for 

derivatization, with following heating at 70 °C for 30 minutes.
33

 After cooling to 

room temperature, this mixture was used for GC analysis. Extraction for 4-

methylpentanol analysis sample followed the similar protocol, but with 1-heptanol as 

the internal standard
13

. 

The products of novel carbon-elongation platform utilizing non-decarboxylative 

Claisen condensation as described in Chapter 3 except 4-hydroxbutyric acid, 2,3-

dihydroxybyturic acid and β-hydroxy-γ-butyrolactone were identified through below 

gas chromatography–mass spectrometry (GC-MS) method used in the previous 

work.
33

 The analysis was conducted in an Agilent 7890A GC system equipped with a 

5975C inert XL mass selective detector (Agilent Technologies). The column was Rxi-

5Sil column (0.25 mm internal diameter, 0.10 μm film thickness, 30 m length; Restek, 

Bellefonte, PA). The sample injection amount was 2 μL with 40:1 split ratio. The 

initial column temperature was 35 °C, held for 1 min, and increased to 200 °C at the 

rate of 6 °C /min, then to 270 °C at the rate of 30 °C /min. That final temperature was 

maintained for 1 min before cooling back to initial temperature. The temperature of 

the injector and detector was 280 °C. Helium (Matheson Tri-Gas, Longmont, CO) was 

the carrier gas at 2.6 mL/min flow rate. GC quantifications of these compounds were 

conducted through previously reported methods
33

 in a Varian CP-3800 gas 

chromatograph system (Varian Associates, Inc., Palo Alto, CA) equipped with an 

Agilent HP-5 capillary column with 0.50 μm film thickness, 30 m length and 0.32 

mm internal diameter (Agilent Technologies). The detector was a flame ionization 

detector (GC-FID). The initial temperature was 50 °C, held for 3 min, then increased 

to 250 °C at 10 °C/min, and the final temperature 250 °C was held for 10 min. The 
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injector and detector temperatures were 220 and 275 °C, respectively. The carrier gas 

was helium and the flow rate was 1.8 mL/min. The sample was injected at 1 μL in 

splitless mode.  

Identifications of 4-hydroxbutyric acid and 2,3-dihydroxybyturic acid were performed 

by the Baylor College of Medicine Analyte Center 

(www.bcm.edu/research/centers/analyte, Houston, TX)
18

. An Agilent 6890 GC system 

(Agilent Technologies) equipped with a HP-5ms column and a5973 mass selective 

detector was used. Agilent Chem Elut liquid extraction columns (Agilent 

Technologies) were used for sample extraction following the protocols offered by the 

manufacturer. 

GC analysis on prenol and geranoids was conducted on an Agilent 7890B Series 

Custom Gas Chromatography system (Agilent Technologies) equipped with a 5977B 

Inert Plus Mass Selective Detector Turbo EI Bundle (for identification) or a Flame 

Ionization Detector (for quantification) and an Agilent HP-5 capillary column (0.25 

mm internal diameter, 0.25 μm film thickness, 30 m length). The following 

temperature profile was used with helium as the carrier gas at a flowrate of 1.5 

mL/min: Initial 50 °C (hold 3 min); ramp at 20 °C/min to 270 °C (hold 6 min). The 

injector and detector temperature were 250 °C and 350 °C, respectively. 1 uL of 

sample was injected with a 4:1 split ratio. 

β-hydroxy-γ-butyrolactone was identified through nuclear magnetic resonance (NMR) 

analysis based on previously described methods.
13

 540 ml of culture supernatant 

aliquot was mixed with 60 ml of D2O and 1 mL of 600mM TSP (3-(trimethylsilyl) 

propionic acid-D4, sodium salt) as the NMR internal standard. The sample was then 
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transferred to a 5 mm NMR tube for analysis. One-dimensional proton NMR 

spectroscopy was conducted in a Varian 500-MHz Inova spectrometer with a Penta 

probe (Varian) at 25 °C. The NMR parameters were sweep width: 8,000 Hz; 

acquisition time: 2.8 s; acquisition number: 256; pulse width : 6.3 ms; pulse repetition 

delay : 1.2 s; pre-saturation time: 2 s. FELIX 2001 software (Accelrys Software) was 

used to analyze the NMR spectrum. Separate experiments were conducted where 

samples were spiked with β-hydroxy-γ-butyrolactone standard (2 mM final 

concentration) to obtain its chemical shifts and J-coupling values required for 

identification. 
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Chapter 3  

Energy-and carbon-efficient synthesis of functionalized 

compounds in bacteria using non-decarboxylative Claisen 

condensation reactions 

 

3.1 Microbial biosynthesis of chemicals through reverse β-oxidation pathway 

that uses non-decarboxylative Claisen condensation reactions - a literature 

review 

3.1.1 Introduction 

Reactions that catalyze the iterative formation of carbon-carbon bonds are 

instrumental for many metabolic pathways, such as the biosynthesis of fatty acids, 

isoprenoids, polyketides, and many other molecules with applications ranging from 

biofuels and green chemicals to therapeutic agents. These pathways typically utilize 

precursor metabolites to serve as building blocks which are condensed and modified 

in an iterative fashion until the desired chain length and functionality are achieved.  

Iterative carbon–carbon bond forming reactions take place in some natural anabolic 

pathways through a Claisen condensation mechanism in which the nucleophilic α-

anion of an acyl-thioester, serving as the extender unit, attacks the electrophilic 

carbonyl carbon of another acyl-thioester, serving as the primer.
49-51

 Depending on 

how the nucleophilic α-anion is generated, the Claisen condensation reaction can be 

classified as decarboxylative or non-decarboxylative (Fig. 3.1).
51
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Among various native anabolic pathways, fatty acid biosynthesis pathway is a 

frequently exploited pathway for productions of fuels and chemicals. This pathway 

utilizes decarboxylative Claisen condensation reactions mostly with malonyl 

thioesters as extender units.
49

 As reviewed elsewhere
52-55

, there are numerous reported 

achievements of engineering of native fatty acid biosynthetic pathways for the 

biosynthesis of fatty acids, fatty alcohols, esters, polyhyroxyalkanoates, ketones, 

alkanes and α-olefins with diverse chain lengths, structures and functionalities owing 

to usage of functionalized primers
56

 and diverse pathways for termination of carbon 

chain elongation and subsequent product modification
53

. However, despite the 

structural and functional diversity of these products, the use of malonyl thioester as 

the extender unit requires the ATP-dependent carboxylation of acetyl-CoA to malonyl-

CoAlimits the energy efficiency and hence the rate of the fatty acid biosynthesis 

pathway.
57, 58

 Furthermore, owing to the decarboxylation mechanism, the β-site on the 

extender units of the decarboxylative Claisen condensation must be carboxylic group, 

restricting the range of extender units and potentially limiting the diversity of products 

that can be generated through these carbon chain elongation pathways.  
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Figure 3.1 Common Claisen condensation reactions in biological systems. a) 

Decarboxylative Claisen condensation reaction with commonly used malonyl 

thioester as the extender unit. b) Non-decarboxylative Claisen condensation with 

commonly used acetyl-CoA as the extender unit. The new carbon-carbon bond formed 

through the Claisen condensation reactions is labeled red. 

Recently, the researchers have demonstrated the reversal of β-oxidation pathway (Fig. 

3.2) to iteratively elongate the carbon chain through the non-decarboxylative Claisen 

condensation and harnessed it for microbial biosynthesis of diverse biofuels and 

chemicals. This section illustrates and evaluates this β-oxidation pathway reversal and 

summarize the achievements of microbial biosynthesis of biofuels and chemicals 

using this pathway.  
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Figure 3.2 Reverse β-oxidation pathway and their products with fatty acyl-CoAs 

as primer and acetyl-CoA as extender unit. Dashed line arrows indicate multiple 

reactions or iteration. Boxed compounds are those whose microbial biosynthesis has 

been demonstrated through this pathway. R is methyl or ethyl group. This figure was 

modified from the Figure 2 of review Engineered fatty acid catabolism for fuel and 

chemical production by Kim et al. (2016).
59

 

3.1.2 Description of the reverse β-oxidation pathway 

In the reverse β-oxidation pathway, thiolases catalyze the non-decarboxylative Claisen 

condensation in which acetyl-CoA, instead of malonyl thioesters, serves as the 

extender unit, and acetyl-CoA or propionyl-CoA serves as the initial primer, 

generating 3-oxoacyl-CoA. Subsequent β-reduction reactions including hydroxyacyl-
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CoA dehydrogenases (HACDHs) which reduce 3-oxoacyl-CoA to 3-hydroxyacyl-

CoA, enoyl-CoA hydratases (ECHs) which dehydrate 3-hydroxyacyl-CoA to enoyl-

CoA, and enoyl-CoA reductases (ECRs) which reduce enoyl-CoA to aliphatic acyl-

CoA, enable the iteration as the resultant aliphatic acyl-CoA can serve as the primer 

of next cycle of reverse β-oxidation. The termination of the pathway by acyl-CoA 

thioesterases or transferases (ACTs) leads to productions of fatty acids and the 

termination by acyl-CoA reductase (ACRs) and/or alcohol dehydrogenase (ADHs. 

They are used when acyl-CoA reductase is aldehyde-forming) leads to production of 

alcohols, and the termination can start at any intermediate of the pathway. The β-

reduction degree of CoA intermediates where termination begins determines the β-

reduction degree of products. Compared to fatty acid biosynthesis, which utilizes 

decarboxylative Claisen condensation, β-oxidation reversal is more energy efficient 

due to bypasses of ATP-consuming acetyl-CoA activation to malonyl thioesters. 

Moreover, this pathway has no CO2 emitting reaction step, so its carbon efficiency is 

also high. Though non-decarboxylative Claisen condensation reaction itself is not 

thermodynamically favorable (standard ΔGr = +7.1 kcal/mol), the subsequent β-

reduction reactions can remove the condensation products at fast rate and drive the 

reversal of the pathway leading to overall minus standard Gibbs energy change for the 

β-oxidation reversal (ΔGr = -11.0 kcal/mol), and the excess supply of primers and 

extender units can also alleviate the thermodynamic unfavorable nature of the 

reaction.
13, 60

 Therefore, the reverse β-oxidation pathway is an operative and efficient 

carbon elongation platform.  

Though there are reported cases of natural reverse β-oxidation pathways like n-

butyrate and n-butanol production in Clostridium acetobutylicum as a part of acetone–
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butanol–ethanol (ABE) fermentation
37

, synthesis of n-butyrate and n-hexanoate from 

acetate and ethanol in Clostridium kluyveri
61, 62

 and malonyl-CoA independent fatty 

acid biosynthesis pathway in Euglena gracilis mitochondria
63

 and there have been 

some researches on reconstructions of these pathways in other host organisms
64-67

, 

Dellomonaco et al. first proposed the general concept of reverse β-oxidation as a 

carbon chain elongation platform.
13

 They achieved the reversal of endogenous β-

oxidation in E. coli through mutations and deletions of regulatory systems for 

constitutive expressions of β-oxidation enzymes without repression, blockage of 

fermentative pathways to maximize acetyl-CoA supply and overexpressions of 

appropriate endogenous thiolase and termination enzyme. Owing to techniques of 

synthetic biology, constructions of reverse β-oxidation pathways through combinatory 

assembly and overexpression of different selected enzymatic components, instead of 

reversing the endogenous β-oxidation, were also achieved, and it became the usual 

approach to demonstrate the β-oxidation reversal.
33, 68

 Since then, there have been 

numerous research accomplishments of utilization of β-oxidation reversal for 

productions of diverse compounds like monocarboxylic acids, n-alcohols, alkanes, 

methyl ketones, 1,3-diols, 3-hydroxyacids, polyhydroxyalkanoates and α,β-

unsaturated carboxylic acids, and the noticeable achievements among them would be 

reviewed in the subsequent parts of this section. 

3.1.3 Achievements of microbial biosynthesis of chemicals through the reverse β-

oxidation 

i) Monocarboxylic acids  

Aliphatic monocarboxylic acids and their derivatives can be used in food/feed 
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additives, flavorings, pharmaceuticals, disinfectants, plasticizers, cosmetics and 

biofuels.
52, 69

 Monocarboxylic acids are produced through ACT terminations after full 

cycles of operations of β-oxidation reversal, and the product of first one cycle of β-

oxidation reversal from acetyl-CoA is C4 butyric acid, which is used in fishing baits, 

wildlife repellents and livestock feed/diet additives.
69

 There have been various 

achievements of production of butyric acid as the major product in E. coli through β-

oxidation reversal utilizing thiolases with higher specificity on acetyl-CoA 

condensation to acetoacetyl-CoA and termination enzymes with higher specificity on 

butyryl-CoA along with further metabolic engineering to refactor cofactor 

regeneration and improve acetyl-CoA supply and fermentation condition 

adjustments.
33, 70-74

 So far, the highest butyric acid titer was 12.3 g/L obtained after 

fed-batch fermentation.
74

 Also, through usage of enzymatic components like thiolase 

and ACTs active with longer intermediates to enable iterative operation of reverse β-

oxidation, longer even-chain carboxylic acids are also produced in E. coli
13, 27, 33, 48, 72

, 

and supply of propionyl-CoA primer either through activation from exogenous 

propionic acid or direct intracellular synthesis can lead to productions of odd-chain 

monocarboxylic acids.
13, 27, 72

 The longest chain length of monocarboxylic acids 

achieved so far is C18 for even-chain
13, 75

 and C11 for odd-chain.
27

 The different 

selection or usage of enzymatic components can lead to changes of ratio of acid chain 

lengths.
27, 48, 72

 Medium-chain (C8-C10) fatty acid productions through reconstructed 

reverse β-oxidation was also achieved in S. cerevisiae, but the productivity was lower 

than that in E. coli probably due to compartmentalization between β-oxidation 

reversal in cytosol and acetyl-CoA synthesis in mitochondria.
76

 

In addition, further tailoring of monocarboxylic acids produced through β-oxidation 
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reversal for addition of functionality has been demonstrated. Clomburg et al. reported 

productions of more than 0.8 g/L of C6-C10 ω-hydoxyacids in E. coli by 

overexpression of alkane monooxygenase AlkBGT for ω-oxidation of 

monocarboxylic acids along with the reverse β-oxidation pathway and thioesterase.
26

 

The additional overexpressions of appropriate alcohol dehydrogenase and aldehyde 

dehydrogenase lead to further ω-oxidation of these ω-hydoxyacids to α,ω-

dicarboxylic acids, with total titer around 0.5 g/L. 

ii) n-alcohols  

Aliphatic primary alcohols have various applications based on their chain lengths: 

short chain (C1-C6) alcohols as solvents, precursors of chemicals like esters, flotation 

agents, lubricants and fuels or fuel additives; medium chain (C6-C11) as plasticizers; 

long chain (C12-C18) as detergents.
77

 β-oxidation reversal along with terminations by 

ACRs and/or ADHs can lead to production of n-alcohols. Among them, as mentioned 

above, C4 n-butanol is naturally produced through one-cycle of β-oxidation reversal 

and alcohol-forming termination in Clostridia as a part of ABE fermentations, and 

there have been numerous achievements of introduction and reconstruction of this 

Clostridial pathway for heterologous n-butanol biosynthesis in various host organisms 

like E. coli
64, 78

, S. cerevisiae
65

, Pseudomonas putida
66

, Bacillus subtilis
66

 and 

Lactobacillus brevis
67

. Utilization and combinations of n-butanol synthesis enzymatic 

components from other organisms other than Clostridia
43, 68

, like the replacement of of 

Clostridial butyryl-CoA dehydrogenase with NADH dependent enoyl-CoA reductases 

for crotonyl-CoA reduction, or construction of β-oxidation reversal with totally non-

Clostridial enzyme components
13

 were also applied for n-butanol production. After 
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further metabolic engineering approaches, the titer and productivity of n-butanol in E. 

coli have reached 30 g/L (seven-day fermentation)
43

 and 10 g/L/day
79

 respectively. 

The iterative reverse β-oxidation pathway for the production of fatty acids longer than 

C4 can also be used for the production of C6-C10 even-chain n-alcohols in E. coli when 

integrated with suitable ACRs and/or ADHs for termination.
13, 48, 80, 81

 Similarly, for 

the production of monocarboxylic acids, the supply of propionyl-CoA primer can also 

result in productions of C5-C9 odd-chain n-alcohols.
13

 

iii) Alkanes 

Short chain (C4-C12) alkanes are major components of petrol, so biosynthesized 

alkanes can serve as biofuel substitute for petrol.
82

 Aldehyde deformylating 

oxygenases (ADOs) can remove one carbon from aldehyde to generate alkane
83

 and 

reverse β-oxidation pathway is able to supply aldehydes through termination by acyl-

CoA reductase or reduction of monocarboxylic acids by carboxylic acid reductase. 

Thus, researchers have worked on microbial biosynthesis of alkanes through 

integration of β-oxidation reversal with ADOs. Menon et al. achieved E. coli 

production of 3.4 mg/L of propane converted from butyraldehyde by Prochlorococcus 

marinus ADO, and butyraldehyde is reduced from butyric acid supplied by a cycle of 

β-oxidation reversal.
84

 Sheppard et al. managed to produce propane, butane and 

pentane from butyric acid, valeric acid and hexanoic acid through usage of 

appropriate carboxylic acid reductases and ADOs, and β-oxidation reversal priming 

from acetyl-CoA or proionyl-CoA supplied these fatty acids.
85

 Among them, the titer 

of pentane reached 2.8 mg/L. 
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iv) Methyl ketones  

Methyl ketones are also potential biofuels and chemical feedstocks.
52

 Spontaneous 

reaction or decarboxylase can remove the carboxylic group of 3-oxoacids, which are 

converted from 3-oxoacyl-CoA by ACTs, the product of thiolase non-decarboxylative 

Claisen condensation, to yield methyl ketones. Thus, methyl ketones can be produced 

through partial reverse β-oxidation pathway with ACT termination at 3-oxoacyl-CoA 

node and subsequent decarboxylation. In Clostridia, the acetone production as a part 

of ABE fermentation actually consists of these steps: through non-decarboxylative 

Claisen condensations of two acetyl-CoAs to acetoacetyl-CoA, conversion of 

acetoacetyl-CoA to acetoacetate by CoA-transferase and subsequent acetoacetate 

decarboxylation to acetone by decarboxylase.
37

 There are also reports of heterologous 

microbial production of methyl ketones through combination of partial reverse β-

oxidation pathway plus ACT and decarboxylase from different organisms. Srirangan 

et al. obtained 1.3 g/L of butanone in E. coli through non-decarboxylative Claisen 

condensation between acetyl-CoA and intracellularly supplied propionyl-CoA to 3-

oxopentanoyl-CoA by overexpressed Ralstonia eutropha thiolases and subsequent 

conversion of 3-oxopentanoyl-CoA to butanone by overexpressed Clostridium 

acetobutylicum CoA-transferase and decarboxylase.
86

 Lan et al. also achieved 

microbial biosynthesis of 2-pentanone in E. coli, through CoA-removal and 

subsequent decarboxylation of 3-oxohexanoyl-CoA by overexpressed E. coli CoA-

transferase and P. putida decarboxylase, and overexpressed Ralstonia eutropha 

thiolase condensed acetyl-CoA and butyryl-CoA, supplied through one cycle of 

overexpressed β-oxidation reversal priming from acetyl-CoA, to generate 3-

oxohexanoyl-CoA.
87

 Their final titer of 2-pentonone was 240 mg/L. 
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v) 3-hydroxyacids and polyhydroxyalkaonates (PHAs) 

When ACTs terminate the β-oxidation reversal at the second intermediate 3-

hydroxyacyl-CoA, 3-hydroxyacids are the products. Also, when 3-hydroxyacyl-CoAs 

are (R)-3-hydroxyacyl-CoAs, PHA synthase can polymerize them into 

polyhydroxyalkaonates (PHAs), the biodegradable and biocompatiple polymers with 

potential values in medical fields, environmental friendly packaging and smart 

materials.
88

 Organisms such as Ralstonia eutropha and Halomonas boliviensis can 

naturally synthesize polyhydroxybutyrate or polyhydroxyvalerate as an energy 

reservoir, which are polymerized from (R)-3-hydroxybutyryl-CoA and (R)-3-

hydroxypentanoyl-CoA, and these 3-hydroxyacyl-CoAs are supplied by thiolase non-

decarboxylative with acetyl-CoA and propionyl-CoA as the primer respectively and 

subsequent reduction by (R)-specific HACDHs.
89, 90

 Numerous researchers have 

introduced or exploited thiolases, (R)-specific HACDHs and PHA synthases from 

these organisms to enable microbial biosynthesis of various short chain length (scl) 

PHA homopolymers or copolymers with 3-hydroxybutyrate or 3-hydroxypentanote as 

monomers, as reviewed elsewhere.
88

 Moreover, researchers have harnessed these 

thiolases and (R)-specific HACDHs along with suitable thioesterases to produce (R)-

3-hydroxybutyric acid, in E. coli, the building block of polyhydroxybutyrate (PHB) 

and precursor of important antibiotics, with highest titer reaching 12 g/L.
91-93

 When 

using HACDHs producing (S)- enantiomer in this pathway, (S)-3-hydroxybutyric acid 

is the product instead and its productions in E. coli have also been demonstrated, with 

9.6 g/L as highest titer.
33, 94, 95

 In addition, Zhuang et al. achieved biosynthesis of 

PHAs with medium chain length (C6-C14, mcl) 3-hydroxyacid monomer in E. coli in 

which C6-C14 (R)-3-hydroxyacyl-CoAs were converted from enoyl-CoAs by enoyl-
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CoA hydratases producing (R)-enantiomer and enoyl-CoA was supplied through 

iterative β-oxidation reversal.
75

 In the end, they managed to synthesize scl-mcl PHA 

copolymers with 12.1 % of cell dry weight of which 21.2 mol% was 3-

hydroxybutyrate monomer and 78.8 mol% was C6-C14 3-hydroxy monomers. 

vi) 1,3-diols 

If ACRs and/or ADHs terminate the β-oxidation reversal at the 3-hyroxyacyl-CoA 

node, the products are 1,3-diols. Gulevich et al. achieved 27 mg/L of 1,3-butanediol 

microbial production in E. coli through overexpression of native thiolase, HACDH, 

ACR and ADH with acetyl-CoA as the primer and extender unit.
96

 1,3-butanediol can 

be used as humectant, softener, liquid crystal material and precursor of flavorings, 

insecticides, macrolides and carbapenem β-lactam antibiotics.
96, 97

 

vii) α,β-unsaturated carboxylic acids 

When ACTs terminate the β-oxidation reversal at the third intermediate, enoyl-CoA, 

the products are α,β-unsaturated carboxylic acids which can be used in industries of 

foods, medicines, perfumes and polymers.
98

 Kim et al. found that E. coli thioesterase 

YdiI had high specificity towards enoyl-CoAs, and overexpression partial β-oxidation 

reversal consisting of suitable thiolase, HACDH and ECH without ECR along with 

YdiI in E. coli led to production of crotonic acid, C4 α,β-unsaturated with 3.2 g/L 

titer.
98

 The authors then added the overexpression of suitable ECR and the resultant 

strain produced 0.2 g/L of mixture of 2-hexenoic acid (C6:1), 2-octenoic acid (C8:1) 

and 2-docenoic acid (C10:1) along with 0.8 g/L of crotonic acid. 
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3.1.4 Summary and limits of the reverse β-oxidation 

To sum up, reverse β-oxidation is a carbon elongation platform with rising interests 

due to its higher energy efficiency than native fatty acid biosynthesis pathway and its 

ability of production of diverse compounds. Numerous studies have utilized with 

pathway for microbial chemical and fuel synthesis and the diversity and productivity 

are expected to be further improved owing to development of metabolic engineering 

and synthetic biology technologies.  

However, thiolases of this pathway only utilize acetyl-CoA or propionyl-CoA as 

primer, so products are only limited to straight chain compounds with different β-

reduction degrees. Also, the presence of natural reverse β-oxidation pathways in 

organisms like Clostrida and Euglena may undermine the independence of this 

pathway to native anabolic metabolism and regulatory systems, namely 

orthogonality
17

.. Therefore, a totally novel carbon elongation platform that utilizes 

same non-decarboxylative Claisen condensation and β-reduction mechanism and is 

able to accept wider ranges of primers and extender units and proceed in an iterative 

manner is required to expand the product diversity. 

3.2 Design and proposal of novel carbon- and energy- efficient carbon elongation 

platform synthesizing compounds with diverse functionality through non-

decarboxylative Claisen condensation mechanism 

Here, a general CoA-dependent carbon elongation platform is proposed and designed 

based on the use of de novo thiolase-catalyzed non-decarboxylative Claisen 

condensation which is similar to that in reverse β-oxidation pathways reported 

previously but accepts diverse ω- or ω-1-functionalized primers and/or α-
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functionalized extension units, along with suitable HACDHs, ECHs and ECRs and 

termination enzymes (Fig. 3.3a). Wide-ranging product diversity from this iterative 

platform is achieved through the use of primers and extender units with 

functionalization, which can be converted from their acid forms by activation 

enzymes, in combination with termination step to various product classes by multiple 

pathways from any intermediate with various β-reduction degrees and with various ω- 

or ω-1, or α-functionalization. Due to the modular nature of this platform, the 

switching and tuning of individual components are possible, further facilitating the 

synthesis of different compounds. Same as the reverse β-oxidation pathway, this 

platform has no reactions steps wasting the carbon as carbon dioxide, so its carbon 

efficiency is high. Moreover, when acetyl-CoA serves as the extender unit (R2 =H in 

Fig. 3.3a), there is no extra ATP consuming reaction like acetyl-CoA carboxylation to 

supply the extender unit, so its energy efficiency is higher than compared to carbon 

elongation pathways utilizing decarboxylative Claisen condensations. Therefore, this 

engineered platform represents a new paradigm for the synthesis of functionalized 

small molecules as it operates at carbon and energy efficiencies equivalent to those of 

fermentative metabolism while also displaying functional product diversity and 

combinatorial capabilities similar to those of secondary metabolism. In addition, in 

most organisms, there had been no reported demonstration of the ability of these 

thiolases and β-reduction enzymes to accept varying functionalized substrates and 

operate iteratively. Thus, this proposed platform is independent, or orthogonal
17

 to 

native anabolic metabolism of most of the host organisms. To sum up, unlike 

previously developed β-oxidation reversal pathways which follow similar mechanism 

but with limited range of acceptable primers and extender units and products, this 
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pathway can achieve the orthogonal, modular and combinatorial synthesis of 

functionally diverse compounds that were previously inaccessible by other pathways 

at higher carbon and energy efficiencies. 

In this work, total number of 7 different primers and 3 different extender units have 

been utilized, and in combination with various termination pathways, synthesis of 18 

products from 10 product classes (ω-phenylalkanoic, α, ω-dicarboxylic, ω-hydroxy, 

ω-1-oxo, ω-1-methyl, 2-methyl, 2-methyl-2-enolic and 2,3-dihydroxy acids, β-

hydroxy-ω-lactones, and ω-1-methyl alcohols) were achieved (Fig. 3.3b). Expanded 

application of this approach could enable the microbial synthesis of hundreds of 

functionalized compounds simply by combinations of different enzymatic 

components. The achievements of this chapter were published in Nature 

Biotechnology article Energy- and carbon-efficient synthesis of functionalized small 

molecules in bacteria using non-decarboxylative Claisen condensation reactions.
18
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Figure 3.3 The proposed platform for efficient productions of diverse 

functionalized compounds. a) Proposed orthogonal and iterative platform for the 

synthesis of functionalized small molecules through non-decarboxylative Claisen 

condensation reactions using functionalized primers and functionalized extender units. 

The pathway consists of a thiolase-catalyzed condensation step (green), subsequent β-

reduction reactions (black) catalyzed by hydroxyacyl-CoA dehydrogenase (HACDH), 

enoyl-CoA hydratase (ECH) and enoyl-CoA reductase (ECR), and reactions that 

terminate carbon chain elongation Termination by acyl-CoA thioesterases or 

transferases (ACT, purple) leads to production of carboxylic acids, while termination 

by acyl-CoA reductases and/or alcohol dehydrogenases (ACR+ADH, orange) leads to 

production of alcohols. Functionalized groups (listed at the bottom) from primers (R1) 

and extender units (R2) are colored in red and blue, respectively. Check marks 

indicate the products whose synthesis was achieved in this study. “n” represents the 

number of iterations/cycles of the platform, which determines the length of CoA-

thioester intermediates and products. b) List of primers, extender units and products 

and their classes of the proposed platform demonstrated in this study. Underlined 

products represent compounds without reports of productions through microbial 
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fermentation. This figure was adapted from the article Energy- and carbon-efficient 

synthesis of functionalized small molecules in bacteria using non-decarboxylative 

Claisen condensation reactions (2016)
18

. 

3.3 Microbial synthesis of phenylalkanoic acids through usage of ω-phenylated 

phenylacetyl-CoA as primer 

First demonstration of the designed platform was productions of phenylalkanoic acids 

with usage of aromatic primer phenylacetyl-CoA (Fig. 3.4a). Pseudomonas putida β-

oxidation pathway I can degrade phenylalkanoic acids like 8-phenyloctanoic acid, 6-

phenylhexanoic acid and 4-phenylbutyric acid into phenylacetyl-CoA, and P. putida 

FadA (PpFadA) is the thiolase of this β-oxidation pathway, while P. putida FadB 

(PpFadB) is the hydroxyacyl-CoA dehydrogenase and enoyl-CoA hydratase of this 

pathway.
99

 If PpFadA and PpFadB reactions are reversible, PpFadA should be able to 

serve as thiolase the platform while PpFadB can serve as HACDH and ECH 

components, so they were selected and plasmid pET-P1-ppfadA-ppfadB was 

constructed for their expression. For ECR component, two candidates with reduction 

activities towards various enoyl-CoAs of different chain lengths were chosen, one is 

TdTer from Treponema denticola
43, 80, 100, 101

, and the other is FabI from E. coli
27

. 

Extracellular supplementation of 5 mM phenylacetic acid and overexpression of E. 

coli phenylacetate-CoA ligase PaaK, the enzyme known to activate phenylacetic acid 

to phenylacetyl-CoA
47

, improved the supply of the primer. pCDF-P1-paaK-P2-tdter 

and pCDF-P1-paaK-P2-fabI were the vectors of expression of ECR and PaaK. 

Endogenous thioesterase were supposed to hydrolyze phenylalkanoyl-CoA to 

phenylalkanoic acids and terminate the carbon elongation platform. As expected, a 

mixed-acid fermentation deficient E. coli strain JC01(DE3) (MG1655(DE3) ΔldhA 

ΔpoxB Δpta ΔadhE ΔfrdA)
27

 harboring pET-P1-ppfadA-ppfadB and pCDF-P1-paaK-
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P2-fabI/pCDF-P1-paaK-P2-tdter synthesized detectable titers (83 ± 5 mg/L when 

using FabI; 71 ± 7 mg/L when using TdTer) of 4-phenylbutyric acid, the product of 

one cycle of proposed platform priming from phenylacetyl-CoA, after 37 °C, 48 hour 

microaerobic fermentation in LB-like MOPS with 20 g/L glycerol, 5 mM 

phenylacetic acid and 5 μM IPTG. These results indicate that the platform composed 

of thiolase PpFadA, HACDH and ECH PpFadB and ECR FabI or TdTer can accept 

phenylacetyl-CoA as the primer and lead to synthesis of longer phenylalkanoic acid 

with termination of carbon chain elongation by endogenous E. coli thioesterases. Due 

to its higher titer, JC01(DE3) pCDF-P1-paaK-P2-fabI pET-P1-ppfadA-ppfadB was 

then grown under different IPTG induction concentrations and temperatures to further 

improve the titer of 4-phenylbutyric acid, and as a result, growth under 30 °C and 10 

μM IPTG induction led to two-fold improvement of 4-phenylbutyric acid titer 

(177±29 mg/L) and synthesis of longer phenylalkanoic acid, 6-phenylhexanoic acid 

(49±5 mg/L), the product of two turns of carbon elongation. Therefore, this designed 

platform is iterative and can be a desirably efficient phenylalknoic acid production 

pathway.  
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Figure 3.4 Productions of phenylalkanoic acids through usage of phenylacetyl-

CoA as the primer. a) Pathway and selected enzymatic components for productions 

of 4-phenylbutyric acid and 6-phenylhexanoic acid with phenylacetyl-CoA as the 

primer. “Endogenous” means native enzymes without overexpression. b) Titers of 

phenylalknaoic acids from different strains under different conditions. The 

fermentations were performed microaerobically under The fermentation was 

performed microaerobically under 37/30 °C for 48 hours in 20 mL LB-like MOPS 

media with 20 g/L glycerol and 5 mM phenylacetic acid and inductions by 5/10 μM 

IPTG. 

To further expand the product range, addition of phenylpropionic acid instead of 
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phenylacetic acid was tested on fermentations of above same strains to check whether 

odd-chain phenylalkanoic acids can be achieved. However, there was neither the 

consumption of phenylpropionic acid nor generations of odd-chain phenylalkanoic 

acids, probably because of lack of activity of PaaK on phenylpropionic acid. Thus, 

Penicillium chrysogenum phenylacetate-CoA ligase Phl, reported to have wider 

substrate range including phenylpropionic acid
102

, replaced PaaK, but this 

replacement did not change the results, probably due to difficulties in Phl expression 

in E. coli. Additional enzyme search and engineering works are necessary to generate 

broader range of phenylalkanoic acids through the proposed platform.  

3.4 Microbial synthesis of ω-carboxylated compounds through usage of ω-

carboxylated primers 

3.4.1 Enzyme selection and initial in vitro and in vivo tests for the development of 

platform utilizing ω-carboxylated primer succinyl-CoA 

ω-carboxylated compounds like ω-hydroxyacids and dicarboxylic acids
103, 104

 can be 

commercially valuable, so they are the next target of products for demonstration of 

the proposed platform. To achieve their microbial synthesis, usage of ω-carboxylated 

primers and selection of enzymatic components active with ω-carboxylated substrates 

are required.  

In E. coli, the last three reaction steps of its phenylacetate catabolic pathway are β-

oxidation degradation. In the first reaction, ω-carboxylated enoyl-CoA hydratase PaaF 

hydrates 2,3-dehydroadipyl-CoA, degraded from phenylacetate through preceding 

steps of the pathway, to 3-hydroxyadipyl-CoA; then dehydrogenase PaaH oxidizes 3-

hydroxyadipyl-CoA to 3-oxoadipyl-CoA; finally, thiolase PaaJ degrades 3-oxoadipyl-
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CoA to succinyl-CoA and acetyl-CoA which are subsequently consumed by the TCA 

cycle.
47, 105

 If these enzymatic reactions are reversible, PaaJ, PaaH and PaaF can be 

good candidates of thiolase, HACDH and ECH components respectively of the carbon 

elongation platform accepting ω-carboxylated succinyl-CoA as primer along with the 

extender unit acetyl-CoA. For ECR, same as the platform for the synthesis of 

phenylalkanoic acids, TdTer and FabI were the first selected candidates. Adipyl-CoA 

would be the product of one turn operation of this carbon elongation platform starting 

from primer succinyl-CoA and extender unit acetyl-CoA.  

In vitro characterizations first proved the reversibility of PaaJ and PaaH. The 

spectrophotometric assay of PaaH detected its dehydrogenation activity of 

acetoacetyl-CoA, the substitute substrate of commercially unavailable 3-oxoadipyl-

CoA (Table 3.1). Then, coupled with PaaH, the in vitro assay detected condensation 

activity of PaaJ between succinyl-CoA and acetyl-CoA to 3-oxoadipyl-CoA, as shown 

in Table 3.1. This assay also further proved the activity of PaaH of reducing 3-

oxoadipyl-CoA to 3-hydroxyadipyl-CoA. 

Table 3.1 In vitro spectrophotometric assay results on thiolase PaaJ and HACDH 

PaaH. 

Enzyme Type Substrate 
Specific activity 

(μmol/min/mg protein) 

PaaJ Thiolase Succinyl-CoA + acetyl-CoA 0.12±0.02 

PaaH HACDH Acetoacetyl-CoA 3.1±0.2 

 

The LC-MS chromatogram of the in vitro cell-free reaction system of purified PaaJ 

and PaaH also exhibited the generation of 3-hydroxyadipyl-CoA with consumptions 

of succinyl-CoA and acetyl-CoA. Since substrates 3-hydroxyadipyl-CoA and 2,3-
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dehydroadipyl-CoA are not commercially available, unlike PaaJ and PaaH, PaaF, 

TdTer and FabI were not characterized in vitro but directly tested in vivo.  

 

Figure 3.5 HPLC-MS analysis results of in vitro cell-free reaction of PaaJ and 

PaaH. Upper part is extracted ion chromatograms of the supposed product 3-

hydroxyadipyl-CoA (m/z = 912.3±0.2) before and after the reaction; lower part is 

extracted ion chromatograms of substrates NADH (blue, m/z = 666.2±0.2), succinyl-

CoA (red, m/z = 868.3±0.2) and acetyl-CoA (green, m/z = 810.3±0.2), and byproduct 

HS-CoA (brown, m/z = 768.3±0.2) before and after the reaction. The cell-free PaaJH 

reaction was performed for 30 minutes under 30 °C.  

After in vitro characterizations, in vivo fermentation tested the designed platform 

composed of selected enzymes. JC01(DE3) pET-P1-paaJ-paaH pCDF-P1-paaF-P2-

tdter overexpressing PaaJ, PaaH, PaaF and TdTer produced 33±1 mg/L of adipic acid 

after 48 hour, 37 °C microaerobic fermentation in LB-like MOPS media with 20 g/L 

glycerol and 20 mM succinate, the precursor of primer succinyl-CoA, and 5 μM IPTG. 

These results proved that the pathway consisting thiolase TdTer, HACDH PaaJ, ECH 
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PaaH and ECR TdTer can accept ω-carboxylated succinyl-CoA and operate by one 

cycle in vivo to generate adipyl-CoA, and endogenous E. coli enzyme can convert 

adipyl-CoA to adipic acid to terminate the carbon elongation (Fig. 3.6a). The strain 

with FabI replacing TdTer did not exhibit the detectable production of adipic acid, 

indicating that FabI lacks the activity towards ω-carboxylated enoyl-CoA like 2,3-

dehydroadipyl-CoA.  

3.4.2 Selection of appropriate enzymes for activation of succinate to succinyl-

CoA 

Although the platform itself is enough to lead to adipic acid production, the titer is too 

small and requires further improvement. Similar as overexpressing ligase PaaK for 

improvement of supply of aromatic primer phenylacetyl-CoA, overexpression of 

enzymes for activation of succinate to succinyl-CoA, is expected to improve the 

production of adipic acid. Thus, the next step was to test the effects of several options 

of activation enzymes on adipic acid production. For the primer succinyl-CoA, there 

can be two types of activation enzyme. One type is succinyl-CoA synthetase which 

activates succinate to succinyl-CoA with consumption of ATP, and E. coli succinyl-

CoA synthetase SucCD was chosen as the candidate. Another type is and succinyl-

CoA: acetate CoA transferase which reversibly transfers CoA between succinate and 

acetyl-CoA. Cat1 is a well-documented succinyl-CoA: acetate CoA transferase from 

Clostridium kluyveri
41

 and has served as the supplier of succinyl-CoA in the microbial 

productions of 1,4-butanediol
106, 107

, so it was chosen as a candidate. ScpC, a succinyl-

CoA: propionate CoA transferase from E. coli
108

, belongs to the same the group of 

succinyl-CoA: acetate CoA transferase (TIGR03458 family) with Cat1
109

 and is 
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reported to be able to transfer CoA to acetate though with less efficiency
108

. Thus, 

ScpC should also possess the activity of CoA transfer between succinate and acetyl-

CoA and was tested as the candidate of CoA transferase. Pct, a propionate-CoA 

transferase from Megasphaera elsdenii, is able to transfer CoA from acetyl-CoA to 

broad range of acceptors, like propionate
101, 110

, lactate
111

, valerate
112

, isobutyrate
101, 

110
 and glycolate

110
, so it was also selected as the candidate of activation enzyme.  

The selected activation enzyme candidates, SucCD, ScpC, Cat1 and Pct then entered 

the in vitro characterization. With succinate and ATP as the substrates, the 

spectrophotometric assay detected the activity of SucCD on conversion of succinate 

to succinyl-CoA. For CoA-transferases, the assay detected the high activity of Cat1 on 

CoA transfer from succinyl-CoA to acetate (6.0±0.8 μmol/min/mg), while no CoA 

transfer activity was detected from ScpC and Pct (Table 3.2). Since the reactions of 

CoA transferase are reversible, Cat1 should also possess high activity on activation of 

succinate to succinyl-CoA.  

Table 3.2 In vitro spectrophotometric assay results of different candidate 

activation enzymes of succinate. 

Enzyme Substrate 
Specific activity 

(μmol/min/mg protein) 

SucCD Succinate + ATP + CoA 0.35±0.10 

ScpC Succinyl-CoA + Acetate N.D.
a
 

Cat1 Succinyl-CoA + Acetate 6.0±0.8 

Pct Succinyl-CoA + Acetate N.D. 

Note: a. “N.D.” means “not detected”.
 

Then, the genes encoding SucCD, ScpC, Cat1 and Pct were cloned into pCDF-P1-

paaF-P2-tdter, generating pCDF-P1-sucC-sucD-paaF-P2-tdter, pCDF-P1-scpC-paaF-
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P2-tdter, pCDF-P1-cat1-paaF-P2-tdter and pCDF-P1-pct-paaF-P2-tdter, respectively 

and the resulting plasmids were introduced to JC01(DE3) pET-P1-paaJ-paaH . As a 

result, after 48 h, 37 °C fermentation with same conditions described above, addition 

of overexpression SucCD, ScpC and Cat1 led to improved adipic acid production, 

while the overexpression of Pct eliminated the production (Fig. 3.6b). Overexpression 

of Cat1 led to more than five times increase of adipic acid titer (170±10 mg/L), 

matching with its in vitro characterization results. Also, unlike in vitro results, ScpC 

showed the ability of activation of succinate to succinyl-CoA in vivo, possibly 

because of low protein concentration of purified ScpC elutes. Due to its good 

performance, Cat1 was chosen as the activation enzyme for supply of succinyl-CoA 

as the primer in the subsequent research.  
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Figure 3.6 Production of adipic acid with usage of succinyl-CoA as the primer 

and different activation enzymes. a) Pathway and its selected enzymatic 

components for synthesis of adipic acid through usage of primer succinyl-CoA in the 

first round of tests. b) Adipic acid titers with usage of different enzymes for 

conversion of succinate to succinyl-CoA. The tested strains are JC01(DE3) pCDF-P1-

activation enzyme-paaF-P2-tdter pET-P1-paaJ-paaH, and the fermentations were 

performed under 37 °C for 48 hours in 20 mL LB-like MOPS media with 20 g/L 

glycerol and 20 mM succinate and inductions by 5 μM IPTG. Endogenous means 

native enzymes without overexpression. 

3.4.3 In vivo tests on other ω-carboxylated primers 

After achieving the production of adipic acid with succinyl-CoA as the primer, the 

platform composed of PaaJ, PaaH, PaaF and TdTer with different activation enzyme 

candidates SucCD, ScpC, Cat1 and Pct were tested in vivo on other ω-carboxylated 

primers: malonyl-CoA, glutaryl-CoA and adipyl-CoA. Supplementation of 20 mM 

malonic acid, glutaric acid and adipic acid in the media, instead of succinic acid, 
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provided those primers through the activation reactions. Endogenous E. coli enzymes 

without overexpressed were supposed to convert dicarboxylic acyl-CoAs into acids 

for carbon elongation termination. As a result, when supplemented with glutaric acid, 

strains overexpressing SucCD, ScpC and Cat1 showed ~20-30 mg/L production titer 

of pimelic acid, a C7 α,ω-dicarboxylic acid and the supposed product of one cycle of 

platform priming from glutaryl-CoA (Fig. 3.7). The strain without expression of 

activation enzyme or with overexpression of Pct did not show the detectable pimelic 

acid production with addition of glutaric acid in the media. For other primers 

malonyl-CoA and adipyl-CoA, none of the strains showed the productions of 

supposed products glutaric acid and suberic acid. Therefore, the proposed platform 

along with activation enzyme SucCD, ScpC or Cat1 is able to utilize C4 and C5 ω-

carboxylated primers and synthesize C6 and C7 ω-carboxylated products.  
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Figure 3.7 Production of pimelic acid with usage of glutaryl-CoA as the primer 

and different activation enzymes. a) Pathway and its selected enzymatic 

components for synthesis of pimelic acid through usage of primer glutaryl-CoA. b) 

Pimelic acid titers with usage of different enzymes for conversion of glutaric acid to 

glutaryl-CoA. The tested strains are JC01(DE3) pCDF-P1-activation enzyme-paaF-

P2-tdter pET-P1-paaJ-paaH, and the fermentations were performed under 37 °C for 48 

hours in 20 mL LB-like MOPS media with 20 g/L glycerol and 20 mM glutaric acid 

and inductions by 5 μM IPTG. Endogenous means native enzymes without 

overexpression. 

3.4.4 Microbial productions of ω-hydroxy acids through usage of ω-carboxylated 

primers 

Then, overexpression of acyl-CoA reductases (ACRs) was added to check whether 

they can reduce adipyl-CoA or pimelyl-CoA to yield C6 and C7 ω-carboxylated 

alcohols, namely ω-hydroxy acids. To avoid the drainage of adipyl-CoA, pimelyl-CoA 

and other intermediate CoA thioesters, JST06(DE3), (JC01(DE3) ΔyciA ΔybgC ΔydiI 
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ΔtesA ΔfadM ΔtesB) JC01(DE3) with deletions of major endogenous thioesterases
48

, 

served as the host strain. Cat1 was the selected activation enzymes due to its best 

performance among the candidates. Several alcohol or aldehyde-forming acyl-CoA 

reductases were tested, including endogenous E. coli enzymes MhpF
113

 and EutE
13

, 

Acr1
114

 from Acinetobacter calcoaceticus, AcrM
115

 from Acinetobacter sp. M1, 

Orf1594
116

 from Synechococcus elongatus, SeEutE
117

 from Samonella enterica, 

Maqu_2507
118

 from Marinobacter aquaeolei, AdhE2
119

 from Clostridium 

acetobutylicum and cbjALD
120

 from Clostridium beijerinckii. The genes encoding 

these acyl-CoA reductases were cloned into P2 slot of pET-P1-paaJ-paaH. The strain 

without overexpression of termination enzyme, was the control. As a result, only 

JST06(DE3) pET-P1-paaJ-paaH-P2-cbjALD pCDF-P1-cat1-paaF-P2-tdter showed the 

productions of 6-hydroxyhexanoic acid (32±5 mg/L) and 7-hydroxyheptanoic acid 

(87±28 mg/L) after fermentation under same conditions described above, when 20 

mM succinate and glutarate were added in the media as priming molecules 

respectively (Fig. 3.8). Aldehyde-forming cbjALD is able to reduce ω-hydroxylated 

4-hydroxybutyryl-CoA to 4-hydroxybutyraldehyde
121

, so it is not surprising that it is 

active with ω-carboxylated acyl-CoAs. These results also showed that it is not 

necessary to overexpress alcohol dehydrogenase for the synthesis of ω-hydroxy acids. 

Overexpression of cbjALD in JC01(DE3) did not lead to productions of any hydroxyl 

acids, indicating that the drainage by endogenous thioesterases is present.  
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Figure 3.8 Productions of ω-hydroxyacids through usage of ω-carboxylated CoA 

primers. a) Pathways and their selected enzymatic components for productions of 6-

hydroxyhexanoic acid and 7-hydroxyheptanoic acid through non-decarboxylative 

Claisen condensation using primers succinyl-CoA and glutaryl-CoA respectively. b) 

Titers of 6-hydroxyhexanoic acid and 7-hydroxyhexanoic acid when using succinyl-

CoA and glutaryl-CoA as primers respectively. The tested strain was JST06(DE3) 

pET-P1-paaJ-paaH-P2-cbjALD pCDF-P1-cat1-paaF-P2-tdter and it was grown 

microaerobically in 20 mL LB-like MOPS media with 20 g/L glycerol and 20 mM 

primer precursor succinic acid or glutaric acid and 5 μM IPTG induction under 37 °C 

for 48 hours. 

Interestingly, the control strain JST06(DE3) pET-P1-paaJ-paaH pCDF-P1-cat1-paaF-
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P2-tdter showed 239±7 mg/L of adipic acid production from glycerol and succinate 

and 130±23 mg/L of pimelic acid production from glycerol and glutarate, higher than 

those from JC01(DE3) harboring same plasmids (Fig. 3.9). It indicates that major 

endogenous thioesterases probably do not greatly contribute to the hydrolysis of 

dicarboxylic acyl-CoAs. The removal of CoA on dicarboxylic acyl-CoA may be 

through hydrolysis by other endogenous thioesterases, or by activation enzyme CoA-

transferase, or through spontaneous reaction. The increased titer is probably owing to 

the blockage of drainage of primers and intermediate CoAs through the removal of 

thioesterases. Due to the better performance of JST06(DE3), it was then used as the 

host strain in the subsequent improvement of adipic acid production.  

 

Figure 3.9 Improvement of productions of adipic acid and pimelic acid through 

deletions of major endogenous thioesterases. a) Improvement of titers of adipic acid 

with usage of primer succinyl-CoA. b) Improvement of titers of pimelic acid with 

usage of primer glutaryl-CoA. JST06(DE3) is JC01(DE3) with additional knock-outs 

of genes encoding major endogenous thioesterases. The host strains harbored pCDF-

P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH plasmids, and the strains were grown 

microaerobically in 20 mL LB-like MOPS media with 20 g/L glycerol and 20 mM 

primer precursor succinic acid or glutaric acid and 5 μM IPTG induction under 37 °C 

for 48 hours. 
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3.4.5 Improvement of adipic acid production with glycerol as carbon source and 

supplementation of primer precursor succinate 

So far, among all the ω-carboxylated compounds synthesized from the platform 

consisting PaaJ, PaaH, PaaF and TdTer along with enzymes for primer activation and 

carbon chain elongation termination, adipic acid was with the highest titer. Also, as a 

monomer of nylon-6,6, adipic acid is greatly valued as one of the top 50 bulk 

chemicals in industry.
122, 123

 Therefore, the next research was to further improve the 

production adipic acid, with JST06(DE3) pET-P1-paaJ-paaH pCDF-P1-cat1-paaF-P2-

tdter as the basis strain. First approach was to add the overexpression of Acot8, a 

dicarboxylic acyl-CoA thioesterase from mice
124

, to increase the adipic acid titer by 

enhance the termination. The acot8 gene was cloned into pET-P1-paaJ-paaH 

generating pET-P1-paaJ-paaH-P2-acot8. However, after fermentation under same 

conditions as above, the resultant titer after overexpression of Acot8 was 247±15 

mg/L, not greatly improved from that of strain without Acot8 overexpression. Then, 

gene sdhB encoding succinate dehydrogenase was knocked out in host strain 

JST06(DE3), to block the consumption of priming molecule succinate by the 

oxidative TCA cycle. The adipic acid titer of JST06(DE3) ΔsdhB pCDF-P1-cat1-

paaF-P2-tdter pET-P1-paaJ-paaH was 191±45 mg/L, still not improved. Nonetheless, 

JST06(DE3) ΔsdhB pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-acot8, 

produced 334±16 mg/L of adipic acid (Fig. 3.10), higher than the strain without sdhB 

deletion and Acot8 overexpression, indicating that double effects of increased supply 

of succinate and enhanced hydrolysis of adipyl-CoA could boost the flux of the 

carbon elongation platform and the titer of adipic acid. 
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Figure 3.10 Improvement of adipic acid productions through overexpression of 

dicarboxylyl-CoA thioesterase Acot8 and deletion of sdhB gene. The sdhB gene 

encodes a subunit of succinate dehydrogenase, which could competitively convert 

succinate to fumarate. The fermentations were performed microaerobcially in 20 mL 

LB-like MOPS media with 20 g/L glycerol and 20 mM primer precursor succinic acid 

and 5 μM IPTG induction under 37 °C for 48 hours. 

5 μM IPTG induction concentration used in the preceding fermentations for adipic 

acid productions may not be optimal, so JST06(DE3) ΔsdhB pCDF-P1-cat1-paaF-P2-

tdter pET-P1-paaJ-paaH-P2-acot8 was grown again under same conditions but with 

various IPTG induction concentrations. As a result, at 1 μM IPTG, this strain showed 

the highest titer of 564±14 mg/L, almost twice of that at 5 μM IPTG induction (Fig. 

3.11a). Lower IPTG concentration can decrease the expression levels of six enzymes 

from two plasmids, so it could alleviate the metabolic burdens and possible toxic 

effects and be favorable for the production of adipic acid. 

3.4.6 Production of adipic acid from single carbon source glycerol 

The next fermentation tested the adipic acid production of JST06(DE3) ΔsdhB pCDF-

P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-acot8 strain from single glycerol carbon 
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source without supplementation of succinate in the media, at 1 μM IPTG induction. 

As a result, the titer dropped to almost half of the titer (260±11 mg/L) under double 

carbon sources (Fig. 3.11b). It indicates that the supply of succinate is a crucial factor 

for the production of adipic acid. 

 

Figure 3.11 Effects of changes of fermentation conditions on adipic acid 

productions. a) Effect of adipic acid titer by change of IPTG induction concentrations. 

b) Effect of adipic acid titer by removal of primer precursor succinate. The tested 

strain was of JST06(DE3) ΔsdhB pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-

P2-acot8. The fermentations were performed microaerobcially in 20 mL LB-like 

MOPS media with 20 g/L glycerol and 20 mM primer precursor succinic acid under 

37 °C for 48 hours. When testing the effect of IPTG concentration changes, 20 mM 

succinate was supplemented. When testing the effect of removal of succinate, the 

IPTG concentration was 1 μM. 

Due to the importance of succinate supply when using single carbon source, 

MB263(DE3) strain
34

 (MG1655(DE3) ΔldhA ΔpoxB Δpta ΔadhE), a mixed-acid 

fermentation deficient E. coli strain retaining the reductive TCA pathway to maximize 
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the intracellular succinate synthesis from glycerol, served as the host strain in the 

subsequent tests of adipic acid productions from single carbon source. However, the 

adipic acid titer of MB263(DE3) pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-

acot8 strain was 242±27 mg/L, similar to that of JST06(DE3) ΔsdhB harboring same 

set of plasmids. It seems that the intracellular succinate supply in MB263(DE3) is still 

not enough, so knock-outs of genes sdhB encoding succinate dehydrogenase or sucD 

encoding succinyl-CoA synthetase were performed, to block the consumption of 

succinate and succinyl-CoA by oxidative TCA cycle. As a result, knock-out of sdhB 

gene slightly improved the adipic acid production with titer of 286±1 mg/L, while 

deletion of sucD led to more improved adipic acid production (375±17 mg/L), after 

fermentations with glycerol carbon source and 1 μM IPTG induction (Fig. 3.12). It 

shows that the deletion of succinyl-CoA synthetase is more favorable for adipic acid 

than the deletion of succinate dehydrogenase. One possible reason is that deletion of 

succinyl-CoA synthetase directly blocks the consumption of the primer succinyl-CoA 

by the oxidative TCA. Another possible reason is that succinyl-CoA synthetase 

reaction forms ATP energy in the oxidative TCA cycle, and after its deletion, the 

oxidative TCA cycle stops at succinyl-CoA which cannot be exported and might be 

toxic if accumulated inside the cell, while succinate dehydrogenase reaction is ATP-

neutral and succinate, the final product of oxidative TCA after the deletion, can be 

easily excreted. Therefore, deletion of succinyl-CoA synthetase possibly weakens the 

flux flowing to oxidative TCA reactions, reducing the consumption of primer acetyl-

CoA and concentrates the carbon flux to reductive TCA for succinate supply, which is 

beneficial for adipic acid production. The sucD gene was also deleted in JST06(DE3), 

but the resultant strain did not grow well as other strains. The possible reason is that 
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fumarate reductase is a respiratory enzyme
125, 126

, and lack of this enzyme in 

JST06(DE3) may decrease the electron transfer and proton pump across the 

membrane and hence the flux of ATP synthesis, failing to complement the loss of ATP 

synthesis caused by the weaken flux of oxidative TCA cycle.  

 

Figure 3.12 Production of adipic acid from single carbon source glycerol and its 

improvement through knock-out of genes encoding competing enzymes on host 

strains. The sdhB gene encodes a subunit of succinate dehydrogenase, which could 

competitively convert succinate to fumarate, while the gene sucD encodes a subunit 

of succinyl-CoA synthetase, which could drain the primer succinyl-CoA back to 

succinate. All host strains harbored pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-

P2-acot8 plasmids, and they were grown under microaerobic conditions in 20 mL LB-

like MOPS media with 20 g/L glycerol and 1 μM IPTG induction under 37 °C for 48 

hours. 

Then, to buffer the pH of media and increase the supply of CO2 for improvement of 

succinate supply and adipic acid production, the next fermentation tested the effect of 

addition of 55 g/L calcium carbonate
34

 in the media. As a result, MB263(DE3) ΔsucD 

pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-acot8 produced 499±23 mg/L of 

adipic acid (Fig. 3.13a), after 48 h, 37 °C microaerobic fermentations in LB-like 

MOPS media with glycerol as carbon source, addition of CaCO3, and 1 μM IPTG 

induction, indicating that supplementation of CaCO3 is beneficial for adipic acid 
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production. Extension of growth duration to 96 hours further increased the adipic acid 

titer to 625±16 mg/L (Fig. 3.13b). 

 

Figure 3.13 Improvement of adipic acid production from single carbon source 

glycerol through modifications of fermentation conditions. a) Improvement of 

adipic acid titer through addition of 55 g/L CaCO3. b) Improvement of adipic acid 

titer through extension of fermentation durations. The tested strain was MB263(DE3) 

ΔsucD pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-acot8 and its 

fermentations were under microaerobic conditions in 20 mL LB-like MOPS media 

with 20 g/L glycerol and 1 μM IPTG induction under 37 °C. When testing the effect 

of addition of calcium carbonate, the fermentation duration was 48 hours. When 

testing the extension of the fermentation time, calcium carbonate was added in the 

media. 

The same adipic acid-producing MB263(DE3) ΔsucD was also grown in a controlled 

bioreactor with higher glycerol concentration under 37 °C for 144 hours, and the titer 

was further boosted to 2.71 g/L (Fig. 3.14).  
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Figure 3.14 Time course of adipic acid production, glycerol consumption, acetate 

production and cell growth for a fermentation conducted in a controlled 

bioreactor. The grown strain was MB263(DE3) ΔsucD pCDF-P1-cat1-paaF-P2-tdter 

pET-P1-paaJ-paaH-P2-acot8. The fermentation was performed in Sixfors Bioreactor 

containing LB-like MOPS media with 50 g/L initial glycerol concentration, 400 mL 

initial volume, 2 N L/hr air flow and 1 μM IPTG induction under 37 °C, pH 7.0 for 

144 hours. The sample was collected every 24 hour (the sample of 48 hour time point 

was ruined before the analysis). 

There were more efforts for improving adipic acid titer from glycerol by recycling the 

acetate, generated through CoA transfer from acetyl-CoA to succinate during the 

activation and accumulated during the fermentation as seen Fig. 3.14, back to the 

extender unit acetyl-CoA. One approach was the addition of overexpression of E. coli 

acetyl-CoA synthetase which synthesizes acetyl-CoA from acetate and could increase 

the pool of acetyl-CoA
127

, through cloning of acs gene after paaH gene locus in pET-

P1-paaJ-paaH-P2-acot8 vector. However, Acs overexpression did not improve the 

adipic acid titer in adipic acid-producing MB263(DE3) ΔsucD strain with resultant 

titer as 482±26 mg/L (Fig. 3.15) after 37 °C 48 hour of microaerobic fermentation in 

LB-like media with glycerol, CaCO3 and 1 μM IPTG . The high energy consumption 



62 

 

due to AMP formation from ATP in the reaction of Acs may be the reason of failed 

improvement of adipic acid production. Thus, another approach, exploitation of 

reverse reaction of acetate synthesis from acetyl-CoA by E. coli phosphate 

acetyltransferase Pta and acetate kinase AckA,
128, 129

 was tried. The acetyl-CoA 

formation from acetate by Pta-AckA generates ADP, instead of AMP, from ATP, so the 

energy consumption (one ATP equivalent) is lower than Acs reaction (two ATP 

equivalents) and could be more favorable. In the host strain MB263(DE3) ΔsucD, the 

ackA gene is present in the chromosome while pta is knocked-out, so only pta gene 

was cloned in pET-P1-paaJ-paaH-P2-acot8 vector. However, addition of pta 

expression largely decreased the adipic acid titer (75±1 mg/L, Fig. 3.15) and highly 

increased the acetate production after fermentation under same condition as above. It 

was reported that pyruvate and phosphenolpyruvate (PEP) have allosteric negative 

effect on Pta in the direction of acetyl-CoA formation and they have positive effect in 

the direction of acetyl-phosphate formation.
130

 Also, when main carbon source like 

glucose or glycerol is present, intracellular acetyl-CoA level can be higher than 

acetyl-phosphate level.
130

 Thus, during the production of adipic acid from glycerol, 

the intracellular environment is more favorable on acetate excretion than acetyl-CoA 

synthesis for E. coli Pta-AckA. Usage of non-allosterically regulated class I Pta 

enzymes (PtaIs)
131

 or truncated Ptas
130

 with higher acetyl-CoA synthesis rate and 

specificity can be considered as a strategy to solve that problem. Furthermore, it 

would be better to search for a pathway for succinyl-CoA supply with sufficient 

carbon and energy efficiency and high flux and low unwanted consumption of acetyl-

CoA.  
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Figure 3.15 Results of tests on different approaches of recycle of extender unit 

acetyl-CoA from acetate. Two approaches were tested: acetyl-CoA recycle through 

overexpressed acetyl-CoA synthetase Acs, and recycle through overexpressed 

phosphate acetyltransferase Pta and endogenous acetate kinase AckA. The control and 

basis strain was MB263(DE3) ΔsucD pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-

paaH-P2-acot8. The genes encoding Acs and Pta were inserted after the paaH site of 

in pET-P1-paaJ-paaH-P2-acot8 vector. The fermentations were performed 

microaerobically in 20 mL LB-like MOPS media with 20 g/L glycerol, 55 g/L CaCO3 

and 1 μM IPTG induction under 37 °C for 48 hours. 

3.4.7 Production of adipic acid from single carbon source glucose in minimal 

media 

The fermentation of adipic acid production was also performed in minimal media with 

usage of more commonly used glucose as the single carbon source. In minimal MOPS 

media with 40 g/L glucose, 55 g/L CaCO3 and 1 μM IPTG induction, MB263(DE3) 

ΔsucD pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-acot8 produced 308±70 

mg/L of adipic acid after 37 °C, 48 hour of microaerobic fermentation. In the 

glycolysis of glucose, half of PEP is converted to pyruvate by phosphoenolpyruvate: 

carbohydrate phosphotransferase system (PTS) during the uptake of glucose, and 

most of another half either enters succinate synthesizing reductive TCA or is 
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converted to pyruvate by pyruvate kinase PykF and PykA. To divert more flux to 

succinate synthesis and improve succinyl-CoA supply and adipic acid production, 

pykF gene was deleted. However, this approach did not improve the adipic acid titer 

with 247±31 mg/L after fermentation under same conditions (Fig. 3.16), probably due 

to reduced supply of acetyl-CoA, which is not only required as the extender unit of 

the platform but also the CoA donor for activation of succinate to primer succinyl-

CoA, after the deletion of PykF. Thus, as described above, search for good acetyl-CoA 

recycle pathway or acetyl-CoA-independent succinyl-CoA supply pathway is 

imperative for enhancement of adipic acid production. Another adipic acid 

improvement effort was to implement an A358V mutation in LpdA subunit of 

pyruvate dehydrogenase (PDH), which is reported to reduce the inhibition by NADH 

and improve the PDH activity.
132

 PDH generates NADH during the conversion of 

pyruvate to acetyl-CoA, so improvement of its activity is supposed to alleviate the 

redox imbalance caused by higher oxidative state of glucose. However, the resultant 

adipic acid titer (340±19 mg/L, Fig. 3.16) was still not greatly improved after adding 

the mutation on lpdA gene, possibly because of insufficient expression of PDH 

enzyme or insufficient flux through PDH compared to that through pyruvate-formate 

lyase (PFL). It seems that, more works of genetic manipulations to balance the 

succinyl-CoA: acetyl-CoA ratio and redox and enhance the flux of the carbon 

elongation platform and optimizations of fermentation conditions are needed to 

further improve the adipic acid production from glucose in minimal media.  
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Figure 3.16 Productions of adipic acid from glucose in minimal media and effects 

of genetic manipulations on the host strain. The control and basis strain was 

MB263(DE3) ΔsucD pCDF-P1-cat1-paaF-P2-tdter pET-P1-paaJ-paaH-P2-acot8. The 

gene pykF encodes pyruvate kinase. The gene lpdA encodes a subunit of pyruvate 

dehydrogenase complex. The fermentations were performed microaerobically in 20 

mL minimal MOPS media with 40 g/L glycerol, 55 g/L CaCO3 and 1 μM IPTG 

induction under 37 °C for 48 hours. 

3.4.8 Improvement of 6-hydroxyhexanoic production with glycerol as carbon 

source and supplementation of primer precursor succinate 

Besides adipic acid, the microbial production of 6-hydroxyhexanoic acid, the 

monomer of an industrially valuable biodegradable and biocompatible polymer poly-

ε-caprolactone (PCL)
104, 133

, was also further improved with glycerol as carbon source 

and supplementation of primer precursor succinate. Same as in the synthesis of adipic 

acid, gene sdhB was deleted in 6-hydroxyhexanoic acid producing JST06(DE3) strain 

to block the consumption of succinate by oxidative TCA cycle and improve the 

supply of primer succinyl-CoA. The resultant JST06(DE3) ΔsdhB pCDF-P1-cat1-
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paaF-P2-tdter pET-P1-paaJ-paaH-P2-cbjALD strain produced 67±2 mg/L (Fig. 3.17a) 

6-hydroxyhexanoic acid after 37 °C, 48 hour of microaerobic fermentation in LB-like 

media with 20 g/L glycerol, 20 mM succinate and 5 μM IPTG induction, higher than 

that from the strain without sdhB knock-out (32±5 mg/L), indicating that deletion of 

succinate dehydrogenase can improve the supply of succinyl-CoA and synthesis of 6-

hydroxyhexanoic acid. Then, because cbjALD is an aldehyde-forming acyl-CoA 

reductase and the activity of reduction of 6-oxohexanoic acid, generated from adipyl-

CoA by cbjALD, by endogenous E. coli alcohol dehydrogenases may be not sufficient, 

overexpression of alcohol dehydrogenase was added to further improve the reaction 

rate on conversion of 6-oxohexanoic acid to 6-hydroxyhexanoic acid. There were 

three selected alcohol dehydrogenase candidates: ChnD from Acinetobacter sp. strain 

SE19
134

 and YjgB and YahK from E. coli
26

, as they are all known to be able to oxidize 

6-hydroxyhexanoic acid to 6-oxohexanoic acid and their reactions should be 

reversible. The genes encoding these alcohol dehydrogenases were inserted after 

paaH gene in pET-P1-paaJ-paaH-P2-cbjALD vector, and the resultant vectors were 

introduced to JST06(DE3) ΔsdhB pCDF-P1-cat1-paaF-P2-tdter. As a result, 

overexpression of ChnD and YjgB did not increase the titer of 6-hydroxyhexanoic 

acid, while the overexpression of YahK improved the titer to 120±4 mg/L (Fig. 3.17a), 

almost twice of that from the strain without overexpression of alcohol dehydrogenase. 

One thing to notice that, all the 6-hydroxyhexanoic acid producing strains also have 

~200 mg/L of adipic acid production (Fig. 3.17b), still higher than the titer of 6-

hydroxyhexanoic acid, so the production of adipic acid needs to be minimized to 

further focus the flux on 6-hydroxyhexanoic acid in possible future works. As 

mentioned above, since major thioesterases are deleted in JST06(DE3) ΔsdhB and 
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there is no overexpression of thioesterases, other minor endogenous thioesterase, 

CoA-transferase Cat1 or spontaneous reaction may cause the adipic acid production. 

Search and usage of efficient succinyl-CoA supply pathway without CoA transfer 

could be a solution to minimize the adipic acid production.  

 

Figure 3.17 Improvement of 6-hydroxyhexanoic acid productions. a) 6-

hydroxyhexanoic acid titers after deletion of sdhB gene, encoding subunit of succinate 

dehydrogenase, in the host strain, and additional overexpression of different alcohol 

dehydrogenases (ChnD, YjgB and YahK). b) Titers of byproduct adipic acid in the 

strains producing 6-hydroxyhexanoic acid. The fermentations were performed 

microaerobically in 20 mL LB-like MOPS media with 20 g/L glycerol and 20 mM 

succinate and 5 μM IPTG induction under 37 °C for 48 hours. 
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3.4.9 Productions of other ω-carboxylated compounds through usage of ω-

carboxylated primer succinyl-CoA 

The productions of other ω-carboxylated compounds through the proposed platform 

utilizing succinyl-CoA as the primer were also explored.  

The first target product was 4-oxopentanoic acid, namely levulinic acid, which is also 

a top industrial chemical.
135, 136

 According to a previous report
137

, CoA transferase 

PcaIJ from Pseudomonas putida can remove the CoA from 3-oxoadipyl-CoA, the 

condensation product between succinyl-CoA and acetyl-CoA by thiolase PaaJ, to 

generate 3-oxoadipic acid and terminate the carbon elongation at the 3-oxoadipyl-

CoA point. Spontaneous decarboxylation would convert 3-oxoadipic acid to levulinic 

acid (Fig. 3.18a). To demonstrate the production of 3-oxoadipic acid, pET-P1-paaJ-

P2-pcaIJ and pCDF-P1-cat1 plasmids were constructed for expression of PaaJ, PcaIJ 

and Cat1 and were introduced to JST06(DE3) ΔsdhB, the host strain with improved 

supply of primer succinyl-CoA and minimal unwanted hydrolysis of CoA 

intermediates. The resultant strain showed the detectable production of levulinic acid 

with titer of 48±5 mg/L (Fig. 3.18b) after 37 °C, 48 hours of microaerobic 

fermentations in LB-like MOPS media supplemented with glycerol and succinic acid 

with 5 μM IPTG induction, proving the in vivo activity of PcaIJ and spontaneous 

decarboxylation of 3-oxoadipic acid. Then, additional overexpression of two 

decarboxylases Mks1 from Solanum habrochaites
138

 and Adc from Clostridium 

acetobutylicum
139

 known to able to convert β-keto acids to ketones, were tried to 

further improve the decarboxylation of 3-oxoadipic acid through enzymatic catalysis, 

and mks1 and adc genes were inserted at the P2 slot of pCDF-P1-cat1. As a result, 
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overexpressions of Mks1 and Adc increased the levulinic acid titer to 71±6 mg/L and 

159±19 mg/L respectively (Fig. 3.18b), proving that these decarboxylases are active 

with 3-oxoadipic acid.  

 

Figure 3.18 Production of levulinic acid through usage of primer succinyl-CoA 

and acid-forming termination at 3-oxoadipyl-CoA along with subsequent 

decarboxylation. a) The pathway and selected enzymatic componenets for levulinic 

acid biosynthesis. b) Titers of levulinic acid with usage of with or without 

overexpression of decarboxylase. The tested strains were JST06(DE3) ΔsdhB pET-P1-

paaJ-P2-pcaIJ pCDF-P1-cat1-P2-decarboxylase and they were grown under 37 °C at 

microaerobic conditions in 20 mL LB-like MOPS media with 20 g/L glycerol and 20 

mM succinate and 5 μM IPTG induction under 37 °C for 48 hours. 

The second target was dicarboxylic acids with longer carbon chain length than adipic 

acid. The strain overexpressing the platform consisting PaaJ, PaaH, PaaF and TdTer 

does not have detectable production of dicarboxylic acid longer than adipic acid, 

indicating that thiolase PaaJ may not be able to accept adipyl-CoA as the primer and 
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PaaH and PaaF may not be active with longer ω-carboxylated acyl-CoA substrates. To 

achieve the synthesis of longer dicarboxylic acids, DcaF, DcaH and DcaE from 

Acinetobacter sp. ADP1
140

 replaced PaaJ, PaaH and PaaF and served as the thiolase, 

HACDH and ECH modules in the platform respectively. Thiolase DcaF, 

dehydrogenase DcaH and enoyl-CoA hydratase DcaE are components of 

Acinetobacter sp. ADP1 β-oxidation pathway to degrade diacids with chain length at 

least up to C10 into succinyl-CoA and acetyl-CoA
140

, so if these reactions are 

reversible like other β-oxidation pathways, they can be suitable enzymatic 

components to enable the iterative carbon elongation priming from succinyl-CoA by 

more than one cycle. DcaF, DcaH and DcaE were overexpressed along with ECR 

TdTer, activation enzyme Cat1 and dicarboxylic acyl-CoA thioeterase Acot8 from 

vectors pCDF-P1-cat1-dcaE-P2-tdter and pET-P1-dcaF-dcaH-P2-Acot8, with 

JST06(DE3) ΔsdhB as the host strain. After microaerobic fermentation under same 

condition as described above with supplementation of succinate, as expected, the 

resultant strain not only produced adipic acid (95±13 mg/L), but also the 8-carbon and 

10-carbon diacids suberic acid (34±8 mg/L) and sebacic acid (13±2 mg/L), the 

products of two and three turns of the pathway, respectively (Fig. 3.19). These results 

showed that usage of different combination of enzymatic components can diversify 

the products using same primer, proving the great modular and combinatory 

characteristics of the designed carbon-elongation platform utilizing non-

decarboxylative Claisen condensation. 
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Figure 3.19 Productions of longer dicarboxylic acids through usage of primer 

succinyl-CoA. a) Pathway and selected enzymatic components for productions of 

longer dicarboxylic acids. b) Titers of dicarboxylic acids adipic acid (C6), suberic acid 

(C8) and sebacic acid (C10) through. The grown strain was JST06(DE3) ΔsdhB pCDF-

P1-cat1-dcaE-P2-tdter pET-P1-dcaF-dcaH-P2-acot8 and it was grown 

microaerobically in 20 mL LB-like MOPS media with 20 g/L glycerol and 20 mM 

succinate and 5 μM IPTG induction under 37 °C for 48 hours. 

3.5 Microbial synthesis of ω-hydroxylated compounds through usage of ω-

hydroxylated primers 

Further product diversification of the platform was achieved by utilizing another ω-

functionalized primer, ω-hydroxylated glycolyl-CoA (Fig 3.20a). MG1655(DE3) 

overexpressing a partial platform consisting thiolase BktB and HACDH PhaB1 from 

Ralstonia eutropha
141, 142

 along with CoA transferase Pct for activation of 

supplemented glycolate to primer glycolyl-CoA
110

 and endogenous ACTs for 

termination through vectors pET-P1-bktB-phaB1 and pCDF-P1-pct produced 235 

mg/L of β-hydroxy-γ-butyrolactone (Fig. 3.20b) after fermentation in LB 

supplemented with 10 g/L glucose, 40 mM glycolate and 0.1 mM IPTG under 30 °C 
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for 72 hours. β-hydroxy-γ-butyrolactone is the lactone of 3,4-dihydroxybutyric acid, 

the acid-form of 3,4-dihydroxybutyryl-CoA, so this result proves that BktB and 

PhaB1 are suitable components for the platform priming from glycolyl-CoA for 

synthesis of ω-hydroxylated compounds. The deletion of glcD gene encoding a 

subunit of glycolate oxidase, an enzyme involved in the degradation of glycolate, to 

improve the supply of glycolyl-CoA, further increased the titer of β-hydroxy-γ-

butyrolactone to 340 mg/L after fermentation under same conditions (Fig. 3.20b). 

Then, the gene encoding Aeromonas caviae enoyl-CoA hydratase PhaJ
143

 was inserted 

into P2 slot of pET-P1-bktB-phaB1, and the gene encoding TdTer was inserted into P2 

slot of pCDF-P1-pct, to construct the whole platform priming from glycolyl-CoA. 

The total ion GC-MS chromatogram of metabolites from MG1655(DE3) ΔglcD strain 

harboring the resultant plasmids after 30 °C, 96 h fermentation in LB medium 

supplemented with glucose and glycolate showed the peak belonging to 4-

hydroxybutyric acid (Fig. 3.20c), the supposed product of one-cycle of carbon 

elongation from glycolyl-CoA and termination by endogenous ACTs. These results 

further demonstrated the ability of the platform to generate ω-functionalized products 

with varying β-functionalities. 
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Figure 3.20 Productions of ω-hydroxylated compounds through usage of ω-

hydroxylated primer glycolyl-CoA. a) Pathway and selected enzymatic components 

for productions of ω-hydroxylated compounds β-hydroxy-γ-butyrolactone, the lactone 

of 3,4-dihydroxybutyric acid and 4-hydroxybutyric acid, with glycolyl-CoA as the 

primer. b) Titers of β-hydroxy-γ-butyrolactone from strains with or without glcD 

deletion. The gene glcD encodes a subunit of glycolate oxidase. The strains were 

grown under 30 °C for 72 hours in 250 mL flask containing 50 mL LB media with 10 

g/L glucose, 40 mM primer precursor glycolic acid and 0.1 mM IPTG inductions. c) 

The total ion GC-MS chromatogram showing the peak of 4-hydroxybutyric acid from 

fermentation metabolites of MG1655(DE3) ΔglcD of pET-P1-bktB-phaB1-P2-phaJ 

pCDF-P1-pct-P2-tdter. The 4-hydroxybutyric acid peak is pointed by the arrow. The 

strain was grown under same conditions as in the productions of β-hydroxy-γ-

butyrolactone, but for 96 hours.  
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3.6 Microbial synthesis of ω-1-functionalized compounds through usage of ω-1-

functionalized primers 

After assessing the use of various ω-functionalized primers by the designed platforms, 

the use of sub-terminal functionalized primers (e.g. ω-1-functionalization) was also 

tested. ω-1-methylated isobutyryl-CoA was selected as the target primer for the test. 

JC01(DE3) bktB
CT5

 fadB
CT5

 ΔfadA egter
CT5

 ydiI
A1

 ΔtesB, a strain able to synthesize 

C6-C10 fatty acids through overexpressed β-oxidation reversal composed of Ralstonia 

eutropha thiolase BktB
141

 (thiolase), E. coli HACDH and ECH FadB
13

 and Euglena 

gracilis ECR EgTer
144

 with acetyl-CoA as primer and extender unit and 

overexpressed E. coli thioesterase YdiI for termination of carbon chain elongation
26

, 

was the host strain. This strain also harbored the plasmid pET-P1-pct for 

overexpression of CoA-tranferase Pct
101, 110

 to supply the primer isobutyryl-CoA 

through activation on supplemented isobutyric acid (Figure 3.21a). The resultant 

strain produced 45±5 mg/L of ω-1-methylated 4-methylpentanoic acid (Figure 3.21b), 

the expected product of one-cycle of platform with thioesterase termination, after 

30 °C, 48 hour of microaerobic fermentation in LB-like media with 20 g/L glycerol, 

20 mM isobutyric acid and 5 μM IPTG induction. This result indicates that the 

platform consisting thiolase BktB, HACDH and ECH FadB and ECR EgTer can 

accept ω-1-methylated isobutyryl-CoA as the primer and operate for one turn. Then, 

different acyl-CoA reductases (MhpF, EutE, Acr1, AcrM, Orf1594, SeEutE, 

Maqu_2507, AdhE2 and cbjALD) replaced YdiI to change the termination reaction 

and test the synthesis of ω-1-methylated alcohols. To achieve that, JST07(DE3) 

(JST06(DE3) ΔfadE) bktB
CT5

 fadB
CT5

 ΔfadA egter
CT5

, which has the removal of YdiI 

overexpression and competition reactions by major endogenous thioesterases and β-
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oxidation degradation
48

, served as the host strain, and this strain harbored pCDFDuet-

1 vector cloned with genes encoding different acyl-CoA reductases along with pET-

P1-pct. After fermentations under same condition as above, the strain with 

overexpression of Maqu_2507 showed the production of supposed ω-1-methylated 

alcohol 4-methylpentanol with the titer of 26 ±11 mg/L (Figure 3.21c), indicating that 

alcohol-forming acyl-CoA reductase Maqu_2507 is able to convert 4-

methylpentanoyl-CoA to 4-methylpentanol and terminate the platform priming from 

isobutyryl-CoA.  
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Figure 3.21 Productions of ω-1-methylated compounds through usage of ω-1-

methylated primer isobutyryl-CoA. a) Pathway priming from isobutyryl-CoA and 

selected enzymatic components for productions of ω-1-methylated compounds 4-

methylpentanoic acid and 4-methylpentanol. b) Titer of 4-methylpentanoic acid from 

the strain JC01(DE3) bktB
CT5

 fadB
CT5

 ΔfadA egter
CT5

 ydiI
A1

 ΔtesB pET-P1-pct. The 

strain was grown microaerobically in 20 mL LB-like media with 20 g/L glycerol, 20 

mM primer precursor isobutyric acid and inductions by 5 μM IPTG, 100 μM cumate 

and 15 ng/mL anhydrotetracycline under 30 °C for 48 hours. c) Titer of 4-

methylpentanol from the strain JST07(DE3) bktB
CT5

 fadB
CT5

 ΔfadA egter
CT5

 pET-P1-

pct pCDF-P1-maqu_2507. The strain was grown under same conditions as in the 

fermentation for 4-methylpentanoic acid biosynthesis, but without 

anhydrotetracycline induction.  
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3.7 Microbial synthesis of α-functionalized compounds through usage of α-

functionalized extender units 

3.7.1 Productions of α-methylated compounds through usage of extender unit 

propionyl-CoA  

The above results demonstrate the microbial biosynthesis of diverse ω- and ω-1 

functionalized compounds through the engineered iterative platforms utilizing various 

ω- and ω-1 acyl-CoAs as primers and acetyl-CoA as extender unit. If α-functionalized 

acetyl-CoAs are able to serve as extender unit for the platform, product functionality 

range would be further broadened. Thus, next research explored the possibility of 

utilization of α-functionalized extender units.  

The first target extender unit to exploit is α-methylated acetyl-CoA, namely 

propionyl-CoA. If the carbon elongation platform can use it as the extender unit, it 

would produce α-methylated compounds after one cycle of elongation and products 

methylated at all even carbon positions if it operates iteratively. It was found that in 

Pseudomona putida, there is an isoleucine degradation pathway different from other 

organisms with last three β-oxidation steps as below
145

: conversion of (E)-2-

methylcrotonoyl-CoA (tiglyl-CoA) to 3-hydroxy-2-methylbutyryl-CoA by an enoyl-

CoA hydratase; conversion of 3-hydroxy-2-methylbutyryl-CoA to 2-

methylacetoacetyl-CoA by a hydroxyacyl-CoA dehydrogenase; thiolysis of 2-

methylacetoacetyl-CoA to propionyl-CoA and acetyl-CoA by a thiolase. If these three 

enzymes can catalyze the reverse reaction like other β-oxidation enzymes, they could 

serve as the thiolase, HACDH and ECH modules for the platform accepting 

propionyl-CoA as the extender unit and acetyl-CoA as the primer. Since they are 
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bacterial enzymes from P. putida, they should be easy to engineer, express and 

harness in E. coli host and are the first candidates to use. However, at the beginning of 

the research, there were no enzymes with known sequences in P. putida proven to be 

able to catalyze these β-oxidation reactions. After further search on literature, it was 

found that mammals have two types of acetoacetyl-CoA thiolases: one is the 

mitochondrial acetoacetyl-CoA thiolase (T2), which is able to degrade 2-

methylacetoacetyl-CoA to propionyl-CoA and acetyl-CoA, and the other is the 

cytosolic acetoacetyl-CoA thiolase (CT), which only degrades acetoacetyl-CoA.
146

 

For human, these two types of thiolases share similar active sites except that T2 has 

Phe
325

-Pro
326

 dipeptide site while the corresponding site for human CT and bacterial 

thiolases is a Met-Gly dipeptide, and this difference of active site determines the 

ability of degradation of 2-methylaceoacetyl-CoA.
146

 After performing the BLAST on 

P. putida enzymes with human T2, P. putida thiolase FadAx was found to possess the 

corresponding Phe-Pro dipeptide site, which are 292th and 293th residues of the 

enzyme, so FadAx should be active on degrading 2-methylacetoacetyl-CoA and was 

chosen as the thiolase for the platform. Furthermore, there was a report 

experimentally proving that human enzyme HADH2 (HSD17B10) is a 2-methyl-3-

hydroxybutyryl-CoA dehydrogenase. 
147

 According to the BLAST analysis, 

hydroxyacyl-CoA dehydrogenase FadB2x is the closest enzyme to HADH2 in P. 

putida, so FadB2x is likely to be an another 2-methyl-3-hydroxybutyryl-CoA 

dehydrogenase and was selected as the candidate for HACDH module. No tiglyl-CoA 

hydratase with known sequence and experimental proof on the activity was found 

during the time for literature search. Nonetheless, it was found that tiglyl-CoA 

hydratase and 2-methyl-3-hydroxybutyryl-CoA dehydrogenase in P. putida are highly 
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coordinated and induced together by isoleucine
148

, so the gene encoding P. putida 

tiglyl-CoA hydratase should be in the same operon as the gene encoding 2-methyl-3-

hydroxybutyryl-CoA dehydrogenase. The P. putida enoyl-CoA hydratase whose gene 

shares same the operon as fadB2x gene is FadB1x, so FadB1x is the probable tiglyl-

CoA hydratase and was selected as the ECH module. For ECR module, same as in 

other designed platforms, FabI and TdTer were the candidates. In addition, CoA-

transferase Pct
101, 110

 was also overexpressed to supply the extender unit propionyl-

CoA through activation on supplemented propionate. Mixed-acid fermentation 

deficient JC01(DE3) served as the host strain for improved supply of primer acetyl-

CoA and termination of carbon elongation by endogenous ACTs. The pET-P1-

fadB2x-fadB1x was the vector for overexpression of FadB2x and FadB1x and pCDF-

P1-pct-fadAx-P2-fabI/tdter was the vector for overexpression of Pct and FadAx and 

FabI or TdTer (Fig. 3.22a). 

As a result, the strain using FabI produced 75±16 mg/L of 2-methylbutyric acid, the 

expected product of one-cycle of platform operation with ACT termination, while the 

strain using TdTer produced 15±8 mg/L of 2-methylbutyric acid (Fig. 3.22b). The 

strain using FabI also showed the production of 49±14 mg/L 2-methylpentanoic acid 

after microaerobic fermentation in LB-like MOPS supplemented with 20 g/L glycerol, 

20 mM propionate and 5 μM IPTG under 37 °C for 48 hours, indicating that this 

designed platform is also able to accept propionyl-CoA as both primer and extender 

unit. The strain using TdTer has no detectable production of 2-methylpentanoic acid, 

so it seems that TdTer has very weak activity on reducing α-methylated enoyl-CoAs 

compared to FabI. Moreover, both strains showed productions of tiglic acids ((E)-2-

methyl-2-butenoic acid, 573±68 mg/L when using FabI; 508±108 mg/L when using 
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TdTer) and (E)-2-methyl-2-pentenoic acid (84±30 mg/L when using FabI; 82±10 

mg/L when using TdTer), higher than the titers of 2-methylbutyric acid and 2-

methylpentanoic acid (Fig. 3.22b), indicating that even the activity of FabI is not very 

strong on α-methylated enoyl-CoAs and a better ECR is required to improve the 

production of α-methylated fatty acids.  

 

Figure 3.22 Productions of α-methylated compounds through usage of α-

methylated extender unit propionyl-CoA. a) Pathways for productions of α-

methylated 2-methylbutyric acid, 2-methylpentanoic acid, tiglic acid and (E)-2-

methyl-2-penenoic acid and the selected enzymatic components for the first round of 

fermentations. b) Titers of different α-methylated compounds from strains 

overexpressing different ECRs (FabI and TdTer). The tested strains were JC01(DE3) 

pET-P1-fadB2x-fadB1x pCDF-P1-pct-fadAx-P2-ECR and they were grown 

microaerobically under 37 °C for 48 hours in 20 mL LB-like MOPS media with 20 

g/L glycerol, 20 mM extender unit precursor propionic acid and 5 μM IPTG induction. 
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3.7.2 Improvement of tiglic acid production with glycerol as carbon source and 

supplementation of extender unit precursor propionic acid 

The strain harboring the platform utilizing propionyl-CoA as the extender unit for α-

methylation produced high titer of tiglic acid, so the platform was further modified to 

improve the production of tiglic acid and explore the ability of this platform on 

supporting high product titers. First, the overexpression of ECR was omitted to stop 

the platform at enoyl-CoA point and focus on productions of tiglic acid. As a result, 

JC01(DE3) pET-P1-fadB2x-fadB1x pCDF-P1-pct-fadAx strain showed more than 50% 

increase of tiglic acid titer to 883±21 mg/L after growth under same conditions (Fig. 

3.23). Then, JST06(DE3) replaced JC01(DE3) as the host strain to minimize the 

hydrolysis on intermediate CoA thioesters, but the resultant strain did not produce 

detectable amount of tiglic acid, indicating that at least one of the endogenous 

thioesterases deleted in JST06(DE3) catalyze the hydrolysis of tiglyl-CoA to tiglic 

acid. Among these thioesterases, YdiI is known to effectively hydrolyze α,β-

unsaturated enoyl-CoAs
33, 98

, so it is the enzyme likely to perform the hydrolysis of 

tiglyl-CoA and its gene was inserted into P2 slot of pET-P1-fadB2x-fadB1x for 

overexpression. This additional YdiI overexpression and usage of JST06(DE3) as the 

host strain led to further increase of tiglic acid titer to 1.39±0.10 g/L after flask 

fermentations under same conditions (Fig. 3.23).  
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Figure 3.23 Improvement of tiglic acid productions through genetic 

manipulations. The strains were grown microaerobically in 20 mL LB-like MOPS 

media with 20 g/L glycerol, 20 mM extender unit precursor propionic acid and 5 μM 

IPTG induction under 37 °C for 48 hours. 

Finally, the titer of tiglic acid was further improved to 3.79 g/L when grown in a 

controlled bioreactor under 37 °C for 64 hour using of LB-like MOPS medium with 

30 g/L glycerol and 5 μM IPTG and addition of 20 mM propionate for every 24 hours.  

 

Figure 3.24 Time course of tiglic acid production in fermentation conducted in a 

controlled bioreactor. The fermented strain was JST06(DE3) pCDF-pct-fadAx pET-

P2-fadB2x-fadB1x-P2-P2-ydiI. The strain was grown in a Sixfors Bioreactor 

containing LB-like MOPS media with 30 g/L initial glycerol concentration, 400 mL 

initial volume, 2 N L/hr air flow and 5 μM IPTG induction under 37 °C, pH 7.0 for 64 

hours. 20 mM propionic acid was added every 24 hour.  
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3.7.3 Production of α-hydroxylated compound through usage of α-hydroxylated 

extender unit glycolyl-CoA  

Besides the platform for α-methylation, there was also achievement of microbial 

synthesis of α-hydroxylated products through the platform using α-hydroxylated 

extender unit. MG1655(DE3) ΔglcD pET-P1-bktB-phaB1-P2-phaJ pCDF-P1-pct-P2-

tdter, the strain able to produce 4-hydroxybutyric acid as mentioned in previous 

paragraphs, also showed the production of 2,3-dihydroxybutyric acid along with 4-

hydroxybutyric acid according to the analysis on GC-MS chromatogram of 

metabolites. This result indicates that thiolase BktB can perform the non-

decarboxylative Claisen condensation between glycolyl-CoA as the extender unit and 

acetyl-CoA as the primer and HACDH PhaB1 can reduce the condensation product to 

2,3-dihydroxybutyryl-CoA, which is hydrolyzed to 2,3-dihydroxybutyric acid by 

endogenous ACTs in E. coli.  
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Figure 3.25 Production of 2,3-dihydroxybutyric acid through usage of α-

hydroxylated extender unit glycolyl-CoA. a) Pathway and selected enzymatic 

components for production of 2,3-dihydroxybutyric acid with glycolyl-CoA as the 

extender unit. b) The total ion GC-MS chromatogram showing the peak of 4-

hydroxybutyric acid from fermentation metabolites of MG1655(DE3) ΔglcD of pET-

P1-bktB-phaB1-P2-phaJ pCDF-P1-pct-P2-tdter. The 2,3-dihydroxybutyric acid acid 

peak is pointed by the arrow. The strain was grown under 30 °C for 96 hours in 250 

mL flask containing 50 mL LB media with 10 g/L glucose, 40 mM extender unit 

precursor glycolic acid and 0.1 mM IPTG inductions. 

3.8 Discussions and perspectives of the proposed platform 

The iterative platform proposed and validated in this work represents a novel, and 

efficient platform orthogonal to the anabolic network of most host organisms for the 

synthesis of functionalized small molecules. In this platform, non-decarboxylative 

Claisen condensation reactions mediate the carbon-chain elongation and series of β-

reduction reactions enable the iteration. The use of various functionalized primer and 
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extender units and termination of carbon elongation at intermediates with different β-

reduction degrees lead to high structural and functional diversities of the products.  

In nature, there are reported examples where the synthesis of functionalized 

compounds occurs through same mechanism of this platform. For example,  2-

methylbutyric acid and 2-methylpentanoic acid are produced through one round of 

carbon elongation similar to this study using propionyl-CoA as extender unit in 

Ascaris suum and Ascaris lumbricoides
149-152

, and adipic acid biosynthesis occurs 

through one cycle using succinyl-CoA as the primer and acetyl-CoA as the extender 

unit in microorganism Thermobifida fusca B6
153

. However, these native cases are too 

scarce and could not affect the orthogonality of this proposed platform to most host 

organisms. Prior to this work, there have been reported productions of some 

compounds through same approach as this proposed pathway. There are reported 

achievements of microbial productions of adipic acid through one cycle of platform 

priming from succinyl-CoA in E. coli.
154, 155

 Productions of β-hydroxy-γ-

butyrolactone, 3,4-dihydroxybutyric acid and 2,3-dihydroxybutyric acid through the 

same pathway using glycolyl-CoA as the primer or extender unit
110, 156

, and 

productions of ω-1-methylated 3-hydroxyacid and fatty acid through similar platform 

using isobutyryl-CoA as the primer
101, 110

 were also achieved in E. coli. However, 

these are just individual cases without iterations, and the generalized, systematic 

concept of this efficient, iterative carbon-elongation platform composed of non-

decarboxylative Claisen condensation reaction and subsequent β-reductions for 

synthesis of functionalized compounds has not been brought out until this work. 

Through modular and combinatory operation of this platform, productions of 18 

compounds from 10 different families was achieved, and among them, 4-
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phenylbutyric acid, 6-phenylhexanoic acid, 7-hydroxyheptanoic acid, 2-methylbutyric 

acid, 2-methylpentanoic acid, tiglic acid, and (E)-2-methyl-2-pentenoic acid are the 

compounds not previously obtained via microbial fermentation. These compounds, 

along with adipic acid, pimelic acid, suberic acid, sebacic acid, 4-hydroxybutyric acid, 

6-hydroxyhexanoic acid, 3,4-dihydroxybutyric acid (lactonized), levulinic acid, 4-

methylpentanoic acid, 4-methylpentanol, and 2,3-dihydroxybutyric acid, prove the 

generic ability of this novel platform for productions of diverse compounds, and this 

platform has the potential to be further exploited and expanded for synthesis of 

hundreds and thousands of functionalized molecules. This proposed pathway is a 

breakthrough which will greatly broaden the application of biorefineries. 

Pathway and process optimization, in line with industrial biotechnology approaches
157

, 

can further improve the production for a specific target product, as the underlying 

carbon and energy efficiency enables the feasibility of enhancing the titer, 

productivity, and yield. Important strategies include supplying and balancing pools of 

primers and extender units and optimization of required enzymatic components of the 

platform for a given target product. The former mainly includes harnessing previously 

developed pathways for primers and extender units
158-162

, while the latter includes 

identifying and engineering enzymes of possible rate-limiting steps caused by their 

suboptimal specificities or activities. Tools in protein and metabolic engineering and 

synthetic and systems biology can be helpful for these pathway and process 

optimization approaches
163, 164

. With these improvements, the productivity of this 

pathway would further approach the industrial demand and further benefit the 

biosynthesis of diverse important platform chemicals.  
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Chapter 4 

De novo pathways for biosynthesis of isoprenoid building 

blocks with higher efficiency 

 

4.1 Microbial synthesis of isoprenoids– a literature review 

4.1.1 Introduction 

With more than 55,000 compounds, isoprenoids are the largest and most diverse 

product group in nature and they have various important applications as 

pharmaceuticals, fragrances, solvents, pesticides and biofuels.
165, 166

 Due to their wide 

applications, industrial biosynthesis of isoprenoids has drawn significant interest from 

researchers. The majority of current research focuses on the heterologous microbial 

production of isoprenoids due such advantages as: environmental friendly chemistry; 

capability of utilizing common and inexpensive carbon source; faster growth; 

compatibility to large-scale; low possibility of interference by metabolism and 

regulation of native organism and opportunity of uncoupled growth and production 

phases.
166

 There have been numerous reported cases of the biosynthesis of various 

isoprenoid compounds in microbes and this section summarizes noticeable 

achievements of biosynthesis of isoprenoids with various chain lengths among them 

along with native pathways for isoprenoid biosynthesis. 

4.1.2 Native isoprenoid biosynthesis pathways 

Based on the chain length and number of C5 units, isoprenoids are usually divided 
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into these different types: hemiterpenoids (C5), monoterpenoids (C10), 

sesquiterpenoids (C15), diterpenoids (C20), sesterterpenoids (C25), titerpenoids (C30), 

tetraterpenoids (C40) and polyterpenoids (>C40).
167, 168

 Carbon elongation in 

isoprenoid biosynthesis utilizes two five-carbon diphosphate isomers as basic building 

blocks: one is isopentenyl diphosphate (IPP) and the other is dimethylallyl 

diphosphate (DMAPP).
165

 In nature, there are two pathways that supply IPP and 

DMAPP: one is 2-methyl-D-erythrito-4-phosphate (MEP) or non-mevalonate pathway, 

which is present in most bacteria, green algae and plant plastids, and the other is the 

mevalonate (MVA) pathway, which exists in fungi, archea, plant cytoplasm, animals 

and some bacteria.
165, 169, 170

 Some bacteria can use both pathways.
169

 

The non-mevalonate pathway (Fig. 4.1) starts from decarboxylative acyloin 

condensation between D-glyceraldehyde 3-phosphate and pyruvate to generate 1-

deoxy-D-xylulose 5-phosphate catalyzed by 1-deoxy-D-xylulose-5-phosphate 

synthase. Then, 1-deoxy-D-xylulose 5-phosphate reductomisomerase converts 1-

deoxy-D-xylulose-5-phosphate to 2C-methyl-D-erylthritol 4-phosphate. 4-

diphosphocytidyl-2C-methyl-D-erythritol synthase then converts 2-methyl-D-

erylthritol 4-phosphate to 4-diphosphocytidyl-2C-methyl-D-erythritol, which is then 

phosphorylated to 4-diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate catalyzed 

by 4-diphosphocytidyl-2C-methyl-D-erythritol kinase. 2C-methyl-D-erythritol-2,4-

cyclodiphosphate synthase converts 4-diphosphocytidyl-2C-methyl-D-erythritol 2-

phosphate to 2C-methyl-D-erythritol-2,4-cyclodiphosphate, which is then converted 

to 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate by 1-hydroxy-2-methyl-2-(E)-

butenyl 4-diphosphate synthase. Finally, 1-hydroxy-2-methyl-2-(E)-butenyl 4-

diphosphate reductase converts 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate into 
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IPP or DMAPP. Isopentenyl diphosphate isomerase can interconvert IPP and DMAPP 

each other.  

 

Figure 4.1 Non-mevalonate pathway 

The mevalonate pathway (Fig. 4.2) starts from non-decarboxylative Claisen 

condensation between two acetyl-CoAs generating acetoacetyl-CoA catalyzed by 

thiolase. Then, 3-hydroxy-3-methylglutaryl-CoA synthase catalyzes a different type of 

non-decarboxylative Claisen condensation in which the nucleophilic α-anion of 
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another acetyl-CoA, attacks the electrophilic β-carbon, instead of carbonyl carbon as 

in usual Claisen condensation, of acetoacetyl-CoA, generating 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA). 3-hydroxy-3-methylglutaryl-CoA reductase then 

reduces HMG-CoA to mevalonate. In mevalonate pathways of most organisms, there 

are two subsequent steps of phosphorylation: the first step phosphorylates mevalonate 

to mevalonate 5-phosphate by mevalonate kinase and the second step phosphorylates 

mevalonate 5-phosphate to mevalonate diphosphate by phosphomevalonate kinase. 

Phosphomevalonate decarboxylase then decarboxylates mevalonate diphosphate into 

IPP. In some Archea like Methanocaldococcus jannaschii
171

 and Haloferax 

volcanii
172

, mevalonate 5-phosphate decarboxylase decarboxylates mevalonate 5-

phosphate, instead of mevalonate diphosphate, to isopentenyl phosphate, which is 

then phosphorylated to IPP by isopentenyl phosphate kinase. In some other types of 

Archea like Thermoplasma acidophilum
173

, mevalonate is phosphorylated to 

mevalonate 3-phosphate instead of mevalonate 5-phosphate by mevalonate-3-kinase, 

which is then phosphorylated to mevalonate-3,5-biphosphate by mevalonate-3-

phosphate-5-kinase. Then, an unidentified ATP-independent decarboxylase 

decarboxylates mevalonate-3,5-biphosphate to isopentenyl phosphate, and as in 

Archea like Methanocaldococcus jannaschii and Haloferax volcanii, isopentenyl 

phosphate kinase phosphorylates isopentenyl phosphate to IPP. Isopentenyl 

diphosphate isomerase reversibly converts IPP to DMAPP.  
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Figure 4.2 Mevalonate pathway 
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Building blocks IPP and DMAPP then enter downstream pathway (Fig. 4.3) for 

isoprenoid biosynthesis. Prenyltransferases catalyze the carbon chain elongation with 

DMAPP as the initial primer and IPP as the iterative C5 unit.
166, 167, 174

 One, two, three 

and four rounds of such prenyl transfer reactions generate different lengths of prenyl 

diphosphates geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15), 

geranylgeranyl diphosphate (GGPP, C20) and farnesylgeranyl diphosphate (FGPP, C25) 

respectively and more iterations of IPP additions are possible.
166, 167

 Two FPPs and 

two GGPPS can condense together to generate titerpenoids and teterterpenoids 

respectively.
167, 174

 These prenyl diphosphates are then dephosphorylated, and 

optionally cyclized, rearranged and further functionalized and tailored by isoprenoid 

synthases and other enzymes to yield isoprenoids with different carbon numbers and 

diverse structures and functionalities.
166

 

 

Figure 4.3 Downstream pathway for isoprenoid biosynthesis. (Adapted from the 

review
167

 by Chandran et al. 2011) 
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The rest of this sectionsummarizes noticeable achievements of microbial biosynthesis 

of typical hemiterpenoids, monoterpenoids, sesquitepenoids, diterpenoids, 

tetraterpenoids and others. In these works, due to better understanding and 

independence with endogenous regulation in typical hosts like E. coli
165

, the MVA 

pathway is more frequently utilized for supply of IPP and DMAPP, though some 

works also utilized the MEP pathway. 

4.1.3 Microbial productions of hemiterpenoids 

Hemiterpenoids are C5 isoprenoids that are directly converted from IPP or DMAPP 

without chain elongations. Typical hemiterpenoids include isoprene, 3-methyl-3-

butenol (isoprenol) and 3-methyl-2-butenol (prenol) (Fig. 4.4). 

 

Figure 4.4 Examples of hemiterpenoids. 

Isoprene (2-methyl-1,3-butadiene) is a volatile hemiterpenoid typically used as the 
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monomer of synthetic rubber with approximately one million tons of annual 

productions and estimated 1-2% of annual market growth.
174, 175

 Isoprene synthase 

(IspS), present in various plants, converts DMAPP to isoprene, so microbial isoprene 

production is through expression of MEP or MVA pathways along with IspS. The 

overexpression of the MEP pathway and flavodoxin I, ferredoxin and ferredoxin 

oxidoreductase (for improved activities of 1-hydroxy-2-methyl-2-(E)-butenyl 4-

diphosphate synthase and 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase) 

with enzymes from E. coli and Anabaena and truncated IspS from Populus alba along 

with other modifications led to achievement of productions of 8.4 g/L isoprene in E. 

coli after fed-batch fermentation.
176

 Nonetheless, higher isoprene titers in E. coli have 

been achieved through the use of mevalonate pathway. After numerous progresses of 

works as reviewed elsewhere
174

, so far 80 g/L reported titer of isoprene has been 

achieved in E. coli through optimized overexpression of engineered mevalonate 

pathway with components from Saccharomyces cerevisiae, Enterococcus faecalis and 

Methanosarcina mazei and engineered P. alba IspS along with 

phosphogluconolactonase overexpression for improvement of pentose phosphate 

pathway and fermentation optimization.
177

  

Dephosphorylations of IPP and DMAPP by pyrophosphatase generate isoprenol and 

prenol respectively. These alcohols can serve as gasoline replacements and antiknock 

additives and there have been several cases of their biosynthesis with DMAPP and 

IPP supplied through non-mevalonate or mevalonate pathways in E. coli.
165

 In one 

typical case, overexpression of the MVA pathway enzymatic components except 

isopentenyl diphosphate isomerase (Idi) from S. cerevisiae and Enterococcus faecalis 

along with pyrophosphatase BsNudF from Bacillus subtilis in E. coli led to 
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productions of 1.3 g/L of isoprenol.
178

 When S. cerevisiae Idi overexpression was 

added, a mixture of isoprenol and prenol with both ~200 mg/L titer, indicating similar 

BsNudF specificity towards DMAPP and IPP, and replacement of BsNudF with 

EcNudF from E. coli led to ~ 200 mg/L of total isopentenol (isoprenol plus prenol) 

with 80% of them as prenol. Overexpression of the MVA pathway using E. coli, S. 

cerevisiae and Staphylococcus aureus components, and further adjustment of 

mevalonate kinase, increased overexpression of promiscuous E. coli pyrophosphatase 

NudB and usage of oleyl alcohol overlay improved the isoprenol titer to 2.23 g/L.
179

 

In the same system, when S. cerevisiae Idi overexpression was added through fusion 

with NudB and reductase NemA was also overexpressed, productions of ~150 mg/L 

of prenol and ~ 300 mg/L 3-methylbutanol, the reduction product of prenol, along 

with ~ 700 mg/L of isoprenol by NemA was achieved. Recently, a modified MVA 

pathway has been developed and utilized for isoprenol production in E. coli.
180, 181

 

This pathway utilizes engineered promiscuous S. cerevisiae phosphomevalonate 

decarboxylase with improved activity on decarboxylation of mevalonate 5-phosphate 

instead of mevalonate diphosphate to yield isopentenyl monophosphate, and 

endogenous E. coli phosphatase dephosphorylates isopentenyl monophosphate to 

isoprenol. This novel pathway bypasses the usage of IPP, which is toxic and can be 

competitively consumed by essential endogenous isoprenoid synthesis pathway, and 

conserves one ATP. The final isoprenol titer through this pathway was 1.1 g/L. 

4.1.4 Microbial production of monoterpenoids 

Monoterpenoids are C10 isoprenoids derived from GPP, the product of condensation 

between one IPP and one DMAPP, by monoterpenoid synthases or cyclases.
169

 Based 
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on structures, monoterpenoids can be divided into acyclic monoterpenoids like 

geraniol, linalool and myrcene, monocyclic monoterpenoids like limonene and 

perillyl alcohol and bicyclic monoterpenoids like pinene and sabinene (Fig. 4.5).
165

 

The microbial biosynthesis of monoterpenoids usually recruits overexpression of 

mevalonate or non-mevaloante pathway along with GPP synthase that exclusively 

condenses DMAPP and IPP to GPP and monoterpeoid synthase/cyclase. 

 

Figure 4.5 Examples of monoterpenoids. (Adapted from the review
165

 by George et 

al. 2015) 

Geraniol is the dephosphorylated alcohol counterpart of GPP and linalool is 3-ol 

isomer of geraniol, and these hydroxylated acyclic monoterpenoids can be used as 

biofuel, fragrance, pesticide and pharmaceutics.
165

 A titer of 183 mg/L in geraniol 

production in E. coli has been achieved through overexpression of exogenous MVA 

pathway with enzymes from Enterococcus faecalis and Streptococcus pneumoniae, an 
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exclusive GPP synthase mutated from E. coli FPP synthase and geraniol synthase 

from Ocimum basilicum along with deletions of endogenous dehydrogenases to 

minimize conversion of geraniol to its unwanted isomer nerol and usage of decane 

layer in the culture.
182

 For linalool, its production has been achieved in S. cerevisiae 

through overexpression of Lavandula angustifolia linalool synthase adjusted 

expression of MVA pathway component and downregulation of endogenous squalene 

synthase expression, with final titer of 95 μg/L.
183

 Acyclic monoterpenoid alkene 

myrcene can be used as the intermediate for productions of flavors, fragrances, 

vitamins, pharmaceuticals and cosemetics
165

, and its microbial production in E. coli 

has been achieved through overexpression of S. cerevisiae MVA pathway along with 

E. coli Idi and thiolase and Abies grandis GPP synthase and Quercus ilex myrcene 

synthase and the final titer was 58.2 mg/L.
184

 

Limonene, a monocyclic monoterpenoid, is a precursor of drugs and commodity 

chemicals, and it itself can be used as fragrance and jet fuel additive.
165, 185

 

Hydrogenated form of limonene, limonane can serve as the jet fuel replacement.
165

 Du 

et al. reported microbial production of 35.8 mg/L of limonene in E. coli through 

optimized overexpression of GPP synthase from Abies grandis, limonene synthase 

from Mentha spitaca, enhanced expression of E. coli MEP pathway and optimized 

fermentation conditions.
186

 The overexpression of MVA pathway with components 

from E. coli, S. cerevisiae and S. aureus instead of MEP pathway improved the 

limonene titer to 400 mg/L.
185

 With aid of computational tool principal component 

analysis of proteomics (PCAP) for improvement of MVA pathway expression, the 

limonene titer was increased to 605 mg/L.
187

 The additional overexpression of 

cytochrome P450 from Mycobacterium HXN-1500 led to production of perillyl 
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alcohol, a hydroxylated limonene with application as anti-cancer agent, with 34 mg/L 

titer, and recovery of Amberlite resin further improved the production.
185

 A S. 

cerevisiae strain with mutant endogenous FPP synthase for exclusive GPP supply also 

produced 0.12 mg/l (+)-limonene and 0.49 mg/l (-)-limonene through overexpression 

of limonene synthase from Perilla frutescens and Citrus limon respectively along with 

headspace trapping during the culture.
188

  

Bicyclic monoterpenoids α, β-pinenes are also used in fragrances, pharmaceuticals 

and as commodity chemicals and pinene dimers have similar high volumetric heating 

value with jet fuel JP-10.
165, 189

 Overexpression of S. cerevisiae mevalonate pathway 

and fused GPP synthase and pinene synthase both from A. grandis led to productions 

of total 32 mg/L 1:1 mixture of α, β-pinenes in E. coli.
189

 Kang et al. improved the 

expression of endogenous MEP pathway, added the overexpression of A. grandis GPP 

synthase in Corynebacterium glutamicum and achieved production of 176 μg/L of α-

pinene when overexpressing pinene synthase from Pinus taeda, and 165 μg/L of β-

pinene when overexpressing pinene synthase from A. grandis.
190

 Besides pinene, ~1.1 

g/L of cineole, a bicyclic monoterpenoid ether used in pharmaceutical and food 

industry
191

, was produced in S. cerevisiae strain with optimized expression of native 

mevalonate pathway, downregulation of squalene production and overexpression of 

Salvia fruticosa cineole synthase.
192

 The similarly engineered S. cerevisiae with 

improved expression of GPP synthesis exclusive mutant FPP synthase and 

overexpression of sabinene synthase from Salvia pomifera produced 17.5 mg/L of 

another bicyclic monoterpenoid sabinene, a perfume additive and potential jet fuel 

component.
193, 194

 Sabinene biosynthesis was also achieved in E. coli through 

overexpression of S. cerevisiae and Enterococcus faecalis components of MVA 
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pathway, A. grandis GPP synthase and S. pomifera sabinene synthase with titer 2.65 

g/L after fed-batch fermentations.
194

 In addition, overexpression of 3-carene cyclase 

in E. coli with mutation of endogenous FPP synthase for exclusive GPP synthesis and 

improved endogenous MEP pathway expression led to production of bicyclic 

monoterpenoid 3-carene along with various monoterpenoid byproducts: α-pinene, 

sabinene, myrcene, limonene and monocylic monoterpenoids α,γ,δ-terpinenes and β-

phellandrene.
195

 

4.1.5 Microbial production of sesquiterpenoids 

Sesquiterpenoids are C15 isoprenoids derived from FPP by various sesquiterpenoid 

synthases and FPP is the product of two rounds of isoprenoid chain elongation 

priming from DMAPP with IPP as C5 unit by FPP synthase. Typical sesquitepenoids 

are artemisinin, farnesene, farnesol and bisalabone, and other examples are shown in 

Fig. 4.6.  

 

Figure 4.6 Examples of sesquiterpenoids. (Adapted from the review
165

 by George et 

al. 2015) 

Artemisinin is a sesquiterpenoid contributing to antimalarial activity of Artemisia 
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annua and it can be converted from another sesquiterpenoid artemisinic acid through 

organic chemistry catalysis.
165, 196

 Due to medicinal importance of artemisinin, there 

have been numerous progresses of microbial biosynthesis of artemisinic acid and its 

sesquiterpene precursor amorphadiene, as reviewed elsewhere.
165, 196, 197

 In E. coli, 

27.4 g/L of amorphadiene titer has been reached so far through overexpression of 

mevalonate pathway with components from E. coli, S. cerevisiae and S. aureus, E. 

coli FPP synthase, and amorphadiene synthase from A. annua along with optimization 

on conditions of and fed-batch fermentation.
198

 However, E. coli is not able to 

sufficiently express A. annua cytochrome P450 required for conversion of 

amorphadiene to artemisinic acid, so the host organism was then switched to suitable 

eukaryote yeast.
196

 41 g/L of amorphadiene production has been achieved in a S. 

cerevisiae strain CEN.PK2 with overexpression of its all enzymes of MVA pathway 

and FPP synthase and A. annua amorphadiene synthase along with fed-batch 

fermentation process optimizations.
199

 Then, additional overexpressions of 

cytochrome P450 and its cognate reductase, cytochrome b5, aldehyde dehydrogenase 

and alcohol dehydrogenase from A. annua along with constitutive genetic expression, 

addition of isopropyl myristate layer and utilization of feedback-controlled ethanol 

pulse-feed process led to 25 g/L of artemisinic acid, ready for large-scale productions 

of artemisinin through chemical conversions.
200

 The industrial scale production 

artemisinin through this semi-synthetic technology has been approved by WHO and 

been initiated.
165, 196

 

Farnesene is an acylic sesquiterpenoid olefin acting as signal chemical in nature and a 

precursor of surfactants, emollients and lubricants, and its hydrogenated alkane 

counterpart farnesane, which can be generated through chemical derivatization of 
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farnesene, is a potential diesel alternative.
165, 167

 Amyris Biotechnologies achieved 

productions of 400 mg/L of α-farnesene and 1.1 g/L β-farnesene in E. coli 

overexpressing S. cerevisiae MVA pathway, E. coli FPP synthase, and α-farnesene 

synthase from Picea abies or β-farnesene synthase from A. annua respectively.
201

 

Also, Amyris reported its production of 104.3 g/L of farnesene from sugarcane 

through iteratively mutated and engineered S. cerevisiae PE-2 strain and started 

industrial biosynthesis manufacturing of trans-β-farnesene commercialized under the 

name Biofene®  in Brazil in 2012.
165

 

Farnesol is the dephosphorylated alcohol counterpart of FPP, and is used in flavoring 

and fragrance industry and as antibiotic adjuvant, precursor of anticancer drugs, 

biopesticide and potential diesel and jet fuel substitute.
165, 167

 Scientists of 

Biotechnical Resources reported biosynthesis of farnesol from a developed S. 

cerevisiae strain with mutation of FPP synthase for improved FPP supply and 

presumed dephosphorylation of FPP by endogenous pyrophosphatases and increased 

expression of HMG-CoA reductase.
202-205

 Farnesol production was also achieved in E. 

coli through overexpressions of MVA pathway with enzymes from Enterococcus 

faecalis and Streptococcus pneumoniae and E. coli Idi and FPP synthase, usage of 

endogenous phosphatases or farnesol synthase, and addition of decane layer in the 

culture, with final titer reaching 136 mg/L.
206

  

Bisabolene, a monocyclic sesquiterpenoid, is a precursor of bisabolane, another 

potential diesel alternative.
165

 Peralta-Yahya et al. achieved production of >900 mg/L 

of bisabolene in an E. coli strain overexpressing S. cerevisiae MVA pathway, E. coli 

Idi, thiolase and FPP synthase and A. grandis bisabolene synthase, and production of 
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bisabolene with similar titer in a S. cerevisae strain overexpressing partial endogenous 

MVA pathway and same bisabolene synthase.
207

 After screenings of yeast strains with 

advantageous deletions through visual carotenoid production phenotypes, the 

bisabolene titer reached 800 mg/L in flasks and 5.2 g/L in fermentation processes.
208

  

In addition, the microbial production of β-caryophyllene, a bicyclic sesquiterpenoid 

with anti-inflammatory and anticarcinogenic activities and potentials as possible jet 

fuel component, has been achieved in E. coli.
209

 In this research work, 1.52 g/L of β-

caryophyllene was produced after fed-batch fermentation from an E. coli strain with 

overexpressions of mevalonate pathway with enzymes from E. faecalis and S. 

cerevisiae, A. grandis GPP synthase and A. annua β-caryophyllene synthase, 

utilization of endogenous FPP synthase, and improvement of NADPH supply through 

engineered pentose phosphate pathway.  

4.1.5 Microbial production of diterpenoids 

Diterpenoids are C20 isoprenoids derived from GGPP, the product of three-rounds of 

isoprenoid chain elongation starting from DMAPP with IPP as extender unit by 

GGPP synthase. One of the most important diterpenoid compound is paclitaxel (Taxol) 

(Fig. 4.7), a tetracyclic diterpene used as major anti-cancer drug with over one billion 

dollars of total annual market value
210

, so researchers have worked on microbial 

productions of precursor of paclitaxel. Ajikumar et al. achieved production of ~ 1g/L 

of taxadiene, a diterpene precursor of paclitaxel, in E. coli, through multivariate 

optimization of expression of two modules: MEP pathway module and the 

downstream module composed of GGPP synthase and Taxus taxadiene synthase.
211

 

The additional overexpressions taxadiene Taxus taxadiene 5α-hydroxylase CYP450 
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along with cognate reductase CPR led to production of 58 mg/L of taxadien-5α-ol, the 

first intermediate of multi-step conversion of taxadiene to paclitaxel. Though more 

multiple reactions are needed to accomplish the conversion of taxadiene to paclitaxel, 

this work offers a basis of microbial synthesis or semi-synthesis of valuable paclitaxel, 

and proves that non-mevalonate pathway can also be used for biosynthesis of 

isoprenoids with high productivity. Taxadiene production was also achieved in 

eukaryote S. cerevisiae, a possibly more suitable host for multi-step P450 

oxygenations of taxadiene to paclitaxel, with 8.7 mg/L titer through introductions of 

Sulfolobus acidocaldarius GGPP synthase and Taxus taxadiene synthase along with 

further strain engineering.
212
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Figure 4.7 Pathway of biosynthesis of diterpenoid paclitaxel and its intermediate 

diterpenoids. (Adapted from the review
210

 by Howat et al. 2014) 

4.1.6 Microbial production of tetraterpenoids 

Tetraterpenoids (carotenoids) are C40 isoprenoids and they are generated through 

multi-step derivatizations starting from condensation of two GGPPs by phytoene 

synthase (Fig. 4.8).
6, 213

 Carotenoids like α,β-carotenes, lutein, lycopene, and 

astaxanthin can be used in food coloring and feed supplements for cosmetics and 

carotenoids have the potential as the anticancer agents due to their antioxidative 
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properties
6
 Owing to easily detectable colors of carotenoids like β-carotene and 

lycopene for screening and their applications, since the first achievement of 

heterologous production of carotetnoids in E. coli in 1990
214

, carotenoid biosynthesis 

is one of the focuses of researches on microbial biosynthesis of isoprenoids
6
 and there 

have been a large number of achievements as reviewed elsewhere.
6, 197, 215, 216

 

 

Figure 4.8 Examples of tetraterpenoids and their biosynthesis. (Adapted from the 

review
217

 by Hirschberg et al. 2001) 

Lycopene contributes to red and pink colors of plants such as tomatoes and pink 

grapefruits and is the intermediate of other carotenoids like α,β-carotenes, lutein, 

xanthophylls, sarcinaxanthin and decaprenoxanthin.
6
 Since the first achievement of its 

microbial biosynthesis in 1990
214

, researchers have developed and utilized various 

strain screening and metabolic engineering technologies to improve lycopene 



106 

 

production in E. coli.
197

 Their approaches include directed evolution on biosynthesis 

pathway enzymes
218

, combination of systematic model-based computational search 

and global transposon mutagenesis for knock-out target identification
219, 220

, multi-

dimensional combinatorial identifications of gene overexpression and knock-out 

targets
221

, Multiplex Automated Genome Engineering (MAGE) on the MEP 

pathway
222

, Chemically Inducible Chromosomal Evolution (CIChE) for high 

chromosomal genetic expressions
223

 and Flux Scanning based on Enforced Objective 

Flux (FSEOF) on metabolic models for identification of gene amplification target
224

. 

After accumulation of techniques and knowledge for engineering on pathway and cell 

metabolism and further optimization of fermentation and media conditions, the 

lycopene production yield has reached 32 mg/ g DCW and 1.35 g/L.
225

 E. coli was 

also further similarly harnessed and engineered for heterologous productions of other 

lycopene-derived carotenoids, like β-carotene with 2.47 g/L titer
226

, zeaxanthin with 

43.46 g/L titer
227

 and astaxanthin with 1.4 mg/g DCW yield.
228

 In addition, 

engineered E. coli was also reported to produce non-natural carotenoids like purple-

colored polyterpenoid C50-astaxanthin.
229

 

Since the first biosynthesis of lycopene and β-carotene in S. cerevisiae reported in 

1994
230

, which was also the first reported attempt of expression of multi-gene 

pathways in eukaryotic hosts
166

, non-carotenogenic yeasts are also the widely used 

host for heterologous productions of carotenoids. Besides S. cerevisiae, other 

attempted yeast host organisms are Candida utilis
231

, Pichia pastoris
232, 233

 and 

Yarrowia lipolytica.
234

 So far, lycopene yield has reached 55.56 mg/ g DCW in S. 

cerevisiae engineered through enzyme screenings for optimal combination of pathway 

components, gene expression fine-tunings, and evaluations of cell mating type 
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influences and distant genetic loci after fed-batch fermentation.
235

  

4.2 Shortcomings of native pathways for the synthesis of isoprenoid building 

blocks  

As described in the last section, there are numerous achievements of microbial 

synthesis of diverse isoprenoids through harnessing non-mevalonate and mevalonate 

pathways for supplying IPP and DMAPP isoprenoid building blocks especially 

mevalonate pathway. However, non-mevalonate pathway and mevalonate pathway 

are not efficient enough in either carbon or energy level, as seen in following 

equations of conversion of glucose to DMAPP/IPP by these two pathways: 

Non-mevalonate pathway: Glucose + 3 ATP + 2 NAD(P)H → DMAPP/IPP + CO2 

(The consumption of CTP and the generation of CMP and diphosphate are considered 

as consumption of two ATPs) 

Mevalonate pathway: 1.5 Glucose → DMAPP/IPP + 4 CO2 + 4 NAD(P)H 

Therefore, a novel DMAPP and IPP supply pathway with higher efficiency in energy 

or carbon level than natural non-mevalonate or mevalonate pathways is desirable to 

enhance the synthesis of isoprenoids, and the work described in this chapter focused 

on the retrosynthetic design
20

 and development of efficient de novo pathway for 

supplying DMAPP and IPP.  

4.3 General retrosynthetic design of novel pathways for supply of isoprenoid 

building blocks 

The building blocks of isoprenoid synthesis and the target products of pathways to 

design, IPP and DMAPP, contain five carbons, while the major building blocks of 



108 

 

metabolites, generated through fermentative and catabolic pathways, like acetyl-CoA 

and pyruvate, contain two or three carbons, less than the carbon number of IPP and 

DMAPP. That means, novel supply pathways of IPP and DMAPP requires carbon-

carbon bond forming/condensation reactions
49, 236

 such as Claisen condensations, 

acyloin condensations and aldol condensations. Also, IPP and DMAPP are 

diphosphates, while major metabolite building blocks mentioned above does not 

contain phosphate groups, so the de novo pathways for design should contain double 

phosphorylation steps to generate diphosphate. Mevalonate pathway involves the 

double phosphorylation of an alcohol, mevalonate, to synthesize IPP and DMAPP. It 

indicates that the novel IPP and DMAPP supply could follow the mevalonate pathway 

to generate a counterpart or relevant alcohol of IPP or DMAPP, whose carbon number 

can be five same as IPP/DMAPP or six same as mevalonate, as an intermediate and 

utilize double phosphorylation of this alcohol.  

Based on the above retrosynthetic brainstorming processes, the general design of 

novel pathways to supply IPP and DMAPP is as following (Fig. 4.9): it uses central 

metabolites acetyl-CoA or pyruvate as the initial substrate, and condensation reactions 

between them and subsequent reactions generate a C5 or C6 alcohol, which is a 

counterpart or relative to IPP or DMAPP. Then, this alcohol enters through two 

repeated phosphorylations and/or further derivatization reactions to generate 

diphosphates IPP and DMAPP. It would also be better to involve isopentenyl 

diphosphate isomerase to interconvert between IPP and DMAPP in novel pathways. 

As long as the resulting designed pathway has better carbon or energy efficiency than 

mevalonate or non-mevalonate pathways, this pathway can be proposed and analyzed 

for possible realizations. 
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Figure 4.9 General design of novel isoprenoid building block supply pathways. 

4.4 A novel pathway to supply of isoprenoid building blocks by exploiting 

efficient carbon elongation through non-decarboxylative Claisen condensation 

reactions  

The novel carbon-elongation platform described in Chapter 3 with achievements of 
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productions of various compounds starts from a non-decarboxylative Claisen 

condensation and is able to produce alcohols through termination by suitable acyl-

CoA reductases and/or alcohol dehydrogenases. Moreover, this platform is carbon and 

energy efficient. Therefore, theoretically, this platform could be a desirable basis for 

the development of the novel supply pathway of IPP and DMAPP with higher 

efficiency than natural mevalonate or non-mevalonate pathways. 

As described in Chapter 3, there is one demonstrated platform consisting of the 

following steps: non-decarboxylative Claisen condensation between extender unit 

propionyl-CoA and primer acetyl-CoA by thiolase such as FadAx from P. putida, 

generating 2-methylacetoacetyl-CoA; reduction of 2-methylacetoacetyl-CoA to 3-

hydroxy-2-methylbutyryl-CoA by hydroxyacyl-CoA dehydrogenase (HACDH) like 

FadB2x from P. putida; dehydration of 3-hydroxy-2-methylbutyryl-CoA by enoyl-

CoA hydratase (ECH) like FadB1x from P. putida, generating 2-methyl-2-butenoyl-

CoA namely tiglyl-CoA. If there were a mutase that is able to transfer only the methyl 

group on tiglyl-CoA from α-site to β-site, it would convert tiglyl-CoA to 3-methyl-2-

butenoyl-CoA. Suitable acyl-CoA reductases and/or alcohol dehydrogenases could 

convert 3-methyl-2-butenoyl-CoA to 3-methyl-2-butenol namely prenol, the 

dephosphorylated alcohol form of DMAPP. Isopentenyl phosphate kinases from E. 

coli
237

, Thermoplasma acidophilum
238

, Methanothermobacter thermautotrophicus
238

 

and Methanocaldococcus jannaschii
238

 were found to have detectable activities on 

phosphorylation of prenol to dimethylallyl phosphate (DMAP), and some of them 

from Thermoplasma acidophilum
239

 and Methanothermobacter thermautotrophicus
239

 

were found to be also able to phosphorylate DMAP to DMAPP. DMAPP is then 

reversibly isomerized to IPP by isopentenyl diphosphate isomerase. There is even a 
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report of utilizing isopentenyl phosphate kinase from Thermoplasma acidophilum 

with mutations for improved phosphorylation activity to synthesize isoprenoid like β-

carotene from supplemented exogenous prenol in E. coli.
238

 Thus, if utilizing these 

kinases after alcohol-forming termination and methyl group-transferring 

isomeraization, the carbon and energy efficient carbon-elongation platform accepting 

propionyl-CoA as the extender unit and acetyl-CoA as the primer could be employed 

to supply isoprenoid building block IPP and DMAPP (Fig. 4.10).  

 

Figure 4.10 Proposed de novo synthesis of pathway of DMAPP/IPP utilizing 

carbon-elongation platform through non-decaboxylative Claisen condensation 

and methyl group transferring mutase. 

If propionyl-CoA is assumed to be supplied from succinate via succinyl-CoA and 
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methylmalonyl-CoA and succinate is supplied through wild-type mixed-acid 

fermentation, the balance of IPP and DMAPP synthesis through this novel pathway 

with glucose as carbon source is as below: 

Glucose + 2 NAD(P)H + 2 ATP → DMAPP/IPP + CO2 

This pathway has same carbon efficiency, and higher energy efficiency than the MEP 

pathway, and more carbon-efficient than the MVA pathway.  

If the supply pathway of succinate, the precursor of propionyl-CoA, utilizes ATP-

producing phosphoenolpyruvate (PEP) carboxykinase
240

 instead of used PEP 

carboxylase in wild-type pathway, the balance of the novel DMAPP/IPP synthesis 

pathway is 

Glucose + 2 NAD(P)H + ATP → DMAPP/IPP + CO2 

Thus, if PEP carboxykinase is used for supply of extender unit propionyl-CoA, the 

designed pathway would be more energy efficient. 

Supply of every building block DMAPP and IPP for native isoprenoid carbon chain 

elongation through the above novel pathway requires two or one ATP energy 

consumptions, depending on whether synthetic PEP carboxykinase reaction is utilized 

or not, so energy consumption is still high if the final isoprenoid product has long 

carbon-chain. The iterative operation of the novel carbon-elongation platform 

utilizing non-decarboxylaive Claisen condensation mechanism with 3-methyl-2-

butenoyl-CoA as the initial primer could bypass the native isoprenoid carbon-chain 

elongation and multiple times of double phosphorylation for supply of DMAPP and 

IPP and requires only one time of double phosphorylation at final step, further 
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conserving the ATP energy (Fig. 4.11). First, one round of carbon elongation 

consisting of suitable thiolases, HACDHs, ECHs and ECRs starting non-

decarboxylative Claisen condensation between primer 3-methyl-2-butenoyl-CoA and 

extender unit acetyl-CoA generates 5-methyl-4-hexenoyl-CoA. Then, with propionyl-

CoA as the extender unit, 5-methyl-4-hexenoyl-CoA serves as the primer of next 

round of carbon elongation platform catalyzed by appropriate thiolases, HACDHs and 

ECHs. This second round of carbon elongation yields 2,7-dimethyl-2,6-octadienoyl-

CoA. The mutase able to transfer the methyl group from α-site to β-site could convert 

2,7-dimethyl-2,6-octadienoyl-CoA to 3,7-dimethyl-2,6-octadienoyl-CoA namely 

geranyl-CoA, the C10 isoprenoid CoA thioester. Then, starting from geranyl-CoA, 

iterative repeats of these two rounds of carbon elongation platform could generate 

longer isoprenoid CoA thioesters. Suitable ACRs and/or ADHs convert these 

isoprenoid CoA thioesters to isoprenoid alcohols. The double phosphorylation by 

kinase is only required to convert these isoprenoid alcohols to corresponding 

isoprenoid diphosphates, which is further converted to other isoprenoids.  
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Figure 4.11 Proposed de novo isoprenoid carbon chain elongation through non-

decarboxylative Claisen condensation mechanism and utilization of methyl 

group transferring mutase “n” means the number of isoprene units of final 

isoprenoid dipshophate. 

With C5n isoprenoid diphosphate with n isoprene units as the product, the equation of 
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its supply from glucose through this more ATP energy efficient pathway is 

n Glucose + 2n NAD(P)H + 2 ATP → C5n isoprenoid diphosphate + n CO2 (without 

usage of PEP carboxykinase) 

n Glucose + 2n NAD(P)H → C5n isoprenoid diphosphate + (n-2) ATP + n CO2 (with 

usage of PEP carboxykinase) 

If GPP is synthesized through native condensation between DMAPP and IPP, with 

DMAPP and IPP supplied through novel efficieint pathway, the equation is 

n Glucose + 2n NAD(P)H + 2 n ATP → C5n isoprenoid diphosphate + n CO2 (without 

usage of PEP carboxykinase) 

n Glucose + 2n NAD(P)H + n ATP → C5n isoprenoid diphosphate + n CO2 (with 

usage of PEP carboxykinase) 

These balances assert that novel isoprenoid carbon chain elongation through energy 

and carbon efficient carbon elongation platform utilizing non-decarboxylative Claisen 

condensation along with methyl group transferring mutase can further improve the 

energy efficiency of isoprenoid synthesis.  

However, there is one problem that prevents this proposed novel efficient supply 

pathway of DMAPP/IPP and isoprenoids from being practical. There are many 

mutases able to move a functional group from one carbon to adjacent carbon, like –

OH, -NH2, -COSCoA, -CH(NH2)COOH, and -C(=CH2)COOH
241, 242

, but the mutase 

able to merely migrate methyl group, which is required for this novel efficient 

pathway, has not been found yet. It does not appear feasuble to synthesize isoprenoids 

purely by the non-decarboxylative Claisen condensation mechanism-utilizing carbon 
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elongation platform without mutase because β-methylation in isoprenoid CoA 

thioesters bars the possibility of formation of β-keto group by Claisen condensation. 

Thus, though more effort for search of methyl group migrating mutases is still 

required, at the current stage, it is almost impossible to realize this proposed efficient 

supply pathway of DMAPP/IPP and isoprenoids utilizing non-decarboxylative 

Claisen condensation mechanism, and other strategies are needed to devise a practical 

de novo efficient DMAPP/IPP supply pathways.  

4.5 A novel pathway for the supply of isoprenoid building blocks that starts from 

decarboxylative acyloin condensation between two pyruvates and exploits partial 

valine biosynthesis pathway and dehydration of 2-hydroxyisovaleryl-CoA to 3-

methyl-2-butenoyl-CoA 

4.5.1 Pathway design and proposal 

Although no mutase that merely transfers methyl group has been found for the 

pathway proposed in the previous section, during the enzyme search, it was found that 

ketol-acid reductoisomerase catalyzes the methyl group migration from α-site to β-site 

of acetolactate along with the reduction of β-keto group to β-hydroxyl group, 

generating 2,3-dihydroxy-3-methylbutanoate, as part of valine synthesis pathway
243

 

(Fig. 4.12). If ketol-acid reductoisomerase could be engineered to remove the keto-

acid reductase activity, it would be the wanted mutase only moving methyl group. 

However, the reaction mechanism of ketol-acid reductisomerase indicates that it is 

impossible to modify it to become a pure methyl group moving mutase. The reaction 

of ketol-acid reductoisomerase is a combination of two reactions: acyloin 

rearrangement in which α-methyl group is attached to β-keto carbon accompanied 
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with conversions of β-keto group to β-hydroxyl group and α-hydroxy group to α-keto 

group, and the subsequent α-keto acid reduction
244-246

. The acyloin rearrangement 

analogous isomerase activity can be eliminated through mutations of ketol-acid 

reductoisomerase while the α-keto acid reductase activity cannot.
246

 Thus, the methyl-

group migration by ketol-acid reductoisomerase is not independent with keto-acid 

reduction and ketol-acid reductoisomerase cannot be modified to mutase for the use in 

DMAPP/IPP and isoprenoid synthesis by the novel carbon elongation pathway 

utilizing non-decarboxylative Claisen mechanism.  

 

Figure 4.12 Valine biosynthesis pathway. The reaction step of ketol-acid 

reductoisomerase is marked in red square. 

Nonetheless, valine biosynthesis pathway is still worthwhile to explore because it 

starts from decarboxylative acyloin condensation of two molecules of major 
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metabolite intermediates pyruvate to acetolactate, and valine has five carbons, same 

as DMAPP and IPP, so valine biosynthesis pathway has the potential to be applied for 

the development of novel DMAPP/IPP biosynthesis pathways. Also, several 

anaerobic Clostridia and Fusobacteria degrades some α-amino acids like alanine, 

glutamate, leucine, phenylalanine with involvement of dehydration of 2-hydroxyacyl-

CoA to enoyl-CoAs as described below.
247

 In these anaerobic bacteria, these amino 

acids are first converted to the corresponding 2-oxo acids through amino transfer or 

direct oxidization and the subsequent reduction converts these 2-oxo acids to 

corresponding 2-hydroxy acids (alanine: lactate; glutamate: 2-hydroxyglutarate; 

leucine: 2-hydroxyisocaproate; phenylalanine: phenyllactate). Then, CoA-transferases 

activate these 2-hydroxy acids to 2-hydroxyacyl-CoAs and oxygen-sensitive 2-

hydroxyacyl-CoA dehydratases remove the α-hydroxy groups of these 2-hydroxyacyl-

CoAs and generate corresponding enoyl-CoAs. Other amino acids can also generate 

2-oxo acids during catabolism in these anaerobic bacteria: dehydration of serine and 

H2S elimination at β-site of cysteine yields pyruvate; dehydration of threonine and 

methylmercaptane elimination of methionine yields 2-oxobutyrate. Pyruvate and 2-

oxobutyrate converted from these amino acids can also enter the above pathway 

yielding the corresponding enoyl-CoAs. If 2-oxo-3-methylbutanoate (2-

oxoisovalerate), which is the 2-oxoacid counterpart of valine and an intermediate of 

valine synthesis pathway generated through dehydration of 2,3-dihydroxy-3-

methylbutanoate by dihydroxy acid dehydratase
243, 248

, enters the analogous pathway 

involving dehydration of corresponding 2-hydroxyacyl-CoA, the supposed resultant 

enoyl-CoA is 3-methyl-2-butenoyl-CoA, which can be then converted to prenol by 

appropriate acyl-CoA redcutases and/or alcohol dehydrogenases. Thus, the integration 
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of partial valine synthesis pathway and mechanism of 2-hydroxyacyl-CoA 

dehydration from amino acid degradation pathway in anaerobic bacteria can yield 3-

methyl-2-butenoyl-CoA, which can be converted to DMAPP via prenol by subsequent 

reductions and double phosphorylation, forming another proposed supply pathway of 

DMAPP and IPP. 

This pathway can be divided into three parts: upstream pathway, midstream pathway 

and downstream pathway (Fig. 4.13). The upstream pathway (Fig. 4.13a) is the 

supply pathway of 2-hydroxy acid intermediate 2-hydroxyisovalerate. It starts from 

decarboxylative acyloin condensation of two pyruvates to acetolactate by acetolactate 

synthase, and ketol-acid reductoisomerase then converts acetolactate to 2,3-

dihydroxy-3-methylbutanoate. Dihydroxy acid dehydratase dehydrates 2,3-dihydroxy-

3-methylbutanoate, yielding 2-oxoisovalerate, which is then reduced to 2-

hydoxyisovalerate by 2-hydroxyacid dehydrogenase. The midstream pathway (Fig. 

4.13b) is the conversion of 2-hydroxyisovalerate to prenol involving 2-hydroxyacyl-

CoA dehydration. 2-hydroxyisovalerate is first activated to 2-hydroxyisovaleryl-CoA 

by CoA-transferase with acetyl-CoA as the usual CoA donor, and 2-hydroxyacyl-CoA 

dehydratase then dehydrates 2-hydroxyisovaleryl-CoA to 3-methyl-2-butenoyl-CoA. 

Acyl-CoA reductase and/or alcohol dehydrogenase reduce 3-methyl-2-butenoyl-CoA 

to prenol. The downstream pathway (Fig. 4.13c) is the double phosphorylation of 

prenol to DMAPP by suitable kinases followed by reversible isomerization of 

DMAPP to IPP by isopentenyl diphosphate isomerase along with subsequent 

isoprenoid synthesis. 
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Figure 4.13 Three sub-pathways of the proposed novel DMAPP/IPP supply 

pathway recruiting partial valine biosynthesis pathway and dehydration of 2-

hydroxyisovaleryl-CoA to 3-methyl-2-butenoyl-CoA. This pathway is divided into 

three parts: a). upstream pathway; b). midstream pathway; c). downstream pathway. 

If the CoA donor for activation of 2-hydroxyisovalerate to 2-hydroxyisovaleryl-CoA, 

acetyl-CoA, is assumed to be recycled from acetate by reactions of phosphate 

acetyltransferase and acetate kinase with one consumption of ATP
128, 129

, the balance 

of DMAPP/IPP supply from glucose through this proposed pathway is 

Glucose + 2 NAD(P)H + 2 ATP → DMAPP/IPP + CO2 

If acetyl-CoA is recycled from acetate through ATP-neutral reverse reactions of 

alcohol dehydrogenase and aldehyde forming acyl-CoA reductase
129

, one ATP is 

conserved, and the balance would be 
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Glucose + 2 NAD(P)H + ATP → DMAPP/IPP + CO2 

The balances are same as the currently unrealizable pathway of DMAPP/IPP supply 

involving carbon-elongation through non-decarboxylative Claisen condensation 

mechanism and methyl-group migrating mutase described in the last section. This 

pathway is more carbon efficient than native mevalonate pathway, and more energy 

efficient than native MEP and MVA pathways. Thus, the investigation on the 

realization of this proposed pathway is worthwhile and was initiated with E. coli as 

the host organism.  

4.5.2 Construction of the upstream pathway and its demonstration for 2-

hydroxyisovalerate biosynthesis 

The first work in constructing this novel pathway was to begin with the 

implementation of the upstream pathway, namely the 2-hydroxyisovalerate 

biosynthesis. E. coli has its own valine synthesis pathway, so E. coli ketol-acid 

reductisomerase and dihydroxyacid dehydratase, IlvC
244

 and IlvD
248, 249

, were chosen 

for their convenient acquisitions from E. coli genome without the need of codon-

optimization. For acetolactate synthase, Bacillus subtilis enzyme AlsS, instead of E. 

coli native IlvIH, was selected for overexpression because AlsS is reported to have 

higher specificity towards condensation of pyruvates than IlvIH
250

 and its replacement 

with IlvIH is reported to improve the production of isobutanol, a compound derived 

from 2-oxoisovalerate by α-keto acid decarboxylase and alcohol dehydrogenase.
251

 

Lactococcus lactis 2-hydroxyacid dehydrogenase is reported to able to reduce 2-

oxoisovalerate to 2-hydroxyisovalerate
252

,so it was also selected. The plasmid pET-

P1-ilvC-ilvD-P2-alsS-panE constructed from pETDuet-1 vector expressed these 
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enzymes. As a result, MG1655(DE3) pET-P1-ilvC-ilvD-P2-alsS-panE showed the 

production of 2-hydroxyisovalerate with high titer (7.07 ± 0.11 g/L, Fig. 4.14a) after 

37 °C, 48 hour microaerobic fermentation in LB-like MOPS with 20 g/L glycerol and 

5 μM IPTG, indicating high enzymatic activities of the upstream pathway. The 

glycerol consumption amount of this strain was 17.23 ± 0.09 g/L (Fig. 4.14b) Small 

titer of acetoin (0.43 ± 0.08 g/L, Fig. 4.14c), which is derived from intermediate 

acetolactate by spontaneous or endogenous enzymatic decarboxylation, was also 

detected. When supplementing 40 g/L of glucose instead of 20 g/L glycerol, the titer 

of 2-hydroxyisovalerate was dropped to 2.99 ± 0.20 g/L and the titer of acetoin was 

increased to 3.06 ± 0.08 g/L. It was found that the lactate titer, which was not detected 

when glycerol was the carbon source, was very high (9.28 ± 0.45 g/L, Fig 4.14c). 

Synthesis of lactate and 2-hydroxyisovalerate from glucose are both redox balanced: 

Glucose → 2 Lactate + 2 ATP 

Glucose → 2-hydroxyisovalerate + 2 ATP + CO2 

Also, AcrAB, CsrAB and Mlc regulation systems increase the expression of lactate 

dehydrogenase, which reduces pyruvate to synthesize lactate, under lower pH and 

sugar fermentation at anaerobic conditions.
253

 When using glucose as carbon source, 

the pH tends to be lower than using glycerol, and though microaerobic fermentation is 

not totally anaerobic, the oxygen supply is limited. Thus, in microaerobic 

fermentations with glucose as carbon source, lactate dehydrogenase expression would 

be higher and the flux of lactate synthesis would outcompete the flux of upstream 

pathway, resulting in high lactate titer and lower 2-hydroxyisovalerate titer. 

Production of acetoin from glucose (Glucose → Acetoin + 2 NAD(P)H+ 2 ATP + 2 
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CO2) has NAD(P)H surplus, so it can balance the NAD(P)H consuming productions 

of ethanol and succinate, which both have ~ 2 g/L of titers (Fig. 4.14c), and the 

acetoin titer became higher. Since the 2-hydroxyisovalerate production from glucose 

is redox balanced, it should not require other mixed-acid fermentation pathways for 

balance, and the mixed-acid fermentations are unwanted competing pathways or 

interfering factor of 2-hydroxyisovalerate production. To focus more flux to the 

upstream pathway, mixed-acid fermentation deficient JC01(DE3) and JST06(DE3) 

served as the host strain in next round of glucose fermentation tests. As a result, 

JC01(DE3) pET-P1-ilvC-ilvD-P2-alsS-panE produced 8.10 ± 0.14 g/L of 2-

hydroxyisovalerate with 19.2 ± 0.3 g/L consumption of glucose and JST06(DE3) 

pET-P1-ilvC-ilvD-P2-alsS-panE produced 8.46 ± 0.18 g/L of 2-hydroxyisovalerate 

with 17.4 ± 0.6 g/L glucose consumption after fermentations under same conditions, 

proving that deficiency of mixed-acid fermentation is beneficial for 2-

hydroxyisovalerate production from glucose. These strains both had only ~1 g/L of 

acetoin production for both strains after the growth. JC01(DE3) and JST06(DE3) 

pET-P1-ilvC-ilvD-P2-alsS-panE strains only produced ~ 2 g/L 2-hydroxyisovalerate 

and ~ 1g/L of acetoin when using glycerol as carbon source. The production of 2-

hydroxyisovalerate from glycerol is with NAD(P)H surplus, so it is not surprising its 

titer is lower when using glycerol without mixed-acid fermentation for redox 

balancing or to drive the flux of glycolysis. To sum up, the upstream pathway 

composed of AlsS, IlvC, IlvD and PanE is very effective and its high flux could 

increase the possibility of achieving DMAPP and IPP synthesis through the proposed 

novel pathway.  
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Figure 4.14 Results of in vivo demonstration of upstream pathway from different 

strains with usage of different carbon sources. a). The titers of 2-

hydroxyisovalerate; b). The consumptions of carbon sources; c). The titers of other 

byproducts. The fermentation was performed microaerobically under 37 °C for 48 

hours in 20 mL LB-like MOPS media with 20 g/L glycerol and inductions by 5 μM 

IPTG. 
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4.5.3 Construction of midstream pathway 

The first test on the midstream pathway was to characterize the activity of acyl-CoA 

reductases on 3-methyl-2-butenoyl-CoA through in vitro enzymatic assay. Two 

enzymes were tested: aldehyde-forming cbjALD
120

 from Clostridium beijerinckii and 

alcohol-forming Maqu_2507
118

 from Marinobacter aquaeolei. As a result (Table 4.1), 

the reduction activity of cbjALD was not detected when 3-methyl-2-butenoyl-CoA 

concentration was 1 mM but when the substrate concentration was increased to 5 mM, 

0.008 μmol/mg/min activity of cbjALD was detected. For Maqu_2507, usage of 1 

mM 3-methyl-2-butenoyl-CoA was enough to lead to detectable in vitro activity of 

0.08 ± 0.01 μmol/mg/min. It seems that in vitro affinity and activity on 3-methyl-2-

butenoyl-CoA is higher for Maqu_2507 than cbjALD. Besides these two acyl-CoA 

reductases, there is a previous report proving the in vitro reduction activity of alcohol-

forming acyl-CoA reductase AdhE2 from Clostridium acetobutylicum on 3-methyl-2-

butenoyl-CoA.
254

 Therefore, cbjALD, Maqu_2507 and AdhE2 can be the candidates 

of acyl-CoA reductases for conversion of 3-methyl-2-butenoyl-CoA to prenol.  

Table 4.1 Measured in vitro specific activities of different acyl-CoA reductases on 

3-methyl-2-butenoyl-CoA 

Enzyme Substrate concentration (mM) Specific activity 

(µmol/mg protein/min) 

cbjALD 1 N.D.
a 

cbjALD 5 0.008 

Maqu_2507 1 0.08 ± 0.01 
Note: a. “N.D.” means “not detected”.

 

 

CbjALD is an aldehyde-forming acyl-CoA reductase, so it would be better to 

overexpress it along with a suitable alcohol dehydrogenase to further improve the flux 

of prenol supply from 3-methyl-2-butenoyl-CoA. Thus, the second test on the 
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midstream pathway was the in vitro characterization of alcohol dehydrogenases. As 3-

methyl-2-butenal, the aldehyde product of reduction of 3-methyl-2-butenoyl-CoA, is 

not as easily commercially available as prenol, this assay measured the activities on 

reverse oxidization of prenol. Alcohol dehydrogenase reactions are usually reversible, 

so the alcohol dehydrogenases able to oxidize prenol should also able to reduce 3-

methyl-2-butenal. The tested alcohol dehydogenases were: YjgB
255

, YahK
255

, YqhD
256, 

257
, FucO

258
 and YiaY

259
 from E. coli, and ChnD from Acinetobacter sp. strain 

SE19
134

. Among them, YjgB, YahK and ChnD were detected with the in vitro activity 

of oxidization of prenol, as shown in Table 4.2, so they should also be able to reduce 

3-methyl-2-butenal to prenol and they were selected as candidates of alcohol 

dehydrogenase serving as the companion of acyl-CoA reductase cbjALD. 

Table 4.2 Measured in vitro specific activities of different alcohol dehydrogenases 

on oxidization of prenol. 

Enzyme (cofactor) 
Specific activity 

(μmol/mg protein/min) 

FucO (NAD
+

) N.D. 

YqhD (NADP
+

) N.D. 

YjgB (NADP
+

) 0.30 ± 0.03 

YahK (NADP
+

) 0.167 ± 0.005 

YiaY (NAD
+

) N.D. 

ChnD (NAD
+

) 0.123 ± 0.007 
Note: a. “N.D.” means “not detected”. 

 

The in vitro activities of CoA-transferases on activation of 2-hydroxyisovalerate to 2-

hydroxyisovaleryl-CoA was also tested. The two assayed enzymes were tested: Pct
101, 

111, 260
, a CoA-tansferase from Megasphaera elsdenii and Pct540

111, 261
, a CoA-

transferase from Clostridium propionicum with a V193A mutation for improved 

expression in E. coli. These two enzymes both use acetyl-CoA as the CoA donor. As a 
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result (Fig. 4.15), though the affinity was not high as that on their native substrate 

propionic acid, both enzymes were shown to be able to activate 2-hydroxyisovalerate, 

especially under 10 mM 2-hydroxyisovalerate concentration, and the in vitro activity 

of Pct seemed to be higher. The activities on 3-methylcrotonic acid, the acid 

counterpart of 3-methyl-2-butenoyl-CoA were also measured, but for both enzymes 

they seemed to be much smaller than those on 2-hydroxyisovalerate and not high 

enough to undermine the flux of prenol production. Thus, Pct and Pct540 should be 

good activation enzymes to be used for the midstream pathway.  

 

Figure 4.15 Results of in vitro assay of CoA-transferases Pct and Pct540 on 

activations different substrates 

4.5.4 Establishment of the downstream pathway 

For the downstream pathway, isopentenyl phosphate kinases from E. coli, 

Thermoplasma acidophilum and Methanothermobacter thermautotrophicus 

mentioned in the last section can be used as kinases for double phosphorylation of 

prenol to DMAPP. E. coli has its own isopentenyl diphosphate isomerase Idi with 

adequate activities
262

, so it could be used in the downstream pathway.  
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4.5.5 In vivo tests on 2-hydroxyacyl-CoA dehydratase for dehydration of 2-

hydroxyisovaleryl-CoA 

After series of tests, in this proposed pathway, only reaction that had not been 

reported or proven through in vitro tests was the dehydration of 2-hydroxyisovaleryl-

CoA by 2-hydroxyacyl-CoA dehydratase in the midstream pathway. Because 2-

hydroxyisovaleryl-CoA is not commercially available and the in vitro assay of 

oxygen-sensitive 2-hydroxyacyl-CoA dehydratase needs to be performed in anaerobic 

chamber, which is hard to operate, the tests of 2-hydroxyacyl-CoA dehydratase on 2-

hydroxyisovaleryl-CoA went straight to in vivo. JST06(DE3) pET-P1-ilvC-ilvD-P2-

alsS-panE with additional overexpression of Pct540 was the basis host strain as it has 

very high titer of 2-hydroxyisovalerate when using glucose as carbon source and 

could supply sufficient amount of 2-hydroxyisovaleryl-CoA. 2-hydroxyisocaproyl-

CoA dehydratase HadIBC (HadB and HadC are two subunits of dehydratase, and 

HadI is the activator) from Clostridium difficile
263

 was selected as the candidate due 

to two reasons: first, 2-hydroxyisocaproyl-CoA is only one carbon longer than 2-

hydroxyisovaleryl-CoA and their structures are similar; second, microaerobic 

condition was proven to be enough to maintain its effective in vivo operation when 

expressed in E. coli
264

. The overexpression of enoyl-CoA specific thioesterase YdiI 

from E. coli
33, 98

 was also added for hydrolysis of the supposed dehydration product 3-

methyl-2-butenoyl-CoA to detectable compound 3-methyl-2-butenoic acid (3-

methylcrotonic acid). If HadIBC is able to dehydrate 2-hydroxyisovaleryl-CoA 

activated from 2-hydroxyisovalerate by Pct540, the resultant strain would produce 3-

methylcrotonic acid after microaerobic or anoxic or anaerobic fermentation with 

glucose as carbon source. For unknown reasons, the expressions of hadI, hadB and 
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hadC genes together from one Duet vector were found to be lethal for E. coli host, so 

hadI and hadB+hadC genes were expressed from two separate vectors or together 

from pZS vector, which has smaller copy number and tighter control than Duet 

vectors. Strains with different plasmid combinations as shown in Table 4.3 were 

tested under microaerobic, anoxic and anaerobic conditions. 

Table 4.3 List of different plasmid combinations for in vivo test of 2-hydroxyacyl-

CoA dehydratase HadIBC on 2-hydroxyisovaleryl-CoA 

Host strain Plasmid 1 Plasmid 2 Plasmid 3 

JST06(DE3) 
pET-P1-ilvC-ilvD-P2-

alsS-panE 
pCDF-P2-ydiI-pct540 pZS-hadI-hadB-hadC 

JST06(DE3) 
pET-P1-ilvC-ilvD-P2-

alsS-panE 

pCDF-P1-hadB-hadC-

P2-ydiI-pct540 
pZS-hadI 

JST06(DE3) 
pET-P1-ilvC-ilvD-hadI-

P2-alsS-panE 

pCDF-P1-hadB-hadC-

P2-ydiI-pct540  

 

However, none of these strains showed the production of 3-methylcrotonic acid under 

any of the fermentation conditions tested, and their major products remained 2-

hydroxyisovaleric acid and acetoin, indicating that HadIBC were either not effective 

on 2-hydroxyisovaleryl-CoA or not well expressed. To obtain further knowledge 

about 2-hydroxyacyl-CoA dehydratases, more literature search was then performed on 

this enzyme. As a result, it was found that 2-hydroxyglutaryl-CoA dehydratase from 

Clostridium symbiosum is not active when the substrate 2-hydroxyglutaryl-CoA is β-

methylated, according to a previous report.
265

 Furthermore, for amino acids with β-

methylation, like valine and isoleucine, no degradation pathway involving 

dehydration of 2-hydroxyacyl-CoA like leucine and glutamate has been found in 

nature.
247

 It seems that 2-hydroxyacyl-CoA could not dehydrate β-methylated 2-

hydroxyacyl-CoA including 2-hydroxy-3-methylbutanoyl-CoA, namely 2-

hydroxyisovaleryl-CoA. The mechanism of inactivation by substrate β-methylation is 
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unknown, but might be due to spatial interference of interaction between enzyme and 

substrate or obstruction of formation of ketyl radical or increase of substrate pK value 

by β-methyl group.  

To sum up, it seems that 2-hydroxyacyl-CoA cannot perform the required dehydration 

of 2-hdyroxyisovaleryl-CoA to 3-methyl-2-butenoyl-CoA and this proposed novel 

pathway is still not realizable, so other realizable novel DMAPP/IPP supply pathways 

needs to be designed.  

4.6 A novel pathway for the supply of isoprenoid building blocks that starts from 

decarboxylative acyloin condensation between two pyruvates and exploits partial 

leucine biosynthesis and degradation pathways for supply of 3-methyl-2-

butenoyl-CoA 

In above two unrealized proposed pathways, 3-methyl-2-butenoyl-CoA is an 

intermediate, and they both share the well-established and proven pathway of 

conversion of 3-methyl-2-butenoyl-CoA to DMAPP and IPP via prenol. It seems that 

if there is a proven pathway for synthesis of 3-methyl-2-butenoyl-CoA, its 

combination with the pathway that converts 3-methyl-2-butenoyl-CoA to DMAPP 

and IPP could be a realizable novel DMAPP/IPP supply pathway.  

In nature, 3-methyl-2-butenoyl-CoA is present in many bacteria
266

, plants
267

, fungi
268

 

and mammals including human
269

 as an intermediate of leucine catabolism pathway. 

In this pathway, leucine is converted to 2-oxoisocaproate by aminotransferase, and 

branched α-keto acid dehydrogenase complex converts 2-oxoisocaproate to 

isovaleryl-CoA. Acyl-CoA dehydrogenase then converts isovaleryl-CoA to 3-methyl-

2-butenoyl-CoA. 2-oxoisocaproate is also an intermediate of native leucine 
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biosynthesis pathway in which 2-oxoisocaproate is synthesized through one cycle of 

α-keto acid one-carbon elongation
270, 271

 from 2-oxoisovalerate, an intermediate of 

valine biosynthesis pathway starting from decarboxylative acyloin condensation 

between two pyruvates as described in the last section.  

Thus, the combined pathway composed of partial leucine biosynthesis pathway to 

supply 2-oxoisocaproate and the partial leucine catabolic pathway to convert 2-

oxoisocaproate to 3-methyl-2-butenoyl-CoA both exists nature, along with the well-

established pathway of conversion of 3-methyl-2-butenoyl-CoA to DMAPP and IPP 

via prenol could be a novel viable biosynthetic route for the production of 

DMAPP/IPP (Fig. 4.16).  
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Figure 4.16 Proposed de novo pathway of DMAPP/IPP supply recruiting partial 

leucine biosynthesis and degradation pathways for supply of 3-methyl-2-

butenoyl-CoA 

The equation of DMAPP and IPP synthesis from glucose through this pathway is  
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1.5 Glucose → DMAPP/IPP + 4 CO2 + 4 NAD(P)H + ATP 

Though the carbon yield of this pathway is lower than that of the native MEP pathway 

and above proposed pathways, it has higher energy efficiency than the MEP and the 

MVA pathways and same carbon yield as the MVA pathway. Therefore, this novel 

and realizable pathway is still a more efficient pathway and worthwhile to investigate. 

However, there are some obstacles for demonstration of this pathway. This pathway is 

composed of 13 enzymatic reactions (alcohol dehydrogenase included) and some 

enzymes have multi-subunits, like isopropylmalate isomerase consisting of two 

subunits and branched α-keto acid dehydrogenase complex consisting of four subunits. 

Moreover, overexpression of branched α-keto acid dehydrogenase in E. coli requires 

extra lipoylation to avoid depletion of endogenous lipoylation for essential pyruvate 

dehydrogenase and 2-oxoglutarate dehydrogenase reactions.
272

 The extra lipoylation 

demands more overexpression of enzymes: overexpression of lipoate-protein ligase A 

LplA accompanied with extracellular supplementation of lipoic acid, or 

overexpressions of lipoyl(octanoyl) transferase LipB and lipoyl synthase LipA. 

According to previous report, co-overexpression of seven iron-sulfur-cluster 

chaperones are also needed for sufficient expression of LipA.
272

 To sum up, 

demonstration of this pathway requires overexpression of 18 or more genes. 

Overexpression of such large number of genes can increase the complexity and 

difficulty for troubleshooting and fine-tuning of performance of the pathway and can 

cause huge metabolic burden for E. coli host strain. Moreover, as described above, 

partial leucine biosynthesis and degradation pathways exist in many organisms, so 

substrates, intermediates and enzymatic expressions of parts of this pathway can be 
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easily interacted by native metabolism and regulatory systems of most host organisms, 

further complicating the control and performance improvement of this pathway.
17

 In 

addition, in a limited time slot for research, it is too hard to achieve the assembly and 

demonstration of this long and complex pathway. Therefore, though this proposed 

pathway still can be pursued in future researches, its construction and demonstration 

were put on hold and the quest and design for other novel DMAPP/IPP supply 

pathways were continued.   

4.7 A novel pathway for the supply of isoprenoid building blocks that starts from 

non-decarboxylative Claisen condensation between two acetyl-CoAs and exploits 

partial Myxobacteria isovaleryl-CoA synthesis pathway for supply of 3-methyl-

2-butenoyl-CoA 

4.7.1 Pathway design and proposal 

3-methyl-2-butenoyl-CoA is an intermediate of biosynthesis pathway of isovaleryl-

CoA in Myxobacteria like Myxococcus xanthus.
273

 The first two steps of this 

isovaleryl-CoA synthesis pathway are same as mevalonate pathway: non-

decarboxylative Claisen condensation between two acetyl-CoAs by thiolase and non-

decarboxylative Claisen condensation between the first condensation product 

acetoacetyl-CoA and the third acetyl-CoA by HMG-CoA synthase. Then, the 

condensation product HMG-CoA is dehydrated to 3-methylglutaconyl-CoA by enoyl-

CoA hydratase instead of being reduced to mevalonate as in the MVA pathway. 

Myxobacteria glutaconyl-CoA decarboxylase removes the ω-carboxyl group of 3-

methylglutaconyl-CoA and yields 3-methyl-2-butenoyl-CoA, which is then reduced to 

isovaleryl-CoA by enoyl-CoA reductase. The combination of this Myxobacteria 3-
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methyl-2-butenoyl-CoA synthesis pathway with the pathway converting 3-methyl-2-

butenoyl-CoA to DMAPP and IPP via prenol would form another de novo supply 

pathway of isoprenoid building blocks DMAPP/IPP. The total balance with glucose as 

carbon source of this pathway is 

1.5 Glucose → DMAPP/IPP + 4 CO2 + 4 NAD(P)H + ATP 

This pathway is still less carbon efficient than the MEP pathway and similary to the 

mevalonate pathway, however it’s carbon efficiency is higher than the native 

mevalonate and MEP pathways. It is very similar as mevalonate pathway, but 

compared to the ATP-consuming mevalonate diphosphate decarboxylation step in 

mevalonate pathway, the decarboxylation of 3-methylglutaconyl-CoA of this pathway 

does not consume ATP, saving one more ATP than mevalonate pathway and resulting 

in higher energy efficiency. This novel DMAPP/IPP pathway has only eight 

enzymatic steps encoded by nine genes (Myxobacteria glutaconyl-CoA decarboxylase 

has two different subunits), which is much simpler than the pathway employing native 

3-methyl-2-butenoyl-CoA synthesis pathway from most other organisms. Due to 

simpler assembly, demonstration and control of this pathway, the subsequent research 

focused on this pathway. This de novo pathway is divided into two parts: upper prenol 

pathway which supplies prenol and is composed of the Myxobacteria 3-methyl-2-

butenoyl-CoA synthesis pathway and reduction of 3-methyl-2-butenoyl-CoA to 

prenol by acyl-CoA reductase and/or alcohol dehydrogenase, and lower prenol 

pathway which consists of double phosphorylation of prenol to DMAPP by 

appropriate kinases, isomerization of DMAPP to IPP and subsequent isoprenoid 

synthesis (Fig. 4.17). The upper prenol pathway was expressed and tested first with 
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E.coli as the host.  

 

Figure 4.17 Proposed de novo pathway for DMAPP/IPP supply recruiting partial 

Myxobacteria isovaleryl-CoA synthesis pathway for the supply of 3-methyl-2-

butenoyl-CoA 
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4.7.2 In vivo demonstration of upper prenol pathway and efficient prenol 

biosynthesis in E. coli 

The upper prenol pathway was tested in vivo. During the construction, E. coli thiolase 

AtoB was selected because it has strict specificity on acetoacetyl-CoA and it is proven 

to be able to perform reverse condensation reaction
33, 274, 275

. For HMG-CoA synthase, 

Staphylococcus aureus enzyme HMGS
276

 was chosen as the use of this enzyme along 

with HMG-CoA reductase from S. aureus could lead to better isoprenoid production 

like amorpha-4,11-diene than commonly used S. cerevisiae enzymes.
198

 Enoyl-CoA 

hydratase LiuC and glutaconyl-CoA decarboxylase AibAB, which are from the 3-

methyl-2-butenoyl-CoA synthesis pathway of Myxococcus xanthus
273

, were also 

utilized. AdhE2, cbjALD and Maqu_2507, whose 3-methyl-2-butenoyl-CoA 

reduction activities have been proven in vitro, were the candidates of acyl-CoA 

reductase for in vivo test of upper prenol pathway, and endogenous alcohol 

dehydrogenase without overexpression was used in the first round of test. JST06(DE3) 

atoB
CT5

 ΔfadB served as the host strain. This strain is deficient with mixed-acid 

fermentation to maximize the supply of initial substrate acetyl-CoA, and is with 

deletions of major endogenous thioesterases to minimize the unwanted hydrolysis of 

acyl-CoA intermediates of the pathway. The knock-out of fadB gene blocked the 

competing reduction of acetoacetyl-CoA by endogenous hydroxyacyl-CoA 

dehydrogenase FadB. AtoB was overexpressed from genome with tightly regulated 

and independent induction by cumate instead of IPTG as in plasmids through 

synthetic p
CT5

 promoter and CymR repressor.
277

 

First, except AtoB, upper prenol pathway was expressed from two vectors. pCDF-P1-
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HMGS-P2-liuC expresses genes encoding HMGS and LiuC while pET-P1-aibA-

aibB-P2-adhE2/cbjALD/maqu_2507 expresses genes encoding AibAB and acyl-CoA 

reductases. As a result, after 48 hour, 37 °C microaerobic fermentation in LB-like 

MOPS media with 20 g/L glycerol and inductions by 10 μM IPTG and 100 μM 

cumate, the strains overexpressing AdhE2 and cbjALD produced prenol with titers of 

270±26 mg/L and 190±7 mg/L respectively (Fig. 4.18), proving the effectiveness of 

the upper prenol pathway recruiting Myxobacteria 3-methyl-2-butenoyl-CoA 

synthesis pathway and in vivo activities of AdhE2 and cbjALD plus endogenous 

alcohol dehydrogenases for reduction of 3-methyl-2-butenoyl-CoA to prenol. 

Overexpression of Maqu_2507 did not lead to the production of prenol. It seems that 

Maqu_2507 may have undetectable in vivo activity on 3-methyl-2-butenoyl-CoA or 

suffer from expression problem.  

Then, the enzymes of the upper prenol pathway except AtoB were expressed from 

single plasmid, instead of a two-plasmid system, as an effort for improving the prenol 

production by reducing the metabolic burden. This also has the advantage of leaving 

vector space for subsequent expression of lower prenol pathway. Since the strain 

overexpressing Maqu_2507 did not produce detectable prenol in the first round of 

fermentations, this round of fermentations only tested AdhE2 and cbjALD. Vectors 

pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC and pCDF-P1-HMGS-aibA-aibB-P2-

liuC-adhE2 were constructed to for the expression of whole prenol pathway except 

AtoB. For pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC, after electroporation of this 

plasmid into host strain JST06(DE3) atoB
CT5

 ΔfadB, the resultant transformants 

exhibited two different sizes. Among them, plasmid recombination occurred in bigger 

colonies and was detrimental for prenol production, while the plasmid was stable in 
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smaller colonies. To ensure plasmid stability and prenol production, only smaller 

transformants were collected and inoculated for fermentation. This problem was not 

observed in the case of pCDF-P1-HMGS-aibA-aibB-P2-liuC-adhE2. After 

microaerobic fermentations with similar conditions as in the initial tests except the 

extra addition of 55 g/L CaCO3 to buffer the pH (though relevant data not shown, 

addition of CaCO3 did not affect the prenol titer), JST06(DE3) atoB
CT5

 ΔfadB pCDF-

P1-HMGS-aibA-aibB-P2-liuC-adhE2 only produced 137±16 mg/L of prenol, while 

the same host strain harboring pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC 

produced 488±72 mg/L of prenol, higher than the titer under two-vector system (Fig. 

4.18). During the analysis of other metabolites, it was found that the ethanol titer of 

the strain utilizing AdhE2 (3.40±0.06 g/L) was much higher than that of the strain 

overexpressing cbjALD (0.36±0.07 g/L). This result matches with the previously 

reported result that overexpression of cbjALD leads to much smaller ethanol 

production than AdhE2 overexpression in E. coli.
121

 It seems that the cbjALD has less 

activity towards acetyl-CoA than AdhE2, and the higher expression level of AdhE2, 

which has alcohol dehydrogenase function, than endogenous E. coli alcohol 

dehydrogenases without overexpression could also be a reason of lower ethanol 

production in the strain overexpressing cbjALD. Reduction of conversion of acetyl-

CoA to ethanol conserves more acetyl-CoA for the upper prenol pathway, so usage of 

cbjALD seems to be more advantageous for the upper prenol pathway. Thus, in the 

subsequent tests, to ensure sufficient prenol synthesis, one-vector system utilizing 

cbjALD was used for expression of the upper prenol pathway. 

CbjALD is an aldehyde-forming acyl-CoA reductase without the alcohol 

dehydrogenase function, so endogenous alcohol dehydrogenases performed the 
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reduction of 3-methyl-2-butenal to prenol in above tests. To further improve the 

prenol production, additional overexpressions of alcohol dehydrogenases ChnD, YjgB 

and YahK with proven in vitro activity on reverse oxidization of prenol to 3-methyl-

2-butenal were tested in the next fermentations. The genes encoding these alcohol 

dehydrogenases were inserted after liuC gene in pCDF-P1-HMGS-aibA-aibB-P2-

cbjALD-liuC plasmids. Same as the plasmid without the gene encoding alcohol 

dehydrogenases, the colonies after electroporation of all these plasmids also exhibited 

two different sizes. Strains JST06(DE3) atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-

P2-cbjALD-liuC-yjgB and JST06(DE3) atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-

P2-cbjALD-liuC-chnD have no or less than 100 mg/L of prenol production and the 

plasmid recombination occurred during the fermentation no matter whether their 

electroporation transformants were small or big, indicating that the additional 

overexpressions of ChnD and YjgB increased the detrimental instability of the 

plasmid. On the contrary, the strain JST06(DE3) atoB
CT5

 ΔfadB pCDF-P1-HMGS-

aibA-aibB-P2-cbjALD-liuC-yahK did not show the plasmid instability in both bigger 

and smaller transformants and inoculations from colonies of both sizes led to similar 

~ 500 mg/L titer of prenol after microaerobic fermentations in LB-like MOPS with 

glycerol and CaCO3 under same conditions. After several more replicate 

fermentations of JST06(DE3) atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-P2-

cbjALD-liuC-yahK, the resultant average prenol titer was 477±72 mg/L (Fig. 4.18). It 

seems that addition of YahK overexpression did not improve the prenol titer, but it 

reduced the detrimental recombination of the plasmid for expression of the upper 

prenol pathway excluding AtoB, so it could still be beneficial for prenol production 

and subsequent test isoprenoid production through the novel pathway combined from 
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the upper and lower alcohol pathways.  

 

Figure 4.18 Titers of prenol from different strains with glycerol as carbon source. 

The fermentations were performed microaerobically under 37 °C for 48 hours in 20 

mL LB-like MOPS media with 20 g/L glycerol and inductions by 10 μM IPTG and 

100 μM cumate. 55 g/L CaCO3 was also added in one-vector system production. The 

results from strains with confirmed plasmid instability is not recorded here.  

Usage of glucose as carbon source instead of glycerol was also tested on JST06(DE3) 

atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC and JST06(DE3) 

atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC-yahK. However, after 

48 hour microaerobic fermentation in LB-like MOPS media with 40 g/L glucose and 

55 g/L CaCO3 under different temperatures (37 and 30 °C) and different IPTG 

induction concentrations (10 and 50 μM) along with 100 μM cumate induction, the 

titer of prenol was at most less than 300 mg/L, lower than that when using glycerol 

carbon source (Fig. 4.19). Thus, more fermentation optimization is required to further 

improve the prenol production from glucose through the upper prenol pathway.  
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Figure 4.19 Titers of prenol with glucose as carbon source. a). Titers under 37 °C; 

b). Titers under 30 °C. Two strains were grown: JST06(DE3) atoB
CT5

 ΔfadB pCDF-

P1-HMGS-aibA-aibB-P2-cbjALD-liuC (labeled as “cbjALD”) and JST06(DE3) 

atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC-yahK (labeled as 

“cbjALD-yahK”). The fermentations were performed microaerobically under 37 or 

30 °C for 48 hours in 15/20 mL LB-like MOPS media with 40 g/L glycerol and 55 g/L 

CaCO3 and inductions by 10/50 μM IPTG and 100 μM cumate. 
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To sum up, with around 500 mg/L titer, the highest reported titer of prenol in E. coli, 

the designed upper prenol pathway is a well operative pathway for microbial synthesis 

of prenol. Prenol is an industrially valuable chemical with applications as fragrance 

ingredient
278

 in cosmetics, cleaners and detergents and potential as a biofuel with 

better combustion efficiency, energy density and octane number and lower water 

miscibility than commonly used bioethanol
178, 279

. Prenol can also be the precursor of 

rubber monomer isoprene, widely used pesticide pyrethroid, and citral, an 

intermediate of pharmaceuticals, vitamin A, vitamin E, carotenoids and fragrances
178, 

279
. As mentioned in section 4.1, there here have been reports of the biosynthesis of 

prenol in E. coli by pyrophosphatase dephoshporylation of DMAPP supplied through 

mevalonate or non-mevalonate pathways
178, 179, 279, 280

. Compared to these approaches, 

the upper prenol pathway has the following advantages that lead to better prenol 

production: first, unlike mevalonate and non-mevalonate pathways, upper prenol 

pathway does not consume ATP, so it is more energy efficient; second, upper prenol 

pathway bypasses DMAPP and IPP, which are toxic to cell
281-283

 and can be 

competitively consumed by essential endogenous isoprenoid synthesis pathway; third, 

upper prenol pathway excludes the unwanted by-production of isoprenol, which 

occurs in previously reported achievements of prenol biosynthesis because 

pyrophosphatase is usually also active on IPP and IPP supply is accompanied with 

DMAPP synthesis in mevalonate and non-mevalonate pathways. Thus, upper prenol 

pathway itself has the great potential to be exploited for microbial biosynthesis of 

industrially important prenol.  
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4.7.3 Tests on lower prenol pathway 

After demonstrating the effectiveness of upper prenol pathway, lower prenol pathway 

is then assembled and integrated with it to test the proposed novel DMAPP and IPP 

supply pathway. Monoterpenoid geraniol, the dephosphorylated alcohol form of C10 

geranyl diphosphate (GPP) built through condensation between one DMAPP and one 

IPP, was the target proxy isoprenoid product for pathway demonstration (Fig. 4.20).  

 

Figure 4.20 Productions of geraniol and its derivative geranoids nerol and 

citronellol from DMAPP and IPP. Dashed line means multiple steps 

In the lower prenol pathway, two isopentenyl phosphate kinases was chosen as 

candidates of prenol kinase for first step of phosphorylation: one is YchB from E. 

coli
237

 and the other is IPKTHA*, a kinase with V73I, Y141V and K204G mutations for 

enhanced prenol phosphorylation activity from Thermoplasma acidophilum
238

. Due to 

its adequate activity on phosphorylation of DMAP to DMAPP
239

, isopentenyl 

phosphate kinase IPKMTH from Methanothermobacter thermautotrophicus was co-

overexpressed with prenol kinase candidates to catalyze the second step of 

phosphorylation. IPKMTH is also active on first step of prenol phosphorylation
238

, and 

IPKTHA* is also likely to be able to perform second phosphorylation
238, 239

, while 
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YchB is reported not able to phosphorylate DMAP.
237

 Idi from E. coli
262

 was the 

choice of isopentenyl diphosphate isomerase. To enable the synthesis of geraniol, GPP 

synthase that condenses DMAPP and IPP to GPP, and geraniol synthase that 

dephosphorylates GPP to geraniol, were also overexpressed. The selected GPP 

synthase was trGPPS2
284

 from Abies grandis, with “tr” means truncation of N-

terminal 84 aa to delete plastidial targeting sequence, because it exclusively 

synthesizes GPP. Ocimum basilicum GES
285

 with removal of N-terminal 65 aa 

chloroplast signal peptide sequence
182

 was the choice of geraniol synthase. The genes 

encoding enzymatic components of the lower prenol pathway were expressed from 

one single vector pET-P1-idi-trGPPS2-P2-ges-ychB-ipkMTH or pET-P1-idi-trGPPS2-

P2-ges-ychB-ipkTHA*-ipkMTH both derived from pETDuet-1. The plasmid expressing 

the lower prenol pathway was introduced to JST06(DE3) atoB
CT5

 ΔfadB pCDF-P1-

HMGS-aibA-aibB-P2-cbjALD-liuC-yahK, the strain with stable expression of upper 

prenol pathway.  

As a result, after 30 °C microaerobic fermentation in LB-like MOPS media with 20 

g/L glycerol and 55 g/L CaCO3 induced by 10 μM IPTG and 100 μM cumate for 48 

hours, both resultant strains with YchB and IPKTHA* overexpression showed the 

production of geraniol. Other than geraniol, productions of other geranoids, nerol and 

citronellol, were also detected in these strains. According to the previous report
182

, 

nerol is converted from geraniol via aldehyde geranial mainly by endogenous alcohol 

dehydrogenase YjgB and possibly by overexpressed alcohol dehydrogenase YahK. 

Citronellol is probably formed through reduction at α, β-double bond of geraniol by 

endogenous reductase NemA. NemA has similar sequence to Saccharomyces 

cerevisiae reductase OYE2 known to be able to reduce geraniol to citronellol
286

 and is 
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reported to be able to reduce the same α, β-double bond of prenol to synthesize 3-

methylbutanol.
179, 279

 Both strains showed similar ~10 mg/L titer of geranoid 

including geraniol and nerol. Citronellol was not quantified because its GC peak is 

overlapped with the indole peak (Fig. 4.21a). However, a control strain JST06(DE3) 

atoB
CT5

 ΔfadB pET-P1-idi-trGPPS2-P2-ges overexpressing only Idi and geraniol 

synthesis pathway also showed similar or even higher titer of geranoids after grown 

under same conditions. Also, strains with both upper and lower prenol pathways 

produced ~300 mg/L of prenol no matter whether YchB or IPKTHA* is overexpressed 

(Fig. 4.21b). This indicates that DMAPP and IPP condensed into detected geranoids 

in these strains were probably supplied through endogenous non-mevalonate pathway 

and the double phosphorylation steps by selected isopentenyl phosphate kinases were 

not operative. To realize the proposed novel DMAPP/IPP synthesis pathway, more 

work is required to trigger the double phosphorylation steps. 
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Figure 4.21 Results of in vivo tests of combination of upper prenol pathway and 

lower prenol pathway. a) Titers of geranoids; b). Titers of prenol. The fermentation 

was performed in The fermentations were performed microaerobically under 30 °C 

for 48 hours in 15 mL LB-like MOPS media with 20 g/L glycerol and 55 g/L CaCO3 

and inductions by 10 μM IPTG and 100 μM cumate. Geranoid citronellol was also 

produced but not quantified due to large portion of overlap of its GC peak with indole 

peak.  

The enzyme purification and assay of his-tagged YchB, IPKMTH and IPKTHA* were 

performed to get more information on these kinases. It was found that during the 
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purification of IPKTHA* there was little soluble purified protein elute, unable to be 

assayed. For YchB and IPKMTH, different from previous reports, in vitro prenol 

phosphorylation activities were not detected due to high background ATPase activity. 

Also, JST06(DE3) atoB
CT5

 ΔfadB pCDF-P1-HMGS-aibA-aibB-P2-cbjALD-liuC-

yahK pET-P1-idi-trGPPS2-P2-ges-ychB-ipkTHA*-ipkMTH did not grow well under 

37 °C. Moreover, for individual expression of kinases, the genes encoding IPKTHA* 

and IPKMTH were cloned in pZS vector (the gene encoding YchB was also cloned, but 

not successful) and JST06(DE3) atoB
CT5

 ΔfadB strains harboring pZS-ipkMTH and 

pZS-ipkTHA* did not grow on M9 minimal plates supplemented with inducer of pZS 

vector anhydrotetracycline. It seems that intrinsic ATPase activities, which many 

kinases possess
239, 287-292

, of selected isopenteyl phosphate kinases could be excessive 

and damage the cell growth. Therefore, a kinase with adequate soluble expression and 

activity on prenol phosphorylation to DMAPP and reduced intrinsic ATPase activity is 

required to realize the proposed pathway. One way to obtain such kinase is through 

selection on strains expressing libraries of kinases which can be created through 

codon-saturation or error-prone PCR on YchB, IPKMTH and IPKTHA*. During the 

selection, the essential endogenous DMAPP/IPP supply pathway, non-mevalonate 

pathway, would be blocked by knock-out of dxr or ispH genes
293, 294

 encoding the 

intermediate step of non-mevalonate pathway, or inhibited by addition of its inhibitor 

fosmidomycin
181, 295

, and prenol was supplemented. After the selection, only the strain 

expressing a wanted kinase that is well expressed and functional on phosphorylation 

of supplanted prenol to essential DMAPP with inherent ATPase activity low enough 

to maintain cell growth would survive. This kinase selection process is currently 

underway. 



149 

 

4.8 Summary and future works 

All in all, despite their higher efficiencies and some relevant achievements like in vivo 

productions of 2-hydroxyisovalerate and prenol and in vitro characterization of some 

enzymes, none of the four proposed novel DMAPP and IPP supply pathways has been 

realized so far due to different reasons. The current issue is the lack of a suitable 

prenol phosphorylating kinase, which is required for all proposed pathways. The 

search for this kinase represents an ongoing research objective within our group. Once 

this kinase is obtained through selection in the future, it will be first utilized to 

demonstrate the isoprenoid production through the designed de novo pathway with 

supply of intermediate 3-methyl-2-butenoyl-CoA through partial Myxobacteria 

isovaleryl-CoA pathway, which has higher energy efficiency than native MEP or 

MVA pathways and is expected to be easier to realize. Still, it is also worthwhile to 

continue pursuing the realization of other designed pathways in the future research 

due to their different values. Once realized, the proposed pathways would largely 

expand the fields and perspectives of synthesis of valuable isoprenoids.  
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Chapter 5  

Novel polyketide biosynthesis through non-decarboxylative 

Claisen condensation by thiolase 

 

5.1 Versatility of polyketide synthases and their heterologous expression and 

engineering – a literature review 

5.1.1 Introduction 

Polyketides are a vast class of natural compounds with high structural diversity (Fig. 

5.1) and broad pharmacological activities including antibacterial, anticancer, 

antifungal, antiparasitic, anticholesterol and immunosuppressive properties,
16, 296

 so 

they have great potential in medical applications. During years 2005-2007, more than 

a third of approved drugs which are natural compounds or derived from natural 

compounds were polyketides, and more polyketides were being evaluated in clinical 

trials.
12, 297

 Sales of polyketide derived medicines can reach 20 billion US dollars 

annually
12

. Due to huge importance of polyketides, their biosynthesis is another 

booming topic for many researchers in fields of metabolic engineering and synthetic 

biology. 
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Figure 5.1 Diverse products of polyketide biosynthesis (Adapted from the review
298

 

by Hertweck, 2009) 

Polyketide synthases (PKSs) perform the biosynthesis of polyketides. PKSs mainly 

catalyze the repetitive decarboxylative Claisen condensations priming from various 

functionalized acyl thioesters and utilizing malonyl thioesters with or without α-

functionalization as extender units to extend the polyketide carbon chain with optional 

β-reductions steps (reduction of β-keto group to β-hydroxyl group, dehydration of β-

hydroxyl group to α,β-double bond and reduction of α,β-double bond) and alkylation 

like methylation by methyltransferase to diversify the structures.
16, 49, 298, 299

 When the 

elongation is finished, PKSs release the polyketide backbone, which is mostly 
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cyclized and further tailored through secondary cyclizations, carbon chain cleavages 

and rearragnetments, glycosylations, alkylations, acyl transfers, hydroxylations and 

epoxidations to yield final polyketide products with diverse structures and 

functionalities.
298, 299

 Some PKSs produce straight chain products like polyunsaturated 

fatty acid (PUFA) synthases in psychrophilic marine bacteria
12, 300, 301

, further 

broadening the diversity of product range.  

With reference to the nomenclature in fatty acid biosynthesis pathways, PKSs are 

divided into three types: type I, type II and type III (Fig. 5.2).
12, 298

 Nonetheless, this is 

not a strict archetype division, as PKSs with hybrid behavior or even hybrid types are 

present in nature.
12, 298, 302-304

, increasing the flexibility and versatility of biosynthesis 

of wide range of polyketides. This section would briefly review each type of PKSs 

and their exploitation for the biosynthesis of polyketides and other chemicals through 

heterologous expression and engineering. 

 

Figure 5.2 Different types of polyketide synthases. (Adapted from the review
305

 by 

Lim, Go and Yew, 2016) 
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5.1.2 Type I polyketide synthase 

Type I polyketide synthases are large polypeptides with multiple domains.
305-307

 Each 

domain has independent function and several domains form into a module that 

performs one round of carbon chain extension and subsequent modifications.
306

 A 

minimal module for carbon chain extension consists of an acyltransferase (AT) 

domain which recruits the extender unit, a ketosynthase (KS) domain which catalyzes 

the decarboxylative Claisen condensation reaction and an acyl carrier protein (ACP) 

domain which binds the extender unit or intermediate chain, and the chain elongation 

is initiated through attachment of primer to ACP by AT.
306, 308

 The module can also 

contain optional domains for modifications of carbon chain and diversification of 

products
306, 308, 309

: ketoreductase (KR) domain which catalyzes the reduction of β-

keto groups to β-hydroxyl groups and controls the stereochemistry of β-hydroxyl 

groups and possible α-methyl groups, dehydratase (DH) domain which catalyzes the 

dehydration on β-hydroxyl groups to generate α,β-double bonds with cis-, or trans- 

configurations, enoylreductase (ER) domain which reduces the α,β-double bonds to 

single bonds, and C-methyltransferase (cMT) which transfers methyl group from S-

adenosyl-methionine to α-site. Finally, a thioesterase (TE) domain terminates carbon 

elongation, releases and mostly cyclizes the polyketide chain.
306

 Some Type I 

polyketide synthases lacks the cognate AT domain and utilizes discrete 

acyltransferases
310

, and this type of type I polyketides are termed as trans-AT PKSs, 

while others are termed as cis-AT PKSs.
306

  

Depending on whether the modules are utilized iteratively or not, type I polyketide 

synthases can be divided into two sub-groups: modular type I PKSs (mPKSs) and 



154 

 

iterative type I PKSs (iPKSs).
303

 

Modular type I PKSs exists in bacteria
298

 and are a large, multimodular enzymes with 

each module performing one round of carbon chain extension and modifications in 

linear, sequential nature and each module is usually used once
303

, and in mPKSs, there 

is a loading module contains AT and ACP for initial loading of primers. Nonetheless, 

there are examples of non-sequential performances in mPKSs like aberrant or 

programmed skipping and iterative usage of certain modules.
303, 308

 In nature, modular 

type I polyketides usually produce macrolides like erythromycin, rapamycin, FK506 

tylosin, and avermectins, and these compounds or their derivatives can serve as 

antibiotics or immunosuppressants.
16, 306

 The loading ability of diverse primers
299

 like 

propionyl-CoA, isobutyryl-CoA, isovaleryl-CoA, 2-methylbutyryl-CoA, cyclohexnyl-

CoA and benzoyl-CoA and extender units like malonyl-CoA, methylmalonyl-CoA, 

ethylmalonyl-CoA, long chain alkylmalonyl-CoA, aromatic malonyl-CoA and 

halogenated alkylmalonyl-CoA
296, 311

 by AT domains, versatility in numbers and 

domain compositions of modules and flexibility in skips or iterative operation of 

certain modules lead to production of diverse polyketides by mPKSs. 

6-deoxyerythronolide B synthase (DEBS), a polyketide synthase producing 

erythromycin core 6-deoxyerythronolide B (6dEB) through six rounds of extension 

priming from propionyl-CoA with methylmalonyl-CoA as the extender unit, was the 

first mPKS heterologously expressed in Streptomyces coelicolor
312

 and E. coli
313

. 

Since then, more and more mPKSs have been heterologously expressed. Also, due to 

modular nature of the enzyme, many engineering works
306, 309

 have been performed 

on mPKSs with engineering approaches include substitution
314-317

, insertion
318

, 
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inactivation
319

 and deletion
320

 of certain domain in a module, substitution
321

, 

deletion
322

 and combination
323

 of modules to alter and rearrange the chain length, 

stereochemistry and reduction degrees of carbon chain and broaden or change the 

acceptable range of primers and extender units for further diversification of 

polyketide products. In nature, there are at least 19 known and available extension 

modules, 8 loading modules and 3 TE domains, and combination of them through 

developed synthetic biology technology can lead to biosynthesis of thousands of 

polyketide products.
309

  

Productions of small chemicals, which can be produced through carbon elongation 

platform proposed in Chapter 3, have also been achieved through engineered mPKSs. 

Yuzawa et al.
324

 reported the combination of loading AT and ACP domains and the 

first module of lipomycin PKS containing AT, ACP, KS and KR domains with a TE 

domain and the resultant engineered PKS enabled in vitro productions of various 3-

hydroxy-2-methylhydroxyacids through one KS Claisen condensation between 

primers propionyl-CoA, butyryl-CoA, isobutyryl-CoA, isovaleryl-CoA, 2-

methylbutyryl-CoA and pivaloyl-CoA and extender unit methymalonyl-CoA and 

subsequent KR β-keto reduction. When AT domain in the first module was switched 

to malonyl-CoA specific AT from borrelidin PKS, 3-hydroxyacids without α-

methylation was produced in vitro. Absence of NADPH cofactor in vitro led to 

production of ketones, a product of spontaneous decarboxylation of 3-oxoacids, 

released after KS reaction bypassing KR. When KS was inactivated, in vivo ketone 

productions in E. coli were achieved. Hagen et al. also achieved in vitro adipic acid 

production through a combinatory PKS consisting loading module and first module of 

borrelidin PKS able to accept succinyl-CoA primer and malonyl-CoA extender unit 
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with replacement of KR domain and addition of DH and ER domains from a number 

of PKSs in the first module and attachment of a TE domain from erythromycin 

PKS.
325

 

Different from mPKSs, iterative type I polyketide synthases contains single module 

which operates iteratively and exists mainly in fungi and some bacteria.
298

 During the 

iteration, optional KR, DH, ER and cMT domains can be selectively skipped in some 

rounds of carbon chain elongation to modify the reduction degree
298

. In nature, iPKSs 

are associated with the production of aromatic polyketides like bikaverin, azinomycin 

B, avilamycin, maduropeptin, and mellein, macrolide lactones like zearalenone and 

hypothemycin, PUFAs like n-6 docosapentaenoicacid (DPA), eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), enediynes like C-1027, neocarzinostatin and 

calicheamicin, and polycyclic tetramate macrolactams like ikarugamycin and 

HSAF.
308, 326

 There have been various reports of hetereologous expression of iPKSs 

that produce aromatic and macrolactone compound in E. coli or other organisms for 

productions of various triketide pyrones, tetraketide and pentaketide resorcylic acids 

and their lactones, octaketide and nonaketide compounds.
327-332

 The alteration of 

aromatic products of iPKS through deletion of cyclizing TE domain, combination of 

AT domain and cyclase domain from type II PKSs for modification of products were 

also reported.
330

 Biosynthesis of PUFAs like DPA, EPA and DHA in E. coli and 

Pseudomonas putida was also achieved through heterologous expression of iPKSs.
300, 

333, 334
 Furthermore, heterologous expressions of enediyne producing iPKSs with 

cognate TEs in E. coli or Streptomyces were found to lead to C15 linear polyene 

pentadecaheptaene (PDH) without other polyenes
335, 336

. Harnessing these phenomena, 

Liu et al. overproduced the PDH in E. coli by adjusting expression ratio of enediyene 
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producing iPKS SgcE and cognate thioesterase SgcE10 from Streptomyces 

globisporus and chemically hydrogenated PDH to C15 alkane pentadecane (PD) with 

final PD titer as 140 mg/L.
337

 These long-chain hydrocarbons can be valuable biofuels 

as diesel components
7
, so this utilization of iPKS can open a new route of biofuel 

productions.  

Due to their modular and combinatory nature similar to novel carbon-chain elongation 

platform in Chapter 3, type I polyketide synthases are highly versatile with diverse 

products and engineering on the enzyme can further diversify the products. The 

product diversity and applications of type I PKSs are expected to be further broadened 

as more researches on them continues.  

5.1.3 Type II polyketide synthase 

Type II polyketide synthases are composed of multiple dissociated enzymes each with 

one or more specific function and are present in bacteria, especially actinomycetes.
12, 

298
 A minimal set of type II polyketide synthase composed of three enzyme domains: 

KSα which is a subunit of ketosynthase catalyzing the decarboxylative Claisen 

condensation, KSβ which is another subunit of ketosynthase determines the chain 

length of the product and hence also termed as chain length factor (CLF) and has 

decarboxylation activity on malonyl-ACP, and acyl carrier protein (ACP) which binds 

the polyketide chain.
338

 Endogenous malonyl-CoA:ACP transferase (MCAT) activity 

or self-malonylation of the PKS likely loads the malonyl extender unit.
12, 338

 

Additional ketoreductases (KR), cyclases (CYC) and aromatases (ARO) determines 

the folding pattern of the polyketide chain
12, 298, 338

, and subsequent reactions by 

glycosyltransferases, oxygenases and methyltransferases further tailor the product.
338
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Other than usual acetyl thioester (decarboxylated from malonyl-ACP), type II PKSs 

are reported to be able to accept various primers like propionyl-CoA (decarboxylated 

from methylmalonyl-CoA)
339

, 2-methylbutyryl-CoA
340

 and anthraniloyl-CoA
341

. 

Metabolites anthracyclines, angucyclines, aureolic acids, tetracyclines, 

tetracenomycins, pradimicin-type polyphenols, and benzoisochromanequinones are 

the natural products of type II PKSs, and they can serve as anticancer drugs and 

antibiotics.
338

 

In 1984, heterologous expression of type II PKS synthesizing actinorhodin in 

Streptomyces parvulus enabled its actinorhodin which wild type organism did not 

produce.
342

 This was the first reported case of heterologous polyketide biosynthesis. 

Since then, there have been numerous reported cases of production of aromatic 

polyketides like oxytetracycline
343

, fredericamycin A
344

 and steffimycin
345

 through 

heterologous expression in Streptomyces organisms. Tang et al. achieved change of 

product carbon chain length through mutations in certain residues of CLF domains 

with heterologous expressions in Streptomyces coelicolor.
346

 Large to small changes 

in Phe109 and Phe116 residues on CLF of actinorhodin (act) PKS which originally 

produces octaketides led to major productions of decaketides, while mutations that 

made G116 residue on CLF of tetracenomycin (tcm) PKS which originally mainly 

produces decaketides bulkier led to major productions of octaketides. 

Unlike in Streptomyces, insolubility of KSα- KSβ heterodimer of type II PKSs makes it 

difficult to express them in E. coli. Stevens et al. first managed to heterologously 

express type II PKS and achieved oxytetracycline biosynthesis in E. coli through 

overexpression of alternative σ
54

 sigma factor.
347

 This opens a way to utilize 
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commonly used organism E. coli, which grows fast and is easy to engineer, as the host 

to express and explore type II PKSs. 

Due to their multienzyme characteristics, type II polyketide synthases are difficult to 

study and so far less known compared to type I PKSs.
338

 Still, due to improvement of 

biotechnologies, it is believed more and more features of type II PKSs will be 

discovered and harnessed for biosynthesis of diverse aromatic polyketide compounds. 

5.1.4 Type III polyketide synthase 

Type III polyketide synthases are homodimers of KS which catalyzes iterative 

decarboxylative Claisen condensations at the same site without ACP and with direct 

reactions with CoA thioesters.
12, 348

 These enzymes exist in plants, some bacteria, 

fungi and protists.
348

 Type III PKS can accept various ring, long-chain and short chain 

acyl-CoA primers with possible functionalities like branched chain, hydroxylation, 

carboxylation and nitrogen and various extender units like malonyl-CoA, 

methylmalonyl-CoA, ethylmalonyl-CoA, acetoacetyl-CoA and diketide-CoA.
348

 They 

can produce diketide, triketide, tetraketide, pentaketide, hexaketide, heptaketide and 

octaketides through addition of one, two, three, four, five, six and seven extender 

units respectively and the termination of elongation can be achieved by cyclizations 

through lactonization, aldol condensation, Claisen condensation and formation of C-N 

bond or without cyclization.
348, 349

 Based on features of acceptance capability of 

primers and extender units, the number of condensation reactions and the type of 

cyclization reactions, known type III PKS reactions can be summarized in to 53 

diverse types
348

, indicating the high versatility of type III PKSs. A wide range of 

polyketide synthases belong to type III PKSs, including chalcone synthases, stilbene 
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synthases, pyrone synthases, chromone synthases, stilbenecarboxylate synthases, 

bibenzyl synthases, benzalactone synthases, curcuminoid synthases, benzophenone 

synthases, biphenyl synthases, acridone synthases, quinolone synthases, 

phloroglucinol synthases, resorcinol synthases and naphthalene synthases.
305

 Among 

them, chalcone synthase produces tetraketide from p-coumaryl-CoA primer and 

malonyl-CoA extender unit, and tetraketide cyclizes through C1-C6 Claisen 

condensation forming chalcone.
305

 Chalcone is then converted to naringenin by 

chalcone flavanone isomerase, and its subsequent tailoring reactions like 

hydroxylation, O-methylation, glycosylation, acylation, prenylation, and conjugation 

at multiple positions generate diverse flavonoids which include more than 6,000 

compounds existing in nature.
305, 350

 Therefore, despite the simplicity in the structure, 

type III PKSs are very versatile and associated with biosynthesis of thousands of 

compounds. 

E. coli and Saccharomyces cerevisiae have been widely used as the heterologous host 

for expression of type III PKSs to synthesize polyketide compounds, like expression 

of chalcone synthases for productions of naringenin and other flavonoids and stilbene 

synthases for productions of resveratrol and other stilbenoids, phloroglucinol 

synthases for productions of various phloroglucinols, 2-pyrone synthases for 

productions of triacetic acid lactone and other 2-pyrones, curcuminoid synthases for 

various curcuminoids and numerous others, as reviewed elsewhere.
213, 351, 352

 With 

usage of these commonly used heterologous hosts, there have been numerous 

engineering efforts on type III PKSs. Similar as engineering in CLF of type II PKSs, 

steric changes in active sites of type III PKSs through mutations of a couple of 

residues can lead to huge changes in product chain length as reviewed elsewhere.
305, 
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349
 These are notable examples: the I207L/L208F mutation in diketide synthase 

benzalacetone synthase from Rheum palmatum enabled its synthesis of triketide 

chalcones;
353

 M207G mutation in pentaketide synthase from Aloe arborescens 

enabled its synthesis of octaketides SEK4 and SEK4b;
354

 F66L and N222G double 

mutants in octaketide synthase from Aloe arborescens enabled its synthesis of 

dodecaketide TW95a
355

while small to large size changes on Gly207 residue led to 

loss of its octaketide production activity and production of shorter triketides to 

heptaketides.
356

 The residue mutations in active sites can also change the substrate 

specificity.
305

 For example, some mutations in bulky Tyr224 residue in 1,3,6,8-

tetrahydroxynaphthalene synthase RppA from Streptomyces griseus abolished its 

utilization of malonyl-CoA as the primer which is the primer of wild-type and enabled 

its utilization of phenylacetyl-CoA or hexanoyl-CoA as the primer instead of wild-

type malonyl-CoA.
357

 Though type III PKSs are simple homodimers, owing to 

substrate promiscuousness and easier engineering on them, combination of supply of 

different substrates and uses of different classes of natural or engineered type III PKSs 

and different tailoring enzymes are possible and can further diversify the production 

of polyketides and enable the synthesis of unnatural polyketide products.
305, 358-361

.  

All in all, type III PKSs are simple, but versatile and diverse with wide product range. 

Their easy engineering and heterologous expressions in commonly used E. coli and 

yeast can further improve their versatility. Thus, they have great potentials to be 

utilized for biosynthesis of diverse clinically and industrially important polyketide 

chemicals.  
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5.2 Energy inefficiency of native polyketide biosynthesis and other shortcomings 

As reviewed in last section, polyketide synthases perform the polyketide biosynthesis 

in nature and they are highly versatile with capability for biosynthesis of innumerable 

compounds with medical or industrial values. However, despite the great versatility 

and importance of polyketide biosynthesis through PKSs, there remains a significant 

problem. Among different extender units of PKSs, malonyl-CoA is the most common 

extender unit used in all types of PKSs
296, 298

 and it is usually supplied through 

carboxylation of major metabolite intermediate acetyl-CoA by acetyl-CoA 

carboxylase.
296

 One problem of this common native supply of malonyl-CoA is that 

acetyl-CoA carboxylase consumes one ATP when converting one acetyl-CoA to one 

malonyl-CoA. The repetitive usage of malonyl-CoA extender unit results in high ATP 

energy consumption and low energy efficiency of polyketide biosynthesis, 

significantly undermining the production of polyketides. Therefore, a novel 

polyketide synthesis pathway which conserves more ATP energy than native PKSs 

utilizing malonyl-CoA extender unit is demanded.  

Besides energy inefficiency, complex, multimodular structures of PKSs, especially for 

type I and type II, could cause difficulties of heterologous expression and engineering. 

Moreover, decarboxylative Claisen condensation in polyketide synthase requires a 

carboxylic group at the β-site of extender units, limiting the functionalization and 

availibility of extender units.  
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5.3 Proposal and demonstrations of novel polyketide biosynthesis through 

repetitive non-decarboxylative Claisen condensation reactions by thiolases 

5.3.1 Proposal of novel polyketide biosynthesis 

This chapter describes designs, developments and achievements of a novel polyketide 

biosynthesis pathway. Inspired by the carbon elongation platform utilizing non-

decarboxylative Claisen condensation described in Chapter 3, the proposed strategy 

was to extend the polyketide chain by non-decarboxylative Claisen condensation, 

catalyzed by thiolases, instead of decarboxylative Claisen condensation catalyzed by 

PKSs.  

As mentioned above, the carbon elongation in native polyketide biosynthesis takes 

place through a series of decarboxylative Claisen condesnation reactions and malonyl-

CoA, usually supplied through energy-consuming acetyl-CoA carboxylation, is the 

most used extender unit (Fig. 5.3a). If thiolase-catalyzed non-decarboxylative Claisen 

condensations were to replace the decarboxylative Claisen condensation by PKSs to 

extend the carbon chain of polyketides, acetyl-CoA, the decarboxylated form of 

malonyl-CoA, would be the extender unit replacing malonyl-CoA (Fig. 5.3b). The use 

of acetyl-CoA instead of malonyl-CoA omits the ATP-consuming acetyl-CoA 

carboxylation step, so this de novo polyketide synthesis through non-decarboxylative 

Claisen condensations by thiolase would be more energy efficient than the native 

polyketide synthesis and the work began to realize this proposed pathway. Also, in E. 

coli, intracellular concentration of acetyl-CoA is around 10 times higher than that of 

malonyl-CoA
362

 and acetyl-CoA can be easily maximized through deletions of mixed-

acid fermentation. The easier availability of extender unit acetyl-CoA could be 



164 

 

beneficial for polyketide synthase. Moreover, besides acetyl-CoA, in theory, any acyl-

CoA thioesters with α-hydrogen could serve as the extender unit for thiolase non-

decarboxylative Claisen condensation, breaking the necessity of β-carboxylation for 

extender units of most native polyketide synthases. This freedom of extender unit 

utilization and supply could simply the engineering for polyketide synthesis and 

potentially amplify the product range in great degree. Furthermore, thiolases are 

usually with single module and composed of identical subunits, so thiolases have 

simpler structures and their heterologous expression and engineering should be easier 

than type I and type II PKSs.  
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Figure 5.3 Comparison between native polyketide biosynthesis and proposed 

novel polyketide biosynthesis. a) Native polyketide biosynthesis through repetitive 

decarboxylative Claisen condensation reactions by polyketide synthase with usage of 

malonyl-CoA, the most common extender unit; b) Novel polyketide biosynthesis 

through repetitive non-decarboxylative Claisen condensation reactions by thiolase 

with usage of acetyl-CoA, the decarboxylated counterpart of malonyl-CoA.  

5.3.2 In vitro activities of thiolase on synthesis of triacetic acid lactone (TAL)  

The first step was to demonstrate the in vitro activity of thiolase on non-

decarboxylative Claisen condensation with β-ketoacyl-CoAs as the primer to 

synthesize polyketides. The first target product was a triketide lactone 4-hydroxy-6-

methyl-2-pyrone namely triacetic acid lactone (TAL), the simplest multi-ketone 

derived product. Some plants like Gerbera hybrida naturally produce TAL by 2-

pyrone synthase (2-PS), a type III PKS, through double decarboxylative Claisen 
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condensations reactions priming from acetyl-CoA with malonyl-CoA as the extender 

unit to 3,5-diketohexanoyl thioester and subsequent cyclizing lactonization.
363

 If 

thiolase is able to perform non-decarboxylative Claisen condensation between 

acetoacetyl-CoA, the simplest β-ketoacyl-CoA, as primer and acetyl-CoA as extender 

unit, a triketide CoA thioester 3,5-diketohexanoyl-CoA would be formed, and if that 

CoA ester can spontaneously cyclize through lactonization, TAL would be released 

(Fig. 5.4a). TAL has a specific absorbance on 298 nm wavelength
364

, so if the in vitro 

reaction system containing only acetoacetyl-CoA and acetyl-CoA as substrates 

supplemented with a purified thiolase shows linear increase of 298 nm absorbance, 

the assayed thiolse should have the activity on TAL synthesis through non-

decarboxylative Claisen condensation. Using this method, nine different thiolases 

were tested: AtoB
274, 275

, FadA
365

 and PaaJ
47, 105

 from E. coli, PcaF
366

, PpFadA
99

 and 

FadAx from Pseudomonas putida, BktB
141

 from Ralstonia eutropha, ScFadA
367

 from 

Streptomyces collinus and DcaF
140

 from Acinetobacter sp. ADP1. Most of these 

enzymes have been proven to be active in reverse synthetic direction in previous 

reports
33, 141

 or research works described in previous chapters. These thiolases were 

attached with His-tag for purifications. E. coli thiolases were expressed from their 

corresponding ASKA library strains
35

, and others were expressed with pCDFDuet-1 

as the backbone vector with commonly used BL21(DE3)
36

 as the host strain, but there 

were two exceptions: BktB was expressed with pUCBB
29

 as the backbone vector in 

AG1 host strain, and PcaF was expressed with pTrcHis2A as the backbone vector in 

BL21(DE3) host strain. As a result, among these thiolases, FadAx, BktB, ScFadA and 

DcaF showed the linear increase of absorbance of 298 nm wave, and based on the 

extinction coefficient obtained through measurement of absorbance of different 
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concentrations of standard TAL, the specific activities of these thiolases were 

calculated, as shown in Table 5.1.  

Table 5.1 Measured in vitro specific activities of different thiolases on TAL 

synthesis. 

Enzyme Specific activity 

(µmol/mg protein/min) 

AtoB N.D.
a 

FadA N.D. 

PaaJ N.D. 

PpFadA N.D. 

PcaF N.D. 

FadAx 0.052 ± 0.014 

DcaF 0.041 

ScFadA 0.007 

BktB 0.00019 
Note: a. “N.D.” means “not detected”. 

The in vitro spectrophotometric assay sample of FadAx was also analyzed through 

RP-HPLC, and the peak with same retention time of TAL was detected in the resultant 

chromatogram. This result further indicates the in vitro TAL synthesis activity of these 

thiolases.  

5.3.3 In vitro activities of thiolase on synthesis of dehydroacetic acid  

Another in vitro assay that shows the ability of thiolase to accept β-ketoacyl-CoA as 

the primer for production of polyketides is the assay on production of 3-acetyl-4-

hydroxy-6-methyl-2-pyrone namely dehydroacetic acid (Fig. 5.4b). According to the 

literature, Aspergillus oryzae type III polyketide synthase CsyB synthesizes β-

ketoacyl-CoAs through decarboxylative Claisen condensation between fatty acyl-CoA 

primer and malonyl-CoA extender unit and then catalyzes the non-decarboxylative 

Claisen condensation with the synthesized β-ketoacyl-CoAs as the primer and 

acetoacetyl-CoA as the extender unit to form 2-acetyl-3,5-dioxoacyl-CoAs, which are 

lactonized and released as 3-acetyl-4-hydroxy-6-alkyl-2-pyrones (AcAPs).
368

 When 
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the β-ketoacyl-CoA is acetoacetyl-CoA, the produced pyrone is dehydroacetic acid. 

Now that PKS CsyB can perform the non-decarboxylative Claisen condensation 

between two β-ketoacyl-CoAs, it would also be possible for thiolases that show the 

signs of TAL synthesis to catalyze the same type of reaction and their in vitro 

activities on dehydroacetic acid production through non-decarboxylative Claisen 

condensations between two acetoacetyl-CoAs were tested. Dehydroacetic acid is 

reported to have the specific absorbance at 312 nm wavelength
46

, so the in vitro 

activity were measured through observation of linear increase of 312 nm adsorption 

from the assay system containing only acetoacetyl-CoA as the substrate supplemented 

with purified thiolase. The measurement of absorbance of different concentrations of 

standard dehydroacetic acid determined the extinction coefficient for calculation of 

the activity of the tested thiolase. The tested thiolases were DcaF and FadAx, because 

they showed the highest activity on TAL synthesis. As a result, while the DcaF sample 

did not show the linear increase of absorbance on 312 nm wavelength, FadAx sample 

exhibited the linear absorbance and the measured specific activity was 0.044 

μmol/min/mg, close to its measured activity on the production of TAL (0.052 ± 0.014 

μmol/min/mg). It seems that at least FadAx is able to catalyze non-decarboxylative 

Claisen condensation between two β-ketoacyl-CoAs to form 3-acetyl-4-hydroxy-6-

alkyl-2-pyrones. According to Chapter 3, FadAx has the Phe
292

-Pro
293

 dipeptide site 

that determines the ability of accepting α-methylated propionyl-CoA as the extender 

unit, while for DcaF, the corresponding dipeptide residues found through protein 

BLAST comparison are Met-Gly, which are present in thiolases unable to degrade α-

methylated β-ketoacyl-CoAs reversibly.
146

 This could explain why FadAx showed the 

sign of utilizing α-functionalized acetoacetyl-CoA not only as the primer but also as 
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the extender unit, while DcaF did not show the ability of accepting acetoacetyl-CoA 

as the extender unit. The BLAST analysis was also performed between FadAx and 

polyketide synthase CsyB, but no remarkable sequence similarity was found, 

indicating that thiolases and PKSs are with great difference in sequences even though 

they could share the same function.  

 

Figure 5.4 Reactions of demonstrated synthesis of pyrones by thiolases through 

non-decarboxylative Claisen condensation priming from β-ketoacyl-CoA 

acetoacetyl-CoA. a). Synthesis of triacetic acid lactone (TAL) through non-

decarboxylative Claisen condensation between primer acetoacetyl-CoA and extender 

unit acetyl-CoA by thiolase. b). Synthesis of dehydroacetic acid through non-

decarboxylative Claisen condensation between two acetoacetyl-CoAs, one serving as 

the primer and one serving as the extender unit, by thiolase. 
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5.3.4 In vivo microbial biosynthesis of TAL through thiolase overexpression 

After observing in vitro activity of thiolases on polyketide synthesis through non-

decarboxylative Claisen condensation with β-ketoacyl-CoAs, the in vivo tests on these 

enzymes were then performed. In the in vivo tests, TAL was still the target product, 

and thiolases BktB, ScFadA, DcaF and FadAx, which exhibited the TAL synthesis 

activity in vitro, were tested. E. coli strain JST06(DE3) atoB
CT5 

was the choice of the 

host strain because its deficiency on mixed-acid fermentation and removal of major 

endogenous thioesterases maximizes the supply of initial primer and extender unit 

acetyl-CoA and it expresses acetoacetyl-CoA thiolase AtoB for first the condensation 

reaction to supply acetoacetyl-CoA from chromosome with independent, tightly 

controlled cumate induction. The tested thiolases were supposed to perform the 

second step of non-decarboxylative Claisen condensation between acetoacetyl-CoA 

and acetyl-CoA to generate TAL, but also could perform the first condensation to 

generate acetoacetyl-CoA. For convenience, the plasmids for expression of his-tagged 

version of these thiolses for in vitro assays, which were pUCBB-ntH6-bktB, pCDF-

ntH6-scfadA, pCDF-ntH6-dcaF and pCDF-ntH6-fadAx, were directly introduced to 

the host strain for in vivo tests. After 48 hour microaerobic fermentation in LB-like 

MOPS media with 20 g/L glycerol and inductions by 5 μM IPTG and 100 μM cumate 

under 37 °C, unexpectedly, the strain overexpressing BktB, the thiolase with smallest 

measured in vitro TAL synthesis activity, produced 358 mg/L of TAL, while other 

strains showed no or slight production of TAL (Fig. 5.5). With higher IPTG 

concentrations, the TAL titer from the strain overexrpssing BktB decreased while 

others showed increased titer. Still, under the 100 μM IPTG induction, the TAL titer 

from the BktB-overexpressing strain was still 263 mg/L, while the titers from other 
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strains were still at 30-70 mg/L range. The reason of high in vivo BktB activity can be 

due to change of activity after switching from in vitro environment to in vivo. Another 

probable reason is the different enzyme expression level caused by usage of 

constitutive pUCBB vector
29

 for BktB different from the IPTG-induced pCDFDuet-1 

vector used for expressions of other tested thiolases. To obtain the clear, comparable 

results of in vivo TAL productions from different thiolases, the unification of vectors 

for expression of each thiolases is required in the future research. 

Figure 5.5 Results of in vivo TAL production from E. coli strains overexpressing 

different thiolases. The fermentation was performed microaerobically under 37 °C 

for 48 hours in 20 mL LB-like MOPS media with 20 g/L glycerol and inductions by 

5/10/50 μM IPTG and 100 μM cumate.  

Despite the promising results, the productions of TAL and dehydroacetic acid 

described above still lacks the verification through mass spectrophotometry (MS) or 

nuclear magnetic resonance (NMR), so the MS or NMR analysis needs to be 

performed in the future work, besides the vector unification for in vivo TAL 

production. Moreover, acquisitions of more biological replicate samples for each test 

are also required in the future work. All in all, more works are necessary to totally 
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prove and demonstrate the thiolase activity on polyketide production through non-

decarboxylative Claisen condensation.  

5.4 Discussion on novel polyketide synthesis through thiolase non-

decarboxylative Claisen condensation 

Our findings suggest that some thiolases could accept β-ketoacyl-CoAs and possibly 

polyketoacyl-CoAs as the primer to enable novel pathway for synthesis polyketides 

through at least two rounds of non-decarboxylative Claisen condensations omitting 

ATP-consuming malonyl-CoA supply by acetyl-CoA carboxylation. Nonetheless, 

under the current stage, despite the energy efficiency, the product range and abilities 

of synthesis of polyketides by thiolase may still be limited. The standard Gibbs energy 

change ΔGr, calculated through group contribution method
369

, of thiolase non-

decarboxylative Claisen condensation is 7.1 kcal/mol
13

, so the non-decarboxylative 

Claisen condensation reaction itself is thermodynamically unfavorable and its 

repetitive operation for polyketide synthesis can further aggravate the unfavorable 

thermodynamic characteristic. To overcome this barrier, additional engineering work 

is required. Protein engineering on thiolase can be considered to improve the reaction 

rate and specificity. To help the protein engineering, COBALT (Constraint-based 

Multiple Alignment Tool. https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi)
370

 and 

I-TASSER (Iterative Threading ASSEmbly Refinement)
371-373

 analyses have been 

performed to search for any differences between thiolases with signs of TAL synthesis 

ability and thiolases without these signs, but so far, no distinctive features have been 

found that could contribute to the polyketide synthesis ability. Still, a more thorough 

analysis is considered for the future protein engineering works. Currently, 

https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi
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crystallizations
374

 of thiolases showing TAL synthesis activities are underway, and 

analysis on resulting thiolase crystal structures could offer more detailed information 

about catalysis mechanism of polyketide synthesis through non-decarboxylative 

Claisen condensations, which in turn will be highly helpful for protein engineering 

efforts.  Metabolic engineering to improve the rates of supply of CoA thioester 

primers and extender units and removal of polyketide products, a strategy similarly 

described in Chapter 3, can be another option to overcome the thermodynamic barrier. 

With additional engineering for improvement, thiolase catalyzed non-decarboxlyative 

Claisen condensation reactions would be a desirable and efficient de novo substitute 

platform to synthesize polyketides, at least pyrones.  
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Chapter 6  

Conclusions and future works 

 

This thesis aims to construct and demonstrate de novo biosynthesis pathways that can 

replace the reverse β-oxidation pathway
13

, isoprenoid biosynthesis pathway
11

 and 

polyketide biosynthesis pathway
12

 with higher carbon or energy efficiencies and/or 

wider product range. During six years of research, there were several designed 

pathways and various relevant achievements as described in previous chapters. 

Chapter 3 describes the design and demonstration results of novel iterative and 

orthogonal carbon-chain elongation platform which utilizes non-decarboxylative 

Claisen condensation and subsequent β-reduction reactions similar as the reverse β-

oxidation pathway but with the capability of acceptance of diverse functionalized 

primers and extender units to largely expand the range of product structures and 

functionalities. Chapter 4 describes designs of different proposed de novo 

biosynthesis pathways of isoprenoid building blocks isopentenyl diphosphate (IPP) 

and dimethylallyl diphosphate (DMAPP) with supposed better energy or carbon 

efficiencies than native mevalonate (MVA) and non-mevalonate (MEP) pathways and 

results of practicality analyses and tests on these designed pathways. Chapter 5 

proposes the polyketide biosynthesis through non-decarboxylative Claisen 

condensation reaction by thiolases instead of decarboxylative Claisen condensation by 

native polyketide synthases to bypass the ATP energy consuming carboxylation 

reaction for supply of extender units and demonstration results of this novel 
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biosynthesis approach on synthesis of pyrones.  

As shown in Chapter 3, the proposed novel carbon-chain elongation platform with 

non-decarboxylative Claisen condensation mechanism proves to be well operative and 

iterative as β-oxidation reversal but with much higher functional and structural 

diversities on acceptable primers and extender units, and resulting products. During 

the research, total 18 compounds from 10 different classes have been produced with 

noticeable titers through this platform using 7 different primers and 3 different 

extender units. The production of 7 compounds among the 18 compounds through 

microbial fermentation among them had not been reported until this study. Also, the 

titers of adipic acid and tiglic acid produced through this platform have reached 2.71 

g/L and 3.79 g/L respectively. Moreover, changes of product types by switching of 

enzymatic platform components under same primer and extender were also 

demonstrated, proving the modular and combinatorial characteristics of this novel 

platform. In addition, it was found that the carbon elongation through this proposed 

mechanism is hardly present in nature, so this platform is orthogonal and can be 

applied in most host microbe organisms. Theoretically, this novel platform can 

synthesize thousands of compounds with sufficient carbon and energy efficiencies and 

orthogonality so it should highly benefit the industrial microbial biomanufacturing.  

In the future, following works on this novel carbon-chain elongation platform are 

considered, including metabolic engineering
163, 375-377

 to improve the primer and 

extender unit supply, minimize the competitive consumptions of intermediates and 

adapt the pathway to modified fermentation conditions or replaced host organisms; 

protein engineering
164, 378

 on enzymatic components to improve the activity and 
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specificity on certain intermediates; fine tuning of enzymatic expressions through 

synthetic biology tools
379, 380

 to optimize the flux; systems biology
381, 382

 to help the 

above engineering strategies and search for better enzymes and expression parts; 

further optimizations of fermentation conditions
383

. These works would improve the 

titers to g/L order or even higher range and scale up the fermentation in larger 

bioreactors with less expense on feedstocks, media and fermentation operations, 

which are beneficial for industrial applications. Furthermore, these works would aid 

the operative implementation of this pathway in other organisms such as the common 

host Saccharomyces cerevisiae
384

, photosynthetic cyanobacteria and microalgae
2, 385

, 

and C1 carbon source-utilizing methanotrophs
2, 386

.   

For supply of isoprenoid building blocks IPP and DMAPP with improved carbon or 

energy efficiencies, four novel pathways were designed through exploitations of parts 

of pathways other than MVA and MEP pathways and possible promiscuous activities 

of certain enzymes, as described in Chapter 4. The first pathway incorporates novel 

carbon elongation platform proposed in Chapter 3 with methyl group migrating 

mutase. The second pathway recruits partial valine biosynthesis pathway, dehydration 

of 2-hydroxyisovaleryl-CoA to 3-methyl-2-butenoyl-CoA and its subsequent 

reduction and phosphorylation to DMAPP via prenol. The third proposed pathway is 

the combination of native 3-methyl-2-butenoyl-CoA supply by partial leucine 

biosynthesis and metabolism pathways and its reduction and phosphorylation to 

DMAPP via prenol. The fourth pathway integrates Myxobacteria 3-methyl-2-

butenoyl-CoA biosynthesis pathway and subsequent reduction of 3-methyl-2-

butenoyl-CoA to prenol along with prenol phosphorylation to DMAPP. All these 

pathways are supposed to possess higher carbon or energy efficiencies than the native 
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MVA and MEP pathways and would improve the efficiency of isoprenoid 

biosynthesis. According to pathway analysis and characterization results on enzymatic 

components, the fourth proposed pathway is the most desirable pathway among them 

because it is simple, practical and well-established. Except kinase phosphorylation of 

prenol to DMAPP, all the reactions steps of this pathway have been confirmed in vitro 

or in vivo so far, and the search and selection for appropriate kinases are underway. 

Utilizations of confirmed parts of the fourth proposed pathway till prenol also led to 

efficient production of prenol with ~ 500 mg/L titer in E. coli, higher than the 

reported results. Moreover, the overexpression of confirmed parts of the second 

proposed pathway led to microbial biosynthesis of 2-hydroxyisovaleric acid in E. coli 

with high titer of 8.5 g/L.  

In the future, the first work to do for these de novo isoprenoid building block supply 

pathway is to accomplish the acquisition of kinase with sufficient activities on 

phosphorylation of prenol to DMAPP and soluble expressions and without cell-

growth detrimental inherent ATPase activities. High-throughput screening or 

selections
181

, protein engineering and relevant in vitro enzyme spectrophotometric and 

in vivo fermentation tests on mutant libraries of selected isopentenyl phosphate 

kinases and other alcohol kinases and phosphate kinases can be approaches for 

collection of suitable kinases. After obtaining the wanted kinase, it will be integrated 

with confirmed parts of the fourth proposed pathway for pathway realizations and 

biosynthesis of certain isoprenoids. As mentioned above, further works of metabolic 

engineering integrated with protein engineering, systems biology and synthetic 

biology along with adjustment of fermentation conditions can also be implemented to 

further improve the isoprenoid productions through the proposed pathways to meet 



178 

 

the industrial demands. Realizations of other proposed pathways will also be pursued 

with possible aids by proteomics and protein engineering to fill the gaps of these 

pathways. 

As described in Chapter 6, some thiolases showed the signs of ability of synthesis of 

triacetic acid lactone (TAL), a triketide pyrone, through non-decarboxylative Claisen 

condensation between acetoacetyl-CoA and acetyl-CoA in in vitro and in vivo tests. 

Among them, overexpression thiolase BktB lead to ~ 350 mg/L of TAL in vivo titer. 

Thiolase FadAx also seemed to be active in production of another pyrone, 

dehydroacetic acid, through non-decarboxylative Claisen condensation between two 

acetoacetyl-CoAs. Though productions of these pyrones are awaiting more thorough 

verifications like mass spectrophotometry (MS) or nuclear magnetic resonance 

(NMR), these achievements are very promising and opened a path to the biosynthesis 

of polyketides through repetitive non-decarboxylative Claisen condensation and 

bypass of ATP-consuming acetyl-CoA carboxylation for extender unit supply. 

In the future, after full verifications of pyrone productions, protein sequence and 

structure analysis on thiolases proven to be able to produce TAL and dehydroacetic 

acid will be further pursued to search for factors that lead to polyketide biosynthesis 

activities, and if found, protein engineering works will apply these findings to further 

improve the reaction rate and specificity to possibly overcome thermodynamic 

barrier
13

 of repetitive non-decarboxylative Claisen condensations. Metabolic 

engineering along with synthetic and systems biology will also help the improvement 

of supply of primers and extender units and removal of polyketide products to drive 

the repetitive thiolase condensation reactions. These works are expected to enable 
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thiolases to perform more than two successive steps of non-decarboxylative Claisen 

condensations and further expand the product range to polyketides with more keto 

groups and structure complexities. These works along with fermentation condition 

optimizations would also be beneficial for industrial applications. After these further 

works, efficient iterative non-decarboxylative Claisen condensation by thiolase is 

expected to be a novel platform for industrial polyketide biomanufacturing. 

Owing to progresses of systems biology, protein engineering and synthetic biology 

and developments of in silico computational tools, more and more native or 

engineered parts with diverse promiscuous activities are available and more and more 

de novo biosynthesis pathways are expected to be proposed and constructed.
5, 19

 

Therefore, besides the pathways proposed in this thesis, it is possible that other de 

novo pathways with better carbon and energy efficiencies and kinetic rates and 

orthogonality will be developed to replace reverse β-oxidation reversal, isoprenoid 

biosynthesis and polyketide biosynthesis pathway and other native or engineered 

biosynthesis pathways. This increased availability and diversity of de novo 

biosynthetic pathways are expected to further prosper the industrial biotechnology to 

manufacture more and more fuels and chemicals from biorenewable or waste 

feedstocks.  
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Appendix 

 

Appendix Table 1. Escherichia coli strains and plasmids used in this thesis. 

Strain/plasmid Genotype Source 

Strains   

MG1655 F-λ-ilvG-rfb-50 rph-1 
387

 

JC01 MG1655 ΔldhA::FRT ΔpoxB::FRT 

Δpta::FRT ΔadhE::FRT ΔfrdA::FRT 

33
 

JC01(DE3) JC01 with the DE3 prophage integrated 
27

 

JC01(DE3) 

bktB
CT5

fadB
CT5

 ΔfadA 

egter
CT5

ydiI
A1

 ΔtesB 

JC01(DE3) FRT-cymR-P
CT5

-

fadB ΔfadA::zeo FRT-cymR-P
CT5

-

bktB ΔatoB  FRT-cymR-P
CT5

-egTer 

@fabI chromosomal location FRT-kan-

FRT-tetR-P
A1

-tetO2-tetO2-

ydiI ΔtesB @ tesB chromosomal location 

26
 

JST06 JC01 ΔyciA::FRT ΔybgC::FRT 

ΔydiI::FRT ΔtesA::FRT ΔfadM::FRT 

ΔtesB::FRT 

48
 

JST07 JST06 ΔfadE::FRT 
48

 

JST07(DE3) JST07 with the DE3 prophage integrated 
48

 

JST07 (DE3) 

bktB
CT5

fadB
CT5

 ΔfadA 

egter
CT5

 

JST07(DE3) FRT-cymR-P
CT5

-

fadB ΔfadA::zeo FRT-cymR-P
CT5

-

bktB ΔatoB  FRT-cymR-P
CT5

-egTer 

@fabI chromosomal location  

48
 

MG1655(DE3) MG1655 with the DE3 prophage 

integrated 

94
 

MB263 MG1655 ΔldhA::FRT ΔpoxB::FRT 

Δpta::FRT ΔadhE::FRT 

34
 

AG1 endA1 recA1 gyrA96 thi-1 relA1 glnV44 

hsdR17(rK
-
 mK

+
) 

Agilent 

ASKA paaJ AG1 pCA24N-ntH6-paaJ 
35
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ASKA paaH AG1 pCA24N-ntH6-paaH 
35

 

ASKA atoB AG1 pCA24N-ntH6-atoB 
35

 

ASKA fadA AG1 pCA24N-ntH6-fadA 
35

 

ASKA ychB AG1 pCA24N-ntH6-ychB 
35

 

ASKA sucC AG1 pCA24N-ntH6-sucC 
35

 

ASKA sucD AG1 pCA24N-ntH6-sucD 
35

 

ASKA scpC AG1 pCA24N-ntH6-scpC 
35

 

ASKA yahK AG1 pCA24N-ntH6-yahK 
35

 

ASKA yjgB AG1 pCA24N-ntH6-yjgB 
35

 

ASKA fucO AG1 pCA24N-ntH6-fucO 
35

 

ASKA yqhD AG1 pCA24N-ntH6-yqhD 
35

 

ASKA yiaY AG1 pCA24N-ntH6-yiaY 
35

 

BL21(DE3) B F
–
 ompT gal dcm lon hsdSB(rB

–
mB

–
) 

λ(DE3 [lacI lacUV5-

T7p07 ind1 sam7 nin5]) [malB
+
]K-12(λ

S
) 

36
 

JST06(DE3)  JST06 with the DE3 prophage integrated This study 

JST06(DE3) ΔsdhB JST06(DE3) ΔsdhB::FRT This study 

JST06(DE3) ΔsucD JST06(DE3) ΔsucD::FRT This study 

JST06(DE3) atoB
CT5

 JST06(DE3) FRT-cymR-P
CT5

-atoB   This study 

JST06(DE3) atoB
CT5 

ΔfadB 

JST06(DE3) FRT-cymR-P
CT5

-

atoB  ΔfadB::FRT 

This study 

MG1655(DE3) 

ΔglcD 

MG1655(DE3) ΔglcD::FRT This study 

MB263(DE3)  MB263 with the DE3 prophage integrated This study 

MB263(DE3) ΔsdhB MB263(DE3) ΔsdhB::FRT This study 

MB263(DE3) ΔsucD MB263(DE3) ΔsucD::FRT This study 

MB263(DE3) ΔsucD 

ΔpykF 

MB263(DE3) ΔsucD::FRT ΔpykF This study 

MB263(DE3) ΔsucD 

lpdA(A358V) 

MB263(DE3) ΔsucD::FRT lpdA 

(T1071G, C1073T, A1074T) 

This study 
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Plasmids   

pETDuet ColE1(pBR322) ori, lacI, PT7lac, Amp
R
 Novagen  

pET-P1-pct ColE1 ori; Amp
R
; PT7lac-1: pct This study 

pET-P1-ppfadA-

ppfadB 

ColE1 ori; Amp
R
; PT7lac-1: ppfadA-ppfadB This study 

pET-P1-paaJ-paaH ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH This study 

pET-P1-paaJ-paaH-

P2-cbjALD 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: cbjALD 

This study 

pET-P1-paaJ-paaH-

P2-mhpF 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: mhpF 

This study 

pET-P1-paaJ-paaH-

P2-eutE 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: eutE 

This study 

pET-P1-paaJ-paaH-

P2-acr1 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: acr1 

This study 

pET-P1-paaJ-paaH-

P2-acrM 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: acrM 

This study 

pET-P1-paaJ-paaH-

P2-orf1594 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: orf1594 

This study 

pET-P1-paaJ-paaH-

P2-seeutE 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: seeutE 

This study 

pET-P1-paaJ-paaH-

P2-maqu_2507 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: maqu_2507 

This study 

pET-P1-paaJ-paaH-

P2-adhE2 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: adhE2 

This study 

pET-P1-paaJ-paaH-

P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH 

PT7lac-2: acot8 

This study 

pET-P1-paaJ-paaH-

acs-P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH-acs 

PT7lac-2: acot8 

This study 

pET-P1-paaJ-paaH-

pta-P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH-pta 

PT7lac-2: acot8 

This study 

pET-P1-paaJ-paaH-

chnD-P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH-

chnD PT7lac-2: acot8 

This study 

pET-P1-paaJ-paaH-

yjgB-P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH-

yjgB PT7lac-2: acot8 

This study 
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pET-P1-paaJ-paaH-

yahK-P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: paaJ-paaH-

yahK PT7lac-2: acot8 

This study 

pET-P1-paaJ-P2-

pcaIJ 

ColE1 ori; Amp
R
; PT7lac-1: paaJ PT7lac-2: 

pcaI-pcaJ 

This study 

pET-P1-dcaF-dcaH-

P2-acot8 

ColE1 ori; Amp
R
; PT7lac-1: dcaF-dcaH 

PT7lac-2: acot8 

This study 

pET-P1-fadB2x-

fadB1x 

ColE1 ori; Amp
R
; PT7lac-1: fadB2x-fadB1x  This study 

pETt-P1-fadB2x-

fadB1x-P2-ydiI 

ColE1 ori; Amp
R
; PT7lac-1: fadB2x-fadB1x 

PT7lac-2: ydiI 

This study 

pET-P1-bktB-phaB1 ColE1 ori; Amp
R
; PT7lac-1: bktB-phaB1  This study 

pET-P1-bktB-phaB1-

P2-phaJ 

ColE1 ori; Amp
R
; PT7lac-1: bktB-phaB1 

PT7lac-2: phaJ 

This study 

pET-P1-ilvC-ilvD-

P2-alsS-panE 

ColE1 ori; Amp
R
; PT7lac-1: ilvC-ilvD PT7lac-

2: alsS-panE 

This study 

pET-P1-ilvC-ilvD-

hadI-P2-alsS-panE 

ColE1 ori; Amp
R
; PT7lac-1: ilvC-ilvD-hadI 

PT7lac-2: alsS-panE 

This study 

pET-P1-aibA-aibB-

P2-adhE2 

ColE1 ori; Amp
R
; PT7lac-1: aibA-aibB 

PT7lac-2: adhE2 

This study 

pET-P1-aibA-aibB-

P2-cbjALD 

ColE1 ori; Amp
R
; PT7lac-1: aibA-aibB 

PT7lac-2: cbjALD 

This study 

pET-P1-aibA-aibB-

P2-maqu_2507 

ColE1 ori; Amp
R
; PT7lac-1: aibA-aibB 

PT7lac-2: maqu_2507 

This study 

pET-P1-idi-trGPPS2-

P2-ges 

ColE1 ori; Amp
R
; PT7lac-1: idi-trGPPS2 

PT7lac-2: ges 

This study 

pET-P1-idi-trGPPS2-

P2-ges-ychB-ipkMTH 

ColE1 ori; Amp
R
; PT7lac-1: idi-trGPPS2 

PT7lac-2: ges-ipkMTH 

This study 

pET-P1-idi-trGPPS2-

P2-ges-ipkTHA*-

ipkMTH 

ColE1 ori; Amp
R
; PT7lac-1: idi-trGPPS2 

PT7lac-2: ipkTHA*-ipkMTH 

This study 

pCDFDuet-1 CloDF13 ori, lacI, PT7lac, Strep
R
 Novagen  

pCDF-P1-pct CloDF13 ori; Strep
R
; PT7lac-1: pct 

27
 

pCDF-P1-

maqu_2507 

CloDF13 ori; Strep
R
; PT7lac-1: maqu_2507 

48
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pCDF-P1-cbjALD CloDF13 ori; Strep
R
; PT7lac-1: cbjALD 

48
 

pCDF-P1-mhpF CloDF13 ori; Strep
R
; PT7lac-1: mhpF 

48
 

pCDF-P1-seeutE CloDF13 ori; Strep
R
; PT7lac-1: seeutE 

48
 

pCDF-P1-acr1 CloDF13 ori; Strep
R
; PT7lac-1: acr1 

48
 

pCDF-P1-acrM CloDF13 ori; Strep
R
; PT7lac-1: acrM 

48
 

pCDF-P1-orf1594 CloDF13 ori; Strep
R
; PT7lac-1: orf1594 

48
 

pCDF-P1-adhE2 CloDF13 ori; Strep
R
; PT7lac-1: adhE2 

48
 

pCDF-P1-adhE2 CloDF13 ori; Strep
R
; PT7lac-1: eutE This study 

pCDF-P1-paaK-P2-

fabI 

CloDF13 ori; Strep
R
; PT7lac-1: paaK PT7lac-

2: fabI 

This study 

pCDF-P1-phl-P2-fabI CloDF13 ori; Strep
R
; PT7lac-1: phl PT7lac-2: 

fabI 

This study 

pCDF-P1-paaK-P2-

tdter 

CloDF13 ori; Strep
R
; PT7lac-1: paaK PT7lac-

2: tdter 

This study 

pCDF-P1-phl-P2-

tdter 

CloDF13 ori; Strep
R
; PT7lac-1: phl PT7lac-2: 

tdter 

This study 

pCDF-P1-paaF-P2-

tdter 

CloDF13 ori; Strep
R
; PT7lac-1: paaF PT7lac-

2: tdter 

This study 

pCDF-P1-paaF-P2-

fabI 

CloDF13 ori; Strep
R
; PT7lac-1: paaF PT7lac-

2: fabI 

This study 

pCDF-P1-cat1 CloDF13 ori; Strep
R
; PT7lac-1: cat1 This study 

pCDF-P1-cat1-paaF-

P2-tdter 

CloDF13 ori; Strep
R
; PT7lac-1: cat1-paaF 

PT7lac-2: tdter 

This study 

pCDF-P1-scpC-paaF-

P2-tdter 

CloDF13 ori; Strep
R
; PT7lac-1: scpC-paaF 

PT7lac-2: tdter 

This study 

pCDF-P1-sucCD-

paaF-P2-tdter 

CloDF13 ori; Strep
R
; PT7lac-1: sucC-sucD-

paaF PT7lac-2: tdter 

This study 

pCDF-P1-pct-paaF-

P2-tdter 

CloDF13 ori; Strep
R
; PT7lac-1: pct-paaF 

PT7lac-2: tdter 

This study 

pCDF-P1-cat1-dcaE-

P2-tdTer 

CloDF13 ori; Strep
R
; PT7lac-1: cat1-dcaE 

PT7lac-2: tdTer 

This study 

pCDF-P1-cat1-P2-

mks1 

CloDF13 ori; Strep
R
; PT7lac-1: cat1 PT7lac-2: 

mks1 

This study 
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pCDF-P1-cat1-P2-

adc 

CloDF13 ori; Strep
R
; PT7lac-1: cat1 PT7lac-2: 

adc 

This study 

pCDF-P1-pct-fadAx CloDF13 ori; Strep
R
; PT7lac-1: pct-fadAx This study 

pCDF-P1-pct-fadAx-

P2-fabI 

CloDF13 ori; Strep
R
; PT7lac-1: pct-fadAx 

PT7lac-2: fabI 

This study 

pCDF-P1-pct-fadAx-

P2-tdter 

CloDF13 ori; Strep
R
; PT7lac-1: pct-fadAx 

PT7lac-2: tdter 

This study 

pCDF-P1-pct-P2-

tdTer 

CloDF13 ori; Strep
R
; PT7lac-1: pct PT7lac-2: 

tdTer 

This study 

pCDF-ntH6-cbjALD CloDF13 ori; Strep
R
; PT7lac-1: cbjALD 

with N-terminal 6x his-tag 

This study 

pCDF-ntH6-

maqu_2507 

CloDF13 ori; Strep
R
; PT7lac-1: maqu_2507 

with N-terminal 6x his-tag 

This study 

pCDF-ntH6-chnD CloDF13 ori; Strep
R
; PT7lac-1: chnD with 

N-terminal 6x his-tag 

This study 

pCDF-P2-ydiI-

pct540 

CloDF13 ori; Strep
R
; PT7lac-2: ydiI-pct540 This study 

pCDF-P1-hadB-

hadC-P2-ydiI-pct540 

CloDF13 ori; Strep
R
; PT7lac-1: hadB-hadC 

PT7lac-2: ydiI-pct540 

This study 

pCDF-P1-HMGS-P2-

liuC 

CloDF13 ori; Strep
R
; PT7lac-1: HMGS 

PT7lac-2: liuC 

This study 

pCDF-P1-HMGS-

aibA-aibB-P2-

cbjALD-liuC 

CloDF13 ori; Strep
R
; PT7lac-1: HMGS-

aibA-aibB PT7lac-2: cbjALD-liuC 

This study 

pCDF-P1-HMGS-

aibA-aibB-P2-liuC-

adhE2 

CloDF13 ori; Strep
R
; PT7lac-1: HMGS-

aibA-aibB PT7lac-2: liuC-adhE2 

This study 

pCDF-P1-HMGS-

aibA-aibB-P2-

cbjALD-liuC-yahK 

CloDF13 ori; Strep
R
; PT7lac-1: HMGS-

aibA-aibB PT7lac-2: cbjALD-liuC-yahK 

This study 

pCDF-P1-HMGS-

aibA-aibB-P2-

cbjALD-liuC-chnD 

CloDF13 ori; Strep
R
; PT7lac-1: HMGS-

aibA-aibB PT7lac-2: cbjALD-liuC-chnD 

This study 

pCDF-P1-HMGS-

aibA-aibB-P2-

cbjALD-liuC-yjgB 

CloDF13 ori; Strep
R
; PT7lac-1: HMGS-

aibA-aibB PT7lac-2: cbjALD-liuC-yjgB 

This study 
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pCDF-ntH6-ipkTHA* CloDF13 ori; Strep
R
; PT7lac-1: ipkTHA* with 

N-terminal 6x his-tag 

This study 

pCDF-ntH6-ipkMTH CloDF13 ori; Strep
R
; PT7lac-1: ipkMTH with 

N-terminal 6x his-tag 

This study 

pCDF-ntH6-fadAx CloDF13 ori; Strep
R
; PT7lac-1: fadAx with 

N-terminal 6x his-tag 

This study 

pCDF-ntH6-ppfadA CloDF13 ori; Strep
R
; PT7lac-1: ppfadA with 

N-terminal 6x his-tag 

This study 

pCDF-ntH6-dcaF CloDF13 ori; Strep
R
; PT7lac-1: dcaF with 

N-terminal 6x his-tag 

This study 

pCDF-ntH6-scfadA CloDF13 ori; Strep
R
; PT7lac-1: scfadA with 

N-terminal 6x his-tag 

This study 

pUCBB pMB1 (ColE1) ori, PlacP’, Amp
R
 

29
 

pUCBB-ctH6-pct pMB1 (ColE1) ori, Amp
R
; PlacP’: pct with 

C-terminal 6x his-tag 

This study 

pUCBB-ctH6-cat1 pMB1 (ColE1) ori, Amp
R
; PlacP’: cat1 

with C-terminal 6x his-tag 

This study 

pUCBB-ntH6-bktB pMB1 (ColE1) ori, Amp
R
; PlacP’: bktB 

with N-terminal 6x his-tag 

This study 

pTrcHis2A pBR322 ori, Ptrc, lacI, Amp
R
 Invitrogen 

pTH-ctH6-pcaF pBR322 ori, Amp
R
; Ptrc: pcaF with C-

terminal 6x his-tag 

This study 

pTH-ctH6-pct540 pBR322 ori, Amp
R
; Ptrc: pct540 with C-

terminal 6x his-tag 

This study 

pZS pSC101 ori, PLtetO-1, tetR, Cam
R
 

28
 

pZS-hadI pSC101 ori, Cam
R
; PLtetO-1: hadI This study 

pZS-hadI-hadB-hadC pSC101 ori, Cam
R
; PLtetO-1: hadI-hadB-

hadC 

This study 

pZS-ipkTHA* pSC101 ori, Cam
R
; PLtetO-1: ipkTHA* This study 

pZS-ipkMTH pSC101 ori, Cam
R
; PLtetO-1: ipkMTH This study 
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Appendix Table 2. Oligonucleotides designed and used in this thesis. 

Name Sequence 

tdter-f1 5’-AAGGAGATATACATATGATTGTTAAGCCGATGGTCC-3’ 

tdter-r1 5’-TTGAGATCTGCCATATGTTAGATGCGGTCAAAACGTTCA-

3’ 

cat1-f1 5’-AGGAGATATACCATGAGCAAAGGCATTAAAAAC-3’ 

cat1-r1 5’-CGCCGAGCTCGAATTCTTATTTCATGGAGCCGGTTT-3’ 

cat1-f2 5’- 

TAGAAGGAGGAGATCTATGAGCAAAGGCATTAAAAACA-3’ 

cat1-r2 5’-GGGGGACCAGCTCGAGTTATTTCATGGAGCCGGTTTT-3’ 

pct-f1 5’-AGGAGATATACCATGAGAAAAGTAGAAATCATTAC-3’ 

pct-r1 5’-CGCCGAGCTCGAATTCTTATTTTTTCAGTCCCATGGGAC-

3’ 

pct-f2 5’-

TAGAAGGAGGAGATCTATGAGAAAAGTAGAAATCATTACA

G-3’ 

pct-r2 5’-

GGGGGACCAGCTCGAGTTATTTTTTCAGTCCCATGGGACC-

3’ 

sucCD-

f1 

5’-AGGAGATATACCATGAACTTACATGAATATCAGGC-3’ 

sucCD-

r1 

5’-CGCCGAGCTCGAATTCTTATTTCAGAACAGTTTTCAGTG-

3’ 

paaF-f1 5’-AGGAGATATACCATGGCATGAGCGAACTGATC-3’ 

paaF-r1 5’-CGCCGAGCTCGAATTCTTAGCGTCCTTTAAAGTCGGG-3’ 

paaF-f2 5’-

CATGAAATAAGAATTTAAGGAGGAATATGGCATGAGCGAAC

TGATC-3’ 

paaF-f3 5’- 

TCTGAAATAAGAATTTAAGGAGGAATATGGCATGGCATGAG

CGAACTGATC-3’ 

paaF-f4 5’- 

GCTGGGTTAAGAATTTAAGGAGGAATATGGCATGGCATGAG

CGAACTGATC-3’ 
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paaF-f5 5’-

GAAAAAATAAGAATTTAAGGAGGAATATGGCATGGCATGA

GCGAACTGATC-3’ 

paaJ-f1 5’-AGGAGATATACCATGCGTGAAGCCTTTATTTGT-3’ 

paaJ-r1 5’-CGCCGAGCTCGAATTCTCAAACACGCTCCAGAATCA-3’ 

paaH-f1 5’-

GTGTTTGAGAATTCGAAGGAGGAATATACCATGATGATAA 

ATGTGCAAACTGTGG-3’ 

paaH-r1 5’-

CCTGCAGGCGCGCCGAGCTCTCATGACTCATAACCGCTCT 

CCAG -3’ 

paaH-f2 5’-

CCCAGGCAAGTGGGCCGTATGGATAATTCACCCCAAGACG-

3’ 

paaH-r2 5’-

CGTCTTGGGGTGAATTATCCATACGGCCCACTTGCCTGGG-

3’ 

acot8-f1 5’-AAGGAGATATACATATGAGCGCCCCGGAAG-3’ 

acot8-r1 5’-

TTGAGATCTGCCATATGTTACAGCTTCGATTCTGAGACTTGC

-3’ 

cbjALD-

f1 

5’-AAGGAGATATACATATGAATAAAGACACACTAATACC-3’ 

cbjALD-

r1 

5’-TTGAGATCTGCCATATGTTAGCCGGCAAGTACACATC-3’ 

cbjALD-

f2 

5’-

GCCAGGATCCGAATTCGAATAAAGACACACTAATACCTAC-

3’ 

cbjALD-

r2 

5’-CGCCGAGCTCGAATTCTTAGCCGGCAAGTACACATC-3’ 

cbjALD-

r3 

5’-

TTAAATTCCGGCATAATTACTCCTTCACTGCCATATTAGCCG

GCAAGTACACATC-3’ 

mhpF-f1 5’-AAGGAGATATACATATGAGTAAGCGTAAAGTCGCC-3’ 

mhpF-r1 5’-TTGAGATCTGCCATATGTCATGCCGCTTCTCCTGCC-3’ 

eutE-f1 5’-AAGGAGATATACATATGAATCAACAGGATATTGAACA-3’ 
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eutE-r1 5’-TTGAGATCTGCCATATGTTAAACAATGCGAAACGCATCG-

3’ 

maqu_25

07-f1 

5’-AAGGAGATATACATATGAACTACTTTCTGACCGGT-3’ 

maqu_25

07-r1 

5’-TTGAGATCTGCCATATGTTACCAGTAAATGCCACGCAT-3’ 

maqu_25

07-f2 

5’-GCCAGGATCCGAATTCGAACTACTTTCTGACCGGTGG-3’ 

maqu_25

07-r2 

5’-CGCCGAGCTCGAATTCTTACCAGTAAATGCCACGCA-3’ 

adhE2-f1 5’-

AAAGGAGATATACATATGAAAGTTACAAATCAAAAAGAAC-

3’ 

adhE2-r1 5’-

TTGAGATCTGCCATATGTTAAAATGATTTTATATAGATATCCT-

3’ 

adhE2-f2 5’-

TTAATATGGCAGATCAGGAGGAATAGCTGATGAAAGTTACA

AATCAAAAAGAAC-3’ 

adhE2-r2 5’-

CTTTACCAGACTCGAGTTAAAATGATTTTATATAGATATCCTT

-3’ 

acr1-f1 5’-AAGGAGATATACATATGAACGCCATTGATCAGCTG-3’ 

acr-r1 5’-TTGAGATCTGCCATATGTCACCAATGTTCACCCGGAA-3’ 

acrM-f1 5’-AAGGAGATATACATATGAACGCCAAACTGAAAAAAC-3’ 

acrM-r1 5’-TTGAGATCTGCCATATGTCACCAATGTTCACCCGGAA-3’ 

orf1594-

f1 

5’-AAGGAGATATACATATGTTTGGCCTGATTGGTCAC-3’ 

orf1594-

r1 

5’-TTGAGATCTGCCATATGTCAGATTGCCAGTGCCAGC-3’ 

seeutE-

f1 

5’-AAGGAGATATACATATGAATCAACAGGATATTGAACA-3’ 

seeutE-

r1 

5’-TTGAGATCTGCCATATGTTATACAATGCGAAACGCATCC-

3’ 

acs-f1 5’- 

GTTATGAGTCATGAGTAAATAAGGAGGAATAAAGCATGAGC
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CAAATTCACAA-3’ 

acs-r1 5’-

CCTGCAGGCGCGCCGAGCTCTTACGATGGCATCGCGATAG-

3’ 

pta-f1 5’-

GTTATGAGTCATGAGTAAATAAGGAGGAATAAAGCATGTCC

CGTATTATTATGCTGAT-3’ 

pta-r1 5’-

CCTGCAGGCGCGCCGAGCTCTTACTGCTGCTGTGCAGACT-

3’ 

pTargetF

-r1 

5’- ACTAGTATTATACCTAGGACTG-3’ 

pTargetF

-dpykF-

f1 

5’- 

GAAATCCTCGAAGCCTCTGAGTTTTAGAGCTAGAAATAGCA

AG-3’ 

dpykF-f1 5’-ACAAAATCAGACAAATAACGCG-3’ 

dpykF-r1 5’-GACAGTCTTAGTCTTTAAGTTG-3’ 

dpykF-f2 5’-

CAACTTAAAGACTAAGACTGTCTATTGCTTTTGTGAATTAAT

TTG-3’ 

dpykF-r2 5’- TCATCTTTAGCAGCCTGAAC-3’ 

pTargetF

-

lpdA(A3

58V)-f1 

5’-

AGACCCACCCATGCAACTTCGTTTTAGAGCTAGAAATAGCA

AG-3’ 

lpdA(A3

58V)-f1 

5’-AAGTACCAGAACGCCTGCTG-3’ 

lpdA(A3

58V)-r1 

5’-ACCCACCCAAACCACTTCTGGTTCGGTATAGGC-3’ 

lpdA(A3

58V)-f2 

5’-CCAGAAGTGGTTTGGGTGGGTCTGACTGAGAA-3’ 

lpdA(A3

58V)-r2 

5’-ACGTGGAGCAAGAAGACTGG-3’ 

chnD-f1 5’-

GTTATGAGTCATGAGTAAATAAGGAGGAATAAAGCATGCAC

TGCTATTGTGTTACC-3’ 
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chnD-r1 5’-

CCTGCAGGCGCGCCGAGCTCTCAATTTTCGTGCATCAGAAC

-3’ 

chnD-f2 5’-GCCAGGATCCGAATTCGCACTGCTATTGTGTTACCCAC-3’ 

chnD-r2 5’-CGCCGAGCTCGAATTCTCAATTTTCGTGCATCAGAAC-3’ 

chnD-f3 5’- 

TTAATATGGCAGATCAGGAGGAATAGCTGATGCACTGCTATT

GTGTTACC-3’ 

chnD-r3 5’-CTTTACCAGACTCGAGTCAATTTTCGTGCATCAGAAC-3’ 

yjgB-f1 5’-

GTTATGAGTCATGAGTAAATAAGGAGGAATAAAGCATGTCG

ATGATAAAAAGCTATG-3’ 

yjgB-r1 5’-

CCTGCAGGCGCGCCGAGCTCTCAAAAATCGGCTTTCAACA

C-3’ 

yjgB-f2 5’- 

TTAATATGGCAGATCAGGAGGAATAGCTGATGTCGATGATA

AAAAGCTATG-3’ 

yjgB-r2 5’-CTTTACCAGACTCGAGTCAAAAATCGGCTTTCAACAC-3’ 

yahK-f1 5’-

GTTATGAGTCATGAGTAAATAAGGAGGAATAAAGCATGAAG

ATCAAAGCTGTTGGTG-3’ 

yahK-r1 5’- 

CCTGCAGGCGCGCCGAGCTCTCAGTCTGTTAGTGTGCGATT

-3’ 

yahK-f2 5’- 

TTAATATGGCAGATCAGGAGGAATAGCTGATGAAGATCAAA

GCTGTTGGTG-3’ 

yahK-r2 5’-CTTTACCAGACTCGAGTCAGTCTGTTAGTGTGCGATT-3’ 

paaK-f1 5’-AGGAGATATACCATGATAACCAATACAAAGCTTG-3’ 

paaK-r1 5’-CGCCGAGCTCGAATTCTCAGGCACCAACAATATTGC-3’ 

phl-f1 5’-AGGAGATATACCATGGTTTTTCTGCCTCCGAAA-3’ 

phl-r1 5’-CGCCGAGCTCGAATTCTTAGATTTTGCTACCTGCTTTAC-

3’ 

fabI-f1 5’-AAGGAGATATACATATGGGTTTTCTTTCCGGTAAG-3’ 
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fabI-r1 5’-TTGAGATCTGCCATATGTTATTTCAGTTCGAGTTCGTTC-3’ 

ppfadA-

f1 

5’-AGGAGATATACC ATGAGCCTGAATCCGCGTG-3’ 

ppfadA-

r1 

5’-CGCCGAGCTCGAATTCTTAAACACGTTCAAAAACGGTG-

3’ 

ppfadA-

f2 

5’-GCCAGGATCCGAATTCGAGCCTGAATCCGCGTGATG-3’ 

ppfadB-

f1 

5’-ACGTGTTTAAGAATTTAAGGAGGAATAAACC 

ATGATCTATGAAGGCAAAGCC-3’ 

ppfadB-

r1 

5’-CGCCGAGCTCGAATTCTTAGTTAAAAAAGCGCTGACC-3’ 

dcaF-f1 5’-AGGAGATATACC ATGCTGAACGCCTATATCTATG-3’ 

dcaF-r1 5’-CGCCGAGCTCGAATTCTTAGCTCACATTTTCAATAACC-3’ 

dcaF-f2 5’-GCCAGGATCCGAATTCGCTGAACGCCTATATCTATGA-3’ 

dcaH-f1 5’-TGTGAGCTAAGAATTTAAGGAGGAATAAACC 

ATGACCCACCCGATCAAAAA-3’ 

dcaH-r1 5’-CGCCGAGCTCGAATTCTTAGGTGGTAAAGGTCAGCG-3’ 

dcaE-f1 5’-CATGAAATAAGAATTTAAGGAGGAATAAACC 

ATGATTCCGGATCAGGATAAC-3’ 

dcaE-r1 5’-CGCCGAGCTCGAATTCTTATTTGCCATGATAGCTCGG-3’ 

pcaJ-f1 5’-AAGGAGATATACAT ATGACCATCACCAAAAAACTG-3’ 

pcaJ-r1 5’-TTGAGATCTGCCATATGTTATTTGATCAGCGGAACACC-3’ 

pcaI-f1 5’-AAGGAGATATACATATGATCAACAAAACCTATGAGAG-3’ 

pcaI-r1 5’-

TTGGTGATGGTCATAGTTTATTCCTCCTTATTTAATTAAACTG

CTTTGGCAATGCTG-3’ 

mks1-f1 5’- AAGGAGATATACATATGGAGAAAAGCATGTCGCC-3’ 

mks-r1 5’-TTGAGATCTGCCATATGTTATTTATACTTGTTAGCGATGC-

3’ 

adc-f1 5’-AAGGAGATATACAT ATGCTGAAAGACGAGGTGATC-3’ 

adc-r1 5’-

TTGAGATCTGCCATATGTTATTTCAGGTAGTCATAAATAAC 
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fadAx-f1 5’-

GAAAAAATAAGAATTTAAGGAGGAATAAACCATGACCCTG

GCAAATGATCC-3’ 

fadAx-r1 5’-CGCCGAGCTCGAATTCTTAATACAGACATTCAACTGCC-3’ 

fadAx-f2 5’-GCCAGGATCCGAATTCGACCCTGGCAAATGATCCGAT-3’ 

fadB2x-

f1 

5’-AGGAGATATACCATGCATATCGCCAACAAACAC-3’ 

fadB2x-

r1 

5’-CGCCGAGCTCGAATTCTTATTTTGCTGCCATGCGCAG-3’ 

fadB1x-

f1 

5’-

AGCAAAATAAGAATTTAAGGAGGAATAAACCATGGCCTTTG

AAACCATTCTG-3’ 

fadB1x-

r1 

5’-CGCCGAGCTCGAATTCTTAGCGATCTTTAAACTGTGC-3’ 

ydiI-f1 5’-AAGGAGATATACATATGATATGGAAACGGAAAATCAC-3’ 

ydiI-r1 5’-TTGAGATCTGCCATATGTCACAAAATGGCGGTCGTC-3’ 

ydiI-r2 5’- 

GGCACTTTACGCATAACTTATTCCTCCTTGGATGGTCACAA

AATGGCGGTCGTC-3’ 

bktB-f1 5’-AGGAGATATACCATGATGACGCGTGAAGTGGTAGT-3’ 

bktB-r1 5’-CGCCGAGCTCGAATTCTCAGATACGCTCGAAGATGG-3’ 

bktB-f2 5’-CGCGCGGCAGCCATATGACGCGTGAAGTGGTAGTG-3’ 

bktB-r2 5’-GCTCGACTCACTCGAGTCAGATACGCTCGAAGATGG-3’ 

phaB1-f1 5’-

GCGTATCTGAGAATTAGGAGGCTCTCTATGACTCAGCGCAT

TGCGTA 

phaB1-r1 5’-CGCCGAGCTCGAATTCTCAGCCCATGTGCAGGCC-3’ 

phaJ-f1 5’-AAGGAGATATACATATGTCGGCACAAAGCCTG-3’ 

phaJ-r1 5’-TTGAGATCTGCCATATGTTACGGCAGTTTCACCACC-3’ 

ilvC-f1 5’-AGGAGATATACCATGGCTAACTACTTCAATAC-3’ 

ilvC-r1 5’- 

ACGGTACTTAGGCATGGTTTATTCCTCCTTAAACTCTTAACC

CGCAACAGCAATAC-3’ 



231 

 

ilvD-f1 5’-ATGCCTAAGTACCGTTCCG-3’ 

ilvD-r1 5’-CGCCGAGCTCGAATTCTTAACCCCCCAGTTTCGATTT-3’ 

alsS-f1 5’- AAGGAGATATACATATGACCAAAGCAACCAAAGAA-3’ 

alsS-r1 5’- 

AATGGTAATACGCATGTTAATTTCCTCCTAGAATTACAGGGC

TTTGGTTTTCAT-3’ 

panE-f1 5’-ATGCGTATTACCATTGCCGG-3’ 

panE-r1 5’-TTGAGATCTGCCATATTATTTGGCTTTCAGCAGTTCTT-3’ 

pct540-

f1 

5’-GAGGAATAAACCATGCGTAAAGTGCCGATTATTA-3’ 

pct540-

r1 

5’-GATGATGATGGTCGACGCTTTTCATTTCTTTCAGGCC-3’ 

pct540-

f2 

5’-AAGGAGATATACATATGCGTAAAGTGCCGATTATTA-3’ 

pct540-

r2 

5’-TTGAGATCTGCCATATTAGCTTTTCATTTCTTTCAGGC-3’ 

hadB-f1 5’-AGGAGATATACCATGAGCGAGAAAAAAGAAGCA-3’ 

hadB-r1 5’- 

CTGAATCGCGGTGAAATCTAACAATTAAAGGAGGAATAAA

GCATGGAAGCCATTCTG-3’ 

hadB-f2 5’-AAACATTTAAACGCGTATGAGCGAGAAAAAAGAAGCA 

hadC-f1 5’- ATGGAAGCCATTCTG AGCAAAA-3’ 

hadC-r1 5’-CGCCGAGCTCGAATTCTTATGCCAGGCTCATCATTTC-3’ 

hadC-r2 5’-TGCCTCTAGCACGCGTTTATGCCAGGCTCATCATTTC-3’ 

hadI-f1 5’-TTAAAGAGGAGAAAGGTACCATGTATACGATGGGTCTG-

3’ 

hadI-r1 5’-

TGCCTCTAGCACGCGTTTAAATGTTTTTCACTTCTTTCTGG-

3’ 

hadI-f2 5’- 

GGGGTTAAGAATTCGAGGAGGAATAACTGATGTATACGATG

GGTCTGGATA-3’ 

hadI-r2 5’-CCTGCAGGCGCGCCGTTAAATGTTTTTCACTTCTTTCT-3’ 
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liuC-f1 5’-AAGGAGATATACATATGCCGGAATTTAAAGTTGATG-3’ 

liuC-r1 5’-TTGAGATCTGCCATATTAACGACCTTTATAAACCGGT-3’ 

HMGS-

f1 

5’-AGGAGATATACCATGACCATCGGCATCGATAAG-3’ 

HMGS-

r1 

5’-CGCCGAGCTCGAATTCTTATTCCGGACGATGATATTCG-3’ 

aibA-f1 5’-AGGAGATATACCATGAAAACCGCACGTTGGTG-3’ 

aibA-r1 5’-

CAGGGTTGCGCTCATGGTTTATTCCTCCTTAAAATCTTATGC

TGCACGACGGGTCA-3’ 

aibA-f2 5’- 

TCCGGAATAAGAATTGTAGGAGGAATACTACATGAAAACCG

CACGTTGGTG-3’ 

aibB-f1 5’-ATGAGCGCAACCCTGGATATC-3’ 

aibB-r1 5’-CGCCGAGCTCGAATTCTTATGCACCAACCAGTGCATC-3’ 

idi-f1 5’-AGGAGATATACCATGCAAACGGAACACGTCATT-3’ 

idi-r1 5’-

GTCAAATTCCACCATGGTTTATTCCTCCTTAAATTATTTAAG

CTGGGTAAATGCAG-3’ 

trGPPS2

-f1 

5’-ATGGTGGAATTTGACTTTAACAAA-3’ 

trGPPS2

-r1 

5’-ATGGCTGCTGCCATGTTAGTTCTGACGAAATGCAAC-3’ 

ges-f1 5’-AAGGAGATATACATAATGGAAGAAAGCAGCAGCAAA-3’ 

ges-r1 5’-TTACCAGACTCGAGGTTACTGGGTAAAAAACAGGGC-3’ 

ychB-f1 5’-

ACCCAGTAACCTCGAAAGGAGGAATAAGGCATGCGGACAC

AGTGGCCC 

ychB-r1 5’-

TTTCAGGATGATCATTTGTTATTCCTCCTTAAGGTCTTAAAG

CATGGCTCTGTGCAA-3’ 

ipkMTH-

f1 

5’-ATGATCATCCTGAAACTGGGT-3’ 

ipkMTH- 5’-CTTTACCAGACTCGAGTTAGTGTTTACCTGTAATACGT-3’ 
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r1 

ipkMTH-

f2 

5’-

GATCCGCTAACTCGATAAGGAGGAATAACAAATGATCATCC

TGAAACTGGGT-3’ 

ipkMTH-

f3 

5’-GCCAGGATCCGAATTCGATCATCCTGAAACTGGGTGG-3’ 

ipkMTH-

r2 

5’-CGCCGAGCTCGAATTCTTAGTGTTTACCTGTAATACGTG-

3’ 

ipkMTH-

f4 

5’-

TTAAAGAGGAGAAAGGTACCATGATCATCCTGAAACTGGG

T 

ipkMTH-

r3 

5’-TGCCTCTAGCACGCGTTTAGTGTTTACCTGTAATACGT 

ipkTHA*-

f1 

5’-

ACCCAGTAACCTCGAAAGGAGGAATAAGGCATGATGATCC

TGAAAATTGGTG-3’ 

ipkTHA*-

r1 

5’-CTTTACCAGACTCGAGTTAGCGGATCACGGTGCCAA-3’ 

ipkTHA*-

f2 

5’-GCCAGGATCCGAATTCGATGATCCTGAAAATTGGTGGTA-

3’ 

ipkTHA*-

r2 

5’-CGCCGAGCTCGAATTCTTAGCGGATCACGGTGCCAA-3’ 

ipkTHA*-

f3 

5’-

TTAAAGAGGAGAAAGGTACCATGATGATCCTGAAAATTGGT

G 

ipkTHA*-

r3 

5’-TGCCTCTAGCACGCGTTTAGCGGATCACGGTGCCAA 

pcaF-f1 5’-GAGGAATAAACCATGCATGATGTCTTTATCTGTG-3’ 

pcaF-r1 5’-GATGATGATGGTCGACAACACGTTCAATAGCCAGAGC-3’ 

scfadA-

f1 

5’-CGCCGAGCTCGAATTCTTATGCTTTCGGAACACGAAC-3’ 

scfadA-

r1 

5’-CGCCGAGCTCGAATTCTTATGCTTTCGGAACACGAAC-3’ 
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