


 
 

ABSTRACT 

Engineering of microbial cell factories for the sustainable 

production of fuels and chemicals using a novel carbon 

elongation pathway 

by 

Seohyoung Kim 

Concerns over sustained availability of fossil resources along with environmental 

impact of their use have stimulated the development of alternative methods for fuel and 

chemical production from renewable resources. Feedstocks from renewables are 

commonly C5~C6 sugars and C3 glycerol obtained from hydrolytic degradation of 

biomass and lipids respectively, and some successful results in production of chemicals 

in the C1-C6 range have been reported largely due to fact that those chemicals can be 

produced directly or be readily synthesized from common compounds within central 

metabolism. The biomanufacturing of chemicals of which the number of carbon exceed 

6, on the other hand, requires elaborate intracellular carbon-carbon bond forming 

reactions. Although numerous studies have employed nature designed carbon elongation 

pathway such as fatty acid biosynthesis and isoprenoid pathway in attempt to produce 

those chemicals, most metabolic platforms suffer from low titer and yield of products 

largely because of both cellular regulation and high expenditure of cellular energy on the 

biosynthesis of starter and extender units for carbon elongation. These obstacles 

motivated us to an investigation of new approaches to develop cell factories to enable 

sustainable production of chemicals. To this end, we selected the reversed β-oxidation (r-



 
 

BOX) as carbon elongation module due to its orthogonality and superiority in energy 

consumption and functionality compared with that of other carbon elongation modules. 

The construction of a functional r-BOX, however, was only achieved by manipulating 

multiple global regulators which rendered it less applicable to regulate carbon elongation 

and fine-tuning the addition of functional groups. To address these difficulties, we 

adopted a bottom-up synthetic biology approach to facilitate r-BOX in E. coli which 

consist of four individual enzymatic reactions: thiolase, 3-hydroxy acyl-CoA 

dehydrogenase, trans-enoyl-CoA dehydratase and 2-enoyl-CoA reductase. In addition, 

further assessment on the efficiency of newly developed cell factories was carried out 

based on the three criteria: i) carbon elongation where the biosynthesis of decanoyl-CoA 

from acetyl-CoA was confirmed by using corresponding n-acids and n-alcohols as proxy 

products, ii) functionality on the carbon back bone where the production of α,β-

unsaturated carboxylic acids were demonstrated and iii) selectivity in carbon chain length 

using decanoic acid as a proxy product. In these respects, the cell factories implemented 

with r-BOX along with various acyl-CoA hydrolysis module exhibited superiority in titer, 

yield and ratio. Thus, we demonstrated that metabolic engineering strategies covered in 

the present study to develop cell-factories were useful as a tool for the production of 

various chain length of chemicals with both different functional groups and high yield. 
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Chapter 1 

Introduction 

Modern society relies on fossil fuels as the main feedstock for the production of 

transportation fuels and commodity and fine chemicals. Concerns over finite nature of 

petroleum and other fossil-based resources, localized distribution, price instability readily 

caused by social and political events around the feedstock reserves as well as 

environmental concerns have stimulated the development of alternative methods to 

produce these fuels and chemicals (Chen and Nielsen, 2016; Ragauskas, 2006).  

Bio-based production of organic acids and alcohols has been widely studied and 

widely employed in the food industry (Biermann et al., 2000; Hill, 2001). Owing to the 

potential advantages related to process safety and green chemistry as well as 

opportunities to develop value added chemicals not readily obtainable via traditional 

petrochemical processes, demands of process development for the sustainable production 

of fuels and chemicals is becoming increasingly important.  

Feedstocks for current biocatalytic processes are mainly carbohydrates obtained 

from hydrolytic degradation of starch, cellulose, and hemicellulose, or oils and fats 
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extracted from vegetables and animals. Extensive studies have focused on the 

development of cell factories to convert these biomass-derived carbohydrates into fuels 

and chemicals. When the cell factories were feed with glucose or other carbohydrates, a 

portion of the carbon source is used to make cell biomass or released in form of CO2 and 

others are catabolized into pyruvic acid and acetyl-CoA molecules via the central 

catabolic pathway. Some products with carbon ranging from 1 to 6 carbons can be 

produced directly or be readily synthesized from common compounds within central 

metabolism (Jang et al., 2012). For example, lactate, widely used in food, cosmetic, 

pharmaceutical and plastic industry is a product of simple hydrogenation of pyruvic acid. 

Citric acid is predominantly used in food and beverage industry can be produced from 

condensation between oxaloacetate, a product of carboxylation of pyruvic acid and 

acetyl-CoA. Ethanol, broadly used as biofuel, can be produced decarboxylation and 

followed by hydrogenation of pyruvic acid and recent reviews cover these achievements 

(Chen and Nielsen, 2016; Goyal et al., 2013).  

Establishment of cell factories for the production of chemicals of which number 

of carbon exceeds 6, on the other hand, is less advanced compared to that of short carbon 

chain chemicals. This is largely due to the fact that most the biomanufacturing processes 

for longer carbon length compounds requires microorganisms to conduct simultaneous 

substrate degradation for growth and carbon elongation reactions. Elaborate metabolic 

modules such as the fatty acid biosynthesis (FAB) (Lennen and Pfleger, 2013), 

isoprenoid (Chang et al., 2013), polyketide (Cummings et al., 2014), and shikimate 

(Thompson et al., 2015) pathways have been employed for the sake of both carbon 
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elongation and production of various value-added chemicals ranging from antibiotics to 

jet fuels.  

Recently, the reversal of the β-oxidation pathway was employed to produce fatty 

acids and alcohols at high yields (Dellomonaco et al., 2011) . The β-oxidation cycle is 

widely known as the catabolic cycle used by most of microorganisms for the oxidation of 

fatty acids enabling there use as a carbon and energy source. It performs iterative 

operation composed of the following steps (Cintolesi et al., 2013): activation of fatty acid 

to fatty acyl-CoA by acyl-CoA ligase/synthetase; conversion of fatty acyl-CoA to 2-

enoyl-CoA by acyl-CoA oxidase or acyl-CoA dehydrogenase; hydration of enoyl-CoA to 

3-hydroxyacyl-CoA by enoyl-CoA hydratase; reduction of 3-hydroxyacyl-CoA to 3-

oxoacyl-CoA; thiolysis of 3-oxoacyl-CoA to acetyl-CoA and fatty acyl-CoA shortened 

by two carbons. The β-oxidation pathway can shorten the carbon chain, change the β-site, 

and supply acetyl-CoA, which is the substrate of TCA cycle and a common building 

block of synthesis of fermentative products, so engineering of β-oxidation provides the 

possibility of conversion of fatty acid feedstock to numerous chemicals and fuels (Cronan 

and Clark, 2005). Although studies of bioconversion processes to add functionalities to 

oils and fats have shown promising results in terms of both titer and yield, production on 

an industrial scale is limited due to dependence on feedstocks that are often competing 

with food production.  

However, the β-oxidation reversal pathway is not only depending on the biomass 

derived carbohydrates, but also showed promising results to be served as a platform for 

the biosynthesis of various chemicals. Unlike other carbon elongation pathways, 
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employing reversed β-oxidation (r-BOX) is beneficial in terms of energy conservation 

since it bypasses ATP consuming malonyl-CoA biosynthesis step and the uses acetyl-

CoA as starter and extender for carbon elongations. Furthermore, its orthogonal nature 

makes the process free from complex cellular regulation unlike fatty acid synthesis 

pathway or other natural carbon elongation pathway (Cheong et al., 2016). This pathway 

also contains enzymes that allow for the selective functionalization of acyl-CoA moieties, 

such as generation of C-C double bonds, additional reactions on the C-C double bond, 

and functionalization of C-H bond in the alkyl chain which has potential to produce 

functionalized chemicals. 

While the cell factories engineered in original study of β-oxidation reversal 

produced n-butanol (14 g/L), long-chain fatty acids (7 g/L) and 3-ketobutyric acid (500 

mg/L (Dellomonaco et al., 2011), the implementation of reversal β-oxidation required 

complex modification to the regulatory network of the metabolism of fatty acid and other 

global regulators (fadR*, atoC(c)* crp* ΔarcA), which rendered further engineering of 

the pathway in order to be able to increase productivity, selectivity of carbon chain length 

and functionality of products challenging. This study focused on developing new 

strategies and methods to address those problems. 

 

The overall goal of this study is to investigate a new approach to develop cell 

factories for the sustainable production of biofuels and functionalized chemicals from 

renewables by exploiting reversal β-oxidation pathway.  
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The following specific objectives, which are presented below in the context of each 

chapter will be discussed in this study: 

 

1. Synthesis of medium-chain length (C6-C10) products via reversal β-oxidation 

in Escherichia coli. 

i) Establish of host strain for the r-BOX by employing synthetic biological 

approaches: In the previous study, the r-BOX showed promising results when it 

comes to production of platform chemicals such as butanol. The engineering of 

host strains, however, was achieved by manipulating multiple global regulators 

which makes it difficult to identify genes responsible for chemical production and 

fine-tune the pathway. Systematic approaches were applied to construct an 

optimal host strain for r-BOX. To this end, deletions of native E. coli genes 

responsible for fermentative pathway and hydrolysis of the acyl-CoA thioester, 

along with chromosomal expression of key genes consist in r-BOX were 

conducted.  

ii) Expansion of r-BOX to produce medium-carbon-length (mcl, C6~C10) 

chemicals: Although, numerous studies have been reported for long chain acids 

and alcohols, production of mcl-platform chemicals has been documented 

relatively poorly. This is largely due to the fact that the carbon elongation module 

adapted in the most of studies was the fatty acid biosynthesis (FAB) pathway 

which is subject to complex cellular regulations for membrane biosynthesis and 

the elongation continues until it reaches long chain carbon length.  The r-BOX 
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was engineered to generate mcl-acyl-CoAs by exploiting the key genes in r-BOX 

such as thiolase, 3-hydroxyacyl-CoA dehydrogenase, 2-enoyl-coA dehydratase, 2-

enoyl-CoA reductase. Modules for acid and alcohol production was combined 

with engineered r-BOX to confirm the performance of the platform.  

 

2. Engineering Escherichia coli for the synthesis of short- and medium-chain α,β-

unsaturated carboxylic acids. 

i) Establish a platform to produce functionalized chemicals via r-BOX: The 

intermediate compounds constitute r-BOX are acyl-CoA, 3-oxoacyl-CoA, 3-

hydroxyacyl-CoA and 2-enoyl-coA. Hydrolysis of acyl-CoA ester of each 

compounds can lead to biosynthesis of corresponding acids such as n-carboxylic 

acids, 3-oxoacids, 3-hydroxyacids and α,β-unsaturated carboxylic acids (α,β-

UCAs). Despite the high market potential of α,β-UCA, studies to establish a 

biological platform for the α,β-UCA production have been relatively less 

documented, which lead us to choose this chemical as target molecule to produce. 

Design of r-BOX to increase intracellular level of enoyl-CoA was conducted. 

ii) Selection of an optimal carbon elongation cycle terminator via in vivo and in 

vitro assay: Development of screening protocol to identify thioesterase for the 

hydrolysis enoyl-CoA thioester was a key aspect in such studies. Protocols for 

fermentation and protein purification, followed by kinetic analysis of the enzyme 

were carried out to select the optimal gene to produce α,β-UCAs from r-BOX.  
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3. Selective production of decanoic acid from iterative reversal β-oxidation 

pathway.  

i) Establish a platform to produce selected chemicals in high-ratio from iterative 

carbon elongation r-BOX pathway: Owing to substrate ambiguity of thioesterases 

and each enzymes constituting carbon elongation pathway such as FAB and r-

BOX, chemicals are being produced in form of a mixture comprised various 

carbon chain length and ratio. Although, efforts have been made to tailor carbon 

profile derived from cell-factories, only a few successful results were reported. A 

novel approach was applied to produce a specific compound with high ratio. 

ii) Improve the efficiency of engineered pathway by eliminating rate-limiting steps 

in production of decanoic acid: Thermodynamical assessment enabled us to 

predict possible rate-limiting steps such as initial condensation and reduction of 

enoyl-CoAs, which manifested in the excretion of pyruvic acid and 3-

hydroxybutyric acid respectively. Limitation in trans membrane flux of decanoic 

acid was also predicted based on the low solubility and high level of intracellular 

concentration of decanoic acid. Metabolic engineering approaches were presented 

to resolved those problems so as to increase the productivity of targeted chemical. 
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Chapter 2 

Literature Review 

2.1. Biological production of fuels and chemicals from 

renewable feedstocks 

Declining petroleum resources, combined with environmental concerns about 

fossil fuels are driving our society to shift from our dependence on petroleum to the use 

of renewable resources. Among many renewables, the only current sustainable source of 

organic carbon is plant biomass. Biomass is an inexpensive, renewable, and abundant 

source of useful carbon which can be converted by fermentation into platform molecules 

that are subsequently employed as building blocks for the synthesis of fine chemicals and 

fuels.  

 Biomass derived feedstocks can be divided into three categories based on the 

type of source: cellulosic biomass, starch-derived biomass, and vegetable oil 

(triglycerides)-based biomass. Cellulosic biomass mainly consists of two structural units: 

cellulose and hemicellulose. Cellulose, a crystalline glucose polymer and hemicellulose, 

a complex amorphous polymer, whose major component is a xylose make up 60–90 wt% 
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of terrestrial biomass and depolymerization of those biomass yields monomer mixture of 

glucose (C6) and xylose (C5) (Huber and Corma, 2007). Lignin, a large polyaromatic 

compound, is the other major component of cellulosic biomass. Starches-derived 

biomass, a glucose polysaccharide that have a 1,4 and a 1,4 glycoside linkages, are 

commonly found in the vegetable kingdom. Unlike cellulosic biomass, starches can 

easily be broken down into water-soluble sugars due to their amorphous structure. 

Vegetable oils consist of triglycerides which can be hydrolyzed into one glycerol (C3) 

molecule and three fatty acid molecules per one unit. The carbon chain length and 

number of double bonds in the fatty acids vary depending on the source of vegetable oil.  

 Industrial biotechnology involves microorganisms or enzymes to convert 

aforementioned biomass derived carbohydrates such as glucose, xylose, glycerol and 

fatty acids into fuels and platform molecules. Although biomass derived resources 

contains useful carbons, most of them are annually renewable, which makes the 

development of efficient cell factories via metabolic engineering one of key aspects of 

successful industrial biotechnology. Construction of cell factories requires deep 

understanding of microbial metabolism for each substrate. Glucose and glycerol enters 

glycolysis pathway (Embden–Meyerhof–Parnas pathway) after phosphorylation, while 

phosphorylated xylose goes to pentose phosphate pathway first, and subsequently enters 

glycolysis. Numerous studies have been conducted in search of optimal biological 

modules so as to develop efficient cell factories producing value-added chemicals and 

fuels out of the primary metabolic pathway. Some biochemical production platforms have 

been successfully developed and scaled-up to commercial level production. Especially, 
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chemicals ranging from C1 to C4 can be readily produced by diverting carbon fluxes in 

glycolysis pathway to targeted chemical production route (Kim et al., 2016a).  

For example, 1,3-propanediol has been known as an industrially valuable platform 

chemical for the chemical synthesis (Vickers et al., 2012). Especially, a polymer prepared 

from terephthalic acid and 1,3-propanediol has highly desired properties as fiber. A lot of 

efforts have been made to produce 1,3-PDO from glucose. One successful strategy 

developed by DuPont/Genencor was engineering E. coli strain to convert 

dihydroxyacetone phosphate, an intermediate in glycolysis pathway, to glycerol first by 

employing glycerol 3-phosphate dehydrogenase (DAR1) and glycerol 3-phosphate 

phosphatase (GPP2) genes, obtained from Saccharomyces cerevisiae. Subsequently, the 

glycerol was converted to 3-hydroxypropionaldehyde by glycerol dehydratase (dhaB1, 

dhaB2, dhaB3) obtained from K. pneumonia and 1,3-propanediol oxidoreductase (dhaT) 

was used to enable to conversion of 3-hydroxypropionaldehyde to 1,3-PDO. In order to 

increase productivity, gene deletions were incorporated to eliminate by-products 

pathway. For example, glycerol kinase (glpK) and glycerol dehydrogenase (gldA) were 

deleted to prevent from re-entering of produced glycerol to central metabolic pathway 

(Nakamura and Whited, 2003). 
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Figure 2-1 Pictorial description of biological production of chemicals. Glucose, xylose, 

glycerol and fatty acid were major carbohydrates obtained from biomass. Glucose, xylose 

and glycerol enters glycolysis pathway (primary metabolism) and degraded to pyruvate 

(C3) generating energies and cofactors. Fatty acids, on the other hand, are catabolized 

through β-oxidation pathway yielding acetyl-CoA which is commonly used for the 

synthesis of starter and extender unit of carbon elongation pathway. 

 There are more biochemicals receiving industrial attention such as methanol 

(C1), ethanol (C2), lactic acid (C3), succinic acid (C4), and levulinic acid (C5) (Clark et 

al., 2015). What those promising chemicals have in common is that the number of carbon 

in them are smaller than C6. When the renewable resources such as glucose, xylose and 

glycerol enters microbial metabolism, they are degraded into small molecule like acetyl-

CoA to provide energies and precursors to sustain cell growth. The microbial production 

of chemicals of which carbon numbers ranging from medium (6~12) to long (12 onward), 

therefore, requires carbon-carbon bond formation reactions such as claisen condensation 
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in fatty acid, polyketide biosynthesis pathway and prenyl condensation in isoprenoid 

pathway.  Aforementioned carbon-carbon bond formation pathways evolved in nature 

elongate carbons in a cyclic manner and generate phospholipids, polyketides and terpenes 

essential for growth and interaction with environments. Recently, β-oxidation was 

engineered to operate in reverse direction and reported that it can catalyze multiple cycle 

of elongation, leading to biosynthesis of butanol and decanol from glucose (Dellomonaco 

et al., 2011).  

 

 

Figure 2-2 Biological recursive carbon elongation pathway. Series of enzymatic reactions 

occurs to regenerate functional group in the chemical that can be used as substrate again 

for additional carbon-carbon condensation reaction. 

What the iterative or recursive biological carbon elongation pathway have in common is 

that they rely on the generation of functional group in the chemicals that can be used as 

substrate again for additional carbon-carbon condensation reaction (Figure 2-2). These 

series of catalytic reactions such as condense two substrates and functional group 

regeneration are governed by a single enzyme or set of enzymes. This character of cyclic 
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carbon elongation pathway can provide biological platforms which enables the 

production of diverse chemicals with various carbon chain length and functional groups. 

The type of starter unit (the first molecule whose activation initialize carbon 

condensation) and extender unit (the molecules incorporated subsequently into the 

growing product), on the other hand, are the obvious different among natural carbon 

elongation pathways which result in many variations in elongated carbon numbers, 

energy/cofactor requirement and regenerated functional groups per each cycle which led 

to numerous metabolic engineering strategies to develop cell factories for the 

biosynthesis of chemicals (Felnagle et al., 2012). 

2.2. Metabolic engineering to produce fuels and chemicals via 

carbon elongation pathway 

Biomanufacturing processes constitutes cell factories designed to produce 

chemicals which requires carbon-carbon condensation reactions can be divided into three 

modules: i) primary metabolism modules where catabolic carbon degradation occurs for 

the biosynthesis of precursors and energies, ii) production modules to enable the 

biosynthesis of targeted chemicals., iii) recursive carbon elongation pathway which 

connect primary module to production module  

2.2.1. Engineering of primary metabolism 

In the primary metabolism module, many metabolic engineering approaches have 

focused on the redirecting carbon fluxes toward increasing the cellular level of precursor 
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molecules such as starters and extenders for the carbon elongation module. Acetyl-CoA 

is used as a starter unit for carbon elongation in fatty acid biosynthesis, mevalonate 

(MVA) pathway and polyketide (PK) pathway in order to produce phospholipids and 

secondary metabolites in the cell. The strategies adapted by many studies were 

modification of primary metabolism such as Embden–Meyerhof–Parnas (EMP pathway) 

or Entner–Doudoroff pathway (ED pathway) in a way that increases the cellular 

concentration of acetyl-CoA. (Chen and Du, 2016; Zhu et al., 2017). In E. coli, deletion 

of genes responsible for mixed acid fermentations responsible for the biosynthesis of 

byproducts such as lactic acid, succinic acid, ethanol and acetic acid was commonly 

adapted to engineer the cell (Lennen and Pfleger, 2012). In yeast strains, acetyl-CoA is 

generated via the pyruvate dehydrogenase (PDH)-bypass pathway where pyruvate is 

converted into acetaldehyde and then to acetate, which is activated to acetyl-CoA by the 

acetyl-CoA synthetase (ACS) at the cost of two ATP equivalents. Overexpression of 

acetyl-CoA synthase in combination with deletion of alcohol synthesis gene (Adh) was 

also employed for the biosynthesis of acetyl-CoA from acetate (Gajewski et al., 2017b; 

Yu et al., 2016; Zhu et al., 2017).  

When xylose is used as carbon source, the phosphoketolase (PK), generally found in 

some filamentous fungi for cytosolic acyl-CoA biosynthesis, can be used to convert D-

xylulose-5-phosphate, an intermediate in the pentose phosphate pathway, into 

glyceraldehyde-3-phosphate and acetyl phosphate, which can be catalyzed to acetyl-CoA 

by reversible phosphate acetyltransferase. The PK pathway was also introduced to the 



 
29 

 

fatty acid ethyl esters (FAEEs) producing yeast strain, and the production of FAEEs was 

increased by 5.7-fold compared with the reference strain (Lian and Zhao, 2014). 

Engineering the shikimate pathway, ubiquitously existing pathway in plants, algae, fungi 

and bacteria to provide precursors for the biosynthesis of aromatic amino acids, including 

phenylalanie, tyrosine and tryptophan, is commonly employed for biosynthesis of various 

aromatic precursors, many of which are involved in formation of important chemicals 

with pharmaceutical values. The shikimate pathway starts from the condensation reaction 

between C3 molecule phosphoenolpyruvate (PEP) and C4 molecule D-erythrose 4-

phosphate (E4P), and ends with the formation of chorismate through a series of 

enzymatic conversions (Jang et al., 2012; Jiang and Zhang, 2016). Increasing of cellular 

level of PEP was achieved by employing PEP independent glucose system to avoid 

consumption of PEP for glucose uptake via phosphotransferase transport system (PTS). 

Overexpression of the phosphoenolpyruvate synthetase (ppsA), which converts pyruvate 

into PEP at the expense of one ATP and transketolase (tktA), which generates E4P and D-

xylulose 5-phosphate from β-D-fructofuranose 6-phosphate and D-glyceraldehyde 3-

phosphate, is another common strategy to improve the intracellular pools of PEP and E4P 

(Gosset, 2009). Glycerol is largely produced from biodiesel industry where 

transesterification of 1mole of plant oils yielded 3 moles of biodiesels and 1 mole of 

glycerol. Glycerol contains highly reduced carbons which provides an advantage over 

more oxidized carbohydrates such as glucose and xylose and facilitates its direct 

utilization by the cells as a sole carbon source for manufacture of a variety of chemicals 

(Clomburg and Gonzalez, 2013). For instance, glycerol can be further reduced to 3-
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propanediol, 3-hydroxypropionaldehyde and 1,3-propanediol. Oxidation of glycerol 

produces dihydroxyacetone in the presence of glycerol dehydrogenase and then 

phosphorylated by DHA kinase yielding DHA phosphate which enters EMP pathway 

(Khanna et al., 2012). 

 

2.2.2. Engineering of cycle termination module 

Enzymes to terminate the carbon elongation varies according to the specific 

preference toward functional group(s) and number of carbons of the targeted chemicals. 

One crucial requirement for this module is that it should have capabilities to catalyze the 

intermediates constitutes the carbon elongation pathway so as to finish the elongation 

steps. The Coenzyme A (CoA) or acyl carrier protein (ACP) is used as an acyl-group 

carrier molecule in the fatty acid biosynthesis (FAB), β-oxidation and polyketide pathway 

and the fact that the hydrolytic cleavage between thiol group and acyl moiety can lead to 

production of targeted chemicals has provoked numerous studies to identify proteins 

responsible for desired chemistry.  

2.2.2.1. Thioesterase  

Thioesterases are a group of enzymes that hydrolyze acyl-CoA/ACP esters to the free 

fatty acids which can be used as precursors for fuels and chemicals, and CoA/ACP (Hunt 

and Alexson, 2002). Microorganisms do not accumulate free fatty acids naturally largely 

due to the fact that the FAB pathway is subject to tight cellular regulation since FAs are 

essential precursors for membrane biosynthesis and their production requires substantial 
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consumption of ATPs and cofactors (Lennen and Pfleger, 2012). Discovery of cellular 

functionality of thioesterase provoked numerous studies to produce free fatty acids from 

renewables. The selectivity of the thioesterase is of particular importance because it 

influences the carbon profile of acids. Many thioesterases have been investigated in a 

view of improving fatty acid production and classified into some categories according to 

their carbon preference or domain architecture. For example, in type I carbon elongation 

module such as FAB and PK pathway where multienzymes with distinctive catalytic 

domains are integrated into single structure, there are two types of thioesterase based on 

the domain architecture. Type I thioesterase (TEI) is a class of thioesterases usually 

located at the C-terminus of the module and responsible for the release of the full-length 

chain by hydrolysis, whereas the type II thioesterase (TEII) are not covalently bound to 

the multienzymes as opposed to TEIs (Kotowska and Pawlik, 2014). Runguphan and 

Keasling (2014) produced 207 mg/L free fatty acids overexpressing TesA, a native 

Escherichia coli thioesterase, and Chen et al. (2014) produced roughly 520 mg/L free 

fatty acids with a truncated S. cerevisiae peroxisomal acyl-CoA thioesterase. In E. coli, 

titres of up to 5.2 g/L (predominantly C14 and C16:1) with an overexpression of 

truncated tesA were reported (Zhang et al., 2012). 

TEs derived from plants, which adapted type II FAB, also can be classified into two 

families, FatA and FatB. The FatA class enzymes prefer unsaturated acyl-ACPs as 

substrates, whereas the FatB class enzyme prefer saturated one. The plant TEs are of 

biochemical interest because of the recent progress in the carbon chain length tailored 

production of free fatty acid. A medium-chain acyl-ACP TE from California bay, 
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Umbellularia californica, was isolated, cloned and subsequently expressed in 

Escherichia coli. The engineered E. coli accumulated large amounts of laurate (12:0) and 

small amounts of myristate (14:0) (Zhang et al., 2011). These results demonstrated the 

role of the TE in determining chain length during de novo fatty acid biosynthesis and the 

utility of these enzymes for modifying carbon chain length of products.  

. 

2.2.2.2. Fatty acyl-CoA/ACP reductase  

Fatty acyl-CoA/ACP reductase (FAR) performs the reduction reaction of saturated 

and unsaturated acyl-CoA/ACP to fatty alcohols via a fatty aldehyde intermediate. It 

plays an essential role in the production of lipids which synthesis requires fatty alcohols 

(Hofvander et al., 2011). It is also required for wax monoesters production since fatty 

alcohols also constitute a substrate for their synthesis (Teerawanichpan and Qiu, 2010).  

Acinetobacter sp. grows on n-alkanes, primary aliphatic alcohols and aliphatic aldehydes, 

and this unique metabolism triggered a lot of studies which led to the identification of 

responsible genes such as acr1 and acrM from this strain. Steen et al. firstly, combined 

heterologous expression of FAR derived from Acinetobacter calcoaceticus BD413 with 

fatty acid overproduction in E. coli which resulted in fatty alcohol producing with a yield 

of 60 mg/L (Steen et al., 2010). Youngquist et al. found that the acyl-CoA reductase from 

Marinobacter aquaeolei VT8 converted acyl-CoA into fatty alcohol more efficiently than 

Acr1 from Acinetobacter (Youngquist et al., 2013). A recent report identified a fatty acyl-

ACP reductase (Orf1594) from the cyanobacterium Synechococcus elongatus PCC 7942 
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that catalyzes the reduction of fatty acyl-ACP or fatty acyl-CoA to fatty aldehyde 

(Schirmer et al., 2010).  

 

2.2.2.3. Terpene synthase  

Isoprenoids, also known as terpenes, are the natural products consisting of over 

40,000 structurally different compounds, which have been isolated from animal, 

microbial species as well as a wide variety of plants (Misawa, 2011). In plants, 

isoprenoids are essential and relatively universal primary metabolites, such as sterols, 

carotenoids, quinones, and hormones, but also represent important tools in the various 

interactions of plants with the environment such as defense and communication (Tholl, 

2006). The substrates for the biosynthesis of various isoprenoids are the isopentenyl 

diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) both of which are 

C5-unit. The three prenyltransferases such as geranyl diphosphate synthase (GPPS), 

farnesyl diphosphate synthase (FPPS), and geranylgeranyl diphosphate synthase 

(GGPPS) are responsible for the biosynthesis of corresponding the prenyl disphosphates 

precursors. Terpene synthases (TPS) are the primary enzymes which terminates the 

condensation reactions between DMAPP and prenyl disphosphates and lead to the 

biosynthesis of hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15) or 

diterpenes (C20) from the substrates DMAPP, GPP, FPP or GGPP, respectively. 

Those isoprenoids can be further converted into useful chemicals from engineering point 

of view with various applications in medicine, agriculture, flavors and fragrances.  
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Numerous studies have been conducted to identify TPSs for the biosynthesis of value-

added isoprenoids. Taxadiene synthase which converts GGPP to taxadiene, which further 

catalyzed to Taxol via multiple steps, a promising anticancer drug. Engels et al. expressed 

the Taxus chinensis taxadiene synthase in S. serevisiae, and produced 8.7 mg/L of 

taxadiene (Engels et al., 2008). Artemisinin, a sesquiterpene produced in the leaves of 

Artemisiaannua (sweetwormwood) is widely considered to be the best treatment for 

malaria of which biosynthesis is initiated by amorphadiene synthase using FPP. Tsuruta 

et al. expressed the A. annua amorphadiene synthase (ADS) gene and mevalonate 

pathway genes in E. coli, and achieved the production of 27.4 g/ L of amorphadiene, the 

first precursor of artemisinin (Tsuruta et al., 2009).  

Thus, the primary metabolism module and termination of carbon elongation 

module are closely related to carbon elongation module from a metabolic engineering 

point of view. Determination of the carbon elongation pathway needs to rely on a deep 

understanding of the metabolism of microorganism of interest and its capabilities for 

producing target intermediates that can be converted to chemicals of interests. With these 

key facts in mind, this literature review focuses on current carbon elongation methods, 

understanding the key strategies and methods of previous research efforts to construct 

efficient cell factories to be able to manufacture fuels and chemicals from renewable 

derived carbohydrates. 
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2.3. Microbial carbon elongation  

Biosynthetic carbon elongation pathways depend on the generation of a functional 

group within the product in a cyclic manner so that the product (extender) can be acted 

again for an additional cycle of carbon elongation reaction (Figure 2-2). The fatty acid 

synthesis pathway, the polyketide pathway and the isoprenoid pathway are the examples 

of frequently employed iterative carbon chain elongation pathways found in nature 

(Figure 2-1). Recently, the reversal of β-oxidation (r-BOX) pathway was developed 

using synthetic biology approaches. 

2.3.1. The fatty acid synthesis pathway 

2.3.1.1. TYPE II Pathway description 

Fatty acid synthesis is one of the most important pathways in all living organisms 

since its products are mainly used in membrane synthesis. Fatty acid synthesis systems 

are divided into two types, type I and type II (Campbell and Cronan, 2001). In type I, 

fatty acid synthesis (FAS) is carried out by multifunctional proteins where the enzymatic 

activities are combined into a very large protein with a distinct active site. Mammals, 

insects and fungi adopted this system which generally produces only saturated sixteen 

and eighteen carbon chains (Campbell and Cronan, 2001). In the type II FAS system, all 

proteins are expressed separately (Chan and Vogel, 2010). Most bacteria and plants use 

this system to generate a variety of products for cellular metabolism. Not only are 

different chain lengths produced, but unsaturated fatty acids, branched-chain fatty acids, 
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and hydroxyl fatty acids are also generated via the FAS pathway. In addition, the 

intermediate compounds in type II FAS can be used for the synthesis of cellular 

components other than membrane biosynthesis such as lipoic acid and quorum-sensing 

molecules (Cronan and Rock, 2008).    

E. coli has a representative type II fatty acid synthesis system (Cronan and Rock, 

2008). The intermediate to begin the FAS cycle is acetyl-CoA, a typical final product of 

glycolysis from many carbon sources. In the initiation step, malonyl-CoA is required for 

all elongation reactions and is formed by acetyl-CoA carboxylase (ACC) which adds 

HCO3
- in the process of consuming one ATP. Malonyl-CoA is utilized for FAS after its 

conversion to malonyl-ACP by malonyl-CoA-ACP transacylase. In the elongation step, 

one cycle consists of four reactions with the net results the addition of two carbons to the 

growing saturated fatty acyl compound. The first step is the condensation of the acyl-

ACP chain with malonyl-ACP by ketoacyl-ACP synthase (FabB). The second step is 

reduction of product in step 1, 3-ketoacyl-ACP, by NADPH dependent ketoacyl-ACP 

reductase (FabG) followed by the hydroxyacyl-ACP dehydratase (either FabA or FabZ) 

forming 2-enoyl-ACP. The last step is carried by NADH dependent enoyl-ACP reductase 

(FabI) which performs the reduction of 2-enoyl-ACP to form acyl-ACP, which serves as 

a substrate for another cycle. 

 

Regulation of fatty acid synthetic pathway  

Product inhibition A large amount of ATP is consumed to generate fatty acyl 

compounds in the cell. Since the ATP is an essential energy carrier chemical for growth 



 
37 

 

and survival of the cell, tight regulation of the FAS pathway is a very important process. 

The fundamental pathway for the regulation of the FAS in E. coli is feedback inhibition 

by long chain acyl-ACPs. Long chain acyl-ACPs inhibit the β-ketoacyl-ACP synthases, 

acetyl-CoA carboxylase and enoyl-ACP reductase. Inhibition of acetyl-CoA carboxylase 

reduces the production of malonyl-CoA from acetyl-CoA required for the initiation of the 

cycle. FabH (β-ketoacyl-ACP synthases) catalyzes the formation of the starting unit β-

ketobutyryl-ACP and thus its inhibition prevents the initiation of fatty acid biosynthesis. 

Finally, FabI (enoyl-ACP reductase) catalyzes the reduction of enoyl-ACP, which 

completes the acyl chain elongation cycle. FabI performs the crucial step in FAS for the 

completion of acyl chain elongation due to the reversible nature of the preceding 

dehydration reaction (Magnuson et al., 1993). 

Transcriptional regulation Transcriptional regulation of fatty acid biosynthesis in E. coli 

is mainly achieved by two antagonistic repressors, FabR and FadR. Both proteins affect 

the transcription of fabA and fabB. FabR regulates fatty acid biosynthesis by acting as a 

repressor for the fabB (ketoacyl-ACP synthase) and fabA (hydroxyacyl-ACP 

dehydratase) while FadR acts as activator. FadR also regulates fatty acid degradation in 

E. coli by binding to the operator region of the fad operon, thereby repressing the 

translation of fatty acid degradation genes. When acyl-CoA is present in the cell it binds 

FadR and activates transcription (Fujita et al., 2007; Rock and Cronan, 1996). 

Regulation of Fatty acid chain length Many studies also have been focused on 

engineering enzymes constituting FAB to produce fatty acids in view of increasing 

portion of medium chain fatty acids. One strategy which exhibited successful results was 
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the inhibiting carbon elongation efficacy of β-ketothiolase responsible (KAS) for carbon 

condensation reaction between acyl-ACPs in FAB by reducing the size of the acyl-chain 

binding pocket via protein engineering. Multiple forms of KAS (I, II, and III) have been 

identified and known to have different substrate specificities. While KASIII catalyzes the 

elongation of an acetyl-CoA primer by malonyl-ACP, KASI and KASII, which 

efficiently elongate 6:0-ACP through 14:0-ACP substrates, utilize only acyl-ACP for 

elongation by malonyl-ACP. Val et al. reported that mutation of I108F and A193M in 

KASII (a gene product of fabF of E. coli) limited access to the shorter acyl-chain-length 

substrates to ACP. They also showed that the activities of the mutant enzymes towards 

8:0-ACP were reduced by 38-fold for I108F and by 12-fold for A193M, compared with 

their corresponding activities with the 6:0-ACP substrate. Torella et al. demonstrated that 

the mutation of I108F in KASII resulted in a protein incapable of elongating beyond C8 

because of the insertion of a bulky residue into its fatty acid binding pocket which was 

evidenced by increase in medium chain fatty acids by 32% to 118mg/L compared with 

parent strain. Another strategy was increasing steric hindrance of acyl-carrier protein 

(ACP) by reducing the size of hydrophobic poket which harbors growing acyl chain (Liu 

et al., 2016). The acyl carrier protein (ACP) is an essential protein and key component of 

fatty acid metabolism, which is attached to the acyl chain and carries it to the other 

enzyme during the course of carbon elongation cycle. When the ACP mutants (I75 W and 

I75Y) from Synechococcus elongatus were overexpressed in E. coli, the proportion of 

shorter chain lipids and the production of lauric acid was increased in E. coli that 

expressed the acyl-ACP thioesterase from Cuphea plaustris.  
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Engineering in E. coli Fatty acid metabolism has received significant attention since 

fatty acids and their derivatives have numerous applications as chemical feedstocks and 

transportation fuels (Handke et al., 2011; Lennen and Pfleger, 2012). The most abundant 

fatty acid in E. coli is palmitic acid; a sixteen-carbon saturated fatty acid (Mavis and 

Vagelos, 1972).  Other fatty acid such as lauric (C12), myristic (C14) and stearic (C18) 

exist in lower amounts. Free fatty acids can be esterified to make triacylglycerides, acetyl 

triacylglycerides, and fatty acid methyl/ethyl esters (FAMEs/ FAEEs) (Handke et al., 

2011). Acyl thioesters can be reduced to alcohols, decarboxylated to form methyl 

ketones, reduced and decarbonylated to yield olefins and alkanes, oxidized and 

polymerized to form polyesters, and condensed to form ketones (Handke et al., 2011). 

The challenging point with FFA production is increasing the yield and 

productivity for industrial applications. Deletion of the consumption pathway for free 

fatty acids (β-oxidation) and the overexpression of fatty acid cycle termination enzymes 

(thioesterase) are common methods to increase FFA production in E. coli (Lennen and 

Pfleger, 2012).  The irreversible initiation step forming malonyl-CoA from acetyl-CoA 

by ACC is thought to be a key regulatory point. The overexpression of ACC results in the 

six folds increase of FFA production. Despite all these metabolic engineering approaches, 

the yield still remains below 50% of theoretical value and engineered E. coli mainly 

overproduces free fatty acid in the C12-C16 range (Lennen and Pfleger, 2012). 

Generating either long chain free fatty acids or acyl-thioesters via fatty acid synthesis 

pathway is an energy intensive process for E. coli since it has to use one ATP for every 

elongation cycle of FAS. To run a single complete cycle of FAS requires to use 1 ATP 
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for malonyl-CoA synthesis and 2 NAD(P)H for the reduction step of ketoacyl-ACP and 

enoylacyl-ACP.   

 

Figure 2-3 Pathway engineering for the production of fatty acid via FAS pathway.  Genes 

in green were overexpressed while genes in red were down regulated or deleted to 

increase the production of fatty acids. Pathways marked with a blue star were deleted to 

redirect the carbon flux to the desired fatty acid products. Boxed genes with white 

background are repressed by FadR and those with yellow background are feedback 
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inhibited by acyl-ACP. Gibbs free energies of selected enzymes involved in fatty acid 

production are given to provide insight into metabolic limits (Handke et al., 2011)  

 

2.3.1.2. TYPE I pathway description. Engineering in Yeast 

Both type I and type II fatty acid synthase is an iterative serial of reactions, conducting 

several successive cycles of a distinct reaction sequence in conjunction with a specific 

initiation and termination reaction. However, type I FAS is contrasted by the integrated 

multienzymes, which contain the various catalytic activities of the reaction sequence as 

distinctive functional domains (Tehlivets et al., 2007). Although this type I FAS may be 

further subdivided according to the domain organization of the multifunctional proteins 

and to their subunit stoichiometry, the FAS of Saccharomyces cerevisiae FAS still 

represents the typical example of this class of enzymes and has been under extensive 

investigation (Tehlivets et al., 2007). Type I FAS of S. cerevisiae is composed of two 

subunits, FAS1 (β-subunit) and FAS2 (α-subunit) which are organized as a hexamer 

(α6β6). The β-chain contains the domains for acetyl transferase (AT), enoyl reductase 

(ER), dehydratase (DH) and malonyl/palmitoyl transferase (MPT), and the α-chain 

harbors the domains for acyl carrier protein (ACP), ketoacyl reductase (KR), ketoacyl 

synthase (KS) and the phosphopantetheine transferase (PPT). In the FAB cycle, the KS 

domain is responsible for the condensation of an acyl substrate such as acetyl-ACP or 

elongated acyl-ACP with malonyl to generate ketoacyl-ACP. The resulting β-ketoacyl 

intermediate is then processed in a series of reaction steps, performed by the domains 
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KR, DH and ER, to a fully reduced acyl-chain. The resulting acyl-chain serves as a starter 

for the next cycle. The process is repeated until the final product is cleaved off.  

Regulation of TYPE I FAS1 and FAS2 genes expression is regulated in coordination 

with phospholipid biosynthesis, in response to lipid precursors such as inositol and 

choline (IC), which is evidence by repression of FAS1 and FAS2 with inositol 

supplementation (Chirala, 1992). As shown in Figure 2-4, transcriptional regulation is 

controlled by Ino2/Ino4 (positive regulator) and Opi1 (negative regulator) transcription 

factors which bind to specific gene elements such as ICRE (inositol/choline-responsive 

element) or UASINO sequence located in the upstream of FAS (Schweizer and Hofmann, 

2004). The element mediates transcriptional activation under conditions of IC limitation, 

whereas transcription is suppressed by an excess of these phospholipid precursors. FAS1 

and FAS2 are also repressed in the presence of long-chain fatty acids, but the mechanism 

of fatty acid-mediated repression is unclear (Schweizer and Hofmann, 2004). However, a 

GCCAA consensus motif which might act as UASFAS was identified in both promoter 

sequences, which also acts synergistically with ICRE or UASINO. Additionally, the FAS 

subunits are subject to posttranslational regulation. It has been demonstrated that 

individual excess subunits are degraded by proteolytic cellular activities while the α6β6 is 

proteolytically stable (Egner et al., 1993). 
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Figure 2-4 Regulatory interactions of yeast transcription factors involved in ICRE-

dependent FAS expression. Interactions with activating (green) or repressing (red) effects 

on FAS transcription are marked by different colors. TAD, transcription activation 

domain; RID, repressor interaction domain; SID, Sin3-interaction domain; RNA Pol II, 

RNA polymerase II (Schweizer and Hofmann, 2004). 

Engineering of Type I FAS The characteristics of FAB in S. cerevisiae is that the 

catalytic route of fatty acids synthesis is more direct and shorter than that of E. coli due to 

its conformational nature where multienzymes were integrated into single structure, 

which allows more efficient conversion of carbon substrate to fatty acids and fatty acid-

derived biofuels.  Yeast is also a robust industrial organism that can grow under low pH 

levels and various harsh fermentation conditions and is free of phage contamination 

(Zhou et al., 2016). The acetyl-CoA is a key precursor in the biosynthesis of fatty acids. 

In S. cerevisiae, acetyl-CoA metabolism takes place in at least four subcellular 

compartments: nucleus, mitochondria, cytosol and peroxisomes, and the fatty acids are 

mostly synthesized in the cytosol of S. cerevisiae, but this metabolite cannot be 

transported directly between the different compartments without the carnitine/acetyl-
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carnitine shuttle or glyoxylate cycle (Sheng and Feng, 2015). In S. cerevisiae, acetyl-CoA 

is synthesized though the pyruvate dehydrogenase (PDH)-bypass pathway, from pyruvate 

to acetaldehyde and then to acetate, which is activated to acetyl-CoA by the acetyl-CoA 

synthetase (ACS) at the cost of ATP. Due to feedback inhibition/ATP requirement on 

acetyl-CoA synthase and glycolytic flux preference toward ethanol (known as crabtree 

effect) (Hoek et al., 1998), the supply of acetyl-CoA is very limited. Several metabolic 

engineering strategies have been studied to increase the availability of acetyl-CoA in the 

cytosol of yeast: i) redirecting carbon flux toward acetyl-CoA biosynthesis, ii) 

Heterologous acetyl-CoA biosynthesis pathway. With respect to i), S. cerevisiae mainly 

produce ethanol under condition of glucose fermentation, largely due to the crabtree 

effect, which led to select acetaldehyde as control point to redirect the flux distribution 

between ethanol and acetyl-CoA, and the deletion of major alcohol dehydrogenases 

(∆adh1–∆adh4) increased around 2-fold and the production of n-butanol (Li et al., 2014; 

Lian and Zhao, 2015). With respect to ii), as summarized in Figure 2-5, numerous 

heterologous pathways, including cytosolic pyruvate dehydrogenase (PDH), 

pyruvate:formate lyase (PFL), pyruvate:ferredoxin oxidoreductase (PFO), 

pyruvate:NADP+ oxidoreductase (PNO) and were introduced in S. cerevisiae to convert 

pyruvate to acetyl-CoA. Phosphoketolase (PK) converts D-xylulose-5-phosphate into 

glyceraldehyde-5-phosphosate and acetyl phosphate, which can be converted into acetyl-

coA by phosphate acetyltransferease, and was adapted to produce acetyl-coA when 

xylose was used as major carbon soured (Sheng and Feng, 2015). ATP-dependent citrate 

lyase (ACL) uses a tricarboxylic acid (TCA) cycle intermediate citrate as the substrate, 
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which is enzymatically converted to acetyl-CoA and oxaloacetate at the expense of one 

ATP molecule. Genomic studies exhibited the presence of ACL in oleaginous yeasts such 

as Yarrowia lipolytica, while not in S. cerevisiae which implies the significance of ACL 

in providing precursor metabolites for the biosynthesis of fatty acids (Tang et al., 2013). 

Such strategies were introduced in S. cerevisiae and led to the improvement of fatty acid 

production by 1.17-fold, n-butanol production by about 3-fold and FAEE production by 

5.7-fold (Sheng and Feng, 2015). Malonyl-CoA is another key precursor in FAB and 

catalyzed from acetyl-CoA via acetyl-CoA carboxylase (ACC), which is encoded by the 

ACC1 gene in S. cerevisiae. This is the first step in FAB and is well known as the rate 

limiting step. The most straightforward strategy is to overexpress the ACC1 gene and 

FAS genes. Overexpression of ACC in the oleaginous yeast Yarrowia lypolytica 

increased the lipid content 2-fold over the control, or from a lipid content of 8.8% to 

17.9% (Tai and Stephanopoulos, 2013). Similarly, overexpression of the four endogenous 

ACC genes in E. coli led to a six-fold increase in the rate of fatty acid biosynthesis (Davis 

et al., 2000; Liu et al., 2010). The level of FAS is tightly regulated in both transcription 

and protein level, which make the engineering of FAS very difficult. Only limited 

success has been achieved in yeast to enhance fatty acid production via manipulating the 

structural genes. Two well-known families of transcriptional factors, SNF1 protein and 

the regulators of INO1, were focused in some of the recent reports since both families of 

the regulators could downregulate ACC1 or phospholipid synthesis respectively (Feng et 

al., 2015). By replacing the native promoters of FAS1 and FAS2 with strong promoters, 

their expression levels were increased by 7-16 folds which led to increase free fatty acid 
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production by 11 folds accordingly (Lian and Zhao, 2014; Runguphan and Keasling, 

2014). Researchers also found that by introducing a heterologous FAS from 

Brevibacterium ammoniagenes and homo sapiens, titer of FAEE and short chain FFA 

were increased by 6.3-fold and 64-fold compared to strains without expressing the 

heterologous FAS (Eriksen et al., 2015; Leber and Da Silva, 2014). However, 

engineering yeast to produce fatty acid-derived biofuels still faces many challenges. In 

fact, the highest titer of fatty acids, fatty alcohol and FAEEs could only reach 2.2, 1.1, 

and 0.52 g/L, respectively, in yeast, which is even lower than that of E. coli (8.6, 1.7, and 

11 g/L, respectively) (Sheng and Feng, 2015). 

 

 

Figure 2-5 Overview of producing fatty acid-derived biofuels strategies in yeast.  The 

pathways shown in blue indicate the design and construction of acetyl-CoA 

overproducing yeast strains. In S. cerevisiae, pyruvate dehydrogenase complex (PDH) 
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was natively used to produce acetyl-CoA in mitochondria, while pyruvate decarboxylase 

(PDC) was used to produce acetyl-CoA in cytosol. The competing pathwas, alcohol 

dehydrogenase (ADH) for ethanol formation, was inactivated to redirect the carbon 

fluxes to acetyl-CoA biosynthesis. Heterologous pathways, including cytosolic pyruvate 

dehydrogenase, PFL, pyruvate:formate lyase; PFO, pyruvate:ferrodoxin oxidoreductase; 

PNO, pyruvate:NADP+ oxidoreductase; engineered PDH-bypass pathway, ACL, ATP-

dependent citrate lyase; A-ALD, acetylating aldehyde dehydrogenase; and PK, 

phosphoketolase pathway were introduced to enhance the acetyl-CoA level in the cytosol 

of yeast. The pathways shown in orange indicate the regulation of fatty acid biosynthesis 

by SNF1 that down-regulates ACC1 activity, and a cluster of repressors of inositol-1-

phosphate synthase (INO1), in the phospholipid metabolism (Sheng and Feng, 2015).    

 

2.3.2. Polyketide pathway 

Polyketides are secondary metabolites in bacteria, fungi and plants. They are a 

large class of structurally diverse natural products with various biological and 

pharmacological functions such as antibacterial, antifungal and anticancer (Staunton and 

Weissman, 2001). For the biosynthesis of polyketides, precursor metabolites are required 

for the chain elongation which is generally short chain acyl-coenzyme A (CoA) 

monomers such as acetyl-CoA (C2), propionyl-CoA (C3) and malonyl-CoA (C4). These 

chemicals are used in sequential repeated condensation reactions catalyzed by polyketide 

synthases (PKSs). Based on domain structures and subunit organizations, PKSs can be 

divided into groups, type I, type II, and type III (Hranueli et al., 2001).  

Type I PKSs have multi-catalytic domains typically found in a single polypeptide and 

consists of multiple modules that each catalyze one round of chain elongation. Typical 

products in this pathway are rapamycin (immunosuppressant), spiramycin (antibiotics), 
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and avermectins (anthelmintic) (Staunton and Weissman, 2001). Type II PKS is usually 

found in bacteria and composed of dissociated, mono-functional enzymes that function 

repeatedly in the synthesis of a poly-β-ketone backbone (Hertweck et al., 2007). Type II 

PKSs are involved in the synthesis of aromatic polyketides, such as actinorhodin 

(antibiotics) (McDaniel et al., 1993) and daunorubicin(anticancer) (Hutchinson, 1997).  

Type III PKSs are homodimeric PKSs based on a KS domain, which performs all the 

functions played by the essential domains in the type I/II PKSs and utilize acyl-coenzyme 

A (CoA) thioesters directly, rather than depending on extender units tethered to an ACP. 

Type III PKSs produce aromatic metabolites and are mainly distributed in the plant 

kingdom. 

 

 



 
49 

 

Figure 2-6 Example of poketide secondary metabolites. 

Typical sequence of elongation The substrates for chain initiation and extension are 

selected and activated by acyl transferase (AT) domain, and transferred to acyl carrier 

protein (ACP) domain. Condensation is driven by decarboxylation of the extender unit by 

ketosynthase (KS) domain. PKS module requires a minimum of these three domains to 

function and additional domains are commonly present which serve to further tailor the 

nascent polyketide such as the ketoreductase (KR), dehydrogenase (DH), and 

enolreductase (ER) domains to reduce the β-keto group into a fully saturated acyl chain 

(Fischbach and Walsh, 2006). The fate of a product derived by KS domain depends on 

whether functional other domains are present. In their absence, the product, i.e. diketides, 

will immediately undergo another round of condensation adding a new extender to 

become an triketides. However, if the necessary enzyme activities are present, one or 

more of the sequential reactions of reduction, dehydration and enoyl reduction will take 

place. The choice of an extender unit determined by the specificity of the AT domain that 

delivers the extender unit to the PKS complex for that condensation cycle.  

Unlike the fatty acid synthesis pathway, producing of each product via PK pathways 

requires the use of a different and complex set of enzymes for carbon elongation and final 

product formation.  Thus the elucidation of exact pathways and enzymes for specific 

product is a difficult and time consuming process. As an example of PKS synthesis, the 

production of erythromycin has been extensively investigated. For the production of 

erythromycin, 6-deoxyerythronolide B (6-dEB) is required as a core compound (Pfeifer et 

al., 2001). The structural genes responsible for the biosynthesis of this intermediate 6-
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dEB are three large open reading frames, eryAI, eryAII and eryAIII (~10 kbp each), 

coding for three large (~350 kDa each) multi-functional enzymes, 6-deoxyerythronolide 

B synthase (DEBS) 1, 2 and 3 respectively. DEBS contains one loading module and six 

extension modules, utilizing propionyl-CoA as the starting unit and methylmalonyl-CoA 

as the extending unit (Figure 2-7). Each module is responsible for one chain extension 

cycle. At the end of the biosynthetic assembly, a thioesterase (TE) domain engaged to the 

C-terminus of module catalyzes the cyclization reaction of the linear polyketide to yield 

6-dEB (Khosla et al., 2007). The cyclized 6-dEB is then modified by a series of post-PKS 

enzymes, including hydroxylation and glycosylation, to yield the bioactive natural 

products erythromycin A–D. 

 

 

Figure 2-7 Schematic representation of genes and reactions of the Type I polyketide 

synthase complex responsible for the production of erythromycin ; Genes (eryI, eryII and 
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eryIII) and corresponding proteins (DEBS1, DEBS2 and DEBS3) reacting linearly 

arranged to produce 6-deoxyerythronolide B (6-dEB). The ketosynthase (KS), 

acyltransferase (AT), dehydratase (DH), enoyl reductase (ER), ketoreductase (KR), acyl 

carrier protein (ACP) and thioesterase (TE) domains are represented (Khosla et al., 2007) 

Engineering of PK Engineering of PK pathways has mainly focused on modifying 

modular enzymes for polyketide diversity. There are four major approaches: (i) domain 

mutagenesis; (ii) linking modules modification; (iii) combining protein subunits; and (iv) 

mutational biosynthesis (Figure 2-8) (Staunton and Weissman, 2001). 

With respect to the domain mutagenesis, common domain engineering techniques are 

deletion, inactivation and swapping of domains. The following strategies have been 

attempted in order to obtain greater diversity of products: 1) Exchanging of the loading 

domain to change the nature of starting unit (Kuhstoss et al., 1996); 2) Inactivation of 

keto reduction (KR) domain to change the level of reduction (Kao et al., 1997); 3) 

Substitution of acyltransferase domain to have alternative specificity (Ruan et al., 1997); 

4) Relocation of thioesterase domain to change the chain length (Mcdaniel et al., 1997). 

Although these studies demonstrate the feasibility of redirecting polyketide biosynthesis, 

the methods used are far from trivial and are not yet able to obtain diverse products.  

Another significant limitation is the low yields of products (McDaniel et al., 1999). This 

is further compounded by the fact that increasing the number of mutations in a single 

PKS typically results in a significant decrease in yield of polyketide. 

With respect to the linking of modules, an alternative strategy is to rearrange modules to 

form an entirely new combination unit (Gokhale et al., 1999). For this approach to 

succeed, however, the modular unit must be correctly identified. Due to the fact that the 
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structure identification of the PKs is very difficult as a result of their complexity, only a 

few successful cases have been reported.  The first experimentally demonstrated case 

focused on the DEBS module, where the terminating module could not communicate 

effectively with a rapamycin polyketide synthase (RAPS) module introduced downstream 

of it. Instead, the DEBS terminating module required the presence of its partner KS in the 

next module in order for the polyketide chain to progress between modules. This result 

has been refined by experiments designed to investigate the role of linker domains in 

polyketide biosynthesis (Gokhale et al., 1999). In creating bimodular PKSs in which 

DEBS module 1 was fused to DEBS modules 3 and 6, the investigators found that 

preserving the natural linker region between modules 1 and 2 gave a functional 

multienzymes. 

With respect to the combining protein subunits, this approach is designed to engineer 

novel combinations of whole protein units (Tang et al., 2000). To form hybrid PKSs, both 

native and mutant subunits from the pikromycin, erythromycin and oleandomycin 

polyketide synthases were incorporated (Tang et al., 2000). Since the polyketide chains 

synthesized by these PKSs share common characteristics such as substrate preference, it 

was predicted that the modules of one PKS would recognize and process the structurally 

related intermediates from other PKS.  Co-expression of the same pik genes with the gene 

for the third subunit from the oleandomycin PKS was successful. The PikPKS subunits 1 

and 2 were also combined with genetically altered versions of DEBS 3 containing a 

mutated domain. Each of the combinations produced at least one polyketide product. 
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These studies demonstrate that module fusion strategies can be used for production of 

new polyketides.  

Lastly, the mutational biosynthesis approach is focused on increasing polyketide diversity 

through mutational biosynthesis which integrates genetic engineering with organic 

synthesis. In this technique, a mutant PKS is constructed where the first chain extension 

cycle is inactivated. Typically, this procedure is achieved by inactivating the KS domain 

in the first module so that the synthase cannot initiate biosynthesis using a starting unit. 

Chain assembly is then started by adding a synthetic non-natural ketide intermediate 

which includes novel functionality. When the added compound is recognized by the PKS, 

the resulting polyketide will be altered at the intended position. This strategy was adapted 

initially to produce an analogue of avermectin with a non-natural starting unit (Dutton et 

al., 1994) and also has been studied to produce modified versions of 6-dEB and 

erythromycin (Jacobsen et al., 1998). 

 

 

Figure 2-8 Engineering of the polyketide modular fusion ; a) An attempt to establish 

communication between module 1 of DEBS and module 2 of RAPS failed to produce 
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desired products. b) When ACP/KS interaction was preserved, the desired products was 

formed.. The KS was able to conduct chain transfer between module 1 of DEBS and 

module 11 of RAPS resulting in anticipated products. c) The result in (b) was extended to 

give a trimodular PKS (Staunton and Weissman, 2001).  

Limitations Most of the organisms which produce valuable natural chemicals are 

unfortunately difficult to work with in laboratory culturing environments due to one or 

more of the following reasons: (1) difficult to culture; (2) genetically stubborn to genetic 

modification and to common molecular biology tools; and  (3) the polyketide 

biosynthetic pathways are barely expressed or silent under laboratory culture conditions, 

resulting in low polyketide titers and yields ( 

 Table 2-1). To overcome these limitations, development of robust heterologous hosts is 

required for the biosynthesis of polyketides (Pfeifer et al., 2001). However, heterologous 

host expression also exhibits some problems, including 1) lack the appropriate post-PKS 

modification enzymes; 2) unavailability of polyketide building blocks; and 3) difficulties 

in efficient translation and functional folding of key biosynthetic components (Gao et al., 

2010). 
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 Table 2-1 Production titer of 6-dEB or erythromycin in native and engineered strains. 

 (Boghigian and Pfeifer, 2008)  

  

 

2.3.3. Isoprenoid pathway  

Pathway description Isoprenoids (also called terpenoids or terpenes) comprise the 

largest single family of compounds found in nature with the most chemically diverse pool 

of structures (Daum et al., 2009). Because of this structural diversity they exhibit many 

variable biological functions. For example, they are widely represented in plants where 

they act as insecticides, pesticides, pollinator attractors, hormones, flavors and pigments. 

Their properties make isoprenoids industrially useful as medicine (e.g., the anticancer 

drug Taxol from Taxus spp. and the antimalarial drug artemisinin from Artemisia annua), 

agriculture (e.g., the insect antifeedant azadirachtin from Azadirachta indica), and as 

nutraceuticals (e.g., carotenoids such as β-carotene6 and lutein) (Kirby and Keasling, 

2008). Today approximately 40,000 terpenoid structures have been identified and isolated 

from organisms like plants, microorganisms, insects, and various marine organisms 

(Gershenzon and Dudareva, 2007). 
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Figure 2-9 Overview of isoprenoid biosynthesis from IPP and DMAPP (Berthelot et al., 

2012). 

 

In nature, the most common pathway occurring in all organisms to generate isoprenoids 

uses the chain elongation pathway starting from the condensation reaction between 

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). The successive 

addition of C5 units results in geranyl diphosphate (GPP, C10), then in 

farnesyldiphosphate (FPP, C15) and finally geranylgeranyl diphosphate (GGPP, C20) 

(Figure 2-9). These three basic compounds can then generate most of the terpenoid 

families. Two pathways have been characterized thus far producing the key intermediates 

IPP and DMAPP (Figure 2-10). One is the mevalonic acid (MVA) pathway (Bloch, 

1992) and the other is the non-mevalonate pathway also called methyl-erythritol-

phosphate (MEP) pathway (Rohmer et al., 1996). 
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Figure 2-10 Reaction catalyzed by IPP isomerase (Berthelot et al., 2012). 

 

MVA and MEP pathway for the building block biosynthesis 

In the MVA pathway (Figure 2-11), the biosynthesis of IPP begins with the conversion 

of three acetyl-CoA to mevalonate through an acetoacetyl-CoA and a HMG-CoA 

consuming two NADPHs. The last enzyme, hydroxymethylglutaryl-CoA (HMG-CoA) 

reductase in this pathway resulting in the generation of the mevalonate has been a focus 

of significant research (Szkopińska et al., 2000). In the next step of the pathway, 

mevalonate phosphorylated sequentially to generate diphosphomevalonate and finally 

decarboxylated to form the isopentenyl diphosphate (IPP). The MEP pathway mostly 

found in prokaryotes and plants but not present in humans, is initiated by the 

condensation of pyruvate and G3P, producing 1-deoxy-D-xylulose-5-phosphate.  This is 

then reduced to 2-C-methyl-D-erythritol-4-phosphate, and after several steps it is 

converted to both IPP and DMAPP consuming two ATPs. The enzymes in the MEP 

pathway are highly conserved but exhibit no homology to mammalian, especially to 

human proteins (Lange et al., 2000). This means that the use of specific inhibitors to 
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enzymes in the MEV pathway could result in antibacterial drugs with little toxicity to 

humans. Fosmidomycin, a phosphonic acid derivative originally isolated from 

Streptomyces lavendulae, has been shown to have an inhibitory effect on 1-deoxy-D-

xylulose-5-phosphate reductoisomerase, a second enzyme which converts 1-deoxy-D-

xylulose-5-phosphate (DXP) into the branched compound MEP. Thus, it can be used as 

antibacterial medication against most gram negative bacteria (Hunter et al., 2003). 
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Figure 2-11 General overview of isoprenoid pathway from both the MVA as well as the 

MEP pathways, according to KEGG database.  Enzymes: (1) Acetoacetyl-CoA thiolase, 

(2) HMG-CoA synthase (HMGS), (3) HMG-CoA reductase (HMGR), (4) Mevalonate 

kinase, (5) Phosphomevalonate kinase, (6) Mevalonate pyrophosphate decarboxylase, (7) 
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Isoprentenyl diphosphate: dimethylallyl disphosphate isomerase, (8) 1-deoxy-D-xylulose-

5-phosphate synthase, (9) 2-C-methyl-D-erythritol-4-phosphate synthase/1-deoxy-D-

xylulose-5-phosphate reductoisomerase (DXR), (10) 4-diphosphocytidyl-2-C-methyl-D-

erythritol-4-phosphate synthase, (11) 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, 

(12) 2-C-methylerythritol-2,4-cyclodiphosphate synthase, (13) 2-C-methyl-D-erythritol-

2,4-cyclodiphosphate reductase/hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, 

(14) 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase (HDR). (Muntendam et 

al., 2009). 

 

Engineering of the Isoprenoid pathway Engineering of natural chemicals, mainly 

from plants, into microbial hosts has mainly focused on the production of isoprenoid-

derived compounds such as carotenoids (Schmidt-Dannert et al., 2000), artemisinin, and 

paclitaxel (Newman et al., 2006). The production of carotenoids and artemisinin 

demonstrates that complex natural products can be produced by microbial fermentation 

with yields approaching commercial level. There are two major strategies of metabolic 

engineering for isoprenoid production. One is overproducing basic building blocks (IPP 

and DMAPP) by engineering primary metabolism, and the other is enhancing final 

product yield by engineering secondary metabolism. With respect to the engineering the 

primary terpenoid metabolism, the MEV/MVA pathways were studied in detail to 

increase the flux through the pathways in order to overproduce building blocks for 

isoprenoid biosynthesis. The first enzyme committed to the MEP pathway is 1-deoxy-D-

xylulose-5-phosphate synthase (DXS). This enzyme has been characterized as the  rate-

limiting step in the MEP pathway (Estévez et al., 2001) and it is often subject to 

overexpression to increase production of GPP and monoterpenes. However, Botella-
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Pavia and Besumbes (Botella-Pavía et al., 2004) demonstrated that 

hydroxymethylbutenyl diphosphate reductase (HDR), a downstream enzyme in the MEP 

pathway that simultaneously synthesizes IPP and DMAPP, functions as a rate-

determining enzyme rather than DXS in transgenic Arabidopsis thaliana grown under 

light conditions. These studies indicate that pathway regulation is essential and that more 

knowledge in this field is needed for a better understanding of requirements in metabolic 

engineering and in flux improvement (Carrari et al., 2003). A well-known regulation 

mechanism in the MVA biosynthetic pathway is represented by the enzyme HMGR. This 

enzyme converts the substrate HMG-CoA to mevalonate and is a rate-determining step in 

the MVA pathway (Chappell et al., 1995). This enzyme is inhibited by phosphorylation 

as a control mechanism and is stimulated by accumulation of downstream compounds 

such as sterols. Example of the HMGR modification is the truncation of the N-terminal 

membrane anchor domain and expression of solely the catalytic C-terminal domain of the 

protein. The truncated form of HMGR (tHMGR) increased the flux through the MVA 

pathway as it is unresponsive to negative feedback by FPP (Muñoz-Bertomeu et al., 

2007). With respect to the engineering the secondary terpenoid metabolism, no standard 

pathways exist which would fit for all different secondary pathways as opposed to 

primary metabolism of isoprenoid pathway. Each secondary metabolite has different 

routes. The properties of various terpenoids make them interesting for recombinant 

production and commercialization, although many pathways are currently too complex or 

enzymes unknown. Only partial reconstruction of plant and microbial pathways 

(artemisinin, paclitaxel, and astaxanthin) has been recently achieved (Martin et al., 2003), 
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and the transfer all of complex metabolic branches to heterologous host has yet to be 

addressed (Dejong et al., 2006). The main interest in isoprenoid compounds has been laid 

to their pharmaceutical or nutritional value. This pathway, however, can also be used for 

producing isoprenoid-derived fuels. Whereas the biosynthesis of most pharmaceutically 

relevant isoprenoids requires multiple additional enzymatic steps to form the bioactive 

molecules, potentially fuel-like molecules, for example isoprenoid alcohols or olefins, 

can be synthesized from IPP(C5), GPP(C10), and FPP(C15) in just one step. Isopentenol, 

a short-chain alcohol, was produced in E. coli from IPP using a pyrophosphatase-like 

enzyme from Bacillus subtilis (Withers et al., 2007). Farnesol and farnesene, which are 

derived from FPP, have been produced in E. coli and S. cerevisiae using a truncated yeast 

phosphatase and certian plant terpene synthases (Martin et al., 2004; Song, 2006), 

respectively. These chemicals are being developed as precursors to diesel fuels. Peralta-

Yahya et al. identified bisabolene synthase which converts FPP into bisabolene, and 

expression in E. coli engineered to have redirected carbon fluxes toward mevalonate 

pathway resulted in production of 900mg/L of bisabolene, which can be converted into 

bisabolane via chemical hydrogenation, an alternative diesel fuel (Peralta-Yahya et al., 

2011).  

 

Limitations of the Isoprenoid pathway 

To produce value-added chemicals that can be used as fuels or chemical feedstocks 

through the isoprenoid pathway, secondary specific metabolism for each biochemicals 

should be first characterized. Even if the pathways are identified, this pathway only can 
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produce chemicals with multiples of five carbon atoms and the minimal number of 

carbon is ten since the building blocks has five carbons each whereas the acetyl-CoA 

based recursive pathway such as the fatty synthesis pathway, can produce chemicals 

beginning from compounds with four carbons. Furthermore, hydrocarbons are predicted 

to give low yields when produced in E. coli or S. cerevisiae due to the nature of pathway 

itself which requires multiple steps, cofactors and ATPs to generate precursors. This 

process would also require chemical refining processes such as hydrogenation to generate 

the hydrocarbons to use as fuel. 

2.3.4. Reversal of the β-oxidation cycle 

2.3.4.1. β-oxidation 

β-oxidation pathway is commonly employed by microorganisms to use fatty acid 

for the growth. The pathway is composed of the following iterative steps: (i) activation of 

fatty acid to fatty acyl-CoA by acyl-CoA ligase/synthetase; (ii) conversion of fatty acyl-

CoA to 2-enoyl-CoA by acyl-CoA oxidase or acyl-CoA dehydrogenase; (iii) hydration of 

enoyl-CoA to 3-hydroxyacyl-CoA by enoyl-CoA hydratase; (iv) reduction of 3-

hydroxyacyl-CoA to 3-oxoacyl- CoA; (v) thiolysis of 3-oxoacyl-CoA to acetyl-CoA and 

fatty acyl-CoA shortened by two carbons (Clard and Cronan, 2005). With each turn of the 

β-oxidation cycle, the fatty acyl-CoA loses a two-carbon fragment as acetyl-CoA and 

reduces one molecule of flavin adenine dinucleotide (during the acyl-CoA dehydrogenase 

reaction) and one molecule of NAD (during the 3-hydroxyacyl-CoA dehydrogenase 

reaction). Acetyl-CoA is either further metabolized in the tricarboxylic acid cycle or 
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enters gluconeogenesis pathway to supply building blocks to support cell growth. The 

other product of the cleavage step, the shortened fatty acyl-CoA molecule, reenters the 

degradation cycle without further activation. 

 

 

Figure 2-12 Fatty acids oxidation via the β-oxidation pathway.  Solid and dashed line 

arrows indicate single and multiple reactions, respectively. Boxed products represent 

those whose synthesis has been demonstrated through the use of a b-oxidation pathway 

In principal, β-oxidation is the reversal of fatty acid synthesis but involved enzymes are 

solely active on CoA-activated thioesters and do not convert the acyl-ACP thioesters of 

fatty acid synthesis. The β-oxidative chain shortening reaction, however, are also 
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responsible for the aerobic degradation of some aromatic compounds.  The aerobic 

degradation of phenylacetic acid, for instance, involves the formation of acetyl-CoA and 

2,3-dehydroadipyl-CoA (a trans-enoyl-CoA) as intermediate, which undergoes β-

oxidation including hydration, oxidation and thiolytic cleavage leading to succinyl-CoA 

and acetyl-CoA. Both adipic acid and p-coumaric acid are also metabolized in similar 

manner (Wu et al., 2017).  

In E. coli, the degradation of fatty acid is governed by fad (fatty acid degradation) 

regulon and genes in fad regulon are responsible for transport, activation and degradation 

of fatty acid. Long chain (> C12) can induce the regulon so that the cell uses the long FA 

as a sole carbon source. Short to medium chain FAs (<C12), however, is unable to induce 

the system while each gene still can operate in this range.  Consequently, constitutive 

induction of fad regulon is required to grow on those FA. The expression of genes in fad 

regulon is also controlled by global regulators such as FadR, Crp/cyclic AMP and ArcAB 

systems (Clard and Cronan, 2005). FadR is negative controller affecting FadL 

(transporter), FadD (acyl-CoA synthase, activator), FadE (enoyl-CoA through acyl-CoA 

dehydrogenase), FadB (enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase), and 

FadA(3-ketoacyl-CoA thiolase) (Campbell and Jr., 2002; Henry and Cronan, 1992; 

Khanna et al., 2012). The Crp/cyclic AMP system is a global transcription regulator 

positively affecting carbon consumption. A putative Crp binding sites (consensus 

sequence 5'-AAATGTGATCTAGATCACATTT-3') are found in the promoter regions of 

the fad genes (Georg Pauli et al., 1974). Lastly, the ArcAB system has been shown to 
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strongly repress expression of the FadB which encodes 3-hydroxyacyl-CoA 

dehydrogenase (Georg Pauli et al., 1974).  

Engineering of β-oxidation have been conducted in two ways. First one is 

increasing of metabolism efficiency by expressing constitutively fad regulons responsible 

for long and short chain fatty acids catabolism, which were accomplished by mutating 

fadR and atoC. Overexpression of AdhE in strain MG1655 fadR*atoC(Con) resulted in 

efficient metabolism of palmitic acid without the accumulation of caproic acid and also in 

a high ethanol yield (Dellomonaco et al., 2011). Another strategy is to increase medium 

carbon chain products which have a variety of applications in industry in their native 

form or as derivatives, such as alcohols, methyl-esters or amides. To this end, key 

enzymes in β-oxidation were incorporated into host strain in place of native broad 

specific enzymes. In Saccharomyces, for instance, its endogenous acyl-CoA oxidase 

POX1 was replaced with Yarrowia lipolytica long chain preferring acyl-CoA oxidase 

POX2. With additional overexpression of carnitine O-octanoyltransferase, which exports 

medium chain acyl-CoA from the peroxisome to prevent accumulation, titers of C8-C12 

fatty acids increased by 3.3-fold compared to the wild type (Chen et al., 2014). The 

microbial production of C11-C15 methyl ketones from fatty acid has been achieved in 

Escherichia coli by the deletion of broad spectrum thiolase FadA and expressing 

heterologous acyl-CoA oxidase Mlut_11700 along with long chain specific thioesterase 

fadM of E. coli as metabolic sink (Goh et al., 2012). 
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Table 2-2 Genes and proteins in the β-oxidation pathway  

(Clard and Cronan, 2005). 

 

  

2.3.4.2. System level approach of reversed β-oxidation 

The β-oxidation cycle is widely known as the catabolic cycle required for the 

consumption of fatty acids in bacteria (Clark and John E. Cronan, 2005). Recently, 

Dellomonaco et al. (2011) reported that an engineered reversal of the β-oxidation cycle 

(RBO) can be operated in the E. coli, such that it operates anabolically rather than in the 

usual catabolic direction.  Thus the cycle can be engineered to produce variety of 

chemicals such as alcohols, free fatty acids, ketoacid, and other compounds from the 
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intermediates generated by the RBO pathway (Figure 2-13) (Dellomonaco et al., 2011). 

One complete cycle of this pathway consists with sequential four step reactions 

(condensation, reduction, hydration and reduction reaction) which exhibits similarity with 

the fatty acid synthesis pathway.  However, the intermediates of the RBO are coenzyme 

A (CoA) thioesters while that of the FAS are acyl carrier protein (ACP) thioesters. The 

activation of the RBO pathway is amenable because of the reversibility of initial 

condensation enzyme (fadA) and core enzymes (fadB). This pathway is advantageous 

when compared to the fatty acid biosynthesis pathway as it eliminates the need for ATP 

in synthesizing malonyl-CoA, thereby increasing theoretical yields under both aerobic 

(7%) and anaerobic (38%) conditions (Lennen and Pfleger, 2012). 
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Figure 2-13 The reversal of β-oxidation cycle.  (1) thiolase (yqeF, fadA); (2) 

hydroxyacyl-CoA dehydrogenase (fadB); (3) enoyl-CoA hydratase (fadB); (4) enoyl-CoA 

reductase (ydiO);(5) acyl-CoA reductases and alcohol dehydrogenases (6) acyl-CoA 

thioesterases. (Dellomonaco et al., 2011) 

The activation of a reversal of the β-oxidation cycle (r-BOX) requires the 

operation of the pathway in the absence of its natural substrates (fatty acids) and presence 

of non-fatty-acid carbon sources. Constitutive expression of the fad and ato regulons, 

which encode the β-oxidation system in Escherichia coli, in the absence of fatty acids, 

was achieved by introducing mutations to global regulators, fadR and atoC(c) 

(Dellomonaco et al., 2011). Several operons encoding β-oxidation cycle enzymes are 

subject to catabolic repression by glucose, so this mechanism was repressed by replacing 

the native crp gene with a cAMP-independent mutant (crp*) (Eppler and Boos, 1999). 

Finally, the arcA gene was deleted to prevent ArcA-mediated repression of operons 

encoding the β-oxidation cycle (Deutscher, 2008). Other fermentative pathways were also 

blocked (acetic acid, ethanol and succinic acid production routes) to increase the 

intracellular level of acetyl-CoA, the starting unit of the pathway. The operation of 

multiple cycle of reversal β-oxidation cycle was carried out by the overexpression of 

FadA (3-ketoacyl-CoA thiolase) which has broad chain length specificity and FadB (β-

oxidation complex). Thioesterase III (FadM) was overexpressed to generate free fatty 

acid out of acyl-CoA thioesters and the fadD was deleted to prevent re-utilization of the 

produced fatty acids. The final engineered E. coli strain, RB03 [fadBA-fadM+] was able 

to produce alcohols and fatty acids with various carbon chain lengths that range from four 

to eighteen via an engineered r-BOX cycle. 
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2.3.4.3. Synthetic approach 

One complete cycle of this pathway which exhibits similarity with the FAB 

pathway except the requirement of Coenzyme A as acyl group carrier is consist with 

sequential four step reactions: a thiolase that catalyze the condensation of acetyl-CoA 

which offers nucleophilic α-anion in the Claisen condensation reaction and serves as the 

extender unit for carbon chain elongation, with acyl-CoA which offers carbonyl carbon in 

the Claisen condensation reaction and serves as the primer, yielding a ketoacyl-CoA 

(Figure 2-14). Following genes have been employed for each step: i) thiolase that 

catalyze C-C condensation reaction, atoB, fadA, and yqeF from E. coli (Eco), phaA and 

bktB from Ralstonia eutropha (Reu), thl from Clostridium acetobutylicum (Cac); ii) a 

hydroxyacyl-CoA dehydrogenase that reduces ketoacyl-CoA to hydroxyacyl-CoA. fadB 

(Eco), hbd (Cac), phaB (Reu), paaH1 (Reu) have been used for this step.; iii) an enoyl-

CoA dehydratase converts hydroacyl-CoA to trans-enoyl-CoA. fadB (Eco) crt (Cac), 

phaJ (Reu) were used; iv) trans-enoyl-CoA reductase that generates acyl-CoA two carbon 

longer than initial acyl-CoA from enoyl-CoA. fabI (Eco), ter from Treponema denticola 

or Euglena glacilis, and bcd (Cac). Although, most of genes in r-BOX were extensively 

studied in the field of both solvent (acetone, butanol and ethanol, ABE) production with 

Clostridium strains (Jang and Lee, 2015) and polyhydroxyalkanoates (PHA) production 

with Ralstonia eutropha strains (Chen et al., 2015), E. coli has been widely employed for 

the production of desired chemicals through r-BOX platform. Initial thiolase reaction was 

regarded as a limiting step in r-BOX platform since the reaction is thermodynamically 

unfavorable (Δr𝐺𝑚
𝜃=5.3 kcal/mol) (Dellomonaco et al., 2011; Zheng et al., 2009). 
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Therefore, synthetic biological approaches were applied to enhance catalytic efficiency of 

this step in a way increasing cellular level of acetyl-CoA by deleting by-product 

generation enzymes such as lactate dehydrogenase, pyruvate oxidase, acetate kinase, 

phosphate acetyltransferase, fumarate reductase and aldehyde-alcohol dehydrogenase. 

 

 

Figure 2-14 Biochemical production via a reversed β-oxidation (r-BOX) pathway.  r-

BOX is an engineered iterative pathway using acetyl-CoA as extender unit and acyl-CoA 

as primer. Solid and dashed line arrows indicate single and multiple reactions, 
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respectively. Boxed products are those whose synthesis has been demonstrated from r-

BOX pathway. The core of the r-BOX pathway consists of four enzymes: (i) thiolase 

(THL); (ii) 3-hydroxyacyl-CoA dehydrogenase (HACD); (iii) enoyl-CoA hydratase 

(ECH); and (iv) trans-enoyl-CoA reductase (TER). The four acyl-CoA intermediates 

constitute the complete cycle of r-BOX and cycle termination with thioesterases results in 

carboxylic acid production, while termination with reductases yields aldehydes, which 

can be further converted into alkanes, ketones and alcohols. (Kim et al., 2016a)  

 

2.3.4.4. Engineered β-oxidation reversal as a platform for fuel and 

chemical production from non-fatty acid feedstocks 

Aliphatic carboxylic acids In the field of aliphatic carboxylic acid production, the r-BOX 

platform has been mainly used to produce butyric acid, a product obtainable via thioester 

bond cleavage in butanoyl-CoA by thioesterases. The r-BOX pathway with co-factor 

regeneration system yielded butyric acid production up to 83.4% molar theoretical 

maximum from glucose and with engineered host strain to have multiple deletion in 

fermentative genes produced 9.7g/L of butytic acid have been reported (Lim et al., 2013). 

At the same time, efforts have been made to diversify carbon profile too. The ratio of 

medium chain CA was increased when the endogenous thioesterases (TEs) of were 

deleted, especially deletion of either yciA or tesB caused significant decrease in butyric 

acid generation leading to increasing the ratio of medium chain CAs in E.coli (Kim et al., 

2015; Volker et al., 2014). Carbon chain profile of medium chain length CA also changed 

depending on the characteristics of TEs used to terminate the r-BOX cycle since TEs of 

E. coli have been known to have activities toward broad range of acyl compounds with 

different affinities (Chen et al., 2013; Latham et al., 2014). For example, when the 
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thioesterase deficient strain was used, the dominant CA product shifted from C6 to C10 

as TE changed from tesA to fadM (Kim et al., 2015). While TEs have significant impact 

on product profile, the genes constituting the carbon elongation module for r-BOX also 

affects the carbon distribution profile in the absence of TE overexpressed. Both r-BOX 

module consisted of AtoB, FadB, EgTer and Thl, Hbd, Crt, EgTer generate butyric acid 

as major product (Kim et al., 2015; Volker et al., 2014), while BktB, PhaB, PhaJ4b and 

Td/EgTer module and AtoB/BadA, FadB and EgTer module leads to C6 as major product 

(Clomburg et al., 2012; Sheppard et al., 2015). 

Aliphatic alcohols Aliphatic alcohols are being used as solvent (C1~C6 alcohols), 

plasticizer (C6~C11 alcohols) and detergents (C12~C18, fatty alcohols) (Falbe et al., 

2013). Industrially, alcohols can be prepared from synthesis gas (Ellgen et al., 1979), 

olefin via oxo synthesis (Vincent, 2009) and via fermentation process especially for 

C2~C5 alcohols (Garza et al., 2012; Lütke-Eversloh and Bahl, 2011; Wen et al., 2013). A 

lot of studies have been done to develop biological alcohol production processes covering 

border range of carbon chain length. FAB pathway has been primarily used for the 

production of long chain primary alcohols, whereas the r-BOX has been studied for the 

biosynthesis of butanol and medium chain alcohols. n-Butanol is naturally produced by 

C. acetobutylicum as part of its native fermentation pathways as a mixture of acetone and 

ethanol, a process which was first industrialized in the 1920s (Lütke-Eversloh and Bahl, 

2011). Further studies revealed that key steps for n-butanol production in C. 

acetobutylicum were the generation of butyryl-CoA from acetyl-CoA via r-BOX 

pathways using thiolase (thl), 3-hydroxybutyryl-CoA dehydrogenase (hbd), crotonase 
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(crt) and butyryl-CoA dehydrogenase (bcd) (Lütke-Eversloh and Bahl, 2011). Various 

attempts have been made to transfer the r-BOX platform of C. acetobutylicum to other 

more feasible hosts such as E. coli (Inui et al., 2008), Saccharomyces cerevisiae (Steen et 

al., 2008), and Lactobacillus brevis (Berezina et al., 2010) to improve industrial 

productivity. Successful studies achieving 88% production yield of theoretical maximum 

was reported when Bcd of C. acetobutylicum was replaced with trans-enoyl-CoA 

reductase (Ter) in E. coli stain with fermentative gene deletions (Shen et al., 2011). 

Almost identical strategies have been used to use r-BOX pathway efficiently as in 

carboxylic acid production except the cycle termination enzymes. Acyl-CoA reductases 

(ACR) or aldehyde dehydrogenase (ADH) catalyzes the formation of higher alcohols or 

aldehydes from acyl-CoAs. ACRs from Clostridium species (adhE1, adhE2, and ald) 

have been extensively studied to produce both butanol in various strains along with r-

BOX platform (Atsumi et al., 2008; Berezina et al., 2010; Inui et al., 2008; Nielsen et al., 

2009; Shen et al., 2011; Steen et al., 2008) . AdhE2 and Ald were also used for longer 

chain alcohol production up to decanol due to their broad substrate specificity (Kim et al., 

2015). MhpF from E. coil, EutE from Salmonella typhimurium and Acr1, AcrM from 

Acinetobacter sp, Maqu2507 from Marinobacter aquaeolei were proved to have ability to 

produce medium chain primary alcohol production via r-BOX platform in E. coli (Kim et 

al., 2015). 

Alkanes The primary usage of aliphatic hydrocarbon is heating fuels, motor fuels and 

lubricant. Based on the distribution major carbon chain length, mixture of long chain 

hydrocarbons (C10 ~ C20) are used as jet fuel while short chain hydrocarbons (C5 ~ 
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C12) are main component of gasoline (Peralta-Yahya et al., 2012; Petrus and 

Noordermeer, 2006). The r-BOX pathway can be used for the production of alkanes in 

gasoline range since this pathway can efficiently generate acyl-CoAs from short to 

medium (C4~C10) length. Although various microorganisms have been reported to have 

natural ability to generate intracellular or extracellular hydrocarbons, most the biological 

pathways for the hydrocarbon synthesis are still remained to be unclear except aldehyde 

deformylation or decarboxylation mechanism (Ladygina et al., 2006). Currently, a lot of 

synthetic biological approaches adapted aldehyde deformylating oxygenase (ADO) for 

the microbial synthesis of alkanes (Akhtar et al., 2013; Buijs et al., 2015; Choi and Lee, 

2013; Harger et al., 2013; Song et al., 2015). Several ADOs have been characterized from 

different microorganisms such as Arabidopsis thaliana, Nostoc punctiforme, 

Synechococcus enlongatus, and Prochlorococcus marinus. Among them, Pmt1231 from 

P. marinus has been widely employed owing to its broad range of n-aldehyde specificity 

(Das et al., 2011). De novo synthesis of high level of aldehyde is regarded as a key factor 

for the production of microbial alkane. Menon et al reported propane production 

(3.5mg/L) via butylaldehyde which was generated from butyryl-CoA by acyl-CoA 

reductase, AdhE2 (Menon et al., 2015). Sheppard et al used both thioesterase and 

carboxylic acid reductase to generate hexanal out of hexanoyl-CoA, subsequently 

converted to pentane (1.5mg/L) by Pmt1231 (Sheppard et al., 2015). 

Methylketone First intermediate generated in the r-BOX cycle is ketoacyl-CoA, a product 

of condensation reaction between two acyl-CoAs. Cleavage of thioester bond of ketoacyl-

CoA followed by decarboxylation can lead to synthesis of methyl ketones. Lan et al 



 
76 

 

reported 0.7 g/L of acetone and 0.24g/L of 2-pentanon via r-BOX platform consists of 

BkTB, Hbd, Crt and Ter where carboxylic acid generation from ketoacyl-CoA 

intermediates in r-BOX was achieved by using 3-oxoadipate CoA-succinyl transferase 

(PcaIJ from Pseudomonas putida) and acetate CoA-transferase (AtoDA from E. coli). 

They also used acetoacetate decarboxylase (Adc from C. acetobutylicum) to convert each 

carboxylic acids into corresponding keto acids (Lan et al., 2013). 

3-hydroxyacid/1,3-diol The second intermediate in r-BOX is 3-hydroxyacyl-CoA which 

can be converted into 3-hydroxy carboxylic acid (HCA) by TEs. Short chain length (scl) 

and medium chain length (mcl) HCAs can be produced though the r-BOX platform. 

Operation of the r-BOX to produce HCA can be done with different set of key enzymes 

when the targeted chemical is PHA. Biosynthesis of both PHA and co-polymer of 

between HCAs requires to use PHA synthase which has activity only with (R) 

stereoisomer of a 3-hydroxyalkanoate. Therefore, ketoacyl-CoAs are needed to be 

stereoselectively reduced to (R)-3-hydroxyacyl-CoA since typical sets of key enzymes 

constituting r-BOX exclusively generate (S) stereoisomers. A acetoacetyl-CoA reductase 

either from R. eutropha or Halomonas boliviensis has been adapted for this purpose (Liu 

et al., 2007; Tseng et al., 2009). Several studies reported production of (R)-3HB using an 

endogenous thioesterase II of E. coli (tesB) to cleave the thioester bond of (R)-3-

hydroxybutyryl-CoA (Dhamankar et al., 2014; Guevara-Martínez et al., 2015; Jarmander 

et al., 2015). Especially, Guevara-Martinez et al reported production of 6.8g/L (R)-3HB 

through phosphate limited fed-batch fermentation. Biosynthesis of 

polyhydroxyalkanoates can be achieved by using PHA synthases in place of TEs. Wang 
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et al. produced 12 wt% of the copolymer poly (3-hydroxybutyrate-co-3-

hydroxyhexanoate) using PHA synthase from Aeromonas caviae (Wang et al., 2015), 

while Zuang et al. successfully generated 11.2 wt% polyhydroxybutyrate along with short 

chain PHA synthase from R. eutropha (Zhuang et al., 2014). Cycle termination at 3-

hydroxyacyl-CoA node also can lead to production of 1,3-butanediol (1,3-BDO), 

commonly used as an organic solvent for food flavoring and co-polymer for polyurethane 

and polyester resins (Jiang et al., 2014). Gulevich et al reported 9 mg/L of 1,3-BDO using 

aldehyde dehydrogenase (mhpF) of E. coli to reduce 3-hydroxybutyril-CoA into 3-

hydroxybutyaldehyde, followed by alcohol dehydrogenase (fucO or yqhD) reaction 

yielding 1,3-BDO. 

α,β-unsaturated CA The third intermediate is enoyl-CoA, a α,β-unsaturated carbonyl 

compound and its hydrolytic cleavage can lead to generation of α,β-unsaturated 

carboxylic acid (α,β-UCA). A lot of efforts have been made to develop synthetic 

methodologies targeting either formulation or utilization of α,β-UCA owing to their 

universal nature in organic synthesis both as intermediates and final products (Li and 

Tochtrop, 2014; Pino and Braca, 1977; Schulz et al., 2000). A few studied have been 

reported to transform fossil-based production of α,β-UCA into more sustainable 

platforms. For example, Mamet et al. used isothermal pyrolysis of bacterial poly-3-

hydroxybutyrate (PHB) to produce 2-butenoic acid with 63% conversion yield (Mamat et 

al., 2014). Liu et al also reported production of 160mg/L 2-butenoic acid from 2-

butenoyl-ACP using thioesterase bTE from Bacteroides thetaiotaomicron (Liu et al., 
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2015). Synthetic biological approaches for the production of he r-BOX platform based 

α,β-UCAs have not been reported yet. 

 

2.4. Overall comparison between different carbon elongation 

pathways for chemical production 

The four sequential reactions conducted to elongate carbon chain length in the 

FAS are condensation, reduction, hydration and finally reduction. The FAS pathway 

needs to use one ATP to run every single cycle since this pathway uses malonyl-ACP as 

the extending unit, adding two carbons at each condensation step with the loss of one 

carbon during this reaction. The elongation reactions in the polyketide (PK) cycle are 

similar to the FAS. However, most of the enzymes exist in the form of multifunctional 

single peptide which makes it difficult to adjust the level of individual protein expression 

and each product is required to use different sets of enzyme modules for both carbon 

elongation and final product formation. These characteristics of the PK pathway make 

pathway control very difficult to overproduce the desired products. In the isoprenoid 

pathway, the MEV pathway uses IPP (C5) as extender which is derived from acetyl-CoA 

using 3ATP and 1 NAD(P)H. The isoprenoid pathway is a less efficient pathway in terms 

of ATP consumption when it is compare to the FAS where six carbons can be added to 

growing acyl-ACPs using same amount of ATP. Furthermore, products are predicted to 
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give low yields regardless of host strain since this pathway requires the use multiple steps 

and cofactors for the generation of precursors and products.  

Table 2-3 Summary of carbon elongation pathways in a view of metaboli engineering. 

Metric/Pathway FAB PK1 IP2 r-BOX 

Starter unit DMAPP Propionyl-CoA Acetyl-CoA Acetyl-CoA 

Extender unit IPP (2s)-

methylmalonyl-

CoA 

Malonyl-ACP Acetyl-CoA 

Number of carbon 

added per cycle/module 

2 3 5 2 

Cofactors for extender 

synthesis from ACoA 

-1 ATP +2NADPH -3 ATP, 

-2NADPH 

0 

Cofactors for carbon 

elongation 

-2NAD(P)H -6NADP(H) 0 -2NADP(H) 

Functional domain 4 28 1 4 

1, Estimated based on erythromycin production modules 
2, Estimated based on mevalonate pathway 

Plus sign (+) indicates generation, minus sign (-) indicates consumption 

FAB, fatty acid biosynthesis; IP, isoprenoid; PK, polyketide; r-BOX, reversed β-

oxidation; DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; AcoA, 

acetyl-CoA 

Unlike other recursive carbon elongation pathways, the r-BOX pathway uses acetyl-

CoAs as both starting and extending unit so it does not require the use of ATPs for the 

elongation and initiation reaction. The stepwise enzymatic reaction approach is relatively 

easy as most of the enzymes in the cycle exist in dissociated form. Furthermore, each 
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enzyme is active for a wide range of carbon length from C2 to C20 since their natural 

function is the degradation of long chain fatty acids to generate energy and building 

blocks. All of these advantages of the r-BOX cycle make this pathway a very promising 

platform for the production of long chain value added or commodity chemicals from 

renewable resources. 
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Chapter 3 

Synthesis of medium-chain length (C6-

C10) products via β-oxidation reversal 

in Escherichia coli 

3.1. Motivation and background  

While the biological production of short chain products, such as ethanol, from 

biomass constituents has been demonstrated on the commercial scale, the production of 

medium to long chain products (C ≥ 6) is far less established (Buchholz and Collins, 2013; 

Jang et al., 2012). This is in large part due to the fact that the production of these 

compounds must take place from 1-, 2- or 3-carbon metabolic intermediates that result 

from substrate utilization pathways and central carbon metabolism, and as such, require 

efficient carbon-carbon elongation pathways for their synthesis. These elongation 

pathways typically involve additional energy and cofactor requirements which result in 

lower yields and productivity compared to shorter chain molecules, making the 

development of efficient processes for long-chain chemical compounds more difficult.  
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Thus, the exploitation of carbon and energy efficient elongation pathways is highly 

desirable to maximize potential product yields.    

The recently engineered reversal of the β-oxidation cycle provides one such 

pathway that has been proposed as a potential platform to enable the synthesis of short-, 

medium-, and long-chain products at high yields (Clomburg et al., 2012; Dellomonaco et 

al., 2011). This pathway operates with coenzyme A (CoA) intermediates and directly uses 

acetyl-CoA for acyl-CoA elongation, characteristics that support product synthesis and 

maximum carbon and energy efficiency. In addition, the modular and versatile nature of 

this pathway provides the ability to generate a diverse set of products through the 

manipulation of any of the modules comprising a -oxidation reversal (Cintolesi et al., 

2014).   

In this study, we sought to exploit a -oxidation reversal to target the synthesis of 

medium chain length (C6-C10) products of varying functionality. Key to this approach is 

increasing the generation and availability of target chain length acyl-CoA intermediates 

that can be converted to desired products through appropriate termination pathways. This 

was achieved through the use of various thiolase enzyme(s) involved in the condensation 

reaction of an acyl-CoA intermediate with acetyl-CoA (Figure 3-1), as well as the 

manipulation of the termination enzyme(s) utilized, representing the synthesis of specific 

products from intermediates generated through a β-oxidation reversal (Figure 3-1).  The 

latter included not only the expression of candidate enzymes for carboxylic acid and 

alcohol production, but also the deletion of native termination enzymes that can influence 

the availability of a given chain length acyl-CoA. This approach provides the opportunity 
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to control both the chain length and functionality of products synthesized through a reversal 

of the -oxidation cycle and demonstrate how the modular nature of this pathway can be 

exploited for the synthesis of a wide array of compounds. 

 

 

Figure 3-1 Engineered β-oxidation reversal for the synthesis of saturated carboxylic acids 

and primary alcohols. Enzymes for each step investigated in this study are as follows 

(gene names in parentheses): (1) thiolase (atoB, bktB, fadA, yqeF); (2) hydroxyacyl-CoA 

dehydrogenase (fadB); (3) enoyl-CoA hydratase (fadB); (4) enoyl-CoA reductase 

(egTER); (5) aldehyde forming acyl-CoA reductase (ald, acr1, acrM, eutE, mhpF, 

orf1594); (6) alcohol/aldehyde dehydrogenase (adhP, fucO, yqhD); (7) alcohol-forming 

acyl-CoA reductase (adhE2, maqu2220, maqu2507); (8) thioesterase (tesA, tesB, fadM, 

ybcC, yciA, ydiI) 
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3.2. Materials and Methods 

3.2.1. Strains, plasmids and genetic methods 

Wild-type K12 Escherichia coli strain MG1655 (Kang et al., 2004) was used as the 

host for all genetic modifications. Gene knockouts and chromosomal expression constructs 

were introduced in MG1655 and its derivatives by P1 phage transduction.  JST07 (DE3) 

was constructed from JST07 using a λDE3 Lysogenization Kit (Novagen, Darmstadt, 

Germany) to allow the expression of genes under the T7 lac promoter. All resulting strains 

used in this study are listed in Table 3-1. Creation of constructs for the cumate-controlled 

chromosomal expression of atoB, fadB fadA, fadBA, bktB atoB , and egTER at the fabI 

chromosomal locus (Clomburg et al., 2015; Toth et al., 1999) were achieved via standard 

recombineering protocols as previously described.  For the chromosomal expression of 

yqeF under cumate control, yqeF was PCR amplified from E. coli MG1655 genomic DNA 

with primers containing homology for recombination in an HME45 strain containing an 

atoBCT5-cat-sacB insertion cassette (Clomburg et al., 2015). This PCR product was then 

recombineered into the above HME45 strain, resulting in a kan-cymR-PCT5-yqeF atoB 

construct at the atoB locus after negative selection on sucrose plates. 

Plasmid based gene overexpression was achieved by cloning the desired gene(s) 

into pCDFDuet-1 (Novagen, Darmstadt, Germany) digested with appropriate restriction 

enzymes utilizing In-Fusion PCR cloning technology (Clontech Laboratories, Inc., 

Mountain View, CA). Cloning inserts were created via PCR of ORFs of interest from their 

respective codon-optimized (acr1, acrM, maqu2220, maqu2507, orf1594) or genomic 
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DNA (all others genes) with Phusion polymerase (Thermo Scientific, Waltham, MA). The 

resulting In-Fusion products were used to transform E. coli Stellar cells (Clontech 

Laboratories, Inc., Mountain View, CA) and PCR identified clones were confirmed by 

DNA sequencing. 

All molecular biology techniques were performed with standard methods (Miller, 

1972; Sambrook and Russell, 2001) or following manufacturer protocol.  Strains were kept 

in glycerol stocks at -80 °C. Plates were prepared using LB medium containing 1.5% agar, 

and appropriate antibiotics were included at the following concentrations: ampicillin (100 

µg/mL), kanamycin (50 µg/mL), spectinomycin (50 µg/mL) and chloramphenicol (12.5 

µg/mL). 

 

Table 3-1 Strains and plasmids used in this study. 

Strains/Plasmids Relevant Genotype/Description     Source 

Strainsa       

 MG1655 F- l-ilvG-rfb-50 rph-1 
(Kang et 

al., 2004) 

 JC01 
MG1655, ΔldhA::FRT ΔpoxB::FRT 

Δpta::FRT ΔadhE::FRT ΔfrdA::FRT  

(Clombur

g et al., 

2012) 

 JC01 (DE3) JC01 harboring a λDE3 Lysogen 
(Toth et 

al., 1999) 

 JC01 (DE3) fadE JC01 (DE3) fadE::FRT 
This 

study 

 JST01 JC01 ΔyciA::FRT 
This 

study 

 JST02 JC01 ΔyciA::FRT ΔybgC::FRT 
This 

study 

 JST03 
JC01 ΔyciA::FRT ΔybgC::FRT 

ΔydiI::FRT 

This 

study 

 JST04 
JC01 ΔyciA::FRT ΔybgC::FRT 

ΔydiI::FRT ΔtesA::FRT 

This 

study 
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 JST05 
JC01 ΔyciA::FRT ΔybgC::FRT 

ΔydiI::FRT ΔtesA::FRT ΔfadM::FRT 

This 

study 

 JST06 

JC01 ΔyciA::FRT ΔybgC::FRT 

ΔydiI::FRT ΔtesA::FRT ΔfadM::FRT 

ΔtesB::FRT 

This 

study 

 JST07 

JC01 ΔyciA::FRT ΔybgC::FRT 

ΔydiI::FRT ΔtesA::FRT ΔfadM::FRT 

ΔtesB::FRT ΔfadE::FRT 

This 

study 

 JST07 (DE3) JST07 harboring a λDE3 Lysogen 
This 

study 

 
JC01 (DE3) bktBCT5 fadBCT5 ΔfadA 

egTERCT5 

JC01 (DE3) FRT-cymR-PCT5-fadB 

ΔfadA::zeo FRT-cymR-PCT5-bktB ΔatoB  

FRT-cymR-PCT5-egTER @ fabI 

chromosomal location 

(Clombur

g et al., 

2015) 

 
JST07 (DE3) atoBCT5 fadBCT5 ΔfadA 

egTERCT5 

JST07 (DE3) FRT-cymR-PCT5-fadB 

ΔfadA::zeo FRT-cymR-PCT5-atoB FRT-

cymR-PCT5-egTER @ fabI 

chromosomal location 

This 

study 

 JST07 (DE3) fadBACT5 egTERCT5 

JST07 (DE3) FRT-cymR-PCT5-fadBA FRT-

cymR-PCT5-egTER @ fabI 

chromosomal location 

This 

study 

 JST07 (DE3) atoBCT5 fadBACT5 egTERCT5 

JST07 (DE3) FRT-cymR-PCT5-fadBA FRT-

cymR-PCT5-atoB FRT-cymR-PCT5-

egTER @ fabI chromosomal location 

This 

study 

 
JST07 (DE3) bktBCT5 fadBCT5 ΔfadA 

egTERCT5 

JST07 (DE3) FRT-cymR-PCT5-fadB 

ΔfadA::zeo FRT-cymR-PCT5-bktB 

ΔatoB  FRT-cymR-PCT5-egTER @ fabI 

chromosomal location 

This 

study 

Plasmids       

 pTrcHis2A Ptrc promoter, pBR322 origin, lacI, AmpR 
Invitroge

n 

 pCDFDuet T7 promoter, CloDF13 origin, lacI, SmR Novagen 

 pTH-atoB-fadB-egTER 

E. coli atoB, fadB and Euglena glacilis 

TER genes under T7lac promoter and lacI 

control 

(Clombur

g et al., 

2012) 

 pCDF-P1-fadM 
E. coli fadM gene under T7lac promoter 

and lacI control 

This 

study 

 pCDF-P1-tesA' 
E. coli tesA without leader sequence gene 

under T7lac promoter and lacI control 

This 

study 

 pCDF-P1-acr1 
Acinetobacter calcoaceticus acr1 gene 

under T7lac promoter and lacI control 

This 

study 

 pCDF-P1-acrM 
Acinetobacter sp. acrM gene under T7lac 

promoter and lacI control 

This 

study 

 pCDF-P1-adhE2 
Clostridium acetobutylicum adhE2 gene 

under T7lac promoter and lacI control 

This 

study 

 pCDF-P1-ald 
Clostridium beijerinkii ald gene under 

T7lac promoter and lacI control 

This 

study 

 pCDF-P1-eutE 
Salmonella typhimurium eutE gene under 

T7lac promoter and lacI control 

This 

study 

 pCDF-P1-mhpF 
E. coli mhpF gene under T7lac promoter 

and lacI control 

This 

study 
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 pCDF-P1-maqu2220 
Marinobacter aquaeolei maqu2220 gene 

under T7lac promoter and lacI control 

This 

study 

 pCDF-P1-maqu2507 
Marinobacter aquaeolei maqu2507 gene 

under T7lac promoter and lacI control 

This 

study 

 pCDF-P1-orf1594 
Synechococcus elongatus orf1594 gene 

under T7lac promoter and lacI control 

This 

study 

 pCDF-P1-ald-P2-adhP 

Clostridium beijerinkii ald and E. coli 

adhP genes under T7lac promoter and lacI 

control 

This 

study 

 pCDF-P1-ald-P2-fucO 

Clostridium beijerinkii ald and E. coli 

fucO genes under T7lac promoter and lacI 

control 

This 

study 

  pCDF-P1-ald-P2-yqhD 

Clostridium beijerinkii ald and E. coli 

yqhD genes under T7lac promoter and lacI 

control 

This 

study 

 

3.2.2. Culture medium and cultivation conditions 

The minimal medium designed by Neidhardt et al.(Neidhardt et al., 1974), with 125 

mM MOPS and Na2HPO4 in place of K2HPO4, supplemented with 20 g/L glycerol, 10 g/L 

tryptone, 5 g/L yeast extract, 5 mM calcium pantothenate, 2.78 mM Na2HPO4, 5 mM 

(NH4)2SO4, 30 mM NH4Cl, 5 M sodium selenite, 100 M biotin, and 1 mg/L thiamine-

HCl was used for all fermentations.  Antibiotics (100 mg/L of ampicillin for pTH 

containing strains or 50 μg/mL spectinomycin for pCDF containing strains) and inducers 

(isopropyl β-D-1-thiogalactopyranoside and cumate) were included when appropriate. All 

chemicals were obtained from Fisher Scientific Co. (Pittsburg, PA) and Sigma-Aldrich Co. 

(St. Louis, MO). 

Fermentations were conducted in 25 mL Pyrex Erlenmeyer flasks (narrow 

mouth/heavy duty rim, Corning Inc., Corning, NY) filled with 15 mL of the above culture 

medium and sealed with foam plugs filling the necks. A single colony of the desired strain 

was cultivated overnight (14-16 hrs) in LB medium with appropriate antibiotics and used 
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as the inoculum (1%) for all fermentations. After inoculation, flasks were incubated at 37 

°C and 200 rpm in an NBS C24 Benchtop Incubator Shaker (New Brunswick Scientific 

Co., Inc., Edison, NJ) until an optical density of ~0.3-0.5 was reached, at which point IPTG 

(10 µM) and/or cumate (0.1 mM) were added when appropriate.  Flasks were then 

incubated under the same conditions for 48 hrs post-induction unless otherwise stated. 

3.2.3. Analytical methods 

Optical density was measured at 550 nm in a Thermo Spectronic Genesys 20 

(Thermo Scientific, Waltham, MA) and used as an estimate of cell mass (1 O.D.550 nm = 

0.34 g dry weight/L). Quantification of glycerol and metabolic products in the culture 

supernatant was conducted through high-performance liquid chromatography (HPLC) and 

gas chromatography-flame ionization detection (GC-FID).  The concentrations of glycerol, 

ethanol, and organic acids were determined via ion-exclusion HPLC using a Shimadzu 

Prominence SIL 20 system (Shimadzu Scientific Instruments, Inc., Columbia, MD) 

equipped with an HPX-87H organic acid column (Bio-Rad, Hercules, CA) with operating 

conditions to optimize peak separation (0.3 mL/min flowrate, 30 mM H2SO4 mobile phase, 

column temperature 42 °C). 

Quantification of carboxylic acids (C > 6) was conducted via GC-FID analysis 

using a Varian CP-3800 (Varian Associates, Inc., Palo Alto, CA) equipped with a flame 

ionization detector (GC-FID) and an HP-5 capillary column (0.25 mm internal diameter, 

0.25 µm film thickness, 30 m length; Agilent Technologies, Santa Clara, CA).  Sample 

preparation was conducted as follows: 2 mL culture supernatant samples were transferred 

to 5-mL glass vials (Fisher Scientific Co., Fair Lawn, NJ) and 80 μL of 50% H2SO4 and 
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340 μL of 30% NaCl solution were added for pH and ionic strength adjustment, 

respectively.  Tridecanoic acid (final concentration 50 mg/L) was added as internal 

standard and 2 mL of hexane-MTBE (1:1) added for extraction. The bottles were sealed 

with Teflon-lined septa (Fisher Scientific Co., Fair Lawn, NJ), secured with caps, and 

rotated at 60 rpm for 120 min. The samples were then centrifuged for 2 min at 2375 x g to 

separate the aqueous and organic layers.  After centrifugation, 1.5 mL of the top organic 

layer was separated from the aqueous layer.  Each extracted sample was transferred to 5 

mL glass vial and dried under a stream of nitrogen. 1 mL of a boron trifluoride-methanol 

solution was added to the dried extract for derivatization of extracted carboxylic acids to 

fatty acid methyl esters (FAMEs), and the vials capped tightly and vortexed. These vials 

were then placed in heater block (AccuBlock digital dry bath; LabNew, Woodbridge, NJ) 

and heated at 60 °C for 60 min. The transesterification reaction vials were cooled to room 

temperature, followed by the addition of 1 mL of water and vortexing.  FAMEs were 

extracted with 1.5 mL hexane for 60 min at 60 rpm. The vials were then vortexed for 30 s 

and centrifuged for 2 min at 2375 x g to separate the aqueous and organic layers. The upper 

organic phase collected with a glass syringe and transferred to GC vials (Fisher Scientific 

Co., Fair Lawn, NJ) for GC analysis according to the following method: 1 uL were injected 

into the GC, which was run in splitless mode using helium gas as a carrier gas with a flow 

rate of 1 mL/min. The injector temperature was 280°C and the oven temperature was 

initially held at 50°C for 3min and then raised to 250°C at 10°C /min and held for 3 min. 

Analysis of primary alcohols followed the same procedure except 50 L of 2 mg/mL 

tridecanol in ethanol was added to the initial sample as an internal standard (in addition to 
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the carboxylic acid internal standard) and a 1:1 pyridine-acetic anhydride mixture was used 

in place of the boron trifluoride-methanol solution for the acetylation of extracted primary 

alcohols followed by heating at 80 °C for 120 min. 

3.2.4. Enzyme assays 

Cells were grown overnight in 25 mL LB medium in 125 mL Erlenmeyer flasks at 

37 °C and 200 rpm, harvested, washed twice with a 9 g/L NaCl solution, and stored as cell 

pellets at -80 °C. Cell disruption was carried out by using glass (0.1 mm diameter) beads. 

The measurement of thioesterase (TE) activity was carried out by monitoring reduction of 

5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) (Zhuang et al., 2008).  The reaction mixture 

contained 0.1 M Tris‐HCl (pH 7.5), 0.2 M KCl, 1 mM DTNB, 25 μM acyl-CoA and crude 

extract in a final volume of 200 μL.  Reactions were carried out at 30℃ and DTNB 

reduction was measured by increase in optical density at 412 nm on a Synergy HT plate 

reader (BioTek Instruments, Inc., Winooski, VT). For the specific activity assays (reported 

in nmol substrate/mg protein/min), protein concentration was established using the 

Bradford Reagent (Thermo Scientific, Waltham, MA) using BSA as the protein standard. 
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3.3. Results and Discussion 

3.3.1. Reduction of endogenous termination pathway activity provides and 

efficient background for operation of a beta-oxidation reversal 

Previously, we have utilized a synthetic approach to construct and functionally 

characterize a reversal of the -oxidation cycle establishing the key core/elongation 

modules (thiolase, 3-hydroxyacyl-CoA dehydrogenase, 3-hydroxyacyl-CoA dehydratase, 

and trans-enoyl-CoA reductase) required for longer chain (C ≥ 4) product synthesis (Figure 

3-1) (Clomburg et al., 2012). Using this approach, a one-turn reversal was constructed 

through the use of AtoB (thiolase), FadB (3-hydroxyacyl-CoA dehydrogenase and 3-

hydroxyacyl-CoA dehydratase), and the trans-2-enoyl reductase from E. gracilis (egTER) 

in an E. coli strain devoid of native fermentation pathways (JC01: MG1655 ldhA pta 

poxB adhE frdA). A multiple turn -oxidation reversal was facilitated through the use 

of the longer-chain length specific thiolase FadA in addition to AtoB, FadB, and egTER 

(Clomburg et al., 2012).  Product synthesis was demonstrated in the form of carboxylic 

acids resulting from the expression of these core components without the controlled 

overexpression of a termination pathway. While this established the key core/elongation 

components required, the fact that endogenous enzymes resulted in carboxylic acid 

production represents a significant issue with regard to fine-tuning both the chain-length 

and type(s) of products synthesized.   

In order to provide a background more amenable to fine-tuning product synthesis, 

we sought to eliminate as many endogenous termination pathways as possible. This will 
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not only enable the selection of specific termination pathways for the chain-length and type 

of product desired, but can also facilitate increases in the intracellular pool(s) of required 

acyl-CoA intermediates by minimizing their conversion to un-desired products. 

Considering the carboxylic acid production observed with only the expression of the 

core/elongation components, native thioesterases capable of hydrolyzing acyl-CoA 

intermediates are candidates for the endogenous enzymes leading to product synthesis. E. 

coli possesses several enzymes that could be functioning in this capacity, including the 

thioesterases encoded by tesA, tesB , yciA , fadM, ydiI, and ybgC (Cho and Jr, 1993; Feng 

and Cronan, 2009a; Kotowska and Pawlik, 2014; Toth et al., 1999).  Serial deletion of these 

six genes in JC01 (MG1655 ldhA pta poxB adhE frdA) was  
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Figure 3-2 Impact of endogenous thioesterase deletion. (a) cell growth, pH, and glycerol 

consumption, (b) acetic, butyric, and pyruvic acids, (c) total C4-C10 saturated carboxylic 

acid titer, and (d) C4-C10 saturated carboxylic acid distribution. Components for a 

functional β-oxidation reversal (AtoB, FadB, and egTER) were expressed from 

pTrcHis2A in all strains.  Serial deletion of thioesterases in JC01 (MG1655 ΔldhA Δpta 
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ΔpoxB ΔadhE ΔfrdA) in the following order with JST06 representing JC01 will all 6 

deletions: yciA, ybgC, ydiI, tesA, fadM, tesB (See text for details).     

 

undertaken in an attempt to minimize their potential influence on product formation. Using 

butyrate production as a proxy for product synthesis from a one-turn -oxidation reversal 

with AtoB, FadB, and egTER expression, the deletion of these genes had a dramatic impact  

of product synthesis as the production of acetate and butyrate decreased significantly with 

a corresponding increase in pyruvate generation (Figure 3-2). While the order of deletion 

could play a role in the influence of a specific thioesterase deletion, it should be noted that 

yciA and tesB deletions appear to have the most significant impact on the titers of 

carboxylic acids under these conditions (Figure 3-2). The construction of this 

“thioesterases-deficient” strain should provide a more efficient background for operation 

of multiple cycle turns, which in turn can facilitate the synthesis of target products upon 

the controlled expression of termination pathways of interest.     

While the above results demonstrated the reduction in shorter chain carboxylic acid 

synthesis, in the context fine-tuning medium chain length product synthesis from a -

oxidation reversal, it is also important to determine the impact these thioesterase deletions 

have on the cleavage of longer chain length acyl-CoA intermediates. This was evaluated 

through the measurement of acyl-CoA hydrolysis activities from crude cell extracts of 

strains JC01 (DE3) fadE and JST07 (DE3) with the serial deletion of the six thioesterases 

described above being the difference between the two strains (Table 3-2). It should be 

noted that each of these strains contains a deletion of fadE, encoding the acyl-CoA 
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dehydrogenase responsible for the degradation of acyl-CoA intermediates in the catabolic 

operation of the -oxidation cycle, as well as a λDE3 Lysogen to allow the expression of 

genes under the T7 lac promoter. As seen in Table 2, JST07 (DE3) exhibits significantly 

lower activities for the hydrolysis of all C2-C10 saturated acyl-CoA’s tested, when 

compared to JC01 (DE3) fadE.  Based on these findings, JST07 (DE3) provides the ideal 

background for a multiple cycle turn reversal, as the minimization of acyl-CoA cleavage 

should enable the generation of significant levels of medium chain acyl-CoA intermediates, 

which can be converted to products of interest through the expression of termination 

pathways exhibiting appropriate chain length specificity.   

 

Table 3-2  Specific thioesterase activity (nmol/mg protein/min) of background strains on 

various chain length acyl-CoA intermediates 

Substrate 
Strain 

JC01 (DE3) fadE JST07 (DE3)  

Acetyl-CoA 17.2 ± 10.8 2.3 ± 2.2 

Butyryl-CoA 16.8 ± 0.7 2.0 ± 1.9 

Hexanoyl-CoA 33.8 ± 1.2 0.0 

Octanoyl-CoA 40.8 ± 0.9 2.5 ± 1.0 

Decanoyl-CoA 26.6 ± 5.0 5.2 ± 3.2 
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3.3.2. Controlling product chain length through the selection of appropriate 

thiolase and termination pathway 

While the deletion of endogenous thioesterases lowered acyl-CoA hydrolysis 

activities and minimized saturated carboxylic acid production with the expression of 

components required for a one-turn reversal, the synthesis of medium chain length products 

requires both the operation of multiple cycle turns as well as the expression of termination 

pathways with target chain length specificity.  Given the broad chain length specificity of 

FadB and egTER, the ability to operate multiple cycles depends on the selection of 

thiolase(s) with the ability to efficiently condense acetyl-CoA with the growing chain 

length acyl-CoA intermediates (Figure 3-1). For the synthesis of medium chain length 

(C6-C10) products, thiolases that facilitate the generation of C6-C10 acyl-CoAs are 

required to provide an adequate intracellular pool of these key intermediates. Potential 

thiolases for use in this context include the aforementioned AtoB and FadA, along with the 

predicted E. coli acetyl-CoA acetyltransferease YqeF and the -ketothiolase BktB from 

Ralstonia eutropha, which has been shown to condense acetyl-CoA with C4 and C6 acyl-

CoA intermediates (Machado et al., 2012; Martin et al., 2013).  

Given the modular nature of a β-oxidation reversal, and the fact that expression of 

various termination pathways confers the ability to produce a variety of products from acyl-

CoA intermediates (Figure 3-1), we choose to employ expression mechanisms allowing 

for the independent control of core/elongation modules and termination modules. For this, 

chromosomal expression of core/elongation modules under a cumate-inducible promoter 

was selected based on our previous results with the expression of AtoB, BktB, FadB(A), 
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and/or EgTER (Vick et al., 2015).  For YqeF expression, a cumate-controlled expression 

construct was created in which yqeF seamlessly replaced atoB for expression at the atoB 

locus. Individual constructs for each of these various thiolases were then combined with 

FadB and EgTER constructs in JST07 (DE3) to enable full core/elongation module 

expression in this background strain with minimized endogenous termination pathway 

expression. While these strains have all required core/elongation modules for a function -

oxidation reversal, the lack of acyl-CoA hydrolysis activity in this background (Table 3-2) 

requires the controlled expression of a thioesterase to enable product synthesis at high 

levels.  For this purpose, tesA’ (leaderless version of tesA) was selected in order to 

determine the impact of the use of various thiolases within the context of a -oxidation 

reversal. This enzyme was selected due in part to our preliminary characterization in which 

crude extracts of cells expressing tesA showed ~10-fold higher specific activities on 

decanoyl-CoA compared to butyryl-CoA and other short chain CoA intermediates.  

Considering the competition between the condensation and termination enzymes for the 

growing chain length acyl-CoA intermediates, these properties should minimize the 

cleavage of shorter-chain acyl-CoA’s, while functioning for the hydrolysis reaction after 

medium chain length acyl-CoA’s are generated through a multiple turn -oxidation 

reversal.   

tesA’ was cloned into a pCDF vector to enable expression independently from the 

core/elongation modules. As seen in Figure 3-3, with tesA’ expression as the termination 

pathway, the production of various amounts of C4-C10 saturated carboxylic acids were 

observed dependent on the choice of thiolase in combination with FadB and EgTER. The 
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use of AtoB as the only thiolase component results in butyric acid as the only C4 or longer 

saturated carboxylic acid product (Figure 3-3). However, the use of a longer-chain length 

specific thiolase, such as FadA or BktB, enables the synthesis of longer chain length 

carboxylic acids. Given the longer chain length specificity of FadA, however, its 

expression needs to be combined with that of AtoB in order to increase the synthesis of 

C4-C10 carboxylic acids, as more than a 2-fold increase in total titer was observed with 

AtoB and FadA expression compared to FadA as the sole thiolase (Figure 3-3). The use 

of BktB as the sole thiolase component yielded an improved performance on both titer and 

selectivity towards medium chain length carboxylic acids, as the synthesis of greater than 

1 g/L total C4-C10 saturated carboxylic acids were observed with about 90% of the 

products being C6-C10 (Figure 3-3). These characteristics make this strain ideally suited 

to targeting medium chain length (C6-C10) products. 
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Figure 3-3 Influence of thiolase components on carboxylic acid production from a β-

oxidation reversal.  C4-C10 saturated carboxylic acid (a) titer and (b) distribution from 

JST07 (DE3) containing chromosomal constructs for the expression of fadB, egTER, and 

the indicated thiolase(s). TesA’ (expressed from pCDF-P1-tesA’) was used for 

thioesterase termination.      

While the above results demonstrate the influence of the thiolase component on 

product chain length from a -oxidation reversal, further refinement to this distribution can 

potentially be achieved through the use of termination pathways with varying chain length 

specificity.  Given the lower titers of decanoic acid in comparison to hexanoic and octanoic 

acids observed with tesA’ expression with BktB as the thiolase (Figure 3-3), we looked to 

employ a longer chain length specific thioesterase in an attempt to increase C10 production. 

For this purpose, the long chain acyl-CoA thioesterase encoded by fadM from E. coli was 

cloned into pCDF for expression.  Upon expression in JST07 (DE3) with the BktB, FadB, 

and egTER chromosomal expression constructs, fadM resulted in significant increases to 
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decanoic acid production compared to that observed with tesA’ expression (Figure 3-4).  

This also corresponded to lower levels of C6 and C8 saturated carboxylic acid production, 

demonstrating the ability of the termination pathway to influence the chain length 

distribution (Figure 3-4).  However, this type of fine-tuning of product synthesis was only 

achieved with fadM expression in JST07 (DE3), as significantly lower levels of decanoic 

acid were produced in JC01 (DE3) with the same core/elongation components and fadM 

expression (Figure 3-4).  The same trend was observed with tesA’ expression in the two 

backgrounds, as the use of tesA’ in JST07 (DE3) resulted in higher C6, C8, and C10 titers 

with decreased butyrate titer in comparison to JC01 (DE3).   

Overall, these results demonstrate the importance of manipulating both the thiolase 

component and termination pathways to ensure the generation of medium chain length 

acyl-CoA intermediates available for product synthesis. The deletion of endogenous 

thioesterases with the use of appropriate thiolase(s) provides a background in which 

sufficient supply of medium chain length acyl-CoA’s are generated. The overexpression of 

a thioesterase with desirable properties (i.e. sufficient activity on medium chain acyl-CoA’s 

with low activity for short chain acyl-CoA intermediates) can then be utilized to promote 

the synthesis of desired chain length carboxylic acids while minimizing the loss of carbon 

from the cleavage of shorter chain length CoA intermediates. While a more rigorous 

screening of potential acyl-CoA thioesterases is envisioned as a means to increase the total 

titer and chain length specificity of carboxylic acid synthesis, the ~ 1 g/L of medium chain 

(C6-C10) carboxylic acids represent the largest concentration of these products reported in 

the literature. Moreover, the improved strain background in regard to the generation of 
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medium chain length acyl-CoA’s enables the use of additional termination pathways for 

varying product functionality.     

 

Figure 3-4 Controlling carboxylic acid chain length through the manipulation of 

termination pathways and improving titer of carboxylic acid.  (a) C4-C10 saturated 

carboxylic acid titer and yield in various backgrounds with TesA’ or FadM termination. 

JC01 (DE3) and JST07 (DE3) each contain constructs for bktB, fadB, and egTER 

chromosomal expression with tesA’ or fadM expressed from pCDF 10μM IPTG and 

100μM cumate were used for expression; (b) JST07(DE3) with bktB, fadB and egTER 

was used increase titer of carboxylic acids.10μM IPTG and 200μM of cumate were used 

for expression   

 

3.3.3. Synthesis of medium chain length primary alcohols through a beta-

oxidation reversal 

With the efficiency of the -oxidation reversal for acyl-CoA generation improved 

through the deletion of native thioesterases and use of proper thiolases, the next area of 

investigation involved the overexpression of termination pathways for the production of 
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medium chain length primary alcohols. This requires the use of various alcohol/aldehyde-

forming acyl-CoA reductases or CoA-dependent dehydrogenases that can reduce target 

acyl-CoA intermediates (Figure 3-1). With the individual core/elongation components 

expressed from the chromosome under cumate-inducible control, candidate enzymes for 

alcohol production were cloned into pCDF to provide independent control of expression in 

JST07 (DE3). Alcohol-forming termination pathways explored for this purpose included 

bi-functional alcohol-forming acyl-CoA reductases, in which a single enzyme converts the 

acyl-CoA to an alcohol, as well as a pathway in which multiple enzymes, an aldehyde-

forming acyl-CoA reductase and alcohol dehydrogenase/aldehyde reductase, convert the 

acyl-CoA intermediate into the desired primary alcohol. The alcohol-forming acyl-CoA 

reductases AdhE2 from Clostridium acetobutylicum (Fontaine et al., 2002) and Maqu2507 

and Maqu2220 (Lenneman et al., 2013)  from Marinobacter aquaeolei were selected for 

the single enzyme approach. For the first step of the multi-enzyme termination pathway, 

we chose the aldehyde-forming acyl-CoA/ACP reductases Acr1 from Acinetobacter 

calcoaceticus (Reiser and Somerville, 1997), AcrM from Acinetobacter sp. strain M-1 

(Ishige et al., 2002), Ald from Clostridium beijerinckii (Toth et al., 1999), and Orf1594 

from Synechococcus elongatus PCC 7942 (Schirmer et al., 2010), as well as predicted acyl-

CoA reductases EutE from Salmonella typhimurium and MhpF from E. coli (Fischer et al., 

2013).   

As seen in Table 3-3, when genes encoding these enzymes were expressed in 

JST07 (DE3) along with bktB, fadB, and egTER, varying amounts of C4-C10 primary 

alcohols were produced dependent on the enzymes utilized. Acyl-CoA reductases Acr1, 
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AcrM, and Orf1594 did not produce alcohols shorter than 10 carbons in length, consistent 

with previous studies demonstrating preference for longer chain length substrates (Fischer 

et al., 2013; Ishige et al., 2002; Reiser and Somerville, 1997; Schirmer et al., 2010). While 

the Clostridial enzymes AdhE2 and Ald are involved in butanol production in their native 

species, when these enzymes were expressed in a background enabling the  

Table 3-3  Primary C4-C10 alcohol production in JST07(DE3) with functional β-

oxidation reversal. The r-BOX consists of BktB, fadB, and egTER which were expressed 

from chromosomal and indicated acyl-CoA reductase expression from pCDF vector 

Acyl-CoA  

Reductase 

Primary alcohol titer (mg/L) 

Butanol Hexanol Octanol Decanol 

acr1 0 0 0 26±0.5 

acrM 0 0 0 12±12 

adhE2 25±25 54±0.5 40±0.5 27±0.5 

Ald 385±15 81±0.5 47±0.5 27±0.5 

eutE 195±5 65±1 45±0.5 28±0.5 

mhpF 0 50±0.5 0 0 

maqu2220 0 0 0 0 

maqu2507 85±15 105±8 59±3 39±0.5 

orf1594 0 0 0 25±0.5 

 

generation of C6-C10 acyl-CoA intermediates, hexanol, octanol, and decanol were 

produced in addition to butanol (Table 3-3).  While Ald expression resulted in significant 

amounts of butanol production, greater than 150 mg/L of C6-C10 alcohols were produced 

demonstrating the potential of this enzyme for medium chain length primary alcohol 

production. Furthermore, of all candidate enzymes tested, the alcohol-forming acyl-CoA 

reductase Maqu2507 from M. aquaeolei produced the highest titer (~200 mg/L) of C6-C10 
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primary alcohols, while also limiting the amount of butanol produced in relation to these 

target chain lengths (Table 3-3). 

Given the high titers of C6-C10 primary alcohols with the use of Ald and 

Maqu2507, and the potential for acyl-CoA reductases to act on acyl-ACP intermediates 

from the fatty acid biosynthesis pathway, experiments were run to confirm the production 

of these alcohols were a result of a functional -oxidation reversal. Alcohol production 

with Ald and Maqu2507 was only observed when combined with a full -oxidation reversal 

(BktB, FadB, and EgTER), with no alcohol production detected with the expression of 

either enzyme in JST07 (DE3) without all core/elongation components (data not shown).  

Based on these results, Ald and Maqu2507 were selected as the termination pathways for 

further investigation into alcohol production from a -oxidation reversal.   

 

Figure 3-5 Primary alcohol production from a β-oxidation reversal.  Cycle termination 

was conducted by expressing aldehyde-forming acyl-CoA reductase Ald from C. 

beijerinckii individually or in combination with the E. coli alcohol dehydrogenases AdhP, 
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FucO, or YqhD. Termination pathway enzyme(s) expressed from pDCF in JST07 (DE3) 

containing constructs for bktB, fadB, and egTER chromosomal expression.   

One interesting facet of the use of Ald for acyl-CoA reduction is that despite Ald 

representing an aldehyde-forming acyl-CoA reductase, as opposed to a bi-functional 

alcohol-forming enzyme, alcohol production was observed without the overexpression on 

an alcohol dehydrogenase/aldehyde reductase. This is likely the result of the fact that E. 

coli possesses numerous aldehyde reductases that can potentially reduce varying chain 

length aldehydes to the corresponding alcohols (Pick et al., 2013; Rodriguez and Atsumi, 

2015). The endogenous expression of these enzymes would result in their conversion to 

alcohols in a similar manner to the production of carboxylic acids with endogenous 

thioesterases detailed above. While this can explain alcohol production in the case of the 

aldehyde-forming acyl-CoA reductase expression, it also represents a potential control 

point for increasing the titer and chain length specificity of the primary alcohols formed.  

This was further explored by the combined overexpression of ald with several native 

aldehyde reductases/alcohol dehydrogenases. These included FucO and YqhD, previously 

demonstrated to function for butanol production from a -oxidation reversal (Dellomonaco 

et al., 2011), as well as AdhP, an enzyme recently shown to be involved in the reduction 

of aldehydes to primary alcohols in an engineered E. coli strain (Liu et al., 2014).   

The genes encoding these enzymes were cloned into pCDF-P1-ald behind the 

second T7 promoter for expression in JST07 (DE3) with chromosomal expression of bktB, 

fadB, and egTER.  Interestingly, while the co-expression of adhP or fucO with ald had 

neutral to negative impact on alcohol production, yqhD overexpression with ald resulted 

in an overall increase to C4-C10 alcohol production (Figure 3-5). This increase in total 
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titer was associated with higher levels of butanol and hexanol production, indicating that 

YqhD could contribute to the conversion of C4-C6 aldehydes to the respective alcohol.                      

In contrast to Ald, the bi-functional alcohol-forming acyl-CoA reductase 

Maqu2507 from M. aquaeolei is capable of fully reducing an acyl-CoA intermediate to the 

primary alcohol, likely negating any potential influence of endogenous alcohol 

dehydrogenases on target product synthesis. However, the broad chain length specificity 

of this enzyme displayed within the context of a -oxidation reversal (Table 3-3) provides 

the opportunity to dictate product chain length through control of the chain length of acyl-

CoA intermediates generated. As previously demonstrated with carboxylic acid synthesis 

(Figure 3-3), the combination of various thiolases with different termination pathways can 

greatly influence the product chain length distribution depending on the key characteristics 

of the enzymes utilized. Using a similar approach with Maqu2507, we sought to determine 

the influence the use of various thiolases had on alcohol production. For this purpose, the 

pCDF vector expressing the gene encoding Maqu2507 was transformed into the JST07 

(DE3) containing chromosomal expression constructs for FadB and EgTER in combination 

with the construct(s) for AtoB, BktB, or AtoB and FadA. As seen in Figure 3-6, when 

these various thiolase(s) are utilized as the condensation enzyme, the chain length of 

alcohols varies according to the chain length specificity of the thiolase.   
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Figure 3-6 Controlling primary alcohol chain length from a β-oxidation reversal through 

the use of various thiolase modules.  Maqu2507 from M. aquaeolei (expressed from 

pCDF-P1-maqu2507) was used for termination in JST07 (DE3) containing chromosomal 

constructs for the expression of fadB, egTER, and the indicated thiolase(s).   

 

As expected based on the kinetic properties of AtoB, when this enzyme is used as 

the exclusive thiolytic component, butanol is the predominant alcohol produced.  However, 

when AtoB is used in conjunction with FadA, the distribution of chain length produced 

shifts to longer chain length alcohols with C6-C10 alcohol representing the highest titers 

(Figure 3-6).  Interestingly, unlike the case of carboxylic acid production with tesA’ 

expression, in which BktB enabled in the highest titers (Figure 3-3), with Maqu2507 as 

the termination pathway the combination of AtoB and FadA enables the higher total titers 

of targeted C6-C10 products (296 mg/L) (Figure 3-6).  This could be reflective of the 

relative kinetic properties of the thiolase(s) and termination enzymes in regard to the acyl-
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CoA intermediates. Considering the acyl-CoA intermediate(s) represent the substrate for 

both the condensation enzyme(s) as well as the termination pathways to saturated 

carboxylic acids and primary alcohols in this case, the competition between these enzymes 

for varying chain length acyl-CoA intermediates represents a key element in determining 

the distribution of products.  While the kinetic properties of these enzymes for the acyl-

CoA chain lengths in question have not been determined, one can envision a scenario in 

which the relative substrate affinities and catalytic properties of the thiolase(s) and 

termination enzymes dictate the distribution of products based on the overall competition 

for the acyl-CoA intermediates. As such, the continued refinement and identification and 

characterization of core/elongation and termination pathways with favorable kinetic 

properties can be utilized to improve both the overall titer and product selectivity from a 

-oxidation reversal.                      

 

3.4. Conclusions 

Expanding upon the synthetic approach to reconstructing a functional -oxidation 

reversal, we have expanded the utility of this pathway for the synthesis of medium chain 

length (C6-C10) products. This was accomplished through manipulation of the thiolase 

and termination modules to increase the generation of medium chain length acyl-CoA 

intermediates and enable their conversion to products of interest. Key to this approach was 

the deletion of endogenous thioesterases, which imparted broad chain length specificity for 

acyl-CoA hydrolysis and resulted in the depletion of generated acyl-CoA intermediates to 
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carboxylic acids. In this efficient background, the expression of thiolases of varying chain 

length specificity, along with all core -oxidation modules and controlled thioesterase 

termination pathways altered the chain length distribution of carboxylic acid production. 

Titers of nearly 1 g/L C6-C10 saturated carboxylic acids (hexanoic, octanoic, and decanoic 

acids) were observed with the use of BktB as the thiolase component and TesA’ as the 

thioesterases termination pathway, representing the highest titers of this chain length 

distribution produced to date. Product functionality was tuned through the expression of 

various aldehyde/alcohol-forming acyl-CoA reductases in this background, resulting in the 

synthesis of C6-C10 primary alcohols from a -oxidation reversal. The highest total titers 

of medium-chain primary alcohols hexanol, octanol, and decanol (~0.3 g/L) were achieved 

with the combination of AtoB and FadA as the thiolase components with the alcohol-

forming acyl-CoA reductase Maqu2507 from M. aquaeolei. These results demonstrate both 

the ability to fine-tune product synthesis as well as the importance of selecting appropriate 

core/elongation and termination modules based on the targeted products. Furthermore, the 

feedstock independent nature of the pathway (i.e. only requires the generation of acetyl-

CoA from a given carbon source) was demonstrated through the use of the low value 

feedstock glycerol as the carbon source.  Overall, the results reported here further establish 

the -oxidation pathway as a modular and versatile pathway that can be utilized for the 

synthesis of a wide array of fuels and chemicals.     
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Chapter 4 

Engineering Escherichia coli for the 

synthesis of short- and medium α,β-

unsaturated carboxylic acids 

4.1.  Motivation and background 

α,β-unsaturated carboxylic acids (α,β-UCAs) are very useful reagents in organic 

synthesis both as intermediates and final products (Li and Tochtrop, 2014) and owing to 

their application in food, polymer, perfume and medicine industry, they are synthesized 

on a commercial scale (Pino and Braca, 1977; Schulz et al., 2000). Efforts have been 

made to transform fossil-based production of α,β-UCAs into more sustainable platforms. 

For example, a thermochemical method involving isothermal-degradation of biologically 

generated poly (3-hydroxybutyrate) (PHB) by a Cupriavidus necator strain to produce 

crotonic acid at a 60% conversion yield has been recently reported (Mamat et al., 2014). 

As an alternative, purely biological routes can be developed by using microorganisms, 

such as Escherichia coli. This bacterium has a dissociated fatty acid biosynthesis (FAB) 

pathway that consists of four steps using both acetyl-CoA and malonyl-ACP as starter 
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units and malonyl-ACP as extender unit (Magnuson et al., 1993). Each turn of the FAB 

cycle adds two carbon atoms to a growing acyl chain. When the acyl chain reaches the 3-

hydroxydecanoyl-ACP intermediate, a double bond is introduced by 3-hydroxydecanoyl-

ACP dehydratase/isomerase yielding a mixture of trans-2-decenoyl-ACP and cis-3-

decenoyl-ACP (White et al., 2005). While the former is subsequently converted to acyl-

ACPs by enoyl-ACP reductase as in the standard elongation cycle, the latter is condensed 

by 3-ketoacyl-ACP synthases with preserved double bond and elongated to unsaturated 

fatty acids, such as palmitoleate and cis-vaccenate, the only unsaturated fatty acids 

synthesized by E. coli (Cronan, Jr. and Rock, 2013).  

Since enoyl-ACPs are one of the acyl-ACP intermediates of the FAB pathway, 

hydrolysis of their thioester bond can in principle lead to the production of α,β-UCAs. 

For example, Liu et al. (Liu et al., 2015) reported a specific thioesterase from B. 

thetaiotaomicron (bTE) capable of catalyzing the hydrolysis of crotonyl-ACP (2-

butenoyl-ACP) and thus leading to the synthesis of crotonic acid (2-butenoic acid). To 

our knowledge, no other α,β-UCA has been produced by fermentation of non-fatty acid 

feedstocks.  

When compared to the FAB pathway described above, an engineered functional 

reversal of the β-oxidation cycle (r-BOX) has proven to be advantageous in terms of ATP 

yield since it does not use malonyl-ACP as extender unit for carbon-chain elongation and 

hence avoids ATP consumption in its synthesis from acetyl-CoA (Cintolesi et al., 2013). 

This, in turn, can lead to the development of more effective bio-catalysts (Dellomonaco 

et al., 2011). Furthermore, the r-BOX uses coenzyme A as acyl group carrier, thus 
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facilitating the use of native thioesterases as cycle terminator, which tend to have lower 

Km value for acyl-CoA groups than acyl-ACP (Barnes, 1972; Narasimhan et al., 1986; 

Spencer et al., 1978).  

While we have previously engineered the r-BOX as a platform for the synthesis 

of unsubstituted and β-functionalized carboxylic acids and alcohols, no significant 

production of α,β-UCAs was reported (Dellomonaco et al., 2011; Clomburg et al., 2012; 

Clomburg et al., 2015). In this study, we present a novel biological method for efficiently 

producing α,β-UCAs based on a modified version of the r-BOX that accumulates trans-

enoyl-CoA intermediates, in combination with an r-BOX cycle-terminating thioesterase 

capable of converting trans-enoyl-CoAs to α,β-UCAs and with low catalytic efficiency 

for acetyl-CoA. The engineered platform was used not only to produce crotonic acid at a 

yield 10 fold higher than previously reported, but also to achieve for the first time the 

production of 2-hexenoic acid, 2-octenoic acid, and 2-decenoic acid.   

 

4.2.  Materials and Methods 

4.2.1. Strains, plasmids and genetic methods  

 Wild-type Escherichia coli MG1655 (Kang et al., 2004) was used as the host for 

all genetic modifications. Gene knockouts and chromosomal expression constructs were 

introduced in MG1655 and its derivatives by P1 phage transduction (Miller, 1972). All 

resulting strains used in this study are listed in Table 4-1. Single gene knockout mutants 
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from the National BioResource Project (NIG, Japan) were directly used as donors of 

specific mutations. Creation of constructs for the cumate-controlled chromosomal 

expression of atoB, fadB, fadA, bktB and egTER were achieved as previously described 

(Kim et al., 2015). Plasmid-based gene overexpression was achieved by cloning the 

desired gene into pCDFDuet (Novagen, Darmstadt, Germany) digested with NcoI and 

EcoRI utilizing In-Fusion PCR cloning technology (Clontech Laboratories, Inc., 

Mountain View). Resulting plasmids are shown in Table 4-1. All molecular biology 

techniques were performed with standard methods or following manufacturer protocol. 

Plates were prepared using LB medium containing 1.5% agar and appropriate antibiotics 

were included at the following concentrations: ampicillin (100 µg/mL), kanamycin (50 

µg/mL), spectinomycin (50 µg/mL) and chloramphenicol (12.5 µg/mL). 

 

Table 4-1 Strains and plasmids used in this study. 

Strains/Plasmids Relevant Genotype/Property     Source 

Strains       

 
MG1655 F- l-ilvG-rfb-50 rph-1 

(Kang et 

al., 2004) 

 

HME45 W3110 ΔlacU169 λc1857 Δ(cro-bioA) HME45  

(Clombur

g et al., 

2012) 

 

JC01 

MG1655, ΔldhA::FRT ΔpoxB::FRT Δpta::FRT ΔadhE::FRT 

ΔfrdA::FRT sequential deletion of ldhA, poxB, pta, adhE, and frdA 

harboring a λDE3 Lysogen 

(Clombur

g et al., 

2012) 

 
JST07 JC01 ΔyciA ΔybgC ΔydiI ΔtesA ΔfadM ΔtesB ΔfadE 

(Kim et 

al., 2015) 

 

MG1655 

(DE3)atoBCT5 

fadBCT5 

MG1655(DE3) FRT-cymR-PCT5-atoB FRT-cymR-PCT5-fadB 

ΔfadA::zeo  

This 

report 

 

JC01 (DE3) 

atoBCT5fadBΔfadA 
JC01(DE3) FRT-cymR-PCT5-atoB FRT-cymR-PCT5-fadBΔfadA::zeo  

This 

report 
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JC01 (DE3) 

bktBCT5fadBΔfadA 

JC01(DE3) FRT-cymR-PCT5-btkBΔatoB FRT-cymR-PCT5-

fadBΔfadA::zeo  

This 

report 

 

JC01 (DE3) 

bktBCT5 

fadBCT5ΔfadA 

egTERCT5  

JC01(DE3) FRT-cymR-PCT5-btkBΔatoB FRT-cymR-PCT5-

fadBΔfadA::zeo FRT-cymR-PCT5-egTER 

(Kim et 

al., 2015) 

 

JST07 (DE3) 

bktBCT5 fadBCT5 

JST07(DE3) FRT-cymR-PCT5-btkBΔatoB FRT-cymR-PCT5-

fadBΔfadA::zeo  

This 

report 

 

JST07 (DE3) 

bktBCT5fadBCT5Δfa

dA egTERCT5  

JST07(DE3) FRT-cymR-PCT5-btkBΔatoB FRT-cymR-PCT5-

fadBΔfadA::zeo FRT-cymR-PCT5-egTER 

(Kim et 

al., 2015) 

 

JST07 (DE3) 

bktBCT5 

fadBCT5ΔfabI 

JST07(DE3) FRT-cymR-PCT5-btkBΔatoB FRT-cymR-PCT5-

fadBΔfadA::zeo ΔfabI 

This 

report 

 

JST07 (DE3) 

bktBCT5 

fadBACT5egTERCT5  

JST07(DE3) FRT-cymR-PCT5-btkBΔatoB FRT-cymR-PCT5-fadBA 

FRT-cymR-PCT5-egTER  

(Kim et 

al., 2015) 

 

JST07 (DE3) 

atoBCT5 fadBACT5 

egTERCT5 

JST07(DE3) FRT-cymR-PCT5-atoB FRT-cymR-PCT5-fadBA FRT-

cymR-PCT5-egTER 

(Kim et 

al., 2015) 

Plasmids       

 
pCDFDuet T7 promoter, CloDF13 origin, lacI, SmR 

EMD 

Novagen 

 
pCDF-fadM E. coli fadM gene under T7lac promoter and lacI control 

(Kim et 

al., 2015) 

 
pCDF-tesA' 

E. coli tesA without leader sequence gene under T7lac promoter and 

lacI control 

(Kim et 

al., 2015) 

 
pCDF-yciA E. coli yciA gene under T7lac promoter and lacI control 

This 

report 

 
pCDF-ybgC E. coli ybgC gene under T7lac promoter and lacI control 

This 

report 

 
pCDF-tesB E. coli tesB gene under T7lac promoter and lacI control 

This 

report 

 
pCDF-ydiI E. coli ydiI gene under T7lac promoter and lacI control 

This 

report 

 
pET-bsfabL B. subtilis (ATCC 23857) fabL gene under T7-lac and lacI control 

(Vick et 

al., 2015) 

 
pCDF-ydiI-his 

E. coli ydiI N-terminal his tagged gene under T7lac promoter and 

lacI control 

This 

report 

 

4.2.2. Culture medium and cultivation condition 

The minimal medium designed by Neidhardt et al. (Neidhardt et al., 1974) with 

125 mM MOPS and Na2HPO4 in place of K2HPO4, supplemented with 20 g/L glycerol, 

10 g/L tryptone, 5 g/L yeast extract, 5 mM calcium pantothenate, 2.78 mM Na2HPO4, 5 
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mM (NH4)2SO4, 30 mM NH4Cl was used for all fermentations. Antibiotics and inducers 

(isopropyl β-D-1-thiogalactopyranoside and cumate) were included when appropriate. 

Fermentations were conducted in 25 mL Pyrex Erlenmeyer flasks (narrow mouth/heavy 

duty rim, Corning Inc.) filled with 15 mL of the above culture medium and sealed with 

foam plugs filling the necks. A single colony of the desired strain was cultivated 

overnight (14-16 hours) in LB medium with appropriate antibiotics and used as the 

inoculum (1%) for all fermentations. After inoculation, flasks were incubated for 48 

hours at 37°C and 200 rpm in an NBS C24 Benchtop Incubator Shaker (New Brunswick 

Scientific Co,. Inc., Edison, NJ) and IPTG (10 µM) and/or cumate (100 µM) were added 

unless otherwise specified. 

4.2.3. Analytical methods 

Optical density was measured at 550 nm in a Thermo Spectronic Genesys 20 

(Thermo Scientific, Waltham, MA) and used as an estimate of cell mass (1 O.D.550 nm = 

0.34 g dry weight/L). Quantification of glycerol and metabolic products in the culture 

supernatant was conducted through high-performance liquid chromatography (HPLC) 

and gas chromatography-flame ionization detection (GC-FID). The concentrations of 

glycerol, ethanol, and organic acids were determined via ion-exclusion HPLC using a 

Shimadzu Prominence SIL 20 system (Shimadzu Scientific Instruments, Inc., Columbia, 

MD) equipped with an HPX-87H organic acid column (Bio-Rad, Hercules, CA) at a flow 

rate of 0.3 mL min-1 using 30 mM H2SO4 mobile phase at column temperature 42°C 

(Dharmadi and Gonzalez, 2005). Identification of crotonic acid was carried out by using 
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nucleic magnetic resonance (NMR) as previously described (Dellomonaco et al., 2011). 

Quantification of unsaturated carboxylic acids (C > 6) was conducted via GC-FID 

analysis using a Varian CP-3800 (Varian Associates, Inc., Palo Alto, CA) equipped with 

a flame ionization detector (GC-FID) and an HP-5 capillary column (0.25 mm internal 

diameter, 0.25 µm film thickness, 30 m length; Agilent Technologies). Sample 

preparation was conducted as follows: 2 mL culture supernatant samples were transferred 

to 5-mL glass vials and 80 μL of 50% H2SO4 and 340 µL of 30% NaCl solution were 

added for pH and ionic strength adjustment, respectively. Heptanoic acid (final 

concentration 50 mg/L) was added as internal standard and 2 mL of hexane-MTBE (1:1) 

added for extraction. The bottles were sealed with Teflon-lined septa (Fisher Scientific, 

Pittsburg, PA), secured with caps, and vigorously vortexed. The samples were then 

centrifuged for 2 min at 2375 x g to separate the aqueous and organic layers. After 

centrifugation, 1.5 mL of the top organic layer was separated from the aqueous layer. 

Each extracted sample was transferred to a 5 mL glass vial and dried under a stream of 

nitrogen. 1 mL of a boron trifluoride-methanol solution was added to the dried extract for 

derivatization of extracted unsaturated carboxylic acids to fatty acid methyl esters 

(FAMEs), and the vials capped tightly and vortexed. These vials were then placed in a 

heater block (AccuBlock digital dry bath; LabNew, Woodbridge, NJ) and heated at 60°C 

for 60 min. The transesterification reaction vials were cooled to room temperature, 

followed by the addition of 1 mL of water and vortexed vigorously. The vials were 

centrifuged for 2 min at 2375 x g to separate the aqueous and organic layers. The upper 

organic phase collected with a glass syringe and transferred to GC vials (Fisher 
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Scientific, Pittsburg, PA) for GC analysis according to the following method: 1 µL were 

injected into the GC, which was run in splitless mode using helium as the carrier gas with 

a flow rate of 1 mL/min. The injector and detector temperature were 220°C and 275°C, 

respectively. The oven temperature was initially held at 50°C for 3min and then raised to 

250°C at 10°C min-1 and held for 3 min.  

4.2.4. Preparation of thioesterase YdiI 

His-tagged thioesterase YdiI was prepared by amplifying ydiI from the genome of E. coli 

MG1655 with primers ydiI-L, 5’-

AGGAGATATACCATGATATGGAAACGGAAAATCAC-3’ and ydiI-R, 5’- 

CGCCGAGCTCGAATTCTCACAAAATGGCGGTCGTC-3’ and cloned into pCDFDuet 

digested by NcoI and EcoRI, then transformed into E. coli BL21(DE3). A single colony 

of the desired strain was cultivated overnight (14-16 hours) in LB medium with 

appropriate antibiotics and used as the inoculum (1%) for the main cultivation. After 

inoculation, cells were grown at 37°C, 200 rpm to an optical density 0.4~0.5 at 550nm, 

then 400 μM of IPTG or 100 μM cumate was added to induce protein expression. Grown 

cells were harvested, washed twice with a 9 g/L NaCl solution, and stored as cell pellet at 

-80°C until it was used. Approximately 1 g (dry weight) of cells were disrupted by B-

PER bacterial protein extraction reagent (Fisher Scientific, Pittsburg, PA) supplemented 

with 300 mM NaCl, 5% glycerol, 20 mM imidazole, 5 mM MgCl2 and 1 mM tris 

(hydroxyl propyl) phosphine (THP). Purification of YdiI was achieved by affinity 

chromatography using a Ni-affinity column kit (Qiagen, Valencia, CA). The supernatant 
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fraction of cell lysate was loaded onto the column and the column was washed twice with 

600 μl of washing buffer A: 50 mM of NaH2PO4, 300 mM of NaCl2, 5% glycerol, 100 

mM imidazole, 5 mM MgCl2 and 1 mM THP. Elution of YdiI from the column was 

conducted by using 500 μl of elution buffer B: 50 mM of NaH2PO4, 300 mM of NaCl2, 

5% glycerol, 500 mM imidazole, 5 mM MgCl2 and 1 mM THP. The eluted YdiI was 

desalted by Amicon centrifugal desalting apparatus (Merck Millipore, Billerica, MA) 

with molecular cut-off of 10 kDa and suspended in the assay buffer: 500 mM Tri-HCl 

(pH 7.5), 200 mM KCl.  

4.2.5. Enzyme assays 

Assays for thiolase, 3-hydroxyacyl-CoA dehydrogenase, and thioesterase activity 

were carried out as described previously (Kim et al., 2015; Vick et al., 2015). Activity of 

AtoB (thiolase) was monitored by measuring the decrease in acetoacetyl-CoA at 303nm. 

Activity of FadB (3-hydroxyacyl-CoA dehydrogenase) was measured by monitoring the 

oxidation rate of NADH at 340nm in the presence of acetoacetyl-CoA. The measurement 

of YdiI activity (thioesterase) was carried out by monitoring the reduction of 5,5’-

dithiobis (2-nitrobenzoic acid) (DTNB) at 412nm. All assays were conducted at 30℃ and 

absorbance measurements were performed in a Synergy HT plate reader (BioTeL 

Instruments, Inc., Winooski, VT) 
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4.3. Results and Discussion 

4.3.1. Re-engineering beta-oxidation reversal (r-BOX) to produce α,β-

unsaturated carboxylic acids  

The synthesis of short- (C4:1) and medium-chain (C6:1, C8:1, C10:1) α,β-unsaturated 

carboxylic acids (α,β-UCA) through an engineered reversal of the β-oxidation cycle (r-

BOX) requires the use of core r-BOX enzymes along with thioesterase(s) able to convert 

enoyl-CoAs to the corresponding α,β-UCA (Figure 4-1). The following core r-BOX 

enzymes were considered for this purpose: Escherichia coli thiolase (atoB, fadA), 

hydroxyacyl-CoA hydrogenases (fadB) and enoyl-CoA hydratase (fadB), along with 

Euglena gracillis trans-enoyl-CoA reductase (egTER) (Clomburg et al., 2012; Kim et al., 

2015). As a first step, we focused on the synthesis of crotonic acid, a 4-carbon α,β-UCA  

that results from the one-turn operation of the r-BOX. When crotonic acid is considered 

as the target product, the last step of the r-BOX catalyzed by enoyl-CoA reductase 

becomes a competing reaction. Therefore, a partial r-BOX was re-engineered in E. coli to 

incorporate only a short-chain thiolase (atoB), hydroxyacyl-CoA hydrogenase (fadB), and 

enoyl-CoA hydratase (fadB) (Figure 4-1). Genes encoding these enzymes were 

incorporated into the chromosome of E. coli MG1655(DE3) under the control of a 

cumate inducible phage T5 (CT5) promoter, resulting in strain MG1655(DE3)-atoBCT5-

fadBCT5. In vitro enzyme assays were conducted to confirm chromosomal expression of 

these three core r-BOX enzymes. The crude extract of the engineered strain showed 

thiolase and hydroxyacyl-CoA hydrogenases activities of 13.8 μmol/min/mg and 2.2 
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μmol/min/mg, respectively, while these activities were undetectable in wild type E. coli 

MG1655(DE3).  

 

Figure 4-1 Engineered reversal of the β-oxidation cycle (r-BOX) for the synthesis of α,β-

unsaturated carboxylic acids.  Enzymes (genes) for each step used in this study are as 

follows (E. coli enzymes/genes unless otherwise stated): (1) thiolase (atoB, fadA, 

Ralstonia eutropha bktB); (2) 3-hydroxyacyl-CoA dehydrogenase (fadB); (3) enoyl-CoA 

hydratase (fadB); (4) enoyl-CoA reductase (Euglena gracilis trans-enoyl-CoA reductase: 

egTER); (5) thioesterase (ydiI). 
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The above-engineered strain was used as the host to assess the potential of six 

native thioesterases (TEs: yciA, ydiI, ybgC, tesA, fadM, and tesB) for the production of 

crotonic acid. Each TE was individually cloned into the pCDFDuet vector and expressed 

under the control of a T7 promoter (tesA was cloned without leading sequence, labeled as 

tesA’). Resulting plasmids were transformed into strain MG1655(DE3)-atoBCT5-fadBCT5 

and production of crotonic acid was assessed in shake flask cultures using glycerol 

MOPS medium fortified with tryptone and yeast extract, with other conditions adapted 

from our previous report (Kim et al., 2015). Among all tested thioesterases, only YdiI 

supported the production of crotonic acid and its titer was 0.19 g/L (Figure 4-2). The 

identity of crotonic acid as fermentation product was confirmed through 1D 1H (proton) 

NMR spectroscopic analysis of the extracellular media of strain MG1655(DE3)-atoBCT5-

fadBCT5 overexpressing YdiI (Figure 4-2). The amount of crotonic acid produced by this 

strain already exceeds the maximum titer reported in the literature (0.16 g/L) using an 

engineered fatty acid biosynthesis (FAB) pathway (Liu et al., 2015). It is noteworthy that 

the previously reported crotonic acid titer of 0.16 g/L was achieved after a number of 

other manipulations, including the use of a FabI inhibitor (triclosan) and deletion of fadD 

(acyl-CoA synthetase) to increase the intracellular levels of enoyl-ACP. The initial results 

presented in this section suggest that the engineered r-BOX has a greater potential than 

the FAB for the production of α,β-UCA. 
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Figure 4-2 Effect of thioesterase overexpression in the production of crotonic acid by 

engineered strain.  E. coli MG1655(DE3)-atoBCT5-fadBCT5, which expresses AtoB and 

FadB from chromosomal constructs under the control of cumate-inducible promoter CT5 

was used. (A) Production of crotonic acid upon overexpression of different thioesterase 

in strain MG1655(DE3)- atoBCT5-fadBCT5. (B) Nuclear magnetic resonance (NMR) 

spectrum collected at 500MHz for a fermentation sample prepared from strain 

MG1655(DE3)-atoBCT5-fadBCT5/pCDFDuet-p1-ydiI. Each thioesterase was cloned into 

the pCDFDuet vector. 100 M of cumate was used for the expression of core r-BOX 

enzymes and 10 M of IPTG for thioesterase expression. The leading sequence of tesA 

was removed (tesA’).  
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4.3.2. Kinetic characteristic of YdiI-encoded enoyl-CoA thioesterase 

activity 

While overexpression of YdiI resulted in significant production of crotonic acid, 

the enoyl-CoA thioesterase activity of this enzyme and corresponding kinetic properties 

have not been reported in the literature. N-terminal His-tagged YdiI was purified from 

strain BL21(DE3) carrying a pCDFDuet vector expressing ydiI, as described in Materials 

and Methods. Enoyl-CoA thioesterase activity was assayed using Ellmann’s reagent and 

crotonyl-CoA as substrate at 30℃ in the presence of 200 mM potassium chloride 

(Barnes, 1972).  

As shown in Figure 4-3, the dependence of YdiI activity on crotonyl-CoA is well 

described by the Michaelis-Menten equation with Km = 515±150 μM and kcat = 

0.91±0.07 s-1, yielding a catalytic efficiency of 1.8 x 103 M-1 s-1 (Table 4-2). When 

assayed on acyl-CoA substrates, YdiI has proven to have broad substrate range and tends 

to have higher catalytic efficiency (kcat/Km) for longer chain acyl-CoAs (Chen et al., 

2013; Latham et al., 2014) (Table 4-2), suggesting that it might support the synthesis of 

longer-chain α,β-UCAs such as 2-hexenoic acid, 2-octenoic acid, and 2-decenoic acid. 

Also relevant is the observation that when using acetyl-CoA as the substrate, YdiI shows 

extremely low kcat and high Km and hence very low catalytic efficiency on acetyl-CoA 

(2.8 x 10-6 M-1 s-1:Table 4-2). Since the r-BOX uses acetyl-CoA as both primer and 

extender unit (Figure 3-1), the low thioesterase activity of YdiI on acetyl-CoA would 

ensure availability of primer and extender units for the operation of the pathway and 

minimize the synthesis of acetate as a by-product. Taken together, our findings indicate 
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that YdiI is a good choice of thioesterase for the production of α,β-UCAs through the r-

BOX. 

 

Figure 4-3 Kinetic analysis of E. coli thioesterase YdiI on crotonyl-CoA.  Data was fit to 

the Michaelis-Menten equation with Km = 515±150 mM and kcat = 0.91±0.07 s-1 

 

Table 4-2 Comparison of kinetic parameters of YdiI with different substrates 

Substrate kcat(s-1) Km (μM) kcat/kM (M-1s-1) Reference 

Acetyl-CoA (4.4±0.2)x10-3 1,559±75 2.8x10-6 (Chen et al., 2013) 

Crotonyl-CoA (9.1±0.7)x10-1 515±150 1.8x103 this study 

Hexanoyl-

CoA 
(3.0±0.1)x10-1 21±1 1.4x104 (Latham et al., 2014) 

Lauroyl-CoA (7.4±0.1)x10-1 2.2±0.1 3.3x105 (Latham et al., 2014) 
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4.3.3. Improved synthesis of crotonic acid by using a fermentation-

deficient strain and appropriate thiolase 

Since the engineered r-BOX is initiated by a condensation reaction between two 

acetyl-CoAs (Figure 4-1), increasing intracellular levels of this metabolite could lead to 

enhancing the synthesis of r-BOX products. Carbon fluxes to alcohols and acids in mixed 

acid fermentation in E. coli mainly diverge from pyruvate and acetyl-CoA. Therefore, 

knocking-out specific genes responsible for the synthesis of these byproducts can result 

in increased carbon fluxes towards the r-BOX pathway. Serial deletion of ldhA, poxB, 

pta, ahdE and frdA was carried out in E. coli MG1655 (DE3)-atoBCT5-fadBCT5. The 

resulting strain, named JC01(DE3)-atoBCT5-fadBCT5, was transformed with pCDFDuet-

p1-ydiI and its performance evaluated under the same fermentation conditions used for 

evaluating the impact of thioesterase overexpression. The results show not only a 

decrease in the levels of succinate, lactate and ethanol and increase in pyruvate, as 

expected, but also a 5-fold increase in crotonic acid production, from 0.19 g/L to 0.98 g/L 

(Figure 4-4). The crotonic acid yield also increased 4.5-fold, from 0.02 to 0.09 g crotonic 

acid/g glycerol. Cell growth and glycerol consumption were not significantly affected by 

these genetic manipulations (Figure 4-4 panel A)), and hence product yield and product 

synthesis rates (specific or volumetric) increased by approximately five fold.   

In a previous report, we have shown that the reaction initiating the r-BOX 

(thiolase-catalyzed condensation of two acetyl-CoAs) can be a crucial control point  
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Figure 4-4 Impact of gene deletion encoding fermentative enzymes and thiolase.  (A) 

glycerol consumption, cell growth, and pH, (B) pyruvate, acetate, and butyrate 

production, (C) crotonate production. Both JC01(DE3) (MG1655 ∆ldhA ∆poxB ∆pta 

∆adhE ∆frdA) and MG1655(DE3) have the same gene construction for the expression of 
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key genes in r-BOX and ydiI (atoB CT5-fadBCT5/pCDFDuet-p1-ydiI or bktBCT5-

fadBCT5/pCDFDuet-p1-ydiI). 

 

with a potentially large impact on the overall efficiency of the pathway (Kim et al., 

2015). Three native E. coli thiolases (AtoB, FadA, YqeF) and BktB from Ralstonia 

eutropha have been reported to catalyze this reversible condensation reaction required for 

the r-BOX pathway (Clomburg et al., 2012; Kim et al., 2015). When the aforementioned 

thiolases were evaluated for the production of crotonic acid, the use of BktB resulted in a 

50% increase in product synthesis when compared to the use of AtoB (Figure 4-4). The 

corresponding strain (JC01(DE3)-bktBCT5-fadBCT5/pCDFDute-p1-ydiI) produced 1.5 g/L 

of crotonic acid in a 48 hour fermentation (Figure 4-4). This titer is about 10-fold higher 

than previously reported for shake flask cultures of an E. coli strain engineered to 

produce crotonic acid through the FAB pathway (Liu et al., 2015), demonstrating the 

superior capability of the r-BOX. 

 

4.3.4. Synthesis of medium-chain α,β-unsaturated carboxylic acids (α,β-

UCAs) 

Achieving the production of longer-chain (C>4) α,β-UCAs requires the incorporation of 

an enoyl-CoA reductase to enable a complete r-BOX as well as its operation in a cyclical 

manner. For this purpose, trans-enoyl-CoA reductase from E. glacillis (egTER) was 

integrated into the chromosome of JC01(DE3) along with other core r-BOX enzymes 
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under the same promoter. When the resulting strain carrying vector pCDFDuet-p1-ydiI 

(JC01(DE3)-bktBCT5-fadBCT5-egTERCT5/pCDFDuet-p1-ydiI), was grown in shake flasks 

under the conditions described in previous sections, it produced 55 mg/L of medium-

chain α,β-UCAs (C6:1, C8:1, C10:1) compared to no synthesis of these products by 

JC01(DE3)-bktBCT5-fadBCT5-egTERCT5 (Figure 4-5 panel A). In addition, crotonic acid 

production by JC01(DE3)-bktBCT5-fadBCT5-egTERCT5/pCDFDuet-p1-ydiI decreased to 0.9 

g/L, compared to the 1.5 g/L produced by its parent strain JC01(DE3)-bktBCT5-fadBCT5 

(pCDFDuet-p1-ydiI) (Figure 4-5).  

 

 

Figure 4-5 Production of medium chain α,β-unsaturated carboxylic acids (C6:1, C8:1, 

C10:1).  Core genes for r-BOX are under control of cumate inducible CT5 promoter while 

that of cycle terminating thioesterase (ydiI) is T7 promoter. (A) Impact of endogenous 

thioesterase deletion. The same set of genes for r-BOX and thioesterase (bktBCT5-fadBCT5-

egTERCT5/pCDFDuet-p1-ydiI) were overexpressed in both JC01(DE3) and JST07(DE3), 

(B) Impact of cumate concentration on production of medium chain ,-unsaturated 

carboxylic acids in strain JST07-bktBCT5-fadBCT5-egTERCT5/pCDFDuet-p1-ydiI. 

Concentration of IPTG was fixed at 10 M. (C) Distribution of medium chain ,-
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unsaturated carboxylic acids produced by strain JST07(DE3)-bktBCT5-fadBCT5-

egTERCT5/pCDFDuet-p1-ydiI with 10M IPTG and 300M cumate 

Strain JC01(DE3)-bktBCT5-fadBCT5-egTERCT5 carrying pCDFDuet-p1-ydiI also produced 

significant amounts of acetate (3.5 g/L) and small amounts of butyrate (0.52 g/L), which 

indicates the presence of reactions that compete with thiolase BktB for acetyl-CoA and 

with thioesterase YdiI for enoyl-CoA intermediates. Given the low catalytic efficiency of 

YdiI respect to acetyl-CoA (Table 4-2), we assumed that other native thioesterases are 

responsible for the conversion of acetyl-CoA to acetate. In fact, overexpression of 

thioesterases YciA, YbgC, TesA, FadM, and TesB resulted in significant increase in 

acetate production (data not shown). We also hypothesized that some of the produced 

medium-chain α,β-UCAs might be re-utilized by the cells using a catabolic β-oxidation 

pathway, which could be avoided by the deletion of acyl-CoA dehydrogenase (fadE) 

(Clard and Cronan, 2005). 

Based on aforementioned postulates, we created a thioesterase-deficient 

derivative of JC01(DE3)-bktBCT5-fadBCT5-egTERCT5, which also contains a fadE deletion. 

Serial deletion of six thioesterases (yciA, ybgC, ydiI, tesA, fadM, tesB) along with fadE 

were carried out in JC01(DE3) resulting in E. coli strain JST07 (Kim et al., 2015), 

followed by incorporation of bktB, fadB, and egTER into the chromosome. The resulting 

strain, JST07(DE3)-bktBCT5-fadBCT5-egTERCT5, carrying pCDFDuet-p1-ydiI produced 99 

mg/L of medium-chain α,β-UCAs, a 2-fold improvement in the synthesis of these 

products (Figure 4-5). We also assessed the impact of the expression level of core r-BOX 

enzymes on the production of medium-chain α,β-UCAs. To this end, we increased the 



 
131 

 

concentration of inducer cumate and showed that synthesis of medium-chain α,β-UCAs 

by JST07(DE3)-bktBCT5-fadBCT5-egTERCT5/pCDFDuet-p1-ydiI can be increased by about 

2-fold to reach a level of 189 mg/L (Figure 4-5). 2-octenoic acid (C8:1) was the major 

product composing 65% of the mixture, followed by 30% 2-hexenoic acid (C6:1) and 5% 

2-decenoic acid (C10:1) (Figure 4-5).  

 

Figure 4-6 Identification of 2-hexenoic acid (A) and 2-octenoic acid (B) by GC–MS.  (A) 

and (B) Top: spectra of extracted carboxylic acid methyl ester. (A) and (B) Bottom: 

spectra for 2-hexenoic acid and 2-octenoic acid methyl esters obtained from the National 

Institute of Standards and Technology library  
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4.4. Conclusions 

Successful conversion of glycerol, a renewable carbon source, to short- and 

medium-chain α,β-unsaturated carboxylic acids (α,β-UCAs) by an engineered E. coli 

strain was demonstrated. This represents the first report of 2-hexenoic acid, 2-octenoic 

acid, or 2-decenoic acid production via fermentation. Key aspects of our strategy include 

the engineering of a functional reversal of the β-oxidation pathway (r-BOX) capable of 

generating enough intracellular level of enoyl-CoAs along with the expression of an 

enoyl-CoA-specific cycle-terminating thioesterase. The engineered functional r-BOX 

exhibited its best performance when a thiolase from R. eutropha (bktB) and native E. coli 

3-hydroxyacyl-CoA dehydrogenase/enoyl-CoA hydratase (fadB) were chromosomally 

overexpressed under the control of a cumate inducible phage promoter. YdiI, a native E. 

coli thioesterase, was demonstrated to have the ability to convert a wide range of enoyl-

CoAs to the corresponding α,β-UCAs, thus serving as the cycle-terminating enzyme. 

Kinetic analysis of YdiI showed that the activity on crotonyl-CoA is well described by 

Michaelis-Menten kinetics. This enzyme has very low catalytic efficiency toward acetyl-

CoA, which makes it a promising enzyme to achieve efficient product synthesis via the r-

BOX platform.  
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Chapter 5 

Selective production of decanoic acid 

from iterative reversal of β-oxidation 

pathway 

5.1. Motivation and background 

Decanoic acid, also known as capric acid, is a saturated fatty acid with a chain of 

10 carbon atoms. Together with its derivatives, which can be synthesized enzymatically or 

chemically, such as nonane, decanol, 10-hydroxydecanoic acid, 3-hydroxydecanoic acid, 

2-decanone and decanedioic acid, DA is used as agent for chemical synthesis in many 

manufacturing processes of lubricant, rubber, dye, agricultural chemicals, plasticizer, and 

solubilizer (Figure 5-1). Esters of decanoate are used in pharmaceuticals, perfumes, flavors 

and personal care products (Carpenter and Broadbent, 2009; Kubitschke et al., 2014). 

Recently, methyl/ethyl decanoate esters have been shown to have good fuel qualities as 

biodiesel due to their superior properties such as clod flow, oxidative stability, emission of 

particle matter and NOx2,3(Cheng et al., 2014; Knothe, 2009, 2008) 
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While the production of fatty acids from petroleum has been attempted, no 

economically feasible process exists today due to the less expensive nature of fatty acids 

currently extracted from plant sources such as coconut oil and kenel oil (Knothe, 2009). 

However, increasing the amount of decanoic acid produced from these sources would face 

a number of challenges, including: (i) decanoic acid is not a predominant compound in 

Figure 5-1 Application of decanoic acid (A) and schematic overview of metabolic 

engineering for the decanoic acid production from glycerol used in this study (B). 

THL, thiolase; HAD, hydroxy acyl dehydrogenase; EH, enoyl-CoA dehydratase; ER, 

enoyl-CoA reductase; TE, thioesterase 
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those natural sources (Dehesh et al., 1996a, 1996b; Ohlrogge, 1994); (ii) growing plants is 

significantly affected by unpredictable climate, geographical location and seed 

domestication; (iii) there is competition issues with food resources.  

The above challenges could be addressed by developing scalable and efficient cell 

factories where conversion of biomass derived feedstocks to decanoic acid can be achieved. 

However, to the best of our knowledge, no microbial process for producing decanoic acid 

as a major product has been reported yet. The biosynthesis of decanoic acid has been 

reported as part of a mixture with other medium-chain carboxylic acids and the vast 

majority of the studies have used the fatty acid biosynthesis (FAB) pathway as the main 

platform for its synthesis from acetyl-CoA (Table 1). FAB has been used in conjunction 

with medium chain thioesterases (TEs), which provide a metabolic sink by terminating the 

cycle and achieving the synthesis of medium chain carboxylic acids (Dehesh et al., 1996a; 

Feng and Cronan, 2009b; Steen et al., 2010). Most efforts to date have focused on screening 

and engineering TEs as the primary tool to tailor the chain length of the carboxylic acid 

produced. Other studies suggest that TEs do not always play a determinant role in tailoring 

carbon chain length of fatty acids. For example, while thioesterase ChFatB2 has been 

identified as responsible for the accumulation of octanoic acid in the seeds of Cuphea 

hookeriana (Dehesh et al., 1996b) and in vitro analysis showed this enzyme has the highest 

activity toward decanoyl-ACP, its expression in E. coli or cyanobacteria engineered to have 

high carbon flux toward the FAB pathway resulted in the production of  hexadecanoic acid 

as a major product instead of octanoic or decanoic acid (Liu et al., 2011; Voelker and 

Davies, 1994).  
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The aforementioned challenges stem from the fact that microorganisms are prone 

to produce long chain fatty acids for the synthesis of their membranes through the native 

FAB pathway, which lead to the generation of long-chain acyl-ACPs/CoAs (Lennen and 

Pfleger, 2012; Yu et al., 2014). To address this issue, efforts have been made to tailor the 

degree of carbon elongation in the FAB pathway to the desired chain length. For example, 

Saccharomyces cerevisiae FAB pathway was engineered to release premature acyl 

moieties from fatty acid synthase via protein engineering achieving the production of 20 

mg/L of decanoic acid (Gajewski et al., 2017b).  

As an alternative to the FAB pathway, the reversal β-oxidation (r-BOX) pathway 

has shown some promise as an iterative platform for carbon elongation that could support 

the production of decanoic acid (Kim et al., 2015). The encouraging results have been 

attributed to the high energy conservation and orthogonal nature, which makes the process 

free from complex cellular regulation unlike FAB pathway (Cheong et al., 2016; Kim et 

al., 2016b) 

In the present study, we describe an approach to produce decanoic acid as a major 

fermentation product by employing an engineered r-BOX pathway for recursive acyl 

elongation combined with long chain acyl-CoA TE from E. coli to hydrolyze acyl-CoA 

esters to the free fatty acid and coenzyme (Figure 5-1B). When the engineered r-BOX was 

coupled with long chain acyl-CoA thioesterase III (gene product of fadM in E. coli), which 

has some activity toward decanoyl-CoA and negligible activity with shorter chain acyl-

CoAs (Nie et al., 2008), the cell factory produced free decanoic acid as the major carboxylic 

acids generated from r-BOX. By stimulating the trans-membrane flux of decanoic acid 
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through the use of an n-dodecane overlay for in situ extraction of carboxylic acids, the cell 

factory produced 2.1g/L free decanoic acid, with 88% purity in the organic phase and yield 

of 0.1 g/g glycerol in shake-flask fermentation. The present study shows the potential of r-

BOX as a platform in production of medium chain length chemicals and their derivatives 

with high-purity. 

Table 5-1 Summary of cell factories that produced decanoic acid 

Host Elongation 
Expressed 

TE/ACC No. 
C10 titera C10 %b Reference 

Ec FAS uc BTE 2 mg/L 1 wt% (Voelker and Davies, 1994) 

Cy FAS ch FatB2 2 mg/L 2 wt% (Liu et al., 2011) 

Ec FAS ua AAB71731 43 mg/L 23 mol% (Jing et al., 2011) 

Ec FAS ab ‘AcTesA 40 mg/L 7.9 wt% (Zheng et al., 2012) 

Ec r-BOX  - 30 mg/L 4 wt% (Clomburg et al., 2012) 

Sc FAS rn TEII 3 mg/L 5 wt% (Leber and Da Silva, 2014) 

Ec FAS at EEI82564 20 mg/L 3 wt% (Royce et al., 2015) 

Ec r-BOX ec FadM 200 mg/L 41 wt% (Kim et al., 2015) 

Sc FAS hs HTEII 30 mg/L 25 wt% (Leber et al., 2016) 

Sc FASc  - 20 mg/L 4 wt% (Gajewski et al., 2017a) 

Ec r-BOX ec YdiI 63 mg/L 20 wt% (Wu et al., 2017) 

Ec r-BOXd ec FadM 374 mg/L 61 wt% This study 

Ec r-BOXd ec FadM 1870 mg/Le 88 wt% This study 

a Free decanoic acid from lab-scale shake flask culture      
b Out of reported total carboxylic acids generated from carbon elongation pathway  
c Modified FAS to release premature acyl moerity from Fatty acid synthase via protein 

engineering     
d Dual expression of thiolase and enoyl-CoA reductase step      
e in situ extraction of fatty acids with n-dodecane      

FAS, fatty acid synthesis; r-BOX, reversal β-oxidation; TE, thioesterase; uc, 

Umbellularia carlfornica; ch, Cuphea hookeriana; ua, Ulmus americana; ab, 
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Acinetobacter baylyi; rn, Rattus norvegicus; at, Anaerococcus tetradius; ec, Escherichia 

coli; hs, Homo sapiens; Cy, Cyanobacteria; Sc, Saccharomyces cerevisieae  

5.2. Material and Method 

5.2.1. Strains and Chemicals 

All strains and plasmids used in this study are listed in Table 5-2. Creation of 

constructs for the cumate-controlled chromosomal expression of atoB, fadB, bktB and 

egTER was achieved as previously described (Kim et al., 2015).  In-fusion PCR 

polymerase was purchased from Clontech (Mountain View, CA).  Oligonucleotides were 

synthesized at Integrated DNA Technology. E. coli genes were obtained from genomic 

DNA. All codon optimized genes were synthesized by either GenScript (Piscataway, NJ) 

or GeneArt (Life Technologies, Carlsbad, CA). Genomic DNA purification kit was 

purchased from Promega (Madison, WI). DNA gel purification and plasmid preparation 

kits were purchased from Qiagen (Valencia, CA). All chemicals including analytical 

standards were purchased from Sigma-Aldrich (St. Louis, MO). 

 

Table 5-2 Strains used in this study 

Strain E. coli host Plasmid Reference 

SK281 JST07   (Kim et al., 2015) 

SK319 JST10   (Kim et al., 2015) 
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SK328 JST10 pCDF-p1-tesA' (Kim et al., 2015) 

SK330 JST10 pCDF-p1-fadM (Kim et al., 2015) 

SK358 JST10 pCDF-p1-ydiI (Kim et al., 2016b) 

SK329 JST10 pCDF-p1-tesB This study 

SK356 JST10 pCDF-p1-yciA This study 

SK357 JST10 pCDF-p1-ybgC This study 

SK837 JST10 pCDF-p1-fadM-p2-chTER This study 

SK838 JST10 pCDF-p1-fadM-p2-fabI This study 

SK839 JST10 pCDF-p1-fadM-p2-ilTER This study 

SK840 JST10 pCDF-p1-fadM-p2-mfTER This study 

SK841 JST10 pCDF-p1-fadM-p2-tdTER This study 

SK865 JST10 pCDF-p1-fadM-atoB-p2-tdTER This study 

SK866 JST10 pCDF-p1-fadM-Egkat3-p2-tdTER This study 

SK867 JST10 pCDF-p1-fadM-PpfadAx-p2-tdTER This study 

SK868 JST10 pCDF-p1-fadM-ScfadA-p2-tdTER This study 

 

5.2.2. Vector construction 

Plasmid-based gene overexpression was achieved by cloning the desired gene into 

pCDFDuet (Novagen, Darmstadt, Germany) either digested with NcoI and EcoRI or 

NdeI utilizing In-Fusion PCR cloning technology (Clontech Laboratories). Resulting 

plasmids are shown in Table 5-2. All molecular biology techniques were performed with 

standard methods or following manufacturer protocol. Plates were prepared using LB 

medium containing 1.5% agar and 50 µg/mL spectinomycin.  
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5.2.3. Cultivation 

Modified MOPS medium using glycerol as a major carbon source was used in 

cultures for product analysis as described previously (Kim et al., 2016b). Fermentations 

for decanoic acid production were conducted either in 25ml flasks or in 500ml cylindrical 

fermentor vessels using higher concentration of glycerol. Flask level fermentations were 

conducted in 25 mL Pyrex Erlenmeyer flasks (Corning Inc.) filled with 15 mL of the 

above culture medium and sealed with foam plugs. Overnight culture in LB medium with 

appropriate antibiotics were washed with fresh MOPS medium and used for inoculation. 

After inoculation, flasks were incubated for 48 hours at 37°C and 200 rpm in benchtop 

Incubator Shaker (New Brunswick Scientific Co,. Inc., Edison, NJ) and IPTG (10µM) 

and/or cumate (100µM) were added unless stated otherwise. Bioreactor fermentations 

were conducted in a SixFors multi-fermentation system (Infors HT, Bottmingen, 

Switzerland) with an air flow rate of 2 N L/hr with control of temperature (25℃~37℃), 

pH (controlled at 7.0 with 3N of NaOH and 3N of H2SO4), and 720 rpm stirrer speed. For 

the production of decanoic acid, 35g/L of glycerol was used with 10μM IPTG and 

400μM cumate for induction. Overnight cultures in LB medium were used to inoculate 

5ml fresh LB medium in 25 mL Pyrex Erlenmeyer flasks and grown at 37℃ until the 

OD550 reached 1.2~1.5. Cell cultures were washed with fresh MOPS medium and used 

for inoculation. Each culture was monitored for 65h thereafter by periodic withdrawal of 

samples for analysis. 
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5.2.4. Fatty acid extraction  

Methylation of fatty acids was conducted for GC analysis. Samples from shake 

flask or bioreactor were diluted twofold with water and these were transferred to 5mL 

glass vials and 80 μL of 50% H2SO4 and 340 µL of 30% NaCl solution were added for 

pH and ionic strength adjustment, respectively. 250mg/L of nonanoic acid was added as 

an internal standard and 2 mL of hexane-MTBE (1:1) added for extraction. The bottles 

were sealed with Teflon-lined septa (Fisher Scientific, Pittsburg, PA), secured with caps, 

and vigorously vortexed. The samples were then centrifuged for 2 min at 2375 x g to 

separate the aqueous and organic layers. After centrifugation, 1.5 mL of the top organic 

layer was separated from the aqueous layer. Each extracted sample was transferred to a 5 

mL glass vial and evaporated to dryness under a stream of nitrogen. 1 mL of a boron 

trifluoride-methanol solution was added to the dried extract for derivatization of extracted 

fatty acids to fatty acid methyl esters (FAMEs), and the vials capped tightly and vortexed. 

These vials were then placed in a water bath and heated at 60°C for 60 min. The 

transesterification reaction vials were cooled to room temperature, followed by the 

addition of 1 mL of water to cease the reaction, and then 1ml of hexane was added 

secondary extraction and vortexed vigorously. The vials were centrifuged for 2 min at 

2375 x g to separate the aqueous and organic layers. The upper organic phase collected 

with a glass syringe and transferred to GC vials (Fisher Scientific, Pittsburg, PA) for GC 

analysis. Trimethylsilylation of fatty acid samples from cultures with organic liquid layer 

was conducted for GC analysis. 20μl of organic layer from flaks culture was diluted into 

1ml of hexane with 50mg/L of nonanoic acid as an internal standard. After voltexing, 
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50μl of pyridine and 50ul of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) were 

added and the mixture were incubated at 70℃ for 2h. Derivatized samples were 

transferred to GC vials for GC analysis.    

5.2.5. Analysis 

The concentrations of glycerol, ethanol, and organic acids including butyric acid 

were determined via ion-exclusion HPLC using a Shimadzu Prominence SIL 20 system 

(Shimadzu Scientific Instruments, Inc., Columbia, MD) equipped with an HPX-87H 

organic acid column (Bio-Rad, Hercules, CA) at a flow rate of 0.3 mL min-1 using 30 

mM H2SO4 mobile phase at column temperature 42°C. Quantification of fatty acids (from 

C6 onward) was conducted using gas chromatography (7890B, Agilent Technologies) 

equipped with a HP-5ms column (0.25 mm internal diameter, 0.25 µm film thickness, 30 

m length; Agilent Technology), a flame ionization detector (Agilent Technologies) and a 

mass spectrometer (5977B, Agilent Technologies). 1 µL were injected into the GC at a 

4:1 split ratio using helium as the carrier gas with a flow rate of 1.5 mL/min. The injector 

and detector temperature were 250°C and 350°C, respectively. The oven temperature was 

initially held at 50°C for 3min and then raised to 270°C at 20°C min-1 and held for 6 min. 
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5.3. Results 

5.3.1. Decanoic acid as the primary carboxylic acid produced by an 

engineering β-oxidation reversal 

As a first step to assess the viability of producing decanoic acid (DA) as the primary 

product from the β-oxidation reversal (r-BOX), we used a fermentation- and thioesterase-

deficient strain that already generates medium-chain acyl-CoAs through the following 

chromosomally integrated r-BOX enzymes (strain JST10) (genes shown in parenthesis): 

(i) β-ketothiolase (bktB) from Ralstonia eutropha, (ii) 3-hydroxyacyl-CoA 

dehydrogenase/enoyl-coA hydratase (fadB) from E. coli, and (iii) trans enoyl-CoA 

reductase (egTER) from Euglena gracilis(Kim et al., 2015). We used this strain to 

investigate the impact of episomal expression of six different thioesterases on DA 

synthesis: TesA, TesB, YbgC, YciA, YdiI, and FadM. Our results show that only FadM 

supports the synthesis of DA as the main carboxylic acid derived from the r-BOX (48% of 

all C4-C10) (Figure 5-2A). The identity of decanoic acid was verified using GC-MS 

(Figure 5-2B). Since JST10 expresses a medium-chain thiolase (BktB), which primarily 

generates acyl-CoAs in the C4-C10 range (Clomburg et al., 2015; Kim et al., 2016b, 2015), 

and FadM’s chain length specificity dictates a preference for longer-chain acyl-CoAs with 

little activity on C4-C8 acyl-CoAs (Nie et al., 2008), the combination of both creates an 

overlap between chain elongation (thiolase) and termination (thioesterase) that favors 

production of decanoic acid. 
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Since the above results were promising, we attempted to increase the concentration 

of DA by growing strain JST10 (FadM+) in a controlled environment (bioreactor), which 

led to a 3.3-fold increase in decanoic acid concentration (914mg/L) (Figure 5-2C). 

Extracellular decanoic acid titer represented 61% of total medium-chain acids produced, 

followed by octanoic acid (21%), hexanoic acid (10%) and butanoic acid (8%). However, 

the yield of decanoic acid remained at the same value observed for flask cultivations (~ 

0.03 g DA/g glycerol) and undesirable r-BOX by-product 3-hydrobutyrate (3-HB), along 

with acetate, were produced at levels 3-fold higher than decanoic acid (Figure 5-2D). 

These results suggest that alternative strategies should be explored to increase the partition 

of carbon to decanoic acid by tailoring the carbon flux entering the r-BOX (reduction of 

acetate) and its distribution within the pathway (reduction of 3-HB). To this end, the next 

two sections assess the impact of further manipulating two other control points in the core 

r-BOX pathway, namely transenoyl-CoA reductase (4th step) and thiolase (1st step) (see 

Figure 5-1B for relevant steps/enzymes).  
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Figure 5-2 Decanoic acid production in engineered E. coli strain SK330. (A) Production 

of carboxylic acids with various thioesterase. (B) Mass spectra of extracted decanoic acid 

methyl ester. (C) Titer and yield of decanoic acid from flask and bioreactor. (D) Glycerol 

consumption and major byproducts such as pyruvate (PYR), acetate (ACE) and 3-

hydroxybutyric acid (3-HB) generation from flask and bioreactor 

 

5.3.2. Combined episomal and chromosomal expression of trans-enoyl-CoA 

reductases improves decanoic acid titer and reduces formation of 

byproducts 3-hydroxybutyrate and acetate  

The synthesis of 3-hydroxybutyrate (3-HB) as one of the main products indicates a 

significant bottleneck downstream of the 3-hydroxyacyl-CoA intermediate in the r-BOX, 

which in turns suggests a limitation in either 3-hydroxyacyl-CoA dehydratase or 

transenoyl-CoA reductase (Figure 5-1B). It was also noted that generation of 3-HB was 
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coupled with that of decanoic acid while acetate production appears to be connected to the 

relative efficiency of the entire r-BOX module, which suggests that a reduction in 3-HB 

synthesis can lead to titer improvement in DA by saving 3-hydroxybutyryl-CoA for further 

elongation. Thioesterase II (gene product of tesB of E. coli ) has been known as a 

responsible protein for the production of 3-HB by using 3-hydroxybutyryl-CoA/ACP as 

substrate (Zheng et al., 2004).  Since the tesB was already knocked-out from the host strain 

SK330 along with other five thioesterases such as tesA, fadM, ybgC, yciA, and ydiI, we 

thought that deleting more thioesterases to prevent the 3-HB from production was not a 

practical approach and tried to decrease the coupled biosynthesis of 3-HB with decanoic 

acid by improving carbon flux toward 2-butenoyl-CoA from 3-hydroxybutytyl-CoA, a 

reaction catalyzed by enoyl-CoA hydratase. Crotonase (gene product of crt) from 

Clostridium acetobutylicum has been frequently used for acid and alcohol production from 

C4 acyl-CoA (Bond-Watts et al., 2011; Peralta-Yahya et al., 2012). However, given the 

fact that the equilibrium constant of Crt is far below 1 (0.0075) (Waterson et al., 1972) and 

Gibbs free energy change for dehydration of 3-hydroxybutyryl-CoA is 2.1 kcal/mol 

(Dellomonaco et al., 2011), both of which indicated that the equilibrium favored formation 

of 3-hydroxybutyryl-CoA over crotonyl-CoA, we chose to overexpress enoyl-CoA 

reductase instead.  

To achieve the above, we supplemented the chromosomally integrated EgTER with 

episomal expression of trans-enoyl-CoA reductases from Idiomarina loihiensis (IlTER), 

E. coli (EcFabI) (Vick et al., 2015), Cytophaga hutchinsonii (ChTER) (Hoffmeister et al., 

2005), Euglena gracilis (EgTER) (Hoffmeister et al., 2005), Methylobacillus flagellatus 
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(MfTER) (Hoffmeister et al., 2005) and Treponema denticola (TdTER) (Bond-Watts et al., 

2012). Among tested enoyl-CoA reductases, TdTER exhibited the best performance in 

terms of titer and yield which increased titer of decanoic acid by 19%, and yield by 10% 

respectively, when compared with that produced by the control strain with only 

chromosomal expression of EgTER (Figure 5-3, Table 5-3). As expected, this 

improvement in decanoic acid correlated with a significant decrease in by-product 3-HB 

from 1 g/L in the control strain to about 0.3 g/L in the TdTER expressing strain (Figure 5-

3B), with the corresponding decrease in carbon partition to both 3-HB and acetate (Table 

5-3). Interestingly, the episomal expression of trans-enoyl-CoA reductases resulted in 

significant production of pyruvate, a product not observed in the parent strain (Figure 5-3, 

Table 5-3). These results showed that higher expression of tdTER was an efficient 

approach to increase titer of decanoic acid and decrease the synthesis of byproducts 3HB 

and acetate, albeit the appearance of pyruvate as a significant byproduct. 
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Figure 5-3 Effect of various enoyl-coA reductases on the production of decanoic acid. 

(A) Concentration and yield of decanoic acid. (B) Byproduct generation such as pyruvate, 

acetate and 3-hydroxybutyric acid 

 

5.3.3. Combined expression of multiple thiolases increased decanoic acid 

selectivity 

The improvement in decanoic acid titer by complementation of chromosomal 

expression of EgTER with episomal expression of TdTER led us to further explore the 

production of decanoic acid through combined chromosomal-episomal expression of 

other key genes/enzymes in the r-BOX. The production of both pyruvate and acetate by 

all strains with dual expression of TERs represented a significant departure from the 

behavior of JST10 (fadM+), which only produced acetate. We hypothesized that 

accumulation of acetic acid was the result of hydrolytic cleavage of abundant acetyl-CoA 

by unknown endogenous thioesterases, while that of pyruvate appears to be caused by 

glycolytic overflow when the r-BOX pathway was not efficient enough to accommodate 

all the acetyl-CoA generated from the glycolytic pathway. It then follows that 
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accumulation of both pyruvate and acetate could be the result of inefficient activity of the 

initial round of acyl-CoA condensation reaction currently carried out by a single thiolase 

(bktB), which has been reported to have a broad chain length specificity (Slater et al., 

1998). 

To test the above hypothesis, we complemented chromosomally expressed BktB 

with episomal expression of short-to-medium chain thiolases in SK841. While the 

expression of these additional thiolases did not increase the titer of decanoic acid (Figure 

5-4A), the expression of Egkat3 (SK866) resulted in increase in both ratio and yield and 

selectivity of decanoic acid to 61% (w/w), 0.04 g DA/g glycerol and 10 C-mol %, 

respectively (Figure 5-4; Table 5-3). The distribution of carboxylic acids generated 

through r-BOX showed that the increased selectivity for DA resulted from significant 

decreases in the levels of butyrate, hexanoate, and octanoate (Figure 5-4B).   These 

results indicated that expression of short to medium chain thiolase such as Egkat3 and 

ScFadA did not increase the influx of carbon to the r-BOX pathway, but it rather had 

impact on the distribution of carbon amongst products derived from the r-BOX pathway 

in a way that it accelerated carbon elongation to decanoyl-CoA, which in turn led to an 

increase in ratio and yield of decanoic acid. 
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Figure 5-4 Effect of thiolase on decanoic acid production in engineered E. coli strains. 

(A) concentration and yield of decanoic acid. (B) distribution of carboxylic acids with 

various thiolase. Percent number indicats theratio of decanoic acid out of total carboxylic 

acid generated from r-BOX. 

 

5.3.4. Organic overlay promotes export of decanoic acid to the 

extracellular medium and significantly increases both titer and yield 

The results presented in previous sections suggest that DA production in strain 

JST10 (Egkat3+TdTER+FadM+) (SK866) is limited by factors other than the expression 

levels of enzymes involved in the r-BOX pathway. Given the toxicity of medium-chain 

carboxylic acids to Escherichia coli (Royce et al., 2015, 2013) and the low solubility of 

DA (150mg/L at 20℃)(Haynes, 2017), we investigated potential product inhibition and 

DA transport limitations. When strain JST10 (Egkat3+TdTER+FadM+) was cultivated in 

the presence of octanoic-decanoic acids at concentrations similar or higher than those 

produced in our fermentations, we observed no defect in cell growth which suggests that 

exogenous decanoic acid/octanoic acid had no significant inhibitory effects (Figure 5-5A).  
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The concentration of DA observed in our shake flask fermentations is close to its 

solubility limits, which can lead to a reduction in the concentration gradient that drives 

transport from the intracellular to the extracellular medium via simple diffusion (Maloy et 

al., 1981). To assess whether this is a potential limitation for DA production, we measured 

both intracellular and extracellular concentrations of hexanoic, octanoic and decanoic acids 

(Figure 5B). The intracellular concentrations of these acids increased with chain length (3 

mg/gCDW, 8 mg/gCDW, and 54 mg/gCDW for C6, C8, and C10, respectively) and in a 

manner inversely proportional to their solubility (10.82 g/L for C6, 0.68 g/L for C8, 0.15 

g/L for C10). Of special interest was the much higher intracellular concentration of DA 

when compared to both octanoic (7 times higher) and hexanoic (18 times higher) acids. 

The same observation was made in bioreactor cultivations (DA accumulated intracellularly 

at 64 mg/gCDW), further suggesting a transport limitation that could also lead to inhibitory 

effects due to intracellular accumulation of this product. 
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Figure 5-5 Toxicity effect of carboxylic acids.  (A) Mixture of decanoic acid and octanoic 

acid of which ratio and concentration were adjusted in accordanc with fermentation 

results. (B) Endogenous accumulation of carboxylic acids 

 

Based on the above findings and considering that the titer of DA already exceeds 

the solubility limits, we reasoned that inclusion of an organic phase for the in situ removal 

of decanoic acid from the cultures could decrease the concentration of DA in the 

extracellular medium, which in turn would lead to the generation of larger concentration 

gradients across the cell membrane. This, in turn, should increase transport to the 

extracellular medium and lower intracellular concentration of DA thus alleviating any 

associated inhibitory effect. Four organic solvents were selected as candidates based on 

previous literature(Janßen and Steinbüchel, 2014; Liu et al., 2012; Rodriguez et al., 2014) 

and screened based on three criteria: i) DA extraction efficiency (DA in organic phase/total 

DA, %); ii) DA selectivity (DA in organic phase/total carboxylic acid in organic phase, 

%); iii) compatibility of organic solvent with the growth of the engineered strain (cell 
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growth). Among tested compounds, n-dodecane showed the best performance in all three 

criteria (Figure 5-6A). When cultivated in the presence of a 15% v/v n-dodecane overlay 

strain JST10 (Egkat3+TdTER+FadM+) (SK866) produced DA at a level of 1.08g/L (3-

fold increase compared to no organic phase), which was also accompanied by a more than 

2-fold increase in cell growth and glycerol utilization (Figure 5-6B). The n-dodecane 

overlay effectively decreased the intracellular concentration of DA by an order of 

magnitude to levels equivalent to those observed for hexanoic and octanoic acids (Figure 

6C).  

Taken together, the above results suggest that intracellular level of DA of around 

50 mg/g CDW were toxic and detrimental to cell growth and that said toxicity can be 

relieved by in situ extraction of DA by the use of an organic overlay, which in turn led to 

enhanced DA synthesis, cell growth and glycerol utilization.  

 

Figure 5-6 Effect of in situ extraction using organic solvents on decanoic acid production. 

(A) Selection of optimal organic layer for the in situ extraction of decaonic acid. 

Efficiecy, selectivity and cell growth were employed as criteria for the selection. (B) 

Effect of dodecane layer on cell growth, glycerol consumption and decanoic acid 
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production. (C) Intracellular carboxylic acid change with dodecane layer. IPM, isopropyl 

myristate; TBP,  tributyl phosphate; DA, decanoic acid 

 

5.3.5. Effect of inducer concentration, oxygen availability, and ratio of 

organic/aqueous phase on decanoic acid production 

Since the use of an n-dodecane overlay led to a dramatic shift in performance, we 

sought to further increase the production of DA by evaluating the impact of the following 

three parameters: i) ratio of organic/aqueous phase; ii) working volume; iii) inducer 

concentration. While changing the ratio of n-dodecane from 2% to 20% v/v showed fairly 

similar results, the production of DA was significantly impaired upon addition of 30% v/v 

n-dodecane, which appears to be caused by limitations in oxygen transfer (Figure 5-7A). 

Varying the working volume while using a 15% v/v n-dodecane overlay led to a 2-fold 

increase in DA concentration and a similar trend was observed while varying 

concentrations of inducers cumate and IPTG (Figure 7A). When strain JST10 

(Egkat3+TdTER+FadM+) (SK866) was cultivated under these optimal conditions, it 

produced 2.1g/L of free DA at a yield of 0.1g DA/g glycerol (Figure 7B, Table 1). 

Approximately 90% of the DA was found in the organic phase, where it represented 88% 

of the total carboxylic acids, followed by octanoic acid (8.7%) and dodecanoic acid (3.6%) 

(Figure 5-7C).  
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Figure 5-7 Parameter optimization with organic layer and its effect on decanoic acid 

production.  (A) cultivational parameter optimization. The ratio between dodecane and 

medium, working volume, concentration of cumate and IPTG were tested respectively. 

(B) Fermentative profiles such as pH, glycerol consumption, cell growth and 

byproduction formation with organic layer. (C) Carboxylic acid profile with optimal 

culture condition along with dodecane layer. (D) Ther ratio of decanoic acid in the 

organic phase.  
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Table 5-3 Carbon percent distribution and yield in engineered strains used in this study 

 
1, SK330, JST07-bktBCT5-fadBCT5-egTERCT5/pCDF-p1-fadM 
2, SK841, JST07-bktBCT5-fadBCT5-egTERCT5/pCDF-p1-fadM-p2-tdTER 
3, SK866, JST07-bktBCT5-fadBCT5-egTERCT5/pCDF-p1-fadM-ekgat3-p2-tdTER 
4, Theoretical maximum yield of decanoic acid from glycerol: 0.37g DA/g glycerol 

OL, organic layer (n-dodecane); PYR, pyruvate; SUCC, succinate; LAC, lactate; 3HB, 3-

hydroxybutyrate; ACE, acetate; EtOH, ethanol; C4, butyrate; C6, hexanoate; C8, octanoate; C10, 

decanoate; C12, dodecanoate 

5.4. Discussion 

Most of industrial application of FAs is based on the amphiphilic properties of these 

FAs which have hydrophobic and hydrophilic regions on one molecule which is useful 

quality for surface activators or surfactants and pharmaceuticals. Recently, industrial 

interests are growing as to medium chain FAs for the application in the field of food, 

chemical synthesis and pharmaceuticals. In particular, methyl/ethyl esters of decanoic acid 

have drawn increasing attention as promising chemicals for biodiesel due to their moderate 

cetane number, low melting point, high oxygen stability, and low PM/NOx emissions 

(Knothe, 2009, 2008; Knothe et al., 2009; Pinzi et al., 2013). Although some plant species 

have been discovered to have relatively high content of medium chain fatty acids in their 

seed oil, challenges such as unstable supply due to unpredictable weather and geographical 

limits to expand production associated with seasonal restriction, difficulties in 

domestication are rendering them less applicable (Dehesh, 2001). These practical problems 
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opened new research avenues enabling more scalable, controllable method of production 

through microbial conversion of readily available renewable feedstocks to tailored fatty 

acids. 

Owing to substrate ambiguity of each enzymes constituting FAS and r-BOX, fatty 

acids are being produced in form of a mixture comprised various carbon chain length and 

ratio of each fatty acid. Although, efforts have been made to produce medium chain fatty 

acids in cell-factories and some successful results were reported as to octanoic acid and 

dodecanoic acid production (Table 5-1), no study has been reported yet about production 

of decanoic acid as a major product using microbial cell factories.  

Present study is the first report about production of decanoic acid as major product 

(>88%) from renewables using microbial cell factory. We proved that producing a single 

medium chain fatty acid out of iterative acyl carbon elongation cycle is possible by 

developing a narrow range of carbon length overlapping between carbon elongation and 

thioesterase. We described engineering orthogonal r-BOX comprised btkB (thiolase from 

R. eutropha), fadB (3-hydroxyacyl-CoA dehydrogenase/enoyl-coA hydratase, from E. 

coli) and TER (enoyl-CoA reductase from E. glacilis) to generate medium chain acyl-CoAs 

from glycerol where elongation stops at decanoyl-CoA as evidenced by carbon profile from 

fermentation using various thioesterases. Once this elongation pathway was coupled with 

long chain thioesterase III (a gene product of fadM) of E. coli in order to be able to develop 

carbon length overlapping at around decanoyl-CoA, the cell factory produced decanoic 

acid as a major product with yield 280mg/L, 48 wt%, and 0.03 g C10/g glycerol in lab scale 

shake-flask growth. 



 
159 

 

We showed increase in decanoic acid titer (334 mg/L) and concurrent decrease in 

3-hydroxybutyric acid, a coupled byproduct with decanoic acid generated from r-BOX by 

using dual expression of enoyl-coA reductase (EgTer/TdTer). In this approach we intended 

to have the FadB dependent 2-butenoyl-CoA forming reaction whose equilibrium is in 

favor of the reactants (3-hydroxybutyryl-CoA) as supported by both in vivo (Heath and 

Rock, 1995) and in silico studies (Dellomonaco et al., 2011), proceed forward direction by 

depleting the 2-butenoyl-CoA, which enabled more efficient carbon elongation. The TdTer 

has been used for butyric acid production and shown to have high activity towards 2-

butenoyl-CoA (Bond-Watts et al., 2012). Expression of TdTer on the top of EgTer reduced 

3-HB titer by 71% and produced 20% more decanoic acid over strain with EgTer to 334 

mg/L (Figure 5-3). Intriguingly, we observed excretion of pyruvate, a byproduct formed 

outside of the r-BOX, upon dual expression of TERs. We assumed the initial carbon-carbon 

bond forming step, driven by β-ketothiolase (bktB) is rate limiting. This assumption is not 

only based on our previous study where shows acetoacetyl formation from two acetyl-

CoAs is thermodynamically uphill reaction (Dellomonaco et al., 2011), but also hinged on 

the other studies indicating the initial carbon condensation step as rate limiting or key step 

to engineer carbon elongation cycle (Davis et al., 2000; Heath and Rock, 1996; Jackowski 

and Rock, 1987). Expression of additional short chain thiolase, however, had impact on 

neither pyruvate excretion nor decanoic acid titer, indicating the initial condensation step 

was not rate a limiting in this strain. Unexpectedly, dual expression of EgKat3 with BktB 

caused a decrease in production of butyric acid, hexanoic acid and octanoic acid while the 

titer of decanoic acid was comparable to that of the strain without additional thiolase. This 
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result led to a substantial increase in both the ratio of decanoic acid up to 60 wt% out of 

total fatty acid produced and yield of decanoic acid from glycerol by 33% (Figure 5-4). 

Although the reason for this improvement remain obscure, one possible interpretation is 

the presence of activity toward short to medium chain specific acyl-CoAs only with Egkat3 

led to increased speed of carbon elongation up to C10 and may cause decreased 

intracellular concentration of C4, C6 and C8 acyl-CoAs, substrates for production of 

corresponding fatty acids.  

In this study, we also showed in-situ extraction of decanoic acid into n-dodecane 

layer can improve the performance of the cell factory significantly. The titer of total free 

decanoic acid from both aqueous and organic phase increased up to 2.1 g/L with the yield 

of 0.1g decanoic acid/g glycerol (Figure 5-7). About 90% of decanoic acid was extracted 

to n-dodecane layer constituting 88 wt% out of total FAs in the organic phase.  This results 

arose an interesting question of how the decanoic acid inhibits cell growth leading to poor 

productivity of targeted products. It was reported that E. coli showed inhibited cell growth 

with 0.4% of exogenously added decanoic acid (Fay and Farias, 1975), but in this study 

the best strain produced only 0.04% of free decanoic acid.  Other studies reported that 

overexpression of medium chain thioesterase originated from plant in E. coli resulted in 

altered membrane composition to have high content of unsaturated fatty acids by 

intercepting medium chain acyl-ACPs, making the cell more vulnerable toward both 

chemical and physical stresses (Lennen et al., 2011; Lennen and Pfleger, 2012). However, 

present study employed not only the long chain acyl-CoA thioesterase III in E. coli with 

strong preference to 3,5-tetradecadienoyl-CoA and with marginal or no activity of medium 



 
161 

 

chain acyl-CoA, but also the orthogonal r-BOX for acyl carbon elongation, all of which 

made taking place of compositional change in membrane by intercepting medium chain 

acyl moiety less likely. It has been well documented that internal accumulation of organic 

acid has detrimental effects on cell growth by interacting with intrinsic membrane protein, 

collapsing proton gradient and more significantly, accumulated anions could increase the 

turgor pressure and possibly inhibit enzymes related energy generation all of which 

qualities make the organic acid the natural antimicrobials (Carpenter and Broadbent, 2009; 

Jarboe et al., 2013). Furthermore, it has been proved that stains with defective β-oxidation 

became more sensitive toward toxicity exerted by internal fatty acids (Fay and Farias, 

1981). In this respect, the improved performance of the cell-factory, SK866 which has 

defected β-oxidation, was ascribed to decreased titer of intracellular decanoic acid (Figure 

5-6) of which excretion is mainly governed by simple diffusion and an outer membrane 

protein fatty acid exporter FadL to some extent (Maloy et al., 1981). In situ extraction of 

decanoic acid is believed to generate a concentration gradient across the cell membrane 

rendering the excretion of internal decanoic acid more efficient, which resulted in reliving 

cytotoxic effect exerted by internal decanoic acid as supported by increased cell growth, 

glycerol consumption during the same amount of culture time compare with that of culture 

without n-dodecane overlay (Figure 5-6).   

In conclusion, we demonstrated a novel approach to produce high-purity decanoic 

acid from renewable derived carbohydrates by combing orthogonal r-BOX for carbon 

elongation with long chain acyl-CoA thioesterase fadM of E. coli to generate acyl carbon 

overlapping region around C10.  We succeeded in improving decanoic acid titer, yield and 



 
162 

 

ratio by upregulating enzymatic limiting steps and decreasing intracellular level of 

decanoic acid with in-situ extraction of decanoic acid from medium.  
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Chapter 6 

Concluding remarks and perspective 

 

Engineering of acyl-CoA/ACP mediated carbon elongation or degradation 

pathways have enabled the synthesis of various chemicals, which can be used for the 

manufacture of products such as fuels, paints, food additives, resins, foams, lubricants, 

plasticizers, and cosmetics (Beld et al., 2015; Chen and Du, 2016; Kim et al., 2016a; 

Kunjapur and Prather, 2015). Studies of bioconversion processes optimized to degrade 

sugars into simpler chemicals such as ethanol (C2), lactate (C3) or add functional groups 

to oils and fats have shown promising results in terms of both titer and yield. In contrast, 

most of bio-based chemical production processes, especially where the carbon elongation 

reactions are involved in have suffered from economic competition against much cheaper 

counterparts derived from conventional fossil-based routes, feedstocks availability that 

are often competing with food production and low productivity (Gallezot, 2012). 

Developing fine tunable, efficient cellular carbon elongation is necessary and it also can 

lead us to design economically more advanced cell factories. Furthermore, economical 

industrialization of bio-based chemical production that have no petrochemical 
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counterparts, such as alkylpolyglucoside and PLA polymers, highlights the importance of 

bio-based approaches to developing newly functionalized chemicals.  

The challenges mentioned above lead us to develop novel r-BOX based cell-

factories engineered to be able to possess the following functional properties: 

i) Ability to generate medium chain length acyl moieties, relatively less explored 

compare with short/long chain chemicals. 

ii) Ability to add designated functional groups to acyl moieties to be able to 

produce value added platform chemicals. 

iii) Ability to produce targeted chemicals with high selectivity to increase yield 

and productivity. 

In chapter 2, expansion of the utility of this pathway for the synthesis of medium-

chain length (C6–C10) normal acid/alcohol was demonstrated. This was accomplished 

through manipulation of the thiolase and termination components of the pathway to 

increase the generation of medium-chain length acyl-CoA intermediates and enable their 

conversion to products of interest. Key to this approach was the deletion of endogenous 

thioesterases, which imparted broad chain length specificity for acyl-CoA hydrolysis and 

resulted in the depletion of generated acyl-CoA intermediates to carboxylic acids. In this 

efficient background, the expression of thiolases of varying chain length specificity, 

along with all core β-oxidation modules and controlled thioesterase termination pathways 

altered the chain length distribution of carboxylic acid production. These results 

demonstrate both the ability to fine-tune product synthesis as well as the importance of 
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selecting appropriate core/elongation and termination enzymes based on the targeted 

products.   

In chapter 3, successful conversion of biomass derived carbohydrates to short-

chain and medium-chain α,β-unsaturated carboxylic acids (α,β-UCAs) by an engineered 

E. coli strain was demonstrated. To increase the availability of both acyl-CoAs and 

enoyl-CoAs for α,β-UCA production, we use an engineered Escherichia coli strain 

devoid of mixed-acid fermentation pathways and known thioesterases. Core genes for r-

BOX such as thiolase, hydroxyacyl-CoA dehydrogenase, enoyl-CoA hydratase, and 

enoyl-CoA reductase were chromosomally overexpressed under the control of a cumate 

inducible phage promoter. Native E. coli thioesterase YdiI was used as the cycle-

terminating enzyme, as it was found to have not only the ability to convert trans-enoyl-

CoAs to the corresponding α,β-UCAs, but also a very low catalytic efficiency on acetyl-

CoA, the primer and extender unit for the r-BOX pathway. The engineered r-BOX 

pathway was also used to achieve for the first time the production of 2-hexenoic acid, 2-

octenoic acid, and 2-decenoic acid.  

In chapter 4, establishment of a cell factory producing n-decanoic acid with high 

selectivity from iterative carbon elongation cycle was presented. We exploited the 

reversal β-oxidation pathway to generate medium chain ranged acyl-CoAs together with 

thioesterases to provide a metabolic sink for the production of decanoic acid. Dual 

expression of enoyl-CoA reductases and thiolases increased titer and yield of decanoic 

acid respectively. The carbon flux toward decanoic acid was substantially increased by in 

situ extraction of medium chain length carboxylic acids using n-dodecane layer which 
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reduced intracellular decanoic acid concentration significantly, suggesting decanoic acid 

transport as a rate limiting step. Collectively, our data suggested that r-BOX can play a 

crucial role in generation of medium chain acyl-CoAs and that combined with 

thioesterase to generate acyl carbon overlapping region around C10 can lead to 

overproduction of decanoic acid with high yield. 

We expect the metabolic engineering strategies covered in the present study to be 

useful as a tool for the production of various chemicals with both different functional 

groups and chain length, especially for those molecules that can be derived from acyl-

CoA intermediates such as hydroxy acid, alcohols, esters and alkanes. One of the major 

challenges, however, is expanding the carbon profile up to longer chain carbon length (> 

C10) so as to expand the list of potential products out of this platform. The r-BOX 

pathway uses an iterative mechanism to elongate alkyl chains, which in turn can lead to 

the production of molecules with the same functional groups but various carbon chain 

lengths. The synthesis of longer acyl moieties will require the engineering (or screening) 

of enzymes constituting r-BOX such as thiolases, thioesterases, and acyl-CoA or acyl-

ACP reductases to have higher specificity towards longer-chain substrates. In addition, 

the efficient operation of platforms like the β-oxidation reversal will also require the 

engineering of pathways involved in central metabolism to achieve a balanced supply of 

primers, extender units, and reducing equivalents from a single carbon source. 
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