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ABSTRACT 

Metabolic engineering has become an attractive alternative to chemical synthesis. They have 

the potential to provide environmentallysafe and cost-effective routes for synthesizing a 

range of compounds, from high-value specialty compounds such as therapeutics to bulk 

commodities including plastics and biofuels.However, engineered metabolic pathways often 

suffer from flux imbalances such as typically lack the regulatory mechanisms characteristic 

of natural metabolism. The interaction among different enzymes in the same metabolic 

pathway plays an important role in the metabolic processes. Consequently, protein scaffolds 

were being created to adopt a spatial co-localization in metabolic engineering, drawing 

inspiration from natural pathways. In this study, we focus on ongoing efforts to 

improvepathway efficiency through engineered enzyme complex formation using 

synthetic scaffolds. 

Overview of Dissertation 

The dissertation on developing recombinant strains by synthetic biotechnology strategies for 

production of itaconic acid, L-serine and 1 propanol. This dissertation as follows: 

Chapter 1 cover the introduction of basic knowledge related to synthesis scaffold protein and 

their effect on metabolic engineering. 

Chapter 2 describes Efficient itaconic acid production via protein-protein scaffold 

introduction between GltA, AcnA, and CadA in recombinant Escherichia coli 

The recombinant E. coli that contained the cadA gene from A. terreus can produce itaconic 

acid but with low yield. By introducing the protein-protein scaffold between citrate synthesis, 

aconitase, and cis-aconitase decarboxylase, 5.7 g/l of itaconic acid was produced, which is 

3.8-fold higher than that obtained with the strain without scaffold 
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Chapter 3 describes Improvement of itaconic acid production by introduction of 

synthesis scaffold between CadA and AcnA in recombinant Escherichia coli. The 

synthetic scaffold complex was contructed between CadA from A.tereus and AcnA from E. 

coli havs made efficient production of itaconic acid. In this system, SH3 ligand and SH3 

domain were incorporated with pathway enzyme CadA and AcnA respectively and formed a 

synthetic scaffold complex.  

Chapter 4 describes High yield fermentation of L-serine in recombinant Escherichia coli 

via scaffolding protein. In order to achieve the higher titer of L-serine, PSP co-localized 

along with EamA, a cysteine/homoserine transporter was demonstrated to increase serine 

tolerance, by using scaffold protein.These results suggest that carbon flux was successfully 

directed to the L-serine secretion pathway without knock-out of a competing pathway or 

addition of expensive glycine. 

Chapter 5 describes Improving L-serine productionin Escherichia coli via synthetic 

protein scaffold of SerB, SerC, and EamA. To achieve L-serine production with high 

efficiency, three enzymes (SerB, SerC, and EamA) were physically re-localized by using a 

scaffold system GBD:SH3:PDZ. Such strategy was highly effective in improving the 

production of L-serine in Escherichia coli. 

Chapter 6 describesMetabolic engineering ofEscherichia coliusing synthetic protein 

scaffold for the production of 1 propanol and furure work for high yield 1 propanol from 

E.coli 
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CHAPTER-1 

Introduction and Overview of Synthetic Scaffold Systems on Metabolic Pathway 

Engineering 
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1.1 Introduction 

Recently, the challenge for fuels production from renewable resources, by converting 

biomass into specialty chemicals has become attractive [80]. The engineering bacterial strains 

produced bacteria with increased recombinant protein production. Since the new technologies 

like DNA synthesis and sequencing have developed, the genomes of microbes were decoded 

and enabled to extract their systems, redesign them for use in other work-friendly hosts, such 

as Escherichia coli[35]. However, to achieve the high product titers, the fluxes of each 

enzymatic reaction of the pathway should be balanced, break down the accumulation of 

intermediates, especially intermediates toxic to the production host.   

One of the multifunctional enzyme systems that mimic natural systems is the protein scaffold 

which presents a versatile approach in synthetic biology [22]. Scaffold proteins that were 

observed by the spatial proximity of enzymes in nature have critical roles in cellular signaling 

pathways [74]. The concept ―scaffold‖ was created by building the module block. They bring 

multiple binding partners together to facilitate their concerted interactions and functions such 

as it rescues the intermediates from diffusion or competing pathways, decreases their transit 

times, and avoids unfavorable equilibria and kinetics from metabolite concentrations in the 

bulk phase [31].  

There is some achievement with the incorporation of several protein-protein interaction 

modules, such as PDZ (postsynaptic density 95/discs large/zona occludens-1), SH2 SH3 (Src 

homology), and GBD domain [114], MAPK signaling during mating in the budding yeast 

using the scaffold Ste5p [96], neuronal synaptic signaling exploiting PSD-95 [101] and 

photosensory reception in Drosophila signaling using InaD[102]. 

1.1.1 Protein-protein interaction module 
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The protein interaction modules were often recognized by short amino acid motifs at the C-

termini of target proteins, the most notable modules were PDZ (postsynaptic density 95/discs 

large/zona occludens-1), SH2, SH3 (Src homology), and GBD domains [7]. The concept has 

been used often in research because of their advancement of peptide motifs and cognate 

adaptor domains. Variety of target molecules including catechin [47], D-glucaric acid [78], 

H2[2] resveratrol [122], butyrate [53], gamma-aminobutyric acid [90], mevalonate [28] and 

itaconate [115] were sucessfully produced by applying SH2, SH3, GBD, and PDZ domains. 

The protein protein has the sequence motif, small protein domain. Based on the physiology 

of the protein the binding nature of scaffold is differs [26]. The interaction is called a short 

linear interaction motif (SLiM) where, adaptor domain adopts a globular three-dimensional 

structure. The shape of the resulting scaffold is critically affected by three factors as domain, 

linker, and peptide ligand.  

Adaptor domains need to fulfill two basic requirements, strong affinity toward their peptide 

ligands. Even during the simultaneous usage of several domain-ligand pairs this allows 

defined paring. In 1991, Koch reported the first mediate interaction with SLiMs are the ―Src 

homology 2‖ (SH2) and ―Src homology 3‖ (SH3) domains [62]. While SH3 domains are 

small modules of 60 amino acids with proline-rich ligands, which able to bind to the domain 

surface at three shallow grooves. The aromatic residues conserved and exhibit two different 

binding orientations [76]. SH2 domains are highly conserved structures of 100 amino acids, 

just N-terminal to the catalytic domain, comprising two α-helices and seven β-strands [87]. 

Over the last decade, the numbers of SH3 and SH2 domains with different ligand binding 

specificity have been described [99]. PDZ domains have a size was similar to SH2 domains 

but target specific motifs at the C-terminus of the binding partner. More than 200 structures 

of PDZ domains was reported [66]. All most of the peptide ligand adopts a β-strand and 
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extends an existing β-sheet within the PDZ domain upon binding [43]. The last protein-

peptide scaffolding was introducing is GBDs. In contrast to the others, GBD domains do not 

have a single adopter, it has a discrete structure under physiological conditions but rather 

sample multiple, loosely packed conformations in solution [1], [59]. All of them, SH2, SH3, 

PDZ, and GBD, were exhibit a sufficiently high affinity and specificity for their ligand. 

In this concept of scaffolding protein, the short linear interaction motif (SLiM) is the binding 

partner to protein adaptor domains. They normally comprise only 3–10 amino acids and 

possess a number of properties, which make them well suited as ligands in synthetic biology. 

Cause they are short so they often occur in the disordered protein regions. These peptide 

motifs occur 20–50% of all eukaryotic proteins and 17% of the proteins are completely 

disordered in eukaryotic cells. In the eukaryotic linear motif resource, around 300 known 

motif patterns are listed e.g., ELM database [25], PROSITE [49], and Minimotif-Miner [6]. 

SLiMs also frequently contain variable residues to ensure proper spacing between the 

binding residues. For examples, SLiM sequence patterns for binding to SH3 domains or a 

phosphorylated tyrosine with specific sequence neighbors for binding to SH2 domains. 

One of the important parts of the modular protein scaffolding is the linker. As the length and 

amino acid composition may influence the activity and folding properties of the protein 

construct (Robinson and Sauer, 1998; Bai and Shen, 2006; Zhao et al., 2008). there are 2 data 

for the guide of the rational design of artificial linkers, one is found a preferred mean linker 

length of 6.5 residues [3], one is 10.0 ± 5.8 residues [37]. According to their structure, 

designed linkers may be classified and defined their functionality [50]. 

1.1.2 The yeast scaffold protein Ste5 assembles a MAPK 

All eukaryotic cells use mitogen-activated protein kinase (MAPK) cascades as a central core 

for complex signal transduction pathways [39]. There are three to four serially activated 
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protein kinases named after the last kinase of the series in every MAPK cascade is a module. 

Surprisingly, the same MAPK cascade can play different functions in response to different 

stimuli or different levels of the same stimulus [33]. The scaffold was introducing in the yeast 

Saccharomyces cerevisiae, to increase their local concentration to facilitate the 

phosphorylation cascade [20]. Ste5p, a protein of unknown biochemical function, interacted 

with protein kinases that operate at each step of the MAPK (mitogen-activated protein 

kinase), Fus3p (a MAPK), Ste7p (a MAPKK), and Ste11p (a MAPKKK) signal cascade 

involved in budding yeast mating [96]. In this concept, Ste5p is to serve as a scaffold to 

connect interactions among members of the kinase cascade. Signal propagation and signal 

attenuation could be more efficiently, the perform cross-talk with other MAP kinase cascades 

was minimized and thus ensure the integrity of the pheromone response pathway. 

1.2 Application to Metabolic Engineering 

Metabolic engineering has the potential to provide environmentally safe and cost-effective 

routes for synthesizing a range of compounds, from high-value, cheap, and special 

compounds. The requirement in metabolic engineering is a complement of strategies to 

achieve the production yields, near theoretical maximum and necessary to achieve industrial 

viability. There are many technologies improve that requirements: modeling metabolic and 

cellular behavior [95], predictable control over gene expression [89]; [100] and directed 

evolution approaches for improved enzyme characteristics [27]. In this review, we focus on 

the impact of scaffolding protein in metabolic engineering. 
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Figure 1.1: Scaffolding protein. A schematic drawing showing the various interactions 

inarchitectural domains. A: a, b, and c representdifferent peptide ligands such as GBD, SH2, 

SH3, and PDZ, which were attached to enzymes E1, E2, and E3. B: thescaffolding protein 

system for enzymes E1 and E2,which were co-localized by ligands and domains such as SH3, 

SH2, and PDZ. C: cells with and without scaffold. 
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There are numerous natural examples of enzymes forming complexes for optimal metabolic 

pathway performance. Such as tryptophan synthase, carbamoyl phosphate synthase, and 

glutamine phosphoribosyl pyrophosphateamidotransferase are three examples described the 

structures reveal tunnels connecting catalytic sites that are capable of protecting reactive 

intermediates from the bulk solution [77].  

 

Figure 1.2: Application of scaffolding proteins to metabolic engineering. Enzymes 

performing the sequential multistep transformation of a substrate are co-localized into the 

scaffold. The reason for low productivity and product yield such as the accumulation of 

pathway intermediates (toxic, reactive, unstable) is limited. Scaffold protein is leading to 

increased catalytic performance and product yield. 
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To make scaffolding in the metabolic pathway, the first thing is the choice of colocation 

components. Since each enzyme is translationally fused to a ligand specific for a protein-

protein interaction domain. The primary importance is structural modularity of the protein-

protein interaction domains which will need to retain binding activity in the non-native 

context of the translational fusions. In the review of studies, even the members of SH3, PDZ, 

GBD, and leucine zipper families tend to retain binding activity as N-, C-terminal, or internal 

fusions and, given sufficient linker lengths, often do not require linker optimization to 

achieve binding activity. Despite the robustness of binding activity, overall flux improvement 

is likely also influenced by scaffold architecture including linker length and a number of 

protein-protein interaction domains. Another important parameter of importance is designing 

the scaffolds to target enzymes in the low micro-molar range or tighter. Protein-protein 

interaction domains belonging to families with many members are particularly attractive 

choices for use in scaffolding, as they may offer a set of domains that potentially recognize 

specific ligands orthogonally. For example, SH3 domains do not measurably interact with 

other SH3 domain family ligands within the Saccharomyces cerevisiae bacteria [130]. So if 

we select the SH3 it will reduce crosstalk should considerably increase the number of 

orthogonal domain/ligand pairs available for simultaneous use. 

1.2.1 Mevalonate 

Mevalonate has been widely used in cosmetics and as a building block for the production of 

sustainable polymers [118]. Mevalonate is present in eukaryotes, archaea, and some 

prokaryotes.  Since 1956, mevalonate was produced by fermentation [112]. However, the 

best organism identified, Saccharomycopsisfibuligera NRRL Y-7069, still showed a low 

mevalonate titer (0.9 g/liter) [44].  
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One of the most prominent examples for peptide motif and cognate adaptor domains in 

metabolic engineering is the scaffold system which was engineered for the three step 

synthesis of mevalonate [75]. Starting from acetyl-CoA, the enzymatic system comprised of 

three modules, acetoacetyl-CoA thiolase (AtoB), hydroxymethyl glutaryl-CoA synthase 

(HMGS) and hydroxymethyl glutaryl-CoA reductase (HMGR). Among these modules, only 

AtoB is native to the host system E. coli, whereas the two others were imported from S. 

cerevisiae. Scaffold constructs of three domains, GBD, SH3, and PDZ connected via flexible 

linkers were created and AtoB, HMGS, and HMGR were extended by corresponding peptide 

ligands, respectively, to avoid flux imbalances with high metabolic load and to increase the 

overall production. The designed and searched of a varying number of SH3 and PDZ 

domains revealed the best synthetic scaffold GBD1–SH32–PDZ2 for this system, which 

means one GBD domain linked to two SH3 and PDZ domains, and exhibited are a significant 

77-fold increase of the product.  
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Table 1.1:Application of Peptide Motifs and Cognate Adaptor Domains in the Metabolicengineering. 1 

Metabolites Enzyme pathways Scaffold model Host Fold  Reference 

Glucaric acid myoinositol-1-phosphate synthase, myoinositol 

oxygenase, uronate dehydrogenase 

SH3/PDZ E. coli 5  [78] 

Mevalonate Acetoacetyl-CoA thiolase, hydroxymethyl glutaryl-

CoA synthase, hydroxymethyl glutaryl-CoA 

reductase 

GBD1/SH32/PDZ2 E. coli 77  [28] 

GABA Glutamate decarboxylase, glutamate/GABA 

antiporter 

SH3 E. coli 2.5 [68] 

GABA  Glutamate decarboxylase, glutamate/GABA 

antiporter 

SH3/PDZ E. coli 2 - 3  [92] 

Resveratrol, 4-coumarate:CoA ligase, stilbene synthase SH3/PDZ S.cerevisiae 2.7 [121] 

Butyrate Acetoacetyl-CoA thiolase, 3-hydroxy butyryl-CoA 

dehydrogenase, 3-hydroxy butyryl-CoAdehydratase, 

trans-enoyl-coenzyme A reductase, acyl-CoA 

thioesterase II 

GBD/SH3/PDZ E. coli 3 [5] 

Maleic acid Pyruvate kinase, malic enzyme SH3 domain E. coli 2.1 [103] 

 2 
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1.2.2 Glucaric acid 

D-glucaric acid was identified as a top value-added chemical for production from biomass 

[97]. However, the complicated biological route to glucaric acid production requires new 

strategies with high selectivity for the product. In the production of D-glucaric acid from D-

glucose via scaffolding, the synthetic pathway had originally been constructed by connecting 

myoinositol-1-phosphate synthase (Ino1) from S. cerevisiae, myoinositol oxygenase (MIOX) 

from mouse, and uronate dehydrogenase (Udh) from Pseudomonas syringae and coexpressed 

them in E. coli [78]. A domain-based scaffold for the two enzymes Ino1 and MIOX, which 

were equipped with the respective peptide ligand sequences, tripled the product titers 

compared to the original system [28], Optimization of the system by also varying the number 

of cognate domains and including Udh allowed for an additional product increase of ~50% 

[78].  

1.2.3 Butyrate 

Butyrate is one of 4‐ carbon short-chain fatty acids (SCFA), which is a major carbon source 

for colonic epithelium. In the human metabolism and the immune system, butyrate is a 

signaling molecule [116]. Butyrate is also used in various chemical industries like food, 

pharmaceutical, and plastics [30]. Industrial production of butyrate by microbial fermentation 

has been investigated with Clostridium species[30]. However, there is a lack of genetic 

engineering tools limits the prospects of metabolic engineering in Clostridium species[131]. 

In the engineering E. coli,  same domains, GBD, SH3, and PDZ were used to increase the 

production of butyrate [5]. To complete the biosynthetic pathway, the five enzymes 

acetoacetyl-CoA thiolase, 3-hydroxy butyryl-CoA dehydrogenase, 3-hydroxy butyryl-

CoAdehydratase, trans-enoyl-coenzyme A reductase, acyl-CoA thioesterase II were 
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overexpressed in the host strain E. coli. For the three enzymes amidst the pathway, a domain 

scaffold was created to provide better spatial proximity of the reaction centers. After the 

additional variation of the domain frequency within the scaffold, the production increased to 

threefold. 

1.2.4 Resveratrol 

Resveratrol (3,5,4′-transhydroxystilbene), well-known for its presence in red wine, is one of 

the most widely studied representatives of the plant-produced polyphenols. In 2012, Wang 

and Yu used the set of scaffold proteins composed of GBD, SH3, and PDZ domains 

established by Dueber et al. (2009) for the biosynthesis of resveratrol, a naturally occurring 

defense molecule from plants with significant physiological effects on human and animals. In 

the host strains S. cerevisiae, two enzymes, 4-coumarate:CoA ligase and stilbene synthase, 

via covalently attached to the SH3 and PDZ peptide ligands. The product yield increased 

fivefold via the scaffolding approach compared to the unscaffolded enzymes and 2.7-fold 

compared to a direct fusion protein approach [121].  

1.2.5 GABA 

Gamma-aminobutyric acid (GABA) is a non-protein amino acid, which is used as a monomer 

in biotechnology industries for the production of the biopolymer, nylon-4 [86,60]. GABA 

acts as a neurotransmitter in the central nervous system and several beneficial physiological 

functions such as induction of hypotensive, diuretic, and tranquilizer effects [48]. 

Considering the various beneficial effects of GABA, including a decrease of blood pressure, 

inhibition of anxiety and acceleration of metabolic function, it gained extensive use in 

pharmaceuticals and functional foods. Due to the low production cost of using E. coli in 

industrial fermentation, it considered as a suitable host to engineer its pathway to produce a 

high yield of GABA [91].  
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In E. coli BL21, enhanced GABA production was reported by overexpression of 

Lactobacillus brevis glutamate decarboxylase [60].Besides the creation of a scaffold protein 

containing multiple adaptor domains, domain–ligand interactions can also be exploited [68]. 

In enhancing the productivity of gamma-aminobutyric acid (GABA) in E. coli, enzyme 

glutamate decarboxylase (GadA/GadB) was attached to the membrane protein 

glutamate/GABA antiporter (GadC) by SH3 domain and peptide ligand separated with 

flexible linkers. In that way, the GABA productivity increase by 2.5-fold. 

1.2.6 Maleic acid 

Malic acid is a four-carbon dicarboxylic acid that is used as additives in the food industry, 

pharmaceuticals, textile, agriculture, and synthesis of various fine chemicals [133]; [117]. In 

the chemical industries, it is used as a feedstock for chemical synthesis of polymeric acid 

(PMA). The U.S. Department of Energy has identified malic acid as one of the best building 

block chemicals that can be derived from biomass [123]. In recent years, L-malic acid 

production from glucose by one-step fermentation has received increasing attention and many 

microorganisms have been found to produce L-malate from sustainable and eco-friendly 

sugars, not from petroleum-based feedstocks where the source is being depleted and the price 

is increasing. Malic acid is an intermediate found in native E. coli pathway of the TCA cycle. 

In E. coli malic acid is produced from four different metabolic pathways such as TCA cycle, 

malic enzyme step, TCA cycle, and Glyoxylate cycle. Among other pathways, the TCA cycle 

and malic enzyme step is a non-oxidative pathway and produce a high yield of malic acid 2 

mol/mol glucose. PEP carboxykinase from Mannheimiasucciniproducens was introduced to 

the pta mutant E. coli strain WGS-10, malic acid concentration of 9.25 g/L was obtained 

from 12 h of aerobic cultivation. The overexpression of mutant NADP dependent malic 

enzyme C490S and deletion of competing pathway results in 7.78 g/L malic acid production. 
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In E. coli, the overexpression of phosphoenolpyruvate carboxylase gene ppc, pyc gene from 

Corynebacteriumglutamic and pck gene from Actinobacillussuccinogenes has produced 3.83 

g/L, 6.04 g/L, and 5.01 g/L malic acid, respectively [73] 

1.3 Motivation and Research objective 

Scaffolding protein holds great promise to pave the way for metabolic engineering. Recent 

success in some studies opened a number of possibilities to design more and more complex 

metabolic pathways. Synthetic scaffolds offer a highly specific tool for co-localizing multiple 

functionally related enzymes in a defined and controllable manner because of adaptable, 

engineerable interactions. The over goal of this study was to develop a novel approach using 

scaffold synthetic protein with over-expressed enzyme for improved production of itaconic 

acid, L-serine and 1 propanol in E. coli.  
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CHAPTER-2 

Efficient itaconic acid production via protein-protein scaffold introduction between 

GltA, AcnA, and CadA in recombinant Escherichia coli 
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2.1. Abstract 

Itaconic acid, which is a promising organic acid in synthetic polymers and some base-

material production, has been produced by Aspergillus terreus fermentation at a high 

cost.The recombinant E. coli that contained the cadA gene from A. terreus can produce 

itaconic acid but with low yield. By introducing the protein-protein scaffold between citrate 

synthesis, aconitase, and cis-aconitase decarboxylase, 5.7 g/l of itaconic acid was produced, 

which is 3.8-fold higher than that obtained with the strain without scaffold. The optimum pH 

and temperature for itaconic acid production were 8.5 and 30
o
C, respectively. When the 

competing metabolic network was inactivated by knock-out mutation, the itaconic acid 

concentration further increased, to 6.57 g/l. 

 

Keywords: itaconic acid, protein scaffold, metabolic engineering, Escherichia coli 
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2.2. Introduction 

Itaconic acid (OECD name: methylene butanediotic acid; common synonym, methylene 

succinic acid) is a white crystalline unsaturated C5 dicarbonic acid. Itaconic acid is 

considered to be a potential substitute for acrylic and methacrylic acid, and it has been used 

for synthetic polymers and some base-material production. Although the production cost of 

itaconic acid has kept dropping, it is still an expensive product, with an estimated price of $2 

per kg.  

In the effort of a further reduction of the itaconic acid production cost, there is a lot of studies 

have been done[64]. Itaconic acid has been produced industrially by fermentation of fungi, 

such as Aspergillusterreus [14]. Even though other microorganisms like Ustilagozeae 

[45],Ustilagomaydis, Candida sp.[110], and Saccharomyces cerevisiae[128]were found to 

produce itaconic acid, A. terreusis still the dominant production host, because this species can 

produce up to 86 g/l of itaconic acid [81]; [63] by fermentation. From glucose, by controlling 

pH, A. terreus can produce 129 g/l of itaconic acid after three days, at the rate of 0.48 g/l/h 

[46]. However, there are many disadvantages from growing filamentous fungies, such as low 

growth rate and high sensitivity to oxygen supply. For wider application of itaconic acid, 

development of a more cost-effective production system and process are required.    

Itaconic acid is produced by decarboxylation of cis-aconitate (AcnA), which is an 

intermediate of the tricarboxylic acid cycle, by cis-aconitic acid decarboxylase (CadA). The 

sequence of the CadA-encoding cadA gene was identified from the genome database of 

A.terreus.The cadA gene encodes a 490-amino-acid protein (55 kDa) and has a high sequence 

identity with proteins from the MmgE/PrpD family, which includes 2-

methylcitratedehydratases [107].  
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Since the cadA gene was sequenced and characterized, various recombinant strains were 

constructed for itaconi- acid production.Overexpression of AcnAwith CadA in the cytosol of 

Aspergillusniger led to the accumulation of about 1.1 g/l of itaconic acid after 240 - 312 h of 

cultivation [14]. Recently, by replacing the promotor of the isocitrate dehydrogenase by the 

Lambda promoter then expression in the low temperature reported to get the significant 

itaconic acid in two-stage bioreactor cultivations [42], however Lambda promoter can also 

switch off the genes [84] so that this method was still difficult to use in the industry. In 

another study, even though the availability precursors of the itaconic acid pathway were 

increased by eliminating pta and ldhA, the genes encoding phosphate acetyltransferase (pta) 

and lactate dehydrogenase (ldhA), the recombinant E. coli contained Corynebacterium 

glutamicumgltA and acnA, and A. terreus cadA still stimulated itaconic acid as low at 0.69 g/l 

[119]. E. coli is a well studied and fast growing promising itaconic acid producer, however it 

was giving a low itaconic acid concentration and yield. Hence more intensive synthetic 

biology and metabolic engineering studies are required for more efficient itaconic acid 

production in E. coli. 

One of the most promising systems for bacterial metabolism engineering was a synthesis 

protein scaffold that can co-localize functionally related enzymes which has been used for the 

development of various metabolite production systems[28] . The concept is the interaction of 

peptide ligands and their cognitive domains to connect two or three proteins together. By 

taking advantage of these interaction domains, the synthetic scaffold can improve metabolite 

production with low expression levels of pathway enzymes. This system provides more stable 

enzyme activity, facilitates substrate channeling between active sites, and prevents the 

buildup of intermediates. For example, the titer of glucaric acid in the recombinant E. coli is 

five-fold higher than the non-scaffolded control and a 50% improvement over the previously 
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reported highest titers [78] when using the scaffolding protein. SH3, GBD, and PDZ domains 

have been used most often in research studies to date. The approach has been successfully 

applied to the synthesis of a variety of target molecules including catechin[47], D-glucaric 

acid[78], H2[2] resveratrol[122], butyrate[53], gamma-aminobutyric acid[90], and 

mevalonate[28]. In this study, the novel synthetic protein scaffold GBD:SH3:PDZ was 

introduced to co-localize three enzymes in the itaconate pathway to produce itaconic acid 

from glucose in recombinant E. coli. (Fig 2.1).  

The result shows that a significant increase of itaconic acid concentration can be achieved by 

introduction of the synthetic scaffold. 

2.3. Material and methods 

2.3.1 Strains and culture conditions 

The bacterial strains used in this study are listed in Table 1. The strains were cultivated in 

Luria–Bertani media (10 g/l bacto-tryptone, 5 g/l bacto-yeast extract, and 5 g/l NaCl) or M9 

media (200 ml of M9 salt 5X, 2 ml of MgSO4 1 M, 20 ml of 20% glucose, 1 ml of thiamine 

HCl 1%, 100 µl of CaCl2 1 M up to 1 l) supplemented with antibiotics (100 g/ml ampicillin 

or/and 50 g/ml chloramphenicol). In this study, 100 ml of LB or M9 media with glucose as 

carbon source was incubated at 37
o
C and shaken vigorously until the optical density of the 

suspension reached 0.6 at 600 nm wavelength (OD600). For expressing genes, 0.5% arabinose 

and 108 nM anhydrotetracycline (aTc) were added to the culture medium; pH, temperature, 

and glucose concentration were tested for optimizing the condition of the culture. 
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Figure 2.1..Recombinant E. coli produce itaconic acid production by using synthetic 

scaffold. Co-expression of three enzymes, which are GltA-GBD, AcnA-SH3, and CadA-PDZ 

and the scaffold plasmid which containing GBD, SH3, and PDZ domain to produce the 

itaconic acid from glucose.   

 

 

 

 

 

 



 

28 

 

Strain/plasmid Description
 

Reference 

Strains 

XL1-Blue F‘(proAB
+
lacI

q
 lacZ∆M15 Tn10 (Tet

r
) Laboratory stock 

XBM1 E. coliXL1_Blue(∆pflB, poxB, ldhA) Laboratory stock 

XBM3 E. coliXL1_Blue(∆pflB, poxB, ldhA, frdB) Laboratory stock 

XBM5 E. coliXL1_Blue(∆pflB, poxB, frdB, ldhA, adhE)  Laboratory stock 

Plasmids                              

pBAD30 pBAD30, araC promoter, Amp
r 

NEB
a
 

pBAD30C pBAD30,(Amp
r
 was replaced with Cm

r
) Laboratory stock 

pBGAC pBAD30C,(gltA-GDB, ancA-SH3, cadA-PDZ)  This work 

pJD757 Ptet, GDB1SH31PDZ1, Amp
r
 Moon et al., 2010 

pJD758 Ptet, GDB1SH31PDZ2, Amp
r
 Moon et al., 2010 

pJD759 Ptet, GDB1SH31PDZ4, Amp
r
 Moon et al., 2010 

pJD760 Ptet, GDB1SH32PDZ1, Amp
r
 Moon et al., 2010 

pJD761 Ptet, GDB1SH32PDZ2, Amp
r
 Moon et al., 2010 

pJD762 Ptet, GDB1SH32PDZ4, Amp
r
 Moon et al., 2010 

pJD763 Ptet, GDB1SH34PDZ1, Amp
r
 Moon et al., 2010 

pJD764 Ptet, GDB1SH34PDZ2, Amp
r
 Moon et al., 2010 

pJD765 Ptet, GDB1SH34PDZ4, Amp
r
 Moon et al., 2010 

a
New England Biolabs, Beverly, MA, U.S.A.  

 

Table 2.1: E. coli strains and the plasmids used in this study 
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2.3.2. Plasmid construction 

The plasmids used in the study are listed in Table 1, and the oligonucleotides are listed in 

Table 2. To construct the synthetic scaffold, the itaconic acid pathway enzymes corresponded 

by attached three ligands. Gene encoding GBD protein-ligand was synthesized by polymerase 

chain reaction (PCR). The gltA andacnA genes were amplified from E. coli X1 Blue 

chromosome DNA using PCR. The codon-optimized cadA gene (Gene bank ID: 

KM464677)[119] was chemical synthesized and then amplified by PCR, which was 

performed with the MJ mini Personal Thermal Cycler (BioRad Laboratories, USA) using the 

Expand High-Fidelity PCR System (Roche Molecular Biochemicals, Mannheim, Germany). 

The amplified GBD gene was attached to a gltA gene by overlap PCR. SH3 and PZD genes 

were incorporated into the reverse primers, and they integrated with the acnA and cadA genes 

during PCR (Table 2). Since the scaffold plasmid hold the ampicillin-resistance gene, the 

pBAD30C have replaced with the chloramphenicol resistance gene before cloning three 

enzyme genes. The gltA-GBD was cloned to pBAD30C using SacI and NdeI restriction 

enzymes. The acnA-SH3 gene was cloned following ofgltA-GBD using NdeI and KpnI. The 

cadA-PDZ gene was cloned using KpnI and XbaI. The pBGAC plasmid had been constructed 

after cloning three genes. Under the control of an Ara promotor, gltA-GBD, acnA-SH3, and 

cadA-PDZ were expressed. Nine plasmids containing GBD, SH3, and PDZ protein-

interaction domains were used by our lab strains stock.  
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Name Sequence 

gtlA-F GGGGAGCTCAGGAGGATGGCTGATACAAAAGCAAAAC 

gltA-GBD-F TTTAAAAGCGATATCAAGCGTCCGCGTGGCTCTGGCTCTGG 

gltA-GBD-R CCAGAGCCAGAGCCACGCGGACGCTTGATATCGCTTTTAAA 

GBD-R GGCATATGTTATTAATCTTCATCTTCATCGCCCG 

acnA-SH3-F GGCATATGAGGAGGATGTCGTCAACCCTACGAGAAG 

acnA-SH3-R 

 

GGGGTACCTTATTAGCCCGGACGACGACGTTTCGGCGGCAGCGC

CGGCGGCGGGCCAGAGCCAGAGCCAGAGCCAGAGCCTTCCAGC

TTCAACATATTACGAATGACAT 

cadA-PDZ-F GGGGTACCAGGAGG ATGACCAAACAATCTGCGGACA 

cadA-PDZ-R 

 

GGTCTAGATTATTACACCAGAGATTCTTTCACGCCAGAGCCCGG

CGCGCCTACCAGTGGCGATTTCACGG 

Restriction enzymes sites are shown in bole 

Table 2.2: Primers used in this study 

2.3.3. Analytical method 

The concentrations of glucose and organic acid were measured with HPLC using the Aminex 

HPX-87H column (300   7.8 mm, Bio-Rad). Samples were centrifuged at 12,000 rpm for 5 

min. Next, the 1 ml supernatant was filtered through a 0.2 m Millipore filter and analyzed on 

the HPLC system using an RID detector;0.08 N H2SO4 was used as a mobile phase. The 

temperature of the column was set at 35
o
C, and the flow rate of the mobile phase was 0.6 

ml/min. The standard curve for glucose and lactate was established using the same procedure 

for seven standard solutions: 0.1, 0.5, 1, 2, 3, 5, and 10 g/l of glucose and organic acid (Sigma, 

Missouri, USA). 



 

31 

 

2.4. Results 

2.4.1. Construction of synthesis scaffold 

The novel synthetic protein scaffold was introduced to construct the recombinant E. coli that 

produces itaconic acid efficiently. Three protein-protein ligandswereattached to the C-

terminus of three itaconic acid pathway enzymes. The GBD ligand was attached to citrate 

synthesis (GltA), the SH3 ligand was attached to AcnA, and the PDZ ligand was attached to 

the CadA (Fig 2.1). The recombinant E. coli strain was incubated in the LB medium, and the 

expression was induced under the arc promoter. The result of the SDS-PAGE analysis shows 

the presence of the three enzymes after 8 h of cultivation (Fig 2.2). 

 

Figure 2.2. SDS-PAGE analysis. The overexpression of genes GltA-GBD (51.2 kDa), 

AcnA-SH3 (104.3 kDa), and CadA-PDZ (61.7 kDa) are analyzed by SDS-PAGE where M is 

the marker protein, lane 1 is the cell extract of the untransformed strain, and lane 2 is the cell 

extract of strains harboring 

The itaconic acid was not produced by the wild-typeE. coli XB. E. coli XB (pBGAC) strain, 

which three enzymes were overexpressed without scaffold, produced 1.48 g/l itaconic acid. 

When the scaffold plasmid pJD757, which contains the GDB:SH3:PDZ domains in ratio 
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1:1:1, was introduced along with the three enzymes, E. coli XB (pBGAC, pJD757) harvested 

5.7 g/l of itaconic acid after 48 hours of culture. The final itaconic acid concentration 

obtained with the strain containing the scaffold was 3.8-fold higher than that obtained with E. 

coli XB (pBGAC). Those results suggest that the three enzymes were successfully 

colocalized via the scaffold, and metabolic flux was redirected to the itaconic acid pathway.  

2.4.2. Optimization of itaconic acid production  

To find the most favorable culture condition for itaconic acid production, the strains E. coli 

XB (pBGAC, pJD757) were cultured at the various pH values (5.5, 6.5, 7.5, 8.5, and 9.5) and 

temperature (25
o
C, 30

o
C, and 37

o
C). After 48 h of culture, the highest itaconic acid 

concentration of 5.7 g/l was obtained at pH 8.5 and 30
o
C, and final cell density was 1.81 

(OD600), whereas the lowest itaconic acid concentration of 0.41 g/l was obtained at pH 5.5 

and 25
o
C (Fig. 2.3). The itaconic acid concentration was increased as pH increased up to pH 

8.5 and thereafter decreased. These data indicate that the optimum environmental condition 

for itaconic acid production is pH 8.5 and 30
o
C, and the carbon flux of the TCA cycle was 

redirected to the itaconic acid pathway via the synthetic scaffold. 

The E. coli XB (pBGAC, pJD757) was also culturedin theM9 medium with glucose as the 

carbon source. After 48 h, 6.2 g/l of itaconic acid was obtained, which is 8.06% higher than 

that obtained in the LB medium (Fig. 2.4b). Furthermore, after 48 h of culture in the M9 

medium, glucose remained at 1.8 g/l, which is lower than expressed in the LB medium by 

67%. However, 1.03 g/l of succinic acid was produced after 48 h of cultivation as a 

byproduct. (Fig. 2.4b) 
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Figure 2.3.Itaconic acid concentration (g/l) obtained at various temperature and pH 

condittion. The strain express at varoius temperature (25
 o

C, 30
 o

C, and 37
 o

C) and pH (5.5, 

6.5, 7.5, 8.5 and 9.5) for 48 h at 0.5% arabinose, 108mM atc with 10g/l glucose as a source in 

LB medium. 

 

 

The difference number of protein-protein interaction scaffold domain may affect the yield of 

the product by altering the ratio of co-localized enzymes [78]. The recruited enzymes may 

become oriented in less efficient ways with increasing domain number. Each of the nine 

scaffold architecture plasmids from pJD757 to pJD765 was transformed into the E. coli XB 

(pBGAC) strain in combination with the pBGAC plasmids to construct eight recombinant 

strains from E. coli XB (pBGAC, pJD757) to E. coli XB (pBGAC, pJD765). The ratio of the 

protein-protein domain GDB:SH3:PDZ in each scaffold plasmid is shown in Table 3. In this 

case, the highest itaconic acid concentration was harbored when co-expressing with scaffold 

pJD762, the tire reach at 6.03 g/l (Fig. 2.5). 
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Figure 2.4. Comparision of itaconic acid production in LB and M9 medium. 

Concentration of itaconic acid after 48 h at pH 8.5, 0.5% arabinose, 108mM atc, and 

temperature of 30
o
C with 10g/l glucose as a source in LB (a) and M9 medium (b). 

 

2.4.3. Metabolic network engineering for the improved itaconic acid pathway. 

To further improve itaconic acid production, the mutant E. colistrains that have deleted the 

competing pathway, such as those of lactic and acetic acid, were used as the host strain. The 

pBGAC and pJD757 plasmids were transformed into E. coli XB and three mutant strains 

(Table. 2.1). The resultshowed that the concentration of itaconic acid was increased in all the 

mutant E. coli strains. In detail, the plasmid pBGAC and pJD757 overexpressed in the mutant 

strain E. coli XBM1 which was deleted pflB, poxBandldhAgenes (Table. 2.1) have reached 

the amount of itaconic acid at 6.11 g/l, which is 5.56% higher than that obtained in the E. coli 

XB (pBGAC, pJD757) strain. Then we continuously used the strain E. coli XBM3 which was 

deleted one more gene frdBandE. coli XBM5 with five genes pflB, poxB, ldhA, frdB 

and,adhEwere deleted (Table. 2.1). The highest itaconic acid concentration was harvested 

when three geneswere expressed along with the scaffold in the mutant strain E. coli XBM5. 
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The final titer of 6.57 g/l (Fig. 2.6) was 16.1% higher than that obtained in E. coli XB 

(pBGAC, pJD757).  

2.5. Discussion 

Itaconic acid has been acknowledged to be one of the most promising building blocks in the 

polymer industry when used as a monomer or co-monomer. Though itaconic acid is currently 

produced commercially by A. terreus, the production yeild of itaconic acid was low and has 

not been improved in the past 40 years. In biological production of the itaconic acid, there are 

two main types of itaconic acid pathways have recently introduce, production of itaconic acid 

in the native producers and in the heterologous hosts[134]. However, to improve strains for 

higher itaconic acid production, mutagenesis and process optimization are still the main 

approaches [61]. 

In the itaconic acid pathways (Fig. 2.1), starting from glucose, the carbon molecules are 

processed via glycolysis to pyruvate, then are metabolized to acetyl-CoA by releasing the 

carbon dioxide. In the TCA cycle, the acetyl-CoA is converted to citrate by GltA. Then P. For 

the production of itaconic acid, redirection of cis-aconitate, the intermediate of the sequential 

reaction, into itaconic acid is required [81,15].  

In the fungi, the itaconic acid biosynthetic pathway has two compartments: the cytosol and 

the mitochondria. In the cytosol, starting with glycolysis, glucose is metabolized to pyruvate 

through the EMP pathway (Embden-Meyerhof-Parnas), then transported to the mitochondria 

and converted into acetyl-CoA. In the mitochondria, acetyl-CoA and oxaloacetate are 

condensed into citric acid by GltA. Citric acid is converted into cis-aconitate by AcnA, which 

is transported back into the cytosol with the help of mitochondrial tricarboxylic transporter(s) 

(MTT). The last step in the itaconic acid pathway is decarboxylation of cis-aconitate into 

itaconic acid by cis-aconitate decarboxylase, which is exclusively located in the cytosol 
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[81,15]. Even though there were some fungi species that can produce itaconic acid, itaconic 

acid has been produced industrially by A. terreus fermentation [14]. This fungus can secrete 

significant amounts of itaconic acid into the media (> 80 g/l), whereas the expression of the A. 

terreuscadA gene in A. niger leads to extremely low levels of itaconic acid production (0.05 

g/l). In the A. terreusgenome, the cadA gene is closed to a putative mitochondrial transporter 

(MTT), and a putative plasma membrane transporter (MSF) [71] was suggested as a way to 

explain why A. terreushas the higher capabilities. The co-arrangement of these transporters 

with cadA might be involved in itaconic acid production in A. terreus[71]. This indicated that 

re-localization of CadA was affected in the itaconic acid production. However, compared 

with the citric-acid production process (titers > 200 g/l)[108], the achieved titers are still low 

and the overall process is expensive, perhaps because of the complicated pathway. Therefore, 

an efficient host strain was considered for the new scaffold strategy to produce itaconic acid.  

Since the cadA gene encoding the CadA was identified and characterized [58], it has been 

expressed in different organisms, including E. coli [119], S. cerivisae[13], C. glutamicum[83], 

and Yarrowialipolytica[12]. The titers of itaconic acid were achieved from 0.17 g/l in S. 

cerivisiae to 4.3 g/l in E. coli. Besides, E. coli has been widely used as a host strain for the 

production of chemicals such as lactic acid [135], succinic acid [70], 1,3-propanediol [113], 

and 1,4-butanediol [127]. We decided to engineer E. coli for itaconic acid production because 

it is a well-examined and fast-growing microbe. 
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Figure 2.5. The effect of various scaffold architectures (from the pJD757 to pID765 

plasmid)  on itaconic acid production in 48 h of cultivation. Control: XB (pBGAC) (free-

scaffold strain); pJD57–pJD65: from XB (pBGAC, pJD757) to XB (pBGAC, pJD765) 

scaffold trains.  

 

Figure 2.6. Co-expression of plasmids pBGAC and pJD757 in E. coli mutant strains. 

The mutants are E. coli XBM1 (∆pflB, ∆poxBand∆ldhA), E. coli XBM3 (∆pflB, ∆poxB, 

∆ldhA, ∆frdB), and E. coli XBM5 (∆pflB, ∆poxB, ∆frdB, ∆ldhA, ∆adhE).  

 



 

38 

 

As described above, cis-aconitate is the intermediate of two sequential reactions that are 

catalyzed by one enzyme, and re-direction of cis-aconitate into the itaconic acid pathway is 

required [10]. In this study, we introduced the synthesis protein scaffold strategy to direct 

carbon flux into the itaconic acid pathway. Synthesis scaffolding protein was shown to be 

highly effective for engineering of the metabolic pathway. If enzymes catalyzing successive 

reactions are co-localized by the scaffold, so that the product of the previous reaction can 

have more chance to react with the next-step enzyme than do other, competing enzymes, then 

metabolic flux can be directed to the desired pathway. In this study, three enzymes in the 

TCA cycle and itaconic acid pathway, GltA, AcnA, and CadA, were co-expressed physically 

connected through the synthesis protein scaffold. By introducing the synthesis protein 

scaffold, we successfully constructed an E. coli recombinant strain which directly produces 

itaconic acid from glucose.  

The previously reported yields for itaconic acid production with E. coli on glucose are 0.09 

mol/mol on a minimal medium [119] and 0.2 mol/mol on a complex medium [82], whereas 

the the theoretical yield of itaconic acid from glucose is 1.33 mol/mol. When the scaffold 

plasmid was overexpressed with three enzymes in the itaconic acid pathway, 5.7 g/l of final 

itaconic acid concentration was obtained, a 3.8-fold increase over that obtained with the 

strain without scaffold. The obtained itaconic acid yield was 0.86 mol/mol glucose, which is 

65% of theoretical yield, and the obtained yield is 4.3-fold higher than that obtained in a 

previous study [82].  

To direct further carbon flux into the itaconic acid pathway, various mutant strains with a 

synthetic scaffold were tested. The inactivation of pflB, poxB, andldhAcompletely blocked the 

metabolic flux of fomate, acetate, and lactate, respectively. The inactivation of adhE andackA 

blocked the metabolic flux of ethanol and acetic acid. This study achieved relatively high 
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production and productivity of itaconic acid by the engineered strain. The effect of the 

competing metabolic pathway on itaconic acid production was investigated. The highest 

amount of itaconic acidreached 6.57 g/l, an increase of 16.1% in the XBM5 strain. 

By introduction of a synthetic scaffold, the intracellular metabolism of an E. coli strain was 

engineered to produce itaconic acid more efficiently. We hope that the results of this study 

can be used for development of a novel itaconic acid process using E. coli. 
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CHAPTER-3 

Improvement of itaconic acid production by introduction of synthesis scaffold between 

CadA and AcnA in recombinant Escherichia coli  
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3.1. Abtract: 

Itaconic acid is an excellent polymeric precursor with a wide range of industrial applications. 

The efficient production of itaconic acid from various renewable substrates was demonstrated 

by engineered Escherichia coli. However, limitation in the itaconic acid precursor supply was 

revealed by finding out the key intermediate of the tricarboxylic acid in the itaconic acid 

pathway. Efforts of enhancing the cis-aconitate flux and preserving the isocitrate pool to 

increase itaconic acid productivity are required. In this study, we introduce a synthetic protein 

scaffold system between CadA and AcnA to physically combine the two enzymes. Through 

the introduction of a synthetic protein scaffold, 2.1 g/l of itaconic acid was produced at pH7 

and 37°C. By fermentation, 20.1 g/l for 48 h of itaconic acid was produced with a yield of 

0.34 g/g glycerol. These results suggest that carbon flux was successfully increased itaconic 

acid productivity.  
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3.2. Introduction 

Itaconic acid is a white crystalline unsaturated C5 dicarbonic acid which is widely used in the 

industrial synthesis of resins like polyesters and plastics and total market size about 30,000 

ton/year[106]. In the itaconic acid production, due to high cost and relatively low yields, 

chemical synthesis of itaconic acid has been less competitive compared to fermentation 

processes. By fermentation, A. terreusis still the dominant production host, because of high 

yielditaconic acid production (86 g/l)[81]; [63]. Nevertheless, the filamentous phenotype, 

slow growth rate, spore-forming life cycle and difficulty in genetic modification of A. 

terreusrequired a challenges to strain engineering and process development. 

Since 2008, the sequence of the enzyme cis-aconitate decarboxylase (CadA) of A. terreuswas 

characterized, multiple itaconic acid production were reported by overexpression of the 

heterologous CadA. For example,overexpressionCadA inSaccharomyces cerevisiaegot 0.17 

g/l from glucose [13], in Yarrowia lipolyticagot 4.6 g/l from glucose[12], in Candida 

lignohabitansgot 4 g/l from glucose[11], in E. coli got 7 g/l from glycerol[55], in 

Corynebacterium glutamicumgot 7.8 g/l from glucose[83], and in Synechocystis sp. PCC6803 

got 0.015 g/l from CO2[19]. Even though compared with engineered A. terreus, the overall 

titer of itaconic acid from the recombinant hosts is still lower, those results show the 

demonstration and improvement of itaconic acid biosynthesis in various heterologous hosts 

suggest its versatility in the production systems.In E. coli, the high titer of itaconic acid 

produced from glucose in the fed-batch bioreactor with intermittent feeding of glutamate 

reach at 32 g/l for 120 hours[41].Since E. coliis considered promising itaconic acid producer 

for its ease of genetic manipulation, fast growth rate, cultivation flexibility and the vast 

knowledge accumulated for its industrial usage[9]. In this study, our goal is construct an 

recombinantE. coli to overproducer of itaconic acid.   
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In this work, we introduced the synthesis protein scaffold to engineered, analyzed, and 

optimized production of itaconic acid from various carbon source in recombinant E. coli. The 

concept of synthesis protein scaffold was recently used as one of the most promissing system . 

for bacterial metabolism engineering. The interaction of peptide ligand and their cognitive 

domain lead to physically co-localize the enzyme in the metabolic pathways. Therefore, they 

can decrease the transit times of intermediates, prevent the loss of intermediates to diffusion 

or competing pathways and protecting unstable intermediates [77]. For example, the titer of 

glucaric acid in the recombinant E. coli have 5 fold higher than the non-scaffolded control 

and a 50% improvement over the previously reported highest titers [78] when using the 

scaffolding protein.  

The result shows that a significant increase of itaconic acid yield in fed-batch fermentation 

can be achieved by the introduction of the synthetic scaffold. 

3.3. Strains and Methods 

3.3.1. Strains and culture conditions 

The bacterial strains used in this study are listed in Table 3.1. 

Strain or plasmid Description
 

Reference 

Strains 

XL1_Blue F‘(proAB
+
lacI

q
 lacZ∆M15 Tn10 (Tet

r
) Laboratory stock 

Plasmids                              

pBAD30 pBAD30, araC promoter, Amp
r 

NEB
a
 

pBAC pBAD30,( acnA-SH3D, cadA-SH3L)  This work 

pBNC pBAD30,( acnA, cadA-SH3L) This work 

Table 3.1E.coli strains and the plasmids used in this study 
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For cultivation condition in flask, the single colonies were picked from Luria–Bertani  (LB) 

plates and overnight inoculated in 10 mlof LB medium (10 g/l bacto-tryptone, 5 g/l bacto-

yeast extract and 5 g/l NaCl) in tubes at 37 °C in a rotary shaker (250 rpm) then inoculated 

(1%, v/v) into 100 ml LB supplemented with antibiotics (100 g/ml ampicillin) until the 

optical density of the suspension reaches 0.6 at 600 nm wavelength (OD600).For expressing 

genes, 0.5% arabinose and 108nM anhydrotetracycline (aTc) was adding to the culture 

medium. pH, temperature and, glucose (10 g/l) was tested for optimizing the condition of the 

culture. 

All of the production experiments were conducted under the identical cultivation procedure 

as described above using M9 medium (12.8 g/l Na2HPO4·7H2O, 3 g/l KH2PO4, 0.5 g/l 

NaCl, 1 g/l NH4Cl, 1 mmol MgSO4, 1 mg/l vitamin B1 and 0.1 mmol CaCl2). In the case 

where different carbon source was used, 10g/l of xylose or 10 g/l of glycerol was added to the 

M9 medium instead of glucose 

For Fed-batch fermentationusing glycerol, itaconic acid production was performed in the 5 l 

stirred-tank bioreactor. Initially, 2.5 l of the modified M9 medium was used with the addition 

of 10 g/l of glycerol, 5 g/l of yeast extract. The fresh medium was inoculated with 100 ml of 

the overnight pre-culture grown in M9, 0.5% arabinose and 108nM anhydrotetracycline (aTc) 

was added at the time of inoculation. Dissolved oxygen (DO) was maintained at 10% with 

respect to air saturation by raising the stirrer speed (from 300 to 800 rpm). The aeration was 

set to 1 vvm (volume of gas per volume of liquid per minute). The pH was maintained at 7 by 

the automatic addition of 10 M NaOH. At the 12h, 24h, 36h 48h, and 60h, 15.6 ml of glycerol 

50% (625 g/l) were fed to the bioreactor. 

All chemicals and reagents were purchased from Sigma–Aldrich (South Korea) unless 

otherwise specified. 
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3.3.2. Plasmid construction 

The plasmids, used in the study, were introduced in Table 1 and the primers (oligonucleotides) 

were listed in Table 3.2. The codon-optimized cadA gene (Gene bank ID: 

KM464677)[119]was chemical synthesized and acnAfrom E. coli genome were amplified 

using the Expand high-fidelity polymerase chain reaction (PCR) system (Roche Molecular 

Biochemicals, Mannheim, Germany) from XB chromosomal DNA. SH3 domain and SH3 

ligand genes were PCR amplified from the laboratory stock plasmid. Then, the SH3 domain 

gene was fused to the C-terminus of acnA by overlap PCR to make acnA-SH3D, The SH3 

ligand was attached to the C-terminus gene to make cadA-SH3L. The PCR primers used in 

this study are listed in Table 2. The acnA-SH3D genes were cloned into pBAD30C using SacI 

and XmaI restriction sites. The cadA-SH3L gene was cloned downstream of acnA-SH3D 

genes using XmaI and XbaI restriction sites to construct the pBAC expression 

plasmids.Restriction enzymes, T4 DNA polymerase were obtained from New England 

Biolabs (Ipswich, MA). Oligonucleotides were purchased from Genotech (Daejeon, South 

Korea).  

Primer Sequence 

acnA-F GCCCCGGGAGGAGGATGCCTAACA TTACCTGGTG 

acnA-SH3D-R AGGGCCCGCACATACTCTGCGCTGCCGCCGCTGCCGCTGCCGCT

GCCCTTCTGATTCAGGCTGGC 

acnA-SH3D-F GCCAGCCTGAATCAGAAGGGCAGCGGCAGCGGCAGCGGCGGCA

GCGCAGAGTATGTGCGGGCCCT 

SH3D-R GCGGTACCTTATTAATACTTCTCCACGTAAGGGA 

acnA-R GCGGTACCTTATTACTTCTGATTCAGGCTG 

cadA-SH3L-F CCGTGAAATCGCCACTGGTAGGCGCGCCGGGCTCTGGCGT

GAAAGAATCTCTGGTGTAATAATCTAGACC 
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cadA-SH3L-R 

 

GGGCATGCTTATTACACCAGAGATTCTTTCACGCCAGAGCCCGG

CGCGCCACTTCCCACCTTTACCG 

Restriction enzymes sites are shown in bold 

Table 3.2. Primer used in this study 

3.3.3. Analytical method 

The concentration of glucose and organic acid were determined by using HPLC using the 

Aminex HPX-87H column (300   7.8mm, Bio-Rad). Samples were centrifuged at 

12,000rpm for 5 min. Next, the 1ml supernatant was filtered through a 0.2m millipore filter 

and analyzed on HPLC system using RID detector. 0.08N H2SO4 was used as a mobile phase. 

The temperature of the column was set at 35
o
C and the flow rate of the mobile phase was 

0.6ml/min. The standard curve for substrates were determined using the same procedure for 

seven standard solutions: 0.1, 0.5, 1, 2, 3, 5, and 10 g/L of glucose, xylose, glycerol and, 

organic acid (Sigma, Missouri, USA). 

3.4. Result and discussion 

3.4.1. Construct the strategy for the itaconic acid production 

To construct the recombinant pathway for itaconic acid biosynthesis, we first cloned codon-

optimizedCadA gene with SH3 ligand and acnA with SH3 domain on plasmid pBAC, then 

introduced to the wide type E. coli. As the last step in itaconic acid synthesis, the enzyme 

CadA is responsible for the decarboxylation of cis-aconitate into itaconic acid, therefore, this 

is a crucial target to overexpress and engineer for the overall pathway. Under the control of 

araC promoter for expression, overexpression of scaffold system with CadA and AcnA in E. 

coli resulted in the accumulation of about 2.1 g/l of itaconic acid in the culture in 48 h 

whereas the control strain without scaffolding SH3 domain and ligand resulted 0.19 g/l (Fig. 
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3.2). Detection of the increase itaconic acid yield in the culture broth demonstrated the CadA 

activity in when localizing by scaffold was efficiency. 

 

Figure 3.1 Time profile of ●: itaconic acid concentration (g/l) ■: Glucose concentration 

(g/l) ▲: OD600from E.coli XB (pBAC) and ○: itaconic acid concentration (g/l) 

The limitation of the pathway intermediate metabolites played a role in the low productivity 

of itaconic acid[18]. In the TCA cycle, for itaconic acid synthesis, due to the converted of 

citrate to isocitrate via cis-aconitate through two sequential reactions which are catalyzed by 

a single enzyme, AcnA. To improve itaconic acid production, carbon flux have to focusoncis-

aconitate while minimizing its loss from undesired reactions.Consequently, the efficiency of 

increase of itaconic acid to 2.1 g/l, 11 fold higher when compared with the non-scaffold strain 

shows the effect of scaffolds, which based on peptide ligand and cognate adaptor domain of 

SH3, physically connect two enzymes AcnA and CadA in the itaconic acid synthesis pathway. 

3.4.2. Optimizing condition of culture significantly improved itaconic acid production 

In order to optimize the culturing condition for itaconic acid production, the various pH and 

temperature were tested. As shown in Fig. 3.2, culture the E. coli (pBAC) in pH 7.0 at 30 
o
C 
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reach the highest itaconic acid concentration, reaching 2.1 g/l in 48 h with 10 g/l glucose as a 

carbon source. As we can see from Fig. 3.2, overexpression of the system at pH 5 

temperature 25 
o
C did not result in significant increase in itaconic acid titer (remained around 

0.1 g/L in 48 h), possibly demonstrate the best conditional expression of the production. 
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Figure 3.2:Itaconic acid concentration (g/l) obtained at various temperature and pH conditions. 

To increase IA production, we cultured E. coli in M9 minimal media supplemented with 

different concentrations of glucose (10 g/l). The greatest amount of itaconic acid over 3.6 g/l 

for the 48h period after arabinose induction was produced in M9 minimal media (Fig. 

3.3).However, producing itaconic acid from glucose resulted in a byproduct acetic acid 

production and a decrease in the production yield and productivity of itaconic acid. 
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Figure 3.3: Culture in LB and M9 

Recently, the effected of glycerol in organic acid production was reported[129], [36]. 

Furthermore, due to acetate metabolism genes, in E. colithe acetic acid accumulation grown 

on M9 minimal media supplemented with glycerol was significantly reduced[67]. When 

compared with the conversion of common sugar, glycerol also highly reduced the state of 

carbon and advantable in the conversion of glycerol to other products[24]. Glycerol is also an 

inexpensive and abundant carbon source. In our experiment, we replaced glucose with 

glycerol and xylose as a carbon source to enhance the productivity of IA without further 

genetic modifications. As expected, the itaconic acid production was 4.8 g/l in M9 medium 

supplemented with glycerol 10 g/l while xylose has the result almost the same with glucose 

(Fig. 3.4). Even though the substrate consumed were lightly different, glycerol also shows the 

effect in the accumulation of biomass, which is a way to increase production titer of itaconic 

acid, the OD600 was highest in the medium with glycerol. These results suggest that glycerol 

is good substrate candidate for itaconic acid biosynthesis in E. coli. 

 

Figure 3.4 Compared 3 carbon source 
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3.4.3. Fed-batch fermentation for itaconate production with glycerol 

When performing the fed‐ batch fermentation, we control the pH at 7, the pH optimum for 

the scaffold system. In another study, the cell mass in the fed-batch fermentation steadily 

increased, reaching 60-fold that in flask culture, while IA production was just two-fold higher. 

these results suggest that the fed glycerol was mostly used to increase cell mass[55]. 

Figure3.6 show that in our study,the cell mass in the fed‐ batch fermentation reach4‐ fold 

that in flask cultureand itaconic acid production was 5 fold higher reaching the highest titer at 

20.1 g/l for 48 h.  

 

Figure 3.5 Fed-batch fermentation 

3.5. Conclusion 

Increasing itaconic acid production by scaffold protein through microbial fermentation 

processes require resolving the problem of intermediate AcnA in the itaconic pathway. The 

current study shows that overexpression of the cadA and acnA gene was improved the 

production yield of itaconic acid in recombinant E. coli. Using E. colipBAC, we achieved an 

itaconic acid production of 20.1 g/l under conditions of glycerol feeding. With the optimized 

codon gene from A. terreus, the application with host improvements through metabolic 

engineering approaches might enable the generation of an E. coli strain as an industrial 

itaconic acid producer.  
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CHAPTER-4 

High yield fermentation of L-serine in recombinant Escherichia coli via scaffolding 

protein. 
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4.1. Abtract: 

L-Serine is a nonessential amino acid that has wide applications and plays an important role 

as a building block for growing cells. For efficient L-serine production, a novel strategy is 

required to overcome the L-serine degradation pathway and low L-serine tolerance of 

Escherichia coli. In this study, a synthetic protein scaffold was introduced between SerB and 

EamA to physically combine the two enzymes. Through this strategy, the L-serine produced 

can be secreted more efficiently than in competing pathways. Through introduction of a 

synthetic protein scaffold, 1.8 g/l of L-serine was produced at pH7 and 37°C, without 

metabolic pathway engineering or glycine addition. By fermentation, 9.4 g/l of serine was 

produced with a yield of 0.34 mol/mol glucose. These results suggest that carbon flux was 

successfully directed to the L-serine secretion pathway without knock-out of a competing 

pathway or addition of expensive glycine. 

Key word: L-serine, amino acid, protein scaffold, metabolic engineering, Escherichia coli 
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4.2. Introdcution: 

L-Serine is a non-essential amino acid that exists in L-isomers. L-Serine is synthesized from 

other amino acids, particularly glycine, or other protein metabolites and is a GRAS 

(Generally Recognized As Safe) compound. L-Serine has become widely-used as an 

ingredient in supplements, health foods, and cosmetics. In pharmaceutical studies, L-serine 

and the products of its metabolism have been recognized to be essential for cell proliferation 

and necessary for specific functions in the central nervous system [34]. Since L-serine is an 

amino acid required for the metabolism of fat, tissue growth, and the immune system it is an 

important dietary supplement. L-serine is also considered to be a potential biochemical 

building block for the production of a range of chemicals and materials [111].Considering the 

importance of L-serine, its demand has been suggested to be about 3000 tons per year, and an 

improved method of producing L-serine is needed. 

L-Serine can be produced from the glycolysis intermediate, 3-phosphoglycerate, via three 

reactions. First, 3-phosphoglycerate is converted to 3-phosphohydroxypyruvate by D-3-

phosphoglycerate dehydrogenase (SerA), and is further converted to 3-phosphoserine by 3-

phosphoserine aminotransferase (SerC). Then, it is finally converted to L-serine by 

phosphoserine phosphatase (SerB). In spite of this relatively simple pathway, microbial 

production of L-serine is considered a challenging task due to the central role of L-serine in 

cellular metabolism.  

It has been reported that serine has two main degradation pathways, toward pyruvate and 

glycine. Serine degradation to pyruvate is catalyzed by three L-serine deaminases, sdaA, 

sdaB and ydcG. L-Serine to glycine degradation is catalyzed by glyA. Therefore, several 

serine degradation pathway engineering techniques have been carried out for efficient L-

serine production. Mutant E. coli with three deleted L-serine deaminase genes produced 3.8 
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mg/l of L-serine after a 21 h batch fermentation [72]. When serine pathway enzymes (SerA, 

SerB and SerC) were overexpressed in a serine feedback inhibition knock-out mutant 

Corynebacterium glutamicum, 1.68 g/l of final L-serine concentration was achieved [88]. A 

higher production L-serine (9.07 g/l) was achieved in C. glutamicum,but the strain was 

unstable and prone to acquiring mutations in the glyA promotor region [88]. Recently, the 

production of L-serine by C. glutamicum from direct fermentative of sucrose has produced L-

serine with the by-products of L-alanine and L-valine. Even though the L-serine production 

level was quite high,  the superfluous by-product accumulation limits its large-scale 

industrial production  [137]. In E. coli, to avoid poor cell growth, aceB encoding malate 

synthase was knocked out, and the recombinant strain was then transformed with plasmids 

overexpressing serA, serB, and serC genes.  The results showed positive L-serine production 

levels of 4.5 g/L in batch cultivation and 8.34 g/L in fed-batch cultivation [38].  

Another hurdle of L-serine production is the low L-serine tolerance of E. coli (10 to 15 µg/ml) 

[40]. To increase tolerance, overexpression of the L-serine efflux pump was tested to export 

L-serine to the external medium. Though no specific L-serine transporter has been reported in 

E. coli, EamA is considered one of the promising L-serine transporters. EamA is one of the 

most studied cysteine exporters, and serine has a similar structure to cysteine. When SerA, 

SerB, SerC and EamA were overexpressed in a sdaA, sdaB, tdcA and glyA deleted E. coli 

strain, 11.7 g/l of L-serine was produced from glucose in glycine supplemented medium [79]. 

To achieve cost-effectiveness and industrial feasibility of L-serine production, a single carbon 

source based production system is more desirable than one requiring the expensive precursor, 

glycine. To achieve this goal, a synthetic protein scaffold was introduced as a novel strategy. 

Synthetic protein scaffolds have been used to derive carbon flux toward a desired pathway, 

and produce targeted metabolites more efficiently [28]. In this study, a synthetic protein 

https://www.aqua-calc.com/what-is/weight/microgram
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scaffold was introduced between SerB and EamA, and optimization of culture conditions was 

carried out.  

4.3. Material and methods. 

4.3.1. Strains and culture conditions 

The bacterial strains used in this study were listed in Table 4.1. The strains were cultivated in 

Luria–Bertani media (10 g/l bacto-tryptone, 5 g/l bacto-yeast extract and 5 g/l NaCl) 

supplemented with antibiotics (100 g/ml ampicillin). In this study, 100 ml of LB with glucose 

as carbon source was incubated at 37
o
C and shaken vigorously until the optical density of the 

suspension reaches 0.7 ~ 1 at 600 nm wavelength (OD600). For expressing genes, % various 

arabinose and 108 nM anhydrotetracycline (aTc) was adding to the culture medium. pH, 

temperature and, glucose concentration was tested for optimizing the condition of the culture. 

Strain/plasmid Description
 

Reference 

Strains 

XL1_Blue F‘(proAB
+
lacI

q
 lacZ∆M15 Tn10 (Tet

r
) Laboratory stock 

Plasmids                              

pBAD30 pBAD30, araC promoter, Amp
r 

NEB
a
 

pBBA pBAD30C,( serB-SH3D, eamA-SH3L)  This work 

Table 4.1 E. coli strains and the plasmids used in this study 

 

 

4.3.2. Plasmid construction 

serB, and eamA genes were amplified using the Expand high-fidelity polymerase chain 

reaction (PCR) system (Roche Molecular Biochemicals, Mannheim, Germany) from XB 
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chromosomal DNA. SH3 domain and SH3 ligand genes were PCR amplified from the 

laboratory stock plasmid. Then, the SH3 domain gene was fused to the C-terminus of serB by 

overlap PCR to make SerB-SH3D, The SH3 ligand was attached to the C-terminus gene to 

make eamA-SH3L. The PCR primers used in this study are listed in Table 2. The serB-SH3D 

genes were cloned into pBAD30C using SacI and XmaI restriction sites. The eamA-SH3L 

gene was cloned downstream of serB-SH3D genes using XmaI and XbaI restriction sites to 

construct the pBBA expression plasmids. 

Primer Sequence 

serB- SH3D-F GCCCCGGGAGGAGGATGCCTAACA TTACCTGGTG 

serB -SH3D-R 
GCTCTAGATTATTAGCCCGGACGACGACGTTTCGGCGGCAGCGC

CGGCGGCGGGCCAGAGCCAGAGCCAGAGCCAGAGCCTTCCAGC

TTCTGATTCAGGCTG 

eamA-SH3L-F GGTCTAGAAGGAGGATGTCGCGAAAAGATGGGGT 

eamA-SH3L-R 

 

GGGCATGCTTATTACACCAGAGATTCTTTCACGCCAGAGCCCGG

CGCGCCACTTCCCACCTTTACCG 

Restriction enzymes sites are shown in bole 

Table 4. 2.  

4.3.3. L- Serine Production During Small Scale Batch Fermentation 

Serine production was demonstrated during fed batch fermentation in 5 l fermentor (New 

Brunswick Scientific BioFlo 110, USA) which contains a 1.5 l fermentation medium. The 

media contained 2 g/l MgSO4-7H2O, 2 g/l KH2PO4, 5 g/l (NH4)2SO4, 7.5 g/l glucose, 2 g/l 

yeast extract, 0.6 g/l glycine, 0.12 g/l threonine, 4X trace elements, 100 mg/l ampicillin.  
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For the E. coli (pBBA) strain, the initial glucose concentration was 10 g/l in order to enhance 

the growth before induction. Two hundred and fifty milliliters of feed contained 140 g/l 

glucose-H2O, 24 g/l (NH4)2SO4, 2 g/l glycine, 2.5 g/l each of MgSO4-7H2O and KH2PO4, 

1X trace elements, 1% arabinose and 108 nM anhydrotetracycline (aTc), 100 mg/l ampicillin. 

The cultures were allowed to grow over night in the fermenter at 30
o
C, 1,000 rpm stirrer 

speed under aerobic conditions assured by keeping DO concentrations above 30% by mixing 

pure oxygen to the gassing stream if required. The pH was controlled at 6.0 by addition of 2 

M ammonia. When the OD600 reached 10, the substrate was supplemented with 50 g of 

glucose along with the fermentation media. Samples were taken at regular intervals and were 

subjected to HPLC analysis. 

4.3.4. Analysis 

Cell growth was monitored by OD600 with a spectrophotometer (Shimazu, Japan). 

The concentration of glucose were determined by using HPLC using the Aminex HPX-87H 

column (300   7.8 mm, Bio-Rad). Samples were centrifuged at 12,000 rpm for 5 min. Then, 

the 1 ml supernatant was filtered through a 0.2 m Millipore filter and analyzed on HPLC 

system using RID detector. 0.08 N H2SO4 was used as a mobile phase. The temperature of 

the column was set at 35 
o
C and the flow rate of the mobile phase was 0.6 ml/min. 

The L-serine bioconversions were quantitatively analyzed by HPLC using an Optima Pak 

C18 column (4.6 x 150 mm) (RS tech Corporation, Daejeon, Korea). The detection system 

included the following conditions: a 5 μl sample was injected into the chromatograph at a 

flow rate of 1 ml/min at 32 °C (column temperature). Sample was run for 20 min, during the 

first 12 min, the column eluted with moving phases A and B, with solvent A was dropping 

from 90% to 72% and solvent B being increased from 10% to 28% at a constant rate, 

followed by an increase of solvent B from 28% to 30% at a constant rate in the last 8 min 
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(12–20 min). Solvent A (pH 5.8) and B were composed of 25 mM sodium acetate buffers 

supplemented with tetrahydrofuran (95/5, v/v) and methanol, respectively [56].     

Samples were centrifuged at 12,000 rpm for 5 min and then 100 μl of the supernatant was 

added to an Eppendorf tube. The supernatant was filtered through a 0.22 μm Millipore filter 

and analyzed by HPLC on an Agilent system using UV detection. The standard curve for L-

serine was generated from 10 standard solutions (1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 g/l L-serine) 

(Sigma, Missouri, USA) using the same procedure. 

4.4. Results 

4.4.1. Construction of scaffold 

The synthetic scaffold complex was introduced between SerB and EamA to increase the 

production of L-serine (Fig. 1). EamA is the cysteine and acetyl serine exporter, which has 

the highest potential for L-serine exportation [79]. The protein-protein interaction complex of 

the SH3 domain was attached to the C-terminus of E. coliserB via a glycine-serine linker. 

Similarly, the SH3 ligand was attached to the C-terminus of E. colieamA via the glycine-

serine linker, following the topology of a transmembrane EamA (UniProtKB-P31125). When 

the proteins and constructed scaffold are expressed together, SH3 targeted domains can bind 

ligands specifically. Therefore, the enzymes are closely co-localized in the E. coli cytosol 

region. Growth of the strain with and without overexpression of the scaffold was monitored. 

Overexpression of scaffold resulted in of E. coli XB (pBBA) strain productionapproaching 

1.8 g/l of L-serine, which was 18-fold higher than that produced by the control strain 

expressingSerB and EamA without scaffold (0.1 g/l) (Fig. 3). This result suggested that the 

carbon flux was derived from the L-serine pathway by the physical binding of two enzymes, 

and successfully secreted into media.  
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Figure 4.1. Schematic representation of the L-serine pathway in this study 

 

4.4.2. Optimization of L-serine Production Conditions 

To optimize the L-serine production conditions, E. coliSerB and exporter EamA were 

overexpressed in the E. coli XB strain and cultured at varying pH and temperatures. The 

recombinant strain harboring E. coli XB (pBBA) was cultured at pH conditions of 4, 5, 6, 7, 8 

and 9 and temperatures of 25, 30 and, 37°C. At pH 7, L-serine was produced at 1.8 g/l in 

37 °C, which wasthe highest yield (Fig. 4). At pH 4 and a temperature of 25°C, the lowest 

concentration of L-serine was produced, 0.12 g/l for 48 h. Among the different pH and 

temperature conditions, pH 7 and a temperature of 37°C were the most favorable for 

maximum production of L-serine. These optimal conditionswere used for the next experiment. 
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Figure 4.2: Optimization of L-serine culture with the various pH and temperature 

 

4.4.3. L-Serine Fermentation 

Based on the experiments described above, we decided to test the production of serine during 

batch fermentation using the E. coli XB strains containing thepBBA plasmid. The time 

profile of L-serine production after 48 hoursof batch fermentation showed that the L-serine 

concentrationreached 1.8 g/l (Fig. 3). The concentration of the E. coli XB (pBBA) strain 

increased constantly until 40 hours. This indicates that the endotoxic effect of L-serine on E. 

coli was relieved by inducing L-serine secretion through scaffold introduction. 
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Figure 4.3: The growth rate of E. coli XB (pBBA) during culture andconcentration of L-

serine after culturing. △ : L-serine concentration in control strain (without scafold)▲:OD600: 
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Figure 4.4. Fed-batch fermentation for L-serine..●: Glucose concentration (g/l) ■: L-

serine concentration (g/l)▲:OD600: 

 

To further evaluate the L-serine production capability of a recombinant E. coli XB (pBBA) 

strain, an L-serine fermentation study was conducted in a 5 l fermenter at higher glucose 

concentrations (Fig. 4). Glucose was added at 12 h of culture and 6.5 g/l of L-serine was 

produced after 24 h of fermentation. The maximum production reached 9.4 g/l L-serine at 

0.34 mol/mol glucose after 72 h culture (Fig. 4). During cultivation, the cells reached a 

maximum OD600 of 15.8, which was maintained for the entire culture period. 

 

 

4.5. Discussion 

When compared with other amino acids, the amount of L-serine produced each year 

worldwide is relatively small,despite its high demand. In model predictions of maximum 

theoretical yields of amino acids for growth on glucose, L-serine was projected to produce 

the highest yield, making its attractive [16]. To improve L-serine production in E. coli, the L-

serine degradation pathway must be overcome and low L-serine tolerance is necessary. 

Acombination of the overexpression of the L-serine transporter (EamA) and deletion of L-

serine degradation pathways (sdaA, sdaB, tdcA,andglyA), was reported to result in high 

efficiency L-serine production from glucose [16]. However, deletion of the L-serine 

degradation pathway, especially glyA, leads to the requirement for glycine. The cost of 

glycine is around $10 USD/kg, and contributes to the high production cost of L-serine.  

To achieve this goal, asynthetic scaffold was employed as a novel strategy. Through the 

synthetic protein scaffold strategy, a stable complex of several enzymes can be formed and 
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co-localized in a specific space [98]. That leads to decreased diffusion of the product and 

increased metabolite production rates and yield. The yield of glucaric acid was improved 77-

fold by use of the scaffold protein [28]. The enzyme active sites for consecutive reactions 

were brought into close proximity, and consequently the catalytic efficiency for substrates 

was increased, as reported for tryptophan synthase in Salmonella typhimurium[51]. The 

scaffold complex led to  a maximum production concentration of 5.72 g/l malic acid from 10 

g/l glucose,a 2.1-fold increase from the initial culture period in E. coli[105]. The synthetic 

protein scaffold strategy was also employed on GABA production by physically connecting 

glutamate decarboxylase and the glutamate/GABA antiporter. GABA concentration was 

further increased to 5.65 g/l, which corresponded to a GABA yield of 93percent[69]. 

To produce L-serine efficiently and export itextracellularly, L-serine need to be secreted 

more efficiently than by competing pathways. Througha scaffold, SerBcan be  physically 

connected to EamA. Therefore, L-serine produced by SerB can havea greater  chance to 

react with EamA than other competing enzymes, and can be secreted into the media more 

efficiently. The channeling made by connecting SerB and EamA can also help to prevent the 

accumulation of toxins by exporting L-serine out of the cell. By introduction of the synthetic 

protein scaffold, without addition of glycine, L-serine concentration was increased 94% in the 

E. coli XB (pBBA) strain,comparedto that obtained with E. coli XB (pBSA) lacking the 

synthetic protein scaffold.  

4.6. Conclusions 

Therefore, in our study, an L-serine scaffold can be directed toward the desired secretion 

pathway without deletion of the serine degradation pathway. Moreover, L-serine was 

efficiently produced without glycine addition. After 72 hours of fermentation, an L-serine 
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production titer of 9.4 g/l was achieved with 0.34 mol/mol glucose. Considering the cost of 

glycine, our system can be considereda good serine production system. 
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CHAPTER-5 

Improving L-serine production in Escherichia coli via synthetic protein scaffold of SerB, 

SerC, and EamA 
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5.1. Abtract 

AlthoughL-Serine has wide applications and great market potential, its application is limited 

by its high cost and low yields. Microbial factories have many advantages for producing L-

serine from renewable carbon resources. To achieve L-serine production with high efficiency, 

three enzymes (SerB, SerC, and EamA) were physically re-localized by using a scaffold 

system GBD:SH3:PDZ. Such strategy was highly effective in improving the production of L-

serine in Escherichia coli. The highest concentration of L-serine harvested was at 3.8 g/l after 

48 h in strain E. coli with the scaffold GBD:SH3:PDZ at ratio of 1:2:1, reaching a high yield 

of 0.24 mol/mol glucose. 

 

Keywords: L-serine, amino acid, protein scaffold, metabolic engineering, Escherichia coli  
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5.2. Introduction 

Although L-serine is a nonessential amino acid, it has been described as one of the top 30 

most interesting building block biochemicals because of its important role in cosmetics, 

pharmaceutical, and medical industries [109]. Among all amino acids, L-serine has the 

highest theoretical production yield from glucose. Base on a stoichiometric model of 

metabolism was developed to describe the balance of metabolic reactions during steady-state 

growth of Escherichia coli on glucose, the theoretical yield of L-serine was 23.04 

mmol/10mmol glucose[94]. However, its actual yield achieved through fermentation ranks 

the lowest [8]. It is therefore highly attractive to study L-serine production at high yields and 

titers from glucose to open up a significantly larger market. 

In the glycolysis pathway, the short biosynthetic pathway of L-serine is composed of three 

reactions. The starting product is derived from the breakdown of glucose by D-3-

phosphoglycerate dehydrogenase (SerA). The second enzyme is 3-phosphoserine 

aminotransferase (SerC). Then biochemical work is done by the final enzyme of the pathway, 

phosphoserine phosphatase (SerB). Although serine has the potential to be produced by 

fermentation from glucose with a very high theoretical yield [16], there are two main reasons 

for the low yield production of L-serine in Escherichia coli. First, L-serine has two main 

degradation pathways to either glycine or pyruvate.L-serine deamination of pyruvate is 

encoded by sdaA, sdaB,andtdcG and converted to glycine byserine 

hydroxymethyltransferase(SHMT) encoded by glyA. To increase the titer and yield by 

preventing the degradation of L-serine, deleting L-serine deaminases in E. coli has resulted in 

its production at 3.8 mg/lfrom 1 g/l glucose when only one of the serine pathway genes (serA) 

is overexpressed [72].In Corynebacterium glutamicum, deletion of L-serine deaminase 

sdaAcan increase serine titer from 0.05 to 0.06 g/l using 40 g/l glucose [88]. The second 
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reason is that L-serine is highly toxic to E. coli strain even at low concentrations as it 

interferes with branched-chain amino acid biosynthesis [40]. Therefore, even if L-serine 

degradation pathways are blocked, the resulting strain shows only marginal growth in yield 

(as low as 1.5 g/l serine) [132]. Consequently, new L-serine production strategies not only 

need to protect L-serine from degradation, but also need to pump it out of the cell to decrease 

its intracellular level. 

In biotechnological processes, overexpressing amino acid exporters can increase amino acid 

production[17]. Although specific L-serine exporter has not been described in E.coli, EamA, 

which is a major facilitator superfamily transporter involved in the efflux of O-acetylserine 

and cysteineE. coli,has been suggested as one of the most promising candidates L-serine 

exporter considering the structural similarity between cysteine and serine [125]. To increase 

the secretion of L-serine to extracellular medium, overexpression of exporter EamA was 

tested in this study. Since pathway enzymes catalyze successive reactions in a specific space, 

L-serine metabolic flux can be enhanced if these enzymes are co-localized. Protein-protein 

synthesis scaffold can decrease transit time of intermediates, prevent the loss of intermediates 

to diffusion or competing pathways, and protect unstable intermediates [77]. 

In this study, protein scaffolds consisting of SerC and SerB anchored with EamA on the 

membrane of E. coli were used to construct the channel of L-serine exporter.By binding 

single enzymes to these scaffolds, our data showed that significant increase in L-serine 

concentration could be achieved by introducing the synthetic scaffold. 
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Figure 5.1. Schematic representation of metabolic pathways involved in the construction of 

an L-serine producing E. coli strain. 

 

5.3. Materials and methods 

5.3.1. Strains and culture conditions 

Bacterial strains used in this study are listed in Table 1. These strains were cultivated in 

Luria–Bertani media (LB medium) (10 g/l bacto-tryptone, 5 g/l bacto-yeast extract, and 5 g/l 

NaCl) supplemented with antibiotics (100 mg/l ampicillin and/or 50 mg/l chloramphenicol). 

In this study, 100 ml of LB with glucose as carbon source was incubated at 37
o
C and shaken 

vigorously until the optical density of the suspension reached 0.7 ~ 1 at wavelength of 600 

nm (OD600). For expressing genes, % various arabinose and 108 nM anhydrotetracycline (aTc) 

were added to the culture medium. pH, temperature, and glucose concentration were tested to 

optimize the culture condition. 

 

Strain/plasmid Description
 

Reference 

Strains 
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XL1_Blue F‘(proAB
+
lacI

q
 lacZ∆M15 Tn10 (Tet

r
) Laboratory stock 

Plasmids                              

pBAD30 pBAD30, araC promoter, Amp
r 

NEB
a
 

pBAD30C pBAD30,(Amp
r
 was replaced with Cm

r
) Laboratory stock 

pBCBA pBAD30C,(serC-GDB, serB-SH3, eamA-PDZ)  This work 

pJD757 Ptet, GDB1SH31PDZ1, Amp
r
 Moon et al., 2010 

pJD758 Ptet, GDB1SH31PDZ2, Amp
r
 Moon et al., 2010 

pJD759 Ptet, GDB1SH31PDZ4, Amp
r
 Moon et al., 2010 

pJD760 Ptet, GDB1SH32PDZ1, Amp
r
 Moon et al., 2010 

pJD761 Ptet, GDB1SH32PDZ2, Amp
r
 Moon et al., 2010 

pJD762 Ptet, GDB1SH32PDZ4, Amp
r
 Moon et al., 2010 

pJD763 Ptet, GDB1SH34PDZ1, Amp
r
 Moon et al., 2010 

pJD764 Ptet, GDB1SH34PDZ2, Amp
r
 Moon et al., 2010 

pJD765 Ptet, GDB1SH34PDZ4, Amp
r
 Moon et al., 2010 

 

Table5.1.E.coli strains and the plasmids used in this study 

5.3.2. Plasmid construction 

All plasmids used in the study are listed in Table 1 and oligonucleotides are listed in Table 2. 

To construct the synthetic scaffold, itaconic acid pathway enzymes were attached by three 

ligands, respectively. Gene encoding GBD protein-ligand was synthesized by polymerase 

chain reaction (PCR). serC,serB, and eamA genes were also amplified from E. coli X1 Blue 

chromosome DNA using PCR. PCR was performed with an MJ mini Personal Thermal 

Cycler (BioRad Laboratories, USA) using an Expand High Fidelity PCR System (Roche 

Molecular Biochemicals, Mannheim, Germany). Amplified GBD peptides were attached to 

serC gene by overlap PCR. SH3 and PZD peptides were incorporated in reverse primers. 

They were then integrated to serB and eamA genes during PCR (Table 2). Ampicillin 

resistance gene of pBAD30C was replaced by chloramphenicol resistance gene before 

cloning three enzyme genes. Then serC-GBD was cloned to pBAD30C using SacI and XmaI 
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restriction enzymes. Then serB-SH3 gene was cloned using XmaI and XbaI while eamA-PDZ 

gene was cloned using XbaI and ShpI. The pBCBA plasmid was constructed after cloning 

these three genes. Under the control of Ara promotor, SerC-GBD, SerB-SH3, andEamA-PDZ 

were expressed. Nine plasmids containing GBD, SH3, and PDZ protein interaction domains 

from the stock of our lab strains were used.  

 

Primer Sequence 

serC-F GCGAGCTCATGGCTCAAATCTTCAATTT 

serC-GBD-R CCAGAGCCAGAGCCACGCGGACCGTGACGGCGTTCG 

serC- GBD- F CGAACGCCGTCACGGTCCGCGTGGCTCTGGCTCTGG 

GBD- R GGCCCGGGTTATTAATCTTCATCTTCATCGCCCG 

serB- SH3-F GCCCCGGGAGGAGGATGCCTAACA TTACCTGGTG 

serB-SH3-R GCTCTAGATTATTAGCCCGGACGACGACGTTTCGGCGGCAGCGC

GGCGGCGGGCCAGAGCCAGAGCCAGAGCCAGAGCCTTCCAGCT

TCTGATTCAGGCTG 

eamA-PDZ-F GGTCTAGAAGGAGGATGTCGCGAAAAGATGGGGT 

eamA-PDZ-R 

 

GGGCATGCTTATTACACCAGAGATTCTTTCACGCCAGAGCCCGG

CGCGCCACTTCCCACCTTTACCG 

Restriction enzymes sites are shown in bold. 

Table 5.2.Primers used in this study 

 

 

5.3.3. Analysis 

Cell growth was monitored by OD600 with a spectrophotometer (Shimazu, Japan). 

The concentration of glucose was determined using HPLC with an Aminex HPX-87H 

column (300   7.8 mm, Bio-Rad). Samples were centrifuged at 12,000 rpm for 5 min. Then 
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1 ml supernatant was filtered through a 0.2 m Millipore filter and analyzed on HPLC system 

using a refractive index detector. As a mobile phase, 0.08 N H2SO4 was used. The 

temperature of the column was set at 35 
o
C and the flow rate of the mobile phase was set at 

0.6 ml/min.  

L-serine bioconversions were quantitatively analyzed by HPLC using an OptimaPak C18 

column (4.6 x 150 mm). The detection system had the following conditions: sample volume 

injected into the chromatograph, 5 μl; flow rate, 1 ml/min; and column temperature, 32 °C. 

Sample was run for 20 min. During the first 12 min, the column was eluted with mobile 

phases A and B (solvent A was decreased from 90% to 72% while solvent B was increased 

from 10% to 28% at a constant rate) followed by an increase of solvent B from 28% to 30% 

at a constant rate in the last 8 min (12–20 min). Solvents A (pH 5.8) and B were composed of 

25 mM sodium acetate buffer supplemented with tetrahydrofuran (95/5, v/v) and methanol, 

respectively [56]. 

Samples were centrifuged at 12,000 rpm for 5 min and then 100 μl of the supernatant was 

added to an Eppendorf tube. The supernatant was filtered through a 0.22 μm Millipore filter 

and analyzed by HPLC on an Agilent system using an UV detector. The standard curve for L-

serine was generated from 10 standard solutions (1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 g/l L-serine) 

(Sigma, Missouri, USA) using the same procedure. 

 

5.4. Results 

5.4.1. Construction of scaffold 

The synthetic protein scaffold was introduced between two L-serine pathway enzymes, SerB 

and SerC, and L-serine transporter, EamA. These three enzymes were closely co-localized 

via a synthetic protein scaffold complex so that L-serine could be produced and secreted 
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more efficiently (Fig. 1).Protein-protein ligands GBD, SH3, and PDZ were integrated to SerC, 

SerB, and EamA, respectively.When these proteins and constructed scaffold were expressed 

together, their targeted domains could bind with ligands specifically. Therefore, these 

enzymes are closely co-localized in the E. coli cytosol region. Overexpression of the scaffold 

resulted in the production of 2.3 g/l of L-serine in E. coli (pBCBA, pJD757) strain. The 

control strain E. coli (pBCBA), in which SerC, SerB, and EamA were overexpressed without 

scaffold architecture, did not produce L-serine (Fig. 4). The regulation of carbon flux in the 

L-serine pathway was increased by physical binding of these three enzymes, thus 

successfully producing L-serine. The result of the SDS-PAGE analysis shows the presence of 

the three enzymes after 8 h of cultivation (Fig 5.2). 

Figure 5.2. .SDS-PAGE analysis. The 

overexpression of genes SerC-GBD (39 kDa), SerB-SH3 (35 kDa), and EamA-PDZ (32 kDa) 

are analyzed by SDS-PAGE where M is the marker protein, lane 1 is the cell extract of the 

untransformed strain, and lane 2 is the cell extract of strains harboring. 



 

74 

 

5.4.2. L-serine production via scaffold plasmid 

Various culture conditions can affect L-serine production, such as temperature, pH, and 

concentration of arabinose. Therefore, optimization of L-serine production condition is 

considered as an essential step for efficient production of L-serine. First, the effect of 

temperature on L-serine production was investigated at 25°C, 30°C, and 37°C. At 30°C, the 

highest L-serine concentration at 2.7 g/l from 10 g/l of initial glucose was obtained. Only 

about 0.8 g/l of L-serine concentration was achieved at 25°C. At temperature of 37°C, 1.75 

g/l of L-serine was produced (Fig. 5.3b). These data showed that 30°C was a suitable 

temperature for effective production of L-serine. 

 

Figure 5.3.L-serineconcentration (g/l) obtained at various pH (3a) temperature (3b) and 

arabinose (3c) condittion. The strain express at varoius pH (5.5, 6.5, 7.5, and 8.5), 

temperature (25
 o
C, 30

 o
C, and 37

 o
C) and arabinose (0.1%, 0.3%, 0.5%, 0.7%, and1%) for 48 

h, with 108mM atc and 10g/l glucose as a source in LB medium. 

 

Under the standard temperature of 30°C, pH was then optimized. The effect of various pH 

conditions (4.5, 5.5, 6.5, 7.5, and 8.5) was evaluated using the recombinant strain for L-serine 

production. Results showed that the recombinant strain could produce a maximum level of 

2.3 g/l L-serine from 10 g/l of glucose at pH 6.5 (Fig. 5.3a). At pH 4.5, only 0.3 g/l of L-
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serine was harvested while 1.1 g/l of L-serine was obtained at pH 5.5. L-serine concentration 

was found to be 1.8 g/l at pH 7.5 and 1.59 g/l at pH 8.5. 

Host plasmid pBAD30C has arabinose promoter which is inducedby the arabinose. Thus, the 

effect of arabinose concentration on L-serine production was investigated by using different 

concentrations of arabinose (Fig. 5.3c). After culture, 2.2 g/l of L-serine was produced by 

inducing with 1 % of arabinose. About 0.2 g/l of final L-serine concentration was produced 

by inducing with 0.1% of arabinose in E. coli (pBCBA; pJD757). 

Glucose and other metabolites were analyzed by HPLC from the culture of recombinant 

strain to study the effect of a scaffolding protein on E. coli metabolic pathways. The 

production of L-serine in the substrate concentration of glucose was decreased from 10 g/l to 

4.5 g/l. Meanwhile, L-serine concentration was increased to 2.3 g/l (Fig. 5.4). 

 

Figure 5.4. Time profiles of L-serine concentration obtained in control strain (without 

scaffold) (●). Time profiles of cell concentration (○, OD600), glucose concentration (■) and L-

serine concentration (▲) obtained with E. coli XB (pBCBA; pJD757).  
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Changing the number of scaffold domains can control the enzyme titer for sequential 

reactions to enhance the yield of desired products. The pJD757 plasmid contained the domain 

at a 1:1:1 ratio. Thus, eight scaffold architecture plasmids (pJD758 to pJD765) with different 

ratios of GBD:SH3:PDZ were transformed into E. coli strain in combination with pBCBA 

plasmids to obtain eight recombinant strains. The highest concentration of L-serine was 

harvested at 3.8 g/l when plasmid pJD760 with the ratio of GBD:SH3:PDZ at 1:2:1 was co-

overexpressed with plasmid pBCBA in E. coli strain (Fig. 5.5).  

 

Figure 5.5. Production of L-serine in engineered E. coli with various scaffolds 

 

5.5. Discussion 

L-Serine is an essential amino acid which plays important roles in biological processes 

including metabolism, purine and pyrimidine biosynthesis, and generation of an activated 

one-carbon (C-1) unit. L-serine is widely applied in pharmaceutical, food, and cosmetic 
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industries. It is also used as a building block for chemical purposes. Total demand for L-

serine has been estimated to be 3,000 tons every year.  

As an amino acid, L-serine can be produced by hydrolysis from solid waste [136]. The 

advantage of this process is that it is very cheap. However, its drawbacks are that the process 

is complicated and difficult for L-serine separation. L-serine can also be produced by 

chemical synthesis which is easy to control. However, this process can result in serious 

environmental pollution. In addition, products generated contain both L-serine and D-serine 

that are difficult to separate [32]. A simple and highly efficient way to produce L-serine is by 

enzymatic or cellular conversion [56] from precursor glycine. However, the cost of glycine is 

high and the conversion efficiency is relatively low. Finally, recent trend for L-serine 

production is by microbial fermentation from renewable feedstocks. In the C. glutamicum 

strain, which was constructed by random mutagenesis and metabolic engineering, produced 

in high titer 42.62 g/L of L-serine with 21.3% mass yield [124]. However, when compared 

with E. coli, C. glutamicum has a lower growth rate. 

E. coli has also been widely used in the synthesis of amino acids as a host due to its clear 

genetic background and advantage in culture [120], [85]. However, up to now, few studies 

have targeted L-serine production in E. coli. By deleting three L-serine deaminase genes 

sdaA, sdaB, and tdcG to construct a recombinant E. coli, one study has produced 3.8 mg/l L-

serine after 21 h of batch fermentation [72]. Recently, the recombinant E. coli MG1655 strain 

was engineered in which knockout l-serine degradation and EamA were overexpressed, 

resulting in l-serine titer of 11.7 g/L from glucose with threonine addition in fed-batch 

fermentation [79]. Howeveraddition of the high cost glycine was required to maintain the 

fermentation. 
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In E. coli, enzymes SerA, SerC, and SerB encoded by serA, serC, and serB, respectively, are 

responsible for catalyzing the biosynthesis of L-serine from 3-phosphoglycerate which is an 

intermediate of the glycolysis pathway (Fig. 5.1). L-serine is a precursor of many other 

metabolites. Therefore, only a small titer of L-serine could be accumulated and secreted into 

the medium from wild-type E. coli. It was proved that E. coli was very sensitive even at low 

concentration of intracellular L-serine. In E. coli, dedicated serine exporters have not been 

described yet. However, EamA, a cysteine exporter, has been previously reported as an L-

serine exporter because it can increase serine concentration.  

Scaffolding is an efficient and energy-saving solution to develop protein channels so that 

specialized reactions are catalyzed by localized enzymes. In 2009, Deuber et al. successively 

demonstrated synthetic protein scaffolds. They constructed protein scaffolds composed of 

GTPase binding domain (GBD) from Wiskott-Aldrich syndrome protein, SH3, and PDZ in 

various arrangements. The optimized scaffold achieved a 77-fold increase in mevalonate 

production [29]. When the number of interaction domains in the protein scaffold was 

optimized, a 5-fold increase of glucaric acid yield was achieved [93].  

In this study, SerC, SerB, and EamA enzymes were genetically attached to peptidyl ligands 

of GBD, SH3, and PDZ, respectively. They were then co-expressed with the protein scaffold 

in E. coli (pBCBA, pJD757) strain. This strain produced 2.3 g/l of L-serine, which was 9.2-

fold of the yield by E. coli without scaffold 17.1% mass yield. The highest concentration of 

L-serine was harvested at 3.18 g/l which is 23.7% mass yield when was co-overexpressed 

plasmid pJD760 with plasmid pBCBA in E. coli strain (Fig. 5). OD600 was constantly 

increased for 48 hours, showing significant improvement in the production of L-serine (Fig. 

4). Physical connection of SerC, SerB, and EamA gives L-serine a chance to get out the 
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intracellular space before it is used as an intermediate in the degradation pathway or become 

endotoxin that can decrease the number of live E. coli cells. 

L-serine is known to be toxic to E. coli cells. It has been suggested that the induction for L-

serine should be carried out at higher OD. Thus, culture density (OD600) was measured. 

Phosphoserine phosphatase activity of E. coli toward natural substrates has neutral or slightly 

acidic pH optimum (pH 6.0-7.5) [65]. Optimizing arabinose showed that the optimum 

arabinose induction was 1% at temperature of 30
o
C and pH 6.5. 

Due to two L-serine degradation pathways, the removal of these genes was shown to be 

crucial to enhance L-serine production. However, the toxicity of L-serine may significantly 

hamper the production. In this study, by co-localizing L-serine pathway enzymes and L-

serine transporter, carbon flux was successfully derived toward L-serine and extracellular 

medium without deletion of L-serine degradation pathways. This result demonstrates that 

intracellular metabolic flux can be engineered to produce L-serine more efficiently without 

additional metabolic pathway engineering. Results of this study can be used for the 

development of novel biological L-serine production process. 
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CHAPTER-6 

Metabolic engineering ofEscherichia coliusing synthetic protein scaffold for the 

production of 1 propanol 

  



 

81 

 

6.1. Abtract 

The shortage of petroleum and environmental perturbation due to its consumption has 

become a crucial problem facing the world in this century. The question of meeting the global 

energy demand is of great importance in the near future. As an effective solution, the 

production of higher alcohols from renewable sources by microorganisms has been proposed 

to address both energy crisis and environmental concerns. In order to engineer the pathway 

into E. coli, we designed a novel 1-propanol metabolic pathway by using the scaffold protein 

to avoid by-product. In this study, the 1-propanol harvest after 48 hours culture reaches 3.8 

g/l which is 11 fold when compared with strain without scaffold and ratio of byproduct 1 

butanol was just 1: 0.08. 
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6.2. Introduction 

The excessive utilization of petroleum plays a major role in the release of the greenhouse gas-

carbon dioxide contributing to global warming[21]. Renewable energy sources provide a 

wide platform of resources to address the problem of increasing energy demand. The 

manufacture of biofuels such as higher chain alcohols from renewable sources provides an 

alternative energy source which possesses the advantage of having desirable fuel properties 

and uncomplicated transportability. In E. coli and other microorganisms, the synthesis of 

various higher chain alcohols has been achieved by constructing biosynthetic pathways. 

1-Propanol is alcohol that can potentially be used as a gasoline substitute. It is currently used 

as a multi-purpose solvent in a variety of industrial products such as paint, cleaners and 

cosmetics. In petrochemical industry, 1-propanol is produced from ethene by a reaction with 

carbon monoxide and hydrogen to give propionaldehyde, which is then hydrogenated. 1-

propanol is also produced as a by-product when potatoes or grains are fermented during the 

commercial manufacture of ethanol.. 

Microbial production of 1-propanol has been detected from certain species of Clostridium [54] 

via threonine catabolism and from yeast in beer fermentation. However, both resulted in only 

small quantities of 1-propanol (<70 mg/l). In E. coli, the 2-ketobutyrate wasconverted to 1-

propanol by the action of a keto acid decarboxylase and an alcohol dehydrogenase. Wild type 

E. colicarrying this pathway was able to produce around 0.15 g/lof 1-propanol. With the 

elimination of the genes metA,tdh, ilvB, ilvl and adhE encoding the enzymes o-

succinyltransferase, threonine dehydrogenase, acetohydroxy acidsynthase and alcohol 

dehydrogenase respectively, the production of 1-propanol achieved was 1 g/l[4]. Recently, a 

wild-type E. coli harboring 1,2-propanediol dehydratase from Klebsiella oxytoca was shown 

to produce 0.25 g/l of 1-propanol following additional engineering of the 1,2-propanediol 
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pathway [52].Through Thermobifidafusca, a cellulolytic microorganism, harboring the 

Clostridium acetobutylicum ATCC 824 alcohol/aldehyde dehydrogenase also produced 0.48 

g/l of 1-propanol from untreated lignocellulosic biomass as a carbon source via 2-

ketobutyrate as a metabolic intermediate [23]. Thus, the final 1-propanol titers achieved by 

employing various engineered microorganism so far are rather low. 

Even low productivity of 1-propanol was reported so far in E. coli, it is still the promising 

host. Via the threonine pathway, 2-ketobutyrate can be converted into 1-propanol.When 

overexpressing of the promiscuous 2-ketoacid decarboxylase (Kivd) from Lactococcus 

lactis[104]and alcohol dehydrogenase 2 (ADH2) from Saccharomyces cerevisiae in E. coli 

harvested at a higher yield. However, 2-ketobutyrate is also a common intermediate derived 

from threonine and a precursor for isoleucine biosynthesis, which is the precursor of 1-

butanol. The result shows the ratio of 1-propanol and 1 butanol as 1:1.   

In this work, to avoiding the production of byproduct 1 butanol, we introduce the synthesis 

protein scaffold that can co-localize functionally of three enzymes L-threonine dehydratase 

(IlvA), 2-ketoacid decarboxylase (Kivd) from L. lactis and alcohol dehydrogenase (yqhD) to 

produce 1-propanol with higher productivity.  

6.3. Material and methods 

6.3.1. Strains and culture conditions 

The bacterial strains used in this study are listed in Table 6.1. The strains were cultivated in 

Luria–Bertani media (10 g/l bacto-tryptone, 5 g/l bacto-yeast extract, and 5 g/l NaCl) 

supplemented with antibiotics (100 g/ml ampicillin or/and 50 g/ml chloramphenicol). In this 

study, 100 ml of LB with glucose as carbon source was incubated at 37
o
C and shaken 

vigorously until the optical density of the suspension reached 0.6 at 600 nm wavelength 

(OD600). For expressing genes, 0.5% arabinose and 108 nM anhydrotetracycline (aTc) were 
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added to the culture medium; pH, temperature, and glucose concentration were tested for 

optimizing the condition of the culture. 

Strain/plasmid Description
 

Reference 

Strains 

XL1-Blue F‘(proAB
+
lacI

q
 lacZ∆M15 Tn10 (Tet

r
) Laboratory stock 

XBM1 E. coliXL1_Blue(∆pflB, ldhA) Laboratory stock 

XBM2 E. coliXL1_Blue(∆pflB, poxB,) Laboratory stock 

XBM3 E. coliXL1_Blue(∆pflB, poxB, ldhA) Laboratory stock 

XBM4 E. coliXL1_Blue(∆pflB, poxB, ldhA, frdB) Laboratory stock 

XBM5 E. coliXL1_Blue(∆pflB, poxB, frdB, ldhA, adhE)  Laboratory stock 

Plasmids                              

pBAD30 pBAD30, araC promoter, Amp
r 

NEB
a
 

pBAD30C pBAD30,(Amp
r
 was replaced with Cm

r
) Laboratory stock 

pBGAC pBAD30C,(ilvA-GDB, kivD-SH3, yqhD-PDZ)  This work 

pJD757 Ptet, GDB1SH31PDZ1, Amp
r
 Moon et al., 2010 

pJD758 Ptet, GDB1SH31PDZ2, Amp
r
 Moon et al., 2010 

pJD759 Ptet, GDB1SH31PDZ4, Amp
r
 Moon et al., 2010 

pJD760 Ptet, GDB1SH32PDZ1, Amp
r
 Moon et al., 2010 

pJD761 Ptet, GDB1SH32PDZ2, Amp
r
 Moon et al., 2010 

pJD762 Ptet, GDB1SH32PDZ4, Amp
r
 Moon et al., 2010 

pJD763 Ptet, GDB1SH34PDZ1, Amp
r
 Moon et al., 2010 

pJD764 Ptet, GDB1SH34PDZ2, Amp
r
 Moon et al., 2010 

pJD765 Ptet, GDB1SH34PDZ4, Amp
r
 Moon et al., 2010 

Table 6.1: Bacterial strains and plasmids used in this study. 
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6.3.2. Plasmid construction 

The plasmids used in the study are listed in Table 6.1, and the oligonucleotides are listed in 

Table 6.2.  

Name Sequence 

ilvA-F GGGGAGCTCAGGAGGAATGGCTGACTCGCAACCCCT 

ilvA -GBD-F GGTTCTTTTTGGCGGGTCCGCGTGGCTCTGGCTCTGG 

ilvA -GBD-R CCAGAGCCAGAGCCACGCGGACCCGCCAAAAAGAACC 

GBD-R GGCATATGTTATTAATCTTCATCTTCATCGCCCG 

kivd-SH3-F GGGGGATCCAGGAGGAATGTATACAGTAGGAGATTA 

kivd -SH3-R 

 

GCCCGGACGACGACGTTTCGGCGGCAGCGCCGGCGGCGGGCCA

GAGCCAGAGCCAGAGCCAGAGCCTTCCAGGGGCCCGGGTTATG

ATTTATTTTGTTCAGCAAATAG 

yqhD-PDZ-F GGG CCCGGGAGGAGGAATGAACAACTTTAATCTGCA 

yqhD-PDZ-R 

 

CCCTCTAGATTACACCAGAGATTCTTTCACGCCAGAGCCCGGCG

CGCCGCGGGCGGCTTCGTATA 

Restriction enzymes sites are shown in bole 

Table 6.2: Primers used in this study 

To construct the synthetic scaffold, the itaconic acid pathway enzymes corresponded by 

attached three ligands. Gene encoding GBD protein-ligand was synthesized by polymerase 

chain reaction (PCR). The ilvAandyqhD genes were amplified from E. coli X1 Blue 

chromosome DNA using PCR. The kivD was amplified from L. lactisand then amplified by 

PCR, which was performed with the MJ mini Personal Thermal Cycler (BioRad Laboratories, 

USA) using the Expand High-Fidelity PCR System (Roche Molecular Biochemicals, 

Mannheim, Germany). The amplified GBD gene was attached to ailvA gene by overlap PCR. 
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SH3 and PZD genes were incorporated into the reverse primers, and they integrated with the 

kivD and yqhD genes during PCR (fig. 6.2). Since the scaffold plasmid hold the ampicillin-

resistance gene, the pBAD30C have replaced with the chloramphenicol resistance gene 

before cloning three enzyme genes. The ilvA-GBD was cloned to pBAD30C using SacI and 

BamHI restriction enzymes. The kivD-SH3 gene was cloned following ofilvA -GBD using 

BamHI and XmaI. The yqhD-PDZ gene was cloned using XmaI and XbaI. The pBIKY 

plasmid had been constructed after cloning three genes. Under the control of an Ara promotor, 

ilvA-GBD, kivD-SH3, and yqhD-PDZ were expressed. Nine plasmids containing GBD, SH3, 

and PDZ protein-interaction domains were used by our lab strains stock.  

 

Figure 6.1: Schematic of plasmid pBIKY 

6.3.3. Analytical method 

The concentrations of glucose and organic acid and alcohol were measured with HPLC using 

the Aminex HPX-87H column (300   7.8 mm, Bio-Rad). Samples were centrifuged at 

12,000 rpm for 5 min. Next, the 1 ml supernatant was filtered through a 0.2 m Millipore filter 

and analyzed on the HPLC system using an RID detector;0.08 N H2SO4 was used as a mobile 

phase. The temperature of the column was set at 35
o
C, and the flow rate of the mobile phase 

was 0.6 ml/min. The standard curve forwas established using the same procedure for seven 

standard solutions: 0.1, 0.5, 1, 2, 3, 5, and 10 g/l of the subtances (Sigma, Missouri, USA). 

6.4. Result and discussion 
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6.4.1. Construction of synthesis scaffold 

The novel synthetic protein scaffold was introduced to construct the recombinant E. coli that 

produces itaconic acid efficiently. Three protein-protein ligandswereattached to the C-

terminus of three itaconic acid pathway enzymes. The GBD ligand was attached to citrate 

synthesis (GltA), the SH3 ligand was attached to AcnA, and the PDZ ligand was attached to 

the CadA (Fig 6.1). The recombinant E. coli strain was incubated in the LB medium, and the 

expression was induced under the arc promoter. 

1-propanol (g/l) 0 

(h) 

12 

(h

) 

24 

(h

) 

36 

(h) 

48 

(h

) 

w/o 

scaffold 

0 0.

09 

0.

52 

0.8 0.

81 

with 

scaffold 

0 1.

16 

1.

7 

2.3

9 

3.

8 

Table 6.2: Time profile of 1-propanol culture in flask for 48 hours, the “w/o scaffold” 

mean strains contains three enzymes were overexpressed without a scaffold, while 

with scaffold mean strains with both enzyme plasmid and scaffold plasmid. 

 

Table 6.2 shown that E. coli XB (pBIKY) strain, which three enzymes were overexpressed 

without a scaffold, produced 0.8 g/l 1-propanol. When the scaffold plasmid pJD757, which 

contains the GDB:SH3:PDZ domains in ratio 1:1:1, was introduced along with the three 

enzymes, E. coli XB (pBIKY, pJD757) harvested 3.8 g/l of 1-propanol after 48 hours of 

culture. The final 1-propanol concentration obtained with the strain containing the scaffold 

was 4.75-fold higher than that obtained with E. coli XB (pBIKY). Those results suggest that 
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the three enzymes were successfully colocalized via the scaffold, and metabolic flux was 

redirected to the 1-propanol pathway. 

6.4.2. Optimization of itaconic acid production 

To find the most favorable culture condition for 1-propanol production, the strains E. coli XB 

(pBIKY, pJD757) were cultured at the various pH values (5, 6, 7, 8, and 9) and temperature 

(25 
o
C, 30 

o
C, and 37 

o
C). After 48 h of culture, the highest 1-propanol concentration of 3.8 

g/l was obtained at pH 7 and 30
o
C, and final cell density was 2.1 (OD600), whereas the lowest 

1-propanol  concentration of 0.1 g/l was obtained at pH 9 and 25
o
C (Fig. 6.2). The 1-

propanol concentration was increased as pH increased up to pH 7 and thereafter decreased. 

These data indicate that the optimum environmental condition for 1-propanol  production is 

pH 7 and 30
o
C, and the carbon flux was redirected to the 1-propanol pathway via the 

synthetic scaffold. 

 

Figure 6.2: 1-propanol concentration (g/l) obtained at various temperature and pH 

condition. The strain express at various temperature (25 
o
C, 30 

o
C, and 37 

o
C) and 

pH (5, 6, 7, 8 and 9) for 48 h at 0.5% arabinose, 108mM atc with 10g/l glucose as a 

source in LB medium. 

 

It was reported that changing the number of protein-proteininteraction scaffold domain 

resulted in the yield improvement ofthe desired products because of the optimization of 
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enzyme titerfor sequential reactions. Each of nine scaffoldarchitecture plasmids from pJD757 

to pJD765 was transformed intoE. coli XB strain in combination with the pBIKY plasmidto 

construct 9 recombinant strains. 

 

Figure 6.3. Effect of various scaffold proteins (from the pJD757 to pJD765 plasmid) 

on the production of 1-propanol after 48 h of cultivation. C: XB (pBIKY) (free-

scaffold strain); 757– 765: from XB (pBIKY, pJD757) to XB (pBIKY, pJD765) 

scaffold trains. 

 

Highest 1 propanol concentration of 4.25 g/l was obtained from10 g/l of glucose by E. coli 

XB (pBIKY, pJD763). Some recombinant strains produced more 1-propanol than other 

strains, even the significant change of 1-propanol concentration among tested recombinant 

strains was not high (Fig.6.3). These results indicated that 1-propanol production was 

affected by the number enzyme in one complex. 

By inactivation of enzymes in competing for metabolic pathways,more carbon flux could be 

derived to the desired pathway. To evaluate the effect of competing for a pathway on 1-

propanol production, concomitantly compare the production of 1 propanol and 1 butanol, 

various competing pathways leading carbon flux to other metabolites such as acetate, lactate, 

fumarate were inactivated. The effect of the competing metabolic pathway on 1-propanol 
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production was investigated. In E. coli mutant strains, in which genes in competing pathways, 

as well as pflB and ldhA, are deleted in various combinations, were also tested (Table 6.1, 

Fig. 6.4). 

The pBIKY and pJD763 plasmids were transformed into E. coli BL21and 5 mutant strains, 

and 1 propanol and 1 butanol concentration were monitored after Fig. 6.4. The highest 

amount of 4.25 g/l of 1 propanol was produced from E. coli XBM3 (pBIKY, pJD763) strain. 

These data showed that achieved concentration of 1 propanol was not significant change by 

inactivation of competing metabolic pathways if they have the scaffold system. However, 

comparing the ratio of 1 propanol and 1 butanol production, these data suggest that the 

scaffold system can avoid the byproduct in 1-propanol production. 

 

Figure 6.4: Compare 1 propanol and 1 butanol concentrations (g/l) obtained by 

using various mutant strains. 

 

6.5. Discussion and Future work 

Since 1-propanol is a reduced product, it was reasoned that glycerol, which is a more reduced 

carbon source than glucose, might be a better carbon source [126]. Metabolic flux analyses 

were performed using glucose or glycerol as a carbon source,the specific 1-propanol 

production rate was higher when glycerol was used as a carbon source[57]. Furthermore, 
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butanol and acetate were not produced when glycerol was used as a carbon source. To get 

higher productivity of 1-propanol, this study will continue with the fed-batch culture of this 

recombinant strain with glycerol as a carbon source. 

6.6.   
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