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1. General introduction  

1.1 Industrial application of enzymes 

Microbial enzymes play a crucial role as catalysts in the food, chemical, and 

pharmaceutical industries owing to their high reaction selectivity and ability to accept a 

wide range of complex molecules as substrates. Consequently, they can be used in both 

simple and complex transformations in numerous commercial applications. The global 

market for industrial enzymes was worth nearly US $4.8 billion in 2013 and is expected 

to reach around US $7.1 billion by 2018 (BBC research, 2014). Industrial 

bioconversions using single enzyme or a few enzymes have been matured as a 

well-developed technology and commercially employed in the field of food processing, 

pharmaceutical and cosmetic production, and the industrial production of commodity 

chemicals. Over 500 industrial products were produced through the enzymatic 

modifications (Johannes et al., 2006). 

 

1.1.1 Food processing 

Food production is the largest segment of industrial application of enzymes. The 

applications of enzymes can be found in almost every sector of this field such as 

confectionary and sweeteners, dairy, dietary and beverages. Many enzymes have been 
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commercially used in this filed such as amylase, protease, lipase, cellulose and catalase. 

Among these, amylases seem to be the most widely used enzymes in the field of food 

processing. For example, more than 10 million tons of isomerized sugar syrup has been 

produced through an enzymatic digestion of starches with amylase followed by the 

further hydrolysis of sugar oligomers by glucoamylase, and the isomerization of 

resulting glucose into fructose with glucose isomerase (DiCosimo et al., 2013) (Scheme 

1). The bacterial glucose isomerase, fulgal -amylase, and glucoamylase are currently 

used to produce “high fructose corn syrup” from starch in a US $1 billion business 

(Adrio et al., 2014).  

 

 

 

 

  

Scheme 1: Isomerization of D-glucose to D-fructose 

 

 Another example is the production of L-aspartyl-L-phenylalanine methyl ester or 

aspartame (Scheme 2), which is an artificial low-calorie sweetener. Aspartame is widely 

Fructose (ketose) 

160% as sweet as sucrose 

Glucose isomerase 

Glucose (aldose) 

75 % as sweet as sucrose 
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used as a sugar substitute in some foods and beverages. The global production of this 

peptide sweetener, with an about 200-times sweeter than sucrose, has been estimated 

more than 25,000 tons in 2014 (Ajinomoto, 2013). The low-calorie sweetener aspartame 

is produced on a ton scale by Holland Sweetener Company, a joint venture of Tosoh and 

DSM. The aspartame process uses thermolysin to catalyze the formation of the 

dipeptide bond from N-protected L-aspartic acid (Benzyloxycarbonyl-L-aspartate) and 

DL-phenylalanine methyl ester (Schmid et al., 2001). 

 

 

 

 

 

Scheme 2: Aspartame production process (a peptide bonding catalyzed by thermolysin). 

 

 In the dairy industry, proteases have long been applied for the manufacture of 

cheese. They were used to hydrolyze the specific peptide bond (Phe105-Met106) that 

generates para-kappa-casein and macropeptides (Rao et al., 1998). The proteases were 

also used to produce the low allergenic milk protein used as ingredients in baby milk 

+
 

L-Phenylalanine-

methyl ester 

Aspartame Benzyloxycarbonyl-

L-aspartate 

Thermolysin 
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formulas (Gupta et al., 2002). Another application of enzymes in dairy industry is the 

production of lactose-free milk or skim milk. The immobilized β-galactosidase was used 

for the hydrolysis of lactose in production of skim milk (Scheme 3). The first company 

conducted the commercial hydrolysis of lactose in milk by using immobilized lactase 

was Centrale del Latte of Milan, Italy (Panesar et al., 2010). The process used an 

immobilized Saccharomyces (Kluyveromyces) lactis lactase entrapped in cellulose 

triacetate fibers.  

 

 

 

 

 

Scheme 3: Lactose hydrolysis by β-galactosidase 

 

 The enzyme β-galactosidase was also applied for the industrial production of 

oligosaccharides. Oligosaccharides are non-digestible saccharides polymers containing 

3-10 monomeric sugar units, which were used as prebiotics in human food. For example, 

galacto-oligosaccharides (GOS), a member of oligosaccharides, are usually produced 

β-Galactosidase 

Glucose 

Galactose 

Lactose 

+ 
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from lactose via enzymatic synthesis with β-galactosidases (Playne et al., 2009) 

(Scheme 4). GOS are currently used in a wide range of food and beverage products, 

such as infant formulas, dairy products, sauces, soups, breakfast cereals, beverages, 

snack bars, ice creams, bakery products, animal feeds, and sugar replacements. The 

production of lactose-derived oligosaccharides (GOS, lactulose, and lactosucrose) is 

estimated to be 20,000 - 32,000 tons (Gänzle, 2012). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4: Galacto-oligosaccharides production using β-galactosidase (p = 1-6). 

p 

 + 

+ 

Lactose Lactose 

Galacto-oligosaccharides 
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 Disaccharide difructose anhydride III (DFA III), a non-reducing, non-cariogenic 

sweetener with prebiotic properties, is also one of the food chemicals being synthesized 

by enzymes modification (Scheme 5). Recent research on DFA III showed its ability to 

reduce the formation of secondary bile acids in the human large intestine (Minamida et 

al., 2006), which is considered to be beneficial in preventing colon cancer. In addition, 

DFA III was found to enhance calcium absorption in humans (Shigematsu et al., 2004). 

DFA III has been industrially manufactured using commercially available purified inulin 

and Arthrobacter sp. H65-7 fructosyltransferase (Inulase II) at the Shimizu Factory of 

Nippon Beet Sugar, Tokyo, Japan, since 2004 (Kikuchi et al., 2009).  

  

 

 

 

 

 

 

 

Scheme 5. Enzymatic production of difructose dianhydride III (DFA III) from Inulin. 

n 

Inulin 

DFA III 

Inulase II 



7 

 

 Another industrial application of enzymes in food processing is the production of 

structured lipids. Structured lipids are tailor-made fats and oils which incorporate 

specific new fatty acids to triacylglycerols, or have different compositions and 

positional distribution of existing fatty acids, within its glycerol backbone. The 

lipase-mediated interesterification of food oils and fats allows the control of final 

product compositions. The interesterification using lipases has come into practical use 

to produce oils and fats with desired physical properties and to reduce the content of 

trans-fatty acids. For instance, Alimetos Polar Comercial C.A., in Venezuela reported 

the start-up an interesterification plant with a capacity of 80 tons per day in 2009 

(Dicosimo et al., 2013). The interesterification approach using lipases was used to 

produce a commercial vegetable fat blend, namely Betapol
 

(Loders Croklaan, Glen 

Ellyn, Ill., U.S.A.), which has been developed for infant formulas (Osborn et al., 2002).  

 Enzymes (e.g. amylases, hemicellulases, amyloglucosidase, proteases) are also used 

in baking industry to provide specific properties in the flour and dough or to lower the 

protein level of flour for biscuits and crackers. Amylases and hemicellulases are applied 

to improve and standardize the quality of the bread (e.g. softness, volume, crumb 

quality). Others enzymes useful in the food processing include invertase for candy and 

jam production (Adrio et al., 2014). Recently, intensive works have been carried out on 
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the application of transglutaminase as a texturing agent in the processing of, for 

example, sausages, noodles and yoghurt, where cross-linking of proteins provides 

improved viscoelastic properties of the products (Kieliszek et al., 2014). 

 

1.1.2 Pharmaceuticals and cosmetic production 

β-Lactam antibiotics are one of the most widely used pharmaceuticals and some of them 

are produced by the enzymatic modification with penicillin G acylases (PGA). PGA acts 

on the side chain of penicillin G and cephalosporin G to produce antibiotic 

intermediates, including 6-amino penicillanic acid (6-APA), 7-amino deacetoxy 

cephalosporanic acid (7-ADCA) with a release of phenyl acetic acid (PAA) as a 

by-product (Scheme 6). These antibiotic intermediates are the building blocks of 

semi-synthetic penicillins (ampicillin, amoxicillin, cloxacillin) and cephalosporins 

(Arroyo et al., 2003; Elander, 2003). Among them, the annual production yield of 

7-ADCA is estimated to be 300 tons (Muñoz Solano et al., 2012).  

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Mu%C3%B1oz%20Solano%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22230779
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Scheme 6: Enzymatic conversion of penicillin G and cephalosporin G to 6-APA and 

7-ADCA. 

 

 The excellent regio-, and enantio-specificity of enzymes enables the selective 

production of chemically indistinguishable isomers and is often used for the production 

of chiral compounds which can serve as building blocks for pharmaceutical synthesis. 

Enantiomerically pure amino acids, amino alcohols, amines, and alcohols play an 

increasingly important role as intermediates in the pharmaceutical industry, where both 

a high level of purity and abundant quantities of the compounds are required. Esterases, 

lipases, proteases, and ketoreductases are wildly applied for the preparation of chiral 

alcohol, amines, carboxylic acid, and others. Several methods have been developed for 

PGA 

PGA 

Penicillin G 

Cephalosporin G 

+ + 

+ + 

6-APA PAA 

PAA 7-ADCA 
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the enantioselective synthesis of chiral alcohols, such as enzyme-catalyzed kinetic 

resolution of racemic substrates, asymmetric reduction of prochiral ketones, and 

asymmetric hydroxylation of hydrocarbons. One of the most successful examples in this 

field is the production of atorvastatin by the asymmetric reduction of prochiral alcohol. 

Atorvastatin, the active ingredient in Lipitor, is a cholesterol-lowering drug that had 

global sale of US $11.9 billion in 2010 (Bornscheuer et al., 2012). Ethyl 

(R)-4-cyano-3-hydroxybutyric acid, a key intermediate for the synthesis of atorvastatin, 

was prepared through an enzymatic process which based on ketoreductase, glucose 

dehydrogenase and halohydrin dehalogenase (Patel, 2013) (Scheme 7).  

 

 

 

 

 

 

 

 

Scheme 7: Enzymatic preparation of (R)-4-Cyano-3-hydroxybutyrate 

Halohydrin 

dehalogenase 

Ketoreductase 

Ethyl (R)-4-cyano-3-hydroxybutyrate 

(S)-4-Chloro-3-hydroxybutyrate Ethyl 4-chloroacetoacetate 
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 Kinetic resolution of racemic amines is a common method used in the synthesis of 

chiral amines. Lipase-catalyzed acylation of a primary amine moiety can be used for the 

optical resolution of racemic primary amines. BASF company successfully developed 

the process, which is operated on a multi-thousand ton scale, for the synthesis of a 

variety of enantiopure amines. One example of the optically active amine bioconversion 

is the production of (S)-methoxyisopropylamine ((S)-MEOIPA) (Scheme 8). It is a 

building block for a herbicide, Frontier x2, and was produced with an annual yield of 

2,000 tons (Schmid et al., 2001). The intermediate (S)-methoxyisopropylamine is 

synthesized via transamination of methoxyacetone with isopropylamine. 

 

 

 

 

Scheme 8: Synthesis of (S)-methoxyisopropylamine 

 

 Preparation of chiral carboxylic acids is another industrial application of enzymes. 

(R)-o-Chloromandelic acid is an important chiral intermediate for the production of a 

platelet aggregation inhibitor named Clopidogrel


, a drug to prevent heart attacks and 

+ + 

S-Transaminase 

Methoxyacetone Isopropylamine (S)-MEOIPA Acetone 
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strokes with a global sale of US $10 billion per year (Zheng et al., 2011). Enzymatic 

synthesis of (R)-o-chloromandelonitrile is the key step in the synthesis of 

(R)-o-chloromandelic acid. This reaction was carried out in microaqueous or biphasic 

systems and the produced (R)-o-chloromandelonitrile can then be converted into 

(R)-o-chloromandelic acid without racemization (Scheme 9). 

 

 

 

 

 

Scheme 9: Synthesis of (R)-o-chloromandelic acid via hydroxynitrile lyase 

 

 In cosmetic industry, great expectations are attributed to the application of enzymes 

in skin care. Enzymes with the ability to capture free radicals were used to prevent the 

damages by environment, bacteria, sunlight or other harmful factors to the skin. A 

combination of superoxide dismutase and peroxidase was used as in cosmetic products 

to reduce UV-induced erythema (Lods et al., 2000).  

 

(R)-o-Chloromandelic acid (R)-o-Chloromandelonitrile o-Chlorobenzaldehyde 

Hydroxynitrile 
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HCN/H2O 
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1.1.3 Industrial production of biocommodities and biodiesel 

Enzymes are also applied to the chemical industry as catalysts. Although applications of 

enzymes in chemical industries are mainly focused on the production of fine chemicals, 

there are a few examples where the enzymes are also used to produce commodity 

chemicals. The enzymatic hydration of acrylonitrile to acrylamide using an immobilized 

bacterial enzyme, nitrile hydratase is the most successful example in this field and its 

annual yield is more than 100,000 tons worldwide (Vandamme et al., 2004). The 

enzymatic conversion of acrylonitrile to acrylamide is illustrated in Scheme 10. In this 

reaction, a nitrile hydratase catalyzes the transformation of a cyanide group into an 

amide. Acrylamide is then polymerized to polyacrylamide. This process was one of the 

first large-scale applications of enzymes in the bulk chemical industry and replaces the 

conventional chemical production process that uses sulfuric acid and inorganic 

catalysts. 

 

 

 

Scheme 10: Enzymatic conversion of acrylonitrile to acrylamide by a nitrile hydratase 

 

Nitrile hydratase 

+  

Acrylonitrile Acrylamide 
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 Another example is the production of L-amino acids. Industrial exploitation of 

enzymes has also long been applied for production of L-amino acids and their 

derivatives. For instance, Degussa produces L-tert-leucine from ammonium formate and 

trimethylpyruvic acid at a ton scale using an enzyme couple of L-leucine dehydrogenase 

and formate dehydrogenase (Bommarius et al., 1995) (Scheme 11). The cofactor 

(NADH) must be regenerated in a further redox reaction because of their high cost. In 

this process, a formate dehydrogenase from Candia boidinii, which oxidizes formate 

irreversibly to CO2 using NAD
+
, was used to regenerate NADH from NAD

+
. 

 

 

 

 

 

 

 

Scheme 11: Production of L-tert-leucine through reductive amination with leucine 

dehydrogenase. 

 

+ 
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 A variety of proteinogenic (alanine, methionine, valine, tryptophan) and 

non-proteinogenic amino acids (o-benzylserine, norleucine, norvaline) have been 

prepared at Degussa in bulk quantities by the resolution of the corresponding N-acetyl 

amino acids. For example, L-methionine, which is required for the production of 

infusion solutions and special diets, was produced by the enzymatic resolution with an 

acylase in an enzyme membrane reactor to minimize enzyme consumption (Scheme 12). 

After the acylase resolution, the L-methionine is isolated from the reaction mixture by 

an ion chromatography and purified by crystallization. Several hundred tons of 

L-methionine are now produced each year using the enzyme membrane reactor 

technology (Woeltinger et al., 2005).  

 

 

 

 

 

 

Scheme 12: L-Methionine production via the acylase route. 

   

Racemization 

Acylase I 

L-Methionine  N-Acetyl-D-methionine 
N-Acetyl-DL-methionine 
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 Another commodity chemical produced by an enzymatic conversion is biodiesel. 

Biodiesel has attracted much more attention in recent years because of its 

biodegradability, environmentally friendliness, and renewability. The biochemical 

catalysis method has been developed in the past decade and many immobilized enzymes 

are commercially available to meet the large-scale industrialization of biodiesel 

production. The most method used to produce enzymatic biodiesel is the 

transesterification of oil by lipase with an alcohol as acyl acceptor (Scheme 13). The 

lipase-catalyzed synthesis of biodiesel offers some advantages, such as working under 

gentle conditions and with various triglyceride substrates (e.g., waste oil and fats), easy 

recovering of biocatalyst and glycerol, and low environmental impacts (de Regil et al., 

2013). In 2006, Hainabaichuan Co. Ltd., Hunan Province, China conducted an 

enzymatic production process for biodiesel with a capacity of 20,000 tons/per year 

(enlarged to 40,000 tons/per year in 2008) using Novozyme 435 (immobilized lipase) as 

the catalyst. Waste palm oil, waste edible oil, and oil with high acid value could be used 

as starting materials of this process (Zhang et al., 2012). 

 

 

 



17 

 

 

 

 

 

 

 

Scheme 13: Enzymatic transesterification of oils with alcohol to produce biodiesel. 

 

1.2 In vitro metabolic engineering  

As mentioned in the previous section, a number of industrial processes, in which a 

single or few enzymes are used as catalyst(s), have been developed so far. On the other 

hand, a relatively novel approach, in which a certain number (more than 3) of enzymes 

are combinatorially used in a single batch, has been recently developed and applied to 

the production of industrial chemicals at a lab scale. This approach, designated as in 

vitro metabolic engineering in this thesis, offers some distinct advantages over 

conventional fermentation-based processes. For instance, it shows great engineering 

flexibility without considering cellular viability and membrane, high product yields 

without by-products, fast reaction rates, broad reaction conditions (e.g., presence of 

+ 
Lipase 
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Triacylglycerides 
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organic solvents or microbe-toxic compounds), and industrial scalability (Zhang et al., 

2011). Moreover, implementation of cascade reaction in a simple buffer solution leads 

to the elimination of the use of culture media and easy downstream processes.  

 In vitro metabolic engineering approach has been applied for the lab-scale 

production of various chemical products, including biofuels, biocommodities, and even 

bio-electricity. For examples, Bae and coworkers (1999) reported the production of 

aromatic D-tyrosine in the enzymatic conversion system comprising four enzymes, 

namely, glutamate racemase, D-amino acid transferase, glutamate dehydrogenase, and 

formate dehydrogenase (Scheme 14). D-Tyrosine was produced from the corresponding 

D-keto acid (hydroxyphenylpyruvate) and D-glutamate by D-amino acid 

aminotransferase. D-Glutamate is continuously regenerated by the coupled reactions of 

glutamate dehydrogenase and glutamate racemase from α-ketoglutarate, NADH and 

ammonia. NADH is regenerated by formate dehydrogenase. This system showed an 

effective approach for D-amino acid production without undesired side products.  
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Scheme 14: Biosynthesis of D-tyrosine with four-enzyme system. 

 

 The production of riboflavin isotopomers from ribulose 5-phosphate through a 

synthetic enzymatic pathway involving 8 isolated enzymes is another application of in 

vitro metabolic engineering approach (Römisch et al., 2002). Six enzymes are involved 

in the synthesis of riboflavin isotopomers (i.e., hexokinase, glucose-6-phosphate 
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dehydrogenase, 6-phospho-gluconate dehydrogenase, 3,4-dihydroxy-2-butanone 

4-phosphate synthase, 6,7-dimethyl-8-ribityllumazine synthase, and riboflavin synthase) 

and two auxiliary enzymes (pyruvate kinase and glutamate dehydrogenase) mediate 

regeneration of ATP and NADP
+
. The overall yields of riboflavin isotopomers were 

35-50 mol% for 3-days incubation at 37
o
C. The relatively long incubation time, which 

may cause the loss of phosphate residues from intermediates by residual phosphatase 

activities present in the commercial enzymes, was assumed as the reason for the low 

production yield of riboflavin isotopomers.  

 The in vitro metabolic engineering approach was also applied for the production of 

D-3-phosphoglycerate through a series of eleven packed-bed reactors containing 

immobilized enzymes (Bhattacharya et al., 2004). A novel scheme employing enzymatic 

catalysts including phosphoglycerate kinase (PGK), glycerate phosphate dehydrogenase 

(GAPDH), triose phosphate isomerase (TIM), aldolase, transketolase (TKL), 

phosphatase (FBPase/SBPase), epimerase (EMR), and phosphoribulokinase (PRK) was 

developed for the conversion of D-ribulose-1,5-bisphosphate (RuBP) from 

3-phospho-D-glycerate (3-PGA) (Scheme 15). The overall conversion yield through the 

pathway was 56 mol%. It was significantly lower than the 90 mol% predicted from 

enzyme performance in individual reaction steps. The possible reason is the modulation 
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of the kinetic properties of the enzymes by residual intermediates, cofactors, and 

by-products from incomplete enzymatic conversion in upstream steps. Recently, 

Opgenorth and coworkers (2014) have developed in vitro chemical pathways with a 

simple purge valve module for maintaining NADP
+
/NADPH balance and used them for 

the production of polyhydroxybutyryl bioplastic and isoprene from pyruvate with nearly 

100 mol% of the theoretical yield. 
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Scheme 15: The schematic diagram of the cascade of eleven immobilized enzyme 

reactors used for the production of RuBP from 3-PGA. 
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 For biofuel production, Welch and Scopes (1985) reconstituted the glycolytic 

pathway in vitro using 13 purified yeast enzymes and applied it to the ethanol 

production from glucose. Through this in vitro pathway, they could convert 1 M of 

glucose to ethanol with nearly 100% (mol/mol) yield in 8 h. Guterl et al. (2012) have 

constructed an artificial glycolytic pathway comprised of only 4 enzymes, namely, 

glucose dehydrogenase (GDH), gluconate/glycerate/dihydroxyacid dehydratase 

(DHAD), 2-keto-3-deoxygluconate aldolase (KDGA), and glyceraldehyde 

dehydrogenase (AlDH) (Scheme 16). By coupling this artificial pathway with pyruvate 

decarboxylase (PDC) and alcohol dehydrogenase (ADH), they could produce ethanol 

with a yield of 57.4 mol%. This pathway was also applied to iso-butanol production 

from glucose by coupling with five other enzymes, namely, acetolactate synthase (ALS), 

ketolacid reductoisomerase (KARI), dihydroxy acid dehydratase (DHAD), 2-ketoacid 

decarboxylase (KDC), and alcohol dehydrogenase (ADH) (Scheme 16). 
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Scheme 16: Enzymatic pathway for the production of ethanol and isobutanol. 
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 The in vitro metabolic engineering approach was also applied for the bioelectricity 

production. Zhu et al. (2014) could produce nearly 24 electrons per glucose unit of 

maltodextrin in an air-breathing enzymatic fuel cell through a synthetic catabolic 

pathway comprised of 13 enzymes. The enzymatic fuel cells containing a 15% (w/v) 

maltodextrin solution have an energy-storage density of 596 Ah kg
-1

, which is one order 

of magnitude higher than that of lithium-ion batteries. More recently, Myung et al. 

(2014) have designed an in vitro enzymatic pathway containing 15 enzymes for the 

hydrogen generation from water and sucrose under mild reaction conditions. The molar 

yield of hydrogen reached to 96.7% of the theoretical yield (i.e., 12 dihydrogen per 

hexose) in batch reaction. This study showed that a high-hydrogen generation via 

enzyme-catalyzed water splitting using sugars as a source of splitting power could be a 

promising approach for the hydrogen production.  

   

1.3 In vitro metabolic engineering with thermotolerant enzymes 

In spite of these successful examples, in vitro metabolic engineering has not yet come 

into a practical use. Rollin and coworkers (2013) pointed out that there remain four 

major challenges toward the industrial application of in vitro metabolic engineering, 

namely (i) low-cost enzyme production, (ii) prolonged enzyme stability, (iii) cofactor 
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engineering, and (iv) pathway optimization and modeling. The employment of 

thermotolerant enzymes, which are derived from thermophilic and hyperthermophilic 

microorganisms, can provide the possible solutions for some of these limitations. The 

excellent stability of thermophilic enzymes can be exploited to prolong the 

bioconversion process. In addition, themophilic enzymes expressed in the engineered 

hosts such as E. coli can be simply purified by heat precipitation. Therefore, the 

low-cost enzymes production can also be achieved. High operational temperature of 

thermophilic enzymes provides many important advantages to in vitro bioconversions, 

such as better substrate solubility, high mass transfer rate, and low risk of contamination 

(Turner et al., 2007). A simple heat-treatment of recombinant mesophilic cells (e.g., 

Escherichia coli) harboring thermophilic enzymes results in the denaturation of 

indigenous proteins and enables one-step preparation of highly selective thermotolerant 

biocatalytic modules without costly and time-consuming procedure for enzymes 

purification. In addition, the cell membrane barrier of the mesophilic host is partially or 

entirely disrupted at high temperature and a better accessibility between enzymes and 

substrates can be achieved (Giuliano et al., 2004; Ren et al., 2007). More importantly, 

the excellent stability of thermophilic enzymes can be exploited to overcome the most 

serious limitation of in vitro bioconversions, namely their inability in protein synthesis 
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and renewal. In principle, this approach is applicable to all thermophilic enzymes as 

long as they can be functionally produced in an appropriate mesophilic host cells. 

Therefore, an artificial in vitro metabolic pathway for the production of a special 

chemical can be constructed by a rational combination of enzymes. Using this approach, 

Honda et al. (2010) constructed an artificial metabolic pathway including 6 thermophilic 

enzymes for the production of 2-deoxyribose 5-phosphate from fructose. In this research, 

six recombinant Escherichia coli strains producing each of the thermophilic enzymes, 

namely fructokinase, 6-phosphofructokinase, polyphosphate kinase from Thermus 

thermophilus HB8 and FBP aldolase, triosephosphate isomerase, glycerol 3-phosphate 

dehydrogenase from Thermus thermophilus HB27, were pre-heated at 70
o
C for 30 min 

to inactivate the indigenous proteins and then directly used for the production of 

2-deoxyribose 5-phosphate from fructose with a molar yield of 55%.  

 Similarly, Ye et al. (2012, 2013) designed a non-ATP-forming chimeric 

Emben-Meyerhof (EM) pathway for the production of lactate and malate from glucose 

(Scheme 17). The chimeric EM pathway with balanced consumption and regeneration 

of ATP/ADP was constructed by using nine (hyper)thermophilic glycolytic enzymes, 

namely, glucose kinase (GK), glucose-6-phosphate isomerase (PGI), 6-phosphofructose 

kinase (PFK), fructo-biphosphate aldolase (FBA), triosephosphate isomerase (TIM), 
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enolase (ENO), pyruvate kinase (PK) of Thermus thermophilus, the 

cofactor-independent phosphoglycerate mutase of Pyrococcus horikoshii (PGM), and 

the non-phosphorylating glyceldehyde-3-phosphate dehydrogenase (GAPN) of 

Thermococcus kodakarensis. By coupling this pathway with thermophilic malate/lactate 

dehydrogenase of Thermus thermophilus (MLDH) or a thermophilic malic enzyme 

derived from Thermococcus kodakarensis (ME), the direct conversion of glucose to 

lactate or malate could be achieved, respectively.     

 More recently, a non-natural, cofactor balanced and oxygen insensitive in vitro 

metabolic pathway was constructed using 16 thermophilic enzymes and used for 

n-butanol production from glucose (Krutsakorn et al., 2013). In this research, 16 

recombinant E. coli cells having each thermophilic enzyme constituting the in vitro 

metabolic pathway were rationally combined in a single batch for the n-butanol 

production. The metabolic flux through this pathway could be spectrophotometrically 

monitored. Therefore, the level of each enzyme can be experimentally adjusted to 

achieve the desired reaction rate. The overall product yield through this optimized 

pathway was 82 mol%.      
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Scheme 17: Direct conversion lactate or malate from glucose through the chimeric EM 

pathway with thermophilic enzymes. 
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1.4 Objective of this study 

Although the in vitro metabolic engineering using thermophilic biocatalysts has a 

number of potential advantages compared to those with mesophilic biocatalysts, there 

still remains a significant room to improve their feasibility. In this thesis, the author 

aimed to improve the operational simplicity of thermophilic-enzyme-based in vitro 

metabolic engineering with particular focuses on (1) prevention of the thermolysis of E. 

coli cells and (2) co-expression of multiple thermophilic enzymes in a single 

recombinant cell.  

 

1.4.1 Thermolysis of E. coli cells harboring thermophilic enzymes 

The direct use of recombinant E. coli having heterologous thermophilic enzymes at high 

temperature results in the thermolysis of E. coli cells and leads to the heat-induced 

leakage of the thermophilic enzymes. Ren et al. (2007) reported that more than 60% of 

the thermophilic esterase from a hyperthermophilic archaeon Aeropyrum pernix K1 

leaked out of the recombinant E. coli cells after a heat treatment of the cell suspension 

at 60
o
C for 20 min. The heat-induced leakage of thermophilic ATP-dependent glycerol 

kinase of a hyperthermophile Thermococcus kodakarensis (TkGK) was also observed 

after an incubation of recombinant E. coli cells at 70°C for 20 min (Restiawaty et al., 
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2011). Although the heat-induced leakage of thermophilic enzymes improves the 

accessibility between the enzymes and substrates, it impedes the applicability of the 

thermophilic whole-cell biocatalysts in repeated and continuous reactions, preventing us 

from exploiting the excellent stability of thermophilic biocatalysts. A possible solution 

to this problem is the use of cross-linking chemicals to immobilize the enzymes inside 

the cell membrane structures. In chapter 2, the author deals with the development of a 

continuous bioconversion system using thermophilic whole-cell biocatalyst. The 

recombinant E. coli cells harboring the thermophilic fumarase from Thermus 

thermophilus were treated with a low concentration of glutaraldehyde (GA) to prevent 

the heat-induced leakage of the enzyme. The membrane permeability of the GA-treated 

E. coli cells to relatively small molecules was improved by heat treatment whereas the 

overall structure of the cells was not apparently changed. The GA-treated E. coli cells 

having the thermophilic fumarase were used for the hydration of fumarate to malate in a 

continuous reactor for more than 600 min with a molar conversion yield of 60% or 

higher.  
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1.4.2 Co-expression of multiple thermophilic enzymes in a single E. coli cell 

In general, a certain number of enzymes have to be separately prepared in different 

batches for the construction of an in vitro metabolic pathway. This prevents us from 

making full use of one of the most advantageous features of biocatalysts, namely their 

ability to implement multistep reactions in a single reactor. Co-expression of a series of 

thermophilic enzymes involved in the designed pathway into a single E. coli cell can 

provide a possible solution to this limitation. By simply heating 

multiple-gene-expression recombinant E. coli cells, denaturation of mesophilic proteins 

and one-step preparation of the full set of thermophilic enzymes can be achieved. 

 In chapter 3, genes encoding nine thermophilic enzymes involved in the 

non-ATP-forming chimeric glycolytic pathway (Ye et al., 2012) were co-expressed in a 

single recombinant E. coli strain by assembling them in an artificial operon. The 

cell-free extract of the multiple-gene-expression E. coli showed higher specific 

activities of the thermophilic enzymes compared to those in an enzyme cocktail 

prepared from a mixture of single-gene-expression strains, in each of which one of the 

nine thermophilic enzymes was overproduced. By heating the crude extract of the 

multiple-gene-expression cells at 70
o
C, a full set of glycolytic pathway enzymes was 

prepared and used for the direct conversion of glucose to pyruvate or lactate.   
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2. Development of a continuous bioconversion system using a thermophilic 

whole-cell biocatalyst 

2.1 Introduction 

Thermophilic enzymes are promising tools for biotransformation owing to their high 

operational stability, co-solvent compatibility, and low risk of contamination (Persidis, 

1998; Turner et al., 2007; Cava et al., 2009). The direct use of recombinant mesophiles 

(e.g., Escherichia coli) having heterologous thermophilic enzymes at high temperatures 

results in the denaturation of indigenous enzymes and the elimination of undesired side 

reactions; therefore, highly selective whole-cell catalysts comparable to purified 

enzymes can be readily prepared. Honda et al. (2010) have demonstrated that a rational 

combination of such thermophilic whole-cell catalysts enables a construction of in vitro 

artificial biosynthetic pathways for the production of value-added chemicals. More 

recently, Ye et al. (2012) have successfully constructed a chimeric Embden-Meyerhof 

pathway with a balanced consumption and regeneration rates of ATP and ADP, using 

nine recombinant E. coli strains, each of which overproduces a thermophilic glycolytic 

enzyme. 

 The membrane structure of E. coli cells is partially or entirely disrupted at high 

temperatures, and thus thermophilic enzymes, which are produced as intracellular 
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soluble proteins, leak out of the cells (Tsuchido et al., 1985; Guiliano et al., 2004; Ren 

et al., 2007; Restiawaty et al., 2012). Although the heat-induced leakage of thermophilic 

enzymes results in better accessibility between the enzymes and substrates, it limits the 

applicability of thermophilic whole-cell catalysts to continuous and repeated-batch 

reaction systems. This limitation prevents us from exploiting the most advantageous 

feature of thermophilic biocatalysts, namely, their excellent stability. A potential 

strategy to overcome this limitation is the integration of thermophilic enzymes to the 

membrane structure of cells. Restiawaty et al. (2012) reported that the heat-induced 

leakage of a thermophilic glycerol kinase from recombinant E. coli cells could be 

prevented by fusing the enzyme to an E. coli membrane-intrinsic protein, YedZ. 

However, the specific enzyme activity of the recombinant E. coli having the YedZ-fused 

enzyme decreased to 6% of that of the recombinant with the non-fusion enzyme. A tight 

integration of the glycerol kinase to the E. coli membrane structure might have 

prohibited the conformational change of the enzyme, resulting in a decreased specific 

activity. Thus, the screening for a suitable membrane-anchoring protein would be 

essential to mitigate the loss of the specific activity. 

 An alternative approach to preventing the heat-induced leakage is the use of 

protein cross-linking reagents for the consolidation of the cell membrane as well as for 
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the linkage of enzymes to the membrane structure. In this approach, unlike the 

integration via membrane-anchoring proteins, cross-linkage level can be readily 

controlled by changing the conditions for the cross-linking reaction, and thus the best 

compromise between the prevention of the heat-induced leakage and the maintenance of 

the specific enzyme activity can be achieved. Glutaraldehyde and related dialdehydes 

are some of the most effective protein cross-linking reagents and have been widely used 

for biocatalyst immobilization (Kim et al., 1997; Fernández-Lorente et al., 2006; Singh 

et al., 2008; Stojkovič et al., 2011). GA is mainly used to immobilize enzymes to 

carriers such as activated charcoal, anion-exchanging resin, and glass beads. Generally, 

for the cross-linkage of enzymes to these carriers, the enzyme has to be isolated from 

cells, purified to a certain level, attached to carriers in a suitable way, and then 

cross-linked with GA.  

 In this chapter, E. coli cells having a thermophilic fumarase were treated with GA. 

GA-treated cells were heated at 70
o
C to inactivate the intrinsic enzymes, and then 

directly used for the conversion of fumarate to malate. Through this simple procedure, 

many steps required in conventional procedures for the preparation of immobilized 

enzymes, such as protein extraction, enzyme purification, and the preparation of 

immobilizing carriers, could be entirely skipped, and a highly stable and selective 
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immobilized enzyme, of which heat-killed E. coli cells served as carriers, could be 

prepared. 

 

2.2 Materials and Methods 

2.2.1 Bacterial strain and culture conditions  

The expression vector for the thermophilic fumarase (TtFTA) was obtained from the 

RIKEN Thermus thermophilus HB8 expression plasmid library (Yokoyama et al., 2000) 

and designated pET-TtFTA. The expression vector for the malic enzyme of 

Thermococcus kodakarensis KOD1 (TkME) was constructed as described elsewhere (Ye 

et al., 2013). E. coli Rosetta 2 (DE3) pLysS (Novagen, Madison, WI) was used as the 

host cell for gene expression. Recombinant E. coli was cultured in a 500-mL 

Erlenmeyer flask containing 200 mL of Luria-Bertani broth supplemented with 100 

µg/mL ampicillin and 34 µg/mL chloramphenicol. Cells were cultivated at 37
o
C with 

orbital shaking at 180 rpm. Isopropyl -D-1-thiogalactopyranoside (IPTG) was added to 

the culture at a final concentration of 0.4 mM in the late-log phase. After 3-h induction, 

the cells were harvested by centrifugation and washed once with 0.1 M sodium 

phosphate buffer (pH 7.0).  
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2.2.2 Glutaraldehyde treatment  

Two hundred milligrams of wet cells was suspended in 1 mL of 0.1 M sodium 

phosphate buffer (pH 7.0). GA solution (25% in water, Nacalai tesque, Kyoto, Japan) 

was added to the cell suspension to give final concentrations of 0.03-0.15% (vol/vol). 

The mixture was gently stirred at 4°C for 1 h. The treated cells were harvested by 

centrifugation at 8,000  g for 10 min and then washed once with the same buffer.  

 

2.2.3 Enzyme assay  

TtFTA activity was assessed at 70°C by coupling with the Thermococcus malic enzyme, 

which catalyzes a NADP
+
-dependent decarboxylation of malate to pyruvate. E. coli 

cells having either TtFTA or TkME were suspended in 0.1 M sodium phosphate buffer 

(pH 7.0) and disrupted using an ultrasonicator (UD-201, Kubota, Osaka, Japan) at 40 W 

for 3 min. The resulting lysate was heated at 70
o
C for 20 min. After the removal of cell 

debris and denatured proteins by centrifugation, the resulting supernatant was used as 

the enzyme solution. Enzyme activity was measured spectrophotometrically by 

monitoring the increase in the absorbance of NADPH at 340 nm. A molar absorption 

coefficient for NADPH of 6.22 × 10
3
 M

−1
cm

−1
 was used. One unit of enzyme was 

defined as the amount of enzyme that catalyzes the production of 1µmol of NADPH per 
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1 min. The standard reaction mixture contained 1.25 mM sodium fumarate, 50 mM 

MnCl2, 0.1 mM NADP
+
, 0.1 U TkME, and 0.1 M phosphate buffer (pH 8.0), in a total 

volume of 1 mL. The reaction was started by adding an appropriate amount of TtFTA 

solution. The initial rates of the whole-cell reaction were determined in the same 

manner by directly using a low concentration of the free or GA-treated cells having 

TtFTA as catalyst instead of cell-free extract. 

 For the determination of catalytic performance in malate production using the 

whole cells, free or GA-treated E. coli cells having TtFTA were suspended in 0.1 M 

phosphate buffer at a concentration of 8 mg (wet weight)/mL. Cells were used as 

catalysts after the heat treatment at 70
o
C for 20 min. The reaction was initiated by 

adding 2.5 mL of the heat-treated cell suspension into a screw-capped vial (3.5 × 6.5 

cm) containing 2.5 mL of 0.4 M sodium fumarate in the same buffer, which was 

preheated at 70
o
C. The reaction was performed at 70

o
C with stirring. Aliquots (0.5 mL) 

of the mixture were withdrawn after the reaction for 5, 10, 30, and 60 min, acidified 

with HCl to stop the reaction, and then subjected to high-performance liquid 

chromatography (HPLC). 
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2.2.4 Heat-induced leakage of TtFTA  

The free and GA-treated E. coli cells having TtFTA were suspended in 0.1 M phosphate 

buffer (pH 7.0) at 200 mg (wet weight)/mL and incubated at 70
o
C. After the incubation 

for 5, 10, 30, and 60 min, the cells and their debris were removed by centrifugation at 

15,000  g for 10 min at 4
o
C. The supernatants were resubjected to heat treatment at 

70
o
C for 20 min. Denatured proteins were removed by centrifugation, and the TtFTA 

activity in the supernatant was determined. Leakage level was expressed as the 

percentage of TtFTA activity in the cell-free extract, prepared by subjecting the same 

concentration (200 mg/mL) of the free-cell suspension to ultrasonication, followed by 

heat treatment at 70
o
C for 20 min. 

 

2.2.5 Electron microscopic analysis  

Scanning electron microscopy (SEM, S-5200, Hitachi, Tokyo, Japan) was used to take 

images of the free and GA-treated E. coli cells before and after the heat treatment at 

70
o
C for 20 min. The suspensions of the free and GA-treated cells were centrifuged at 

5,000  g for 10 min. The pellets were fixed with 2.5% (w/w) GA in 0.2 M phosphate 

buffer for 1 h, and then stained with 5% (w/w) osmic acid in the same buffer for 30 min. 

The samples were dehydrated in a graded ethanol series, lyophilized for 2 h, and then 



40 

 

coated with osmium (HPC-1S hollow cathode plasma CVD, vacuum device, Mito, 

Japan). 

 For transmission electron microscopy (TEM), the dehydrated samples were mixed 

with an epoxy resin solution and then polymerized at 45
o
C for 5 days. The 

resin-embedded samples were cut with a glass knife on a Reichert-Nissei 

ultramicrotome, mounted on carbon-coated copper grids (Nisshin EM, Tokyo), and 

post-stained with uranyl acetate and lead citrate. TEM was carried out with a JEOL 

JEM 1200 EX (80 kV) electron microscope.   

 

2.2.6 Effect of heat treatment on the membrane permeability of GA-treated E. coli 

cells 

Fluorescein-labeled dextrans with average molecular weights of 3 (Dex3) and 40 kDa 

(Dex40) (Invitrogen, Carlsbad, CA) were used to evaluate the membrane permeability 

of the GA-treated cells. The GA-treated cells were suspended in 5 mL of 0.1 M sodium 

phosphate buffer (pH 7.0) at 200 mg (wet weight)/mL and then heated at 70
o
C for 20 

min. The heated-cell suspension was centrifuged at 8,000  g for 10 min and the cell 

pellet was washed once with the same buffer. The cells were then resuspended in 5 mL 

of the buffer containing either Dex3 or Dex40 (0.05 µM each) and incubated in the dark 
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at room temperature for 30 min with gentle shaking. After incubation, the cells were 

pelleted by centrifugation at 8,000  g for 10 min and then resuspended in 5 mL of the 

fresh buffer without dextrans. The resuspended solution was shaken with a vortex mixer 

for 1 min and then centrifuged at 8,000  g for 10 min. The fluorescence intensity of the 

supernatant was measured at excitation and emission wavelengths of 494 and 521 nm, 

respectively. A control experiment was carried out using the GA-treated cells without 

the heat treatment. 

 

2.2.7 Reusability of GA-treated cells  

The reaction mixture containing 4 mg/mL wet cells having TtFTA and 0.2 M sodium 

fumarate in 0.1 M sodium phosphate buffer (pH 7.0) was placed in a screw-capped 

cylindrical vessel ( 27 mm) and incubated at 70°C with stirring. After being allowed to 

react for 30 min, the cells were removed by centrifugation at 8,000  g for 10 min. The 

supernatant was acidified with HCl, recentrifuged to remove denatured proteins, and 

then subjected to HPLC to determine the concentrations of malate and fumarate. The 

reaction was repeatedly performed in the same manner to assess the reusability of the 

free and GA-treated E. coli cells. After each reaction cycle, the cells were harvested by 

centrifugation at 8,000  g for 10 min, washed with the buffer, and then resuspended in 
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a fresh reaction mixture. 

 HPLC was performed using a Shimadzu prominence LC-20 system (Kyoto, Japan) 

equipped with a COSMOSIL 5C18-AR-II packed column (4.6 x 250 mm, Nacalai 

Tesque) at 50°C. The UV detector was set at 210 nm, and 0.1% (vol/vol) phosphoric 

acid solution at a flow rate of 1 mL/min was used as the mobile phase. 

 

2.2.8 Malate production in continuous reactor using GA-treated cells  

The reaction mixture (10 mL) comprising 4 mg (wet weight)/mL of the GA-treated cells 

having TtFTA, 0.2 M sodium fumarate, and 0.1 M sodium phosphate buffer (pH 7.0) 

was put in a stirred ultrafiltration cell (Model 8010, Millipore, Bedford, MA). A 

polyvinylidene fluoride membrane filter ( 25 mm; Toray, Kamakura, Japan) (Sawai et 

al., 2011) was set at the bottom of the reactor to separate cells from the solution. The 

reaction was performed at 70
o
C with stirring by a magnetic stirrer. After the reaction for 

40 min to achieve a steady state, a fresh substrate solution (0.2 M sodium fumarate in 

the same buffer) was fed and the product solution was removed using peristaltic pumps 

(Model 3385, Fisher Scientific, Fair Lawn, NJ). To determine product yield, aliquots 

(0.1 mL) of the eluent were taken at 40 min intervals and subjected to HPLC. The 

feeding and removal rates of the solution were maintained at 0.25 mL/min. Residence 
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time and conversion rate were calculated as follows:  

Conversion rate  (mmol/l/min) 

(Sin – S) =     

Residence time  (min) 

FV /    

where Sin = substrate concentration in the feeding solution, S = substrate concentration in 

the reactor, F = flow rate, and V = total volume of reaction mixture. 
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2.3 Results 

2.3.1 Effects of GA treatment on heat induced leakage of TtFTA  

Figure 2.1 shows the time course of the heat-induced leakage of TtFTA from the 

recombinant E. coli cells. When the free cells were incubated at 70
o
C, more than 80% of 

the activity was released out of the cells by 5 min. This observation was in good 

agreement with previous reports on the thermolysis of E. coli cells (Tsuchido et al., 

1985; Ren et al., 2007; Restiawaty et al., 2012). Owing to thermolysis, the boundary 

surface between the supernatant and the pelleted free cells was unclear after the 

centrifugation at 15,000  g for 10 min. However, the heated GA-treated cells could be 

clearly separated by centrifugation. The level of TtFTA leakage from the GA-treated 

cells was considerably lower than that from the free cells and obviously decreased with 

increasing GA concentration used for the cross-linkage. The leakage from the cells 

pretreated with 0.11% (vol/vol) or higher GA concentrations was kept under a 

detectable level after the incubation at 70
o
C for at least 60 min. However, it was also 

possible that the decrease in the apparent level of enzyme leakage arose from the 

inhibitory effect of GA on the enzyme as well as the lowered substrate permeability due 

to anywhere else the consolidation of the membrane structure caused by the 

cross-linkage.  
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Figure 2.1 Heat-induced leakage of TtFTA from free cells (filled diamonds) and cells pretreated 

with 0.03 (circles), 0.07 (open diamonds), 0.11 (triangles), and 0.15% (squares) GA. Leakage 

level was expressed as the percentage of the TtFTA activity in the cell-free extract prepared by 

ultrasonication. The data are shown as averages ± standard deviations (n = 3). 

 

 The author then assessed the catalytic performance of the free and GA-treated 

cells. As predicted, the catalytic performance of GA-treated cells decreased in 

proportion to the GA concentration used for their preparation. The initial reaction rates 

catalyzed by the cells pretreated with 0.03, 0.07, 0.11, and 0.15% of GA were 38, 16, 10, 

and 6.5% of that obtained using the free cells, respectively (Fig. 2.2A). However, their 
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abilities for catalyzing fumarate hydration showed no significant difference in product 

concentration after the reaction for 30 min (Fig. 2.2B). On the basis of these 

observations, I hereafter employed a GA concentration of 0.11% for the cross-linkage as 

the best compromise between the prevention of heat-induced leakage and the 

maintenance of enzyme activity. The conversion of fumarate to malate is a reversible 

reaction with the equilibrium at approximately 80 mol% (Presečki et al., 2007; 

Stojkovič et al., 2011) under the standard state (25
o
C). In this study, the conversion 

yield using the series of E. coli cells having TtFTA reached about 70 mol% after 30 min 

and then remained constant, regardless of the difference in their specific activities. This 

indicates that the equilibrium of the reaction under the experimental conditions was 

achieved at a conversion yield of approximately 70 mol%. 
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Fig. 2.2 (A) Initial reaction rate obtained using GA-treated cells. The reaction rate of 

GA-treated cells was expressed as the percentage of the TtFTA activity in the free cells. The 

data are shown as averages ± standard deviations (n = 3). (B) Time course of malate 

production catalyzed by free cells (filled diamonds) and cells pretreated with 0.03 

(circles), 0.07 (open diamonds), 0.11 (triangles), and 0.15% (squares) GA. The data are 

shown as averages ± standard deviations (n = 3). 

  

2.3.2 Electron microscopic analysis.  

The free and GA-treated cells before heat treatment showed the appearance of normal 

healthy cells in both SEM and TEM (Fig. 2.3A, C, E, and G). By contrast, after 20-min 

incubation at 70
o
C, the SEM image of the free cells displayed cellular structure 
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disintegration (Fig. 2.3B). Blebs with various sizes were formed on the cell surface. The 

TEM of the heat-treated free cells showed the surface subsidence of the cells, probably 

resulting from membrane disruption followed by the leakage of intracellular 

components, suggesting that the heat-induced leakage of the enzyme was attributed to 

the collapse of the membrane structure of the cells (Fig. 2.3F). 

 

 

 

 

 

 

 

Fig. 2.3 SEM (A-D) and TEM (E-H) images of free and GA-treated E. coli cells before 

(A, C, E, G) and after (B, D, F, H) heat treatment at 70
o
C for 20 min. The open circle 

shows small blebs on the cell surface. 

 

 In contrast, the overall structure of the GA-treated cells still remained in good 

condition after the incubation at 70
o
C for 20 min. Both TEM and SEM showed the 

Free cells GA-treated cells 
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appearance of a cell surface comparable to the surface of healthy cells, except for the 

formation of some small blebs on the membrane (Fig. 2.3H). This observation 

supported the notion that the prevention of the heat-induced leakage of TtFTA from E. 

coli cells was, at least in part, attributed to the consolidation of the membrane structure 

by the GA treatment. 

 

2.3.3 Membrane permeability of GA-treated cells.  

Dextrans, polymers of glucose, are hydrophilic polysaccharides characterized by a high 

molecular weight and good water solubility. Dextran with molecular weights higher 

than 2 kDa generally cannot permeate into intact cells (Decad et al., 1976). In this study, 

fluorescein-labeled dextrans with different average molecular weights were used to 

assess the membrane permeability of the GA-treated cells. The cells were first 

suspended in a fluorescence-labeled dextran solution, and pelleted by centrifugation, 

and then the pellet was resuspended in a dextran-free buffer. The fluorescence intensity 

of the supernatant of the resulting cell suspension correlates with the amount of dextran 

involved in the cell pellet; therefore, a higher intensity can be obtained when dextran 

could penetrate into the cell. The slight fluorescence observed in the control 

experiments with the non-heat-treated cells was likely attributed to the dextran 
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remaining in the intercellular space of the cell pellets (Fig. 2.4, gray bars).  

 The fluorescence intensity of the supernatant of the heat-treated cell suspension 

was almost double that of the non-heat-treated cell suspension when Dex3 was used as 

an indicator of membrane permeability. On the other hand, when Dex40 was used, no 

significant difference was observed between the fluorescence intensities of the 

heat-treated and non-heat-treated cell suspensions. Taken together with the results of 

electron microscopic observation, these results indicated that the membrane structure of 

the GA-treated cells was partly disrupted by the heat treatment, while maintaining the 

overall cell structure; therefore, only relatively small molecules (up to at least 3 kDa) 

could permeate into and out of the cells.  
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Fig. 2.4 Membrane permeabilities of GA-treated cells with (white) and without (grey) 

heat treatment. Dextran concentration was determined using a calibration curve 

obtained by measuring the fluorescence intensities of the serial dilutions of the 

standards. The data are shown as averages ± standard deviations (n = 3) 

 

2.3.4 Reusability of GA-treated cells in repeated batch reactions.  

To evaluate the reusability of the GA-treated cells having TtFTA, batch reactions were 

repeatedly performed. As a control experiment, the reactions were also carried out using 

the free cells. Although a slight decrease was observed in product concentration 

probably due to the thermal inactivation of TtFTA, the product yields of the reactions 

with the GA-treated cells were maintained above 60 mol% when the reactions were 

repeated 6 times (Fig. 2.5). By contrast, the product yields with the free cells linearly 
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decreased with repeated reactions. These results clearly demonstrated the superiority of 

the GA-treated cells in the repeated reactions. 

 

 

 

 

 

 

Fig. 2.5 Reusabilities of free (diamonds) and GA-treated (triangles) cells. Each reaction 

was performed at 70
o
C for 30 min. The data are shown as averages ± standard 

deviations (n = 3). 

 

2.3.5 Continuous bioconversion using GA-treated cells as whole-cell catalysts.  

For further demonstration of the applicability of the GA-treated cells to long-term 

bioconversion, the cells were used as a catalyst in a continuous reactor. The reaction 

rate of fumarate to malate was determined in the batch reaction consisting 120 mM 

malate and 80 mM fumarate (60% conversion yield) in order to reach to the reaction 

equilibrium. The residence time () was calculated to be 40 min and the feeding rate of 
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the substrate solution (0.25 mL/min) was determined. When the free cells were used as 

a catalyst, the filterability of the separation membrane was significantly impaired, and 

product recovery at a constant rate could not be achieved (data not shown). This was 

likely due to the formation of a cake layer on the separation membrane by debris of 

heat-damaged cells. On the other hand, when the GA-treated cells were used, a 

continuous product recovery could be maintained for at least 640 min. The production 

yield decreased slightly in the first 80 min but then remained stable until the end of the 

operation (Fig 2.6). As a result, an overall product yield of 60 mol% could be achieved 

during the operation for 640 min. Production rate was 3.0 mmol/L/min, and 19.2 mmol 

(2.57 g) of malate could be produced from 32 mmol (3.71 g) of fumarate. 
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Fig. 2.6 Time course of continuous reaction with GA-treated cells. The data are shown 

as averages ± standard deviations (n = 3). 

 

2.4 Discussion 

In this study, the author demonstrated that the heat-induced leakage of a thermophilic 

enzyme from recombinant E. coli cells could be prevented by the pretreatment of the 

cells with GA. Through the optimization of GA concentration, a thermotolerant 

whole-cell catalyst with an acceptable catalytic ability could be prepared and 

successfully used for a continuous bioconversion of fumarate to malate. This approach 

is much simpler and more universal for the preparation of stable and selective 

immobilized enzymes than conventional procedures, which typically involve many 
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steps, such as protein extraction, enzyme purification, and the preparation of 

immobilization carriers. The GA-treated cells exhibited sufficient catalytic stability and 

reusability in both repeated-batch and continuous bioconversions at 70
o
C. They could 

catalyze fumarate hydration in the continuous bioreactor over 10 h with a constant 

product yield of 60 mol% or higher. This productivity was considerably better than that 

in a previous report on the continuous conversion of fumarate using permeabilized 

Saccharomyces cells, in which the malate yield was about 50% and the enzyme lost 

30-50% of its activity after 10 h (Presečki et al., 2009). 

The electron microscopic observation of the GA-treated cells revealed that heat 

treatment caused no apparent change in the overall structure of the cells except for the 

formation of some small blebs on their surface. GA is a five-carbon dialdehyde that can 

react with several functional groups of proteins, such as amine, thiol, phenol, and 

imidazole, and form covalent bonds with them (Habeeb et al., 1968; Nimni et al., 1987; 

Okuda et al., 1991; Migneault et al., 2004). The GA-mediated stabilization of the 

membrane structure implied that GA might cross-link between protein molecules in the 

outer membrane and those in the peptidoglycan layer of the E. coli membrane to make it 

more rigid. In fact, the cells changed to pink-red after the GA treatment; this 

phenomenon is typically observed as a result of the interaction between membrane 
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proteins and GA (Munton et al., 1970; McGucken et al., 1973). 

The natural barrier function of the cellular membrane often hampers sufficient 

whole-cell bioconversion since it limits the accessibility of substrates to intracellular 

enzymes (Chen, 2007). Although no significant change was observed in the overall 

structure of cells, the membrane permeability test with different sizes of 

fluorescent-labeled dextrans revealed that relatively small molecules (up to at least 3 

kDa) could penetrate through the membrane barrier of the GA-treated cells heated at 

70
o
C. The formation of small blebs observed in the TEM analysis of the heated 

GA-treated cells was likely responsible for the increased membrane permeability. Most 

lipids and lipopolysaccharides comprising the cell membrane cannot be fully 

cross-linked to each other by GA (Migneault et al., 2004). Thus, their orientation might 

be disrupted at high temperatures. Consequently, small blebs were formed on the 

membrane of the GA-treated cells, and the rupture of the blebs likely result in the 

formation of membrane pores, through which molecules having low and middle 

molecular weights can diffuse. The fact that the dextran with an average molecular 

weight of 40 kDa hardly penetrated through the membrane was in good agreement with 

the observation that the leakage of TtFTA (approximately 51 kDa) could be prohibited 

by GA treatment. 



57 

 

The observation that the GA-mediated consolidation of the membrane structure was 

involved in the prevention of the heat-induced leakage of the enzyme raised the issue of 

whether the intracellular enzyme can freely diffuse in the cytosol of the GA-treated cells. 

To address this question, we attempted to extract the soluble form of TtFTA from the 

GA-treated cells by disrupting the cells by lysozyme digestion followed by 

ultrasonication. The TtFTA activity recovered in the resulting lysate was approximately 

17% of that detected in the cell-free extract of the free cells (data not shown), indicating 

that intracellular TtFTA was, at least in part, present in soluble form and freely diffused 

in the cytosolic fraction. 

 

 

2.5 Summary 

In this chapter, the continuous bioconversion system using thermophilic whole-cell 

biocatalyst has been developed. Escherichia coli cells having the thermophilic fumarase 

from Thermus thermophilus (TtFTA) were treated with glutaraldehyde to prevent the 

heat-induced leakage of the enzyme, and the resulting cells were used as a whole-cell 

catalyst in continuous bioconversion of fumarate to malate. Interestingly, although 

electron microscopic observations revealed that the cellular structure of 

glutaraldehyde-treated E. coli was not apparently changed by the heat treatment, the 

membrane permeability of the heated cells to relatively small molecules (up to at least 3 

kDa) was significantly improved. By applying the glutaraldehyde-treated E. coli having 
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TtFTA to a continuous reactor equipped with a cell-separation membrane filter, the 

enzymatic hydration of fumarate to malate could be operated for more than 600 min 

with a molar conversion yield of 60% or higher. 
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3. Assembly and multiple gene expression of thermophilic enzymes in Escherichia 

coli for in vitro metabolic engineering  

3.1 Introduction 

Fermentation-based production of industrial chemicals offers distinct advantages over 

organic synthesis, such as the selective production of chemically indistinguishable 

isomers and the use of biomass, which is a highly complex mixture of biomolecules, as 

a starting material. In addition, multistep reactions can be operated in a single reactor 

and thus step-by-step purifications of the reaction intermediates can be omitted (Burda 

et al., 2008). These advantages of fermentation-based processes are conferred mostly by 

the excellent selectivity of enzymes. The emergence of metabolic engineering 

approaches has expanded the applicability of fermentation-based processes to the 

production of a wider range of industrial chemicals, involving fuels (Atsumi et al., 

2008; Choi et al., 2013), commodity chemicals (Nakamura et al., 2003; Whited et al., 

2010), and pharmaceuticals (Ajikumar et al., 2010; Paddon et al., 2013). 

However, installation of an artificially engineered pathway in living organisms 

often leads to competition with natural metabolic pathways for intermediates and 

cofactors, resulting in insufficient yield of the product of interest. One of the possible 

strategies to overcome this limitation is to avoid using living microorganisms and using 

only enzymes involved in the synthetic pathway. Recently, a variety of in vitro artificial 

metabolic pathways have been designed and constructed for the production of alcohols 

(Guterl et al., 2012; Krutsakorn et al., 2013), organic acids (Ye et al., 2012; Ye et al., 

2013), carbohydrates (You et al., 2013), hydrogen (Woodward et al., 2000; Zhang et al., 

2007), and even electricity (Zhu et al., 2014). Implementation of complex biochemical 

reactions by in vitro assembly of multiple metabolic enzymes has several potential 
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advantages, such as elimination of by-product formation, thermodynamic prediction of 

product yield, and simplification of downstream processes for product recovery (Ye et 

al., 2012). However, despite these potential advantages, there is still significant room for 

improvement in in vitro metabolic engineering approaches. As described in chapter 1, 

Rollin et al. (2013) pointed out that there remain four key challenges to be overcome for 

the commercial application of in vitro metabolic engineering. In addition to these points, 

the enzymes required for the construction of an in vitro artificial metabolic pathway 

have to be separately prepared in different batches, preventing full exploitation of one of 

the most advantageous features of biocatalytic conversions, namely their ability to 

implement multistep reactions in a single reactor. 

Possible solutions to some of these problems can be provided by employing 

thermophilic enzymes as the catalytic modules for the pathway construction. 

Heat-treatment of recombinant mesophiles (e.g., Escherichia coli) in which a set of 

thermophilic enzymes comprising the pathway of interest are overproduced, results in 

the denaturation of indigenous enzymes and one-step preparation of a cocktail of 

recombinant thermophilic enzymes. In addition, the high operational stability of 

thermophilic enzymes can mitigate the major disadvantage of in vitro enzymatic 

conversions, the inability of protein synthesis and renewal. In the present, genes 

encoding nine thermophilic enzymes, which are involved in a non-ATP-forming 

chimeric glycolytic pathway (Ye et al., 2012), were assembled in an artificial operon 

and co-expressed in a single recombinant E. coli strain. Coupling the heat-treated crude 

extract of the resulting recombinant E. coli with other thermophilic enzymes including 

the H2O-forming NADH oxidase or the malate/lactate dehydrogenase facilitated one-pot 

conversion of glucose to pyruvate or lactate, respectively. 
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3.2 Materials and Methods 

3.2.1 Bacterial strains  

E. coli DH5α was used for general molecular cloning and gene expression. Bacillus 

subtilis BUSY9797 (Hiroe et al., 2012), which can repress expression from the Pr 

promoter, was used for gene assembly. Both E. coli and B. subtilis were cultivated in 

Luria-Bertani (LB) medium at 37
°
C. Ampicillin (100 µg/mL), chloramphenicol 

(12.5µg/mL) and tetracycline (10 µg/mL) were used for the selection of recombinant 

strains. The temperature-inducible Pr/CI857 system (Jechlinger et al., 1999) was 

employed for the expression of heterologous genes in E. coli because the use of another 

promoter results in the unregulated expression of heterologous genes in B. subtilis and 

tends to interfere with the gene assembly (Nishizaki et al., 2007). Gene expression in E. 

coli was induced by shifting the cultivation temperature to 42°C at the late log phase. 

Further, cells were cultivated at 42°C for 4 h and then harvested by centrifugation.  

 

3.2.2 Plasmid construction 

The E. coli-B. subtilis shuttle vector, pGETS118 (Kaneko et al., 2005), and a series of 

pUC19 destination vectors with unique DraIII restriction sites (Hiroe et al., 2012) were 

gifts from K. Tsuge (Keio University, Japan).  

 The pRCI vector, which harbors the Pr promoter and an expression cassette for the 

cI857 repressor of  phage, was constructed as described as follow. The lacI promoter 

was amplified by PCR from pET21a (Novagen, Madison, WI) using following primers: 

lacI-F, 5′-GCGGATCCGAATTCAAGGGAGAGCGTCGAGATCC-3′ (BamHI and 

EcoRI restriction sites are underlined) and lacI-R, 

5′-GGTTTCTTTTTTGTGCTCATATTCACCACCCTGAATTGACTC-3′. The gene 



62 

 

encoding the cI857 repressor was amplified using  DNA (Toyobo, Osaka, Japan) as the 

template. The oligonucleotide primers of cI857-F (5′-ATGAGCACAAAAAAGAAA- 

CCATTAACACAA-3′) and cI857-R (5′-GGAGCGGCCGCTTACTATGTTATGTTC- 

TGAGGGGAGTGAAA-3′, NotI restriction site is underlined) were used for the 

amplification. The PCR products were mixed and used as the template for overlapping 

PCR to construct the expression cassette of the cI857 repressor. The primer pair of 

lacI-F and cI857-R was used for the overlapping PCR. The amplicon was digested with 

NotI and BamHI. 

 A 2,670-kb internal fragment of pBR322 (Toyobo) containing the ColE1 ori and 

the ampicillin resistance gene was amplified by PCR with the following primers: pBR-F, 

5′-GGAGCGGCCGCGCTACCCTGTGGAACACCTACAT-3′ (NotI restriction is 

underlined), and pBR-R, 5′-CGCGGATCCTTCTTGAAGACGAAAGGGCCTC-3′ 

(BamHI restriction site is underlined). The PCR product was digested with NotI and 

BamHI, and ligated with the expression cassette of the cI857 repressor, and the resulting 

plasmid was designated as pBR-CI857. 

 Further, the Pr promoter was amplified from  DNA using the following primers: 

PR-F, 5′-GGAAGATCTACGTTAAATCTATCACCGCAAGGGATAAATATTTAACA- 

CCGTG-3′ (BglII restriction sites are underlined), and PR-R, 5′-CCGCTC- 

GAGGCTCTTCACACCATACAACCTCCTTAGTACATGCAAC-3′ (XhoI and BspQI 

restriction sites are underlined). The T7 terminator region of pET21a was amplified 

using T7T-F (5′-CCGCTCGAGGCTCTTCATAAGGCTGCTAACAAAGC-3′, XhoI and 

BspQI restriction sites are underlined) and T7T-R (5′-GGAGAATTC- 

ATCCGGATATAGTTCCTCCTTTCAG-3′, EcoRI restriction site is underlined) primers. 

The PCR-amplified Pr promoter and T7 terminator were digested with XhoI and then 
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tandemly ligated with T4 DNA ligase (Toyobo). The ligation product was further 

amplified by PCR using the primer pair of PR-F and T7T-R. The amplified DNA was 

digested with BglII and EcoRI and then introduced into the corresponding sites of 

pBR-CI857. Finally, a point mutation was introduced into the resulting plasmid to 

eliminate the extra-BspQI restriction site derived from pBR322, using the PrimeStar 

mutagenesis kit (Takara Bio, Ohtsu, Japan) with the primer pair of MUT-1, 

5′-TCAGGCGCTATTCCGCTTC-3′ and MUT-2, 5′-GAAGCGGAATAGCGCCT- 

GA-3′ (the mutated nucleotide is underlined). 

 The expression vector of NADH oxidase was constructed as followed description. 

The codon-optimized gene encoding NADH oxidase from Thermococcus profundus was 

synthesized and expressed in E. coli. The synthetic gene was flanked with NdeI and 

EcoRI restriction sites at its 5’- and 3’-terminals, respectively. The gene was digested 

with these restriction enzymes and introduced into the corresponding sites of pET21a. E. 

coli BL21 (DE3) (Novagen) was used as a host for gene expression. 

 

3.2.3 Gene assembly 

Codon-optimized genes that encode glucokinase (GK), glucose-6-phosphate isomerase 

(PGI), 6-phosphofructokinase (PFK), fructose-bisphosphate aldolase (FBA), 

triosephosphate isomerase (TIM), enolase (ENO), and pyruvate kinase (PK) of Thermus 

thermophilus HB8, non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase 

(GAPN) of Thermococcus kodakarensis KOD1, and cofactor-independent 

phosphoglycerate mutase (PGM) of Pyrococcus horikoshii OT3, were assembled into 
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an artificial operon by the ordered gene assembly in B. subtilis (OGAB) method (Tsuge 

et al., 2003). The 5′-untranslated region (UTR) sequence containing the ribosome 

binding site (RBS) of pET21a was associated upstream of the start codon of each 

synthetic gene. Both 5′- and 3′-ends of the synthetic genes were flanked by BspQI 

restriction sites. Genes were digested with BspQI and introduced to the corresponding 

sites of the series of pUC destination vectors. The resulting plasmids 

(pUC19V-1st-GAPN, pUC19V-2nd-FBA, pUC19V-3rd-GK, pUC19V-4th-ENO, 

pUC19V-5th-PGM, pUC19V-6th-PFK, pUC19V-7th-PK, pUC19V-8th-TIM, and 

pUC19V-9th-PGI) were digested with DraIII to generate unique 3-base cohesive ends 

required for gene ordering. Digested DNA fragments were gel-purified, mixed at an 

appropriate concentration (2 fmol/mL each), and ligated to the SfiI restriction site of 

pGETS118 with T4 DNA ligase (Toyobo). Transformation of B. subtilis was performed 

as described by Tsuge et al. (2003). In addition, the plasmid harboring the assembled 

genes was isolated from the resulting transformant and designated as pGETS-CGP, and 

E. coli DH5 was co-transformed with pGETS-CGP and pRCI by electroporation. The 

nucleotide sequence of the constructed operon is shown in Supplementary Fig S1. 

 

3.2.4 Real-time PCR  

The mRNA transcription levels were determined by real-time PCR (RT-PCR). Total 

RNA was extracted using the RNeasy Mini kit (QIAGEN, Valencia, CA), and then 

subjected to reverse transcription using the ReverTra Ace qPCR RT kit (Toyobo). 

RT-PCR was performed with the StepOnePlus real-time PCR system (Applied 

Biosystems, Foster City, CA) using SYBR green real-time PCR Master Mix-plus 

(Toyobo). Standard curves were generated for estimating mRNA levels by linear 
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regression analysis. The expression levels of the heterologous genes were normalized to 

that of rrsA (16s rRNA) as a reference gene. Primers used for RT-PCR analysis are 

shown in Table 3.1. 
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Table 3.1 Primers used for RT-PCR 

Name Sequence (5’→3’) Name Sequence (5’→3’) 

GK-F ACTAAGATCGCAGCTGGTGTGTT GAPN-F AATCTTTGAGGGCATTTTCCG 

GK-R CACCTGCTTCACGCTCTGC GAPN-R GCAATCAGGCTACCGTCGAT 

PGI-F TTGAAGACTTCGTTCTGATCGGTA PGM-F CCGATCAAAGAACTGAACGGTC 

PGI-R GCTCCGGCTCAACGTGAT PGM-R CTGACCCGGCTTAATCGGA 

PFK-F TGGGTGTGGAAGTTATTGGTATCC ENO-F GGTTTCCCGACTGTTGAAGC 

PFK-R CACCGCGCTGAATGATGTT ENO-R TCACGCAGCTCCAGTGCTT 

FBA-F CTGAAAGCAGACATTGGTAGCG PK-F ATGTTTTCCGCCTGAACTTCTC 

FBA-R ATCGTCACCGATGTGGAAAAC PK-R CCTGCAGCACAGCCAGAGT 

TIM-F AAGCACGTGTTTGGTTTGCTG rrsA-F AGTCCACGCCGTAAACGATGT 

TIM-R ACCGTAACCAACCTGGGTTTC rrsA-R TTTAACCTTGCGGCCGTACTC 
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3.2.5 Enzyme assay 

The recombinant E. coli producing thermophilic enzymes was suspended in 50 mM 

HEPES-NaOH buffer (pH 7.0) and disrupted with a UD-201 ultrasonicator (Kubota, 

Osaka, Japan). The crude lysate was heated at 70°C for 30 min and centrifuged to 

remove cell debris and denatured proteins, and the supernatant was used as an enzyme 

solution. 

 The enzyme assay was performed as described previously (Ye et al., 2012). 

Briefly, an appropriate amount of GK was incubated in a mixture that contained 50 mM 

HEPES-NaOH buffer (pH 7.0), 0.2 mM ATP, 5 mM MgCl2, 0.5 mM MnCl2, 1 mM 

NAD
+
, 0.1 mM glucose-1-phosphate, and an excess amount of PGI, PFK, FBA, TIM, 

and GAPN. The mixture was pre-incubated for 2 min at 70°C, and then the reaction was 

initiated by adding 0.1 mM glucose. Further, the reduction of NAD
+
 was monitored at 

340 nm using a UV-VIS spectrophotometer (Model UV-2450, Shimadzu, Kyoto, Japan). 

Similarly, the activities of PGI, PFK, FBA, TIM, and GAPN were 

spectrophotometrically evaluated in the mixture containing the substrate for each 

enzyme (0.1 mM of glucose-6-phosphate, fructose-6-phosphate, 

fructose-1,6-bisphosphate, dihydroxyacetone phosphate, or 0.2 mM 

glyceraldehyde-3-phosphate, respectively) instead of glucose. The activity of PGM was 

determined by coupling with ENO, PK, and Thermus thermophilus lactate 

dehydrogenase (TtLDH). The reaction mixture contained 0.2 mM ADP, 5 mM MgCl2, 

0.5 mM MnCl2, 0.2 mM NADH, and an excess amount of ENO, PK, and TtLDH. After 

preincubation at 70°C for 2 min, the reaction was initiated by the addition of 0.2 mM 

3-phosphoglycerate and the consumption of NADH was monitored at 340 nm. ENO and 

PK activity was determined in the same manner using 0.2 mM 2-phosphoglycerate and 
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phosphoenolpyruvate, respectively, as substrates. One unit of an enzyme was defined as 

the amount consuming 1 μmol of substrate per min under the assay conditions. 

 The NADH oxidase assay was performed as follow. The recombinant E. coli was 

cultivated at 37
o
C in LB medium supplemented with 100 µg/mL ampicillin. Gene 

expression was induced by the addition of 0.2 mM isopropyl 

β-D-1-thiogalactopyranoside (IPTG) at the late-log phase. Cells were harvested by 

centrifugation, suspended in 50 mM HEPES-NaOH (pH 7.0), and disrupted by 

ultrasonication. The crude lysate was heated at 70
o
C for 30 min, and centrifuged to 

remove the debris and denatured proteins. The resulting supernatant was used as the 

enzyme solution. 

 The enzyme activity was determined by monitoring the oxidation of NADH at 340 

nm. The reaction mixture comprising of 50 mM HEPES-NaOH (pH 7.0), 5 mM MgCl2, 

0.5 mM MnCl2, 0.02 mM flavin adenine dinucleotide, 0.2 mM NADH was preincubated 

at 70
o
C for 2 min and then the reaction was started by the addition of appropriate 

amount of enzyme. 

 

3.2.6 Determination of pyruvate production rate 

Wet cells of the recombinant E. coli harboring pGETS-CGP and pRCI were suspended 

in 50 mM HEPES-NaOH buffer (pH 7.0) at a concentration of 50 mg mL
1

 and 

disrupted by ultrasonication. The crude extract was heated at 70°C for 30 min and then 
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directly used as a catalyst without removing cell debris and denatured proteins. 

Alternatively, the crude extract was prepared from the mixture of the recombinant 

strains, in each of which a single one of the nine thermophilic enzymes was 

overproduced using the pRCI vector. The recombinant strains producing GK, PGI, PFK, 

FBA, TIM, GAPN, PGM, ENO, and PK were mixed at concentrations of 5, 1, 2, 5, 1, 

32, 2, 1, and 1 mg wet cells mL
1

, respectively, disrupted by ultrasonication, and then 

heated at 70°C for 30 min. 

 The reaction mixture (1 mL) contained 50 mM HEPES-NaOH buffer (pH 7.0), 0.1 

mM glucose, 5 mM MgCl2, 0.5 mM MnCl2, 0.2 mM ATP, 0.2 mM ADP, 1 mM NAD
+
, 

1 mM glucose-1-phosphate, and the heat-treated crude extract prepared from 50 mg wet 

cells. NADH oxidase from Thermococcus profundus was added to the reaction mixture 

at 0.1 U mL
−1

 for NAD
+
 regeneration. The reaction was performed at 70°C with mixing 

(1,400 rpm) using a thermomixer (Eppendorf, Hamburg, Germany). After incubation 

for 10 min, the reaction was stopped by the addition of 0.8 mL of 1 M HCl dissolved in 

ice-cold methanol. Further, the denatured proteins were removed by centrifugation, and 

the mixture was ultrafiltered using Amicon 3 K (Millipore). The filtrate was mixed with 

an equal volume of 1 mg mL
1

 o-phenylenediamine in 3 M HCl (Mühling et al., 2003) 

for a fluorescence label of pyruvate. The mixture was incubated at 80°C for 60 min and 

then analyzed by high-performance liquid chromatography (HPLC). 

 

3.2.7 Lactate production 

The reaction mixture (4 mL) contained 50 mM HEPES-NaOH buffer (pH 7.0), 0.1 mM 

glucose, 5 mM MgCl2, 0.5 mM MnCl2, 0.2 mM ATP, 0.2 mM ADP, 1 mM NAD
+
, 0.2 

mM NADH, 0.2 mM 3-phosphoglycerate, 0.2 mM pyruvate and 1 mM 

http://www.deepdyve.com/search?author=M%C3%BChling%2C+J%C3%B6rg
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glucose-1-phosphate. The heat-treated crude extract, which was prepared from 200 mg 

wet cells of E. coli harboring pGETS-CGP and pRCI, and 0.2 U of the malate/lactate 

dehydrogenase of Thermus thermophilus HB8 (MLDH) (Ye et al., 2012), was used as a 

catalyst. 

 The reaction was performed at 70°C with stirring. Glucose (24 mM) and NAD
+
 

(10 mM) solution was supplied to the mixture at a flow rate of 1 μL min
–1

 (6 nmol 

glucose mL
1

 min
1

 and 2.5 nmol NAD
+
 mL

1
 min

1
, respectively) using a Shimadzu 

LC-20 AD solvent delivery unit. Aliquots (60 μl) of the reaction mixture were sampled 

at 1-h intervals and centrifuged to remove cell debris (15,000 rpm, 10 min). The 

supernatant was ultrafiltered using Amicon 3 K and then analyzed by HPLC. 

 

3.2.8 Analytical methods 

Fluorescence-labeled pyruvate was quantified by HPLC with a Cosmosil 5C18-ARII 

column ( 4.6 × 150 mm, Nacalai Tesque, Kyoto, Japan). The column was eluted at 

35°C using an eluent comprising 45% methanol and 1% acetic acid at a flow rate of 0.4 

mL min
1

. The eluent was analyzed with a RF10A fluorescence detector (Shimadzu) at 

an excitation and emission wavelength of 360 and 415 nm, respectively. Lactate was 

analyzed by HPLC on two tandemly connected ion exclusion columns as described 

previously (Ye et al., 2012). 
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3.3 Results and Discussion 

3.3.1 Gene assembly 

Optimization of the metabolic balance is a crucial issue in achieving a high production 

rate via an artificially engineered pathway (Pfleger et al., 2006; Oliver et al., 2014; 

Nowroozi et al., 2014). Ye et al. (2012) demonstrated that the flux through an in vitro 

metabolic pathway can be spectrophotometrically determined by monitoring the 

concomitant consumption or production of NAD(P)H. This real-time monitoring 

technique enables us to identify rate-limiting enzymes in the in vitro pathway by 

increasing the concentration of each enzyme, one by one. The optimum ratio of enzyme 

concentrations to achieve a desired pathway flux can be experimentally determined by 

modulating the concentrations of the rate-limiting enzymes (Ye et al., 2012; Krutsakorn 

et al., 2013). A key challenge in constructing a multiple-gene-expression (MGE) 

recombinant strain producing a series of thermophilic enzymes is the reproduction of 

this optimized enzyme ratio in vivo by modulating the expression levels of the genes. 

Although the levels of gene expression are affected by many factors involving the 

promoter strength and translational efficiency, the author focused on the sequential 

order of the genes to limit the number of parameters. The use of a single operon 

prevents variation in transcriptional control (Pfleger et al., 2006), and the levels of 

cistrons transcribed within a single polycistronic mRNA tend to decrease with their 

distance from the promoter (Nishizaki et al., 2007). Based on this assumption, genes 

encoding the nine thermophilic enzymes involved in the chimeric glycolytic pathway 

were assembled into an artificial operon in an appropriate order. 

 To decide the gene order, the nine genes were individually introduced downstream 

of the Pr promoter of pRCI vector and expressed in E. coli DH5The mRNA 
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expression levels and the specific activities of the encoded enzymes in the resulting 

single-gene-expression (SGE) strains were determined, and the copy numbers of mRNA 

required to produce 1 unit of the enzymes were estimated (Table 3.2, line 4). The 

enzyme concentrations required to achieve a pyruvate production rate of 0.005 μmol 

min
1

 mL
1

 were experimentally determined using the cell-free extracts of the SGE 

strains following the method described previously (Ye et al., 2012), and the levels of 

mRNA required to produce the optimum concentrations of the enzymes were calculated 

(Table 3.2, line 6). The results indicated that the gene encoding GAPN would need to be 

most abundantly expressed among the nine genes. Accordingly, the GAPN-encoding 

gene was assigned to the first position in the operon and followed by the genes encoding 

FBA, GK, ENO, PGM, PFK, PK, TIM, and PGI in this order (Table 3.2, line 7). The 

genes were assembled in this order and introduced under the control of the Pr promoter 

of a pGETS118 vector using OGAB method (Tsuge et al., 2003). Gel electrophoresis of 

the EcoRI-digested fragments of the resulting plasmid (designated as pGETS-CGP) 

gave bands with the expected sizes, confirming that the genes had been assembled in the 

correct order (Fig. 3.1). 
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Table 3.2 Gene expression and specific enzyme activity in single-gene-expression strains 

Enzyme GAPN FBA GK ENO PGM PFK PK TIM PGI 

mRNA expression level 

(×10
9
 copies mg

−1
 wet cells) 

39.8 135 60.2 216 46.0 42.1 4.11 139 148 

Specific enzyme activity 

(×10
-3

 U mg
−1

 wet cells) 
0.52 7.10 4.01 26.1 14.2 20.1 31.1 2010 4600 

mRNA per unit of enzyme
 a
 

(×10
10

 copies) 
7650 1900 1500 828 324 210 13.2 6.92 3.22 

Optimized enzyme concentration
 b

 

(×10
-3

 U/mL) 
6.03 16.4 19.2 11.1 21.1 30.1 15.4 9.10 19.0 

Required mRNA level
 c
 

(×10
8
 copies/mL) 

4615 3118 2882 919 684 632 20.3 6.28 6.12 

Gene order 1 2 3 4 5 6 7 8 9 

a
 The copy numbers of mRNA required to produce 1 U each of the enzyme were calculated by dividing the mRNA expression level (line 

2) by the specific enzyme activity (line 3). 

b
 Enzyme concentrations were experimentally optimized to achieve a glucose consumption rate of 2.5 nmol min

1
 mL

1
. 

c
 The levels of mRNA required to produce the optimized concentration of the enzyme were calculated by multiplying mRNA per unit of 

enzyme (line 4) and the optimized enzyme concentrations (line 5). 
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Fig. 3.1 (A) Schematic illustration of pGETS-CGP. EcoRI restriction sites and the estimated sizes of the EcoRI-digested fragments are 

shown. (B) Agarose gel electrophoresis of EcoRI-digested pGETS-CGP. Approximately 0.1 µg of pGETS-CGP was digested with 

EcoRI and separated by gel electrophoresis (right lane). HindIII-digested  DNA was used as a size marker (left lane).  
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3.3.2 Expression profile of the assembled genes 

The mRNA expression profile of the nine thermophilic glycolytic genes in the MGE 

strain was determined by RT-PCR (Fig. 3.2). The rank order of the gene expression 

levels corresponded to their sequential order in the constructed operon, except that the 

expression levels of the genes encoding ENO and PGM were unexpectedly high 

compared with those of other genes. This result may be explained by the possible 

presence of an intragenic promoter, which might be generated by the codon 

optimization, within the gene coding for GK. High mRNA levels of ENO- and 

PGM-encoding genes may also be due to the difference in the stabilities of the cistrons. 

Although the underlying reasons remain to be determined, differences in the stabilities 

of cistrons within a polycistronic mRNA have also been observed in naturally occurring 

operons in E. coli (Esquerré et al., 2014). Different levels of influence of cis-acting 

RNA elements and intrinsic endoribonucleases on the cistrons may account for 

differences in their stabilities. 
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Fig. 3.2 mRNA expression levels of thermophilic glycolytic genes in 

multi-gene-expression E. coli cells. The RT-PCR data were obtained from at least three 

independent experiments and are shown as means  standard deviations. 

 

 SDS-PAGE showed that most indigenous proteins in the cell-free extract of E. coli 

without pGETS-CGP were denatured by heat treatment at 70°C for 30 min (Fig. 3.3A, 

lane 2). In contrast, the heat-treated cell-free extract of the recombinant E. coli with 

pGETS-CGP showed extra protein bands that were not found in that of E. coli without 

the expression vector (Fig. 3.3A, lane 4). The heterologous production of the nine 

thermophilic enzymes in the recombinant E. coli were confirmed by visual comparison 

of the electrophoretic mobilities of these extra protein bands with those in the 

heat-treated cell-free extracts of the SGE strains (Fig. 3.3B). The mobility of the 



77 

 

recombinant PGM on the SDS-polyacrylamide gel was not consistent with its calculated 

molecular mass, probably owing to the aberrant migration of the protein. In addition, 

enzyme assays also showed that all of the nine genes were functionally expressed in the 

MGE strain (Table 3.3). The activities of the glycolytic enzymes in the heat-treated 

(70°C for 30 min) cell-free extract of E. coli with pGETS118 (empty vector) were 

below the detection level (data not shown). The specific enzyme activities in the 

cell-free extract of the MGE strain were compared with those in the enzyme cocktail 

prepared from a mixture of the SGE strains. The ratio of the cell concentrations in the 

mixture of the SGE strains were tuned to provide the optimized enzyme concentrations 

required for achieving a pyruvate production rate of 0.005 µmol min
1

 mL
1

 (i.e., they 

were equal to those shown in Table 3.3, line 5). The specific activities in the MGE 

strain were 5.0 (FBA) to 1370 (PGM) times higher than those in the mixture of the SGE 

strains (Table 3.3). 

 Overproduction of a heterologous protein in recombinant microorganisms often 

results in improper folding of the protein and leads to the formation of an inclusion 

body. In fact, SDS-PAGE analysis of the soluble and insoluble fractions of the SGE 

strains revealed that a significant fraction of some enzymes (e.g., PFK and FBA) were 

accumulated as inclusion bodies. By contrast, others (e.g., ENO and GK) were mostly 

produced in the form of soluble active protein (Fig. 3.4). These observations indicated 

that the difference in the protein folding efficiency should also be taken into account to 

achieve more precise control of the expression levels of multiple genes. Overall, the 

accumulation of inclusion bodies appeared to be less significant in MGE strains, which 

partly accounts for higher specific activities in the MGE strain. 
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Fig. 3.3 (A) Protein expression in recombinant E. coli cells harboring pGETS118 (empty vector, lanes 1 and 2) and pGETS-CGP (lanes 

3 and 4). Cell-free extracts were prepared using approximately 1 mg of wet cells and separated on 12% acrylamide gels before (lanes 1 

and 3) and after (lanes 2 and 4) heat treatment at 70°C for 30 min. (B) SDS-PAGE of the heat-treated cell-free extracts of MGE and 

SGE cells. The calculated molecular mass of recombinant enzymes (kDa) are as follows: GAPN, 55.5; PK, 51.1; PGI, 46.1; ENO, 45.5; 

PGM, 45.1; PFK, 33.5; FBA, 40.3; GK, 31.5; and TIM, 27.0. 
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Table 3.3 Specific enzyme activities in multiple-gene-expression cells and a mixture of single-gene-expression cells
 a
. 

Enzyme GAPN FBA GK ENO PGM PFK PK TIM PGI 

Multiple-gene-expression cells 

(×10
−3

 U mg
−1

 wet cells) 

1.81 1.69 4.10 158 577 44.8 371 23.1 10.3 

Mixture of single-gene-expression cells
 b
 

(×10
−3

 U mg
−1

 wet cells) 

0.12 0.32 0.38 0.22 0.42 0.60 0.30 0.18 0.38 

 

a
 The enzyme assays were performed using the heat-treated cell-free extracts of the recombinant strains. The activities were normalized 

by the wet weight of the cells used for the preparation of the cell-free extracts (50 mg each for the multiple-gene-expression cells and the 

mixture of the single-gene-expression cells). 

b
 Single-gene-expression cells producing GK, PGI, PFK, FBA, TIM, GAPN, PGM, ENO, and PK were mixed at the experimentally 

optimized ratio of 5: 1: 2: 5: 1: 32: 2: 1: 1 (wet weight). 
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Fig. 3.4 SDS-PAGE analysis of the soluble (S) and insoluble (I) fractions of SGE and MGE cells. Crude extracts were prepared using 

approximately 1 mg of wet cells. Soluble and insoluble fractions were separated by centrifugation (15,000 × g, 15 min). Soluble 

fractions were heat-precipitated (70
o
C, 30 min) and the resulting supernatants were analyzed. Insoluble fractions were washed once with 

the buffer and analyzed without the heat treatment. 
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3.3.3 Determination of the flux through the in vitro metabolic pathway 

The pyruvate production rate through the cascade reaction with the nine thermophilic 

enzymes (i.e., the flux through the chimeric glycolytic pathway) was determined using 

the MGE strain and the mixture of the SGE strains. The thermophilic NADH oxidase 

from Thermococcus profundus, which catalyzes the four-electron reduction of O2 to 

H2O using NADH as the electron donor (Jia et al., 2008), was added to the reaction 

mixture for cofactor regeneration. When 50 mg each of the wet cells of the MGE and 

the SGE strains were used, the MGE cells gave a 4.2-fold higher pyruvate production 

rate (Fig. 3.5). The high specific enzyme activities in the MGE cells (Table 3.3) likely 

contributed to this higher rate. 

 The use of heat-treated crude extracts of the MGE and SGE strains resulted in 1.4- 

and 2.1-fold higher pyruvate production rate, respectively than the direct use of the 

whole cells. This observation implied that the localization of the enzymes has a 

significant influence on the reaction rate. The membrane structure of E. coli cells is 

partially or entirely disrupted at high temperature and a fraction of the recombinant 

thermophilic enzymes, which are produced as soluble proteins, leaks out of the cells 

(Ninh et al., 2013; see also chapter 2). I quantified the levels of heat-induced leakage of 

enzymes from the MGE cells (Fig. 3.6). Although leakage levels varied among enzymes, 

more than 80% of the enzymes were retained in the cells even in the case of the most 

abundantly released enzyme (TIM). This fact indicated that the membrane structure of 

the recombinant E. coli was not entirely (but partly) disrupted under our experimental 

conditions. The barrier function of the cell membrane may impede substrate penetration 

into the cells to some extent, and result in the lower production rate observed in the 

whole-cell reactions. The lower production rate in the whole-cell bioconversion may 
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also be due to the highly crowded environment inside the cells. The total concentration 

of protein and RNA in an E. coli cell is in the range of 300-400 mg mL
1

, and they 

typically occupy 20-30% of the cytoplasmic volume of the cell (Ellis, 2001). As a result, 

diffusion of small molecules is three- to four-fold slower in the cell than that in pure 

water (Kao et al., 1993). Decrease in the diffusion rate of intermediates may result in 

lower flux though the artificial metabolic pathway inside the cells.  

 

  

 

 

 

 

 

 

 

 

Fig. 3.5 Pyruvate production rate with the MGE strain (gray bars) and the mixture of 

nine SGE strains (white bars). Production rates were determined using either 50 mg 

(wet weight) of the whole cells or the crude extract prepared from equal weights of the 

wet cells. Single gene expression cells producing GK, PGI, PFK, FBA, TIM, GAPN, 

PGM, ENO, and PK were mixed at an experimentally optimized ratio of 5: 1: 2: 5: 1: 

32: 2: 1: 1 (wet weight).  
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Fig. 3.6 Heat-induced leakage of enzymes from MGE cells. Cells were incubated at 

70°C for 30 (black bars), 60 (gray bars), and 90 min (white bars). After removal of the 

cells  by  centrifugation,  the  levels  of  enzyme  activities  in  the  

supernatant  were determined under standard assay conditions. The leakage levels were 

expressed as the percentage of enzyme activity in cell-free extract prepared by 

ultrasonication. 

 

3.3.4 Lactate production through the in vitro metabolic pathway 

The heat-treated crude extract of the MGE cells was used as the catalyst for a one-pot 

conversion of glucose to lactate. MLDH, which catalyzes NAD
+
-dependent reduction of 

pyruvate to lactate (Ye et al., 2012), was coupled with the in vitro glycolytic pathway 

for balancing the consumption and regeneration of the redox cofactor. An excess 

feeding of glucose to the in vitro pathway leads to rapid glucose phosphorylation by GK 

and results in an insufficient ATP pool size for further phosphorylation by PFK (Ye et al., 

2012). Accordingly, the author supplied glucose in a fed-batch manner at the rate of 6 

nmol min
1

 mL
1

, which is one half of the experimentally determined pyruvate 
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production rate through the in vitro pathway (Fig. 3.5). NAD
+
 was also continuously 

supplied to the reaction mixture at a rate identical to that of its thermal decomposition 

(2.5 nmol min
1

 mL
1

) (Supplementary Fig. S2). The lactate production rate remained 

almost constant at the expected level (12 nmol min
1

 mL
1

) for the initial 3 h (Fig. 3.7). 

Following this, 2.2 mM lactate was produced from 1.1 mM glucose with a molar yield 

of 100%, confirming that undesired side reactions could be eliminated by the thermal 

inactivation of indigenous enzymes. Decrease in the production rate became significant 

after the initial 3 h, and the molar yield of lactate production dropped to 82% at 4 h. 

This change appeared partly due to the dilution of the reaction mixture by the feeding of 

the substrate/cofactor solution (6.0% increase in the total volume at 4 h) and to the loss 

of enzymes by the sampling (4.5% decrease in the total concentration at 4 h). We also 

found that GK, PFK, ENO, and PK lost 20-25% of their activity after incubation at 

70°C for 4 h (Fig. 3.8). Substitution of these enzymes with those derived from 

hyperthermophiles (Sulfolobus solfataricus, Pyrococcus furiosus, Thermotoga maritima 

or Archaeoglobus profundus) with higher optimum growth temperature than T. 

thermophilus may be a possible strategy for improving the operational stability of the in 

vitro metabolic pathway. 
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 Fig. 3.7 Lactate production with a crude extract of MGE cells. The data shown as 

averages  standard deviation (n = 3). 
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Fig. 3.8 Thermal stability of the enzymes. The single-gene-expression cells were disrupted and heat-treated at 70
o
C for 30 min. After the 

removal of cell debris and denatured proteins by centrifugation, the enzyme solutions were incubated at 70
o
C for indicated times. 

Residual enzyme activities were determined under the standard assay conditions. 
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3.4 Summary 

In chapter 3, genes encoding nine thermophilic glycolytic enzymes were assembled in 

an artificial operon and co-expressed in a single recombinant E. coli strain. Gene 

expression levels of the recombinant thermophilic enzymes were controlled by their 

sequential order in the artificial operon. By simply heating a crude extract of the 

resulting recombinant cells, the in vitro synthetic pathway could be reconstituted 

without undesired side reaction and used for the one-pot production of pyruvate and 

lactate. In addition, it is noteworthy that the crude extract of the recombinant cells gave 

a markedly higher production rate than the whole-cell catalyst, probably owing to the 

barrier function of the cell membrane and/or the effects of macromolecular crowding. 

This observation poses a fundamental question about the validities of the mathematical 

models for simulating flux through an in vivo metabolic pathway with enzyme kinetic 

parameters obtained by in vitro experiments. This methodology, by which a highly 

simplified model pathway comprising only a limited number of active enzymes can be 

reconstituted inside cells, may contribute to the kinetic analysis of intracellular enzyme 

reactions and metabolisms. 
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4. Conclusions and future aspects 

Implementation of a complex biochemical reaction through a cascade reaction with 

isolated enzymes offers some potential advantages over conventional 

fermentation-based processes. Since enzymatic reactions proceed independently on the 

biological activities of living organisms, reaction conditions can be more flexibly 

modified without a complex control of culture conditions. Theoretically, reaction rates 

are in proportion with enzyme concentration; therefore, reactions are more easily scaled 

up. Another important advantage of in vitro bioconversion is that the downstream 

processes can be greatly simplified as enzymatic reactions can be conducted in an 

inorganic buffer. Particularly, employment of thermophilic enzymes enables a one-step 

preparation of enzyme modules through a heat-treatment of recombinant mesophiles 

harboring heterologous thermotolerant enzymes and long-term operation of in vitro 

bioconversion system.  

 In this thesis, I aimed to further improve the operational simplicity of in vitro 

metabolic engineering approach with thermophilic enzymes. In chapter 2, a simple and 

unique approach for the preparation of the themophilic whole-cell biocatalyst was 

developed using glutaraldehyde and demonstrated to be applicable to repeated and 

continuous bioconversion system. With a simple pre-treatment of recombinant E. coli 
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cells having the thermophilic fumarase with 0.11% (vol/vol) of glutaraldehyde, a 

compromise between the heat-induced leakage and the remaining specific activity of the 

enzyme could be achieved. The heat-treatment of GA-treated E. coli cells resulted in a 

significant improvement in membrane permeability to relatively small molecules 

whereas the overall cellular structure was not apparently changed. The GA-treated cells 

having the thermophilic fumarase were then used as whole-cell biocatalysts for 

hydration of fumarate to malate in a continuous reactor at 70
o
C. Consequently, 60% or 

higher conversion yield could be retained for at least more than 10h.  

 Chapter 3 demonstrated the assembly and co-expression of multiple genes 

encoding thermophilic enzymes in a single E. coli cell. Genes encoding nine enzymes 

involved in the chimeric Emben-Meyerhof pathway have been assembled in an artificial 

operon and functionally expressed in a single E. coli cell. By simply heating the crude 

extract of the recombinant E. coli strain, the in vitro pathway consisting of 

heterologously overproduced enzymes could be constructed. The resulting in vitro 

pathway could be used for the direct conversion of glucose to lactate with a molar yield 

of 82% by coupling with a thermophilic malate/lactate dehydrogenase.  

 One of the possible ideal goals of in vitro metabolic engineering would be the 

co-expression of the series of thermophilic enzymes in a single recombinant E. coli 
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followed by the GA-mediated membrane consolidation, and their application to a 

continuous bioconversion system. To demonstrate the applicability of the MGE cells in 

a repeated reaction, the cells were treated with 0.11% (vol/vol) GA and used for lactate 

bioconversion in the fed-batch system as described in chapter 3. The enzyme leakage 

from the MGE cells pre-treated with GA was kept under a detectable level after 

incubation at 70
o
C for 60 min. In lactate bioconversion, the reaction was repeatedly 

performed with stirring at 70
o
C. The GA-treated cells were recycled by centrifugation 

after being allowed to react for 2 h and subjected to a new reaction cycle. As a control 

experiment, the reaction using free cells was also carried out. Although the slight 

decrease in lactate yield was observed probably due to thermal inactivation of enzymes 

in GA-treated MGE cells, the product yield was remained above 0.30 mM after 7 

repetitions (Fig. 4.1). By contrast, the lactate yield in reaction using free MGE cells was 

steeply decreased in repeated reactions. This result indicates that the GA-treated MGE 

cells could be used in repeated and continuous bioconversion systems.  

 As described in chapter 3, I found that the heat-treated crude extract showed a 

significantly higher production rate than the whole-cell catalysts, probably owing to the 

barrier function of the cell membrane and/or the effects of macromolecular crowding. 

Elucidation of the underlying mechanisms on the lower catalytic performance of the 
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whole-cell catalysts would be crucial issue for achieving both the reusability and the 

sufficient conversion rate. In chapter 2, I focused predominantly on the effects of GA 

concentration on the leakage levels and activity of enzyme. However, more detailed 

investigations on other parameters, including the time and temperature for 

heat-treatment, may lead to the improvement of the membrane permeability and the 

higher reaction rate can be achieved. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Reusabilities of free (diamonds) and GA-treated MGE (circles) cells. Each 

reaction was performed at 70
o
C for 2 h. The data are shown as averages ± standard 

deviations (n = 3). 
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 A combination of GA-treated cells with a cell-separation filter is a simple and 

efficient method to operate a continuous reaction. However, this system is difficult to be 

applied to the separation between the desired product and other small molecules. 

Particularly, eluent of cofactors from the reactor prevents their continuous use during 

the long-term reaction. Several methods have been developed for the retention of 

cofactors in continuous reactors. One of these methods is immobilization of cofactors 

(e.g., NAD(P)
+
/NAD(P)H) on water-soluble polymers such as polyethylene glycol 

(Wichmann and Wandrey, 1981; Hummel et al., 1988), dextran (Gu and Chang, 1990) 

and polyethyleneimine (Obón et al., 1998). The immobilization of cofactors to polymers 

with molecular weights of 2-3 kDa, which can diffuse into the GA- and heat-treated 

cells (see chapter 2), can be retained in the continuous reactor using an ultrafiltration 

membrane and separated from product solution.  
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Figure S1. Nucleotide sequence of the artificial operon encoding the nine thermophilic enzymes involved in the chimeric glycolytic 

pathway. The Pr promoter region was shown in italic letters. DraIII restriction sites and the ribosome binding sites were indicated by 

green and blue letters, respectively. The open reading frames encoding the thermophilic enzymes were underlined. 
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Supplementary figure S2 

 

 

 

 

 

 

Figure S2. Thermal decomposition of the redox cofactors. A mixture of NAD
+
 (1 mM, 

indicated by circles) and NADH (0.2 mM, triangles) in 50 mM HEPES-NaOH (pH7.0) 

was incubated at 70
o
C for indicated time. Residual concentrations of the cofactors were 

determined by HPLC as described elsewhere (Morimoto et al., 2014). Diamonds 

indicate the total concentration of NAD
+ 

and NADH. Data represent the averages of 

triplicate assays. 
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