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Chapter 1: Introduction

Enzymatic cascade reactions, in which a certain number (typically more than 3) of enzymes are combinatorially
used in a single batch, has been applied to the production of a variety of industrial chemicals at a lab scale

This approach, designated as in vitrometabolic engineering, offers some distinct advantages over conventional
fermentation—based processes such as great flexibility, high product yields without by—products, fast reaction
rates, broad reaction conditions, and industrial scalability. In spite of these potential advantages, in vitro
metabolic engineering has not yet come into a practical use owing to four major obstacles, namely (i) low—cost
enzyme production, (ii) prolonged enzyme stability, (iii) cofactor engineering, and (iv) pathway optimization
and modeling. The employment of thermotolerant enzymes would be the possible solutions for some of these
limitations. 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. This study aimed to further improve the operational simplicity of thermophilic—enzyme—based
in vitro metabolic engineering with particular focuses on (1) prevention of the thermolysis of £ coli cells

and (2) co—expression of multiple thermophilic enzymes in a single recombinant cell.

Chapter 2: Development of a continuous bioconversion system using a thermophilic whole-cell biocatalyst

The recombinant £. 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 GA-treated £ coli cells to relatively small molecules could be 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.

Chapter 3: Assembly and multiple gene expression of thermophilic enzymes in Escherichia coli for in vitro

metabolic engineering

Genes encoding nine thermophilic enzymes involved in a non—ATP-forming chimeric glycolytic pathway were
co—expressed in a single recombinant £ co/i strain by assembling them in an artificial operon. The cell-free
extract of the multiple—gene—expression £. 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°C, a full set of glycolytic pathway enzymes was prepared and used for

the stoichiometric conversion of glucose to lactate.




Chapter 4: Conclusions

The thermolysis of £ coli cells could be prevented by a pretreatment with GA. The GA-treated cells harboring
thermophilic fumarase could be applied in a continuous bioconversion system for the hydration of fumarate
tomalate. The assembly and co—expression of multiple enzymes in single £ co/7 cell could also be demonstrated.
Genes encoding for nine thermophilic enzymes involved in the non—-ATP-forming chimeric glycolytic pathway have
been assembled in an artificial operon and functionally expressed in a single £ col/i cell. Through a
heat—treatment (70°C, 30 min) of the crude extract of the recombinant cells, one—step preparation of the cocktail
of enzyme-of-interests could be achieved. Stoichiometric conversion of glucose to lactate was demonstrated

using the resulting enzyme cocktail.
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