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NADPH is an indispensable electron donor in all living organisms, including eukaryotes, bacteria,
and archaea; it has a dual role, being oxidized by NADPH oxidase to produce reactive oxygen species,
which maintain the organism's antioxidant defense system. More importantly, NADPH provides the
essential reducing power in several anabolic enzymatic reactions involved in the biosynthesis of
various cellular components such as DNA and lipids. Furthermore, many more complex secondary
metabolites depend on processes involving NADPH-dependent enzymes. Thus, they are very
important auxiliaries in the critical biological processes of NADPH. Traditionally, some pathways of
central carbon metabolism, the oxidative pentose phosphate pathway, the Entner-Doudoroff pathway,
and the isocitrate dehydrogenase step of the tricarboxylic acid cycle, are regarded as the principal
sources of NADPH. In addition, the importance of other NADPH-generating enzymes, such as
transhydrogenase, glucose dehydrogenase, and non-phosphorylated glyceraldehyde triphosphate
dehydrogenase, are involved. In particular, in many bacterial species, including Escherichia coli (E.
coli), NAD(P)" transhydrogenase uses NADH to reduce NADP" to NADPH.

In Bacillus subtilis (B. subtilis), however, the conventional gene encoding this enzyme has not been
identified in the genome. It is also unknown what enzymatic reaction plays the principal role in
supplying NADPH, nor is it known how it is regulated. I conceived this study to elucidate the
mechanism of NADPH supply and its regulation in B. subtilis and to use this information for
bioproduction. As the global chemical industry seeks to reduce its dependence on fossil fuels and
minimize its environmental impact, the demand for bioproduction as a sustainable chemical
production process has never been greater. We felt that augmenting NADPH supply to promote
bioproduction using B. subtilis would be a very effective strategy (Chapter 1).

To artificially promote NADPH supply in B. subtilis, 1 constitutively expressed gdh, a gene

encoding a glucose dehydrogenase that oxidizes NADP" to give NADPH. This expression increased
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intracellular NADPH levels. By the way, we can postulate that the luminescence of bacterial luciferase
may be enhanced in response as the concentration of FMNH, elevates, and the concentration of
FMNHj; is assumed to increase in response to the NADPH level. Indeed, when the bacterial luciferase
gene cluster luxABCDE from Photorhabdus luminescens was expressed simultaneously with gdh, the
luminescence of the bacterial luciferase appeared to be enhanced. Thus, I have developed a
methodology to utilize the luminescence of bacterial luciferases as a non-destructive reporter of
intracellular NADPH levels (Chapter 2).

Next, based on the luminescence of the bacterial luciferase, I screened a library of mutants derived
from random mutagenesis to select several mutants with markedly enhanced luminescence. The
elevated NADPH levels in them were revealed. Further analysis of these mutants should provide
insight into what enzymatic reactions are involved in the elevated NADPH levels in B. subtilis and
how these reactions are regulated. Furthermore, the elevated NADPH levels led to the development
of bioproduction of value-added compounds (Chapter 3).

Therefore, the next goal is to set up the bioproduction of any useful compound. Among the various
chemicals produced by B. subtilis, 2,3-butanediol (2,3-BD) stands out as a versatile biobased
compound. 2,3-BD is an attractive target for biotechnological production due to its diverse uses in
plastics, biofuels, and personal care products. In B. subtilis, pyruvate produced from glucose by
glycolysis is converted into acetoin by a two-step reaction using AlsS and AlsD, which can then be
reduced to 2,3-BD by 2,3-butanediol dehydrogenase (BdhA). However, this reduction of acetoin is
disadvantageous because most NADH is used for ATP production through respiration in B. subtilis.
Therefore, if we could switch the NADH-dependency of BdhA to NADPH, 2,3-BD production should

be efficient as no competition for NADH with respiration occurs. Overproduction of acetoin in
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B. subtilis was enhanced by constitutive and strong expression of AlsS and AlsD and by preventing
the waste of carbon sources by other pathways (Chapter 4). Thus, the conversion of acetoin into 2,3-
BD is the final bottleneck.

For modification of the cofactor-dependency of BdhA, rational site-directed mutagenesis, which is
designed from amino acid sequence comparison of BdhA with an NADPH-dependent enzyme
paralogous to BdhA, and random mutagenesis using a strategy of screening using an E. coli mutant
host that requires a supply of NADPH (Chapter 5). Integrating all the above, I can draw a story of
efficient 2,3-BD production achieved by the NADPH-dependent mutant BdhA in a mutant strain with
enhanced NADPH levels and acetoin overproduction.

I aim to make the broader implications of these scientific innovations through a business strategy
that envisions the realization of 2,3-BD bioproduction. By identifying intellectual property
opportunities and proposing viable commercial pathways, I aim to bridge the gap between scientific
discovery and industrial application and provide a roadmap for the sustainable production of 2,3-BD
(Chapter 6). Building on the scientific and academic contributions of advancing our understanding of
the enhancement and regulation of NADPH levels in B. subtilis, my study also encompasses
contributions that further occupy the development of environmentally friendly 2,3-BD bioproduction

process and its social implementation, with significant economic and ecological benefits.
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