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Abstract

Genome-scale metabolic models of industrial host cells are conventionally exploited as tools for finding
engineering strategies to produce native metabolites at high yields. However, it is impossible to produce
nonnative metabolites (non-existent metabolites in these hests), which are value-added products today. To
establish a computational method/in silico platform for the design of host-specific heterologous pathways/genes
for production of nonnative metabolites, an algorithm was developed to search for feasible pathways and to
suggest candidate heterologous genes by CAI scores. This in silico platform was named as “ArtPathDesign”, and
effectively designed the heterologous pathways for the production of nonnative metabolites including industrial
chemicals such as 1,3-propanedio} and 2,3-butanediol. Furthermore, the ArtPathDesign system could
automatically identify complex heterologous pathways, e.g. heterologous pathway of sophorol (plant secondary
metabolite) by adding 10 heterologous enzymes. These findings could provide options of metabolic engineering
strategies to make fine chemicals using microorganisms.

SUMMARY OF THE WORK
C'hapter 1. General introduction

Currently, the demands of fuels and chemical feedstocks are largely increased, while petroleum resources
are limited and unsustainable. Petroleum-based process for fuels and chemicals generates toxic wastes and
COgz-emissions, and needs high costs for facilities and maintenance. One of the solutions for these problems is
utilization of bio-based process to produce industrial chemicals by microorganisms, Natural organisms are not
easy to cultivate and produce high levels of bio-product, as well as, metabolic information and genetic
manipulation tools of these organisms are unavailable and not being well-developed. Genome-scale metabolic
models are metabolic engineering tools, which are widely used for finding strategies to modify/redirect existing
metabolic pathways for producing native metabolites. To produce nonnative metabolites, the design of
heterclogous pathways is required to incorporate to the gemome-scale metabolic models of well-characterized
hosts, including E. coli, Saccharomyces cerevisiae, Bacillus subtilis, ete. Still, it is difficult to answerthe following
questions; how do we obtain the feasible heterologous pathways/genes for the production of industrial chemicals
from huge number of possible pathways/genes? Which hpst is suitable for a target production? Several
computational methods were reported in order to answer some of those questions!-3. Among those methods,
host-specific heterologous pathways/genes are not developed yet. Therefore, this study aimed to develop a
computational method to overcome these problems and to provide options of metabolic engineering strategies for
industrial chemicals by microorganisms. '
Chapter 2. Development of an algorithm to design heterologous pathway .

Information of metabolic reactions were retrieved from KEGG database and were parsed into a
constructed in-house database. This in-house database contained 7,769 known metabolic reactions, 6,635
compounds and necessary information of genes, enzymes, pathways and organisms. All metabolic reactions were
considered as candidate heterologous reactions that could be added to the host's metabolic network. To design
heterologous pathways, an iterative algorithm was developed to search for a set of heterologous reactions used to
connect nonnative metabolites with the host’s metabolic network. This algorithm was developed to sequentially

adding heterclogous reactions to the host's metabolic network. At 1%t iteration, a set of nonnative metabolites
) .



which can connect to host’s metabolic network by adding single heterologous.rea_ction was obtained. Next, the
host’s metabolic network was expanded by including a set of heterologous reactions identified from the 1st
iteration. The process to find connectable nonnative metabolites obtained by adding heterologous reactions were
iterated, and the host’s metabolic network was expanded. This iterative process was finished when no further
nonnative metabolites can connect to the expanded host's metabolic network. As results, there arve 3,244, 3,154,
3,112 connectable nonnative metabolites that are found to connect to % coki, S, cerevisiae, and C. glutamicum
metabolic networks, respectively. The heterologous pathways of those nonnative metabolites were automatically
generated by using the developed algorithm, including the identical pathways previously reported for
1,3-propanediol, isoprene, cadaverine, etct5. With the developed algorithm, the in sifico platform for the design of
heterologous pathways to produce nonnative metabolites was developed and successfully identified heterclogous
pathways of useful bio-products.

Chapter 8. Selection of heterologous genes using CAI score

The Michaelis-Menten constant, Km, is equal to the substrate concentration at which the reaction rate is
half its maximum value. Thus, the smaller the value of Km of the enzyme is, the more efficiently enzyme reaction
occurs. Although Km-value is a useful score for selection of candidate heterclogous genes, the information of Km
is depending on experimental data and unavailable for several enzymes. The inefficient target production by
introduced heterologous genes may cause by a low or lack of expression of heterologous enzymes in the host cell,
For these reasons, the new score, Codon Adaptation Index (CAI), was applied to select host-specific heterologous
genes. CAl score is one of the most measures to estimate the extent of codon usage bias in genes. To evaluate CAI
score, the relationship between CAI of genes-and protein abundance was investigated, and positive correlation
was found in both Z. coii and S. cerevisiae. Therefore, the in silico platform developed in chapter 2 was extended
by including the CAI score for selecting candidate heterologous genes. This computational platform named as
ArtPathDesign was improved to overcome the problems about host-specific heterologous pathways and genes.
Besides, the complex heterologous pathway by adding about 10 heterologous enzymes to the host & colf was
automatically generated. The host-specific catalog of nonnative metabolites was developed to-get information of
generated pathways as a good format of an html file easily opened by web browsers such as Google Chrome and
Mozilla Firefox. '

Chapter 4. General conclusion and future perspective

The ArtPathDesign system was developed and successfully used as a metabolic engineering tool for the
design of host-specific heterologous pathways/genes and for providing the host-specific catalog of compounds. The
ArtPathDesign will become a useful tool to enable scientists to engineer host microorganisms for industrial
chemicals. Since the current version of ArtPathDesign has been developed, the obtained results are depending on
metabolic reaction data available on public databases. Generating new candidates of metabolic reactions {even
non-existent reactions in databases) is desirable features of pathway design methods. To improve the
ArtPathDesign system capabilities, a computational method to design new metabolic reactions will be further
developed in the future. -
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