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Main Title

Metabolomics-driven approach for strain improvement of biofuel-producing microorganisms
for a low carbon society

General Objects and Main Issues
Metabolomics-driven approach for strain improvement of 1-butanol producing Escherichia
coli and Synechococcus elongatus

Metabolomics is a powerful technology to guide strain design for biofuel production in
two aspects: 1) it can focus on the metabolites in the most relevant pathway, such as central
metabolism, and 2) it can seek out metabolites in unrelated pathways but are dramatically
altered by the production of biofuel. The main objective of this project is to develop a platform
technology using metabolomic analysis for improving 1-butanol production in recombinant
organisms such as Escherichia coli, Saccharomyces cerevisiae, and Synechococcus elongatus.
Specifically, the aims of this project are 1) to develop a metabolomics analysis methodology, 2)
to develop methods to integrate metabolomics with metabolic models, and 3) to improve the
production strains using the above methods.



Methods and Technologies
Development and application of comprehensive non-targeted and targeted metabolic profiling
platforms and high throughput ensemble modelling (EM) techniques

For analysis of key metabolites including sugar phosphates, nucleic acids, CoA
compounds, multivalent organic acids, a novel, comprehensive and user-friendly GC-MS and
LC-MS/MS (triple stage) based widely targeted system was developed. In addition, a method
for comprehensive and quantitative profiling of CoA compounds by LC-MS/MS was developed
for the purpose of elucidating the metabolic pathway in E. coli. A new approach to estimate
metabolic distance was developed using principal component analysis (PCA) of metabolic
turnover data. The newly developed metabolic turnover analysis is useful to visualize metabolic
dynamism and cellular processes.

For semi-rational comparison of strains at the metabolome level that can provide hints
for phenotype improvement without fully elucidating the underlying mechanisms, a data-driven
methodology for semi-rational prediction of significant metabolites by metabolome analysis
using acquired metabolomics data was developed and validated. In addition, a high throughput
ensemble modeling (EM) strategy for screening Kkinetic parameters based on end-point
metabolite measurements was developed. This approach builds an ensemble of models all
anchored to the same end point of fermentation, to which model parameter screening is
performed based on metabolite measurements at the end of point of fermentation. Thus, the
model ensemble can learn with the metabolomics data and become increasingly predictive as
more data are generated.

Results and Social Impacts

A highly sensitive, selective and comprehensive non-targeted and targeted GC/MS
based metabolic profiling system was successfully developed for widely targeted metabolomics.
In addition to the snapshot analysis, we also developed metabolic turnover analysis to visualize
metabolic dynamics of the cell. Its application to elucidation of metabolism of transgenic E. coli
yielded important targets for strain improvement and revealed metabolic features supporting the
synergy between different pathways in E. coli 1-propanol production. The metabolomic data
generated was used for model screening in the high throughput ensemble modeling (EM), and a
set of dynamic metabolic models with realistic parameters for E. coli was obtained. Ensemble
Modeling for Robustness Analysis (EMRA) was further developed as an extension of EM for
screening models based on the robustness of metabolic pathways. Based on metabolomics and
ensemble modelling-derived insights, 1-butanol producing E. coli strain was improved by
introducing NADH and acetyl CoA driving forces to direct the flux toward 1-butanol pathway,
and high 1-butanol production (15-30 g/L; 5 g/L per day) was achieved. In addition, 1-butanol



was produced directly from CO; using S. elongatus, and metabolic turnover analysis suggested
the possibility of further improvement of 1-butanol producing Synechococcus by replacing
NADPH-consuming enzymes with NADH-consuming homologs. Metabolome analysis of
1-butanol producing S. elongatus also revealed two bottleneck reactions in the pathway, namely
pyruvate to Acetyl CoA and butyryl CoA to butanal.

This project will impact the field by enriching the toolbox of metabolic engineering
and expanding the application field of metabolomics. The collaboration is likely to achieve the
most efficient 1-butanol production strain, which may interest multiple companies working on
microbial production of fuels and chemicals. Lastly, the impact on society is the development of
technologies that reduce the carbon footprint of fuel and chemicals production.

Synergies between US and Japanese Teams

To achieve the final goal of improving 1-butanol production in E. coli and S. elongatus,
this project encouraged close collaboration between the US and Japanese teams. The ongoing
effort to improve the 1-butanol producing strains was a direct result of a concerted effort of both
parties to share their expertise to achieve a greater goal. Initially, the US team constructed the
1-butanol-producing strains of E. coli and S. elongatus that were subsequently analysed by the
Japan team using newly-developed metabolomics and metabolic flux approaches. After which,
direct feedback and insights based on the metabolomics and metabolic flux data from Japan
team were given to the US team for further strain manipulation and improvement. In addition,
metabolomics and metabolic flux data from Japan team were used by the US team for
developing ensemble modeling, an in silico approach for engineering non-native pathways in E.
coli and S. elongatus. The US team, who is one of the leading research laboratories for
metabolic engineering, did all genetic manipulations. On the other hand, the Japan team
comprises experts in metabolomics and metabolic flux analysis fields who are equipped with
state-of-the-art analytical tools and machines. This partnership allowed both the US and Japan
teams to concentrate their efforts on their expertise, thus resulting in a more efficient and
productive research. Another essential aspect of the synergy between the US and Japan teams is
the exchange of ideas between the two sides. Since both parties have different backgrounds, this
resulted in more fruitful discussions and strategies. This project also supported student and
postdoc exchange that enabled students and early career researchers to conduct research in a
laboratory with a different laboratory environment from their own and train themselves with
interdisciplinary skills as well as having a global perspective that is useful for their future
career.

To disseminate results and to integrate research with education, we conducted three
programs in the first phase of this project namely 1) a Cross-Pacific seminar series, 2) a



student/postdoc visiting program, and 3) an international metabolomics workshop. The
Cross-Pacific seminar series were conducted regularly via Skype throughout the year, and in
face-to-face meeting once a year. The seminars, given by Pls and senior researchers to students,
were mainly focused on the basics of metabolomics, metabolic modelling, and metabolic
engineering for biofuels production as well as reporting research progress and results. The
student/postdoc visiting program aimed to establish close interaction between the teams across
the Pacific. The project supported the exchange of students and postdocs between the US and
the Japan teams in which the visitor was allowed to stay on the other side once per year for 1-2
months. The UCLA students or postdocs benefited from learning metabolic techniques in Japan,
while the Japanese students (or postdocs) learned the modeling and strain engineering
techniques at UCLA. Within the duration of this project, nine exchanges have occurred between
the two sides. These students/postdocs exchanges allow the participants to learn both the
scientific expertise and cultural/professional practices in the other country. The participants in
this project gained significant international exposure as a result of the exchange. Finally, we
held an International Metabolomic Workshop in year 3 to disseminate the results to the
community in which all project team members gave oral or poster presentations. In addition,
eight external experts from US and Japan attended the workshop. The workshop discussed key
strategies of metabolic engineering and participants presented various ways that metabolomic
techniques can contribute to the metabolic engineering effort. The workshop also highlighted
several success stories and challenges in using metabolomics in metabolic engineering.

Achievements

Under this project, we have published 15 scientific papers in various peer-reviewed
international journals in the field of analytical chemistry, metabolic engineering, and bioscience.
In addition, student and postdoc members of this project have won awards in reputable
academic conferences, such as the Annual Meeting of the Metabolomics Society. This project
also resulted in the development of data softwares, such as MRMPROBS and MRM-DIFF, for
facilitating data analysis process for the widely targeted metabolomics system. In addition,
another software called AlOutput was developed for the non-targeted metabolomics system.
OpenMebius was developed for *C-based metabolic flux analysis. All softwares developed in
this project are available for public use and has been useful for rapid annotation of low
molecular weight metabolites.
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