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Science Goal and Impact of MFA on Biosystem Dynamics and Design.

An important element in the production of biofuels is the metabolic engineering process required to
maximize the production of renewable biofuel molecules from fermentable substrates. Product yield is a
major determinant of final price; any improvement in this area translates into immediate economic
benefits. Biofuel production rates are, in simplest terms, the flux through the particular reaction creating
the desired metabolite product. However, understanding the level of production of a given metabolite
requires understanding the integrated network response encompassing the entire genome of the host.
Metabolic fluxes cannot be measured directly, and so must be inferred from other measurements; much
work has been done in the area of quantifying metabolic fluxes using stable isotope labeling and either
nuclear magnetic resonance (NMR) or mass spectrometry (MS) detection methods. Metabolic flux
analysis (MFA) then employs various formal mathematical approaches including stationary or quasi-
steady state approaches (1-13) including cumulative isotopomer (cumomer) (8-11) and elementary
metabolite unit (EMU) analyses (5, 8, 12), as well as non-stationary or dynamic approaches (13-23).

EMSL/PNNL presently lacks MFA capabilities commensurate with its stature as a world-class research
facility. We do possess state-of-the art instrumentation in both Mass Spectrometry (MS) and Nuclear
Magnetic Resonance spectroscopy (NMR), and over the past several years have been active in MS and
NMR metabolomics data collection and analysis. However, our approach to MFA thus far has consisted
of data collection only; we then send the collected data to other entities for analysis. Developing a
resident MFA capability at EMSL integrated with our NMR and MS capabilities will be vital to pursue
future collaborative research in systems biology and metabolic engineering. It will allow us to provide a
complete package of rational experiment design, NMR and MS data collection and analysis. Further,
development of MFA at EMSL will enhance our established competencies in metabolomics,
transcriptomics, proteomics and genomics. Establishing an EMSL base of MFA software and expertise
that integrates into an overall complete systems biology platform will be crucial to fulfilling the
Biosystem Dynamics and Design research goals of EMSL, to “understand intra- and intercellular
complexes and dynamic processes in microbes, fungi and plant roots to advance systems biology for
bioenergy and bio-renewables,” and will enable us to partner more effectively with new and existing
EMSL users to advance research in systems biology relevant to the goals of our primary client, DOE-BER.

We propose establishment of a new EMSL MFA capability in the context of a microbial biofuel
production system. Implementation will be accomplished by working in partnership with Wolfgang
Weichert and Katharina Noeh, the developers of the 13CFLUX2 metabolic flux analysis software suite
(8). We plan for this project to utilize 13CFLUX2 to implement stationary (quasi-steady-state)
approaches that are best suited to bacterial cultures in defined media. This work will set the stage for
future development and implementation of EMSL fluxomics non-stationary or dynamic approaches that
would allow us to explore flux in eukaryotic organisms such as fungi, using: 1) simplification protocols
such as pooling of metabolites in compartments, assuming rapid equilibrium based on continuous action
of transporters, or 2) dynamic approaches, which, as there is no publicly available software at this point,
requires tracer experiments to test whether a given pathway is active. (13, 20)

Research Approach for Main Objectives and Scope of Work.

Our plan is to obtain the current release of 13CFLUX2 and develop resident expertise in experiment
design, data collection, data processing, and complete flux balance analysis using 13C isotopomer data.
13CFLUX2 is the only major software package that is currently capable of handling both NMR and MS
data. Drs. Wiechert and Noeh have kindly offered to provide a five year academic license (no cost to
PNNL), if we will travel to Germany to take a training class; they have further offered to waive the
tuition for this training course for two persons, one representing bioinformatics, and one representing



either NMR or MS. Once we have installed and tested 13CFLUX2, we will work with Dr. Hector Garcia-
Martin of the Joint Bioenergy Institute (JBEI, current Science Theme Proposal, EUP47558,) to apply our
new capability to model-guided biofuel production enhancement of metabolically engineered E. coli.
This offers us two advantages: 1) Dr. Garcia-Martin will acquire 13C isotopomer data at EMSL as part of
his ongoing project, meaning we can utilize already-planned datastreams; and 2) Dr. Garcia Martin will
independently employ Two-Scale 13C Metabolic Flux analysis (TS 13C MFA) that was developed at JBEI
Quantitative Modeling Directorate, giving us a valuable check on our newly established EMSL fluxomics
methodologies.

While TS 13C MFA is a promising and novel approach, its algorithm is currently unpublished, and it is not
available to support the EMSL general user community. 13CFLUX2 has been in production use for
several years, with development of the original version dating back to 2001, and is a world leader in this
area. Its algorithm has been published (8), and we have the strong support of its developers, who
recently visited EMSL (June 2014). Thus, we believe that installation of the 13CFLUX2 package is the best
way at present for EMSL to move into this field of analysis. We will compare our flux reports with TS 13C
MFA results for Dr. Martin's mass spec data, which should support better and easier calibration of
13CFLUX2 (and vice versa) on our EMSL instruments. Also, we will extend the data analysis to new NMR
samples, funded in this proposal, so that 13CFLUX2 will be tested on both mass spec and NMR samples.
This will support integration of NMR and MS resources at EMSL, and will also benefit Dr. Garcia-Martin,
who will be provided with additional flux profiles from NMR experiments to further the research in his
current and future EMSL User Proposals.

Science Driver: In phase 1 of his current EUP, Dr. Garcia-Martin will be testing a variety of flux balance
analysis methods, each of which uses different ‘omics data sets to constrain the metabolic models. He
will do this to find the most accurate predictive method to use in making the genetic manipulations in
phase 2, wherein he alters gene expression of genes encoding global regulators (such as arcA) or
alternate routes for carbon excretion (poxB) to see the effect on flux profiles and isopentanol (gasoline
molecule) production. The output of phase 2 will be knowledge that can be translated into quantitative
models that will indicate new approaches to increase yield. In phase 1, the various modeling methods
will be compared against the flux measurements from TS 13C MFA, such measurements being a "golden
standard" .We will be able to provide a second means of comparison, using 13CFLUX2. As Dr. Garcia-
Martin stated in his proposal, the work in Phase 1 is itself very important - it will provide guidance as to
the fastest and easiest method to use to build accurate metabolic models. Our work here will aid in this
effort, as well as assisting Dr. Garcia-Martin in phase 2 by providing another validation of flux
predictions at selected data points for the prediction method selected for use in phase 2.

Most relevant to the current application (Selected from over 35 peer-reviewed
publications)

1. Ledee DR, L Smith, M Bruce, MA Portman, M Kajimoto, NG Isern, and A Olson. C-myc regulates substrate
utilization for the citric acic cycle during early pressure overload hypertrophy. J Mol Cell Cardio, submitted.

2. Xue J, NG Isern, RJ Ewing, AV Liyu, JA Sears,, H Knapp, J Iversen, DR Sisk, BK Ahring and PD Majors.
“Development of a live in-situ NMR bioreactor and its implementation for characterizing Moorella thermoacetica
metabolic profiles”, Applied Microbiology and Biotechnology, accepted.

3. Beliaev AS, M Serres, BE Linggi, LM Markillie, NG Isern, WB Chrisler, LA Kucek, EA Hill, G Pinchuk, DA Bryant,
HS Wiley, MF Romine, JK Fredrickson, and A Konopka. 2014. "Interactions between cyanobacteria and heterotrophs



under different trophic conditions." The ISME Journal advance online publication 29 April 2014; doi:
10.1038/ismej.2014.69..

4. Files MD, Kajimoto M, O'Kelly Priddy CM, Ledee DR, Xu C, Des Rosiers C, Isern N, Portman MA. Triiodothyronine
facilitates weaning from extracorporeal membrane oxygenation by improved mitochondrial substrate utilization. J Am
Heart Assoc.2014 Mar 20;3(2):e000680.

5. Kajimoto M, O'Kelly Priddy CM, Ledee D, Xu C, Isern N, Olson AK, Portman MA.Effects of Continuous
Triiodothyronine Infusion on Citric Acid Cycle in the Normal Immature Swine Heart under Extracorporeal Membrane
Oxygenation in vivo. AmJ Physiol Heart Circ Physiol. 2014 Feb 14. [Epub ahead of print].

6. Kajimoto M, Atkinson DB, Ledee DR, Kayser EB, Morgan PG, Sedensky MM, Isern NG, Des Rosiers C, Portman
MA. Propofol compared with isoflurane inhibits mitochondrial metabolism in immature swine cerebral cortex. J Cereb
Blood Flow Metab. 2014 Mar;34(3):514-21. doi: 10.1038/jchfm.2013.229. Epub 2014 Jan 8.

7. DeAngelis KM, Sharma D, Varney R, Simmons B, Isern NG, Markilllie LM, Nicora C, Norbeck AD, Taylor RC,
Aldrich JT, Robinson EW. Evidence supporting dissimilatory and assimilatory lignin degradation in Enterobacter
lignolyticus SCF1. Front Microbiol. 2013 Sep 19;4:280. doi; 10.3389/fmich.2013.00280. eCollection 2013.

8. Kajimoto M, O'Kelly Priddy CM, Ledee DR, Xu C, Isern N, Olson AK, Des Rosiers C, Portman MA. Myocardial
reloading after extracorporeal membrane oxygenation alters substrate metabolism while promoting protein synthesis.
J Am Heart Assoc. 2013 Aug 19;2(4):000106.

9. Ledee D, Portman MA, Kajimoto M, Isern N, Olson AK. Thyroid hormone reverses aging-induced myocardial fatty
acid oxidation defects and improves the response to acutely increased afterload. PLoS One. 2013 Jun
7:8(6):€65532. doi:10.1371/journal.pone.0065532.

10. Kajimoto M, O'Kelly Priddy CM, Ledee DR, Xu C, Isern N, Olson AK, Portman MA. Extracorporeal membrane
oxygenation promotes long chain fatty acid oxidation in the immature swine heart in vivo. J Mol Cell Cardiol. 2013
Sep;62:144-52. doi:10.1016/j.yjmcc.2013.05.014. Epub 2013 May 30.

11. Isern NG, Xue J, Rao JV, Cort JR, Ahring BK. Novel monosaccharide fermentation products in
Caldicellulosiruptor saccharolyticus identified using NMR spectroscopy. Biotechnol Biofuels. 2013 Apr 3;6(1):47. doi:
10.1186/1754-6834-6-47.

12. Priddy CM, Kajimoto M, Ledee DR, Bouchard B, Isern N, Olson AK, Des Rosiers C, Portman MA. Myocardial
oxidative metabolism and protein synthesis during mechanical circulatory support by extracorporeal membrane
oxygenation. Am J Physiol Heart Circ Physiol. 2013 Feb 1;304(3):H406-14. doi: 10.1152/ajpheart.00672.2012. Epub
2012 Nov 30.

13. Kottmann RM, Kulkarni AA, Smolnycki KA, Lyda E, Dahanayake T, Salibi R, Honnons S, Jones C, Isern NG, Hu
JZ, Nathan SD, Grant G, Phipps RP, Sime PJ.Lactic acid is elevated in idiopathic pulmonary fibrosis and induces
myofibroblast differentiation via pH-dependent activation of transforming growth factor-8. Am J Respir Crit Care Med.
2012 Oct 15;186(8):740-51. doi: 10.1164/rccm.201201-00840C. Epub 2012 Aug 23.

14. Olson AK, Ledee D, Iwamoto K, Kajimoto M, O'Kelly Priddy C, Isern N, Portman MA. C-Myc induced
compensated cardiac hypertrophy increases free fatty acid utilization for the citric acid cycle. J Mol Cell Cardiol. 2013
Feb;55:156-64. doi: 10.1016/j.yjmcc.2012.07.005. Epub 2012 Jul 22.

15. Olson AK, Bouchard B, Ning XH, Isern N, Rosiers CD, Portman MA. Triiodothyronine increases myocardial
function and pyruvate entry into the citric acid cycle after reperfusion in a model of infant cardiopulmonary bypass.
Am J Physiol Heart Circ Physiol. 2012 Mar 1;302(5):H1086-93. doi:10.1152/ajpheart.00959.2011. Epub 2011 Dec 16.
16. Cao B, Ahmed B, Kennedy DW, Wang Z, Shi L, Marshall MJ, Fredrickson JK, Isern NG, Majors PD, Beyenal H.
Contribution of extracellular polymeric substances from Shewanella sp. HRCR-1 biofilms to U(VI) immobilization.
Environ Sci Technol. 2011 Jul 1;45(13):5483-90.

17. McClay JL, Adkins DE, Isern NG, O'Connell TM, Wooten JB, Zedler BK, Dasika MS, Webb BT, Webb-Robertson
BJ, Pounds JG, Murrelle EL, Leppert MF, van den Oord EJ. (1)H nuclear magnetic resonance metabolomics analysis
identifies novel urinary biomarkers for lung function. J Proteome Res. 2010 Jun 4;9(6):3083-90.



