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Abstract

An environmentally important bacteriunwith versatile respiratign Shewanella
oneidensis MR-1, displayed significantly different growth rates under troekure conditions:
minimal medium (doubling time ~ 3 hrs), salt stressed minimalivne (doubling time ~ 6 hrs),
and minimal medium with amino acid supplementation (doubling time ~1.5 figspased
metabolic flux analysis indicated that fluxes of central metabvehctions remained relatively
constant under the three growth conditions, which is in stark cotdrése reported significant
changes in the transcript and metabolite profiles under varioughgommditions Furthermore,
ten transposon mutants 8foneidensis MR-1 were randomly chosen from a transposon library
and their flux distributions through central metabolic pathways wevealed to be identical,
even though such mutational processes altered the secondary metabmliexample, glycine

and C1 (5,10-Me-THF) metabolism.

Keywords: growth rate; **C-based; transposon mutants; transcript; metabolite profiles;
secondary metabolism



Introduction

Shewanella oneidensis MR-1 has versatile respiration and can engage in co-metabolic
bioremediation of a diverse number of environmental contaminants, suahrasium,
radionuclides, and halogenated organic compoufitls In addition, its ability to transfer
electrons to solid metals indicates its potential application igrofmial fuel cells®. Previous
studies orfs. oneidensisis MR-1 have examined its transcript and metabolite profilesspase
to various growth condition’. However, cell physiology might not be accurately refiedg
the annotated genome or by the transcript, protein, and metabolitegtofil For exampleE.
coli’'s transcript profile can have little relationship to the metabfbix profile due to post-
transcriptional regulation of protein synthesis and enzymestgctivit Since one of the most
physiologically relevant descriptions of a cell’'s metabolisrthe set of metabolic fluxes (a key
determinant of cellular physiology) we investigated. oneidensisis MR-1's flux distributions
in response to environmental and genetic perturbations, and thus its metaboktness (a
recently recognized microbial phenotyp&") in the face of environmental uncertainty and
genetic perturbations. This study improves our understandirghenfanella phenotypes and
gene regulation attributed to the nature of adaptation in theirommvent.The variation of flux
distributions in the MR-1 transposon mutants can reveal the possilgact of genetic
modification on central metabolism, i.e., from an evolutionary robustriesgoint, whether
the random nature of mutational processes (e.g., genetic dnfirizontal gene transfer) in the

environment can have a significant effect on central flux distributioBlseinanella species?



Materials and Methods

Culture conditions and analytical methods for metabolites. Shewanella oneidensis MR-

1 was obtained from The American Type Culture Collection (ATCC 7005509n MR-1
mutants were provided by Adam Arkin’s Group at University of ©atifa, Berkeley (Table 1),
which were obtained via Tn5 transposon mutagenesis using plasmid pRL2Y brief,
mutagenesis was carried out by conjugation of Eheoli donor strain WM3064 harboring
pRL27 with Shewanella oneidensis MR-1; transposon mutants were selected on Luria Broth
(LB) medium with kanamycin (1@g/mL); the insertion location of transposon mutants was
mapped via a two-step degenerate PCR protocol as described prevfousiyom over 1000
thousand mutants, 10 strains were randomly picked and investigatethhow mutation could
affect the central flux distribution.

All MR-1 strains were grown in the defined %3] sodium L-lactate (98%, Cambridge
Isotope, USA) minimal medium3QmM, pH=7, buffered with 20mM PIPES)nd duplicate
experiments were performed (n=2) For salt stress experiments, 330 mM NaCl was added to
the medium. To enhance growth, a standard amino acid mix (containing ab&ledl amino
acids, without tryptophan, glutamine, and asparagine, Cat#AA-S-18, Sig#a,Wwas added to
the medium for a final concentration of @M for each amino acid. The inoculum was prepared
in LB medium and incubated overnight; the cultures were started avitD9% inoculation
volume. All cultures (12 mL) were incubated in glass tubes & add 200 rpm shaking speed.
Total biomass growth was monitored by measuring the;e®Bnd converting it to the
corresponding dry weigtispecifically, the harvested culture was centrifuged at 4,80fbx 20

min and lyophilized overnight; then the dried biomass was weighed tm @btairrelation curve



between dried biomass and its correspondingog)D The concentrations of lactate, acetate, and
pyruvate in the medium were measured using enzyme kits (r-BiopharmstadtpGermany).

The GC-MS protocol for isotopomer measurement has been describenliphgVi?® %

In brief, the protein in biomass from the early exponential grgshase (Ogo=0.3~0.4) was
hydrolyzed to free amino acids in 6 M HCI at 100°C for 24 hours. MBCsamples were
prepared in 10Qul tetrahydrofuran (THF) and 100l N-(tert-butyldimethylsilyl)-N-methyl-

trifluoroacetamide (Sigma-Aldrich, USA) and baked at 65-80°C forrmg. GC-MS analysis
was carried out using a gas chromatograph (DB5 column, HP6890 gajilesit Inc, USA)

equipped with a mass spectrometer (5973 Network, Agilent Inc, USWh types of positively
charged species were used in flux calculation: unfragmentddoaacids, [M-57], and

fragmented amino acids withoutarboxyl group, [M-159]%.

Algorithm for isotopomer analysis and flux calculation. The metabolic network used to
calculate the metabolic flux profile & oneidensisis MR-1 included the tricarboxylic acid
(TCA) cycle (including the glyoxylate shunt),; Gnetabolism, the Entner-Doudoroff (ED)
pathway, gluconeogenesis, and the pentose phosphate (PP) pathway (totdcd@ns,
Supplementary materials Table S-1). The algorithm for metaffialc calculation has been
described in detail in our previous paper In brief, the flux profile was represented through
an independent fluxes vectgrqy, which comprised 16 independent fluxes plus the unlabeled
fractions of CQ and C1, for a total of 18 independent variables. The carbon labelingtekpec
from a flux profileving was calculated via the cumomer metlfd@nd the best fit for the data
was calculated by minimizing the error function (i.e. averaderdifice between the calculated
and the experimental data) through the use of genetic algofithfie independent fluxes to

biomass pools were not fixed by measurement values, but wereyl@osstrained by MR-1



biomass compositios *3 which were optimized by the model using isotopomer information.
The lower and upper limits for the fluxes to biomass synthesibeinmtodel calculations are
listed in Supplementary Table S-Confidence intervals were obtained using a Monte Carlo
Method %% the GC-MS data were changed randomly within the measuresremt, and
simulated annealing was perfornfédintil the error function did not decrease any further.
Amino acid isotopomer noise correction. The incorporation of unlabeled amino acids
from the rich medium into proteins affects the isotopomer distdbutietermined for each
amino acid and therefore the flux calculatioh.mathematical algorithm was used to correct for
noise in the amino acid measurements by assuming that therfra€ completely unlabeled
proteinogenic amino acids was only determined by uptake of unlabel@do aacids
supplemented in the medium and unlabeled lactate. This assumpsidiasetl on the fact that
lactate was labeled in the third position, and this labeled carbsmot lost before it entered
TCA cycle and gluconeogenesis (note: the first carbon oftéadcsalost as C®in the step
pyruvate>acetylCoA). Hence, there were no unlabeled metabolites produmed lactate
labeled in the third positiorin the algorithmfor correcting the isotopomer distributionsg laf
the GC-MS data (completely unlabeled proteinogenic amino awas)thus assumed to derive
only from unlabeled amino acidsid unlabeled lacta(see Supplementary Material for details):

098-M,

My = 002; M, = Viz0 (A)

(e}
where M is the original GC-MS data, M’ is the corrected KBE-data;i is the number of labeled
carbon atoms (0,1, 2, 3...); and 0.02 refers to 2% non-labeled carbon substrate (i.e., E8teof lac

is not labeled) in the medium.



Results and Discussion

Shewanella oneidensis MR-1 had very different exponential phase growth rates in the
various culture media: in minimal medium, the doubling time wasoappately 3 hrs, whereas
in the salt stress medium, the doubling time was approximatéiys §Figure 1).Under salt
stress, the lactate consumption and metabolite production (pyraudteacetate) rates were
significantly slower compared to those rates measured fronureslltgrown under normal
conditions (Figure 2). The flux distributions of the normal growth dressed cultures were
calculated based on the fitting of isotopomer data (Supplemeniguyes S1-S3)Despite
significant change in the growth rate under salt stres$ {halrate), the calculated relative
intracellular fluxes in the early exponential phase were vienjlas between salt stressed and
normal growth conditions (within the standard deviation) (Figure 3jhdrexponential growth
phase, MR-1 had limited flux through the TCA cycle (36~37% of laaiptake), resulting in
lactate not being fully oxidized and acetate and pyruvatenagiating in the medium due to
overflow metabolism (up to ~50% of lactate uptakelpluconeogenesis, the pentose phosphate
pathway, and the ED pathway were mainly used for biomass productiors andretheir fluxes
were very small (<3% of lactate uptake). Two anapleurotictiees (pyruvate to malate;
oxaloacetate to phosphoenolpyruvate) and the glyoxylate shunt appedreddtive (10~20%
of the lactate uptake) in both culture conditions. Although saltssteelsiced the specific growth
rate of cells, it did not change the relative flux distributionnf@st pathways. This observation
does not correlate with microarray data obtained from elevatedamditions’, which indicated
that the expression of most of the TCA cycle-related genes wygeregulated under salt stress. A
similar lack of correlation between fluxome and transcriptoma dad been recently reported

for E. coli grown on lactaté”.



Addition of amino acids to minimal medium significantly enhancedgtbeith rate and
biomass production (without amino acids the doubling time was ~3 ftts;amino acids the
doubling was ~1.5 hrs) (Figure 1). Similarly, addition of amindsacnproved MR-1’s growth
rate under salt stress conditions (without amino acids the doubliegnas ~6 hrs; with amino
acids the doubling was ~3 hi$)igure 1) The percentages of unlabeled proteogenic amino acids
provided information on the relative ratios of endogenous and exogenous ardindilation
8 In a defined rich medium containing an amino acid mix (17 amiits,a25uM each), the
labeling patterns of Ala, Asp, Glu, Gly, Ser (group, Figure 4a) did not change (<2%); those
of Val, Leu, Iso, Pro, Thr, and Lys (groupa? changed moderately (<10%); and those of Met,
Phe, His, Tyr (group 3) changed significantly (>10%). The three groups of amino acids
correlated with an increasing number of biochemical steps away fronalaaetabolism and the
amount of energy required for synthesis (e.g., group 1 is closesntmlcmetabolism and
requires the least energy for production). Hence, the first groupnweessly endogenously
synthesized, whereas the last group was mainly imported frorméldeum. After a suitable
correction using Equation A, the labeling data from the amino acidesuppted medium was
very close to the labeling data from a completely minimal orediFigure 4b). This suggested
that the relative flux distribution through the central pathwaysididchange significantly even
though the addition of certain amount of amino acids doubled the growth.eatéhe additive
effect on biomass synthesis with extra building blocks did not dieaiigtchange the reaction
ratios of overall enzymatic reactions in central pathways.

The robustness of flux distributions to genetic perturbations wasiralestigated by
comparing isotopomer distributions in amino acids between mutantthandild-type strain.

Ten mutants were randomly picked from the MR-1 mutant bank (>1006s3tta study the



possible change in central metabolic flux distribution under gepetturbations. The growth
rates of the ten mutants (Table 1) are similar to the groatéhof the wild type in the minimal
growth medium (within the measurement noise). The isotopomeffalaall ten mutants were
mostly identical to those for the wild type, and very few of theatedtgenes appeared to have a
specific impact on the relative flux through central carbon baoditan (Figure 5). However,
perturbation of certain amino acid metabolisms was observedheeSQ0781 mutant (lacking
glycine dehydrogenase: glyci#C1+CQ) showed increasetfC abundance in histidine. This
was due to the fact that the pool of C1 used in histidine biosyntkessived mainly from two
reactions: serine degradation and glycine degradékiaiure 3%. Since glycine displayed a
relatively low level of'*C labeling compared to serine, eliminating the glycine degradation
pathway(i.e., altered C1 metabolisnmcreased the amount of histidine produced from serine
degradation and resulted in a higher abundané&ain histidine. The observed invariability in
the relative flux distributions to genetic perturbations agwe#bs previous reports on the
robustness of central metabolism Bacillus subtilis and E. coli ** ** However, it must be
mentioned that the ten randomly chosen mutants in this study had no obvious phenotypic change
Based on the “neutral mutation theory” the vast majority of single-nucleotide changes (such
as genetic drift) have little or no biological effect. Througl transposon mutants, this study
improves our understanding of the general effect of molecular emolofn the robustness of
central metabolic flux distributions Bhewanella. Indeed, the mutants with the most perturbed
central metabolism would have grown very poorly compared to thetyp&lstrain in the same
environment. Such deleterious MR-1 mutants, of course, would be cejotaugh natural

selection.



Conclusion

In spite of versatile respiration metabolistime relative flux distribution foBhewanella
oneidensis MR-1 in the early exponential phase is robust with respect to amino acidadsitit
stress, and genetic perturbation, The rigidity of MRwdtabolism under the studied conditions
provides further evidence that microbial metabolism is not soledyegl towards growth rate
maximization when carbon sources are sufficiént Since metabolic fluxes are the final
functional output of the interaction of all molecular machinerghstigidity of the metabolic
flux distributions in microorganisms indicates that the functional owtpabmbined regulatory
activity (e.g. transcription, translation, post-translational g, etc.) leads to a stable relative
flux profile despite the large differences in growth ratesh@lgh it is easy to change a cell's
secondary metabolism or biosynthesis pathways (e.g., MR-1 glydnyerdgenase mutant), the
relative fluxes through central metabolic reactions are asityealteredand this may be the key

mechanism for organism to survive and evolve in the environments.
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Figure Caption

Figure 1. Growth kinetics ofShewanella oneidensis MR-1 under salt stress condition and with
amino acid supplements (n=2: minimal medium with amino acids supplement, no alt;
minimal medium, no saltm: minimal medium with salt (0.33 M NaCl supplemented into
minimal medium) and amino acids (17 amino acidgy%each),0: minimal medium with salt

(0.33 M NaCl supplementation into minimal medium), no amino acids.

Figure 2. Lactate consumption amdetabolite production b$hewanella oneidensis MR-1 under
normal growth or salt stress conditions in minimal medium (n=2)midbgrowth conditionsa,
lactate;#, acetate®, pyruvate. Salt stress (0.33 M NaCl supplementediinimal mediumy,

acetatep, pyruvate.

Figure 3. Fluxes in central metabolic reactions $foneidensis MR-1 under normal growth
conditions (upper number) and salt stress conditions (bottom nunilber)flux distributions
through central metabolic pathways in ten selected mutants aearcal to those under normal
growth conditions. The estimated fluxes for serine and glycine metabalisratant SO0781 are
in parenthesesAbbreviations: AC0A, acetyl-coenzyme A; CIT, citrate; E4P,thense-4-
phosphate; C1, 5,10-Me-THF; F6P, fructose-6-phosphate; G6P, glucose-6-phoSplaté-
phosphogluconate; ICT, isocitrate; MAL, malate; OAA, oxaloaeet&iXO, 2-oxoglutarate;
PEP, phosphoenolpyruvate; PGA, 3-phosphoglycerate; C5P, ribose-5-phosphéial¢se-5-
phosphate or xylulose-5-phosphate); S7P, sedoheptulose-7-phosphate; SUCtesut8ira

triose-3-phosphate; PYR, pyruvate.
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Figure 4. Effect of unlabeled amino acids on central metabolism in MRHKs{iated by a
change in GC-MS data in key amino acids). (a) Comparison oMGClata for proteinogenic
amino acids from cells grown on minimal medium (control) and tigose/n on rich medium
(addition of amino acid mixtures, 17 amino acids,u®b each).¢: Ala, Asp, Glu, Gly, Serg:
Val, Leu, Iso, Pro, Thr, Lysp: Met, Phe, His, Tyr. (b) GC-MS data for the amino acid-
supplemented medium were corrected for incorporation of unlabeled andsoisto protein

using equation A.

Figure 5. Effect of transposon mutagenesis on central metabolism. The GC-isl®/elee from
10 different mutants (Table 1). Nine key amino acids were includi&d 8sp, Glu, Gly, Ser,
Val, Leu, Phe, His). The open dots were GC-MS data from SO0781 (laglkaiie cleavage
system P protein). The outliers M2[-57] and M3[-57] are histidibeling data. The increased
3¢ abundance in histidine (M3[-57] was above the diagnal line) wasodhe knockout of the
glycine dehydrogenase (see main text). The measurement fuisesotopic data from

independent tracer experiments should be below 5%.
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Tablel. Shewanella oneidensis MR-1 mutants tested in this study.

Mutant Growthratehr™ Gene Description

MR-1 0.23+0.04 Wild type  Minimal medium (no stress)

MR-1 0.10£0.02 Wild type  Salt stress

1 0.20+0.03 S00781 glycine cleavage system protein P; gcvP
2 * intergenic  none

3 * S03925 biotin synthase family protein

4 * SO_A0184 conserved hypothetical protein

5 * S01420 outer membrane porin, putative

6 * S02867 permease PerM, putative

7 * S01143 conserved hypothetical protein

8 * S03230 flagellar regulatory protein C; flrC

9 * S04529 RNA methyltransferase, TrmH family, group 2
10 * S03106 cold-active serine alkaline protease; aprE

*. Growth rates for mutant 2 to 10 were same as the MR-1 wild type.
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