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The ancients who wanted to manifest their brighttiei to all in the world first governed well theiwn
states. Wanting to govern well their states, thiey harmonized their own clans. Wanting to harraeni
their own clan, they first cultivated themselvesantihg to cultivate themselves, they first corrdcte
their minds. Wanting to correct their minds, thagtfmade their wills sincere. Wanting to make tthei
wills sincere, they first extended their knowledggtension of knowledge consists of the investayati
of things. When things are investigated, knowledgextended. When knowledge is extended, the will
becomes sincere. When the will is sincere, the msntbrrect. When the mind is correct, the self is
cultivated. When the self is cultivated, the claharmonized. When the clan is harmonized, thetcpun

is well governed. When the country is well goverrtedre will be peace throughout the land.

The Great Learnin
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Summary

Using labelling experiments and isotopologue pirtdil metabolic pathways, substrate usages and
fluxes in different systems (pathogenic bacteragtéria producing biofilms and brown fat cells from
mice) could be analysed. Labelled glucose, glutamgiycerol and serine were supplied during the
cultivation of the bacteria or cells, which werearmporated and utilized in downstream metabolism.
Using physical and chemical methods, downstreardymts could be isolated and analysed by gas
chromatography/mass spectrometry (GC/MS). By coisparof these patterns, the pathways involved
in the metabolism of the supplemented tracers cbeldeconstructed for the various bacteria and
eukaryotic cells in considerable details. In tharky we especially studied differential glucosegesa

and carbon fluxes iRrancisella strains Bacillus subtilis and immortal brown adipose tissue.

Francisdla tularensis is an intracellular pathogenic bacterium which rdact many animals causing
tularemia. The metabolic fluxes and pathway§.aflarensis subsp holarctica, the highly pathogenic
wild type strain, andr. novicida, the human avirulent but mice virulent strain, @vstudied in order to
find out the relationship between virulence andabelism. We performe#C-labeling experiments
with F. tularensis subsp.holarctica wild type (beaver isolate};. tularensis subsp.holarctica strain
LVS, orF. novicida strain U112 in complex media containing either'fGs]glucose, [1,2-°C;]glucose,
[U-13C5]serine, or [ULCs]glycerol. On the basis of GC/MS analysis, the apologue profiling of
amino acids, polysaccharide-derived glucose, freetdse, amino sugars derived from the cell wall,
fatty acids, 3-hydroxybutyrate, lactate, succireatd malate could reveal uptake and metabolic usage
of all tracers. The twé. tularensis strains, i.e. the beaver isolatealarctica wild type strain and the
live vaccine strain LVS, showed similar labelingttpens. However, the differences between the
labelling profiles of the metabolites from the tularenss strains andF. novicida strain were
significant. InF. tularensis subspholarctica strains, glucose was directly used for polysaadeaand
cell wall biosynthesis with higher rates, however,the F. novicida strain, glucose was more
efficiently used for the biosynthesis of downstrganmmducts (e.g. amino aicds, TCA intermediates) via
the EMP pathway or the PPP. Catabolic turnoverla¢age via gluconeogenesis was also observed.
Although pyruvate transaminase is not annotategtiengenomes df. tularensis andF. novicida, Ala
could still be synthesized from pyruvate. The giptecould be efficiently uptaken bl. novicida
serving as a gluconeogenetic substrate, howewverF. finlarensis subsp.holarctica strains, glycerol
usage for gluconeogenetic turnover was less. Saragenot a major substrate for bdthtularensis
subsp.holarctica strains and-. novicida strain. It was utilized, at low rates, for the lyiothesis of
downstream metabolites, e.g. TCA intermediatesfatig acids, especially in the tularensis subsp.
holarctica strains. However, serine was almost not ultilizeat gluconeogenesis under the

experimental conditions. It was speculated thatifferent utilization of substrates could be rethto
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host specificity and virulence &rancisella.

Francisella sp. strain W12-1067 is a recently in Germany idieat new environmentafFrancisella
isolate, which is negative for the typidalancisella pathogenicity island FPI. However, in its genome
an alternative putative T6SS is present. Thereforg still unknown whether this strain is pathoge

or not, the metabolism ofrancisella is important to replicate in host cells and, thtes,be a
successfull human pathogen. Therefore, we perfori@dhbeling experiments witkrancisella sp.
strain W12-1067 in complex media again containirithee [U-**Cg]glucose, [1,2°C;]glucose,
[U-13Cs]serine, or [UYCs]glycerol. Moreover,in silico genome analysis revealed the presence of a
putative myo-inositol metabolic pathwayhnancisella sp. strain W12-1067. Therefore, we performed
additional®H-labelling experiments witkrancisella sp. strain W12-1067 in CDM medium containing
myo-inositol-C2Hs. The data revealed that myo-inositol could be kgtaby Francisella sp. strain
W12-1067. Via the myo-inositol/glucuronate pathwaydehydro-3-deoxy-D-gluconate is formed,
which converts later into pyruvate and glyceraldkhg-phosphate serving for the biosynthesis of
glycogen, protein and fatty acids. In addition,agise, serine and glycerol could be well utilized by
Francisdla sp. strain W12-1067, and were converted into syganotein derived amino acids, free
amino acids and free metabolites. As the oBrancisella strains, we found that glucose is the most
efficient precursor and it could be degraded viaFEBUt not via the ED or PPP into glycogen, cell
wall amino sugars, amino acids, and free fattysaadiyruvate transaminase is also not annotatégkin t
the genome ofFrancisela sp. strain W12-1067. However, Ala could still bgnthesized from
pyruvate. Serine could not be ultilized for the agilneogenesis under the experimental conditions,
indicating substrate specificities in a bipartitetabolic network. Moreover, themyo-inositol mutant

of Francisella sp. strain W12-1067 leads to higher carbon fluAleo (pyruvate) and lower flux to Tyr,
indicating that the Eda enzyme in the wild-typaistrmay not only be involved in the metabolism of
myo-inositol. The absence of Eda may lead to adrigloncentration of pyruvate and glyceraldeyde

3-phosphate, since there is no carbon flux to 3rdei3-deoxy-D-gluconate.

Bacterial biofilms are characterized by the formmtiof an extracellular matrix that consists of
extracellular polysaccharides, proteins, and sometialso DNA. This matrix encapsulates the cells in
three-dimensional architectures. Notably, this getive environment also contributes to reduced
activities of antibacterial drugs and, thus, to enoesistances in the chemotherapy of bacterial
infections. As the best studied Gram-positive baate, Bacillus subtilis serves as an excellent model
to study the metabolic basis of biofilm formati@inR is the master regulator of biofilm genesctsa
by binding to the promoter regions of thepA-sipW-tasA and theepsA-O operons, encoding the
extracellular amyloid and the enzymes for extratatl polysaccharide synthesis, respectively. The

phosphodiesterase YmdB was shown to be requirethéoexpression of biofilm genes. In this work,
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we performed labelling experiments of thiesubtilis mutant growing under planktonic condition or
on agar plate, using [&Cglglucose or [U¥Cslglutamate as precursors. More specifically, the
undomesticated strain NCIB 3610, thgmdB mutant of NCIB3610 strain (GP921), which is deifext
in biofilm formation, and the\sinR mutant of NCIB3610 strain (GP1562) were invesgedat-or the
planktonic experiments, without a surface for thefilm formation, it was shown thaiasinR and
AymdB didn't play a significant role. However, on theaaglate, significant metabolic differences
between the three mutants were found, which ccelite to the biofilm (extracellular polysaccharide

with amino acids chain) formation.

Brown adipose tissue (BAT) locates mainly in neokl ahorax, whose amount depends on various
factors, such as age, gender, environmental tetgperatc. Uncoupling protein 1 (UCP1), which was
found in the inner membrane of mitochondria, playsentral role in the thermogenesis process of
BAT. UCP1 can be activated by free fatty acids Wwhilerived from triacylglycerols by a lipase and
can be inhibited by purine nucleotides. Till noke function of UCP1 related to the metabolismilk st
unknown. Isoproterenol could trigger the releastattyy acids in BAT, which then activate UCP1. We
performed labelling experiments with immortal BAIBAT) cells growing in DMEM medium
containing [UY3Cs]glucose. During the cultivation, isopretrenol veaisled to activate UCP1. After the
activation, (i) glucose flux into glycogen storag@as found to be increased, (ii) more lactate was
produced from glucose, and (iii) carbon flux waredied into the oxidative TCA cycle probably to

generate more energy.



Zusammenfassung

Mithilfe von Markierungsexperimenten und ,Isotopgle Profiling“ konnten Stoffwechselwege und
Flusse in verschiedenen Systemen (pathogene BakteBakterien produzierende Biofilme und
braunen Fettzellen) analysiert werden. MarkierteicGée, Glutamat, Glycerin und Serin wurden
wahrend der Kultivierung von Bakterien oder Zellemgegeben und in die Stoffwechselprozesse
eingebaut. Mit physikalischen und chemischen Methokibnnten Stoffwechselprodukte isoliert und
mittels Gaschromatographie / Massenspektrometr@ (®1S) analysiert werden. Durch Vergleich
dieser Muster konnten die Stoffwechselwege ausgelen den isotopmarkierten Tracern fir die
verschiedenen Bakterien und eukaryotischen Zelidveirachtlichen Details rekonstruiert werden. In
dieser Arbeit untersuchten wir insbesondere diffeelle Glukoseverwertungen und Kohlenstoffflisse

in Francisella-StammenBacillus subtilis und braunem Fettgewebe.

Francisdla tularensis ist ein intrazellulares pathogenes Bakterium,uele Tiere infizieren kann und
dabei der Verursacher von Tularamie ist. Die mdisdiren Flisse und Stoffwechselwege Jen
tularensis subsp. holarctica, der hochpathogene Wildtyp-Stamm, ufd novicida, der humane
avirulente, aber virulente Stamm fur Mause, wurdatersucht, um den Zusammenhang zwischen
Virulenz und Metabolismus herauszufinden. Wir féhrt'*C-Markierungsexperimente mif.
tularensis subspholarctica Wildtyp (Biberisolat),F. tularensis subspholarctica LVS oderF. novicida
U112 in komplexen Medien durch, die entweder'{0s]Glucose, [1,2°C;]Glucose, [U¥Cs]Serin
oder [U43C5]Glycerin enthielten. GC/MS-Analysen konnten diettgpologmuster von Aminosauren,
Polysaccharid-abgeleiteten Glucose, freier Fructdsmainozuckern aus der Zellwand, Fettséduren,
3-Hydroxybutyrat, Lactat, Succinat und Malat aufegi uns somit die jeweiligen Raten der Aufnahme
und metabolische Nutzung belegen. Die beidertularensis-Stamme, Biber-isoliertéholarctica
Wildtyp und LVS, zeigten &hnliche Markierungsmusjedoch waren die Unterschiede zwischen den
Markierungsprofilen der Metaboliten vdh tularensis-Stammen undr. novicida-Stamm signifikant.

In F. tularensis subsp.holarctica wurde Glucose direkt fir Polysaccharid und Zelld/&iosynthese
mit hoheren Raten verwendet, jedochFmovicida Stamm wurde Glukose fir die Biosynthese von
Downstream-Produkten (z.B. Aminosduren und TCA Ziemprodukten) tber den EMP oder PPP
mit héheren Raten verwendet. Ein katabolischer @eenvon Glukose durch Gluconeogenese wurde
ebenfalls beobachtet. Obwohl die Pyruvat-Transaseiria den Genomen vda tularensis und F.
novicida nicht annotiert ist, konnte Ala immer noch aus Rgtusynthetisiert werden. Das Glycerol
konnte vonF. novicida effizient aufgenommen werden, diente jedoch ats ghilkoneogenetisches
Substrat fir did- tularensis subsp.holarctica Stamme. Glycerin diente fir den gluconeogenetische
Umsatz weniger. Serin war kein Hauptsubstrat fafdtularensis subsp holarctica-Stamme und den

F. novicida-Stamm, wurde aber mit niedrigen Raten flr die fitisese von Downstream-Metaboliten,
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z.B. TCA-Zwischenprodukte und Fettsdauren, insbesmndin der F tularensis subsp.
holarctica-Stamme, verwendet. Serin wurde jedoch unter de@ererentellen Bedingungen fur die
Gluconeogenese fast nicht benutzt. Es wurde smakutlass die unterschiedliche Verwendung von
Substraten mit der Wirtsspezifitat und Virulenz verancisella in Zusammenhang gebracht werden

kann.

Francisdla sp. Stamm W212-1067 ist ein Kkirzlich in Deutschlamkentifiziertes neues
Francisdla-Isolat, das fur die typisch&rancisella-Pathogenitatsinsel FPI negativ ist. In seinem
Genom ist jedoch eine alternative mutmafliche Té&@8anden. Daher ist es immer noch unbekannt,
ob dieser Stamm pathogen ist oder nicht. Der Mditshas vonFrancisella ist wichtig, um in
Wirtszellen replizieren zu kénnen und ein erfolgheis menschliches Pathogen zu sein. Daher fiihrten
wir 3C-Markierungsexperimente nfrancisella sp. Stamm W12-1067 in komplexen Medien durch,
die entweder [USC¢]Glucose, [1,2°C;]Glucose, [ULCs)Serin oder [U¥Cs]Glycerin enthielten.
Dartber hinaus zeigte die in-silico-Genomanalyses déorhandensein eines mutmallichen
Myo-Inositol-Stoffwechselweges irFrancisella sp. Stamm W12-1067. Wir fihrten daher ein
zusatzlichegH-Markierungsexperiment mirancisella sp. Stamm W12-1067 in CDM-Medium mit
myo-Inositol-C2Hs durch. Durch GC-MS konnten wir zeigen, dass myasitol vonFrancisella sp.
Stamm W12-1067 Uber den myo-Inositol/Glucuronaff@chselweg und
2-Dehydro-3-desoxy-D-gluconat verwertet wird, daéter in Pyruvat und Glyceraldehyd-3-phosphat
fur die Biosynthese von Glycogen, Protein und Eettsn eingebaut wird. Darliber hinaus konnten
Glucose, Serin und Glycerin vdfrancisella sp. Stamm W12-1067 fur die Synthese von Zucker,
Protein-abgeleiteten Aminosauren, freie Aminosauned freie Metaboliten verwendet werden. Wie
fur die andereffrrancisela-Stamme fanden wir heraus, dass Glukose die affeste Vorstufe ist und
dass sie Uber EMP, aber nicht Gber den ED-Weg B@&d#, in Glykogen, Aminoséuren und freie
Fettsauren, und Zellwand-Aminozucker abgebaut weldmn. Die Pyruvat-Transaminase ist auch
hier nicht im Genom voifrrancisella sp. Stamm W12-1067 vorhanden. NichtsdestotrotntieoAla
jedoch immer noch aus Pyruvat synthetisiert wer&emin konnte nicht fiir die Gluconeogenese unter
den experimentellen Bedingungen benutzt werdens Deutet auf spezifische Substratnutzungen in
einem geteilten Stoffwechselnetzwerk hin. Darlbgralss zeigte die Myo-Inositol-Mutante von
Francisdla W12-1067 einen hoheren Kohlenstofffluss zu Alar(®gt) und einem niedrigeren Fluss
zu Tyr. Damit scheint das Eda-Enzym in dem Wild8tamm nicht nur am Metabolismus von
Myo-Inositol beteiligt zu sein. Die Abwesenheit vada kénnte zu einer héheren Konzentration von
Pyruvate und Glyceraldehyd-3-Phosphat fiihren, dadém Mutante kein Kohlenstofffluss zu

2-Dehydro-3-desoxy-D-gluconat vorhanden ist.

Bakterielle Biofilme sind durch die Bildung einexteazellularen Matrix gekennzeichnet, die aus
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extrazellularen Polysacchariden, Proteinen und hmaatauch DNA besteht. Diese Matrix kapselt die
Zellen in dreidimensionalen Architekturen ein. lesbndere tragt diese schutzende Umgebung auch
zu verringerten Aktivitdten von antibakteriellenzAeimitteln und somit zu mehr Resistenzen bei der
Chemotherapie bakterieller Infektionen bei. Als basten untersuchtes Gram-positives Bakterium
dient Bacillus subtilis als ausgezeichnetes Modell zur Untersuchung deabmkschen Basis der
Biofilmbildung. SinR ist der Hauptregulator von Bim-Genen. Er wirkt durch Bindung an die
Promotorregionen deapA-sipW-tasA und derepsA-O Operons, die das extrazellulare Amyloid bzw.
die Enzyme fur die extrazellulare Polysaccharidsgeé kodieren. Es wurde auch gezeigt, dass die
Phosphodiesterase YmdB fir die Expression von BieGenen benotigt wird. In dieser Arbeit
wurden nun Markierungsexperimente von dfgi subtilissMutanten durchgefiihrt, die unter
planktonischen Bedingungen oder auf Agarplatten hsen, wobei [U<Cg]Glucose oder
[U-3Cs]Glutamat als Vorstufe verwendet wurden. Insbesmnaeurden der undomestizierte Stamm
NCIB 3610, die AymdB-Mutante des NCIB3610-Stammes (GP921), der hid&bhtder
Biofilmbildung defekt ist, und didsinR-Mutante des NCIB3610-Stammes (GP1562) unterskdint.

die planktonischen Experimente konnte belegt werdassASinR undAYmdB keine signifikante
Rolle spielten. Auf der Agarplatte wurden jedochngfikante metabolische Unterschiede zwischen
den drei Mutanten gefunden, die sich auf die Bifldas Biofilms (extrazellulares Polysaccharid mit

Aminosaureketten) beziehen kénnten.

Braunes Fettgewebe (BAT) findet sich hauptsachhetHals und Thorax. Dessen Menge hangt von
verschiedenen Faktoren ab, wie Alter, Geschlecimgé&bungstemperatur etc. Das Entkoppelnde
Protein 1 (UCP1), das in der inneren Membran ddodhiondrien gefunden wird, spielt eine zentrale
Rolle im Thermogenese-Prozess von BAT. UCP1 kamahdiweie Fettsduren aktiviert werden, die von
Triacylglycerolen durch eine Lipase abgeleitet simd durch Purinnukleotide inhibiert werden
kdnnen. Bis jetzt ist die Funktion von UCP1 im Zumsaenhang mit dem Stoffwechsel noch
unbekannt. Isoproterenol kdonnte in BAT Fettsaurersétzen, die das UCP1 aktivieren. Wir flhrten
Markierungsexperimente mit ,immortal“ BAT-Zellen ain, die in DMEM-Medium wuchsen, das
[U-B2C¢]Glucose enthielt. Wahrend der Kultivierung wurdegroterenol hinzugeftigt, um das UCP1
zu aktivieren. Die Markierungsdaten belegten, dassh der Aktivierung (i) der Glucosefluss in die
Glykogenspeicherung erhoht ist, (i) mehr Lactats aGlucose erzeugt wird, und (iii) der
Kohlenstofffluss in den oxidativen TCA-Zyklus gebdi wird, wahrscheinlich um mehr Energie zu

erzeugen.
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1. Introduction

1.1 Metabolism and its analysis methods

Metabolism is the assembly of chemical transforamegtiin cells or organism which maintain the life
continuing. The metabolism process can be divita 2 classes: catabolism and anabolism, which
represent the breaking down and the building of mmments in the cells or organisms. Generally,
catabolism process releases energy and, in opptsgeanabolism process consumes energy. Here,
enzymes play significant roles in the metabolisiwcpss, which accelerate the chemical reactions. As
regulators of metabolic pathways, they can resgonchanges of environment in cells or to signals

from other cells.

The different metabolic pathways include catabahd anabolic reactions. Under catabolic reactions,
the carbohydrate or fats can be converted intoggnarich can be used in the anabolic reactions for
the synthesis of macromolecules and the other sagesompounds. The energy supplied from food
or light can be stored into adenosine triphosplialeR). Afterwards, during ATP hydrolysis, the
necessary energy can be released, to drive erefjetinfavourable reactions. The catabolic energy
conversion can be divided into three stages, afitbiestage, the macromolecules from the ingested
food are broken down into smaller units and no egipble energy is produced, for example, the
degradation of fat into fatty acids and glycerbk tlegradation of polysaccharide into glucose had t
degradation of protein into amino acids. At theosecstage, the small units are further degradexd int
key metabolites such as acetyl-CoA. During thigetamall amounts of ATP are produced. At the
third stage, the tricarboxylic acid (TCA) cycle &tive and abundant ATP is generated by the
complete oxidation of acetyl-CoA. For instance, wigkucose is degraded into water anc,C3D ATP

are generatedr{gure 1, Berg et al., 2010). Intermediates from the secoathbolism stage (e.g.
oxaloacetate (OAA)p-ketoglutarate) play a central role in the metadliof all organisms. For
example, from OAA, Asp, Asn, Thr, Lys, Met, pyrinrmé and NADH can be formed; from

a-ketoglutarate, Glu, GIn, Arg and Pro can be formed
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Figure 1. The catabolic energy conversion stages (modff@t Bruice, 2016)

1.1.1 Isotopologue profiling

The isotopologue profiling analysis enables anatyshe metabolic flux and biosynthesis pathways of
metabolic intermediates or final products (Eyldrale, 2010; Eisenreich et al., 2013). With thephef

this technique, problems like the degradation pathwf substrate, the biosynthesis of different
metabolites and the relation between the metaboliseh pathogeny can be solved. Briefly, this
method is using the isotope tracer as a substoateultivate different organisms. Subsequently,

different metabolites are isolated from the orgasisand analysed. For example, the percentage of
11



stable carbon isotop€C is only 1.1 % in nature, after the labelling expent using &°C-enriched
precursor as a substrate, these abundances ar¢ateddand thé*C-enrichment and the isotopologue
distribution of multiple metabolites (e.g. aminads; polar metabolites, sugars etc.) can be ardlyse
by using MS or NMR (Eylert et al., 2009; Gillmaetral., 2012).

1.1.2 Metabolomics analysis

Metabolomics is the quantitative and qualitativelgse of all metabolites in a biological system,
which represent the total biosynthesis and theadldpnamic response of a cell/organism to its siimu
With the help of metabolomics, the interaction bedw environment and genes in an organism can be
analysed. Moreover, metabolic phenotypes can aschharacterized (Fiehn 2001; Ryan and Robards
2006; Oliver et al. 1998).

The metabolisms of different organisms are very gem considering that there are about 3,000 (in
humans) to over 200,000 (in plants) metabolites efaholomes”). In order to determine the
metabolomes of different organisms, various meth@i® been developed like metabolites profiling,
target analysis, metabolites fingerprinting andahetlite footprinting (see alstable 1, Blow 2008;
Hartmann et al. 2005; Ryan und Robards 2006; Adtead. 2003; Madsen et al. 2010).

Table 1 Different analysis in metabolomics

Metabolomics analysis Identification and quantifica of the total metabolome in|a

biological system

Metabolite profiling Identification and quantifiéah of a defined set of
metabolites belonging to a particular metabolidwpaty or to

a specific class of substrates

Targeted analysis Qualitative and quantitative yaigilof a specific metabolites

or a very limited number of metabolites

Metabolite fingerprinting | Quick classification ofamy samples without identificatign

and quantification of certain metabolites

Metabolite footprinting Similar as fingerprintingalysis, however, only extracellular

metabolites are analysed

12



1.2Francisdla strains

1.2.1Francisella strains and tularmia disease

Francisdla tularensis (Ft) is an intracellular Gram-negative pathogenic édem which can cause
infective tularemia disease in many animals including humans (Ellis aét 2002; Sjostedt,
2011).Ft can infect approximately 250 wildlife species (uintihg mammals, rodents, ticks and other
anthropods) (Foley and Nieto, 2010; Santic et 2010). Tularemia infects mostly via aerosol
ingestion or skin inoculation. Because of the higithogenicity ofFt, it is registered as a biological
weapon (Dennis et al., 2001). About 10f2@ncisella subsptularensis (Ftt, Ft-type A, mainly found

in North America) are infective and can cause letidaremia (Ellis et al., 2002). Anothdft-type, Ft
holarctica (Ft-type B) is also highly pathogenic and infectioltscan be found throughout the
Northern hemisphere. This strain can also be found&urope in infected animals and humans.
Another mouse-pathogenierancisella strain F. novicida (Fno) can be classified aB. tularensis
subspeciesovicida or as a separate species (Busse et al., 2010nskamaet al., 2010; Kingry and

Petersen, 2014). In this work, it is designateBras

Ft-type A andFt-type B §tt andFth) replicate in the host cells’ cytosol, especiafiythe cytosol of
macrophages (Santic et al., 2006; Sjostedt, 20@nket al., 2007; Jones et al., 2012). After the
phagocytosis of macrophages, the pathogens enter fine macrophages and form the
Francisdla-containing phagosomes (FCPs). The FCPs then et Francisella pathogenicity
island (FPI). FPI encodes a type 6 secretion sy$t@8S), which enables the enteringrofinto the
cytosol of the host cell (Chong et al., 2008; Clamet al., 2015; Rigard et al., 2016). To replicate
successfully in this niche, the efficient utilizatiof nutrients from this environment is necesgary.,

for energy generation and biosynthesis purposesj)eder, the host cell's cytosol does not provide a
rich enviorment for nutrients for mutiplication abow by injection experiments witalmonella
typhimurium (Goetz et al., 2001). Therefore, some pathogeateia includindg-rancisella, Listeria
monocytogenes, Shigella, andRickettsia spp. have to adapt their metabolism for multipkstrate
usage (Santic and Abu Kwaik, 2013; Eisenreich et &017). More specifically, L.
monocytogenes utilizes multiple substrates (e.g., glucose phophglycerol and amino acids) which
are shuffled into a bipartite metabolic network imized to serve for specific metabolic traits
(Grubmidiller et al., 2014). With the help of mule@ubstrates, intercellular bacteria can also diind
phagosomal compartments (Abu Kwaik and Bumann, 28@35; Schunder et al., 2014; Eisenreich
and Heuner, 2016; Gillmaier et al., 2016; Hauskial., 2016).

However, inFrancisella strains the understanding of the relationship betwnutrient usage and life

cycle is still unclear (Checroun et al., 2006; M@iband Charbit, 2010; Santic and Abu Kwaik, 2013;
13



Barel et al., 2015). Currently, it was demonstratieat Francisella strains use multiple substrates
including amino acids (e.g., serine, glycine, cyse glutamate, glutamine, asparagine), small
peptides and other gluconeogenetic substrategljkeerol or glycerol phosphate in some accordance
to Listeria (Figure 2) (Alkhuder et al., 2009; Raghunathan et al., 2B@wn et al., 2013; Gesbert et
al., 2013, 2015; Barel et al., 2015; Brissac et2i15; Ramond et al., 2015). Several major fatdit
superfamily (MFS)-type and amino acid-polyamineaorg cation (APC)-type uptake systems for
amino acids were found in the genomed-todtrains also confirming the potential usage of @amin
acids (Alkhuder et al., 2009; Meibom and Charbil®. Recently, Gesbert and Ramond
characterized some of these transporters in dgaisbert et al., 2014, 2015; Ramond et al., 2014,
2015). Earlier work showed that serine was a manmban substrate for intracellularly multiplying
Francisdla strains (Meibom and Charbit, 2010; Raghunathan. ef@10; Barel et al., 2012; Gesbert
et al., 2013, 2015; Brown et al., 2014), Barel hrsdcoworkers confirmed this that the SLC family of
host amino acid transporters is important for iceteular replication of Fth strain LVS (Barel et,al
2012). Furthermore, Brown and his co-workers memtibthat the glycine cleavage system and the
glycine dehydrogenase are also important for rapitio in serine limiting environments (Brown et al.
2014). In addition, serine is important fBth growth under in vitro conditions, althougt is not
auxotroph for Ser (Meibom and Charbit, 2010; Bratial., 2014).

Similar as L. monocytogenes, in someFrancisella’s sequenced genomes glycerol-3-phosphate
dehydrogenase and transferase were found. On dkis, lglycerol (and its phosphate) could serve a
potential nutrient source at least for safnancisella species anét strains. Huber and Brissac found
that Ftt, F. hispaniensis, F. philomiragia, andFt subspmediasiatica could indeed metabolize glycerol
(Huber et al., 2010; Brissac et al., 2015). Howgekér strains could metabolize glycerol phosphate,
but not glycerol (Gyuranecz et al., 2010).

Comparing td_. monocytogenes, Ft has neither glucose phosphate uptake system gsudhpT, nor a
putative  glucose transporter system (PTS-type anmn-RTS-type). Nevertheless,
someFrancisella strains could still metabolize glucose. Gyuranaax Gesbert found th&th isolates
utilized glucose but not glucose 6-phosphate (Gyera et al., 2010; Gesbert et al., 20Hjo could
metabolize cellobiose, galactose, and sucrose (tHatkad., 2010). From the genome data, all of these
sugars seem to be metabolised by the glycolytibvay (EMP pathway) and/or the non-oxidative
pentose phosphate pathway (PPP), but not via theeEBoudoroff pathway (ED) and the oxidative
branch of the PPP. To produce energy, NADH prodactia a complete citrate cycle (TCA) appears
to be important. Anaplerotic reactions could theteliconnect the EMP pathway with the TCA. A

schematic overview of the key metabolic pathwaygven inFigure 2.
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Figure 2. Hypothetical metabolic network éfrancisella tularensis. The pathways are predicted on the basis of therge
sequences and earlier biochemical studies (Gyuzaeeal., 2010; Meibom and Charbit, 2010; Raghunattaal., 2010;
Barel et al., 2015). Potential carbon substratesnalieated by red boxes. Major metabolic productsiadicated by yellow
boxes. Reactions of the glycolytic pathway (EMP) gihttoneogensis (GN) are indicated by red arrowsiciens of the
pentose phosphate pathway (PPP) and the citrate €J€A) are indicated by blue and green arrowspeetively. The
interconnection between Gly and Ser includes tiieigg cleavage system.

Therefore,Ft comes as a bacterium to be able to metabolizerdiit substrates. However, from the
unusually high amount of disrupted biosynthetichpatys inFtt Schu S4, it was suggested tRétis

an obligate host-dependent bacterium in its natlifi@lcycle (Larsson et al., 2005; Meibom and
Charbit, 2010). Take together, the details of malitbusages and fluxes It and the relationship

between the virulence of differeRtancisella species and the usage of substrates are stilligbsc

1.2.2Francisella W12-1067 and the myo-inositol metabolism

Recently, a newrrancisella species Krancisella sp. strain W12-1067) was identified in Germany
(Rydzewski et al., 2014). The genome DNA sequeifidhi® strain is 89% identical to the respective
nucleotide sequence of the recently publishedrstfaguangzhouensis (Gu et al., 2016). However,

whereadrancisella strain W12-1067 is not identical Foguangzhouensis, it was also isolated from a
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water reservoir of a cooling tower (Rydzewski et 2014). Notably, strair. W12-1067 is also able to
persist in a human derived macrophage-like ce#,liput its virulence for humans or mice is not
known yet. The draft genome was annotated andigo @analysis identified the presence of various
virulence genes common to the gerfnancisella, but theFrancisella pathogenicity island (FPI) is
missing. However, another putative alternative typeaecretion system (T6SS) is present within the
genome of strain W12-1067 (Rydzewski 2014).

Myo-inositol (MI) is abundant in soil and commonplants and animals (Turner et al., 2002). Various
different bacteria are able to grow on MI as thie sarbon source (Yoshida et al., 2007; Lim et al.,
2007). The phosphorylated form (inositol hexakiggiate) is also called phytate. Phytate is an
important carbon and phosphorus storage compoupthints and seeds and can be degraded by the
enzymatic activity of phytases to myo-inositol drek phosphate (Lim et al., 2007; Rao et al., 2009)
Some bacteria use a myo-inositol oxygenase (glmichatilizing pathway) to convert it to glucuronic
acid and, in further steps, to glyceraldehyde 3sphate and pyruvatéigure 3, Kilgore and Starr
1959; Ashwell et al., 1960; Peekhaus and Conwa38)19

In F. W12-1067, there seems to be the potential toadiegMI (on the basis of genome sequence data),
but experimental evidence for the functionalitytiié pathway is missing.
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Figure 3. Hypothetical myo-inositol degradation pathwayFoéncisella W12-1067. The pathways are predicted on the basis

of the genome sequences and earlier biochemiddiest(Rydzewski et al., 2014).

1.3 Biofilm formation in Bacillus subtilis

1.3.1 General aspects and its formation iBacillus subtilis

Biofilm is defined as a bacterial cell community ietn is surrounded by a self-produced polymer
matrix. This matrix stands mostly on the bactesiatface, which contains polysaccharides, protein,
lipids and extracellular DNA (Hall-Stoodley, 201Anthony van Leeuwenhoek (1632-1723) found
aggregated microbes in his mouth using a primitiveroscope (Dobell et al., 1960). About 100 years
later, Louis Pasteur (1822-1895) thought that aggjess of bacteria as the cause of wine and drew it
(Pasteur, 1864; Hoiby, 2014). In 1922, EC. Angsinfb that the slime on the ships was caused by
bacteria. ZoBell then studied the adherence anwvtgr@f bacteria on submerged glass slide in
seawater, and found that the biofilm consist oftéxd& (ZoBell et al., 1935). One of the first
statements about biofilm in medicine was publisied 977, showing an image of of aggregated
bacterial cell surrounded by slime from the lunfig @ystic fibrosis patient (Hoiby, 1974). In 1981,
J.W. Costerton and his coworker published electmicroscopy ofP. aeruginosa microcolonies, in

which he described the bacterial “glycolyx” (Coster et al., 1981). Six years later, he published
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another work, in which he replaced the “glycolyxitlw“biofilm” (Costerton et al., 1987). The first
two medical reports using the word “biofilm” weralpished in 1981 by Jendresen and his coworkers
(Jendresen et al., 1981; Jendresen et al., 198ter. these reports, the term “biofilm” was broadly
accepted and used to describe the phenotype dedessteria. In 1996 J.W. Costerton hosted ths# fir
ASM biofilm conference in Snowbird, Utah, USA, ddishing a new research field (Hoiby, 2014).

As a model Gram-positive bacteriuBacillus subtilis has been studied in different research areas. The
first report of biofilm formation inB. subtilis was published in 2001 by Branda and his coworkers
(Branda et al., 2001). In this work, a picture lofting biofilms on the top of MSgg medium surface
was shown Eigure 4). The bacterial cells were embedded in a selfyced extracellular matrix,
which contained mainly polysaccharides, proteirgl@ia acids and lipids (Marvasi et al., 2010; Cairn

et al., 2014). The 15 genes epsA-O (eps) contmbtbsynthesis and export of exopolysaccharides. A
mutant lacking these genes, can't form colony agiticte (Lépez et al., 2010). However, the single
gene deletion has not been studied till now (Bktiral., 2008; Guttenplan et al., 2010). The
tapA-sipW-tasA (tapA) operon encodes the protaintis extracellular matrix. The deletion of these

genes decreased the colony structure and pelfmisstion (Branda et al., 2006).

Figure 4. Pellicle formation of the undomesticatBdcillus subtilis wild type NCIB3610 on the top of MSgg medium surface
(Branda et al., 2001).

1.3.2 TheSinR protein and the YmdB protein

The SnR protein can regulate the biofilm gene expressiuh the switch between a sessile life style
and motility. In the beginning, it was studied besm of the flagella-less and non-motile phenotype
(Fein, 1979; Pooley & Karamata, 1984; Sekiguchalet 1990). Later, because of its regulation for
biofilm formation, theSnR protein was more and more studied (Kearns et28D5). Kearns also

demonstrated that the eps operon, which contrasetkopolysaccharide formation, is under the

control of SnR protein. Moreover, it was shown that mutationshmitthe gene encoding tH&nR
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protein can restore wild type like biofilm formatigrigure 5).
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Figure5. A bistable switch of th&nR and its antagonists controls cell differentiat{orodified from Vlamakis et al., 2013).

The ymdB deletion mutant oB. subtilis showed a strong overexpression of a certain proteian

SDS-PAGE analysis of cell extracts. This overexggdsprotein could be identified as Hag, the
flagellin protein (Diethmaier et al., 2011). In &titth, theymdB gene deletion mutant showed strong
defects in biofilm formation. Colonies formed onofiim-inducing MSgg agar plates appeared

smoothly and shinyly compared to the rough coloofate wild type strainKigure 6).

Figure 6. Phenotype of WT (left) and th&ymdB mutant strain (right). Loss of thendB phosphodiesterase leads to a
drastically reduce colony structure on biofilm iethg MSgg agar plates (Diethmaier et al., 2011).

1.4 Immortal brown adipose tissue and the isoprot@nol activation

1.4.1 Brown adipose tissue and uncoupling protein 1

Usually, the adipose tissue in mammals is divided two different groups: white adipose tissue
(WAT) and brown adipose tissue (BAT). White adipdssue stores energy while brown adipose

tissue catabolizes lipids mostly to produce heas(& et al., 2007). The large number of innervated
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and vascularized brown adipose tissues in mitoch@rsthows a reddish brown colour. Thus, it is so
called brown adipose tissue. BAT locates mainlyneck and thorax, whose amount depends on
various factors, such as age, gender, environmatglerature, etc. (Cypess et al 2009). Uncoupling
protein 1 (UCP1), which was found in the inner megmie of mitochondria, plays a central role in the
thermogenesis process of BAT (Cannon and Nederg2&@4). To decrease the proton gradient,
UCP1 increases the permeability of the inner mibochial membrane and allows protons, which have
been pumped into the intermembrane space, retuthetanitochondrial matrix without driving the

ATP synthase. The uncoupling of the respiratoryirctadter the activation of UCP1 allows a fast

oxidative metabolism with slow ATP synthesis (Couset al., 1992; Guerra et al.,, 1998;

Himms-Hagen et al., 2000; Xue et al., 2007; Youhgle 1984). UCP1 can be activated by free fatty
acids which derived from triacylglycerols by a gaand can be inhibited by purine nucleotidesyFatt
acids cause the release of norepinephrine from agmfpic nervous system to activate the adenylyl
cyclase when it combines with the beta-3 adrenergieptor on the plasma membrane. That
procedure indicates cyclic AMP (cAMP) formation ficATP resulting in the activation of protein

kinase A. Later, the phosphorylated triacylglycdighse is active by the activated protein kinase A
UCP1 will be inactivated because of the heat geeerrom the thermogenesis leading to the cell

back to the normal state (s€igure 7).
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Figure 7. The canonical mechanism for the activation of UGRA thermogenesis by free fatty acids (FFA) in bredipose
tissue (modified from Nicholls and Rial, 2016).

1.4.2 Isoproterenol and its function in the BAT cd$

Isoproterenol or isoprenalirFigure 8) is a structural isomer of orciprenaline, a sytitheacemic
norepinephrine derivative used as a sympathomimehis drug was patented in 1943 by Boehringer
Ingelheim. Isoproterenol is an adrenaline-like samse which activateg-1 and -2 adrenergic
receptors, however, has no activity against dferenergic receptor. Its N-isopropyl substituent i
responsible for this selectivity (Mozayani et @D03). It can cause the relaxation of the broncinial
vascular musculature, and the increase of the actiin force, heart rate and blood pressure. This
effect on heart occurs through the stimulationhef-1 adrenoceptors. Via the receptors, the enzyme
adenylyl cyclase is activated, which catalysts #iyathesis of cyclic adenosine monophosphate
(cAMP). Due to the increased cAMP concentratioe, ¢émzyme protein kinase A is activated which
leads to the phosphorylation of the voltage-depenhdalcium ion channels. That is conductive to the
increase of G4 concentration during the cell depolarisation, wHigads to an increased heart rate. In
addition, isoproterenol can slow down the antigasuced release of the messenger histamine, which
leads to the slowing down of the anaphylaxis meshaénd the increase of the lactate production
(Larsen 1999). In brown adipose tissues isoprot¢rean upregulate UCP1 and thermogenesis since it
is a non-specific AR agonist. This property hasnbsleown in vivo and in vitro with primary BAT
cells (Li et al., 2014; Beattie et al., 2000).

OH
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HO

Figure 8. Structure of isoproterenol

1.5 Aims of the thesis

The aim of this PhD thesis was to study metabdityways and fluxes in different system (pathogenic

bacteria, bacteria producing biofiim and BAT) usiti€-labeling experiments and isotopologue

profiling. In all of these biological systems, tteges and the pathways of glucose usage was unclear

although glucose was considered as a main carlostrate in all of these systems. Moreover, the
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glucose pathway seemed to contribute to carborcatltin and downstream signalling forming
phenotypes that are specific for these cells agarosms (i.e. biofilms in th®. subtilis project,
pathogenicity in theFrancisella project, and heat formation in the brown fat gellé appeared
therefore in order to comprehensively study thgséems in this thesis. Briefly*C-labeled substrates
such as glucose, glutamate, glycerol and serine sgoplied in the liquid medium or on agar plates.
Due to the fluxes in the core metabolic networksecific *C-enrichments and isotopologue
compositions were generated in downstream prodeajs amino acids, fatty acids and sugars) which
could be determined at high sensitivity by gas ofatmgraphy/mass spectrometry (GC/MS). By
comparison of these patterns, the pathways invoinettie metabolism of the supplemented tracers
including glucose could be reconstructed for theous bacteria and eukaryotic cells in considerable

details.

In the first part (Result 3.1), we studied the @ifintial substrate usages and metabolic fluxes in
Francisdla tularensis subspeciesolarctica (WT isolated from beaver and LVS) afdancisdla
novicida. To investigate the different usages, we added®*@dglucose, [1,22°C;]glucose,
[U-13C5]serine, or [UXCs]glycerol as isotope tracers to the complex mediunifter the labelling
experiments, protein derived amino acids, polaralmgites and sugars were isolated from the dried
bacterial cell pellets and analysed using GC/MS: fdwling confirmed multiple substrate usage of
Francisdla strains with glucose as a main carbon substrdte. fluxes, however, differed for the
strains under study indicating that the metabdfieiknces ofth strains and-no could be related to

their host-specific virulence.

In the second part (Result 3.2), we investigateddifferential substrate usage and metabolic flies
Francisdla sp. strain W12-1067 (new environmental isolateddyiding similar fluxes as in Result
3.1. However, we also analysedAmyo-inositol mutant of this strain using f8Cs]glucose and
[U-13C3]glycerol as isotope tracers. Owing to the knockafuthe myo-inositol pathway, higher fluxes
from glucose via the EMP pathway could be deterchindsing?H-labelled inositol, we could then
show that exogenous inositol was indeed incorpdratel used as a general substrate to feed the PPP

and the downstream pathways leading to glucogermpanidin biosynthesis.

In the third part (Result 3.3), the metabolismBatillus subtilis growing under planktonic condition
or on agar plate, was studied for different mutarsisg [U43Cs]glucose or [U¥Cs]glutamate. More
specifically, the undomesticated strain NCIB 36th& AymdB mutant of NCIB3610 strain (GP921),
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which is defective in biofilm formation, and teSnR mutant of NCIB3610 strain (GP1562) were
investigatedASnR controls the biofilm formation. For the planktor@gperiments, without a surface
for the biofilm formation, it was shown th&tSnR and AymdB didn't play a significant role in
directing the metabolic fluxes. However, on therggate, distinct metabolic differences between the
three strains were discovered, which could relatéhe biofilm (extracellular polysaccharides with
amino acid chains) formation.

In the last part (Result 3.4), the metabolism dyiigoproterenol activation in immortal brown adipos
tissue (IBAT) cells was analysed. We performed llatge experiments with IBAT cells growing in
DMEM medium in the presence of [Bc¢glucose with or without isoproterenol. The results
presented that during the isoproterenol treatnmgutose was directly stored in the glycogen and the

energy was generated via pyruvate to acetyl-Colbéng CQ.
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2. Materials and method

2.1 Materials

2.1.1 Laboratory Equipment

Table 1

Item

Description

Manufacturer

Benchtop centrifuge

A-14

Jouan GmbH

(Unterhaching, Germany)

Centrifuge

Biofuge Primo R

Heraeus (Traunstein,n@ary)

Drying oven

E28

Binder GmbH

(Tuttlingen, Germany)

Freeze-dryer

Alpha 2-4 LD plus

Vacuum pump: RC 5

Christ (Osterrode, Germany)
Vacuurbrand GmbH & Co. KG

(Staufen, Germany)

GC/MS

Gas Chromatograph GC-2010
Mass Spectrometer QP-2010
Auto Injector AOC-20i
Auto Sampler AOC-20s

GC Column: EquitiM-5, FUSED SILICA
Capillary Column, 30 m x 0.25 mm x

0.25 pm film thickness

Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)

SUPELCO (Bellefonte, USA)

Glass beads

0.25-0.55mm

Roth (Karlsruhe, Gerjnany

Heating block

Techne DRI-Block® DB 2A

Thermo-DUX GmbH

(Wertheim, Germany)

Magnetic stirrer

MR Hei-Standard

Heidolph (Schwdhagermany)
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Micro scales

VWR-503B, (0.001 g — 500 g)

VWR (RagiiSA)

Ribolyser

Hybaid (Kalletal, Germany)

Rotary evaporator

Rotavapor-R
Diaphragm vacuum pump

Water bath

Bichli (Flawil, Switzerland)

Vacuubrand GmbH & Co. KG

(Wertheim, Germany)

Heidolph (Schwabach, Germany)

Thermostat

IKATRON ETS-D4 fuzzy

IKA-Werke GmbH & Co. KG

(Staufen, Germany)

Ultrasonic bath

USC 300T

VWR (Radnor, USA)

\ortex mixer

Reax 2000

Heidolph Elektro GmbH & Co.

KG (Kelheim, Germany)

2.1.2 Software

Table 2

Software

Manufacturer

Adobe lllustrator

Adobe lllustrator CS4

Adobe Systems GmbH

(Munich, Germany)

ChemOffice 2015

ChembDraw Professional 15.(

ChemFinder 15.0

CambridgeSoft

(Massachusetts; USA)

GCMS Solution

GCMS Analysis Editor
GCMS Postrun Analysis

GCMS Real Time Analysis

Shimadzu Corporation

(Kyoto, Japan)

Microsoft Office 2013

Excel 2013

Word 2013

PowerPoint 2013

Microsoft (Redmond, USA)
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OriginPro 2017 OriginPro 2017(64-bit) OriginLab Corporation

(Northampton, USA)

2.1.3 Chemicals

Labelled precursors ([&fCs]glucose, [ULCslglycerol, [UXCgserine, [1,2 ¥C;]glucose and
[U-BCs]glutamate) were received from Isotec/Sigma-Aldri¢8t. Louis, USA) or Cambridge

Isotope Laboratories (Tewksbury, Massachusetts,)USA

Further chemicals used in this work were receivednfAppliChem GmbH (Darmstadt, Germany),
BD Biosciences (Franklin Lakes), Bio-Rad (Municher@any), Eppendorf (Hamburg, Germany),
Merck (Darmstadt, Germany), Carl Roth GmbH & Co. Krlsruhe, Deutschland), Sigma-Aldrich
(St. Louis, USA), Thermo Fisher Scientific (WalthadSA) and VWR (Radnor, USA).

All the solvents used were at least of HPLC grade.

2.2 Methods

2.2.1Francisella samples
2.2.1.1 Cultivation of Fransicella strains

These cultivation experiments were done in cooeratith Kerstin Rydzewski and Kristin Képpen

at the Robert Koch Institute (Berlin) under theeswgsion of PD Dr. Klaus Heuner.

2.2.1.1.1 Strains, Growth Conditions, Media and Bdérs

Fno strain U112 (ATCC 15482; Larson et al., 1955k strain LVS (ATCC 29684)Fth wild type
strain (“Beaver” isolate; Ft-type B) (Schulze et, &016), Francisella W12-1067 WT and its
Amyo-inositol mutant (Rydzewski et al., 2014) werged. Francisella strains were cultivated in
medium T (Pavlovich and Mishan'kin, 1987; Beckenrlet 2016) containing 1% brain heart infusion
broth (Difco Laboratories, Inc., Sparks, MD, USAY bacto tryptone (Difco), 1% technical casamino

acids (Difco), 0.005 g of MgS£0.01% FeS@® 0.12% sodium citrate, 0.02% KCI, 0.04%HPQ,,
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0.06% L-cysteine, and 1.5% glucose at 37°C (foaitletseeSupplemental Tabel 2§ (Chen et al.,
2017).

2.2.1.1.2%C-labelling Experiments of Francisella Strains

1 L of growth medium (medium T) was supplementeth\@ g of [U+3Cg]glucose (11 mM), 2 g of
[1,2-2C;]glucose (11 mM), 0.3 g of [BCs)Ser (3 mM), or 2.5 g of [UCs]glycerol (25 mM),
respectively. Volumes of 250 ml of supplemented im®dT were inoculated with 2—4 ml of an
over-night culture of thé&rancisdlla strains. Incubation was carried out at 37°C and &#n. The
optical density at 600 nm (OD600) was determinegkgtilar intervals. An OD600 of ~1.8 correlated
with stationary growth. Cultures in medium T reatiséationary growth at 26 h. Before harvesting, a
culture aliqguot was plated onto lysogeny broth (L&)ar (Bertani, 1951, 2004) to rule out the
possibility of contamination. The bacteria werelgied at 4,700 g and 4°C for 15 min. The
supernatant was discarded and the bacterial peietutoclaved at 120°C for 20 min. Then, the pelle

was resuspended in 3 ml of water and lyophilizelue(Cet al., 2017).

2.2.1.1.FH-Labelling experiments of Francisella strains

1 L of growth medium (CDM) was supplemented widhl(i7 g myo-inositol-C-d6 (9.13 mM) and 3.9

g myo-inositol (21.65 mM). For labelling experimeim CDM, bacteria were cultivated in medium T
overnight. On the next day, bacterial cultures wer@shed two times and grown in 200 ml
supplemented CDM at 37°C and 220 rpm (starting@&@ of 0.3) to an OD600 of maximum. The
optical density at 600 nm (OD600) was determinedegular intervals. An OD600 of ~0.8-1.0
correlated with stationary growth. Cultures in mgositol supplemented CDM reached stationary
growth at ~50 h. Before harvesting, a culture atqwas plated onto lysogeny broth (LB) agar
(Bertani, 1951; 2004) to rule out the possibiliffcontamination. The bacteria were pelleted at@ g0
and 4°C for 15 min. The supernatant was discardeghed once with 200 ml cold PBS and the
bacterial pellet was autoclaved at 120°C for 20.mhen, the pellet was resuspended in 3 ml of water

and lyophilized.

2.2.1.2 Analysis of polar metabolites from bacterizextraction

In a 2 mL plastic tube, 10 mg of bacterial cellsy(deight) were mixed with 500 uL of glass beads

(0.25-0.5 mm) and 1 mL of methanol p.a. The mixtuees mechanically disrupted using a ribolyser

system (6.5, 20 s, 27°C, three times). After the procedure, fixture was centrifuged (10,000 g

for 20 min, 4°C). The supernatant was collected a2 mL glass bottle. The solvent was removed by
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a gas flow of nitrogen. 50 pL of N-(tert-butyldirhgtsilyl)-N-methyl-trifluoroacetamide containing 1%
tert-butyldimethylsilylchlorideand 50 pL of water-free acetonitrile were added iandbated at 70°C

for 1 h. The reaction mixture was collected andexttbd to GC-MS analysis.

2.2.1.3 Analysis of free fructose from bacterial @raction

In a 2 mL plastic tube, about 10 mg of bacteriahgle (dry weight) were mixed with about 500 pL of
glass beads (0.25-0.5 mm) and 1 mL of water. The=hal cells were mechanically disrupted using a
ribolyser system (6.5°% 20 s, 27°C, three times). After the procedure, riiixture was centrifuged
(20,000 g for 20 min, 4°C) and the supernatanteadlected into a 2 mL glass bottle. The solvent was
removed by a gas flow of nitrogen. 100 pL of pyr&lcontaining 4 mg of methoxamine hydrochloride
were added and incubated at 30°C for 90 minutes. siiivent was then removed by a gas flow of
nitrogen. 100 pL oN-methyl-N-(trimethylsilyl)trifluoroacetamidevere added, kept at 37°C for 45

minutes, and then subjected to GC-MS analysis.

2.2.1.4 Analysis of total amino acids from bacterighydrolysate

In a 2 mL glass bottle about 2 mg of bacterial damymas weighed, 0.5 mL of 6 M hydrochloric acid
was added, the mixture was incubated at 105°C Bondurs and then filtered. The hydrolysate was
dried by a gas flow of nitrogen. 200 pL of 50% #&ceatid were added. After 3 min, the mixture was
treated on an ultrasonic bath and then loaded argimall column of Dowex 50W X8 (7 x 10 mm;
200—-400 mesh, 34-744n, H+-form). After washing with 2 mL of water, tlaenino acids were eluted
with 1 mL of 4 M ammonia water into a 2 mL glasdtleo Under nitrogen flux, the solvent was
removed. 50 pL of N-(tert-butyldimethylsilyl)-N-mwgtl-trifluoroacetamide containing 1%
tert-butyldimethylsilylchloride and 50 pL of watfree acetonitrile were added and incubated at 70°C
for 30 min. The reaction mixture was collected aubjected to GC-MS analysis. During the
hydrolysis, Cys and Trp were degraded and couldetbee not be detected. Asn and GIn were
converted into Asp and Glu, respectively, by thigiadreatment. The values reported below for Asp

and Glu represent the mean value for Glu/GIn amulXen, respectively.

2.2.1.5 Analysis of glucose from bacterial polysalarides hydrolysate

In a 2 mL glass bottle, about 0.5 mg of bacter@lsc(dry weight) were mixed with 0.5 mL of 3 M
methanolic HCI. The mixture was incubated at 80%C 15 h. After cooling, the mixture was

transferred into a 2 mL plastic tube and then deigeed (10,000 g for 20 min, 4°C). The supernatant
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was collected into a 2 mL glass bottle and driedenra flow of nitrogen. 1 mL of acetone contain29g
sulfuric acid was added. The mixture was incubatecbom temperature for 1 h. 2 mL of saturated
sodium chloride solution and 2 mL of saturated sodcarbonate solution were added to quench the
reaction. The solution was extracted two times \8ithnL of ethyl acetate and collected into a 2 mL
glass bottle. The ethyl acetate solvent was drietkua flow of nitrogeand the residue was treated
with 200 pL of 50% acetyl anhydride in water-fréley acetate at 60°C for 15 h. The reaction mixture
was dried under a flow of nitrogen and 100 pL otexdree ethyl acetate were added. The solution

was collected and subjected to GC-MS analysis.

2.2.1.6 Analysis of amino sugars from bacterial delvall hydrolysate

In a 2 mL glass bottle about 15 mg of cell sampdes weighed, 0.5 mL of 6 M hydrochloric acid was
added, the glass bottle was incubated at 105°A%0dnours. The mixture was then filtered and the
hydrolysate was dried under a flow of nitrogen gaatalytic amounts of ammonium sulfate and 100
pL of hexamethyldisilazane were added and kep2@tQ for 3 h. The reaction mixture was collected

and subjected to GC-MS analysis.

2.2.2Francisella medium samples
2.2.2.1 Analysis of polar metabolites from medium T

In a 2 mL plastic tube 1 mL medium was added, tkdiom was dried under nitrogen gas. It was then
mixed with 500 pL of glass beads (0.25-0.5 mm) &nthL of methanol p.a. The mixture was
mechanically disrupted using a ribolyser systerf §6, 20 s, 27°C, three times). After the procedure,
the mixture was centrifuged (10,000 g for 20 mifC¥ The supernatant was collected into a 2 mL
glass bottle. The solvent was removed by a gas @bwitrogen. 5 uL of 10 mM norvaline water
solution was added to the residue, the residue wdrseed again. 50 pL of
N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetaide containing 1% tert-butyldimethylsilylchloride
and 50 pL of water-free acetonitrile were added iaodbated at 70°C for 1 h. The reaction mixture

was collected and subjected to GC-MS analysis.

2.2.2.2 Analysis of total amino acids from medium Thydrolysate

In a 2 mL glass bottle, 50 puL of medium sample added, then the medium was dried under nitrogen
gas. 0.5 mL of 6 M hydrochloric acid was added,glass bottle was incubated at 105°C for 15 hours.
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The hydrolysate was then desiccated by blowing wittogen gas, 200 pL of 50% acetic acid was
added after 3 minutes treatment on an ultrasortl, bide mixture was loaded onto a small column of
Dowex 50W X8 (7 x 10 mm; 200—-400 mesh, 34+ H+-form). After washing with 2 mL of water,
the amino acids were eluted with 1 mL of 4 M amraonater into 2 mL glass bottle. Under nitrogen
flux the ammonia water was volatilizedl50f 10 mM norvaline water solution was added, @sw
dried again under N2. 50 uL MTBSTFA (with 1% t-BDLTand 50 pL water free acetonitrile were
added into the glass bottle, then the mixture wasbated at 70°C for 30 minutes. The reactant was

collected and subjected to GC-MS analysis.

2.2.2.3 Analysis of free glucose from medium T

In a 2 mL glass bottle, 1 mL of medium was addediais dried under nitrogen gas. 10Q0f 10 mM
fructose water solution was added, it was driediragh were then mixed with 0.5 mL of 3 M
methanolic HCl. The mixture was incubated at 80%C 15 h. After cooling, the mixture was
transferred into a 2 mL plastic tube and then deigeed (10,000 g for 20 min, 4°C). The supernatant
was collected into a 2 mL glass bottle and driedenra flow of nitrogen. 1 mL of acetone containi¥g
sulfuric acid was added. The mixture was incubatiecbom temperature for 1 h. 2 mL of saturated
sodium chloride solution and 2 mL of saturated sodcarbonate solution were added to quench the
reaction. The solution was extracted two times \8itilmL of ethyl acetate and collected into a 2 mL
glass bottle. The ethyl acetate solvent was driteua flow of nitrogeand the residue was treated
with 200 pL of 50% acetyl anhydride in water-fréleyd acetate at 60°C for 15 h. The reaction mixture
was dried under a flow of nitrogen and 100 uL otexdree ethyl acetate were added. The solution

was collected and subjected to GC-MS analysis.

2.2.3Bacillus subtilis experiments

2.2.1.1Bacillus subtilis cultivation

These cultivation experiments were done by Jan Kaamhpghe University of Géttingen under the

supervision of Prof. Dr. Jorg Stuilke.

2.2.1.1.1 Mutant, Growth Conditions, Media and Buférs

ThreeB. subtilis mutant were used in this work. They are derivechftbe non-domesticated wild type

strain NCIB3610.B. subtilis was typically grown in LB medium or in Spizizen rimval medium
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containing glucose and glutamate as sources oboaahd nitrogen, respectively (Commichau et al.,
2008). Alternatively, SP medium (8 g/ml nutrienothr, 1 mM MgSQ, and 13 mM KCI supplemented
after sterilization with 2.5 uM ferric ammoniumraite, 500 uM CacCl2, and 10 uM MnCI2) (Amory
et al., 1987), CSE glucose medium (for details,Sgeplemental Tabel 72 (Commichau et al., 2008),
YT medium (8 g/l tryptone, 5 g/l yeast extract, 2% NaCl, pH 7.0), or MSgg medium (biofilm
promoting minimal medium; for details, see SuppletakTabel 74) (Branda et al., 2001) was used.
Plates were prepared by the addition of 17 g Bag#o/I (Difco) to the medium. To transfer mutations
into the background of the non-domesticated wilgktystrain NCIB3610, SPP1-mediated phage
transduction was used as described previously liPiaier et al., 2011). Transductants were selected

on CSE glucose and YT plates containing spectinamgfca concentration of 150 pg/ml.

2.2.1.1.2%C-Labelling experiments ofB. subtilis

2.2.1.1.2.1 Labelling experiments in liquid cultureusing CSE glucose medium containing

[U-Cg]glucose

B. subtilis cells were cultured in 4 ml LB medium at 37°C afid 2pm. 10 pl of the pre-culture were
used to inoculate 10 ml of CSE-glucos€d-glucose medium and grown overnight at 28°C ar@ 20
rpm. On the next day, 50 ml of CSE-glucos$&tglucose cultures were inoculated to ans6ef 0.05
and grown until they reached an €of 1.0. The cultures were harvested at 8000 rpml@omin,
washed twice with PBS pH 7.4 (137 mM NacCl, 0.2 mkaIKL0 mM NaHPQ,, 1.8 mM KHPQ,) and

snap frozen at -80°C.

2.2.1.1.2.2 Labelling experiments on MSgg agar caihing [U-13Cg]glucose or [U+3Cs]glutamate

B. subtilis cells were cultured in 4 ml LB medium overnight3aC and 200 rpm. On the next day, 4
ml LB medium were inoculated to an OD600 of 0.1 gnalvn until they reached an OD600 of 0.5 -
0.9. A volume of 2 ml of the cell suspension wastgiiged for 5 min at 6000 rpm. The pellet was
washed twice in MSgg medium (for details, see Supphtal Tabel 74) containing 0.5 % glucose and
resuspended in 2 ml of the medium. 3 x 5 ul of ¢b# suspension per biological replicate were
dropped on MSgg agar plates containing 0.5 % gkicb8 of the glucose was D-[t3g]glucose for

the labelling studies (for details, see Supplenierabel 74). For labelling with L-[J3Cs]glutamate,

the cells were washed and resuspended in stand&ghMhedium, and, MSgg agar plates were
prepared containing 19.7 mM potassium glutamate%a mM L-[U+3Cs]glutamate  (for details,

see Supplemental Tabel 74). Since it is not pasdiblautoclave all components of MSgg medium,
single components were sterilized solely and miagdrwards. For the preparation of plates, 1.5 %

(w/v) Bacto agar for minimal medium was added te thedium. For the preparation of 500 ml
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medium, deionized water was added to 7.5 g agarttial volume of 300 ml and the mixture was
autoclaved. Next, the salts and the other compsn@neheated) were added to the warm agar to
obtain a final volume of 500 ml. To avoid precifiba of the salts, the agar was mixed continuously
prior to pouring the plates. To ensure reproducdadeny phenotypes, exactly 25 ml medium were

used for every plate. The plates were stored imdfrggerator at 4°C (Branda et al., 2001).

These plates were used for growing the macrocaoi@elonies were grown for three days at 30°C.
The colonies were scratched off the surface, melleind washed twice with ice-cold PBS pH 7.4.

Samples were snap frozen and stored at -80°Cthegilwere processed (Branda et al., 2001).

2.2.3.2 Analysis of polar metabolites from bacterizextraction

In a 2 mL plastic tube, 10 mg of bacterial cellsy(deight) were mixed with 500 pL of glass beads
(0.25-0.5 mm) and 1 mL of methanol p.a. The mixtues mechanically disrupted using a ribolyser
system (6.5, 20 s, 27°C, three times). After the procedure, riixture was centrifuged (10,000 g
for 20 min, 4°C). The supernatant was collected a2 mL glass bottle. The solvent was removed by
a gas flow of nitrogen. 50 pL of N-(tert-butyldirhgtsilyl)-N-methyl-trifluoroacetamide containing 1%
tert-butyldimethylsilylchlorideand 50 pL of water-free acetonitrile were added iandbated at 70°C

for 1 h. The reaction mixture was collected andexttbd to GC-MS analysis.

2.2.3.3 Analysis of protein derived amino acids firm bacterial hydrolysate

After the methanol extraction, the residue wasddeied collected into a 4 mL glass bottle. 2 mL of 6
M hydrochloric acid were added. The mixture wasibated at 105°C for 15 hours and then filtered.
The hydrolysate was dried by a gas flow of nitrog2®0 uL of 50% acetic acid were added. After 3
min, the mixture was treated on an ultrasonic lzaiti then loaded onto a small column of Dowex
50W X8 (7 x 10 mm; 200-400 mesh, 34-th, H+-form). After washing with 2 mL of water, the
amino acids were eluted with 1 mL of 4 M ammonige~ranto a 2 mL glass bottle. Under nitrogen
flux, the solvent was removed. 50 pL of N-(tertyddimethylsilyl)-N-methyl-trifluoroacetamide
containing 1% tert-butyldimethylsilylchloride and fuL of water-free acetonitrile were added and
incubated at 70°C for 30 min. The reaction mixtweaes collected and subjected to GC-MS analysis.
During the hydrolysis, Cys and Trp were degradedl @yuld therefore not be detected. Asn and GIn
were converted into Asp and Glu, respectively, i®y dcidic treatment. The values reported below for

Asp and Glu represent the mean value for Glu/GthAsp/Asn, respectively.
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2.2.3.4 Analysis of free fructose from bacterial éxaction

In a 2 mL plastic tube, about 10 mg of bacteriahgle (dry weight) were mixed with about 500 pL of
glass beads (0.25-0.5 mm) and 1 mL of water. Thtehkal cells were mechanically disrupted using a
ribolyser system (6.5% 20 s, 27°C, three times). After the procedure, ttixture was centrifuged
(20,000 g for 20 min, 4°C) and the supernatanteaiected into a 2 mL glass bottle. The solvent was
removed by a gas flow of nitrogen. 100 pL of pyr&lcontaining 4 mg of methoxamine hydrochloride
were added and incubated at 30°C for 90 minutes. siiivent was then removed by a gas flow of
nitrogen. 100 pL oN-methyl-N-(trimethylsilyl)trifluoroacetamidevere added, kept at 37°C for 45

minutes, and then subjected to GC-MS analysis.

2.2.3.5 Analysis of amino sugars from bacterial delvall hydrolysate

After the water extraction, the residue was dried eollected into a 4 mL glass bottle. 2 mL of 6 M
hydrochloric acid were added and the mixture wasbated at 105°C for 15 h. The mixture was then
filtered and the hydrolysate was dried under a ftdwitrogen gas. Catalytic amounts of ammonium
sulfate and 100 pL of hexamethyldisilazane wereeddand kept at 120°C for 3 h. The reaction

mixture was collected and subjected to GC-MS amalys

2.2.3.6 Analysis of glucose from bacterial polysakarides hydrolysate

In a 2 mL glass bottle, about 0.5 mg of bacteralsc(dry weight) were mixed with 0.5 mL of 3 M
methanolic HCI. The mixture was incubated at 80%C 15 h. After cooling, the mixture was
transferred into a 2 mL plastic tube and then deigeed (10,000 g for 20 min, 4°C). The supernatant
was collected into a 2 mL glass bottle and driedenra flow of nitrogen. 1 mL of acetone containi¥g
sulfuric acid was added. The mixture was incubatecbom temperature for 1 h. 2 mL of saturated
sodium chloride solution and 2 mL of saturated sodcarbonate solution were added to quench the
reaction. The solution was extracted two times \g8itilmL of ethyl acetate and collected into a 2 mL
glass bottle. The ethyl acetate solvent was dritkeua flow of nitrogeand the residue was treated
with 200 pL of 50% acetyl anhydride in water-fréleyd acetate at 60°C for 15 h. The reaction mixture
was dried under a flow of nitrogen and 100 uL otexdree ethyl acetate were added. The solution

was collected and subjected to GC-MS analysis.
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2.2.4 Immortal brown adipose tissue
2.2.4.1 Cultivation of immortal brown adipose tisse

These cultivation experiments were done by Yondguat the Technical University of Munich under

the supervision of Prof. Dr. Martin Klingenspor.

Immortalized brown adipocytes were cultured in hb-aiameter petri dishes as previously described
(Li et al., 2014 BBA). Glucose isotopic tracer enpents were performed at day 7 of adipogenic
differentiation. Briefly, cells were washed oncahwprewarmed PBS and changed to 25mL seahorse
respiration medium [DMEM basal medium (Sigma-D503Qpplemented with 25 mM glucose, 31
mM NaCl, 2 mM GlutaMax and 15 mg/l phenol red, pH]7o mimic the seahorse bioenergetic
profiling procedure. After 1h preincubation at 37itCa room air incubator, cells were treated with
oligomycin (5uM) to block the coupled respiration for 30 min. Theedium was changed to the
glucose isotopic tracer medium [DMEM basal medi@igmMa-D5030), for details, see Supplemental
Table 89] supplemented with 20 mM glucose, 5mM{Cs]glucose, 31 mM NacCl, 2 mM GlutaMax
and 15 mg/l phenol red, pH 7.4)) with oligomycin(8l) and treated with or without isoproterenol
(0.5 uM) for 30 min. Before harvesting, cells were wasloede with cold PBS, 15 ml methanol was

added and stored at —80°C until further analysis.

2.2.4.2 Analysis of polar metabolites from cell extction

In a 2 mL plastic tube, about 20 mg of cells (drgight) were mixed with 500 pL of glass beads
(0.25-0.5 mm) and 1 mL of extractant (methanolwftrm:water = 5:2:1). The mixture was
mechanically disrupted using a ribolyser systerf §6, 20 s, 27°C, three times). After the procedure,
the mixture was centrifuged (10,000 g for 20 mifC¥ The supernatant was collected into a 2 mL
glass bottle. The solvent was removed by a gas @ibwitrogen. 50 puL of 100 mM norvaline water
solution was added to the residue, the residue wdrsed again. 50 pL of
N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetaide containing 1% tert-butyldimethylsilylchloride
and 50 pL of water-free acetonitrile were added iaodbated at 70°C for 1 h. The reaction mixture

was collected and subjected to GC-MS analysis.

2.2.4.3 Analysis of total amino acids from cell hylysate

In a 2 mL glass bottle about 1 mg of cells (drygte] were mixed with 0.5 mL of 6 M hydrochloric
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acid was added. The mixture was incubated at 188° Q@5 hours and then filtered. The hydrolysate
was dried by a gas flow of nitrogen. 200 pL of 58eetic acid were added. After 3 min, the mixture
was treated on an ultrasonic bath and then loaddaosmall column of Dowex 50W X8 (7 x 10 mm;
200—-400 mesh, 34—744n, H+-form). After washing with 2 mL of water, tlaenino acids were eluted
with 1 mL of 4 M ammonia water into a 2 mL glasstleo Under nitrogen flux, the solvent was
removed. 50 pL of N-(tert-butyldimethylsilyl)-N-mwefl-trifluoroacetamide containing 1%
tert-butyldimethylsilylchloride and 50 pL of watkee acetonitrile were added and incubated at 70°C
for 30 min. The reaction mixture was collected aubjected to GC-MS analysis. During the
hydrolysis, Cys and Trp were degraded and couldetbee not be detected. Asn and GIn were
converted into Asp and Glu, respectively, by thigiadreatment. The values reported below for Asp

and Glu represent the mean value for Glu/GIn amulXen, respectively.

2.2.4.4 Analysis of glucose from cell polysacchagd hydrolysate

In a 2 mL glass bottle, about 5 mg of cells (drygh€ were mixed with 0.5 mL of 3 M methanolic
HCI. The mixture was incubated at 80°C for 15 hteAfooling, the mixture was transferred into a 2
mL plastic tube and then centrifuged (10,000 g2@min, 4°C). The supernatant was collected into a
2 mL glass bottle and dried under a flow of nitnegé mL of acetone containing 2% sulfuric acid was
added. The mixture was incubated at room temperdturl h. 2 mL of saturated sodium chloride
solution and 2 mL of saturated sodium carbonatatisol were added to quench the reaction. The
solution was extracted two times with 3 mL of ethgktate and collected into a 2 mL glass bottle. Th
ethyl acetate solvent was dried under a flow abgignand the residue was treated with 200 pL of 50%
acetyl anhydride in water-free ethyl acetate a®B6fit 15 h. The reaction mixture was dried under a
flow of nitrogen and 100 pL of water-free ethyl tate were added. The solution was collected and

subjected to GC-MS analysis.

2.2.4.5 Analysis of fatty acid from cell lipid hydolysate

In a 2 mL glass bottle, about 5 mg of cells (dryigh® were mixed with 0.5 mL of 3 M methanolic

HCI. The mixture was incubated at 80°C for 15 hteAfooling, the mixture was transferred into a 2
mL plastic tube and then centrifuged (10,000 gZ@min, 4°C). The supernatant was collected into a
2 mL glass bottle and dried under a flow of nitnog&he residue was resolved in 100 puL water free

hexane and subjected to GC-MS analysis.
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2.2.5 Analysis of DMEM medium
2.2.5.1 Analysis of polar metabolites from DMEM meiim

In a 2 mL plastic tube, 1 mL DMEM medium was addéd, medium was dried under nitrogen gas. It
was then mixed with 500 pL of glass beads (0.25-th&) and 1 mL of extractant
(methanol:chloroform:water = 5:2:1). The mixture svmechanically disrupted using a ribolyser
system (6.57, 20 s, 27°C, three times). After the procedure, fixture was centrifuged (10,000 g
for 20 min, 4°C). The supernatant was collected a2 mL glass bottle. The solvent was removed by
a gas flow of nitrogen. 50 pL of 100 mM norvalinater solution was added to the residue, the
residue was dried again. 50 pL of N-(tert-butyldinyésilyl)-N-methyl-trifluoroacetamide containing
1% tert-butyldimethylsilylchlorideand 50 pL of water-free acetonitrile were added imcdbated at

70°C for 1 h. The reaction mixture was collected anbjected to GC-MS analysis.

2.2.5.2 Analysis of free glucose from medium

In a 2 mL glass bottle, 1 mL medium sample was ddthen the medium was dried under nitrogen
gas. It was then mixed with 0.5 mL of 3 M methaa®liCl. The mixture was incubated at 80°C for 15
h. After cooling, the mixture was transferred iat@ mL plastic tube and then centrifuged (10,000 g
for 20 min, 4°C). The supernatant was collected mt2 mL glass bottle and dried under a flow of
nitrogen. 1 mL of acetone containing 2% sulfuriclagas added. The mixture was incubated at room
temperature for 1 h. 2 mL of saturated sodium dtoisolution and 2 mL of saturated sodium
carbonate solution were added to quench the readilee solution was extracted two times with 3 mL
of ethyl acetate and collected into a 2 mL glag#idadl'he ethyl acetate solvent was dried undéo\wa f

of nitrogenand the residue was treated with 200 pL of 50%yaeathydride in water-free ethyl
acetate at 60°C for 15 h. The reaction mixture dmsd under a flow of nitrogen and 100 pL of

water-free ethyl acetate were added. The solutias eollected and subjected to GC-MS analysis.

2.2.6 GC/MS analysis

All derivatives mentioned above were analysed byNE& using a quadrupol GCMS-QP 2010 Plus
spectrometer (Shimadzu, Duisburg, Germany) as ibestearlier (Chen et al., 2017). The GC column
was a Silica capillary column (equity TM-5; 30 m W25 mm, 0.25-um film thickness;
Sigma-Aldrich). For the analysis of silylated fros¢ and other polar metabolites, the column was
developed at 100°C for 2 min, then at a gradiertbup 234°C (3°C per min), later at a gradientap
237°C (1°C per min), and finally at a gradient aq260°C (3°C per min). At the end, the column was
quickly heated to 320°C (10°C per min) and heldhi& temperature for 2 min. For the analysis of
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silylated amino acids, the column was developeth@fC for 3 min, then at a gradient up to 280°C
(7°C per min) which was hold for 3 min. For the lgses of the diisopropylidene/acetate derivative of
glucose, the column was developed at 150°C forr8 then at a gradient up to 220°C (10°C per min),
followed at a gradient up to 280°C (50°C per mirf)ickh was hold for 3 min. For the analysis of
silylated amino sugars, the column was developetD&E for 3 min, then at a gradient up to 310°C

(5°C per min) which was hold for 1 min.

All data were collected using the LabSolution saitev(Shimadzu). Each sample was analyzed three
times to afford technical replicates. The over8iC excess values (mol-%) and the relative
contributions of isotopologues (%) were computedaly Excel-based in-house software package
(Eylert et al., 2008) according to Lee et al. (Leteal.,, 1991). Alternatively?H/**C excess and
isotopologue compositions were calculated accorttirfghmed et al. (2014). This software package is
open source and can be downloaded using the folpwi  link:

http://www.tr34.uni-wuerzburg.de/software_developisésotopo/.

Retention times and mass fragments that were wsathfculations of overafH/**C-exces values and

isotopologue composition are showrSapplemental Table 27
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3. Results and discussion

3.1 Differential substrate usage and metabolic flies in Francisela
tularensis subspeciesolarctica and Francisella novicida

3.1.1 Experimental approach

To find out the differential usages of substratesthe growth of differenfrancisela strains, we
performed labelling experiments using the stab@precursors, [U2Cg]glucose, [1,25°C;]glucose,
[U-13C5]serine or [UCs]glycerol supplemented to medium T. Three diffeférancisella strains were
studied in this work: a highly pathogertcancisella tularensis subspeciekolarctica WT strain which
was isolated from beaver (Schulze et al., 201@ Filancisella tularensis subspecie$olarctica life
vaccine strain LVS and the less pathogémiancisella novicida strain U112. Each of these strains was
grown in medium T supplemented with 11 mM fGs]glucose, 11 mM [1,22C;]glucose, 3 mM
[U-13C5]serine or 25 mM [U=Cg]glycerol at 37°C for 26 h. The cells were harvested at an OD600
value of approximately 1.8. Then the cells werehedswice with PBS solution, centrifuged, pelleted,
autoclaved and lyophilized to get about 100 mg wéd cell pellet. Using physical or chemical
procedures different sugars from the cell wall ranf glycogen, protein derived or free amino acids
and free polar metabolites were isolated from ttieddcell pellets. All of these components werenthe
treated with different derivatisation reagents tmwert them into a non-polar volatile form which
could be analysed by GC/MS spectrometry (for detake Materials and Methods). The labelling
experiments were repeated at least once (biologgmdicates), and each sample was analysed three
times by GC/MS spectrometry (technical replicatBsjsed on the biological replicates and technical
replicates, at least six experimental values oheaetabolite were detected. Mean values and stdndar
deviations of each metabolite were then calculatethis basis (seBupplemental Tables S1-27or

numerical data).

3.1.2 Labelling experiments with [U*C¢]glucose
3.1.2.1 Isotopolog profiles of sugars

From the dried cell pellets, four different sugamsre isolated namely (i) free fructose, which was

isolated from the aqueous cell extracts (ii) glymoglerived glucose, which was a hydrolysis product

of the cell pellet treating with 3 M methanolic mgdhloric acid and (iii) cell wall derived amino

sugars glucosamine and muramic acid, which werairdd by harsh 6 M hydrochloric acid treatment.

Each sugar was highly labelled witfC-enrichments of 10-12%, which reflected the efiitiuptake

and usage of glucose. In theancisdla tularensis subspeciesolarctica WT (Fth) the four hexoses
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were slightly higher labelled (11.2 + 0.9%) thangé® inFrancisella novicida strain U112 Eno) (10.5

*+ 1.1%) (See als&upplemental Tables SP Free fructose was mainly M+6 labelled, whicHeets

its origin from [U+3Cg]glucose via glucose 6-phosphate and fructose Gygtate. Surprisingly, the
isotopolog composition in different sugars werehhyglifferent, the M+1 to M+5 isotopolog fractions
in free fructose was 20-30%, in glycogen derivedcgse 20-50% and in cell wall derived amino
sugars glucosamine and muramic acid 60-9B¢%ufe 9B), which suggests more frequent metabolic
turnover at higher rates during the formation ofi eell derived amino sugars. The fractional
isotopolog distributions of different sugars Fnancisella tularensis subspeciesolarctica WT (Fth)
and Francisdlla novicida strain U112 Eno) were apparently similar, however, the glycogen aeti
glucose inFrancisella novicida strain U112 Fno) had significant lowet*C-enrichments than that in

Francisdla tularensis subspecieholarctica WT (Fth).

39



Sugars Protein derived amino acids Free amino acids Free metabolites I ~th Beaver (1)
A after hydrolysis [ FhLVS (2)
| 1| | 1| I [ Fro (3)
14%
12%
10%
w
w
(0]
(5]
x
u
e
5383 28238 go2gesg EeeLeoas
N ey ¥y @ XYY i | S “."‘.“‘.“'_."F"?g$
2 3L L 3 £ = 2 a3 2 222922%2
§EES goFEr <J00g SEsgssg@
sS85 s 2852 E0 8
O T § E -% 3 [C] L n
= 3 o
[CI= =
>
I
5
B Sugars Protein derived amino acids Free metabolites
after hydrolysis
[ 1 [ 1 [ |
123 123 123 123 123 123 123 123 123 123 123 123 123 %m*:g
- +

100%

meE @S bl =EE =ZEE EEE L M+16
i [ M+15
I mi+14
_ 80% ii B M+13
S [ IM+12
3 [ M+11
g 60% [ Im+10
8 s v+
g - i Cws
§’ 40% [ m+7
g = M+
o i [ m+5
2 20% [ Im+4
g e L m+3
I m+2
o M+
0
M~ ~ o™ g o o] o [{e] o] (=] ™ [e}] -
[ee] wn wn [(e] — o) 0 M~ (o] — o) T
a8 ¥ ¥ o ¥y ¥ 3 I T T B
@ o o B! o g =2 s 2 ol 2 L o
8 % € E < < O] [l © _E = E ©
5 © o 2 3 E o ]
& £ g E 3 S 5 2
3] [ > @ o
= = 5}
Q b= -l
T
A5

Figure 9. (A) °C-Excess (mol%) and (B) the fractional isotopologtritistions (%) in key metabolites dfrancisella
tularensis subspeciebolartica WT strain (beaver isolatelFth Beaver, 1), thé&rancisdla tularensis subspecieholartica life
vaccine strain LVSRKth LVS, 2), or the less pathogenkrancisella novicida strain U112 Fno, 3) grown in medium T
supplied with 11 mM [USCs]glucose.'3C-Excess (mol%) and relative fractions of isotopsldgo) were determined by
GC/MS of silylated derivatives at the indexed m/fuea. Error bars indicate standard deviations ftbenmeans of 6 to 9
values (i.e. 2—3 x biological replicates, 3 x techhreplicates). M+1, M+2, M+3, etc. indicate ispblogs carrying 1, 2, 3,
etc.1*C-atoms. For numerical values, Sgpplemental Tables S1S5 S9, S13 S17 S21(Chen et al., 2017).
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3.1.2.2 Isotopolog profiles of protein derived amio acids

Using 6 M hydrochloric acid, the bacterial pellehsshydrolysed and the resulting mixture of amino
acids, mostly derived from the protein fraction reveonverted into TBDMS-derivatives which were
analysed by GC/MS. During the hydrolysis, Cys ang Were destroyed and could not be detected;
because of the deamidation Asn and GIn were caento Asp and Glu. GC/MS analysis of 15
TBDMS-amino acids revealed iRth strains*C enrichments (and therefore signalling de novo
biosynthesis from the labelled tracer) in 7 amiomst Ala > Glu > Asp > Tyr > Thr > Phe > Gly =
Ser (8-0.1%) and iRno: Ala > Glu > Tyr >> Thr = Asp = Gly = Ser > Phé&-0.1%) Figure 9A).
Because of the unlabelled substrates (brain hefusion broth, bacto trypton and casamino acids) in
medium T, His, lle, Leu, Val, Lys, and Pro werealidlled due to efficient import of these amino acid
from the medium into the cells and direct usage datein biosynthesis (see alSupplemental
Tables S25 S26.

No significant differences were found in tH€-excess (mol%) value&igure 9A) and the fractional
isotopolog distributions Higure 9B) between the highly pathogenkth WT strain, theFth life
vaccine strain LVS. However, comparifigo with the Fth strains, significant differences could be
found. The amino acids (especially Ala, Ser, ang Which derived from protein, had much higher
13C-incorpration inFno than in Fth strains. Also the obtained isotopolog distributiatisplayed

differences betweelth strains andFno.

Alanine, which was degraded from [€Gs]glucose via [U¥Cs]pyruvate, was mainly M+3 labelled
indicating efficient uptake and glycolytic usage gificose from medium T. Sequence data of
Francisdla strains show that the enzymes for glycolysis (Epéhway) and non-oxidative PPP are
present in the genomedrigure 2). However, in theFrancisella strains’ genomes, alanine
dehydrogenase and Glu/Asp transaminase conveftifg(s]pyruvate into [U*Cslalanine are not
annotated. The M+1 and M+2 labelled alanine contticiate their origin from M+1 and M+2 in Asp
by an aspartate 4-decarboxylase, which in tureflegted in the genomeBth strains were 65% M+3
labelled andFno was 75% M+3 labelled indicating that 65% of al&nin Fth strains were formed
from pyruvate and that 75% of alanineFino were formed from pyruvatérigure 9B). The **C-flux
entered the TCA cycle from labelled pyruvate vialfO;]acetyl-CoA resulting in the formation of
13C,-Glu and®*C,-Asp from 13Cz-a-ketoglutarate andfC,-oxaloacetate, respectively. The isotopolog
distribution of Tyr was more complex since Tyr wasmed from erythrose 4-phosphate and PEP via
shikimate/chorismate pathway. [&Cserythrose 4-phosphate can be formed via the PBR fr
[U-13Cg]fructose 6-phosphate by transketolase, resulting iarge M+4 fraction in Tyr. During the
incorporation of [UC3]PEP, one of the PEP splits off% atom, resulting in the observed M+2 and

41



M+3 fractions in Tyr.

3.1.2.3 Isotopolog profiles of free polar metaboks

Using methanol as an extractant, more than 20 poiabolites including free amino acids, lactate,
glycerol, succinate, malate and free fatty acideevigolated from the dried bacterial pellets. Galhgr

the 1°C-excess values and isotope distributions of freéa acids were similar to those in protein
derived amino acids={gure 9A). Lactate and glycerol had simil&C-profiles as alanine suggesting

that the related metabolites were in a quasi-dgquilin state of isotope distribution.

Free fatty acids and 3-hydroxybutyrate were hidalyelled (6-12%) in form of M+2 isotopologs
indicating the efficient usage of [BCs]glucose for fatty acid formation via [&fC;]acetyl-CoA.
[U-12C;]acetyl-CoA is also used in the TCA forming sucténand malate as M+2 species. The polar
metabolites irfFno and Fth strains had similal®C-excess and fractional isotopolog distributionghw

a slight tendency of higher incorporation into nbefdes inFno as compared t&th strains Figure

9).

In total, from the'*C patterns of different metabolites from flue*Cg]glucose labelling experiment,
glucose was suggested (i) as an efficient precusdre metabolized into glycogen, and (ii) as a
substrate for degradation via the glycolytic pathwaform pyruvate/Ala and acetyl-CoA (lower rates)
serving as a precursor for fatty acids and drivimg TCA intermediates biosynthesis. However, the
complex isotope distributions in cell wall aminogars (glucosamine and muramic acid) also
suggested significant rates of glycolytic cyclirig the PPP and/or gluconeogenesis. In comparison of
Fth strains and-no, glucose was used more efficiently for the biokgsts of cell wall amino sugars

in Fth strains, whereas iano the degradation and downstream glucose usage wa&spronounced.

3.1.3 Labelling experiments with [1,22C;]glucose

To determine whether glucose is degraded via gygtsl the PPP or the Entner-Doudoroff pathway,
we performed additional experiments with [£3€;]glucose as a tracer. In this experiment, the key
fragment of the TBDMS derivative of alanine (AlaZ}3which is devoid of C-Kigure 10A) was
used to discriminate between the pathways. Compddrthe mass fragment of alanine (Ala-260),
which carried the three carbon atoms of the orighi@, some positional®*C-assignment can be made.
Ala-260 had high M+2 fraction, because of the [f2j]glucose labelling. The Ala-232 had similar
high M+2 fractions as in Ala-260. This indicateattthe C-1 of alanine was nS€ labelled Figure
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10A). Consequently, th€C atoms of [1,2%C;]glucose were transferred into C-2 and C-3 of alani
reflecting the Embden-Meyerhof-Parnsa (EMP) pathwlde conversion of [1,2C;]glucose into
[1,2-3C;)pyruvate and [1,23C;]alanine via the Entner-Doudoroff pathway wouldutesn different
labelling patternsKigure 10B). The degradation of [1,2C;]glucose via the PPP would result in only
single labelled or unlabelled pyruvate/Ala. Therefdhe PPP pathway could also be excluded as the
major degradation pathway of glucose. Thus, the EilfPway is the predominant route for glucose

degradation.
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Figure 10. Transfer of'3C-label from [1,21%C7]glucose into alanine oFth Beaver (1),Fth LVS (2), or Fno (3). (A)
13C-Excess (mol%) and the fractional isotopolog distiions (%) in the silylated fragments Ala-260 akld-232 carrying
C1-Cs and G-Cs of the original alanine carbon chain, respectivéB) Conversion of [1,23C2]glucose into pyruvate and
alanine via glycolysis (EMP) (left, with red barglicating the'*C-labels) or the Entner-Doudoroff pathway (ED) (tighith
green bars indicating tHéC-labels). The observed label distribution wit@ at G and G (indicated by red bars in panel A),
only matches the predicted pattern via the EMPaimegb (B). For more details, see also text (Chen.g2@17).

3.1.3 Labelling experiments with [UL*Cs]serine

Figure 11 shows the*C-enrichments and isotopolog distributions of atedi metabolites from the
labelling experiment with [J2Cs]serine. The*C-enrichment of methanol-extracted free serifth (

beaver isolate, 10%:th LVS, 6%, Fno, 20%) reflects immediately the uptake of 1¥Gs]serine (See
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alsoSupplemental Table S7Figure 11A). In addition, theé*C-enrichment of protein derived Ser was

12% and 16% in thé&th strains and in thé&no strain, repectively. Free serine as well as protein
derived serine displayed mainly M+3 labelling sugjgey less metabolic turnover leading to M+1 or

M+2 serine Figure 11B).

However,*C-serine could be metabolised as shown by labeligtine, which could be formed from
serine by a hydroxymethytransferase, leading to M3&ine was also degraded to form pyruvate,
which later formed alanine and was transferred thioTCA. Therefore, Ala, lactate (Fno strain),
Asp, Glu (from the TCA) and free fatty acids (dedvfrom acetyl-CoA) and 3-hydroxybutyrate
(derived from acetyl-CoA) were significantly lakell However, serine was not effectively used for
gluconeogenesis, as indicated by the apparentati-incorpration into amino acids from the PPP
(Phe and Tyr) and the sugars (glucose from glycofyee fructose and amino sugar from cell wall)
(Supplemental Table S3S7, S11).

Fno andFth strains showed differedtC-profies. InFth strains, serine was used more efficiently to
form amino acids and proteins (with the exceptibglgcine) via pyruvate and oxaloacetate, and fatty
acids via acetyl-CoA. However, iano, the free amino acids Ala, Gly and Ser, as welpasivate
derived lactate were much higher labelled (> faBjornterestingly, the flux from Ser into Gly Kth
strains was much lower than the flux from Ser ta,AVhich inFno strain wasice versa (Figure 11A).

It can be speculated that during the exponentiaselofFth strains, serine was more effectively used,
whereas during the post-exponential phase or statjophase it was less used as indicated by the

lower 3C-enrichment in the free metabolites when harvedtebhg the late growth phase.
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Figure 11. (A) 3C-Excess (mol%) and (B) the fractional isotopologritistions (%) in key metabolites &th Beaver (1),
Fth LVS (2), orFno (3) grown in medium T supplied with 3 mM [B€s]serine. For numerical values, sBapplemental
Tables S3 S7, S11, S15 S19 For more details, see also legendFigure 6 (Chen et al., 2017).

3.1.4 Labelling experiments with [U¥Cj]glycerol

From the *C-enrichment of methanol extracted glycerbth( strains, 93%;Fno, 59%) and the
isotopolog distribution of the obtained glycerol aimly M+3 labelled), it was concluded that
[U-13Cg]glycerol was efficiently incorporated into the bexgal cell Figure 12). Via [U-2C;]pyruvate,

Ala (protein derived and in the free form) was fednas indicated by the M+3 isotopologs. Via
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[U-13C;]acetyl-CoA, the*C-flux can be measured into the TCA and fatty gcidsreflected by the
M+2 isotopologs in Glu (derived from-ketoglutarate), Asp (derived from oxaloacetateicsate,
malate, fatty acids and 3-hydroxybutyrate. Gengralie 1*C-excess values of different metabolites
were much lower irfrth than those irfFno reflecting the better usage of glycerol in theslpathogenic
Francisdla strainFno. Glycerol was also a better precursor for the petslderived via glucogenesis
and the PPP ifno. Tyr (mainly as M+3 and M+2 from either PEP or #mythrose 4-phosphate
precursor, respectively), Ser and Gly (via the ggenic intermediate, 3-phosphoglycerate), cell wall
derived amino sugars glucosamine and muramic ackho were higher labelled than ifth. The
amino sugars were mainly M+3 labelled, but M+1 &heR was also present in substantial amounts
(Figure 12B) reflecting the usage of glycerol for amino sulgEsynthesis. In summary, glycerol was

efficiently used irFno, but only at minor rates iRth strains.
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Figure 12. (A) 3C-Excess (mol%) and (B) the fractional isotopologritistions (%) in key metabolites &th Beaver (1),
Fth LVS (2), orFno (3) grown in medium T supplied with 25 mM [B€s]glycerol. For numerical values, s8epplemental
Tables S4 S8 S12 S16 S2Q S24 For more details, see also legenédrigure 6 (Chen et al., 2017).

3.1.5 Differential substrate usage
In medium T (see alsBupplemental Tables S25526 there were some poorly defined components
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such as bacto tryptone (10 g/L), casamino acidgy(ll) and brain heart infusion broth (10 g/L),is0
was important to analyse the amounts of unlabejladose, serine and glycerol in this medium in an
attempt to normalize the incorporation rates dbscriabove for the respecti?-tracers. Therefore,
medium T (without theé®C-tracers) was prepared and autoclaved. After lijigpkion, one fraction
was silylated and analysed by GC-MS for quantifythg amounts of free glucose, glycerol, and
amino acids, e.g., serine, respectively. Anothectfon was dissolved and hydrolysed in 6 M
hydrochloric acid at 108C, the hydrolysate was lyophilized, derivatized aghin analysed by
GC-MS in order to also quantify the protein- or {eg- bound serine.

In the medium, free glucose could be detectediawmts of 75.3 mM. However, free glycerol could
not be detected and free serine was present atcgation of 0.5 mM. The total serine was present
at a concentration of 3.1 mM after the hydrolysfspeptides. On this basis, in the labelling
experiments the total concentration of glycerol @&asnM (with 100% [U*Cs]glycerol), glucose was
present at a total concentration of 94.4 mM (with8% [U+Cg]glucose), and the overall
concentration of serine (free form and in peptides)s 3.4 mM (with 84.3% [U3Cs]serine)
(Supplemental Tables S25526.

On the basis of these findings, we normalized#eenrichments from the different tracers. For
[U-3C¢]glucose labelling experiments, the values weretiplidd by a factor of 8.5, for the
[U-13Cg]serine labelling experiments by a factor of 1.1ad &or the [UCs]glycerol labelling
experiments by a factor of 1. The normalized valaiesshown irFigure 13A and 13B for Fth and
Fno, the relative fluxes are also indicatedFigure 13 by the arrow widths. It was obvious that the
glycogen and cell wall amino sugars were mainlynied from glucose in the medium T (>85%). The
13C-label was incorporated predominately from gludase alanine and fatty acids (>50%).HAth and
Fno, the *C-fluxes from serine into the metabolism were lawdsing glycerol as precursor, the
13C-fluxes were lower in thd=th strains. InFno, however, the*C-fluxes were higher into the

biosynthesis (up to 55% in cell wall sugars).

The differences between the metabolic fluxe&tim strains and-no are shown irFigure 13C. The
numbers indicate the differences between the narethl*C-enrichments ifFth andFno (Fth—Fno).
Higher fluxes inFth are indicated by normal arrows, whereas lowereffuare shown by dashed
arrows. InFth, the flux from glucose into the cell wall was slighhigher, but showed reduced fluxes
(with the exception of Asp for unknown reasonsp iatly other metabolite under study. Moreover, the
fluxes from serine into downstream pathwayg$-ih strains were higher (i.e., the lower part of EMP,

formation of acetyl-CoA and fatty acids). Howeuwbere was no flux from serine into cell wall sugars
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which suggests that there was a more “bipartiteabwdic flux” in Fth strains (i.e., with glucose
feeding directly the formation of polysaccharidasd serine adding more carbon for pyruvate and
actyl-CoA metabolism) comparing with the less lassnan-pathogeni€no. The glycerol uptake in
Fth strains was not so efficient as thatmo, which indicated that the glucogenesis from glgteras

not a major process Fth strains.
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Figure 13. Metabolic pathways and fluxes in (&th BeaverFth LVS, and (B)Fno from exogenous glucose (red arrows),
serine (green arrows), and glycerol (blue arro{@). Differences in the metabolic fluxes betwedeth andFno (Fth—Fno).
Metabolites studied by GC-MS-based isotopologudilprg are indicated by black boxes. The numbedidate normalized
overall 3C-enrichments (from labeled glucose, glycerol arthedn red, blue and green, respectively). Thewrwidths
roughly indicate the relative fluxes. Fluxes condado enrichments <1% are not shown. In (C) the lpens indicate the
differences in the normalized overall 13C-enrichtadirth—Fno). Higher fluxes inFth are indicated by normal arrows, lower

fluxes by dashed arrows (Chen et al., 2017).

3.1.6 Discussion

The pathogeni¢rancisella strains can be grown in the cytosolic compartmehtgarious host cells
(Santic et al., 2006; Sjostedt, 2006; Keim et 2007). ThereforeFrancisella strains could benefit
from versatile and changing nutrient supplies frtme host cells, establishing a high degree of
metabolic robustness and adaptation capacities@facellulafrancisella strains. On the basis of the
genomes ofFrancisella strains, it can be assumed that amino acids, gdu@nd glucogenetic

substrates (e.g., glycerol or pyruvate) could be thajor carbon substrates feeding a highly
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interconnected metabolic network. Earlier work atemfirmed the versatile role of amino acids,
glucose, and glycerol as nutrients (Checroun ¢2806; Meibom and Charbit, 2010; Santic and Abu
Kwaik, 2013; Barel et al., 2015).

3.1.6.1 Glucose

The phosphofructokinase was not annotated within ganomes oftt, Fth, and Fno until 2012.
Therefore, it was suggested that gluconeogenesisnan glycolysis is important for intracellular
replication (Meibom and Charbit, 2010; Raghunatbtual., 2010). The in vitro and in vivo growth
was shown to be hampered with the knocking outlpKGKadzhaev et al., 2009; Brissac et al., 2015).
And from earlier work of Kingry and Petersen, ttebohydrate metabolism suggests to be different
between the human pathogefit andFth species and the mice pathogeRi® species (Kingry and
Petersen, 2014)th could metabolise glucose, however, could not Uuseoge 6-phosphate as a
precursor in vitro. In the work of Gyuranecz, orfly hispaniensis and F. philomiragia could
metabolise glucose 1-phosphate and glucose 6-patespyuranecz et al., 2010). In theo strain,
phosphofructokinase (FTN_1210) was found, whichicaigd the function of glycolysis ifFno
(Enstrom et al., 2012, Brissac et al., 2015).

From our research data, it is obvious that gluéedhe most efficient substrate for theancisella
strains in medium T. Differences between the mdistinoof Fth WT and LVS were not significant,
which suggests that theth LVS is not (strongly) related to glucose usageniFigure 13C, it was
concluded that the cell wall sugar formatiorfih strains was slightly more efficient than thatimno.
Either Fth strains orFno degraded glucose via glycolysis but not the EDherRPP. The carbon flux
from glucose to amino acids and the TCA cyclé&tinstrains was lower than ino, which suggested
that Fth metabolised glucose for generating energy by arbip metabolic network as ih.
pneumophila (Gillmaier et al., 2016; Hauslein et al., 2016y &hlamydia trachomatis (Mehlitz et al.,
2017). With the labelling data of alanine, we coaldo demonstrate that an Ala dehydrogenase or
Glu/Pyr transaminase must be present, althouglg¢nes for both enzymes are not annoted in the

genome. Moreover, our work also showed the expetédity of an aspartate 4-decarboxylase.

3.1.6.2 Glycerol

In Fno, glycerol is mainly metabolised via the EMP pathwdyring the intracellular replication
(Kadzhaev et al., 2009; Brissac et al., 2015), &nel enzyme GlpD(glycerol 3-phosphate

dehydrogenase) is very important for glycerol ddgt@n (Brissac et al., 2015).
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Our results verified the earlier work (Petersen Sobriefer, 2005; Marinov et al., 2009; Gyuranecz e
al., 2010; Huber et al., 2010), but also showedena®mtail about the glycerol metabolism. The carbon
flux was much higher in the mouse pathogenic stfamthan that in the highly pathogerftth strains.

For Fno, the uptake of glycerol was very efficient and thgcgrol was well used as substrate for

gluconeogenesis even in the presence of glucose.

In Fth strains, the"C-enrichment of muramic acid was 4-5% and alanias aiso labelled using
[U-13Cg]glycerol as precursor. These finding indicated fth strains could also metabolise glycerol.
In earlier work, the fermentation and metabolisnglyterol inFth strains were negative, but théh
strains could metabolise glycerol phosphate (Peteesxd Schriefer, 2005; Gyuranecz et al., 2010;
Huber et al., 2010). The glycerol phosphate trartep&IpT could be the reason for this. However, in
the Francisella genomes, putatively encodinggbpF gene was also annotated (Raghunathan et al.,
2010). Moreover, in 2009 Marinov and his co-workgublished a report in which the acid formation
from glycerol in threeFrancisdla strains was described. Because of these earligliest the
metabolism of glycerol is no more a surprise. Biatlbw utilization of glycerol irfFth strains with the
presence of all genes for glycerol metabolismilsigtclear. In bothFth strains, howevegfpK and

glpD are separated by an IS-Ftul element, the opemiadennected.

3.1.6.3 Serine

Amino acids (e.g. Ser) are important for the inttdar replication ofFrancisella strains (Meibom
and Charbit, 2010; Raghunathan et al., 2010; Bsral., 2012, 2015; Steele et al., 2013; Brown.et a
2014; Ramond et al., 2014; Gesbert et al., 2015epdrt of Barel and his co-workers also showed
that the the SLC family of host amino acid tranggeris important for intracellular replication feth
strain LVS (Barel et al., 2012). Interestingly,tie close relativé. pneumophila, a human pathogenic
bacterium which replicates within a vacuole in alee macrophages, a similar finding of the usage
of amino acids during intracellular growth and theolvement of SLC proteins of the host cell was
found (Wieland et al., 2005; Eisenreich and Heu?@16).

From our in vitro study ofFrancisdlla strains, the carbon flux from Ser into the dowsestn

metabolites inFth and especially inFno was quite low, even lower was the carbon flux via
gluconeogenesis in both species (as gleaned eogn, the apparently unlabelled cell wall-derived
carbohydrates). On the other hand, the glycerotexntal data showed that the carbon flux could

be directed into the gluconeogenesis. Surprisifgiyever, this flux could not be seen with serige a
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a glycogenic substrat&igures 13A B).

The degradation of Ser to form some protein deriaeiho acids was more efficient Kth strains
than inFno. However, the formation of Gly from Ser by glycihgdroxymethyltransferase was lower
in Fth strains, which suggested that the glycine cleagggeem (GCS) is important for replication in
Ser-limiting environments and thatgavT mutant strain is auxotrophic for Ser. This indésathe
importance of the Ser to Gly (and vice versa) cdimg systems (Meibom and Charbit, 2010; Brown
et al., 2014). Earlier work of Ravnikar and Somkégvshowed that the disrupted Ser biosynthesis
pathway indicated the glycine-dependent Ser prootuan E.coli (Ravnikar and Somerville, 1987). In
Fth strains, the only source of Ser biosynthesis iSG&hich was also found surprisingly in thté
strain (Brown et al., 2014). Because of a psesaiB gene (P-serine phosphatase), the biosynthesis
pathway from 3-PG to Ser kth strains is incomplete, which also confirmed owutts that there was

no carbon flux from glucose or glycerol to Ser.

The isotopologue profiling of protein derived Sedicated the formation of Gly. However, this was
not true for free Ser, which represented the siatip phase. The free amino acids (Ala, Gly and Ser)
and lactate were higher labelledrno than inFth strains. In opposite the protein derived amindsci

in the Fth strain were more labelled thankmo. This might reflect that Ser was more efficientged

in the replication phase and less used in theosi@ty phase during tHeth strains’ growth. Similar

results were also found In pneumophila (Gillmaier et al., 2016).

Together, the data provide evidence for a bipantigtabolism inFth strains, similar, but not identical
to L. pneumophila, where amino acids were used as carbon and eseugge in the exponential phase
and glucose was additionally used in the post-eeptial phase (Eisenreich and Heuner, 2016;
Gillmaier et al., 2016; Hauslein et al., 2016).

In conclusion, our findings confirm the multipleage (glucose, glycerol and serine) Enancisella
strains. We speculate that the metabolic differerafd-th strains and=no could be related to their
host-specific virulence. This hypothesis should nosvanalysed byn vivo studies ofFrancisela

strains in various host cells.
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3.2 Differential substrate usage and metabolic flies in Francisela
W12-1067 WT andAmyo-Inositol mutant

3.2.1 Experimental approach

Similar experiments as described3iri were done witlFrancisella W12-1067 WT (Rydzewski et al.,
2014) and it9dmyo-Inositol mutant using th€C-labelled substrates, [HEs]glucose, [UCs]serine
and [U#Cj]glycerol, and the?H-labelled substrate myo-inositol-G-d For the *C-labelling
experiments, each strain was grown in medium T lsapgnted with 11 mM [UJ2Cg]glucose, 11 mM
[1,2-2C;]glucose, 3 mM [U¥Cs]serine or 25 mM [UCs]glycerol at 37°C for 26 h. After that, the
cells were harvested at an OD600 value of appraeind.8, then the cells were washed with PBS
solution twice, centrifuged, pelleted, autoclaveud dyophilized to get about 100 mg of dried cell
pellet. For’H-labelling experiments, each strain was first gtnawmedium T overnight, then grown in
CDM medium supplemented with 9.13 mM myo-inositet§ and harvested at a maximal OD600
value (after about 50 h). Then, the cells were wdshith PBS solution twice, centrifuged, pelleted,
autoclaved and lyophilized to get about 100 mg wéd cell pellet. Using physical or chemical
procedures, different sugars from the cell walblycogen, protein derived or free amino acids, and
free polar metabolites were isolated and conveirignl various nonpolar derivatives which were
later analysed by GC/MS spectrometry (for detaslse Materials and Methods). The labelling
experiments were repeated at least once (biologégicate), and each sample was analysed three
times by GC/MS spectrometry (technical replicatBsjsed on the biological replicates and technical
replicates, six experimental values of each mei@balere obtained. Mean values and standard
deviations of each metabolite were then calculéted als&Gupplemental Tables S28-5a4ndS90-95

for numerical data).

3.2.2 Analysis of main pathways for the metabolisrof glucose, glycerol and serine dfrancisella

sp. W12-1067 grown in medium T
3.2.2.1 Labelling experiments with [UX*C¢]glucose
3.2.2.1.1 Isotopolog profiles of sugars

Glucose from polysaccharides and glucosamine andmia acid from cell walls were isolated as
described above. Free fructose could be extractad the dried cell pellets using water. All sugars
showed'C-incorporation at about 10%C (Figure 14A, Supplement Table S3k As described for
Fno, these higH*C-enrichments reflect the efficient uptake of gsea@lso in W12-1067. The main

isotopolog in glycogen-derived glucose and freectbse was the M+6 species (reflecting six
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13C-atoms in the same molecule) which can be explabyethe direct incorporation of the supplied
[U-BCg]glucose into glycogen or fructosEigure 14B, Supplement Table S48 The higher fractions

of M+1 to M+5 in cell wall derived amino sugars {30%) than that of glycogen derived glucose
(20%) could again reflect metabolic turnover ofaglse phosphate prior to its usage for cell wall

synthesis.

3.2.2.1.2 Isotopolog profiles of protein derived amo acids

Protein derived amino acids were also obtained f@oidic hydrolysates of the bacterial pellets ghhi
yields. For GC/MS analysis, these amino acids veereverted into their TBDMS-derivatives. The
measured®C enrichments ranked from Ala > Glu > Ser > Tlyig(ire 14A). The other amino acids
were apparently unlabelled probably due to thegmres of unlabelled amino acids and peptides in the
complex medium T containing brain heart infusiootbr bacto trypton and casamino acids (see also
Supplement Table S2§

On the basis of the labelling profiles, some cosidin can be made. [UCg]glucose was efficiently
degraded to [U2C;]pyruvate, which is reflected by the observation[df*Cs]Ala. However, Ala
carried also one or twBC-atoms, as reflected by the M+1 and M+2 mass peekpectively. These
isotopologues can be explained by the decarborylaif M+1 and M+2 Asp resulting if*Ci]- or
[BCo)pyruvate/Ala, respectively. The relative contribats can be determined by the quantitative
analysis of the mass spectra and it turned out sivatlarly as inFth, Ala was mainly (65%) formed
from [U-1*C;]pyruvate and 35 % were derived via the Asp roltee high fractions of M+1 and M+2
and lower fractions of M+3, M+4 and M+5 in Glu icdited high turnover rates between oxaloacetate
and o-ketoglutarate in the TCA cycle. The high fractioofs [U-1°C;]Ser (M+3) in the fragment
containing all three carbon atoms of the origirealree molecule (Ser-390) indicated efficient usafje
glucose present in medium T and the formation ofJL4]3-phosphoglycerate by degradation of
[U-13Cg]glucose. The labelling profiles of Tyr were moremplicated and contained M+1 to M+9
fractions. That could be explained by the formatbmrrythrose 4-phosphate via the PPP and PEP via

glycolysis, as degradation products of fi0s]-glucose.

3.2.2.1.3 Isotopolog profiles of polar metabolites

Using methanol as a solvent, more than 20 polamabadites including free amino acids, TCA
intermediates, and free fatty acids were extrafrtad the dried bacteria pellet. TH&C-excess values
and isotope distributions of free amino acids venalar to those of protein-derived amino acided-r

fatty acids and 3-hydroxybutyrate were highly |&detl(6-8%,Supplement Table S3® suggesting
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that the degradation product acetyl-CoA acquiredi8-label of glucose at high rates. Succinate was
formed from acetyl-CoA via the TCA, therefore itsuaainly M+1 and M+2 labelled. Lower fractions
of M+3 labelled succinate could indicate fluxes wisaloacetate made by carboxylation of M+3

pyruvate.

In total, glucose was an efficient substrate fa&r tbrmation of fructose, glycogen, cell wall, some
amino acids, and fatty acids by carbon flux viacglysis (see below), acetyl-CoA formation and its
usage for filling the TCA cycle and further dowrmstm products (e.g. fatty acids). In comparison to

our earlier findings for othdfrancisella strains, W12-1067 resembl&do in its glucose usage.
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Figure 14. (A) 13C-Excess (mol%) and (B) the fractional isotopologritigtions (%) in key metabolites #francisella sp.
W12-1067 grown in medium T supplied with 11 mM {&e]glucose or 3 mM [USCs]serine or 25 mM [UCs]glycerol.
13C-Excess (mol%) and relative fractions of isotoge (%) were determined by GC/MS of the derivatieéglifferent
metabolites at the indexed m/z values. Error badicate standard deviations from the means of 8 tmlues 2-3 x

biological replicates, 3 x technical replicates. MM+2, M+3, etc. indicate isotopologs carrying?1 3, etc}*C-atoms. For
numerical values, s&upplemental Tables S28-51
3.2.2.2 Labelling experiments with [1,2%C;]glucose

In order to specify that glucose was indeed degtade glycolysis, we performed additional
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experiments with [1,23C;]glucose. The conversion of [113;]glucose via the Entner-Doudoroff
pathway or glycolysis is conducive of specific Itibg patterns in pyruvate/Ala. Specifically,
[1,2-3C;)pyruvate/alanine would result from [1!%Z;]glucose following the Entner-Doudoroff
pathway, whereas [23C;]pyruvate/alanine would reflect glucose degradatie glycolysis. To
distinguish between the two scenarios, we have as#tbrough analysis of the Ala-232 fragment
(containing C-2 and C-3 of the original alanine ewile). Indeed, Ala-232 was found M+2 labelled at
the same rate as in Ala-260 indicating that C-2 @r@l of Ala carried théC-label Figure 15, see
alsoSupplement Table S4)L Thus, glucose was degraded via glycolysis (EMtPyway) and not via
the Entner-Doudoroff pathway Francisella sp. W12-1067.

100% —

80%

60% —

40%

Isotopologue composition

20%

0% -

Ala-232 Ala-260

Figure 15. Transfer of'3C-label from [1,213C7]glucose into alanine ofrancisella sp. W12-1067. Fractional isotopolog
distributions (%) in the silylated fragments Ala@2&nd Ala-232 carrying £Cs and G-Cs of the original alanine carbon
chain, respectively.

3.2.2.3 Labelling experiments with [U¥Cs]serine

[U-13C5]serine could be taken up by W12-1067, which wasarty seen by thé&*C-enrichments in
methanol extracted free serine (4%) and proteiivelérserine (14%) (seB®upplemental Table S30,
S34. The observed labelling profileBigure 14) suggested that serine was degraded to form piguva
which subsequently was converted into alanine ety&€ oA for e.g. fatty acid biosynthesis. However,
serine was not effectively used for gluconeogenesisshown by the low incorporation into Phe and
Tyr, and into the sugars (glucose from glycogeee fiructose and amino sugars from cell wall).
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3.2.2.4 Labelling experiments with [UXC;]glycerol

For methanol extracted polar metabolites, it wasébthat glycerol was highly labelled (93%, see
Supplemental Table S3p which indicated the efficient uptake of glycethlring the cultivation of
W12-1067. [ULCsglycerol was metabolized into [UCs]pyruvate which formed the detected
[U-3Cjlalanine and [U<Cs]lactate. Via [UC;lacetyl-CoA, Asp, Glu, TCA intermediates and free
fatty acids mainly acquired a M+2 signature. Dughe conversion of Asp into pyruvate, Ala and
lactate were also found as M+1 and M+2 isotopolegiéyure 14B). Tyr was predominantly M+2
and M+3 labelled, which indicated the utilizatiof [6J-13Cg]glycerol via glucogenesis and PPP to
form PEP and erythrose 4-phosphate, respectivaltaliy, cell wall amino sugars (glucosamine and
muramic acid) were highly labelled, which again yites evidence that glycerol serves a good
substrate to form hexose phosphate required fdrwadl biosynthesis. However, free fructose and
glycogen derived glucose were almost unlabelleggssting that unlabelled glucose from the medium

could be more efficiently shuffled to these sugars.

3.2.2.4 Differential substrate usage

As in our work to analyse the main pathways for ietabolism of glucose, glycerol and serine of
Francisella strains grown in medium T (Chen et al., 2017),ne& normalized thé3C-enrichments
according to the presence of unlabelled glucoseegbl and serine in free or polymeric form in the
components of medium T. On this basis, the values fthe experiment with [$C¢]glucose were
multiplied by a factor of 8.5, from the experimevith [U-13Cs]serine by a factor of 1.15, and from the
experiment with [USCs]glycerol by a factor of 1 (see above). The noreli values are shown in
Figure 16. It is obvious that exogenous glucose is mostiefiitly used for glycogen and cell wall
amino sugars (>= 10%). However, significant carfior could also be detected from glucose via
glycolysis and downstream processes into alanigdBoxybutyrate and free fatty acids. The carbon
fluxes from serine and glycerol into the centratabelism were lower (for serine <5%, for glycerol
<15%).
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Figure 16.0bserved metabolic pathway and fluxinw12-1067 from glucose (red), serine (green) agdegbl (blue). The
numbers present the normaliZé@-excesses and the arrow widths indicate the reldtixes.

3.2.3 Analysis of main pathways for the metabolisnof glucose and glycerol ofFrancisella sp.

W12-1067Amyo-Inositol mutant grown in medium T

To analyse the main pathways for the metabolismth@nAmyo-inositol mutantof Francisella sp.
W12-1067, we performed additional experiments whil mutant growingn medium T supplied with

11 mM [U+3C¢]glucose or 25 mM [USC;]glycerol. Using the same procedures as describedeafor

the W12-106WT strain, we again analysed the isolated sugars fylycogen and cell walls, amino
acids derived from proteins and free metabolitesdsl on the averages from the values for biological
replicates and technical replicates, tH€-excess values (mol%) and the fractional isotapado

distributions (%) are shown kigure 17.
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3.2.3.1 Labelling experiments with [UX*C¢]glucose

As in the WT, glucose from glycogen, cell wall ded amino sugars and free fructose were highly
labelled (about 10-12%/Figure 17A, Supplement Table S3B The major isotopologue of
glycogen-derived glucose and free fructose was Mby6 conversion the [UCg]glucose into
[U-3C/]glycogen and [UCglfructose. Cell wall derived amino sugar glucosanimad again higher
fractions of M+1 to M+5 (about 70%) than glycogesrided glucose and free fructose (about 10%,
Figure 17B, Supplement Table S48 The ranking of*C enrichments in protein-derived amino acids
(Ala > Ser > Glu > Tyr) slightly differed from therder in the WT. Ala was mainly M+3 labelled,
which could be explained by glucosene degradatiojyt'*Cs]pyruvate. The high fractions of M+1
and M+2 in Glu could be reflect that Glu was pred@ntly formed from M+1 and M+2
a-ketoglutarate via M+1 and M+2 acetyl-CoA. Ser whsmed from [UCg]glucose via
[U-13C4]3-phosphoglycerate. Therefore, it was mainly MaBdlled. Because of the high metabolic
turnover in the PPP, the labelling profile of Tyasvmore complicated with main fractions of M+2 and
M+3 species. Thé*C-excess (mol%) and the fractional isotopolog itigtions in free amino acids
were almost the same as in protein derived amimtsaBecause of the highly labelled acetyl-CoA,
free fatty acids and 3-hydroxybutyrate acquiredléiesl at rates of 5-79%Supplement Table S3p
Lactate was also highly labelled (10%), reflectiitg formation from [U¥Cgglucose via

[U-13Cg]pyruvate.

3.2.3.2 Labelling experiments with [UXCs]glycerol

Using [U+3Cs]glycerol as a precursor, free fructose and glyooderived glucose were almost not
labelled. However, glucosamine was highly label{@8%, Figure 17A, Supplement Table S3%
which could again be explained by gluconeogenetcban flux from glycerol into glucose
6-phosphate. [U%Cs]glycerol was also metabolized into [&Es]pyruvate, which later formed
[U-¥Cglalanine and [U8Cg)lactate. [UCglpyruvate can be again degraded to form
[U-13C;]acetyl-CoA. Consequently, Glu, TCA intermediatesl dree fatty acids were mainly M+2
labelled via [UL3C;]acetyl-CoA.
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Figure 17.(A) *C-Excess (mol%) and (B) the fractional isotopologritistions (%) in key metabolites &francisella sp.

W12-1067Amyo-Inositol mutant grown in medium T supplied with mM [U-+3Cs]glucose or 25 mM [U<Cs]glycerol.

13C-Excess (mol%) and relative fractions of isotopsldqgp) were determined by GC/MS of the derivativediffierent
metabolites at the indexed m/z values. Error badscate standard deviations from the means of GegPR x biological
replicates, 3 x technical replicates. For numenedlies, seSupplemental Tables S28-51

3.2.4 Differences between th&C-excess of. W12-1067Amyo-inositol mutant and WT

Figure 18(A) presents the normalized carbon fluxes forAhgyo-inositol mutant ofrancisella sp.

W12-1067. The fluxes indicate that glucose is nyaincorporated into glycogen, cell wall amino
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sugars, alanine and fatty acids. Lower fluxes &ve from glycerol into alanine, lactate and fatty
acids. To visualize the differences between theabwdic fluxes of the myo-inositol mutant and its
W12-1067 wild-type, differences in the normaliZéd-enrichmentsZAmyo-Inositol mutant — WT) are
shown by the numbers iRigure 18B. Higher fluxes in theAmyo-inositol mutant are indicated by
normal arrows, whereas lower fluxes are shown bghed arrows. It was obvious that the
Amyo-inositol mutant metabolized glucose more effitly into sugars, alanine and lactate. Using
13C-glycerol as a precursor, also more flux from ghpt was observed into alanine and lactate in the
mutant. It follows that moré3C-flux from glucose or glycerol is directed intoygblysis and its

downstream products due to the absence of enzymatvely involved in myo-inositol metabolism.
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Figure 18.(A) Observed metabolic pathways and fluxeFiancisella sp. W12-1067Amyo-inositol mutant from exogenous
glucose (red arrows), and glycerol (blue arrowB).Qifferences in the metabolic fluxes betwderancisella sp. W12-1067
WT and Amyo-inositol mutant. Metabolites studied by GC-M&sed isotopologue profiling are indicated by blaokes.
The numbers indicate normalized oveta@-enrichments (from labelled glucose, glycerol aedng in red, blue and green,
respectively). The arrow widths roughly indicate tlelative fluxes. Fluxes conducive to enrichmetit% are not shown. In
(B) the numbers indicate the differences in the ratimed overall*3C-enrichmentsAmyo-inositol mutant — WT). Higher

fluxes inAmyo-inositol mutant are indicated by normal arrolesier fluxes by dashed arrows.

3.2.5 Analysis of myo-inositol metabolism ofrancisella sp. W12-1067 grown in CDM medium

As shown inFigure 3, myo-inositol supports the growth Bf W12-1067, suggesting that myo-inositol
is metabolised by this species. To provide furteerdence for the pathway of myo-inositol
metabolism in this strain, we then perforntetlabelling experiments witk. W12-1067 WT and its
Amyo-inositol mutant growing in CDM medium supplieith 9.13 mM myo-inositol-CHs.
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The?H-enrichments and the fractional isotopolog disttiins in sugars, protein derived amino acids,
free amino acids and free metabolites were deteunby GC/MS analysis (sdggure 19). High
levels of?H was found in sugars, protein derived amino aaius free metabolites of up to 8%FHn
W12-1067 wild-type. In sharp contrast, only verywldH-values were observed in the same
metabolites from thamyo-inositol mutantKigure 19A). This provides firm evidence for the uptake
and utilization of myo-inositol by enzymes encodadthe myo-inositol operon described above.

Consequently, lack of these enzymes in the mutasulted in no or very low levels of
2H-incorporation in the mutant strain.
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Figure 19.D-Excess (mol%) an(B) the fractional isotopolog distributions (%) in keetabolites ofrancisella W12-1067
WT strain and Francisdla W12-1067 Amyo-inositol mutant grown in CDM medium supplied wit9.13 mM
myo-inositol-C-&. D-Excess (mol%) and relative fractions of isotops (%) were determined by GC/MS of silylated

derivatives at the indexed m/z values. Error bagécate standard deviations from the means of tkeehnical replicates

values. M+1, M+2, M+3, etc. indicate isotopologsrgiag 1, 2, 3, etc.2H-atoms. For numerical values, seepplemental
Tables S90-95

Isotopologue profiling also revealed some insigid the mechanisms of myo-inositol usage. Glucose
acquired one to twéH-atoms from theHq-labelled MI tracer at relative amounts of 40 ard9%,
respectively Figure 19B). This pattern suggest th&Hs-myo-inositol is converted into M+3
isotopologs of 2-dehydro-3-deoxy-D-gluconate sayas a precursor for M+1 isotopologs in pyruvate
and M+2 isotopologs of glyceraldehyde-3-P afteaetéme by the Eda enzymEBidgure 20). These
precursors are both derived from M+4 labeled 2-detw3-deoxy-D-gluconate, although the synthesis
of pyruvate leads to a loss of one deuterium atoenge the M+1 labelling), whereas the formation of
glyceraldehyde 3-phosphate keeps both deuteriumsatbence the M+2 labelling). Either precursor
enters the glycolysis leading to M+1 and M+2 istiige of glucose, respectively.

66



282
Glucuronate isomerase
UxaC

284
Inositol oxygenase

myo-Inositol-C-dg

278
Mannonate oxidoreductase
UxuB

279
Mannonate dehydratase
UxuA

Mannonate 2-Dehydro-3-deoxy-gluconate

280 281

2-Keto-3-deoxygluconate kinase KDPG aldolase Qt‘OH o
KdgK KdgA or Eda _PJ
o” O 0. OH
—_ D oH * 9y
D \;
g H
0" H
2-Dehydro-3-deoxy-gluconate Glyceraldehyde 3-phosphate Pyruvate

6-phosphate

Figure 20. Myo-inositol-C-c degradation pathway

After the hydrolysis of the bacterial cell, protederived amino acids could be obtained. GC/MS
analysis of 15 TBDMS-amino acids reveatetdenrichments in 5 amino acids: Phe > His > Tyrla 5
Ala (5.3-0.7%) Figure 19A). Because of the unlabelled amino acids presetheiCDM medium, the
other amino acids were apparently unlabelled. Thd Motopologs in pyruvate and M+2 isotopologs
of glyceraldehyde 3-phosphate resulted in the Mad Bl+2 isotopologs in alanine. About 80% of
alanine was M+1 labelled, which suggested the tifeamation of H;-Ala from 2Hi-pyruvate.
Phenylalanine and tyrosine were more complex amdagwed a large fraction of M+1 and a less
fraction of M+2, which could be reflect the fornatiof shikimate/chorismate from labelled pyruvate
and erythrose 4-phosphate via the PPP. Surprisarglyfor unknown reason, His was highly labelled
(2.1%,Supplemental Table S9) and contained mainly the M+1 isotopolog.

Generally, the*C-enrichments and isotopolog profiles of free amiwcals resembled those from the
protein-bound amino acid&igure 19A). As well as alanine, lactate was M+1 and M+2 ligie with
M+2 being the major isotopolodrigure 19B). It was speculated that alanine and lactate fogreed
during different growth phases, which lead to thierbnt isotopolog distribution. Succinate and

fumarate were formed from the’H;-pyruvate and 2Hx-glyceraldehyde 3-phosphate via
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2H,/’H;-oxaloacetate, which explained the M+1 and M+2adpotogs in succinate and the M+1

isotopologs in fumarate.

3.2.6 Discussion

Somebacteria are able to use myo-inositol (cyclohexhes,4,5,6-hexol; &1:1206) as the (sole)
carbon source (Yoshida et al., 2008). One of the-mgsitol pathway (lol operon) uses a myo-inositol
dehydrogenase (IolG) as the first step to convet-mositol to DHAP and acetyl-CoA (Anderson
and Magasanik 1971). A second pathway (glucurofaie-inositol] metabolism pathway) use a
myo-inositol oxygenase as the first step to conmero-inositol to pyruvate and 3-PG (Peekhaus and
Conway, 1998; Ashwell et al., 1960, Kilgore andrE159). Myo-inositol is a membrane component
and a secondary messenger in eucaryotic cells. ulmahs, myo-inositol is synthesized from
glucose-6-phosphate. In addition, bacteria, furagal plants are also able to generate myo-inositol
from phytate by the enzymatic activity of phytagmyo-inositol hexakisphosphate phosphohydrolase)
(Rao et al., 2009). Phytate is an important phaspaiad carbon storage of plants and is found &t hig
amounts in fruits, nuts seeds, and therefore alswil and aquatic habitats (Lim et al., 2007).sTiki

in agreement with the presence of a myo-inositidizirtg pathway inFrancisella strains associated

with aquatic habitats (see below).

Rydzewski and her co-workers recently identifiednew Francisella species (water-associated
environmental isolat&. W12-1067) (Rydzewski et al., 2014) and in thiskvthe in silico genome
analysis revealed the presence of a putative ghneie metabolism pathway in this species. The
characteristic myo-inositol oxygenaseFofW12-1067 is 81-88% identical to the respectiveyeres

of differentFrancisella species and 41% identical to the respective oxyggohathe planfrabidopsis
lyrata. We could demonstrate that i W12-1067 the main glucuronic-utilization pathwaypresent
(Figure 3).

It was demonstrated that myo-inositol supports dginoof F. W12-1067 in CDM, suggesting the
utilization of myo-inositol by these species, buat f the myo-inositolF. W12-1067 mutant. The
utilization of myo-inositol byF. W12-1067 could then be demonstrated by the usédgeDM and
myo-inositol-C-d as the growth substrat&igure 21). Whereas the wild-type strain showed high
utilization of myo-inositol, only less flux dH from myo-inositol into the mutant strain was diddble.
Less amounts of myo-inositol may enter the celltted mutant strain although the myo-inositol
transport protein (peg283) is lacking, due to thespce of a minor myo-inositol transporter (pegl12,
Pfam MFS_1) or the putative sugar permease (peglPtam MFS_1) inF. W12-1067. The

2H-enrichment indicates that myo-inositol-gskrves as an efficient carbon substrate leadimgeat
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variety of isotopologue composition of sugars, @irotderived amino acids, free metabolites and free
amino acids. As pointed out above, (synthesizedjagle is derived from the M+1 labeled pyruvate
and M+2 labeled glyceraldehyde 3-phosphate gertetatehe Eda enzyme (peg 281), known from
the Entner-Doudoroff pathway and also presenteatrio-inositol-utilizing operon df. W12-1067.
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Figure 21.Observed metabolic pathway and flux in F. W12-166/ myo-inositol. The numbers present tf@-excesses

and the arrow widths indicate the relative fluxes.

In addition to the utilization of myo-inositol, weere also interested in the metabolic capacityhef t
new species for its further characterization. Tfogee we investigate also the metabolism of main
substrates (glucose, serine and glycerol) of thésies.F. W12-1067 could well metabolize glucose,
serine and glycerol into sugars, protein derivednanacids, free amino acids and free metabolites.
Glucose is the most efficient precursor, whichegrdided via EMP not the ED or PPP into glycogen,
cell wall amino sugars amino acids and free fatigla However, the carbon flux from serine and
glycerol was less active, which converted mosttp iamino acids (Alanine), lactate and fatty acids
when grown in the presence of unlabelled glucosed{om T). The substrate serine is mainly used
directly for protein biosynthesis or for biosyntlsesf Ala >Gly >FA >Glu, and serine was not
effectively used for gluconeogenesis. It is indechthatF. W12-1067 utilized the additional carbon
nutrient following the concepts of a bipartite nethsm. TheAmyo-inositol mutant ofr. W12-1067
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which is missing the whole MI-utilizing pathway,cha more active EMP pathway and less flux to the
PPP, that indicated by higher labelling rates @nmle, lactate and sugars. It is suggested the
degradation of glucose and glycerol via myo-indgtathway is active. Interestingly, in medium Te th
metabolism of glucose and glycerol in the mutardistleads to higher carbon flux to Ala (pyruvate)
and lower flux to Tyr, indicating that the Eda emzyin the wild-type strain may not only be involved
in the metabolism of myo-inositol. The absence dé Ehay lead to a higher concentration of pyruvate

and glyceraldehyde 3-phosphate, since there isrimn flux to KDPG.

In conclusion, our findings confirm tha silico genome data df. W12-1067, myo-inositol could be
well metabolized as a nutrient. Moreover, our firgdi are also in agreement with multiple substrate
usage byF. W12-1067 carbon fluxes from exogenous glucosdneseand glycerol. The bipartite
metabolism ofF. W12-1067 could be an argument for its host-spegifiulence study. Furthermore,
with the labelling experiments data &imyo-inositol mutant it is tempting to speculatetttieat the
Eda enzyme in the wild-type strain may not onlyibreolved in the metabolism of myo-inositol,

further study of myo-inositol metabolism BfW12-1067 could elucidate.
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3.3 Differential carbon fluxes in Bacillus subtilis growing in biofilm or

planktonic states

3.3.1 Experimental approach

In this work, to analyse the metabolism of diffarBnsubtilis strains in planktonic or on agar plate,
[U-3C¢]glucose or [UYCs]glutamate were used &% tracers. Specifically, three differedt subtilis
mutants were investigated in this work, the undditeted strain NCIB 3610, theymdB derivate of
NCIB3610 (strain GP921), which is defective in Biof formation and theAsinR derivate of
NCIB3610 (strain GP1562), which is directed to grasvbiofilms. Each mutant was grown in CSE
medium supplemented with 13.4 mM [€Gs]glucose and on agar plate with 9 mM }Gs]glucose or

5.4 mM [U+3Cs]glutmate, respectively. Using physical or chemigalcedures, different sugars from
the cell wall or glycogen, protein derived or fimino acids, and free polar metabolites were isdlat
from the dried cell pellets. Each of the metabslitgas converted into nonpolar derivatives which
were later analysed by GC/MS spectrometry (foridetaeeMaterials and Methods). The labelling
experiments were repeated at least once (biologgmdicates), and each sample was analysed three
times by GC/MS spectrometry (technical replicatBsjsed on the biological and technical replicates,
six experimental values were detected for eachbéta. Mean values and standard deviations were

then calculated on this basis (S&gplemental Tables S52-68r numerical data).

3.3.2%%C-Labelling experiments in liquid cultures

To analyse the metabolism of the strains growindiguid culture, labelling experiments were
performed in liguid CSE medium containing 13.4 mM-fCg]glucose and 13.9 mM unlabelled
glucose Supplement Table S72 Each of the labelling experiments was repeatatk dbiological
replicate). The strains were grown at 28 °C unfihal optical density (OB of approximately 1.0.
The bacteria were pelleted, frozen and lyophiliaéfdrding about 100 mg of dry cell pellet from a

given experiment.

From the dried cell pellets, sugars, amino acidkfege metabolites were extracted and converted int
volatile derivatives for GC-MS analysis as desatibbove. Each sample was analysed three times in
consecutive runs (technical replicates). Basedhenbiological and technical replicates, at least si
experimental values of each metabolite were obtaiesulting in mean values and standard deviations

given below (See alsBupplemental Tables S5554andS61-S63for numerical data).
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3.3.2.1'3%C-Excess and isotopologue profiles of sugars

Glucose, glucosamine and muramic acid were obtaireed hydrolysates of the three differet
subtilis strains under study. GC-MS analysis afforded Riggimilar *C-enrichments (about 40%,
Figure 22, Supplement Table S5)% and isotope distributionsFigure 23) of the sugars when
comparing the three strains. Since the molar ratidabelled and unlabelled glucose in the CSE
medium was about 1:1, it can be concluded thatrthgr fraction (80 — 85 %) of the analysed sugars
was formed from the glucose supplement in the nmedin other words, only a minor fraction was
derived by gluconeogenesis using unlabelled cagmamces present in the medium (i.e. glutamate,
citrate, or succinate). The major isotopologue+{8M%) of the analysed sugars carried'¥xatoms
(denoted as M+6 due to a mass characterized byass units on top to the mass M of the unlabelled
derivative, i.e. carrying si¥C-atoms). Obviously, these isotopologues were thireerived from the
[U-3C¢]glucose supplement. However, M+1 to M+5 isotopakeg) were also observed in muramic
acid (in total about 60%), glucosamine (in totabuaib40%) and glucose (in total about 20%)
indicating some glycolytic cycling involving labell and unlabelled fragments in rebuilding hexoses
prior to the incorporation into the respective galgcharides (muramic acid > glucosamine > glucose).
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Figure 22.13C-Excess (mol%) in key metabolites of Bacillus sisbtiubspecies NCIB 3610 (black), GP921 (green) or
GP1562 (red) grown in CSE medium supplied with 13 [U-3Cs]glucose.*C-Excess (mol%) were determined by
GC/MS of silylated or esterized derivatives at thaeixed m/z values. Error bars indicate standarthtiens from the means

of 6 values 2 x biological replicates, 3 x techhieplicates. For numerical values, Sagpplemental Tables S52-S54
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Figure 23.The fractional isotopolog distributions (%) in keyetabolites oB. subtilis subspecies NCIB 3610 (black), GP921
(green) or GP1562 (red) grown in CSE medium suppligdd 13.4mM [U-3Cs]glucose. Relative fractions of isotopologs (%)
were determined by GC/MS of silylated or esterizedivéitives at the indexed m/z values. Error badicate standard
deviations from the means of 6 values 2 x bioldgieplicates, 3 x technical replicates. M+1, M+2+3/ etc. indicate
isotopologs carrying 1, 2, 3, etéC-atoms. For numerical values, Sgpplemental Tables S61-S63

73



3.3.2.2'3C-Excess and isotopologue profiles of protein or #evall-derived amino acids

Acidic hydrolysis of the cells afforded a mixtureamino acids (mostly derived from the protein and
cell wall fractions) which were converted into TB3Mierivatives for GC/MS analysis. In general,
amino acids displayed a broad rangé®ef enrichments in the order: Tyr > Gly > His > SePhe >
Ala > Val > Leu > DAP > Lys > lle > Thr > Asp > Met Pro > Glu (43-0.2%)HRigure 22 and
Supplemental Table S52 More specifically, a set of amino acids carrilke'*C-label at about 40 %
(i.e. Tyr, Gly, His, Ser, Phe, Ala, Val, Leu) rafting their predominant origin from the glucose
supplement in the medium. Notably, these aminosasiere derived from intermediates of the pentose
phosphate pathway (i.e. His from 5-phosphoribosyltophosphate and Tyr from erythrose
4-phaosphate) or the glycolytic pathway (i.e. Sett &ly from phosphoglycerate, Ala, Val and Leu
from pyruvate). Again, gluconeogentic sources ditl significantly (i.e. about > 15 %;igure 23
contribute to their biosynthesis. However, tf@ enrichments for Glu and the related amino aca Pr
were < 2 % reflecting high rates of incorporatidnualabelled glutamate from the medium and its
usage for bacterial Glu and Pro biosynthesis. Angioinls derived from oxaloacetate, i.e. Asp, Thr,
Lys, Met, lle and diaminopimelate (DAP) were alstatively low (< 15 - 30%) showing carbon fluxes
from the labelled glucose tracer and the unlabedi@gplements in the medium (e.g. succinate and
glutamate). Comparing the over&8C enrichments of Asp, DAP, lle, Lys and Thr in theee different
mutants, small but significant differences werenNCIB3610 > GP921 > GP156Zjigure 22).
This pattern could point at a more active TCA cynl&P921 and GP1562 shuffling more unlabelled
glutamate viau-ketoglutarate into oxaloacetate and its down-strpeoducts, Asp, Thr, DAP, Lys and
lle. However, the isotopologue compositions of aitino acids did not significantly differ in the
different strains Kigure 23) suggesting that the pathways from glucose ints¢hamino acids were

highly similar if not identical when the stains gre liquid medium.

Nevertheless, in conjunction with the specifi€ enrichments described above, the unique profiles
could also be used to reconstruct the metaboltoweats and relative fluxes from glucoseBnsubtilis.
The isotopologue distribution of Ala mainly showed M+3 species (80-85%) representing its
precursor [UCs]pyruvate derived from [U2Cg]glucose by glycolysis. Asp comprised relatively
high fractions of M+1 and M+3 isotopologudsdure 23) indicating their formation via oxaloacetate
made by carboxylation of pyruvate and/or PEP. M#n@ M+4 species in Asp can be explained by
M+2 and M+4 in oxaloacetate via the TCA. The samwdile was observed in Thr suggesting that Thr
was formed from Asp via aspartate 4-semialdehydeghwalso resulted in a simil&fC composition

in lle. DAP and Lys had also similar isotopologuefies, reflecting the formation of Lys after the
decarboxlation of DAP using diaminopimelate decaytase. Surprisingly, the isotope distributions of
Val and Leu were not similar, which could indicatet the formation of-isopropylmalate from

3-methyl-2-oxobutanoic acid was not a majority patir The high fractions of M+1 and M+2 and
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low fractions of M+3, M+4 and M+5 in Glu suggestediigh turnover of TCA intermediates between
oxaloacetate anda-ketoglutarate. After the dehydrogenation and ata of Glu via
1-pyrroline-5-carboxylate, proline is formed, a®wh by its similar isotope distributions. The high
fractions of [U3Cs]Ser (M+3) in the fragment containing all threelar atoms of the original serine
molecule (Ser-390) indicated efficient usage otghe present in the CSE medium and the formation
of [U-13C5)3-phosphoglycerate by degradation of JiQs]glucose. Gly is formed by serine
hydroxymethyltransferase, as displayed by the Magi2 fraction in Gly. After degradation of glucose
via the pentose phosphate cycle (PPP), histidinéorisied form PRPP carrying M+1 to M+5
isotopologues. The labelling profiles of Phe and Wgre more complicated and contained M+1 to
M+9 fractions. That could be explained by the fatiora of erythrose 4-phosphate via the PPP and
PEP via glycolysis, which were both degradationdpas of [U¥Cg]glucose. Based on these
observations, the metabolic network firsubtilis can be reconstructed which basically confirms the
models published previously (Dauner et al, 200(0)rlér et al.2008; Kohlsted et al., 2014). Further
support for this network could be provided by thledlling pattern reported below for free amino acid

and other polar metabolites.

3.3.2.3'%C-Excess and isotopologue profiles of free polar rtabolites

More than 20 polar metabolites including free amawids, lactate, glycerol, succinate, malate, and
some fatty acids were extracted in amounts suffidier isotopologue profiling. ThE€C-enrichments
and isotope distributions of free amino aci@i&g(re 22 and 23) resembled those described for
protein-derived amino acids. The GP921 mutant hed highest'*C-excess values of lactate and
glycerol. However, differences in the isotopologdistributions of lactate, glycerol and TCA
intermediates from the different mutants were kegglent Figure 23). The high M+3 fractions of
lactate indicated its origin from glycolytic [UY€s]pyruvate. Glycerol had also abundant M+3,
indicating high fractions of M+3 in glyceraldehydbosphate, an intermediate of glycolysis. Notably,
however, a gene encoding a glycerol dehydrogenaseeding glyceraldehyde phosphate into
glycerol was not assigned in tBe subtilis genomes (Méader et al., 2011). TH€-enrichments and
isotopologue profiles of TCA intermediates and flesp again suggested that NCIB3610 does not
have an active TCA metabolism to convert oxalodeeito the TCA intermediates malate and
fumarate. On the basis of the low&€-enrichments in TCA intermediates, especially whérate
from the GP1562 strain, this strain seems to beenamtive in succinate or glutamate uptake in

comparison to GP921.

Fatty acids were also less labelled; thé&l-enrichments were only 1-8%i¢ure 22, Supplemental

Table S53. The isotopologue profileg=igure 23) showed high relative amounts M+2, M+4 etc.
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reflecting their formation from [J2C;]acetyl-CoA units. In line with this finding waselobservation

of M+2 isotopologues in succinate and fumaratevéerirom [U+3C;]acetyl-CoA via the TCA.

In total, the well-known core metabolism Bf subtilis (Mader et al., 2011) is nicely reflected in these
labelling data. The observed hi¢iC excess values in sugars derived from bacterigspocharides
indicated efficient uptake of exogenous glucose asddirect usage for cell wall and glycogen
biosynthesis. However, théC enrichments and specific isotopologue compostiondown-stream
metabolic products also provided strong evidencealiacose degradation via glycolysis and the PPP.
Due to the huge amounts of potassium glutamatesadidim succinate in the used CSE medium, the

13C labelling of TCA intermediates and fatty acidsvess efficient.

3.3.3 Labelling experiments oB. subtilis growing on agar containing [U43Cg]glucose

Since the labelling patterns obtained from the drments with theB. subtilils strains grown under
planktonic conditions did not reveal a major repamgming of metabolite fluxes due to the genetic
background, we performed additional experimenth Wit same strains growing on agar plate, where
distinct phenotypes could be observed for thersrdtror this purpose, the three differ@ntsubtilis
strains were first pre-cultured in LB medium, thdmopped on MSgg agar plates containing 9.3 mM
[U-3C¢]glucose in addition to 18.5 mM unlabelled glucog4,6 mM unlabelled glutamate and 68
mM unlabelled glycerol (see alSupplemental Table S71

In each of the labelling experiments, the straimseangrown at 30°C for 72 h. The cells were then
scratched off the surface and the cellular matefidhree macrocolonies were pooled for harvesting.
The bacteria were pelleted, autoclaved and lyg@dliaffording aboutO mg of dry cell pellet from a
given experiment. Each of the labelling experimemtas repeated five times (affording six
independent biological replicates), and each sampkanalysed three times in GC/MS spectrometry

(three technical replicates for each metabolite).

Using the procedures described above, we agaiaaett sugars, amino acids and free metabolites
from the different strains’*C Excess and isotopologue compositions were asbdsseGC/MS
spectrometry. Based on the biological replicataestanhnical replicates, eighteen experimental \&alue
were obtained for each metabolite providing a robralculation of mean values and standard
deviations (see alsouBplemental Tables S55-S5and S64-S66for numerical data). The high
number of individual values also allowed statidtivalidation using the Excel Student's T-test

affording p-values shown iBupplemental Table S70
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3.3.3.1*%C-Excess and isotopologue profiles of sugars

After hydrolysis of the cell pellet, polysacchariderived glucose and the cell wall derived amino
sugars, glucosamine and muramic acid, were isolatedl analysed. In sharp contrast to the
corresponding data from the same strains grownrysldaktonic conditions, significant differences of
13C enrichments could now be found between the thireéns. The GP1562 strain, thainR derivate

of NCIB3610, which controls the biofilm formatiohad the highesfC-enrichments (about 35-40%)
(Figure 24, Supplemental Tables S5Y. This equals the maximum amount '8€ which can be
transferred from labelled glucose diluted with ielled glucose at an approximate ratio of 1:2
(Supplemental Table S7% Thus, in the mutant growing as a biofilm, thgogigen and cell wall
derived sugars were almost completely (> 90tgure 25) derived from the exogenous glucose. The
other carbon sources in the medium (i.e. unlabelathmate and glycerol) did not play a major role
in providing building units for gluconeogenesis endhese conditions. In sharp contrast, the
wild-type strain NCIB3610 and the GP921 strakyrdB derivate of NCIB3610 stalled to grow as a
non-biofilm) had only**C-enrichments of 15-20%igure 24). This clearly indicates that another
carbon source in the agar must have contributethéosugar formation in these strains. Since
exogenous glutamate did not play a significant oléhis formation process (see below), it can be
concluded that the (unlabelled) glycerol preserthinmedium must have been the carbon source for
gluconeogenesis in the non-biofilm strains. Theam&otopologue of all sugars was the M+6 species
(Figure 25), again indicating efficient uptake and directgesaf glucose. However, the M+1 to M+5
fractions significantly contributed to the labellesblecules, especially in muramic acid (in totabatb
80%), and glucosamine (in total about 60-70%), dab in polysaccharide derived glucose (about
40-60%). Notably, these relative amounts of M+ite5 were slightly higher in the NCIB3610
strain confirming higher rates of glycolytic turreswia PPP or gluconeogenesis including glycerol as

a source.
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Figure 24.13C-Excess (mol%) in key metabolites Bf subtilis subspecies NCIB 3610 (black), GP921 (green) or GP156
(red) grown on Msgg agar plate supplemented with\® [U-23Cs]glucose.**C-Excess (mol%) were determined by GC/MS
of silylated or esterized derivatives at the inder@z values. Error bars indicate standard deviatioom the means of 18
values 6 x biological replicates, 3 x technicaliogtes. For numerical values, seepplemental Tables S55-57
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Figure 25. The fractional isotopolog distributions (%) in keaetabolites oB. subtilis subspecies NCIB 3610 (black), GP921
(green) or GP1562 (red) grown on Msgg agar plagplemented with 9 mM [U3Ce]glucose. Relative fractions of
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etc. indicate isotopologs carrying 1, 2, 3, &t€-atoms. For numerical values, Sgpplemental Tables S64-66
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3.3.3.2'3%C-Excess and isotopologue profiles of protein or #evall-derived amino acids

The bacterial cell pellet was hydrolysed under iacbnditions and resulting amino acids were
converted into TBDMS derivatives for GC/MS analys&ince the MSgg glucose #C-glucose
medium for the agar plate contained relatively hamounts of glutamate and phenylalanine
(Supplemental Tables S74 the observedC enrichments were low (< 10 %) for these aminasaci
and related ones (i.e. derived from glutamate @gproline) Figure 24 and Supplemental Table
S55. Nevertheless, it is notable that despite theh hignounts of glutamate in the medium, a
considerable fraction of bacterial Glu/Pro acquit&tlabel from exogenous glucose, especially in the
NCIB3610 and GP1562 strains (about 8 %).

The highest incorporation rates (> 20%) were olesrfor amino acids related to their origin from
intermediates of the PPP (i.e. His and Tyr) or glysis (i.e. Ser, Gly, Ala, Val and Leu) in linettvi
our observations for the strains grown under liquddditions. It is again notable that ti€ values of
these amino acids were highest (30 — 40 %) in tRd562 strain indicating efficient usage of
exogenous glucose for their respective biosyntheiisthe PPP and glycolysis. The low&C
incorporation rates (15 — 30 %) into the same ararids from the NCIB3610 and GP921 strains are
explained by additional carbon fluxes starting froptake and utilization of unlabelled glutamate and
glycerol which were both present in considerabl®ambs in the agar medium. Because of the higher
13C enrichment of glycolytic products e.g. of pyrwain GP1562, highef*C enrichment of

oxaloacetate and its downstream products Asp, DAFLgs can be easily explained.

Comparing the'®*C enrichments of amino acids from the GP921 andBS610 strains, GP921
displayed slightly highet*C enrichments in Ala, lle, Leu and Val, which sustgel more efficient
degradation of glucose via glycolysis and PPP tauyate in GP921. Glu and Pro had lowéE
enrichments in GP921 that could point at highezgdibr the uptake of glutamate from the medium by
GP921. However, Asp, DAP and Lys had high&r enrichments in GP921 than in NCIB3610. It is
therefore tempting to speculate that the formatibAsp via oxaloacetate from pyruvate is much more
active in GP921 than in NCIB3610. The high&t labelling in His and Tyr from the NCIB3610
indicate more flux via the PPP in NCIB3610.

No major differences were found in the isotopologwefiles between the three different strains
(Figure 25), a clear indication that there were no significdifferences between the general pathways
forming amino acids from the labelled glucose ia strains under study. This finding was in linehwit

the data for the bacteria growing under planktaoieditions.
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3.3.3.3"%C-Excess and isotopologue profiles of free polar rtebolites

Generally,'*C excess values of free amino acids were lower thase of protein- or cell wall-derived

amino acids Kigure 24), indicating that the glucose supply from the roediwas diminished at the

end of the growth (i.e. at the late logarithmic atationary phase) when free amino acids were fdrme
The same conclusion can be made on the basis otlhigvely low values for the free metabolites
shown inFigure 24. However, the isotopologue distributions in theefamino acids were almost the
same as in the protein- or cell wall- derived amaeids Figure 25). This can be taken as evidence
that the pathways from labelled glucose to the anaicids did not significantly change during the

growth phases.

In total, after the labelling experiments with 9 njM-*C¢]glucose in MSgg agar plate, unlike the
planktonic samples, more significant differencesexfeund between the thr&e subtilis strains. The
highest'*C excess of different sugars explained that theS82Inutant converted most glucose into
polysaccharide or amino sugars. NCIB3610 mutantthadnost frequent glycolytic turnover via PPP
or gluconeogenesis because of the lowest M+6 fnactEP1562 had the most active glycolysis and
PPP, and glycolysis was the main glucose degradptithway. Asp and fumarate were mainly formed
from pyruvate via oxaloacetate and the formatiorGir921 was the most active in three strains.
GP921 had the most efficient glutamate uptake. Goetgpto GP921, NCIB3610 has the more active
glycolysis than GP921, but a more inactive PPP.

3.3.4 Labelling experiments oB. subtilis growing on agar containing [U+3Cs]glutamate

To better identify the differential roles of othearbon substrates present in the medium, we now
performed labelling experiments with the three aetdhtB. subtilis strains growing on MSgg agar
plates containing 5.4 mM [&fCs]glutamate in addition to 19.7 mM unlabelled glutgenand 68 mM
unlabelled glycerol. Glucose was not present ia Hatting $upplemental Tables S74 Again, the
strains were grown at 30°C for 72 h on these plate$ processed as described before for the
experiment with labelled glucose. Each of the lidglexperiments was repeated five times (affording
six independent biological replicates), and eachpta was analysed three times in GC/MS
spectrometry (three technical replicates for eacftabolite), again providing robust data for

comparison.
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3.3.4.113%C-Excess and isotopologue profiles of sugars

The 3C-enrichments of each sugar were less than 2Bgure 26) indicating that the labelled
glutamate supplement did not serve as a gluconetigesource. Rather, unlabelled glycerol present in
the medium was used as a preferred carbon sourahifopurpose. Although low in the absolute
values, the NCIB3610 strain displayed slightly Rigi*C-enrichments in comparison to the other
strains indicating minor but significant rates dfi@pneogenesis using carbon via the TCA (i.e. via
oxaloacetate from glutamate-derivedketoglutarate). In agreement, the sugars werelybbktl and
M+2 labelled Figure 27) via M+1 and M+2 in oxaloacetate.
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Figure 26.13C-Excess (mol%) in key metabolites Bf subtilis subspecies NCIB 3610 (black), GP921 (green) or GP156
(red) grown on Msgg agar plate supplemented witmM [U-3Cs]glutamate.'3C-Excess (mol%) were determined by
GC/MS of silylated or esterized derivatives at thaexed m/z values. Error bars indicate standaréhtiens from the means

of 9 values 3 x biological replicates, 3 x techhieplicates. For numerical values, Sagpplemental Tables S58-60
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Figure 27.The fractional isotopolog distributions (%) in kenetabolites oB. subtilis subspecies NCIB 3610 (black), GP921
(green) or GP1562 (red) grown on Msgg agar plagplemented with 6 mM [USCs]glutamate. Relative fractions of
isotopologs (%) were determined by GC/MS of silydater esterized derivatives at the indexed m/z \&all&gror bars
indicate standard deviations from the means ofl@eg3 x biological replicates, 3 x technical repies. M+1, M+2, M+3,

etc. indicate isotopologs carrying 1, 2, 3, éi€-atoms. For numerical values, Sgpplemental Tables S67-69

3.3.4.2'3C-Excess and isotopologue profiles of protein or #evall-derived amino acids

In contrast to the low*C enrichments in sugars, some protein or cell welived amino acids
acquired théC label from glutamate at much higher rates. Iigaar, those amino acids (Glu, Pro,
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Asp and Thr) derived from intermediates of the TCycle were labelled at 10 — 15 %C
(Supplemental Tables S58 Taking into account the dilution factor of exages*C-glutamate with
unlabelled glutamate (1:4), it can be concluded $a- 75 % of Glu, Pro, Asp and Thr wekenovo
formed from the glutamate source in the medium. eiowalues (6 — 1 %°C) were observed for
amino acids derived via intermediates and prodfrots the PPP or the glycolytic pathway. Here,
glycerol was the preferred carbon source. Compattiegdifferent strains, some minor differences
could be found. In comparison to NCIB3610, Asp, D& and Lys from GP1562 had highé€
enrichments Kigure 26), which suggested that the uptake of Glu and ib®version into
oxaloacetate/Asp and its downstream products Lys AP via the TCA was more active in the
biofilm strain GP1562. Similarly, higher fluxes fmoGlu to pyruvate via the TCA were also evident in
GP1562 as well as in GP921 as reflected by theehig@ enrichments in Ala, lle, Leu and Val.

Isotopologue profilesHigure 27) resembled the expected ones following the roaféBCA cycling
and pyruvate/PEP formation from oxaloacetate. Ngtaitw significant differences could be detected

between the strains under studies.

3.3.4.3 Isotopolog Profiles of Free Polar Metabokits

No significant differences in thé€C enrichments were found between the protein-déraraino acids
and free amino acids. This indicates that exogemutamate was still present at the later growth
phases. Because of the efficient shuffling of ghage into the TCA, th&C-enrichments of fumarate,
malate, and succinate (when observed in the GQ wee high (10 -15 %). Free fatty acids isolated
from GP1562 and GP921 strains were apparently elély however, interestingly for unknown

reasen the free fatty acids isolated from NCIB3étt8in were about 5% labelled.

3.3.5 Discussion

TheB. subtilis NCIB3610 wild-type strain and itssinR andAymdB mutant strains were grown under
planktonic or biofilm conditions. *C-Labelling experiments using [UCeglucose or
[U-BCs]glutamate provided detailed information about slubstrate usages, metabolic pathways and
relative carbon fluxes for the specific strains acwhditions. Generally, the well-known core
metabolism ofB. subtilis (Mader et al., 2011) was nicely reflected by dlltlmese labelling data.
Starting from [UCg]glucose as a supplement to the liquid or agar umedihe observed highC
excess values in sugars derived from bacterialspaisharides indicated efficient uptake of exogenous
glucose and its direct usage for cell wall and gfien biosynthesid-{gure 28A). Moreover, the*C
enrichments and specific isotopologue compositinrdown-stream metabolic products also provided
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strong evidence for glucose degradation via glysislynd the PPP, as well as'#-fluxes via the
TCA cycle and its anplerotic reactions. Due tolthhge amounts of unlabelled carbon substrates in the
respective media (i.e. glutamate, succinate andegty in the used CSE medium for liquid growth,
and glutamate and glycerol in the used agar medliting)**C incorporation rates of downstream
metabolite were specifically lowered due to fluxesolving these unlabelled substrates. In a
complementary experimental setting using'f0s]glutamate as a supplement, the carbon fluxes via
its deamination produciy-ketoglutarate, and subsequently via the TCA cydald be quantified
(Figure 28B). Whereas the labelling patterns in multiple metisdss from the strains growing under
planktonic conditions were highly similar and tHere hardly revealed any differences in the
pathways and fluxes used by the three strains.h@@nbasis, it can be concluded that the deletion of
the sinR and ymdB genes did not significantly change the substraigeges, pathways and core

metabolic fluxes when grown in liquid medium.

In sharp contrast, however, significant differenaese identified between the thrBesubtilis strains
when grown on agar. To better visualize these ffdeigure 29 displays differences in the
BC-enrichments and fluxes as numbers for key meitesohnd arrow widths for differential carbon
fluxes in the experiment with [EPCg]glucose Figure 29A and B and [U43Cs]glutamate Figure
29C and D. Specifically, differences in the enrichments anetabolic fluxes between the GP1562
biofilm strain (i.e. theAsinR mutant) and the NCIB3610 wild-type strain (GP1582HB3610, red
arrows) are shown ikigure 29A and C whereas the differences between the GP921 dirairthe
AymdB mutant) and the NCIB3610 wild-type strain (GP92CR3610, green arrows) are shown in
Figure 29B and D Higher fluxes are indicated by normal arrows &maer fluxes are shown by
dashed arrows in these Figures. This analysis shloatsGP1562 had a more active polysaccharide
formation, amino sugar formation and glucose degjrad to form Asp, DAP and Lys via oxaloacetate
than the other two mutants, NCIB3610 had more adjiycolytic turnover than GP921 and GP1562,
and GP921 had the most uptake of glutamate. eiefore suggestive to speculate that under biofilm
conditions exogenous glucose is most efficientlynvested into polysaccharides. However,
concomitantly higher flux rates via glycolysis aRé®P to form of Ala, Asp, DAP, and Lys are
stimulated. In agreement, the formation of comgleXiims depends on the supply of polysaccharides

and amino acids as linkers between the sugar layers
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Figure 29. Observed difference of metabolic pathways and 8uixeB. subtilis labelling experiments. Difference in the
metabolic fluxes betweensinR mutant GP1562 and NCIB3610 in the labelling experita on agar containing supplied
with [U-13Ce]glucose (A, GP1562-NCIB3610, red arrows), and déffise in the metabolic fluxes betwesymdB mutant on
agar containing supplied with [JCe]glucose GP921 and NCIB3610 (B, GP921-NCIB3610, gremwa), and Difference
in the metabolic fluxes betweefsinR mutant GP1562 and NCIB3610 in the labelling experita on agar containing
supplied with [U23Cs]glutamate (C, GP1562-NCIB3610, red arrows), ancedfiice in the metabolic fluxes betwegmdB
mutant on agar containing supplied with fs]glutamate GP921 and NCIB3610 (D, GP921-NCIB3610, geaeows).
The numbers indicate the differences in the ovéfallenrichments. The arrow widths roughly indicate tliféerences.

Higher fluxes in GP1562/GP921 are indicated by rabr@mrows, lower fluxes by dashed arrows.

For the planktonic experiments, without a surfametlie biofilm formation, it was shown thAsinR
and AymdB didn’t play significant roles. However, on the agdate, huge metabolic differences
between the three strains were found, which coellate to the biofilm (extracellular polysaccharide

with amino acids chain) formation.
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3.4 Analysis of glucose uptake in immortal brown agbose tissue during
isoproterenol activation using stable isotop&®C as tracer

3.4.1 Experiment approach

To analyse the carbon metabolism of IBAT cells ngrisoproterenol activation, we performed
labelling experiments with IBAT cells growing in OBM medium containing 5 mM [WCg]glucose.
More specifically, the IBAT cells were cultivated DMEM medium for 30 min. Then, the cells were
transferred into fresh DMEM medium either containfymM [U+3Cg]glucose only (control sample),
or containing 5 mM [U¥Cg]glucose and 0.5M isoproterenol. Each of these samples was cudti/at
for another 30 min at 37 °C. Finally, the mediumswamoved, the cells were rapidly washed with
PBS solution, and the samples were quenched wihcthd methanol at -78C. Before GC/MS
measurement, the cells were dried under nitrogenaga lyophilized. From the dried cell pellets,
polar metabolites were extracted (for details, e¢hods). The residue was hydrolysed under acidic
conditions to obtain amino acids from the protescfion and glucose from polysaccharide fraction.
Finally, fatty acids were extracted after hydradysising methanolic hydrochloric acid. All of the
isolated metabolites were then converted into uelderivatives which could be analysed by GC/MS
spectrometry. In addition, metabolites which weskeased from cells into the DMEM medium were
also analysed following similar protocols as fotragellular metabolites (For details, 9daterials
and Methods.

The labelling experiments were done twice as biokigreplicates, each of the metabolite was
measured three times by GC/MS as technical replcathe absolut&C-enrichments significantly

differed between the biological replicates, but ohéer of'*C-excess in the detected metabolites was
highly similar (seeSupplemental Tables S75588. Due to the large differences in the absolute
1C-enrichments, we did not calculate average valaeshese data. Rather, using data of the first

labelling experiment, the figures were drawn.

3.4.213C-Profiles and quantitative analysis of the sugars
3.4.2.1'3C-Profiles of free glucose in DMEM medium

To analyse free glucose in the DMEM medium aftgivan labelling experiment, the filtered medium
was dried under reduced pressure and the residsigrested with acetone containing sulphuric acid
and acetic anhydride to convert glucose into itetdcester. GC-MS analysis showed that

[U-3C¢]glucose was still present in each of the experimafter the cultivation period. The measured
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BC-enrichment was about 15%-igure 30A) with a relative fraction of >95% for the M+6
isotopologue (i.e. the molecule carrying siC-atoms) Figure 30B) for each glucose sample
indicating the presence of the tracer during thele/ttabelling period, and, thus, establishing quasi
steady-state conditions during the experiment. Heweas shown ifrigure 30B minor fractions (<
5%) of M+5 isotopologs reflected the release oflsamaounts of metabolized glucose from the cells
into the medium. Treatment with isoproterenol hadsignificant impacts onto this release process, as
reflected by the apparently identi¢&C-profiles of glucose form the medium.
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Figure 30. (A) 13C-Excess (mol%) and (B) the fractional isotopologritistions (%) of free glucose in the used DMEM
medium supplemented with 5 mM [Bg]glucose.*3C-Excess (mol%) for the control sample (without isderenol) or the
sample from the experiment with isoproteref#l-Excess (mol%) and relative fractions of isotopel(ip) were determined
by GC/MS of the glucose derivative at the indexed wallues. Error bars indicate standard deviatioos the means of 3
values (3 x technical replicates). M+1, M+2, M+8;. éndicate isotopologs carrying 1, 2, 3, éf€-atoms, respectively. For

numerical values, segupplemental Tables S85586

3.4.2.2'3C-Profiles of glycogen derived glucose in the IBATell

After mild acidic hydrolysis, glycogen-derived ghse was obtained from the dried cell pellet and
again converted into its acetate ester by the pobtescribed in Methods. In comparison to the free
glucose from the DMEM medium, glycogen derived gkes from the cells was lower labelled (in the
control sample (con.) about 1%, in the isoproteresample (iso.) about 3%)igure 31A, and
Supplemental Tables S8B8 In both samples, the major isotopolog was adair6 (Figure 31B)
reflecting direct incorporation of [UfCg]glucose into glycogen via [fCs]glucose 6-phosphate.
Notably, however, significant differences betweba telative fractions of M+1 to M+5 isotopologs
could be noticedRigure 31B). More specifically, these isotopologs accountetbtal for about 20%

in the con. sample, whereas in the iso. samplethtsion was less than 10%. On this basis, itloan
concluded that isoproterenol resulted in higheesabf the direct usage of [BCgglucose for

glycogen synthesis with lower rates of glycolytyckng prior to polymer formation.
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Figure 31. (A) 13C-Excess (mol%) and (B) the fractional isotopologritistions (%) of glycogen derived glucose in the
labelling experiment supplement with 5 mM [€Gg]glucose. °C-Excess (mol%) for the control sample (without
isoproterenol) or the sample from the experimerh vdoproterenolt3C-Excess (mol%) and relative fractions of isotopslog
(%) were determined by GC/MS of the glucose denreadit the indexed m/z values. Error bars indicttedard deviations
from the means of 3 values (3 x technical replEat®+1, M+2, M+3, etc. indicate isotopologs camgil, 2, 3, etc.

13C-atoms, respectively. For numerical values,3@gplemental Tables S83584

3.4.3 Isotopolog profiles of polar metabolites
3.4.3.1 Quantitative analysis of polar metabolites» DMEM medium and IBAT cells

Using a mixture of methanol, water and chlorofomgre than 20 polar metabolites were extracted
from the dried IBAT cell pellets or the DMEM mediuincluding free amino acids, lactate, glycerol,
TCA intermediates and free fatty acids. To quantifg¢ amounts of polar metabolites in the cell
extracts and the used DMEM medium, norvaline wadeddas an internal standard (see also
Supplemental Tables S81S82. Figure 32 shows the amount of detectable polatabolites
(umol/well) isolated from DMEM mediunt-{gure 32A) or from the IBAT cell Figure 32B).

In each of the samples, the amounts of lactaténejaleucine, isoleucine and free fatty acids were
significant higher than those of the other detegildr metabolitesHigure 32A). Interestingly, in the
medium collected from the experiments with isopret@ol the amounts of most polar metabolites
(e.g. lactate, valine, leucine, isoleucine and fiadty acids) were much higher (by an approximate
factor of 6) than in the medium from the contrahgde Figure 32A, Supplemental Tables S8p

Similarly, the amounts of lactate and free fattidaavere also much higher in extracts from IBAT

cells cultivated in the presence of isoproterefrolsharp contrast, the amounts of free amino acids
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detected in the cell extracts were almost the sameells from the experiments with or without

isoproterenol. It follows that isoproterenol treatthlead to the formation and release of more tecta
and free fatty acids.
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Figure 32. (A) The amount (umol) of polar metabolites in cand iso. immortal brown adipose tissue per wedlgr in
DMEM medium supplied with 10 mM [W:Ce]glucose. (B) The amount (umol) was determined byNEE Using silylated
internal standard norvaline. Error bars indicassmdard deviations from the means of 3 values Xhnteal replicates. For
numerical values, se&gupplemental Tables S82583

3.4.3.2"%C-Enrichment of free polar metabolites in DMEM medum and IBAT cell samples

After the quantitative analysis of the free metébs| the samples were measured again three times
using a sim-method (details, see under Methodsg)btain the values fol*C-excess and isotopolog
distributions.Figure 33A shows the"*C-excess values for polar metabolites from the UBRHEM
medium. Because of the high amounts of unlabelledn@ acids in the DMEM medium
(Supplemental Table 82, the*C-excess of most amino acids were very low, ext@péla and Phe
(about 1%). However, lactate and glycolate fromhb®WVIEM samples in the control and the
isoproterenol treated experiments displayed sicguifi :*C-incorporation (ca. 11 %)S@pplemental
Tables S79 reflecting their biosynthetic origin from the ghse tracer and their subsequent release
into the medium. Labelled lactate was observed a8 Notopolog which can be explained by
degradation of [U¥Cglglucose into [U¥Cs]pyruvate followed by reduction into [ECs]lactate.
Glycolic acid was mainly M+2 labelled, which indiea its origin from [U*C;]acetyl-CoA. Ala was
also formed from pyruvate as reflected by the simsotopolog distributions in alanine and lactate.
The isotopolog composition of Phe was more comglékR a main fraction of M+3, reflecting the

usage of [ULC3]PEP as a biosynthetic precursor.
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Figure 33B shows the!*C-excess of polar metabolites isolated from IBATIsceSimilar to the
findings of metabolites from the medium, most amauids from the cells were also less labelled,
except for Ala, Asp, Glu and Phe witfC-excess of 2-5%Supplemental Tables S7). Slightly

higher*C-excess values were observed for metabolites finencon. sample.

Same as for Ala from the DMEM medium, the majotapolog in Ala isolated from IBAT cells was
M+3 confirming the glycolytic pathway from [&fCg]glucose. Asp and Glu were mainly found as
M+1 and M+2 species, with minor amounts of M+3 sgling the formation vi&Cs-oxaloacetate or
[U-B2C;]acetyl-CoA after a round of the TCA cycle. As waf Phe from the medium, Phe from the
IBAT cells was detected as M+3 and M+5 isotopolagudowever, Phe from the iso. cells had
significant highet*C-enrichment (4.9 %). Lactate showed very Hiflrexcess (11 %) from both con.
and iso. IBAT cells and displayed high fractions Wf+3 species via their formation from
[U-3C;]pyruvate.r*C-Flux from glucose into the labelled TCA intermateis, succinate, fumarate and
malate could also be detected, albeit the diffe¥sraf*C-excess between the con. and iso. samples
were not high. Free fatty acids were only less llabe(< 0.5%), whereas 3-hydroxybutyrate, also
predicted to be formed from acetyl-CoA, was highllgelled (from con. sample about 7%, from iso.
sample 4%). The main fraction of M+2 isotopologs3ihydroxybutyrate confirmed its origin from

[U-13C;]acetyl-CoA.
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Figure 33. (A) ¥*C-Excess (mol%) in polar metabolites in used DMEMimm (B) 13C-Excess (mol%) in polar metabolites
of IBAT cell grown in DMEM medium supplemented wBhmM [U-3Cs]glucose.*C-Excess (mol%) for the control sample
(without isoproterenol) or the sample from the eipent with isoproterenol*C-Excess (mol%) and relative fractions of
isotopologs (%) were determined by GC/MS of thecghe derivative at the indexed m/z values. Erres balicate standard
deviations from the means of 3 values (3 x techmeglicates). M+1, M+2, M+3, etc. indicate isotdpgs carrying 1, 2, 3,
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etc.13C-atoms, respectively. For numerical values,Segplemental Tables S7,7S79

To estimate relative flux contributions from pyrterdo oxaloacetate or acetyl-CoA, respectively, we
calculated the ratio of M+2 and M+3 fractions ipatate and malate. Since oxaloacetate could not be
detected due to the low steady-state concentratieranalysed Asp and malate instead of oxaloacetate
Asp can be formed from pyruvate via oxaloacetatechvibontained M+1, M+2 and M+3 isotopolog
fractions. Thus, the M+3 fraction in Asp reflectket M+3 fraction in oxaloacetate using
[U-3C;]pyruvate as a precursor. On the other hand, th2 fvletion in Asp reflects the M+2 fraction

in oxaloacetate made from [B3c;]acetyl-CoA via the TCA cycle. Since malate is dthg related to
oxaloacetate by malate dehydrogenase, the M+3draict malate also represents the M+3 fraction in
oxaloacetate. Similarly, the M+2 fraction in malagpresents the M+2 fractions in acetyl-CoA.
Therefore, the ratios of M+3 and M+2 fractions ispfand malate, respectively, illustrate the redativ

fluxes from pyruvate to oxaloacetate or acetyl-Caspectively.

ratioof M+3toM + 2 = M
(M +2)
Table 3.Ratio of M+3 fraction to M+2 fraction in Asp and lae
Ratio Con. Iso.
Asp 0.76 0.36
Malate 1.69 0.63

The ratio of M+3 to M+2 in Asp and malate were bdtigher in the control samples from the
experiments without isoproterenol. This indicatbattisoproterenol redirected the carbon flux to

malate/oxaloacetate from acetyl-CoA via the TCAeyc

3.4.3 Isotopolog profiles of protein derived amin@cids in the IBAT cell

Using hydrochloric acid, the con. and iso. IBATI@mples were hydrolysed, resulting in a mixture
of amino acids. Following our standard protocolsmireo acids were converted into
TBDMS-derivatives which were then analysed by GC/Nd8ring the hydrolysis, Cys and Trp were
destroyed and could not be detected. Because alghmidation, Asn and GIn were converted into
Asp and Glu. Because of the big amount of differ@mino acids presented in the DMEM medium
(Supplemental Table 89 and the short time (i.e. 30 min) for the labgjliexperiment, all protein
derived amino acids from con. and iso. samples we&¥gy low labelled (less than 0.8%)
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(Supplemental Tables S7p Surprisingly, all the protein derived amino acithd similar isotopolog
distributions, which were characterized by high ante (more than 90%) of M+1 isotopologs
(Supplemental Tables S76 This could point at contributions dfCO, being incorporated into

protein-bound amino acids by reversible reactidresx@no acids degradation pathways.

3.4.4 Isotopolog profiles of lipid derived fatty aws in the IBAT cell

A mixture of methyl ester derivatives of lipid dexd fatty acids could be obtained from the IBATI cel
samples treated with methanolic hydrochloric adécause of the short time for the labelling
experiment (i.e. 30 min) and the rich supply ofalndlled substrates in the DMEM medium, all lipid
derived fatty acids from con. and iso. samples werg low labelled (less than 0.5%8upplemental
Tables S87. Notably, the isotopolog distributions of fattgids mostly displayed M+1 labelling (more
than 90%) $upplemental Tables S88 which was reminiscent of the patterns found pootein

derived amino acids. Again, this might also ind#daCO; incorporation.

In total, from the labelling patterns of differemetabolites from [U<¥Cs]glucose, glucose is shown as
an efficient precursor for IBAT cells to be metdbetl into glycogen (especially under treatment with
isoproterenol). Moreover, th&C-profiles reflected carbon flux from exogenouscglse via the
glycolytic pathway to form pyruvate/Ala/lactate aacktyl-CoA, serving as a precursor for fatty acids
and TCA intermediates.

3.4.5 Discussion

During the whole period of the labelling experingrihe glucose tracer was present in high amount,
thus establishing a constant source for carbonbubsan under quasi steady state conditions. The
labelling profiles of glycogen-derived glucose sesfg that isoproterenol stimulated glycogen
biosynthesis directly using glucose from the medwithout prior metabolization and cycling. On this
basis, it can be speculated that the cells prefstdre the nutrient glucose as glycogen and use fa

acids as the energy source during isoprotere nainvent.

The data also suggest that isoproterenol treatragmulates lactate formation from exogenous
glucose and its subsequent release from the €alisng the fermentation of the IBAT cells, lactate
could be produced and isoproterenol probably premtte rate of fermentation. Moreover, in most
animals lactate can be release into the bloodrstrearving as energy source by reconverting it into
glucose (Andersen et al 2013). Notably, our findimgncerning lactate production is also in line to
earlier observations (Larsen, 1999).
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Because of the big amount of most amino acids e rtiedium (seeSupplemental Table S8%
released amino acids were diluted and could naifgigntly contribute to the fraction éfC-labelled
amino acids in the medium. However, Ala which i$ pesent in the DMEM could be found in the
medium in labelled form (about 1 %C excess). Interestingly, also Phe from the DMEMium@
acquired somé&*C-label (about 1 %°C excess). It can be speculated that IBAT cellegaly released
amino acids at minor rates to the medium. Howetrex,**C-enrichments were unchanged in the

experiments with or without isoproterenol.

On the basis of the labelling profiles in free atgge and malate, it can be concluded that pyruvate
enters the TCA cycle via two pathways. In the amils, a major fraction of aspartate and malate is
derived via oxaloacetate formed by carboxylatiopyivate leading to M+3 isotopologs. In contrast,
in the iso. sample aspartate and malate show ldrgetions of the M+2 species which can be
explained by carbon flux of pyruvate to acetyl-Cextering the TCA cycle. It can be speculated that
the isoproterenol treatment increased the carbax vla the TCA for higher demands of energy.
Consequently, more CQs formed and released in the isoproterenol sasnBleotein derived amino
acids and lipid derived fatty acids from both cand iso. samples were very low labelled (< 0.8 %,
Supplemental Table S75S87. Interestingly, these low amounts of labelled poomds carried only
onelC-atom, i.e. were present as M+1 forms. On thissbitscan be concluded that in both samples,
13CO, formed via the TCA cycle from [#Cg]glucose could finally enter protein derived amamids
and lipid derived fatty acids via anaplerotic ré@us using*CO, as a precursor. This might reflect an

important role of C@in the metabolism of IBAT.

In conclusion, the labelling experiments showedeaignificant impacts of isoproterenol on the core
metabolic fluxes of IBAT cells. The key findingsear(i) glucose flux into glycogen storage is
increased, (i) more lactate is produced from ghec@nd (iii) carbon flux is directed into the adige

TCA cycle probably to generate more energy.
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List of abbreviations

°C degrees Celsius
% percent
pL microliter
um micrometer
3-HBA 3-hydroxybutyrate
6-PG 6-phosphogluconate
ADP adenosine diphosphate
Ala alanine
Arg arginine
Asn asparagine
Asp aspartate
ATP adenosine triphosphate
Cys cysteine
DAP diaminopimelic acid
DNA deoxyribonucleic acid
DHAP dihydroxyacetone phosphate
ED pathway Entner-Doudoroff pathway
FADH; flavin adenine dinucleotide
Fru-6-P fructose 6-phosphate
g gram
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G3P glycerol 3-phosphate
GAP glyceraldehyde 3-phosphate
GC/MS gas chromatography/mass spectrometry
GDP guanosine diphosphate
GlcN glucosamine
GIn glutamine
glpD glycerol 3-phosphate dehydrogenase
glpK glycerol kinase
Glu glutamate
Glu-6-P glucose 6-phosphate
Gly glycine
h hour
His histidine
lle isoleucine
KDPG 2-keto-3-deoxy-6-phosphogluconate
L liter
Leu leucine
Lys lysine
M molar
Met methionine
mg milligram
min minutes
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mL milliliter
mm millimeter
mM millimolar
MRNA messenger RNA
Mur muramic acid
NAD(P)H nicotinamide adenine dinucleotide (phosphat
ng nanogram
OD600 optical density at 600 nanometer
PBS phosphate-buffered saline
PEP phosphoenolpyruvate
pH Potential of hydrogen
PHB polyhydroxybutyrate
Phe phenylalanine
PPP pentose phosphate pathway
Pro proline
RNA ribonucleic acid
rpe ribulose-phosphate 3-epimerase
rpiA ribulose 5-phophate isomerase
rpm rounds per minute
RT retention time
S seconds
SD standard deviation
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Ser

serine

TBDMS tert-butyl-dimethylsilyl
TCA tricarboxylic acid
Thr threonine
TMS trimethylsilyl
tRNA transfer RNA
Trp tryptophane
Tyr tyrosine
Val valine
a-KGA a-ketoglutarate
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Supporting Information

Supplemental Tables S#C-Excess (mol%) of protein-bound amino acids fromJ-*3Ce]glucose

13C-Excess (mol%) of protein-bound amino acids fropegiments withFth WT, Fth LVS andFno grown in
medium T supplemented with 11 mM [&C¢]glucose. Mean and SD from three independent exais are

shown.

11 mM [U-3Cg]glucose

Fth WT

Fth LVS

Fno

Ala

7.82% = 0.37%

7.87% = 0.59%

9.05% * 0.79%

Asp

1.68% * 0.33%

1.50% + 0.64%

0.72% = 0.32%

Glu

3.91% = 0.24%

3.82% + 0.22%

4.15% + 0.65%

Gly

0.35% +0.13%

0.14% + 0.12%

0.83% +0.19%

His

0.14% + 0.06%

0.10% = 0.12%

0.06% = 0.03%

lle

0.09% + 0.02%

0.08% = 0.05%

0.08% + 0.05%

Leu

0.00% * 0.00%

0.01% = 0.01%

0.01% = 0.01%

Lys

0.05% = 0.01%

0.09% * 0.02%

0.07% = 0.03%

Phe

0.30% + 0.02%

0.13% = 0.22%

0.06% = 0.12%

Pro

0.15% = 0.01%

0.30% +0.11%

0.14% + 0.04%

Met

0.49% + 0.26%

0.50% = 0.31%

Ser

0.17% + 0.03%

0.13% * 0.05%

0.87% = 0.24%

Thr

0.63% = 0.02%

0.58% * 0.06%

0.66% = 0.12%

Tyr

1.13% £ 0.07%

0.77% + 0.07%

2.48% % 0.29%

Val

0.21% + 0.01%

0.05% = 0.07%

0.12% + 0.10%

Supplemental Tables S23C-Excess (mol%) of protein-bound amino acids from1,2-+3Cz]glucose

13C-Excess (mol%) of protein-bound amino acids fropegiments withFth WT, Fth LVS andFno grown in
medium T supplemented with 11 mM [£%&;]glucose. Mean and SD from two independent experimare

shown.

11 mM [1,243C;]glucose

FthwWT

Fth LVS

Fno

Ala

2.62% + 0.09%

3.44% +0.12%

3.63% + 0.07%

Asp

0.57% + 0.00%

1.02% £ 0.27%

0.47% + 0.09%

Glu

1.62% = 0.10%

2.37% +0.14%

2.54% = 0.03%

Gly

0.31% + 0.03%

0.02% * 0.01%

0.20% + 0.02%
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His

0.14% * 0.08%

0.15% * 0.00%

lle

0.12% + 0.00%

0.04% = 0.01%

0.12% + 0.00%

Leu

0.00% * 0.00%

0.03% + 0.00%

0.07% + 0.00%

Lys

0.08% = 0.01%

0.20% = 0.01%

Phe

0.23% * 0.00%

0.16% = 0.04%

0.34% + 0.05%

Pro

1.25% + 0.46%

0.20% + 0.07%

0.81% +0.11%

Met

0.18% = 0.01%

Ser

0.20% + 0.01%

0.38% = 0.01%

1.28% + 0.07%

Thr

0.72% = 0.02%

0.13% = 0.03%

0.44% = 0.13%

Tyr

0.53% = 0.09%

0.65% + 0.43%

1.72% * 0.05%

Val

0.17% + 0.04%

0.02% = 0.01%

0.09% = 0.01%

Supplemental Tables S3*C-Excess (mol%) of protein-bound amino acids from\)-*3Cs]serine

13C-Excess (mol%) of protein-bound amino acids fropegiments withFth WT, Fth LVS andFno grown in
medium T supplemented with 3 mM [Jc;s]serine. Mean and SD from three independent exmerisnare

shown.

3 mM [U-13C;5]serine

FthWT

Fth LVS

Fno

Ala

5.13% + 0.06%

5.79% + 0.12%

1.44% = 0.04%

Asp

0.99% + 0.03%

1.20% + 0.08%

0.14% + 0.08%

Glu

2.09% + 0.02%

2.62% + 0.02%

0.37% = 0.04%

Gly

3.68% * 0.25%

2.68% + 0.27%

8.28% * 0.64%

His

0.07% = 0.01%

0.04% + 0.01%

0.05% + 0.00%

lle

0.07% + 0.00%

0.11% £ 0.03%

0.10% + 0.01%

Leu

0.01% + 0.01%

0.03% + 0.03%

0.00% + 0.00%

Lys

0.10% + 0.02%

0.09% + 0.01%

0.09% + 0.01%

Phe

3.32% + 0.52%

0.55% + 0.09%

0.17% + 0.06%

Pro

0.11% = 0.03%

0.07% * 0.00%

0.18% + 0.01%

Met

0.21% + 0.02%

0.20% + 0.02%

0.25% + 0.09%

Ser

12.92% = 0.12%

12.39% * 0.20%

16.02% = 0.57%

Thr

0.53% + 0.04%

0.58% + 0.08%

0.51% +0.12%
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Tyr 0.62% + 0.55% 0.16% + 0.09% 0.38% +0.28%

Val 0.05% +0.01% 0.06% = 0.06% 0.06% + 0.04%

3 mM [U-13Cg]serine Fth WT andFth LVS Fno

Ser 12.66% +0.37% 16.02% + 0.57%

Supplemental Tables S43C-Excess (mol%) of protein-bound amino acids fromUJ-*Cs] glycerol

13C-Excess (mol%) of protein-bound amino acids fropegiments withFth WT, Fth LVS andFno grown in
medium T supplemented with 25 mM [8C;] glycerol. Mean and SD from three independent @rpents are

shown.

25 mM [U-+3Cg]glycerol FthwT Fth LVS Fno

Ala 4.79% = 0.97% 3.51% £+ 0.08% 22.54% + 2.41%
Asp 1.17% £ 0.09% 0.65% * 0.20% 1.19% + 0.58%
Glu 2.39% £ 0.51% 1.82% £ 0.13% 9.25% + 1.61%
Gly 0.25% = 0.11% 0.14% = 0.01% 2.30% £ 0.45%
His 0.08% + 0.02% 0.08% = 0.00% 0.13% = 0.12%
lle 0.09% = 0.03% 0.07% = 0.04% 0.11% £ 0.02%
Leu 0.05% = 0.04% 0.06% = 0.03% 0.03% = 0.02%
Lys 0.09% = 0.03% 0.14% = 0.01% 0.09% = 0.04%
Phe 0.62% £+ 0.41% 0.34% + 0.34% 0.18% + 0.14%
Pro 0.17% = 0.06% 0.33% + 0.03% 0.20% = 0.11%
Met 0.33% = 0.00% 0.29% = 0.01% 0.25% * 0.03%
Ser 0.17% + 0.05% 0.16% + 0.03% 2.56% = 0.56%
Thr 0.46% = 0.08% 0.22% + 0.13% 0.49% * 0.09%
Tyr 0.55% * 0.02% 0.41% = 0.08% 5.12% = 0.33%
Val 0.03% = 0.00% 0.04% = 0.02% 0.24% + 0.02%

Supplemental Table S53C-Excess (mol%) of polar metabolites from [U*Cs]glucose

13C-Excess (mol%) of polar metabolittem experiments witlirth WT, Fth LVS andFno grown in medium T
supplemented with 11 mM [&Cq]glucose. Mean and SD from three independent exyeeris are shown.
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11 mM [U-+3Cg]glucose

Fth WT

Fth LVS

Fno

Lactate 7.31% = 0.78% 7.67% = 1.39% 7.80% % 0.70%
Glycolic acid 10.54% + 0.46% 9.39% * 1.30% 9.40%.65%
Alanine 9.96% * 0.45% 9.89% = 0.11% 10.00%  +0.829
Glycine 0.27% + 0.03% 0.20% *= 0.22% 0.67% +0.27%
Oxalic acid 2.61% £ 0.18% 2.04% = 0.21% 1.54% 13004

3-hydroxy butyric acid

9.71% = 0.42%

10.14%  + 06

11.94% + 0.70%

Valine 0.18% + 0.02% 0.06% = 0.06% 0.07% = 0.07%
leucine 0.03% % 0.00% 0.02% = 0.01% 0.01% = 0.01%
Isoleucine 0.03% £ 0.01% 0.03% £ 0.02% 0.05% = @02
Succinic acid 3.78% = 0.33% 5.70% £ 0.91% 6.36%15%
Fumaric acid 1.09% + 0.78% 1.65% = 0.29% 2.07%72%
Glycerol 8.15% + 0.49% 7.64% = 0.84% 9.29% * 1.25%
Methionine 0.12% + 0.03% 0.08% + 0.06% 0.08% + 9603
Serine 0.53% + 0.04% 0.45% + 0.04% 0.56% + 0.06%
Threonine 0.20% + 0.02% 0.16% + 0.09% 0.19% + 0.06%

Phenylalanine

1.14% = 0.10%

2.27% + 0.30%

0.20905%

Malic acid 2.81% = 0.20% 2.95% = 0.31% 7.65% = %75
Aspartate 0.41% £ 0.02% 0.36% = 0.20% 0.09% £ 0.05%
Glutamate 6.21% + 0.27% 4.61% + 0.63% 3.48% + 0.33%
Palmitic acid 6.50% = 0.47% 5.43% = 1.48% 6.25%03%
Oleic acid 6.92% £ 0.67% 6.77% = 0.40% 7.50% * @047
Stearic acid 8.03% * 1.46% 7.22% * 1.50% 8.06%7¥ %
Citric acid 0.16% + 0.09% 0.35% + 0.08% 0.68% +10%}

Supplemental Table S63C-Excess (mol%) of polar metabolites from [1,23C3]glucose

13C-Excess (mol%) of polar metabolittem experiments witfrth WT grown in medium T supplemented with
11 mM [1,233C;]glucose. Mean and SD from two independent expertanare shown.

11 mM [1,23C;]glucose FthwWT Fth LVS Fno
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Lactate

5.04% % 0.38%

Glycolic acid 4.87% +0.12%
Alanine 3.16% + 0.23%
Glycine 0.13% + 0.03%

Oxalic acid 0.01% + 0.01%

3-hydroxy butyric acid

3.51% = 0.12%

Valine 0.16% + 0.00%
leucine 0.03% + 0.00%
Isoleucine 0.04% + 0.00%

Succinic acid

0.53% + 0.04%

Fumaric acid

0.24% = 0.01%

Glycerol 2.74% £ 0.23%
Methionine 0.11% + 0.01%
Serine 0.43% * 0.04%
Threonine 0.18% + 0.01%

Phenylalanine

0.48% + 0.04%

Malic acid 1.24% + 0.02%
Aspartate 0.19% £ 0.02%
Glutamate 2.04% £ 0.17%
Palmitic acid 2.90% + 0.17%
Oleic acid 3.44% + 0.26%
Stearic acid 3.98% * 0.21%
Citric acid

Supplemental Table SA3C-Excess (mol%) of polar metabolites from [UXCs]serine

13C-Excess (mol%) of polar metabolittem experiments witlirth WT, Fth LVS andFno grown in medium T
supplemented with 3 mM [C;]serine. Mean and SD from three independent exg@arisnare shown

3 mM [U-13C3]serine

FthWT

Fth LVS

Fno

Lactate

0.12% + 0.01%

0.12% + 0.01%

5.70% + 0.44%
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Glycolic acid

0.41% = 0.17%

0.31% +0.12%

0.06%.86%%

Alanine

0.85% + 0.03%

0.96% = 0.08%

5.73% % 0.38%

Glycine

1.67% + 0.01%

1.27% £ 0.02%

8.48% + 0.13%

Oxalic acid

0.00% * 0.00%

0.00% * 0.00%

0.00% 000

3-hydroxy butyric acid

3.02% = 0.17%

2.40% * 0.09%

0.85% = 0.07%

Valine 0.09% * 0.03% 0.08% + 0.04% 0.09% * 0.03%
leucine 0.05% = 0.01% 0.05% = 0.01% 0.06% *= 0.02%
Isoleucine 0.14% * 0.04% 0.15% + 0.04% 0.14% = @05
Succinic acid 0.21% = 0.03% 0.23% +0.07% 0.21%09%0
Fumaric acid 0.18% * 0.06% 0.28% + 0.26% 0.36%16%

Glycerol

0.26% = 0.22%

0.27% = 0.21%

0.34% = 0.16%

Methionine

0.22% + 0.08%

0.16% + 0.04%

0.12% + 9001

Serine

9.58% + 0.88%

5.71% = 0.08%

20.38%  +0.609

Threonine

0.14% + 0.08%

0.17% + 0.00%

0.19% + 0.11%

Phenylalanine

0.17% + 0.04%

0.13% + 0.01%

0.28%11%

Malic acid

0.92% * 0.24%

2.10% + 0.93%

2.56% + 0018

Aspartate

0.11% * 0.05%

0.08% + 0.08%

0.14% + 0.06%

Glutamate

0.51% + 0.05%

0.39% + 0.00%

0.27% + 0.01%

Palmitic acid

5.05% + 0.54%

5.30% + 0.36%

0.88%300

Oleic acid

8.97% + 1.02%

8.66% + 0.49%

3.75% + 999

Stearic acid

2.86% + 0.08%

2.69% + 0.12%

1.29%65%

Citric acid

2.91% + 0.00%

0.12% + 0.01%

0.38% #1041

Supplemental Table S83C-Excess (mol%) of polar metabolites from [UC3] glycerol

13C-Excess (mol%) of polar metabolittem experiments witlirth WT, Fth LVS andFno grown in medium T
supplemented with 25 mM [BFC;] glycerol. Mean and SD from three independent erpents are shown.

25 mM [U-+3Cg]glycerol

FthWT

Fth LVS

Fno

Lactate

1.21% £ 0.07%

1.32% + 0.08%

11.27% + 4.89%

Glycolic acid

6.95% + 4.99%

2.29% +0.12%

6.24%.8286
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Alanine

4.74% +1.70%

2.52% = 0.34%

17.51% * 5.98%

Glycine

1.40% + 1.35%

0.11% + 0.05%

1.65% +1.71%

Oxalic acid

2.06% * 2.06%

0.05% + 0.05%

0.81% A%1

3-hydroxy butyric acid

5.63% = 1.76%

4.35% +1.02%

28.43% * 3.28%

Valine

0.19% + 0.16%

0.05% + 0.03%

0.21% = 0.18%

leucine

0.04% * 0.04%

0.01% = 0.01%

0.03% = 0.01%

Isoleucine

0.14% *= 0.10%

0.07% *= 0.03%

0.15% = @05

Succinic acid

7.79% = 6.82%

1.98% + 0.46%

13.50%04.%

Fumaric acid

4.83% +4.32%

0.51% + 0.38%

6.75%12%

Glycerol 92.98% +0.11% 92.70% +0.57% 58.52% 26#7%
Methionine 0.18% = 0.18% 0.10% % 0.10% 0.11% + 9008
Serine 0.63% + 0.20% 0.36% + 0.10% 0.53% + 0.30%
Threonine 0.25% + 0.06% 0.18% + 0.12% 0.26% * 0.09%
Phenylalanine 0.75% + 0.10% 1.15% + 0.05% 0.19%05%
Malic acid 4.89% + 2.55% 5.42% + 0.71% 19.81% 35
Aspartate 0.55% £ 0.43% 0.29% = 0.13% 0.47% £ 0.34%
Glutamate 3.10% = 1.18% 1.88% + 0.22% 7.47% = 1.86%
Palmitic acid 2.28% + 2.03% 1.54% +0.81% 13.93%23%
Oleic acid 3.53% + 0.92% 3.31% + 0.19% 16.48% H%%5
Stearic acid 2.83% + 2.50% 1.41% + 0.82% 12.90928%
Citric acid 1.28% + 0.88% 1.08% * 0.23% 5.15% 894

Supplemental Table S33C-Excess (mol%) of sugars from [U+Cs]glucose

BC-Excess (mol%) of sugars from experiments with WT, Fth LVS and Fno grown in medium T
supplemented with 11 mM [&Cq]glucose. Mean and SD from three independent exyeeris are shown.

11 mM [U-C¢]glucose FthwT Fth LVS Fno
Glucose in glycogen 10.41%  +0.44% 10.60% + 0.54% 9.68% + 0.94%
Free fructose 12.48% +0.77% 11.71% + 0.54% 12.128389%
Glucosamine 10.77%  +1.23% 10.16% = 0.87% 10.2290%%
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Muramic acid

12.19%

+ 1.55%

11.92% + 1.52%

10.05%44%

Fno

11 mM [U-L3Cg]glucose

Fth WT andFth LVS

3WH1.12%

averaged over the four hexoses

11.16%

+ 0.90%

Supplemental Table S1G3C-Excess (mol%) of sugars from [1,23C]glucose
13C-Excess (mol%) of sugars from experiments viith WT grown in medium T supplemented with 11 mM
[1,2-2C;]glucose. Mean and SD from two independent exparisare shown.

11 mM [1,23C;]glucose

FthwWT

Fth LVS

Fno

Glucose in glycogen

4.55% + 0.09%

Free fructose

4.89% + 0.14%

Glucosamine

5.25% + 0.01%

Muramic acid

7.85% + 0.03%

Supplemental Table S1£3C-Excess (mol%) of sugars from [U=Cs]serine
B3C-Excess (mol%) of sugars from experiments with WT, Fth LVS and Fno grown in medium T
supplemented with 3 mM [C;]serine. Mean and SD from three independent exgarisnare shown.

Muramic acid

0.66% +0.14%

3 mM [U-13Cg]serine FthwT Fth LVS Fno
Glucose in glycogen 0.06% + 0.05% 0.05% + 0.04% 2%h@ 0.02%
Free fructose 0.55% % 0.04% 0.53% * 0.00% 0.46%08%
Glucosamine 0.42% = 0.11% 0.31% £ 0.04% 0.39% 1%.0
0.59% + 0.04% 1.83%G900

Supplemental Table S123C-Excess (mol%) of sugars from [UC3] glycerol

B3C-Excess (mol%) of sugars from experiments with WT, Fth LVS and Fno grown in medium T
supplemented with 25 mM [BfC;] glycerol. Mean and SD from three independent erpents are shown.

Glucosamine

25 mM [U-+3Cg]glycerol FthwT Fth LVS Fno
Glucose in glycogen 0.58% + 0.04% 0.42% + 0.04% 7% Q& 0.22%
Free fructose 0.80% + 0.05% 0.59% + 0.11% 1.46%16%
1.34% + 0.20% 0.95% + 0.08% 3.46% 8%.2

122



Muramic acid

4.98% + 0.46%

3.55% +0.17%

14.93%25%0
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Supplemental Table S13Relative fractions of isotopologues (mol%) of amawids from experiments witfth WT, Fth LVS andFno grown in medium T supplemented with 11

mM [U-1¥Cg]glucose. M+x represents the mass of the unlabetflethbolite plus x labelledC-atoms. Mean and SD from three independent expetsrare shown.

11 mM [U-*3Cg]glucoseFth WT

o

o

o

0o

0o

0o

Alanine Aspartate Glutamate Glycine Phenylalanine Serine Threonine Tyrosine
M+1 1.80%+0.30% 251%+064% 563%+045%53%+0.20% 1.17% +0.37% 0.03% +0.08 %7826 +0.33%| 0.18 % +0.39 ¢
M+2 1.33%+0.06%| 1.61%+0.40% 5.60% +0.32%.09% +0.07% 0.01%+0.02% 0.00% +0.00 %37® +0.13%| 0.97 % +0.19 ¢
M+3 6.34% +0.35% 0.33%+0.07% 0.61% +0.08 % 0.12% +0.069% 0.16 % +0.04 % 0.00 % + 0.0Q %0024 + 0.09 %
M+4 0.00% +0.00%9 0.18 % + 0.04 % 0.25 % * B2 0.00 % +£0.00% 0.54 % +0.05
M+5 0.03 % * 0.00 % 0.03 % + 0.02 %% 0.26 %@30%
M+6 0.00 % + 0.00 ¢ 0.11 % + 0.03
M+7 0.00 % + 0.00 ¢ 0.00 % £ 0.01
M+8 0.00 % + 0.00 ¢ 0.01 % +0.01
M+9 0.00 % + 0.00 ¢ 0.08 % + 0.05

11 mM [U-Cg]glucoseFth LVS

Alanine Aspartate Glutamate Glycine Phenylalanine Serine Threonine Tyrosine
M+1 194%+048% 262%+1.32% 531%+057%20%+0.21% 0.66% +0.50% 0.00 % +0.00 %6826 +0.58 %| 0.19 % +0.30 ¢
M+2 1.24%+024% 1.26%+0.72% 572%+0.49%®.03%+0.06% 0.05% +0.08% 0.00 % +0.00 %32% +0.27 %| 0.56 % + 0.26 ¢
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M+3

6.40 % +0.36 %

0.28 % +0.09

0

0.54 % += 0.09

%

0.30 % +0.12 %

0.13 % + 0.06

% 0.00 % + 0.0

%6700 +0.11 %

Do

0o

0o

0o

0o

Do

0o

0o

M+4 0.00% £0.019% 0.15% +0.05 % 0.38 % + 004 0.00% +£0.00 % 0.44 % +0.09
M+5 0.02 % + 0.01 % 0.06 % £ 0.02 %% 0.25 %0640%
M+6 0.00 % £ 0.00 9 0.06 % + 0.04
M+7 0.00 % +0.00 9 0.00 % +0.01
M+8 0.00 % £ 0.00 9 0.02% +0.01
M+9 0.00 % £ 0.00 9 0.01 % +£0.02
11 mM [U-3Cg]glucoseFno
Alanine Aspartate Glutamate Glycine Phenylalanivlme Serine Threonine Tyrosine

M+1 1.26%+0.399% 1.22%+049% 4.74%+1.18%57 % +0.20% 0.62%+0.45% 0.61% +0.51 %7926 +0.66 %| 0.35% +0.39 %
M+2 1.06%+0.229% 055%+036% 6.65%+0.76§%55% +0.15% 0.00% +0.00% 0.16 % +0.17 %420 £0.23 %| 1.99 % + 0.33 ¢
M+3 792%+065% 0.18%+0.14% 0.61%+0.11% 0.00% £0.00% 0.56% +0.12% 0.00 % + 0.00 %1726 +0.22 %
M+4 0.00 % £0.009% 0.19% +0.10 % 0.14 % + 002 0.00% £0.00% 1.65%+0.21
M+5 0.02 % + 0.01 % 0.00 % £ 0.01 %% 0.43 %060%
M+6 0.00 % £ 0.00 9 0.28 % + 0.05
M+7 0.00 % £ 0.00 9 0.10 % + 0.06
M+8 0.04 % £+ 0.06 9 0.01 % +£0.02

0o
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M+9

0.00 % +0.00 ¢

0.02 % = 0.05 Po

Supplemental Table S14Relative fractions of isotopologues (mol%) of amawids from experiments witfth WT, Fth LVS andFno grown in medium T supplemented with 11

mM [1,223C;]glucose. M+x represents the mass of the unlabetiethbolite plus x labelledC-atoms. Mean and SD from three independent exgetsrare shown.

11 mM [1,23C;]glucoseFth WT

Alanine

Aspartate

Glutamate

Glycine

PhenylalanirLe

Serine

Threonine

Tyrosine

M+1

0.72 % + 0.34 %

0.98 % +0.42 %

2.60 % +0.54

.29 % * 0.11 %

1.35% +0.39 %

0.00 % + 0.0Q

%6926 £0.27 %

0.00 % +0.00 9

o

M+2

3.49 % +0.19%

0.47 % +0.09 %

2.55% +0.24

.17 % + 0.02 %

0.08 % + 0.09 %

0.00 % + 0.0Q

%5506 £ 0.10 %

1.58 % +0.27 %

M+3

0.06 % + 0.02 %

0.12 % + 0.06 %

0.11 % £ 0.07

%

0.00 % + 0.00 %

0.21 % +0.03

6 0.00 % +0.00

%0806 + 0.10 %

M+4

0.00 % + 0.00 %

0.00 % + 0.00

o

0.13 % + 007

0.00 % + 0.00 %

0.00 % + 0.00 Yo

M+5

0.01 % + 0.01 %

0.00 % + 0.00 Po

0.06 % &1

M+6

0.00 % +0.00 ¢

0.01 % +0.02 Po

M+7

0.00 % +0.00 ¢

0.00 % + 0.00 Po

M+8

0.00 % +0.00 ¢

0.00 % + 0.00 Po

M+9

0.00 % +0.00 ¢

0.01 % +0.02 Po

11 mM [1,233C;]glucoseFth LVS

Alanine

Aspartate

Glutamate

Glycine

Phenylalani+e

Serine

Threonine

Tyrosine
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M+1

1.54 % + 0.09 %

1.35% +0.54

0

3.51 % +0.24

%.01 % + 0.02 %

0.00 % = 0.00 §

0

0.13 % +0.20

%0000 + 0.00 %

0.00 % % 0.00 %o

Do

0o

0o

0o

0o

Do

M+2 433%+0.17% 128%+0.19% 3.78% +0.32%.02% +0.02% 0.42%+0.11% 0.50 % +0.10 %00@%6 + 0.01 %| 1.17 % +0.23 %
M+3 0.04% +0.02% 0.04%+0.03% 0.17 % +0.08 % 0.00% £0.00%4 0.00% +0.00% 0.17 % + 0.07 %14@6 £ 0.14 %
M+4 0.00 % £0.009% 0.06 % +0.01 % 0.01 % + 001 0.00% +£0.00% 0.09 % +0.15
M+5 0.00 % + 0.00 % 0.04 % £ 0.03 % 0.07 % ¥20%
M+6 0.02 % £ 0.02 9 0.08 % +0.10
M+7 0.01 % +0.019 0.04 % + 0.09
M+8 0.01 % £ 0.02 9 0.10 % +0.14
M+9 0.02 % £ 0.02 9 0.08 % +0.16
11 mM [1,233C;]glucoseFno
Alanine Aspartate Glutamate Glycine PhenylalanilLe Serine Threonine Tyrosine

M+1 098%+0.12% 032%+0.16% 3.14% +0.18 %.38% £0.11% 0.00% £0.00% 2.71 % +0.31 %00@6 + 0.00 %| 0.62 % + 0.59 %
M+2 484%+0.09% 0.71%+0.12% 4.31%+0.11%.00% +0.01% 0.48% +0.32% 0.56 % +0.16 %7806 +0.14 %| 3.23 % +0.36 %
M+3 0.08% £0.06 % 0.02% +0.03% 0.20 % + 0.08 % 0.00 % +£0.00% 0.00% +0.00% 0.00 % * 0.00 %26@6 + 0.30 %
M+4 0.02% £0.029% 0.08 % +0.04 % 0.02 % + 003 0.05% +0.08% 0.00 % + 0.00
M+5 0.01 % +0.01 % 0.09 % £ 0.11 % 0.23 %260%
M+6 0.02 % £ 0.02 9 0.11 % +0.18

7
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M+7 0.08 % +0.13 9 0.15% +0.18 o

M+8 0.08 % +0.09 ¢ 0.00 % +0.01 Po

M+9 0.04 % +0.08 ¢ 0.52 % +0.63 o

Supplemental Table S19Relative fractions of isotopologues (mol%) of amawds from experiments witkth WT, Fth LVS andFno grown in medium T supplemented with 3
mM [U-13C3]serine. M+x represents the mass of the unlabeflethbolite plus x labelleffC-atoms. Mean and SD from three independent expetsrare shown.

3 mM [U-13C;]serineFth WT
Alanine Aspartate Glutamate Glycine PhenylalanirLe Serine Threonine Tyrosine
M+1 1.07% +0.32% 2.09%+0.28% 2.95%+0.26 %.66% +0.14% 0.47 % +0.35% 0.92 % +0.24 %6026 £ 0.32 %| 0.08 % +0.20 %
M+2 0.64%+0.069% 0.79% +0.09% 3.38% +0.17 ®.35% +0.22% 0.00% +£0.00% 0.84 % +0.07 %27® + 0.15 %| 0.20 % *+ 0.15 %
M+3 434%+0.069% 0.10%+0.02% 0.13% *+0.09 % 0.00 % + 0.00 % 12.06 % = | 0.00 % + 0.00 % 0.01 % +0.02 %
0.11 %
M+4 0.00 % +0.0099 0.05 % * 0.03 % 0.12 % * OB 0.00 % +0.00% 0.00 % + 0.00 %o
M+5 0.03 % + 0.01 % 0.00 % + 0.00 %% 0.08 %.@30%
M+6 0.00 % + 0.00 ¢ 0.00 % + 0.00 %6
M+7 0.00 % + 0.00 ¢ 0.00 % + 0.00 %6
M+8 0.00 % + 0.00 ¢ 0.00 % + 0.00 %6
M+9 0.00 % + 0.00 ¢ 0.52 % £ 0.58 %
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3 mM [U-13Cg]serineFth LVS

PhenylalanilLe

(=)

(=)

Alanine Aspartate Glutamate Glycine Serine Threonine Tyrosine
M+1 0.80% +0.45% 2.05%+0.37% 3.31%+0.28%®50% +0.189% 0.16% +0.14% 0.15 % +0.31 %4626 +0.28 %| 0.02 % + 0.04 %
M+2 043%+0.18% 1.13%+0.11% 4.11% +0.18§ 243%+0.249% 0.00% +0.00% 0.36 % +0.13 %43® +0.17 %| 0.11 % +0.09 %
M+3 523%+021% 0.15%+0.04% 0.30% +0.10 % 0.00 % + 0.00 % 12.10% + | 0.00 % + 0.00 % 0.01 % +0.02 §
0.24 %
M+4 0.00 % £0.009% 0.12 % +0.03 % 0.13 % + 003 0.00 % +£0.00 % 0.00 % + 0.00 %
M+5 0.03 % + 0.01 % 0.00 % £ 0.00 % 0.09 %640%
M+6 0.00 % £ 0.00 9 0.00 % + 0.01 Po
M+7 0.00 % +0.00 9 0.00 % + 0.00 Po
M+8 0.00 % +0.00 9 0.00 % + 0.00 Po
M+9 0.00 % £ 0.00 9 0.08 % +0.11 Po
3 mM [U-13Cg]serineFno
Alanine Aspartate Glutamate Glycine PhenylalanilLe Serine Threonine Tyrosine
M+1 0.45%+0.33% 057%+0.37% 0.74%+0.371%35%+0.18% 0.01%+0.01% 5.83% +0.64%19P6+0.25%| 0.00 % *0.01 %
M+2 0.23% +0.09% 0.00% +0.00% 0.55% +0.053 %.61% +0.66 % 0.02% +0.04 % 3.42 % +0.271 %43® +0.29 %| 0.24 % +0.13 %
M+3 1.14%+0.049% 0.00% £0.00% 0.00 % + 0.0Q % 0.00 % + 0.00 % 11.80% + | 0.00 % + 0.00 % 0.00 % + 0.00 §
0.31%
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M+4

0.00 % = 0.00 %

0.00 % = 0.00

0.02 % + 001

0.00 % + 0.00 %

0.00 % = 0.00 Yo

0o

0o

0o

M+5 0.00 % *= 0.00 % 0.00 % = 0.00 9o 0.08 %6330
M+6 0.00 % +0.00 ¢ 0.00 % +0.00
M+7 0.00 % +0.00 ¢ 0.00 % +0.00
M+8 0.00 % +0.00 ¢ 0.00 % +0.00
M+9 0.12 % +0.04 ¢ 0.27 % +0.32

0o

Supplemental Table S16Relative fractions of isotopologues (mol%) of amawids from experiments withth WT, Fth LVS andFno grown in medium T supplemented with 25

mM [U-13C3]glycerol. M+x represents the mass of the unlalefietabolite plus x labellédC-atoms. Mean and SD from three independent expatsrare shown.

25 mM [U-+3Cg]glycerol Fth WT

Alanine

Aspartate

Glutamate

Glycine

Phenylalanirl]e

Serine

Threonine

Tyrosine

M+1

0.74 % + 0.11 %

2.66 % +0.43

0

3.66 % + 0.56

.43 % +0.17 %

0.24 % +0.28 ¢

0

0.18 % + 0.2Q

%2126 £0.29 %

0.29 % +0.42 9

o

M+2

0.34 % + 0.06 %

0.82 % +0.20

0

3.54 % + 0.8

9%.03 % + 0.04 %

0.09 % +0.13 ¢

0

0.00 % + 0.0Q

%3106 £0.24 %

0.73% +0.14 %

M+3

4.32% £1.03 %

0.12 % +0.09

0

0.29 % +0.15

%

0.15% +0.14 %

0.11 % = 0.05

6 0.00 % +0.00

%7506 £ 0.05 %

M+4

0.00 % + 0.00 %

0.06 % + 0.07

o

0.14 % + 0W1

0.00 % + 0.00 %

0.00 % + 0.00 Yo

M+5

0.02 % + 0.01 %

0.02 % +0.02

0.19 %a30%

M+6

0.00 % +0.00 ¢

0.00 % +0.01 Po

M+7

0.00 % +0.00 ¢

0.00 % + 0.00
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M+8

0.00 % +0.00 ¢

0.00 % +0.00

0o

0o

Do

0o

0o

0o

0o

M+9 0.00 % +0.00 9 0.00 % + 0.00
25 mM [U-3Cg]glycerol Fth LVS

Alanine Aspartate Glutamate Glycine Phenylalanivlme Serine Threonine Tyrosine
M+1 051%+034% 152%+096% 2.52%+0.953%.22% +0.13% 0.17% +0.20% 0.01 % +0.03 %79@ +0.50 %| 0.06 % *+ 0.14 %
M+2 0.16% +£0.119% 0.36%+0.19% 3.13%+0.17®.03% +0.04% 0.02% £0.03% 0.00 % +0.00 %0606 + 0.07 %| 0.74 % +0.31 %
M+3 323%+0.16% 0.11%+0.11% 0.08 % +0.08 % 0.55% +0.07% 0.15%+0.05% 0.00 % + 0.00 %5106 +0.21 %
M+4 0.00 % £0.009% 0.01 % +0.01 % 0.17 % + 004 0.00 % +£0.00 % 0.00 % + 0.00
M+5 0.02 % + 0.01 % 0.05 % £ 0.10 % 0.13 %@20%
M+6 0.02 % £ 0.04 9 0.00 % + 0.00
M+7 0.00 % £ 0.01 9 0.00 % + 0.00
M+8 0.00 % £ 0.01 9 0.00 % + 0.00
M+9 0.00 % £ 0.00 9 0.00 % + 0.00

25 mM [U-3Cg]glycerol Fno

Alanine Aspartate Glutamate Glycine Phenylalanillme Serine Threonine Tyrosine

M+1 1.24%+0.35% 1.49%+096% 6.71%+0.91%05%+0.21% 0.13%+0.19% 1.68% +0.66%1526+0.71 %| 0.37 % +0.53 9
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%

Vo

0o

0o

0o

M+2 129% +£0.22% 0.97 % +0.53 % 13.09% | 1.77 % £ 0.46 % 0.03% +0.08% 0.79 % +0.30 % 104&+0.51%| 4.95% +0.29 ¢
1.62 %
M+3 21.27 % * 0.40% +0.19% 2.50% +0.76 % 0.00 % = 0.0Q %4726 +0.61 %| 0.00% +0.00 % 5.64 % *=0.62
2.36 %
M+4 0.03%+0.04% 1.22%+0.47% 0.11 % + 004 0.00% +0.00% 0.14 % +0.11
M+5 0.20 % = 0.09 % 0.03 % = 0.05 Po 2.96 % 360%
M+6 0.01 % +0.03 9 0.42 % +0.16
M+7 0.00% +0.01 9 0.02 % +0.05
M+8 0.11 % £ 0.12 % 0.10 % = 0.07
M+9 0.01% +0.019 0.01 % +0.02

0o

Supplemental Table S1Relative fractions of isotopologues (mol%) of pataetabolites from experiments willth WT, Fth LVS andFno grown in medium T supplemented
with 11 mM [U-+3Cg]glucose. M+x represents the mass of the unlabetfiethbolite plus x labellefiC-atoms. Mean and SD from three independent expetsrare shown.

11 mM [U-3Cg]glucoseFth WT

%

Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 065%+0.19% 0.22%+0.15% 4.88 % +0.66 ®.59 % + 0.91 % 11.30% + | 0.75% +0.21% 8.71% +0.38% 0.03 % + 0.08
2.55%
M+2 10.06 % + 244%+0.26% 3.68%+0.36% 0.71% +0.94% 442+1.17 %| 0.06% +0.09% 8.81% +0.41|% 0.1F 9646 %
0.75%
M+3 0.89%+0.08% 053%+0.19% 1.06% +1903 0.25%+0.05% 1.03% +0.12% 0.04 % * 0.04
M+4 0.00%+0.01% 0.18% +0.20% 0.26% +®b1 0.01% +0.02% 0.33% +0.03% 0.36 % * 0.61

%

%
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M+5

0.06 % +0.01 9

0.41 % +0.80

0o

0o

p

M+6 0.11%+0.229
11 mM [U-3Cg]glucoseFth WT

Lactic acid Alanine Glycine Glycerol Serine Thréewn Phenylalanine

M+1 0.00 % + 0.00 % 2.82% +0.18 9 0.43 % +0.05 Pb 1.82 % +0.33 % 0.47 % £ 0.28 9 0.01% +0.03Pb 4406 +0.27 %
M+2 0.55 % + 0.09 % 1.96 % +0.04 9 0.05 % + 0.06 Pb 1.08 % + 0.10 % 0.48 % +0.17 9 0.29% +0.09P6 71@6+0.18 %
M+3 6.95 % + 0.84 % 7.71 % +0.53 9 6.83% + 43| 0.06 % +0.06 % 0.03 % + 0.06 9 1.12 % +0.15
M+4 0.03 % £ 0.04 % 0.76 % + 0.08 9
M+5 0.20 % + 0.02 %
M+6 0.10 % + 0.01 %
M+7 0.06 % + 0.01 %
M+8 0.00 % + 0.00 %
M+9 0.00 % + 0.00 %

11 mM [U-3Cg]glucoseFth WT

3-Hydroxybutyric acid

Palmitic acid

Oleic acid

Stie acid

M+1

263%*+0.73%

255% *+0.27 %

5.34 % +£0.33 %

3.80% +0.18 %
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M+2

15.58 % + 1.28 %

22.35% £ 0.70 %

24.63 % #rd

22.79 % £ 0.99 %

M+3

0.43 % +0.62 %

1.78 % £ 0.06 %

2.78% £0.16 %

2.87% +0.18 %

M+4

0.99 % +0.52 %

7.67 % = 0.38 %

7.75 % = 0.67 %

10.22 % + 0.98 %

M+5

0.55 % = 0.09 %

1.01% +0.31 %

1.19 % + 025

M+6

1.94 % £ 0.48 %

2.20 % = 0.88 %

3.45 % + 1927

M+7

0.12 % = 0.08 %

0.38% £0.19 %

0.41 % + 026

M+8

0.41 % = 0.30 %

0.63 % = 0.54 %

1.09 % + 080

M+9

0.03 % = 0.04 %

0.09 % = 0.09 %

0.14 % + @45

M+10

0.07 % +0.11 %

0.20% +0.18 %

0.36 % = 041

M+11

0.00 % = 0.01 %

0.03 % = 0.03 %

0.04 % = 005

M+12

0.02 % +£0.03 %

0.04 % = 0.05 %

0.07 % =042

M+13

0.04 % = 0.02 %

0.01 % +0.01 %

0.01 % =001

M+14

0.01 % +0.01 %

0.02 % +0.02 %

0.01 % = 002

M+15

0.01 % +£0.01 %

0.01 % +0.01 %

0.01 % =001

M+16

0.00 % = 0.01 %

0.02 % +0.02 %

0.00 % = 000

M+17

0.01 % +0.01 %

0.04 % = 0.03 %

M+18

0.01 % +0.01 %

0.01 % +0.01 %
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11 mM [U-L3C¢]glucoseFth LVS

%

%

0o

0o

D

Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 091%+032% 032%+021% 9.03%+233%73%+0.71% 0.31%+0.74% 0.60 % +0.53 %2366 +1.36 % 1.10% +1.419
M+2 886%+1.31% 192%+0.30% 521%+0.71%05%+0.95% 0.73%+1.34% 0.17 % +0.18 %4666 +0.74 %| 0.38 % +0.43 ¢
M+3 1.05%+0.12% 063%+0.21% 0.04% +046 0.15% +0.12% 0.88% +0.20% 0.02 % + 0.04
M+4 0.01%+0.02% 044%+0.37% 0.30% +060 0.01% +0.02% 0.27 % +0.08% 0.34 % +0.52
M+5 0.03% +0.02% 0.12% +0.41
M+6 0.37 % £0.519
11 mM [U-L3C¢]glucoseFth LVS

Lactic acid Alanine Glycine Glycerol Serine Thréewn Phenylalanine

M+1 0.07 % £ 0.11 % 2.56 % +0.50 9 0.15% + 0.18 P 1.38 % + 0.36 % 0.31 % +0.26 9 0.00 % £ 0.02 po 54@6 +0.37 %
M+2 0.88% + 0.19 % 1.90 % +0.27 9 0.12 % +0.19 P 0.85 % + 0.18 % 0.47 % +£0.31 9 024%+029P 76P6+0.34%
M+3 7.06 % + 1.36 % 7.77 % +£0.47 9 6.61% +083| 0.04 % +0.06 % 0.03 % + 0.06 9 2.14 % +0.36
M+4 0.02 % £ 0.04 % 1.44 % +0.16 9
M+5 0.35% + 0.05 %
M+6 0.25 % + 0.03 %
M+7 0.14 % + 0.02 %
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M+8

0.00 % = 0.00 %

M+9 0.00 % + 0.00 %
11 mM [U-L3C¢]glucoseFth LVS
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid
M+1 2.38% +0.52 % 195%+1.23% 4.87 % + 0.67 % 3.55% +0.79 %
M+2 16.83 % +1.01 % 20.46 % + 4.96 % 26.35 % 824 23.29 % + 3.87 %
M+3 0.21% +0.17 % 1.54 % + 0.53 % 2.78 % £0.47 % 2.66 % +0.75 %
M+4 0.99 % +0.21 % 6.60 % +1.75 % 8.58 % £ 0.49 % 9.99 % +1.90 %
M+5 0.40 % £ 0.16 % 0.85% +0.14 % 1.01 % + (B4
M+6 1.38% +0.44 % 2.01%+0.14 % 2.80 % + 064
M+7 0.07 % £ 0.03 % 0.18 % £ 0.07 % 0.25 % + 043
M+8 0.18 % £ 0.11 % 0.36 % £0.10 % 0.61 % + 080
M+9 0.01 % +0.01 % 0.03 % £ 0.02 % 0.05 % + 006
M+10 0.01 % £0.03 % 0.05 % £ 0.05 % 0.13 % + 044
M+11 0.00 % £ 0.00 % 0.00 % £ 0.01 % 0.01 % + 0M2
M+12 0.00 % £ 0.00 % 0.01 % £0.02 % 0.02 % + OB4
M+13 0.04 % £ 0.05 % 0.00 % £ 0.01 % 0.00 % + 0M1
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M+14

0.00 % = 0.01 %

0.00 % +=0.01 %

0.02 % = 001

M+15

0.00 % = 0.01 %

0.00 % +=0.01 %

0.01 % =001

M+16

0.00 % = 0.00 %

0.01 % +0.01 %

0.00 % = 001

M+17

0.00 % = 0.00 %

0.03 % = 0.03 %

M+18

0.00 % = 0.00 %

0.01 % +£0.01 %

11 mM [U-3Cg]glucoseFno

Glycolic acid

Oxalate

Succinate

Fumarate

Malate

pakste

Glutamate

Citrate

M+1

0.57 % +0.40 %

0.15% +0.24 %

8.60 % * 2.44

.84 % + 0.88 %

5.25 % *+ 6.66

0

0.21 % +0.26

%1640 £ 0.91 %

0.35% +0.69 ¢

M+2

9.07 % +1.81 %

1.49% £ 0.47 %

6.22 % = 0.97

%.26 % +1.04 %

2.91 % + 3.83 §

0

0.02 % +0.06

%33%0 £ 0.47 %

0.68% +1.12 9

M+3

1.29 % £ 0.32 %

0.62 % +0.31

1.98 % + 263

0.03 % = 0.07 %

0.58 % +0.10 %o

0.30 % +0.41

M+4

0.01 % = 0.01 %

0.64 % +0.31

0.38 % + 081

0.00 % = 0.00 %

0.17 % = 0.06 9o

0.08 % +0.14

M+5

0.03% +0.01 9

0.04 % +0.08

M+6

0.13% +0.38 ¢

11 mM [U-+3Cg]glucoseFno

Lactic acid

Alanine

Glycine

Glycerol

Serine

Thrawn

Phenylalanine

M+1

0.18 % +0.24 %

1.12 % £ 0.33 9

0.25% +0.21

% 1.15 % + 0.44 %

0.53% +0.40 9

0.08 % +0.17 Yo

08046 +0.24 %

%

%

0o
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M+2

0.86 % +0.16 %

1.15% +£0.17 9

0.55% +0.25 P06 1.01 % £ 0.40 %

0.51% +0.319

0.29% +0.19 P 0006 +0.01 %

M+3 7.17 % + 0.59 % 8.86 % £ 0.77 9 8.23% + 1023 | 0.04 % +0.08 % 0.01 % +0.03 9 0.02 % + 0.03 %
M+4 0.01 % +0.02 % 0.22 % +0.01 %
M+5 0.06 % + 0.02 %
M+6 0.00 % + 0.00 %
M+7 0.01 % + 0.01 %
M+8 0.05 % + 0.06 %
M+9 0.00 % + 0.00 %
11 mM [U-3Cg]glucoseFno
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid

M+1 1.82% +0.47 % 1.41%+0.62 % 4.30% +0.24 % 2.84 % +0.29 %

M+2 19.85 % + 1.00 % 23.29% +3.84 % 28.33 % 608 26.31 % +2.63 %

M+3 0.27 % £ 0.13 % 1.23%+0.21 % 2.64 % +£0.26 % 2.32% +0.23%

M+4 1.30 % + 0.20 % 827 % +1.37% 10.21 % + 080 12.24% +1.20 %

M+5 0.32% £ 0.07 % 0.84 % £ 0.09 % 0.92 % + 042

M+6 1.82% +0.36 % 252%+0.37% 3.44 % + 049

M+7 0.05 % +0.02 % 0.17 % £ 0.05 % 0.22 % + 006

138



M+8 0.24 % = 0.08 % 0.45% +0.10 % 0.67 % + 46
M+9 0.01 % +0.01 % 0.03 % = 0.01 % 0.03 % + 002
M+10 0.01 % +£0.01 % 0.06 % = 0.03 % 0.10 % = 006
M+11 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 000
M+12 0.00 % = 0.00 % 0.01 % +0.01 % 0.00 % = 000
M+13 0.02 % = 0.01 % 0.00 % = 0.00 % 0.00 % = 000
M+14 0.00 % = 0.00 % 0.01 % +0.01 % 0.00 % = 001
M+15 0.01 % +£0.01 % 0.00 % = 0.00 % 0.00 % = 000
M+16 0.00 % = 0.00 % 0.00 % +0.01 % 0.00 % = 000
M+17 0.00 % +0.01 % 0.00 % = 0.01 %
M+18 0.00 % +0.01 % 0.00 % *= 0.00 %

Supplemental Table S18Relative fractions of isotopologues (mol%) of pofaetabolites from experiments witfth WT grown in medium T supplemented with 11 mM
[1,2-13C;]glucose. M+x represents the mass of the unlabetiegbolite plus x labelledC-atoms. Mean and SD from two independent expertisrere shown.

11 mM [1,23C;]glucoseFth WT

Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 0.94%+0.30% 0.00% +£0.00% 0.00% +0.00 ®.00% +0.00% 0.78% +0.88% 0.53 % + 0.31 %6336 £ 0.29 %| 0.00 % +0.00 %
M+2 458% +£0.269% 020%+0.15% 0.74%+0.22%W15%+0.16% 1.24%+0.33% 0.00% +0.00 %1636 +0.42%| 0.52% +1.22 %
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M+3

0.37 % = 0.02 %

0.34 % +0.33 0

0.29 % + 045

0.08 % = 0.05 %

0.01 % +0.02

b 1.10% +1.49 %

M+4 0.01%+0.01% 0.02%+0.05% 0.18% +0®24 0.00% £0.00% 0.02%+0.01% 0.23 % +0.50 %

M+5 0.03% +0.01% 0.06 % +0.14 P%

M+6 0.34 % £0.52 9

11 mM [1,2233C;]glucoseFth WT
Lactic acid Alanine Glycine Glycerol Serine Thréewn Phenylalanine

M+1 0.00 % + 0.00 % 1.10% +0.16 9 0.22 % +0.10 Po 0.74 % + 0.25 % 0.38 % +0.22 9 0.00 % £ 0.00 po 30@6 +0.20 %
M+2 7.50 % +0.61 % 4.00 % +0.33 9 0.02 % + 0.03 Pb 3.55 % + 0.37 % 0.40 % £ 0.13 9 031%+0.12P6 42P6+0.26 %
M+3 0.04 % + 0.04 % 0.12 % £ 0.01 9 0.12% + 04| 0.04 % +0.06 % 0.02 % £ 0.04 9 0.03 % + 0.02 %
M+4 0.01 % +0.01 % 0.24 % £ 0.01 %
M+5 0.03 % + 0.01 %
M+6 0.00 % + 0.00 %
M+7 0.00 % + 0.00 %
M+8 0.00 % + 0.00 %
M+9 0.00 % + 0.00 %

11 mM [1,223C;]glucoseFth WT
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3-Hydroxybutyric acid

Palmitic acid

Oleic acid

Stie acid

M+1 1.25% £ 0.39 % 0.89 % +£0.22 % 3.79 % = 0.35 % 3.58 % +0.34 %
M+2 5.66 % = 0.83 % 1527 % +1.20 % 18.24 % + 148 18.86 % + 1.36 %
M+3 0.13% +0.18 % 0.51% +0.12 % 1.17 % £ 0.28 % 1.36 % £ 0.33 %
M+4 0.09 % +0.19 % 2.53% = 0.53 % 297% +0.74 % 4.20 % +0.92 %
M+5 0.08 % = 0.03 % 0.21% +0.11 % 0.34 % + (043
M+6 0.30% +£0.13 % 0.43% *+0.21 % 0.73 % + 029
M+7 0.02 % = 0.01 % 0.04 % = 0.02 % 0.05 % + 004
M+8 0.02 % = 0.03 % 0.07 % = 0.04 % 0.13 % + OB7
M+9 0.01 % +0.01 % 0.01 % +£0.01 % 0.01 % + (01
M+10 0.00 % = 0.00 % 0.05 % +0.03 % 0.03 % = 002
M+11 0.00 % = 0.00 % 0.01 % +0.01 % 0.00 % = 000
M+12 0.00 % = 0.00 % 0.01 % +0.01 % 0.00 % = 000
M+13 0.04 % = 0.02 % 0.01 % +0.01 % 0.00 % = 000
M+14 0.00 % = 0.00 % 0.01 % +0.01 % 0.02 % = 002
M+15 0.02 % = 0.01 % 0.01 % +0.00 % 0.01 % =001
M+16 0.00 % = 0.00 % 0.01 % +0.02 % 0.01 % =001
M+17 0.01 % +0.02 % 0.03 % = 0.01 %
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0.01 % +0.01 %

M+18 0.02 % +0.02 %

Supplemental Table S1Relative fractions of isotopologues (mol%) of pataetabolites from experiments wikth WT, Fth LVS andFno grown in medium T supplemented
with 3 mM [U-3Cg]serine. M+x represents the mass of the unlabefiethbolite plus x labelleffC-atoms. Mean and SD from three independent exgetsrare shown.

3 mM [U-13C;]serineFth WT
Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 0.06 % +0.11% 0.00 % +0.00% 0.00 % +0.0q %.00 % +0.00% 0.78 % +£0.93% 0.38 % +0.39 %92@6 + 0.34 %| 0.09 % * 0.22 %
M+2 0.34% +0.239% 0.00% +0.00% 0.00 % +0.0Q %.00 % +0.00 % 1.38% +0.53% 0.00 % +0.0Q %81@6 + 0.05 %| 0.03 % * 0.06 %o
M+3 0.20% +0.039% 0.42%+0.22% 0.00% +0A0 0.02% +0.04% 0.00%+0.01% 0.18% +0.453 %
M+4 0.01%+0.019% 0.04%+0.09% 0.80% =241 0.00% +0.00% 0.00% +0.00 % 0.00 % * 0.00 %
M+5 0.01%+0.01% 0.13%+0.25M%
M+6 0.24 % +£0.52 9
3 mM [U-13C]serineFth WT
Lactic acid Alanine Glycine Glycerol Serine Threwn Phenylalanine
M+1 0.00 % * 0.00 % 0.39 % + 0.20 9 0.46 % + 0.20 Y6 0.62 % + 0.71 % 0.03 % + 0.08 9 0.38% +0.50P6 4206 +0.34 %
M+2 0.01 % + 0.02 % 0.13% + 0.059 1.44 % + 0.03 P6 0.03 % + 0.04 % 0.62 % +0.219 0.01% +0.02p6 00@6 + 0.00 %
M+3 0.11 % + 0.05 % 0.63 % + 0.04 9 0.04%+001| 9.15% +0.96 % 0.02 % + 0.03 9 0.00 % + 0.00 Po
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M+4

0.02 % = 0.03 %

0.11 % £ 0.03 %

M+5 0.07 % £+ 0.05 %
M+6 0.02 % + 0.03 %
M+7 0.03 % + 0.04 %
M+8 0.00 % + 0.00 %
M+9 0.00 % + 0.00 %
3 mM [U-13Cg]serineFth WT
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid

M+1 2.00 % £ 0.27 % 2.59 % +0.57 % 6.70 % £ 0.26 % 4.43 % +0.47 %

M+2 3.49 % £ 0.45 % 13.23% +£1.33 % 21.11 % + Ob4 9.79% +£1.81 %

M+3 0.21 % +0.29 % 2.56 % +0.48 % 519% +1.17 % 1.49 % + 0.08 %

M+4 0.50 % + 0.27 % 5.09 % +0.74 % 9.87 % +£2.16 % 2.30% +0.23 %

M+5 1.20% +0.27 % 2.81%+0.91% 0.51 % + 68

M+6 1.65% +0.34 % 3.82%+1.19% 0.63 % + (68

M+7 0.34 % £ 0.08 % 0.99 % +0.35 % 0.15 % + (06

M+8 0.37 % £ 0.07 % 1.06 % +0.36 % 0.15 % + 004

M+9 0.05 % +0.02 % 0.22 % £ 0.09 % 0.02 % + 002
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M+10

0.04 % +£0.01 %

0.18 % = 0.06 %

0.01 % =001

M+11

0.01 % +0.02 %

0.01 % +0.01 %

0.01 % =001

M+12

0.05 % = 0.08 %

0.02 % +0.02 %

0.03 % = 005

M+13

0.04 % = 0.03 %

0.01 % +0.03 %

0.01 % =001

M+14

0.01 % +0.02 %

0.03 % +0.03 %

0.11% 047

M+15

0.01 % +0.02 %

0.01 % +0.01 %

0.05 % = CB7

M+16

0.01 % +0.01 %

0.01 % +0.01 %

0.02 % + 004

M+17

0.00 % = 0.00 %

0.07 % = 0.04 %

M+18

0.01 % +0.01 %

0.03 % = 0.05 %

3 mM [U-13Cg]serineFth LVS

Glycolic acid

Oxalate

Succinate

Fumarate

Malate

paksite

Glutamate

Citrate

M+1

0.07 % +0.16 %

0.00 % +0.00

0

0.00 % + 0.00

%.00 % + 0.00 %

1.04 % +1.61§

0

0.21 % +0.33

%5700 £ 0.34 %

0.05% +0.13 9

M+2

0.30 % +0.24 %

0.00 % +0.00

0

0.00 % + 0.00

%.00 % + 0.00 %

1.56 % +2.82 §

0

0.00 % +0.00

%6700 £0.15 %

0.09 % +0.21 9

M+3

0.18 % = 0.05 %

0.42 % +0.30 %0

1.16 % + 1949

0.02 % % 0.05 %

0.00 % +0.00

0

0.60 % + 1.44

%

M+4

0.00 % = 0.00 %

0.11% +0.18 %

1.12 % + 1905

0.01 % = 0.03 %

0.00 % +0.00

0

0.32 % + 0.55

%

M+5

0.01% +0.019

0.13 % +0.32

0o

M+6

0.48 % +1.199
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3 mM [U-13Cg]serineFth LVS

Lactic acid Alanine Glycine Glycerol Serine Thréewn Phenylalanine
M+1 0.00 % + 0.00 % 0.30 % £0.159 0.26 % + 0.08 Pb 0.60 % + 0.73 % 0.02 % + 0.05 9 0.41%+0.38P6 32@6+0.19 %
M+2 0.00 % + 0.00 % 0.10 % £ 0.03 9 1.15 % + 0.05 6 0.03 % + 0.04 % 0.33 % £ 0.23 9 0.05% +0.12 po 00@% + 0.00 %
M+3 0.12 % + 0.03 % 0.80 % + 0.06 9 0.04% +(®05| 5.48% +0.23% 0.05 % + 0.06 9 0.05 % + 0.06 %
M+4 0.01 % £ 0.02 % 0.14% +0.01%
M+5 0.04 % £+ 0.02 %
M+6 0.00 % + 0.00 %
M+7 0.00 % + 0.00 %
M+8 0.00 % + 0.00 %
M+9 0.00 % + 0.00 %
3 mM [U-13Cg]serineFth LVS
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid

M+1 1.10% +0.44 % 2.20% £0.28 % 5.70 % £ 0.44 % 4.09% £0.43 %

M+2 3.86 % +0.46 % 14.56 % + 0.80 % 20.30 % = 068 9.97 % +1.48 %

M+3 0.01 % + 0.02 % 2.07 % £ 0.16 % 4.32% +0.44 % 1.23% +0.16 %

M+4 0.41 % + 0.50 % 5.61 % +0.55 % 9.71% +1.33% 2.24 % +0.36 %
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M+5 1.01% +0.16 % 234%+0.41% 0.42 % + @05
M+6 1.98 % £ 0.26 % 4.01% +0.82% 0.67 % + OB7
M+7 0.31 % = 0.04 % 0.92% £0.21 % 0.11 % + 002
M+8 0.47 % = 0.08 % 1.22 % +£0.28 % 0.15 % + 003
M+9 0.05 % = 0.02 % 0.23 % = 0.07 % 0.01 % + (01
M+10 0.06 % = 0.02 % 0.22 % +0.07 % 0.01 % = 002
M+11 0.02 % +0.02 % 0.04 % +0.02 % 0.01 % =001
M+12 0.02 % = 0.03 % 0.03 % +0.02 % 0.02 % = 003
M+13 0.03 % = 0.02 % 0.01 % +0.01 % 0.01 % =001
M+14 0.00 % = 0.00 % 0.02 % +0.02 % 0.07 % =042
M+15 0.00 % +0.01 % 0.01 % +0.02 % 0.04 % + 004
M+16 0.00 % = 0.00 % 0.00 % = 0.00 % 0.02 % = 002
M+17 0.00 % +0.01 % 0.04 % = 0.03 %
M+18 0.01 % +0.01 % 0.03 % = 0.03 %

3 mM [U-13Cg]serineFno

Glycolic acid

Oxalate

Succinate

Fumarate

Malate

paksite

Glutamate Citrate

M+1

0.00 % = 0.00 %

0.00 % +0.00

0

0.00 % + 0.00

%.00 % + 0.00 %

0.97 % = 2.36 %

0.33 % +0.30

%3200 £ 0.25 %

0.00 % = 0.00 ¢
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M+2

0.09 % +0.08 %

0.00 % = 0.00 %

0.00 % + 0.0Q0 %.00 % * 0.00 %

2.64 % +4.52 %

0.00 % +0.00

%5000 + 0.08 %

0.10 % = 0.25 %

0o

%

D

M+3 0.26% +£0.01% 088%+085% 0.36% +(®81 0.03% +0.05% 0.01%+0.02% 0.12% +0.30 %
M+4 0.01%+0.01% 0.06%+0.11% 3.99% +861 0.03% +0.06% 0.00%+0.00% 0.42% +0.79 %
M+5 0.00% £0.00% 0.17 % +0.30
M+6 0.00 % +0.00 9
3 mM [U-13Cg]serineFno
Lactic acid Alanine Glycine Glycerol Serine Threwn Phenylalanine
M+1 0.90 % + 0.19 % 1.14 % +0.08 9 0.84 % + 0.10 Pb 0.82 % + 0.47 % 0.22 % +0.16 9 0.50% £ 0.63 P 25@6 +0.15 %
M+2 1.23 % +0.08 % 0.85 % + 0.03 9 8.06 % + 0.15 Pb 0.04 % + 0.10 % 0.99 % +0.21 9 0.00 % + 0.00 po 00@% + 0.00 %
M+3 4.58 % + 0.45 % 4.78% +0.44 9 0.04 % + 06| 19.65 % +0.54 % 0.04 % £ 0.05 % 0.02 % + 0.05
M+4 0.03 % £ 0.03 % 0.14 % £ 0.02 9
M+5 0.07 % + 0.05 %
M+6 0.02 % + 0.03 %
M+7 0.00 % + 0.00 %
M+8 0.14 % £ 0.11 %
M+9 0.00 % + 0.00 %
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3 mM [U-13Cg]serineFno

3-Hydroxybutyric acid

Palmitic acid

Oleic acid

Stie acid

M+1 0.99% +0.17 % 0.14 % +0.25 % 3.83% +0.77 % 2.87% +0.82 %
M+2 1.18% £0.13 % 4.20 % +1.58 % 11.92 % + 362 5.55 % = 3.02 %
M+3 0.00 % = 0.00 % 0.30 % +£0.16 % 1.65 % £ 0.58 % 0.57 % +0.35 %
M+4 0.00 % = 0.00 % 0.48 % +0.32 % 3.69% +1.42 % 0.98 % +0.70 %
M+5 0.06 % %= 0.05 % 0.82 % +0.38 % 0.17 % = @41
M+6 0.10 % = 0.07 % 1.36 % +£0.48 % 0.25 % + 044
M+7 0.02 % = 0.03 % 0.31% +0.12 % 0.03 % + 03
M+8 0.00 % = 0.00 % 0.41%*0.14 % 0.05 % + 03
M+9 0.01 % = 0.02 % 0.06 % = 0.03 % 0.01 % + 002
M+10 0.00 % = 0.00 % 0.04 % = 0.04 % 0.01 % =001
M+11 0.00 % +=0.01 % 0.00 % = 0.00 % 0.01 % =001
M+12 0.01 % +0.02 % 0.01 % +0.01 % 0.00 % = 000
M+13 0.06 % = 0.01 % 0.01 % +0.01 % 0.00 % = 000
M+14 0.01 % +0.02 % 0.02 % +0.02 % 0.00 % = 000
M+15 0.03 % +0.02 % 0.02 % +0.02 % 0.00 % = 000
M+16 0.01 % +0.01 % 0.03 % +0.03 % 0.00 % = 000
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M+17

0.01 % +0.01 %

0.01 % +0.01 %

M+18

0.01 % +0.02 %

0.01 % +0.02 %

Supplemental Table S2(Relative fractions of isotopologues (mol%) of pataetabolites from experiments wikth WT, Fth LVS andFno grown in medium T supplemented
with 25 mM [U+3Cg]glycerol. M+x represents the mass of the unladeffetabolite plus x labellédC-atoms. Mean and SD from three independent expetsrare shown.

25 mM [U-+3Cg]glycerol Fth WT

%

%

0o

Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 137% +£1449% 171 % +189% 4.23%+3.95% 12.38% * 887%+6.87% 168%+1.66% 4.92%+2.40% 028+2.02%
13.57 %
M+2 542%+3.849% 028%+031% 9.19%+899%®31%+1.95% 2.38%+1.29% 0.03% +0.0§ %5646 +1.57 %| 0.58 % +1.39 %
M+3 1.10% +0.80% 0.34%+0.36% 0.31%+0®64 0.14%+0.10% 0.27 % +0.27 % 0.14 % + 0.31
M+4 0.28% +0.279% 0.11%+0.21% 0.30%+088 0.01% +0.02% 0.12%+0.04% 0.19 % + 0.45
M+5 0.03% +0.02% 0.37 % +0.58
M+6 0.21% +0.359
25 mM [U-+3C;]glycerol Fth WT
Lactic acid Alanine Glycine Glycerol Serine Threwn Phenylalanine
M+1 0.03 % + 0.08 % 1.19% +0.74 9 2.21 % + 2.41 P%6 0.05 % + 0.01 % 0.82% +0.529 0.33% +0.50P6 26@6+0.20%
M+2 0.14 % + 0.21 % 0.31% +0.159 0.29 % + 0.28 Y6 2.44 % + 0.09 % 0.47 % +0.27 9 022% +0.19 5706 +0.19 %
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M+3

1.11% +0.14 %

413 % +1.559

91.33 % = 020

0.05 % = 0.06 %

0.04 % = 0.09 9

1.10% £0.15 ™%

M+4 0.03 % £ 0.05 % 0.14 % £ 0.02 %
M+5 0.22 % + 0.08 %
M+6 0.06 % + 0.06 %
M+7 0.01 % + 0.01 %
M+8 0.00 % + 0.00 %
M+9 0.00 % + 0.00 %
25 mM [U-+3Cg]glycerol Fth WT
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid

M+1 1.75% +0.93 % 0.67 % +0.73 % 3.67% +1.30 % 237% +1.21 %

M+2 7.97 % +4.36 % 10.32 % £ 9.83 % 17.73 % + 344 11.86 % + 11.49 %

M+3 0.87 % + 0.70 % 0.48 % + 0.40 % 1.26 % +0.43 % 0.84 % £ 0.85 %

M+4 0.68 % * 0.65 % 2.56 % +2.55% 343% +1.27% 3.59 % £ 3.64 %

M+5 0.09 % + 0.09 % 0.27 % £0.14 % 0.26 % + 0426

M+6 0.42 % + 0.46 % 0.58 % £0.33 % 0.76 % + 09

M+7 0.01 % +0.02 % 0.04 % £ 0.03 % 0.04 % + 004

M+8 0.05 % + 0.05 % 0.08 % £ 0.07 % 0.12 % + 043
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M+9 0.00 % %= 0.00 % 0.01 % +0.01 % 0.01 % + (001
M+10 0.00 % = 0.00 % 0.02 % +0.02 % 0.02 % = 002
M+11 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 000
M+12 0.00 % = 0.00 % 0.01 % +0.01 % 0.00 % = 000
M+13 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 000
M+14 0.00 % = 0.00 % 0.00 % +0.01 % 0.00 % = 000
M+15 0.01 % +0.01 % 0.01 % +0.01 % 0.00 % = 000
M+16 0.00 % = 0.00 % 0.01 % +0.03 % 0.00 % = 000
M+17 0.00 % +0.01 % 0.01 % +£0.01 %
M+18 0.02 % +0.03 % 0.02 % = 0.03 %

25 mM [U-3Cg]glycerol Fth LVS

Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 0.19% +0.19% 0.00%+0.00% 2.52% +0.93%®.00% +0.00% 2.55%+4.34% 0.62 % +0.58 %3726+0.36 %| 1.22 % +1.93 9
M+2 220% +0.43% 0.05%+0.12% 2.04% +0.43%43%+0599% 0.02%+0.05% 0.11% +0.28 %2836 +0.55 %| 0.03 % + 0.07 ¢
M+3 041%+0.119% 025%+0.37% 1.06% +1448 0.06 % +0.08% 0.08% +0.11% 0.51 % + 0.64
M+4 0.02% +0.03% 0.11%+0.21% 1.27 % +1%49 0.03% +0.05% 0.03% +0.03% 0.11 % + 0.2§
M+5 0.03% +0.02% 0.39 % +0.96

%

%

0o
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M+6

0.22% +0.359

25 mM [U-3Cg]glycerol Fth LVS

Lactic acid Alanine Glycine Glycerol Serine Threwn Phenylalanine
M+1 0.00 % + 0.00 % 0.31 % £ 0.20 9 0.15 % + 0.15 Pb 0.05 % + 0.03 % 0.23 % + 0.40 9 0.00% £0.00 o 1106 +0.19 %
M+2 0.08 % + 0.11 % 0.11 % + 0.08 % 0.03 % + 0.04 Pb 2.44 % + 0.04 % 0.10 % £ 0.24 9 0.11%+0.17 % 3826+0.19 %
M+3 1.26 % +0.15 % 2.34 % +0.36 9 91.06 % + 064 0.22 % +0.27 % 0.14 % £0.219 1.99 % + 0.08 %%
M+4 0.02 % £ 0.04 % 0.09 % +0.03 %
M+5 0.19 % + 0.08 %
M+6 0.03 % + 0.04 %
M+7 0.00 % + 0.00 %
M+8 0.00 % + 0.00 %
M+9 0.00 % + 0.00 %
25 mM [U-3Cg]glycerol Fth LVS
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid
M+1 1.36 % +1.23% 0.11% +0.23 % 2.82% +0.33% 0.81 % + 0.80 %
M+2 6.34 % + 1.90 % 8.67 % +5.13% 18.80 % + 1066 7.44 % +4.87 %

152



M+3 0.44 % +0.61 % 0.23% +0.10 % 0.89% +0.17 % 0.40 % +0.24 %
M+4 0.51 % +0.67 % 1.42 % £ 0.87 % 3.15% +0.25 % 1.62% £1.13 %
M+5 0.03 % = 0.02 % 0.16 % = 0.07 % 0.06 % + 004
M+6 0.10 % = 0.08 % 0.39 % = 0.05 % 0.19 % + (43
M+7 0.00 % %= 0.00 % 0.02 % = 0.01 % 0.01 % + (01
M+8 0.00 % = 0.00 % 0.04 % = 0.02 % 0.02 % + 001
M+9 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % + 00
M+10 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 000
M+11 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 000
M+12 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 000
M+13 0.00 % = 0.00 % 0.00 % = 0.00 % 0.01 % =001
M+14 0.00 % = 0.00 % 0.01 % +0.01 % 0.00 % = G000
M+15 0.00 % = 0.00 % 0.00 % +=0.01 % 0.01 % = 000
M+16 0.00 % = 0.00 % 0.00 % = 0.00 % 0.00 % = 001
M+17 0.00 % = 0.00 % 0.01 % +0.01 %
M+18 0.00 % = 0.00 % 0.00 % = 0.00 %

25 mM [U-3Cg]glycerol Fno
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%

%

%

Glycolic acid Oxalate Succinate Fumarate Malate paksate Glutamate Citrate
M+1 150%+1.979% 1.12%+1.61% 12.89 % + 9.50 % + 10.01 % * 124%+145% 564%+1.64% 2.23%+1.81
2.33% 10.42 % 9.01 %
M+2 5.00% £2.37% 0.28% +0.42 % 1223% +| 443 % +3.17% 7.84%+6.44% 0.04%+0.13% 192+ 1.65%| 0.58 % +0.94 %
3.10 %
M+3 480%+1.87% 210%+141% 1.60%+2R89 0.10%+0.14% 245%+0.83% 2.71% +6.45
M+4 0.73% +0.66% 087%+090% 538%+705 0.06%+0.11% 1.16%+0.49% 1.05% +2.19
M+5 025%+0.15% 0.39% +0.75 %
M+6 2.64 % +5.839
25 mM [U-3Cg]glycerol Fno
Lactic acid Alanine Glycine Glycerol Serine Thréewn Phenylalanine
M+1 0.23 % +0.30 % 1.129%+0.919 1.39% +1.64 P6 0.22 % £0.22 % 0.54 % + 0.65 9 0.00% +£0.00 po 18@6 +0.24 %
M+2 0.74 % + 0.45 % 1.10% +0.62 9 0.95% +1.00 Pb 1.44 % +0.81 % 0.32% £ 0.29 9 0.40 % +£0.29 po 00@6 + 0.01 %
M+3 10.70 % + 4.81 %| 16.40 % + 5.66 ¢ 57.49 % 8P| 0.14% +0.13% 0.06 % + 0.06 % 0.05 % + 0406
M+4 0.02 % £ 0.02 % 0.15% +0.02 %
M+5 0.09 % + 0.04 %
M+6 0.00 % + 0.00 %
M+7 0.00 % + 0.01 %
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M+8 0.04 % £+ 0.03 %
M+9 0.00 % + 0.00 %
25 mM [U-3Cg]glycerol Fno
3-Hydroxybutyric acid Palmitic acid Oleic acid 8tie acid
M+1 2.80 % +0.49 % 1.16 % +0.88 % 3.28% +0.33% 1.28 % + 0.55 %
M+2 38.28% +2.61 % 15.24 % + 5.09 % 19.76 % H04 11.15% + 4.40 %
M+3 1.16 % + 0.52 % 2.96 % +1.36 % 4.87 % +1.25% 2.04 % +0.99 %
M+4 7.70 % +1.84 % 14.61 % £ 6.33 % 16.51 % + 203 11.45% +5.94 %
M+5 243 % +1.23% 417 % +1.32 % 2.21 % + 10R7
M+6 9.16 % +4.57 % 10.70 % £ 3.41 % 9.13 % + 369
M+7 1.20 % + 0.65 % 2.28% £0.84 % 1.54 % + 1993
M+8 3.88% +£2.26 % 4.93% +1.94 % 5.15 % + Ib2
M+9 0.38% £0.24 % 0.87 % +0.37 % 0.75 % + 0466
M+10 1.10% +0.77 % 1.61%+0.74 % 2.07 % + 160
M+11 0.03 % £ 0.04 % 0.21 % +0.11 % 0.25 % + 0”2
M+12 0.17 % £0.15 % 0.38% £0.21 % 0.57 % + 049
M+13 0.01% +0.01 % 0.04 % £ 0.03 % 0.05 % + 0M5
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M+14

0.01 % +0.02 %

0.07 % = 0.05 %

0.08 % = 008

M+15

0.01 % +0.02 %

0.00 % +=0.01 %

0.00 % = 000

M+16

0.00 % = 0.00 %

0.01 % +0.02 %

0.00 % = 000

M+17

0.00 % = 0.01 %

0.00 % = 0.00 %

M+18

0.02 % = 0.02 %

0.00 % = 0.00 %
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Supplemental Table S21Relative fractions of isotopologues (mol%) of sgyiom experiments witkth WT,
Fth LVS andFno grown in medium T supplemented with 11 mM ’&Gs]glucose. M+x represents the mass of
the unlabelled metabolite plus x labell&€-atoms. Mean and SD from three independent exgatisnare

shown.

11 mM [U-3Cg]glucoseFth WT

Glucose in glycoger Free fructose Muramic acid Gdaamine
M+1 0.98 % + 0.24 % 0.13 % + 0.21 % 491%+233% 280%+0.72%
M+2 1.30% £0.17 % 0.37 % = 0.61 % 472% +1.97% 3.37 % +0.52%
M+3 1.73% £0.21 % 1.23% £ 0.28 % 749 % +1.67% 2.49% +0.66 %
M+4 0.70 % = 0.07 % 0.74 % = 0.32 % 342%+088% 1.35%+0.17%
M+5 0.57 % = 0.05 % 0.05 % = 0.07 % 035%+054% 1.10% +0.10%
M+6 8.00 % + 0.72 % 11.18 % + 0.96 % 3.49 % + 1984 6.12 % + 0.92 %

11 mM [U-C¢]glucoseFth LVS

Glucose in glycogern Free fructose Muramic acid Gdamine
M+1 2.58 % £ 2.36 % 0.04 % = 0.14 % 6.21% +£2.44% 3.87%*+2.34%
M+2 1.74% £0.19 % 0.39 % +£0.43 % 458% +2.74% 3.02% +0.50 %
M+3 1.98 % £0.31 % 1.09 % £ 0.70 % 745% +2.61% 1.97 % +0.60 %
M+4 1.01 % £ 0.06 % 0.38 % = 0.43 % 347% +x207% 1.36% +0.17%
M+5 0.54 % = 0.04 % 0.04 % = 0.08 % 054%+1.03% 1.05%+0.29%
M+6 7.48 % £ 0.62 % 10.74 % £ 0.63 % 2.87 % = )61 575% +0.78 %

11 mM [U-3Cq]glucoseFno

Glucose in glycogern Free fructose Muramic acid Gdamine
M+1 0.16 % + 0.23 % 0.30 % + 0.65 % 547%+3.92% 3.17% +2.26%
M+2 0.61% £0.24 % 1.02 % £ 0.83 % 287%+245% 281%=+0.75%
M+3 0.61% £0.19 % 1.70% £0.71 % 466 % +3.53% 1.69% +0.70%
M+4 041%+0.12 % 0.93% +0.47 % 318% +1.87% 1.47% +0.35%
M+5 0.52 % + 0.12 % 0.22 % + 0.36 014%+0.44% 0.98%+0.31%
M+6 8.44 % £ 0.88 % 10.13% £ 0.54 % 3.62 % = 1%44 6.69 % = 0.97 %
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Supplemental Table S2ZRelative fractions of isotopologues (mol%) of sisgiiom experiments witkth WT

grown in medium T supplemented with 11 mM [132;]glucose. M+x represents the mass of the unlabelled

metabolite plus x labellefC-atoms. Mean and SD from two independent expetrisname shown.

11 mM [1,23C;]glucoseFth WT
Glucose in glycoge Free fructose Muramic acid Gdaamine
M+1 0.24 % + 0.24 % 0.00 % * 0.00 %4 219% +1.94% 1.46% +0.88%
M+2 13.30 % + 0.52 % 11.31 % +0.78 % 18.83 % OO 14.15 % + 0.55 %
M+3 0.01 % + 0.01 % 0.66 % * 0.73 % 0.00% +0.01% 0.02% +0.07 %
M+4 0.08 % + 0.03 % 1.19 % + 0.28 % 1.55% +0.33% 0.01 % +0.02 %
M+5 0.00 % + 0.01 % 0.00 % * 0.00 %4 0.12% +0.18% 0.33 % +0.08 %
M+6 0.01 % + 0.01 % 0.00 % * 0.00 %4 0.07 % +0.11% 0.00 % * 0.00 %

Supplemental Table S2Relative fractions of isotopologues (mol%) of swyiom experiments witkth WT,
Fth LVS andFno grown in medium T supplemented with 3 mM [¥Gs]serine. M+x represents the mass of the
unlabelled metabolite plus x labell&C-atoms. Mean and SD from three independent exgatsrare shown.

3 mM [U-13Cg]serineFth WT
Glucose in glycogern Free fructose Muramic acid Gdarnine
M+1 0.01 % £0.03 % 0.00 % £ 0.01 % 1.25%+1.60% 1.09% +0.93 %
M+2 0.00 % £ 0.00 % 0.00 % + 0.00 % 0.61%+053% 0.48% +£0.38%
M+3 0.00 % £ 0.00 % 0.89 % £ 0.24 % 0.05%+0.11% 0.12% +0.18%
M+4 0.00 % £ 0.00 % 0.16 % £ 0.16 % 0.06% £0.12% 0.01% +0.02%
M+5 0.00 % £ 0.00 % 0.00 % £ 0.00 % 0.09% +£0.16 % 0.01% +0.02%
M+6 0.01 % £0.02 % 0.00 % £ 0.00 % 0.11%+0.18% 0.00 % +0.01 %
3 mM [U-13Cg]serineFth LVS
Glucose in glycogern Free fructose Muramic acid Gdaenine
M+1 0.00 % £ 0.00 % 0.00 % + 0.00 % 0.84% +0.88% 0.82% +0.90 %
M+2 0.00 % £ 0.00 % 0.23 % £ 0.44 % 0.72% +£050% 0.41% +0.44%
M+3 0.00 % £ 0.00 % 0.74 % £ 0.49 % 0.06 % +0.14% 0.04 % +0.09 %
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M+4 0.01 % £ 0.00 % 0.12 % + 0.20 % 0.04%+0.10% 0.01% +0.01%
M+5 0.00 % + 0.00 % 0.00 % + 0.00 % 0.07% +£0.14% 0.01% +0.02%
M+6 0.00 % + 0.00 % 0.00 % £ 0.00 % 0.09% +£0.29% 0.01% +0.02%
3 mM [U-13Cg]serineFno
Glucose in glycogern Free fructose Muramic acid Gdaenine
M+1 0.00 % £ 0.00 % 0.07 % £ 0.17 % 3.66%+3.30% 1.23%+0.79%
M+2 0.00 % £ 0.00 % 0.08 % + 0.20 % 0.39% +0.84% 0.50% £0.42%
M+3 0.00 % £ 0.00 % 0.56 % + 0.45 % 0.37% +0.76 % 0.01% +0.04 %
M+4 0.00 % £ 0.00 % 0.21 % £ 0.19 % 0.35% +0.58% 0.00 % +0.00 %
M+5 0.00 % £ 0.00 % 0.00 % + 0.00 % 0.20% £0.53% 0.01 % +0.03 %
M+6 0.00 % + 0.00 % 0.00 % + 0.00 % 0.51%+0.84% 0.00% +0.01 %

Supplemental Table S24Relative fractions of isotopologues (mol%) of sgyiom experiments witkth WT,
Fth LVS andFno grown in medium T supplemented with 25 mM J&G]glycerol. M+x represents the mass of
the unlabelled metabolite plus x labell&€-atoms. Mean and SD from three independent exeatsnare

shown.

25 mM [U-+3C;]glycerol Fth WT
Glucose in glycogern Free fructose Muramic acid Gdamine
M+1 0.00 % + 0.00 % 0.05 % + 0.08 % 246 % +250% 0.89 % +0.67 %
M+2 0.02 % + 0.04 % 0.00 % + 0.00 % 081%+1.14% 0.38% +0.56 %
M+3 1.12% £0.12 % 0.89 % = 0.65 % 6.26% £2.14% 1.76% +0.43%
M+4 0.01 % +£0.02 % 0.52 % +0.44 % 1.20% £1.05% 0.03 % =0.05 %
M+5 0.01 % + 0.01 % 0.00 % + 0.00 % 013%+0.35% 0.11% +0.07 %
M+6 0.00 % + 0.00 % 0.00 % + 0.00 % 0.26 % +0.38% 0.07 % +0.07 %
25 mM [U-3Cs]glycerol Fth LVS
Glucose in glycogern Free fructose Muramic acid Gdamine
M+1 0.04 % + 0.07 % 0.00 % + 0.00 % 1.06% +1.43% 0.63 % +0.63 %
M+2 0.00 % * 0.00 % 0.01 % + 0.03 % 093%+0.72% 0.50% +0.48 %
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M+3

0.79 % £ 0.07 %

1.09 % £ 0.47 %

4.37 % +1.17 %

1.19% £0.24 %

M+4

0.01 % +0.01 %

0.06 % = 0.10 %

0.77 % £ 0.67 %

0.02 % +0.04 %

M+5

0.01 % +0.01 %

0.00 % *= 0.00 %

0.02 % +0.07 %

0.02 % +0.03 %

M+6

0.00 % = 0.00 %

0.00 % *= 0.00 %

0.29 % +0.64 %

0.06 % +0.13 %

25 mM [U-3Cg]glycerol Fno

Glucose in glycogern

Free fructose

Muramic acid

Gdarnine

M+1

0.01 % +=0.03 %

0.48 % = 0.69 %

3.63 % = 5.55 %

1.81%+2.11%

M+2

0.12 % = 0.08 %

0.27 % + 0.52 %

2.75 % +4.68 %

0.70 % = 0.55 %

M+3

1.66 % +0.31 %

1.96 % + 0.56 %

21.72 % + 185

452% +1.27 %

M+4

0.04 % = 0.02 %

0.46 % = 0.43 %

2.27 % +1.62 %

0.33 % +0.90 %

M+5

0.03 % +0.01 %

0.00 % + 0.00 %

2.93% +£5.459

(=)

0.29% +0.42 %

M+6

0.15% +0.04 %

0.00 % + 0.00 %

0.75% +1.19%

0.20 % +0.24 %

Supplemental Table S25Composition of amino acids, polar metabolites ahat@se in medium TMean and
SD from two independent experiments are shown.

Amino acids in Medium T umol/mL

Ala 5.01+0.38
Gly 5.75+0.33
Val 5.36 + 0.80
Nor 1.00 £ 0.00
Leu 6.43+1.28
lle 3.45+0.69
Pro 8.96 £ 1.30
Met 0.29 +0.20
Ser 3.06 + 0.66
Thr 0.76 £ 0.19
Phe 1.90 £ 0.57
Asp 7.54+1.32
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Glu 1464 £2.79
Lys 4.07 £1.15
His 0.49+0.21
Tyr 0.91 +0.18
Polar metabolites in Medium T umol/mL
Lactate 0.07 £0.00
Glycolic acid 0.01 £0.00
Ala 0.47 +0.01
Gly 0.19 + 0.00
Val 0.47 +0.01
Leu 1.11 £ 0.02
lle 0.31+0.01
Pro 0.53+0.02
5-oxo-Pro 0.74 £0.02
Met 0.18 £ 0.01
Ser 0.53+0.04
Thr 0.25 +£0.03
Phe 0.40 £ 0.01
Asp 0.70+0.01
Glu 1.04 £ 0.02
Asn 0.26 + 0.00
Lys 0.49 £0.01
Citrate 0.89 £ 0.02
Tyr 0.13 £ 0.00
Glucose in Medium T umol/mL
Glucose 75.31+9.42
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Supplemental Table S28Composition of medium T in the [BCg]glucose, [1,22°C;]glucose, [ULCs]serine, or
[U-13C;5]glycerol labelled experiments.

[U-13Cq] Glucose Medium T
brain heart infusion broth ( Fa. Difco) 10 g/L
bacto trypton ( Fa. Difco) 10 g/L
technical casamino acid ( Fa. Difco) 10 g/L
MgSOy 0.005 g/L
FeSQ 0.1g/L
NaCitrat 1.2g/L
KCl 0.2 g/L
KHPO, 0.4 g/L
L-Cystein 0.6 g/L
Glucose 15g/L
U-13Cs-Glucose 2 g/L

[1,2-2C;] Glucose Medium T

brain heart infusion broth ( Fa. Difco) 10 g/L
bacto trypton ( Fa. Difco) 10 g/L
technical casamino acid ( Fa. Difco) 10 g/L
MgSOy 0.005 g/L
FeSQ 0.1g/L
NaCitrat 1.2g/L
KCl 0.2 g/L
KHPO, 0.4 g/L
L-Cystein 0.6 g/L
Glucose 15g/L
1,243C,-Glucose 2 g/L

[U-13C5]serine Medium T
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brain heart infusion broth ( Fa. Difco) 10 g/L
bacto trypton ( Fa. Difco) 10 g/L
technical casamino acid ( Fa. Difco) 10 g/L
MgSOQy 0.005 g/L
FeSQ 0.1g/L
NaCitrat 1.2g/lL
KCl 0.2 g/L
K:HPO 0.4 g/L
L-Cystein 0.6 g/L
Glucose 15g/L
U-*Cs-serine 0.3 g/L

[U-13C3]glycerol Medium T

brain heart infusion broth ( Fa. Difco) 10 g/L
bacto trypton ( Fa. Difco) 10 g/L
technical casamino acid ( Fa. Difco) 10 g/L
MgSOy 0.005 g/L
FeSQ 0.1g/L
NaCitrat 1.2g/L
KCl 0.2 g/L
KHPO, 0.4 g/L
L-cysteine 0.6 g/L
glucose 15g/L
U-13Cs-glycerol 2.5g/L

Supplemental Table S27 Retention time and mass fragents of derivatized metabolites used for
isotopologue calculations.

Metabolite Retention time [min] [M-57]+ [M-85]+

Ala 6.6 m/z 260
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Gly 6.9 m/z 246
Val 8.4 m/z 288
Leu 9.0 m/z 274
lle 9.5 m/z 274
Pro 10.1 m/z 285
Met 13.0 m/z 320
Ser 13.3 m/z 390
Thr 13.7 m/z 404
Phe 14.7 m/z 336
Asp 155 m/z 418
Glu 17.0 m/z 432
Lys 18.3 m/z 431
His 20.2 m/z 440
Tyr 21.2 m/z 466
Metabolite Retention time [min] [M-57]+ [M-85]+
Lactate 17.6 m/z 261
Glycolic acid 18.2 m/z 247
Alanine 19.3 m/z 260
Glycine 20.2 m/z 246
Oxalic aicd 20.9 m/z 261
3-hydroxy 21.4 m/z 275
butyric acid
Valine 23.6 m/z 288
Leucine 252 miz 274
Isoleucine 26.3 miz 274
Succinate 27.3 m/z 289
Fumarate 28.4 m/z 287
Glycerol 31.5 m/z 377
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Methionine 34.2 m/z 320
Serine 35.0 m/z 390
Threonine 35.9 m/z 404
Phenyl 37.9 m/z 336
alanine
Malate 38.4 m/z 419
Aspartate 40.1 m/z 418
Glutamate 43.5 m/z 432
Palmitate 43.9 m/z 313
Oleic acid 48.8 m/z 339
Stearate 49.5 m/z 341
Citrate 53.5 m/z 591
Metabolite Retention time [min] [M-15]+ [M-176]+
Gla-1 31.7 m/z 452
Gla-2 32.8 m/z 452
Mur-1 35.9 m/z 434
Mur-2 36.4 m/z 434
Metabolite Retention time [min] [M-15]+
Glucose in 8.0 m/z 287
glycogen
Metabolite Retention time [min] [M-15]+
Fructose 33.8 m/z 554

Supplemental Tables S283C-Excess (mol%) of protein-bound amino acids from-*3Cs]glucose

13C-Excess (mol%) of protein-bound amino acids froqpegiments withF. W12-1067 WT and Amyo-inositol
mutant grown in medium T supplemented with 11 mM{Os]glucose. Mean and SD from two or three
independent experiments are shown.

WT Amyo-inositol mutant

Ala 6.48% =+ 0.21% 9.39% * 0.67%
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Asp 061% =+ 0.13% 0.89% + 0.18%
Glu 216% =+ 0.04% 2.31% * 0.21%
Gly 0.30% =+ 0.05% 0.36% * 0.13%
His 021% =+ 0.17% 0.20% * 0.18%
lle 0.10% =+ 0.02% 0.11% * 0.05%
Leu 0.00% =+ 0.00% 0.04% * 0.03%
Lys 0.05% =+ 0.02% 0.08% * 0.04%
Met 0.30% =+ 0.20% 0.24% * 0.45%
Phe 0.25% + 0.04% 0.44% + 0.15%
Pro 0.18% =+ 0.03% 0.36% * 0.13%
Ser 1.85% + 0.10% 2.70% * 0.17%
Thr 058% =+ 0.06% 0.58% * 0.14%
Tyr 1.73% + 0.06% 1.51% * 0.16%
Val 0.18% + 0.05% 0.07% * 0.05%

Supplemental Tables S29°C-Excess (mol%) of protein-bound amino acids from1,2-3C;]glucose

13C-Excess (mol%) of protein-bound amino acids froqpegiments withF. W12-1067 WT grown in medium T
supplemented with 11 mM [12€;]glucose. Mean and SD from two independent experisare shown.

WT Amyo-inositol mutant

Ala 2.61% + 0.11%
Asp 0.30% + 0.12%
Glu 1.37% + 0.10%
Gly 0.30% + 0.13%
His 0.53% + 0.49%
lle 0.10% + 0.04%
Leu 0.00% + 0.00%
Lys 0.08% + 0.03%
Met 0.83% + 0.73%
Phe 0.17% + 0.04%
Pro 0.19% + 0.06%
Ser 0.70% + 0.07%
Thr 0.72% + 0.14%
Tyr 0.70% + 0.03%
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0 0
val 0.17% + 0.07%

Supplemental Tables S33C-Excess (mol%) of protein-bound amino acids from)-*3Cs]serine

1C-Excess (mol%) of protein-bound amino acids froqpegiments withF. W12-1067 WT grown in medium T
supplemented with 3 mM [C;]serine. Mean and SD from two independent experiaare shown.

WT Amyo-inositol mutant
Ala 3.92% + 0.29%
Asp 0.26% + 0.07%
Glu 1.20% + 0.04%
Gly 3.20% + 0.44%
His 0.06% + 0.04%
lle 0.09% + 0.03%
Leu 0.01% + 0.01%
Lys 0.10% + 0.03%
Met 0.24% + 0.43%
Phe 0.07% + 0.02%
Pro 0.22% + 0.06%
Ser 14.79% + 1.60%
Thr 0.51% + 0.07%
Tyr 0.13% + 0.03%
val 0.01% + 0.01%

Supplemental Tables S313C-Excess (mol%) of protein-bound amino acids from)-*3C3] glycerol

13C-Excess (mol%) of protein-bound amino acids froqpegiments withe. W12-1067 WT and Amyo-inositol
mutant grown in medium T supplemented with 25 mM0s] glycerol. Mean and SD from two independent
experiments are shown.

WT Amyo-inositol mutant
Ala 13.70% + 1.08% 15.49% 4 1.61%
Asp 1.54% + 0.15% 0.90% 4 0.12%
Glu 4.72% + 0.31% 3.99% 4 0.14%
Gly 0.50% + 0.20% 0.39% 4 0.16%
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His 0.07% + 0.03% 0.15% + 0.11%
lle 0.11% + 0.01% 0.12% + 0.03%
Leu 0.09% + 0.03% 0.03% + 0.03%
Lys 0.14% + 0.02% 0.06% + 0.05%
Met 0.15% + 0.17% 0.08% + 0.06%
Phe 0.29% + 0.12% 0.55% + 0.10%
Pro 0.27% + 0.03% 0.33% + 0.07%
Ser 4.30% + 0.43% 3.90% + 0.38%
Thr 0.45% + 0.08% 0.66% + 0.13%
Tyr 2.77% + 0.07% 2.22% + 0.19%
val 0.04% + 0.03% 0.06% + 0.06%

Supplemental Table S323C-Excess (mol%) of polar metabolites from [UCs]glucose

13C-Excess (mol%) of polar metabolitt®@m experiments withe. W12-1067 WT and Amyo-inositol mutant
grown in medium T supplemented with 11 mM ¥Gs]glucose. Mean and SD from two independent
experiments are shown.

WT Amyo-inositol mutant
Lactate | 7949 &+  0.96%| 10.15%  *  0.61%
Glycolicacd | 156100  +  0.89%| 11.09%  +  0.77%
Alanine | gepee  x  0.37%| 11.18%  +  0.74%
Glycine | 029%  +  0.06%| 021%  +  0.05%
3-hydroxy
buricacid | g1996 &+ 0.80%| 7.26%  +  0.44%
Valine 0.18%  +  0.02%| 001%  +  0.01%
leucine | o296+ 0.01%| 007%  +  0.04%
Isoleucine 0.03% + 0.04%| 0.30% + 0.07%
Succinic acid 2 34% + 0.82%| 1.73% + 0.13%
Fumaric acid 0.93% + 0.98%| 1.00% + 0.12%
Glycerol | 57496 &+ 137%| 6.65%  +  0.14%
Methionine 0.10% + 0.03%| 0.03% * 0.03%
Serine | os8%  +  0.16%| 037%  +  0.14%
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Threonine 0.21% + 0.04%| 017% + 0.20%

Phenylalanine 0.59% + 052%| 0.33% + 0.04%

Malic acid 5.89% + 4.24%| 1.79% + 0.65%

Aspartate | o a0, + 0.10%| 0.46% + 0.14%
Glutamate

4.10% * 1.34%| 2.31% + 0.25%

Palmitic acid 6.18% + 080%| 557% + 0.33%

Oleic acid 6.56% + 1.15%| 5.77% + 0.42%
Stearic acid

7.85% * 1.82%| 5.83% + 0.25%

Citric acid 0.73% + 1.05%| 1.02% + 0.56%

Supplemental Table S333C-Excess (mol%) of polar metabolites from [1,23C3]glucose

3C-Excess (mol%) of polar metabolitdeom experiments withF. W12-1067 WT grown in medium T
supplemented with 11 mM [12€;]glucose. Mean and SD from two independent experisare shown.

WT Amyo-inositol mutant
Lactate 3.83% + 0.07%
Glycolic acid | 5.69% + 0.39%
Alanine 3.69% + 0.07%
Glycine 0.23% + 0.07%
3-hydroxy
butyric acid 4.28% + 0.18%
Valine 0.17% + 0.05%
leucine 0.03% + 0.01%
Isoleucine 0.02% + 0.02%
Succinic acid | 0.79% + 0.19%
Fumaric acid | 0.38% 4 0.24%
Glycerol 2.51% + 0.73%
Methionine 0.11% 4 0.05%
Serine 0.56% + 0.12%
Threonine 0.19% + 0.06%
Phenylalanine| 0.11% + 0.02%
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Malic acid 2.88% + 1.06%
Aspartate 0.16% + 0.07%
Glutamate 1.85% + 0.09%
Palmitic acid 3.18% + 0.27%
Oleic acid 3.57% + 0.25%
Stearic acid 3.78% + 0.25%
Citric acid 1.98% + 1.26%

Supplemental Table S343C-Excess (mol%) of polar metabolites from [UXCs]serine

3C-Excess (mol%) of polar metabolitdeom experiments withF. W12-1067 WT grown in medium T
supplemented with 3 mM [C;]serine. Mean and SD from three independent ex@arisnare shown

WT Amyo-inositol mutant
Lactate 0.59% + 0.20%
Glycolic acid | 0.24% + 0.16%
Alanine 1.92% + 0.26%
Glycine 2.23% + 0.23%
3-hydroxy
butyric acid 2.95% + 0.12%
Valine 0.08% + 0.04%
leucine 0.05% + 0.02%
Isoleucine 0.13% + 0.08%
Succinic acid |  0.24% + 0.04%
Fumaric acid | 0.24% 4 0.23%
Glycerol 0.53% + 0.42%
Methionine 0.16% 4 0.08%
Serine 4.02% + 0.70%
Threonine 0.24% + 0.21%
Phenylalanine| 0.19% + 0.04%
Malic acid 4.08% 4 2.45%
Aspartate 0.09% + 0.10%
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Glutamate 0.64% + 0.09%
Palmitic acid 2.84% + 0.16%
Oleic acid 5.69% + 0.32%
Stearic acid 3.55% + 0.53%
Citric acid 0.29% + 0.47%

Supplemental Table S333C-Excess (mol%) of polar metabolites from [UC3] glycerol

13C-Excess (mol%) of polar metabolitt®m experiments withe. W12-1067 WT and Amyo-inositol mutant
grown in medium T supplemented with 25 mM JGs] glycerol. Mean and SD from two independent
experiments are shown.

WT Amyo-inositol mutant
Lactate 11.33% + 0.96% | 13.06% + 0.51%
Glycolic acid | 6.33% + 3.33% | 6.72% + 0.98%
Alanine 18.31% + 1.94% | 19.79% + 1.71%
Glycine 0.77% + 0.46% | 0.43% + 0.16%
3-hydroxy
butyric acid 15.96% + 1.80% | 14.95% + 0.27%
Valine 0.04% + 0.04% | 0.01% + 0.01%
leucine 0.01% + 0.01% | 0.05% + 0.04%
Isoleucine 0.03% + 0.02% | 0.31% + 0.06%
Succinic acid |  4.20% + 0.34% | 5.48% + 0.24%
Fumaric acid 0.65% + 0.62% | 0.89% + 0.28%
Glycerol 95.65% + 0.32% | 95.09% + 0.06%
Methionine 0.04% + 0.05% | 0.05% + 0.05%
Serine 0.69% + 0.10% | 0.88% + 0.17%
Threonine 0.23% + 0.12% | 0.08% + 0.02%
Phenylalanine| 0.36% + 0.12% | 0.45% + 0.03%
Malic acid 18.71% + 1.77% | 6.27% + 2.85%
Aspartate 0.18% + 0.13% | 0.23% + 0.08%
Glutamate 5.68% + 0.39% | 6.06% + 0.22%
Palmitic acid 4.47% + 1.11% | 10.63% + 0.73%
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Oleic acid 10.69% 2.20% | 9.55% 1.60%

+ +
Stearic acid 5.32% + 1.33% | 11.27% + 1.14%
Citric acid 0.45% + 0.31% | 1.38% + 0.95%

Supplemental Table S363C-Excess (mol%) of sugars from [UCe]glucose

13C-Excess (mol%) of sugars from experiments VAtAW12-1067 WT and Amyo-inositol mutant grown in
medium T supplemented with 11 mM [&C¢]glucose. Mean and SD from three independent exmais are
shown.

WT Amyo-inositol mutant
Glucose in
glycogen 9.55% + 0.87% | 11.26 % + 1.36 %
Free fructose 12.50% + 0.43% | 13.54 % + 0.95%
Glucosamine | 10.15 % + 1.30% | 11.27 % + 3.38%
Muramic acid | 12.17 % + 2.99 %

Supplemental Table S373C-Excess (mol%) of sugars from [1,23C]glucose

B3C-Excess (mol%) of sugars from experiments WithW12-1067 WT grown in medium T supplemented with
11 mM [1,233C;]glucose. Mean and SD from two independent expartsnare shown.

WT Amyo-inositol mutant
Glucose in
glycogen 4.18% + 0.09%
Free fructose 4.71% + 0.33%
Glucosamine | 5.28 % + 0.23 %
Muramic acid | 8.19 % + 0.55 %

Supplemental Table S383C-Excess (mol%) of sugars from [UCs]serine

13C-Excess (mol%) of sugars from experiments Withiv12-1067 WT grown in medium T supplemented with 3
mM [U-13C3]serine. Mean and SD from three independent exg@arisnare shown.

WT Amyo-inositol mutant
Glucose in
glycogen 0.10% + 0.15%
Free fructose 0.55% + 0.08%
Glucosamine | 0.15 % + 0.09 %
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Muramic acid | 1.23 % 1.04 %

Supplemental Table S393C-Excess (mol%) of sugars from [UC3] glycerol

13C-Excess (mol%) of sugars from experiments VAtAW12-1067 WT and Amyo-inositol mutant grown in
medium T supplemented with 25 mM [8C;] glycerol. Mean and SD from three independent @rpents are
shown.

WT Amyo-inositol mutant

Glucose in
glycogen 0.63% + 0.19% | 0.61% + 0.12%

Free fructose 0.56% + 0.12% | 0.58% + 0.29%

Glucosamine | 7.91% + 1.85% | 9.60 % + 0.43 %

Muramic acid | 14.31% 1.64%
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Supplemental Table S4(Relative fractions of isotopologues (mol%) of amamds from experiments with W12-1067 WT and\myo-inositol mutant grown in medium T
supplemented with 11 mM [tfCg]glucose. M+x represents the mass of the unlabefiethbolite plus x labelleC-atoms. Mean and SD from three independent exgetisn
are shown.

11 mM [U-3Cq]glucoseF. W12-1067 WT

Alanine Glutamate Serine Tyrosine
M+1 151 % + 0.30 % 2.98 % + 0.24 % 0.01 % + 0.04 % 0.33% * 0.39%
M+2 1.04 % + 0.10 % 3.46 % + 0.13 % 0.00 % + 0.00 % 1.50 % * 0.21%
M+3 5.28 % + 0.19 % 0.22% + 0.05 % 1.85% + 0.10 % 1.70 % * 0.10 %
M+4 0.04 % + 0.03 % 0.78 % * 0.07 %
M+5 0.02 % + 0.01 % 0.34 % * 0.03 %
M+6 0.21 % + 0.04 %
M+7 0.01 % t 0.02 %
M+8 0.03 % t 0.02 %
M+9 0.08 % t 0.01 %

11 mM [U-C¢]glucoseAmyo-inositol mutant

Alanine Glutamate Serine Tyrosine
M+1 1.98 % + 0.24 % 2.95% + 0.59 % 0.09 % + 0.16 % 0.23 % * 0.31%
M+2 1.37 % + 0.14 % 3.73% + 0.27 % 0.11 % + 0.12 % 1.27 % * 0.31%
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M+3 7.82% * 0.55 % 0.24 % * 0.04 % 2.60 % * 0.17 % 1.50 % * 0.12 %
M+4 0.07 % + 0.03 % 0.77 % * 0.03 %
M+5 0.02 % + 0.01 % 0.37 % * 0.06 %
M+6 0.17 % * 0.03 %
M+7 0.04 % * 0.04 %
M+8 0.00 % * 0.01 %
M+9 0.00 % * 0.00 %

Supplemental Table S41Relative fractions of isotopologues (mol%) of amamds from experiments with W12-1067 WT grown in medium T supplemented withnii¥
[1,2-13C;]glucose. M+x represents the mass of the unlabetiegibolite plus x labelledC-atoms. Mean and SD from three independent expetsrare shown.

11 mM [1,23C;]glucoseF. W12-1067 WT

Alanine Glutamate Serine Tyrosine
M+1 0.28 % + 0.32 % 1.99 % + 0.47 % 0.03 % t 0.06%  0.00 % + 0.00 %
M+2 3.70 % + 0.16 % 2.32% + 0.25 % 0.63 % t 0.07% 248% + 0.33%
M+3 0.05 % + 0.03 % 0.05 % + 0.04 % 0.27 % t 0.04% 021% + 0.12 %
M+4 0.00 % t 0.01 % 0.02 % + 0.02 %
M+5 0.01 % t 0.00 % 0.06 % + 0.05 %
M+6 0.01 % t 0.02 %
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M+7 0.00 % * 0.00 %

M+8 0.02 % * 0.02 %

M+9 0.01 % * 0.02%
Ala-232

M+1 0.01 % * 0.02 %

M+2 3.71% * 0.16 %

Supplemental Table S4ZRelative fractions of isotopologues (mol%) of amemds from experiments with W12-1067 WT grown in medium T supplemented witm[B!
[U-13Cg]serine. M+x represents the mass of the unlabetfiethbolite plus x labelleffC-atoms. Mean and SD from three independent expatsrare shown.

3 mM [U-13C;]serineF. W12-1067 WT
Alanine Glutamate Glycine Serine
M+1 0.64 % + 0.20 % 1.64 % + 0.25 % 0.59 % + 0.12 % 1.37% * 0.62 %
M+2 0.36 % + 0.04 % 2.15% + 0.18 % 291 % t 0399 1.04% t 0.25 %
M+3 3.47% + 0.25% 0.01 % + 0.03 % 13.63 % * 241%
M+4 0.00 % t 0.00 %
M+5 0.01 % + 0.01 %

Supplemental Table S4Relative fractions of isotopologues (mol%) of amamids from experiments with W12-1067 WT and\myo-inositol mutant grown in medium T
supplemented with 25 mM [&Cs]glycerol. M+x represents the mass of the unlabefletabolite plus x labelledC-atoms. Mean and SD from three independent expeaisn
are shown.
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25 mM [U-+3Cg]glycerol F. W12-1067 WT

Alanine Aspartate Glutamate Serine Tyrosine
M+1 1.76 % + 0.21 % 2.61% * 0.12 % 4.85 % + 0.11 % 0.59 % + 0.65 % 0.26 % + 0.25 %
M+2 1.12 % + 0.14 % 1.29% * 0.20 % 721 % + 0.46 % 0.00 % + 0.00 % 2.93% + 0.24 %
M+3 12.37 % + 0.95 % 0.32 % + 0.05 % 0.93 % * 044 | 4.10% + 0.64 % 3.29% + 0.27 %
M+4 0.00 % + 0.00 % 0.32% * 0.06 9 0.07 % +0.05 %
M+5 0.05 % + 0.01 % 1.32% + 0.09 %
M+6 0.30 % + 0.04 %
M+7 0.00 % + 0.00 %
M+8 0.03 % + 0.03 %
M+9 0.00 % + 0.00 %

25 mM [U-3Cg]glycerol Amyo-inositol mutant

Alanine Aspartate Glutamate Serine Tyrosine
M+1 1.97 % + 0.48 % 1.23% * 0.49 % 347 % + 0.49 % 0.00 % + 0.00 % 0.39 % + 0.34 %
M+2 1.29 % + 0.14 % 0.80 % * 0.25 % 6.40 % + 0.28 % 0.04 % + 0.07 % 1.99% + 0.32 %
M+3 13.97 % + 1.37 % 0.24 % + 0.13 % 0.72% * o8| 3.87% + 0.40 % 242 % + 0.20 %
M+4 0.00 % + 0.00 % 0.32% * 0.03 9 0.02 % +0.03 %
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M+5 0.05% * 0.01 % 1.18 % * 0.07 %
M+6 0.28 % + 0.08 %
M+7 0.00 % + 0.00 %
M+8 0.08 % + 0.06 %
M+9 0.00 % + 0.00 %

Supplemental Table S4/Relative fractions of isotopologues (mol%) of palaetabolites from experiments withW12-1067 WT and\myo-inositol mutant grown in medium
T supplemented with 11 mM [&fCg]glucose. M+x represents the mass of the unlabetiethbolite plus x labellefC-atoms. Mean and SD from three independent expeatin

are shown.
11 mM [U-3Cg]glucoseF. W12-1067 WT
Lactate Glycolic acid Alanine 3-Hydroxybutyric dci Succinate Fumarate
M+l | 080% + 014% 105% + 029% 215% + 0.10%260% + 089%| 078% + 020% 0.00% + 0.00%
M+2 | 1.16% + 0.12%| 1026% + 065% 155% + OM4 1231% + 076% 233% + 016% 018% + 0.27%
M+3 | 712% t 0.56% 812% + 028% 022% + 38| 050% + 008% 022% + 0.23%
M+4 044% + 0.32% 003% + 0.04% 0.17%t 0.24%
11 mM [U-3Cq]glucoseF. W12-1067 WT
Glycerol Malate Glutamate Palmitate Oelic acid afiteacid
M+1 | 201% + 031%| 280% + 451% 429% + 035%86% + 020% 542% + 021% 506% =+ 0.22%
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M+2 088% + 029% 547% = 6.00% 5056% + 0.17/%%152% + 069%| 2474% + 038% 2419% <+ 0.64
M+3 332% + 0.35% 066% =+ 1.42% 025% *+ 0.08%l91% =+ 0.09% 265% = 0.10% 321% + 0.13
M+4 274% = 327T% 012% + 002% 644% =+ 94| 693% =+ 0.28% 856% + 0.27¢
M+5 003% =+ 001% 053% =*= 0.05% 0.79% .04 % 1.07% + 0.02%
M+6 125% + 0.05% 143% + 0.09% 210%+ 0.12%
M+7 0.06% + 0.02% 016% + 0.05% 0.23%+ 0.02%
M+8 017% + 0.02% 023% += 0.02% 0.41%+ 0.05%
M+9 001% + 0.01% 003% =+ 0.01% 0.05%+ 0.01%
M+10 0.03% =+ 0.02°9 004% = 0.02P 009 = 0.02%
M+11 0.00% =+ 0.009 000% = 0.01P 001 = 0.01%
M+12 0.00% =+ 0.009 001% =+ 0.01P 000 *= 0.00%
M+13 0.06% =+ 0.029 000% =+ 0.01P 000 %= 0.00%
M+14 001% =+ 0.029 0.00% =+ 0.00P 000 %= 0.00%
M+15 0.06% =+ 0.029 0.00% =+ 0.00P 000 = 0.01%
M+16 002% =+ 0.02°9 000% =+ 0.01P 000 *= 0.00%
M+17 000% =+ 0.00% 004% + 0.03%
M+18 002% =+ 0.01% 001% =+ 0.01P

179



11 mM [U-3Cg]glucoseAmyo-inositol mutant
Lactate Glycolic acid Alanine 3-Hydroxybutyric dci Succinate Fumarate
M+1 0.66 % + 027% 0.87 % + 0.18% 211 % + 025%2.61% <+ 0.69% 0.16 % + 0.18% 0.00 % + 0.00%
M+2 1.25% + 017%] 1065% <+ 0.70% 1.60 % + (043 1157% = 0.69% 2.03% + 017% 0.00 % + 0.00%
M+3 9.10 % + 043% 9.41 % + 059% 043% = 704 0.87 % + 0.03% 0.51 % + 0.16%
M+4 051% + 0.27 % 0.02 % + 0.02% 0.62 %+ 0.19%
11 mM [U-3Cg]glucoseAmyo-inositol mutant
Glycerol Malate Glutamate Palmitate Oelic acid afiteacid
M+1 1.11 % + 037% 212 % + 131% 255 % + 067%2.88% =+ 0.33% 5.18 % + 0.67% 4.77 % + 0.17|%
M+2 1.27 % + 017% 2.05% + 200% 3.79% + 032%049% <+ 066% 2321% =+ 122% 2057% + 0.89%
M+3 543 % + 019% 0.00 % + 0.00% 0.39 % + 007%.18% =+ 0.18% 2.78 % + 030% 2.96 % + 0.17|%
M+4 0.24 % + 0.38% 0.04 % + 003% 6.23% + 904 6.96 % + 057% 7.09 % + 037%
M+5 0.02 % + 001% 061% =+ 0.07% 0.81 % .11 % 0.95 % + 0.10%
M+6 122% = 0.14 % 1.46 % + 017! 1.62%+ 0.14%
M+7 0.10% <+ 0.03% 0.13% + 003! 0.19%+ 0.03%
M+8 0.14% + 0.03% 0.23 % + 004! 0.28 %+ 0.03%
M+9 0.01% <+ 0.00% 0.02 % + 001! 0.03%+ 0.01%
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M+10 0.00% =+ 0.009 001% = 0.01P 004 = 0.01%
M+11 0.00% =+ 0.009 0.00% =+ 0.00P 000 *= 0.00%
M+12 001% =+ 0.01°9 0.00% *= 0.00P 000 *= 0.00%
M+13 002% + 0.009 0.00% *= 0.00P 000 *= 0.00%
M+14 001% =+ 0.019 001% *= 0.00P 000 *= 0.00%
M+15 0.06% =+ 0.009 001% *= 0.00P 000 *= 0.00%
M+16 0.00% =+ 0.009 0.00% =+ 0.00P 000 *= 0.00%
M+17 000% =+ 0.00% 0.13% + 0.05
M+18 000% = 0.00% 0.04% + 0.02

0o

Supplemental Table S4%Relative fractions of isotopologues (mol%) of pafaetabolites from experiments wikh W12-1067 WT grown in medium T supplemented with 11
mM [1,2-3C;]glucose. M+x represents the mass of the unlabetiehbolite plus x labellediC-atoms. Mean and SD from two independent expettisree shown.

11 mM [1,2-13C2]glucose. W12-1067 WT

%

%

Yo

Lactate Glycolic acid Alanine 3-Hydroxybutyric dci Succinate Fumarate
M+1 | 008% + 010%| 067% + 035% 082% + 0.09%l58% =+ 046%| 000% + 0.00% 000% =+ 0.00
M+2 | 550% + 013%| 535% + 026% 502% + 0.12/%.24% + 035%| 1.03% + 038% 010% <+ 0.18
M+3 | 014% + 0.02% 007% + 004% O017% + 2082| 036% + 004% 030% =+ 0.35
M+4 014% = 0.15% 0.01 % + 0.01% 0.10 %+ 0.14%
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11 mM [1,2-13C2]glucosE. W12-1067 WT
Glycerol Malate Glutamate Palmitate Oelic acid afiteacid
M+1 139% + 073%| 180% + 170% 294% + 056(%0.87% =+ 028%| 325% + 007% 354% + 0.15
M+2 | 291% + 091%| 184% + 141% 3.06% + 0.31/%621% + 063% 1956% <+ 078% 19.70% + 0.4f
M+3 | 011% + 012%| 162% + 180% 001% + 0.01%050% + 0.11% 110% + 020% 125% + 0.18
M+4 029% + 072% 001% + 001% 281% + 08| 324% + 023% 385% + 0.35¢
M+5 002% + 0.01% 008% + 005% 016% #0.04%| 025% 0.08 %
M+6 034% + 0.11% 041% + 0.09% 056%+ 0.13%
M+7 002% + 0.02% 004% + 003 0.04%+t 0.02%
M+8 003% + 0.03% 004% + 0.03P% 0.09%+ 0.04%
M+9 0.00% + 0.00% 000% + O0.00P 0.01%+ 0.01%
M+10 001% + 0.01¢ 004% + 003 W2 = 0.02%
M+11 0.00% + 0.009¢ 000% + 000 (OWO = 0.00%
M+12 0.00% + 0.01¢ 001% + 002 OO0 = 0.00%
M+13 0.04% + 0.029 001% + 001 WO = 0.00%
M+14 001% + 0.01¢ 002% + 001 WO = 0.00%
M+15 0.07% + 0.049 001% + 001 WO = 0.00%
M+16 0.00% + 0.009¢ 001% + 001 OWO0 = 0.00%
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M+17

0.01 %

I+

0.01 %

0.00 %

I+

0.00

M+18

0.02%

I+

0.02 %

0.00 %

I+

0.00

Supplemental Table S46Relative fractions of isotopologues (mol%) of pataetabolites from experiments withW12-1067 WT grown in medium T supplemented witin!g
[U-13Cg]serine. M+x represents the mass of the unlabetfiethbolite plus x labelleffC-atoms. Mean and SD from three independent expatsrare shown.

3 mM [U-13C;]serineF. W12-1067 WT
Alanine Glycine 3-Hydroxybutyric Serine Palmitate Oelic acid Stearic acid
acid

M+1 | 049% + 0.04% 049% + 007% 178% =+ 073@®00% + 0.009% 224% =+ 047% 627% =+ 027%944%% =+ 0.31%
M+2 | 0.24% = 003% 198% + 021% 449% + 046@42% + 0259% 1263% =+ 101 21.65% + 048%W.39% =+ 0.83%
M+3 | 1.60% + 0.25% 0.08% =+ 0.10Pp6 3.74% + 96| 106% + 0.06% 3.08% =+ 021% 1.72% =+ 0.10%
M+4 020% = 0.19% 225% + 0.19(% 590% 0.26%| 287% = 0.14%
M+5 021% + 0.03% 1.00% + 0.07% DB =+ 0.02%
M+6 033% + 004% 139% + 0.19% 6% =+ 0.04%
M+7 0.03% + 0.02% 025% + 0.06% 4% =+ 0.02%
M+8 0.00% + 0.01% 028% + 0.08% 6% =+ 0.02%
M+9 0.01% + 002% 005% + 0.02% 0% =+ 0.00%
M+10 0.00% + 0.00% 005% * 0.06% 020% =+ 0.02%
M+11 0.01% + 002% 001% * 0.02% 000% =+ 0.00%
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M+12 002% =+ 0.039 001% =+ 0.01{% 130% =*= 0.15%
M+13 011% =+ 0.04¢ 0.01% =+ 0.01{% 0%0% =+ 0.06%
M+14 0.00% =+ 0.009 0.01% =+ 0.01{% 240% =*= 0.26%
M+15 001% =+ 0.019 0.01% =+ 0.021% 0M% =+ 0.08%
M+16 003% =+ 0.049 0.05% =+ 0.06/% 040% =+ 0.05%
M+17 001% =+ 002% 001% =+ 0.01%
M+18 000% =+ 0.00% 0.02% =+ 0.04%

Supplemental Table S4Relative fractions of isotopologues (mol%) of pataetabolites from experiments withW12-1067 WT and Amyo-inositol mutant grown in medium
T supplemented with 25 mM [£fCg]glycerol. M+x represents the mass of the unlabdelieetabolite plus x labelle#fC-atoms. Mean and SD from three independent

experiments are shown.

25 mM [U-3C;]glycerol F. W12-1067 WT

Lactate Glycolic acid Alanine 3-Hydroxybutyric dci Glycerol Malate
M+1 0.09 % + 015% 0.37% + 045% 1.74 % + 050%.41% = 1.04% 0.05 % + 003% 16.16% =+ 9.69%
M+2 0.56 % + 016% 6.14 % + 324% 1.46 % + 028%1.77% £+ 112% 242 % + 0.04% 6.81 % + 821%
M+3 | 1093% =+ 0.83% 16.76% + 161% 093% +.401% | 94.03% =+ 0.32% 301% + 5.18%
M+4 328% + 1.88% 9.01% + 8.00/%
M+5
M+6
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M+7

M+8
M+9
25 mM [U-+3Cg]glycerol F. W12-1067 WT
Glutamate Palmitate Oelic acid Stearic acid

M+l | 527% + 034% 013% + 021% 495% + 071%.95% <+ 0.56%
M+2 | 828% + 0.70%| 1084% + 126% 2630% + 163 1091% + 0.97%
M+3 1.24% + 007%| 161% + 047% 463% + 117/%2.25% * 0.58%
M+4 | 061% + 010%| 549% + 130% 13.20% + 2642 647% =+ 127%
M+5 | 008% + 003% 085% + 031% 261% + 0.88%.35% =+ 052%
M+6 197% + 062% 503% + 137% 273% =+ 704
M+7 027% + 012% 094% + 038% 050% + O0R
M+8 047% + 0.20% 146% + 053% 087% + 108
M+9 006% + 0.04% 024% + 011% 015% =+ 700
M+10 007% + 0.05% 034% + 015% 0.19% + 080%
M+11 000% + 0.00% 004% + 0.03% 002% <+ 010%
M+12 000% + 0.00% 004% + 002% 0.02% + 010%
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M+13 0.00 % + 0.00% 0.01 % + 000% 0.00% <+ 010%
M+14 0.00 % + 0.00% 0.01 % + 001% 0.00% <+ 000%
M+15 0.00 % + 0.00% 0.00 % + 000% 0.00% <+ 000%
M+16 0.00 % + 0.00% 0.00 % + 001% 0.00% <+ 000%
M+17 0.00 % + 0.00 % 0.08% <+ 0.09
M+18 0.00 % + 0.00 % 0.03% <+ 0.04
25 mM [U-3Cg]glycerol Amyo-inositol mutant

Lactate Glycolic acid Alanine 3-Hydroxybutyric dci Glycerol Malate
M+1 0.10 % + 013% 0.14 % + 0.09% 2.25% + 033%.19% <+ 049% 0.03 % + 0.02% 5.39 % + 219%
M+2 0.81 % + 010% 6.65 % + 0.98% 1.75% + 0.29\%260% =+ 0.67% 244 % + 0.05% 5.01 % + 477T%
M+3 | 1249% = 043 % 1787% £+ 141% 049% +.1906 | 9345% + 0.07% 2.55 % + 231%
M+4 224% + 0.20% 0.50 % + 0.70(%
M+5
M+6
M+7
M+8
M+9
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25 mM [U-13Cg]glycerol Amyo-inositol mutant

Glutamate Palmitate Oelic acid Stearic acid
M+l | 517% + 041%| 346% + 027% 449% + 1.00%4.41% + 0.21%
M+2 | 894% + 038%| 2158% + 153% 2209% + 268 2064% + 1.79%
M+3 141% + 007% 429% + 026% 451% + 077%.05% =+ 058%
M+4 | 064% + 0.06%| 1264% + 091% 11.76% + 200 1345% =+ 1.59%
M+5 | 0.09% + 001% 222% + 019% 250% + 044%3.19% =+ 0.34%
M+6 473% + 036% 459% + 094% 6.20% + 204
M+7 073% + 0.07% 087% + 020% 133% <+ 504
M+8 123% + 0.12% 131% + 033% 196% + 904
M+9 016% + 003% 023% + 0.07% 038% + 500
M+10 021% + 0.03% 026% + 0.08% 047% <+ 060%
M+11 001% + 0.01% 003% + 002% 0.09% <+ 020%
M+12 003% + 0.01% 004% + 002% 001% <+ 020%
M+13 002% + 0.01% 001% + 001% 001% + 010%
M+14 003% + 0.00% 001% + 0.00% 0.00% <+ 000%
M+15 006% + 0.02% 001% + 0.00% 001% <+ 010%
M+16 001% + 0.01% 000% + 0.00% 001% <+ 010%
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M+17 000% =+ 0.00% 0.02% 0.01 %

I+

M+18 000% + 0.00% 0.01% 0.00 %

+
I+

Supplemental Table S48Relative fractions of isotopologues (mol%) of swyéom experiments withr. W12-1067 WT and Amyo-inositol mutant grown in medium T
supplemented with 11 mM [tfCg]glucose. M+x represents the mass of the unlabefiethbolite plus x labelleC-atoms. Mean and SD from three independent exgetisn
are shown.

11 mM [U-3C¢]glucoseF. W12-1067 WT

Glucose in glycogen Free fructose Muramic acid cGsamine
M+1 0.09 % + 0.14 % 0.07 % t 0.20 % 5.22 % t 334% 3.39% + 0.68 %
M+2 0.54 % + 0.53 % 0.45% + 0.49 % 5.16 % + 2.92 % 3.42% + 0.44 %
M+3 0.45% + 0.04 % 0.89 % + 0.34 % 6.53 % + 3.73% 451 % + 1.09 %
M+4 0.10 % + 0.03 % 0.23% + 0.17 % 3.24% + 1.39 % 0.94 % + 0.15%
M+5 0.54 % + 0.05 % 0.01% + 0.02 % 0.25% + 0.54 % 1.19% + 0.18 %
M+6 8.62 % + 0.90 % 11.73 % + 0.48 % 3.94 % + %8 4.57 % * 0.70 %

11 mM [U-3Cg]glucoseAmyo-inositol mutant

Glucose in glycogen Free fructose Muramic acid cGdamine
M+1 0.09 % + 0.10 % 0.00 % t 0.00 % 2.39 % t 6198
M+2 0.12 % + 0.04 % 0.44 % + 0.38 % 4.55 % + 424
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M+3 0.35% * 0.04 % 0.78 % * 0.37 % 3.29% * 5192
M+4 0.09 % * 0.01 % 0.23% * 0.25% 1.06 % * 6190
M+5 0.61 % * 0.07 % 0.24 % * 0.22% 2.19% * 71%
M+6 10.46 % + 1.29 % 12.65 % + 0.83 % 5.18 % + .891%

Supplemental Table S49Relative fractions of isotopologues (mol%) of swyéom experiments with. W12-1067 WT grown in medium T supplemented with i/
[1,2-13C;]glucose. M+x represents the mass of the unlabetiegbolite plus x labelledC-atoms. Mean and SD from two independent expertisrere shown.

11 mM [1,23C;]glucoseF. W12-1067 WT

Glucose in glycogen Free fructose Muramic acid cGdamine
M+1 0.00 % + 0.00 % 0.00 % t 0.00 % 2.45 % t 163% 0.92% + 0.65 %
M+2 12.46 % + 0.27 % 11.53 % + 1.18 % 19.58 % * 214 14.51 % + 0.45 %
M+3 0.00 % + 0.00 % 1.14 % t 0.58 % 0.00 % t 0.00%  0.00 % + 0.00 %
M+4 0.00 % + 0.01 % 0.41% + 0.15% 1.66 % + 0.55 % 0.01 % + 0.03 %
M+5 0.00 % + 0.00 % 0.03 % t 0.07 % 0.06 % t 0.20% 0.33% + 0.05 %
M+6 0.02 % + 0.01 % 0.00 % t 0.00 % 0.10 % t 0.13%  0.00 % + 0.00 %

Supplemental Table S50Relative fractions of isotopologues (mol%) of swgémom experiments withr. W12-1067 WT grown in medium T supplemented withm®1
[U-13C3]serine. M+x represents the mass of the unlabefiethbolite plus x labellefiC-atoms. Mean and SD from three independent expetisrare shown.

3 mM [U-13C3]serineF. W12-1067 WT
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Glucose in glycogen Free fructose Muramic acid cGsamine
M+1 0.26 % + 0.46 % 0.00 % + 0.00 % 2.44 % + 228% 047 % + 0.45 %
M+2 0.02 % + 0.04 % 0.00 % + 0.00 % 1.16 % + 246%  0.08 % + 0.13 %
M+3 0.01% + 0.02 % 0.73% + 0.47 % 0.61 % + 126% 0.07% + 0.12 %
M+4 0.01% + 0.01 % 0.27 % + 0.26 % 0.00 % + 0.00%  0.00 % + 0.00 %
M+5 0.01 % + 0.02 % 0.00 % + 0.00 % 0.00 % + 0.00% 0.01% + 0.02 %
M+6 0.03 % + 0.08 % 0.00 % + 0.00 % 0.13% + 0.28%  0.00 % + 0.00 %

Supplemental Table S51Relative fractions of isotopologues (mol%) of sigdrom experimentd. W12-1067 WT and Amyo-inositol mutant grown in medium T
supplemented with 25 mM [&fCg]glycerol. M+x represents the mass of the unlalefietabolite plus x labelledC-atoms. Mean and SD from three independent expatsn
are shown.

25 mM [U-3C;]glycerol F. W12-1067 WT

Glucose in glycogen Free fructose Muramic acid cGdamine
M+1 0.00 % + 0.00 % 0.11 % t 0.28 % 2.66 % t 290% 1.63% + 0.47 %
M+2 0.02 % + 0.05 % 0.00 % t 0.00 % 0.72 % t 128% 1.21% + 0.51%
M+3 1.08 % + 0.29 % 0.83 % t 0.45 % 19.31% + 383 11.45% + 2.22%
M+4 0.02 % + 0.02 % 0.20 % t 0.29 % 3.90 % t 134% 040% + 0.25%
M+5 0.02 % + 0.01 % 0.00 % t 0.00 % 0.06 % t 0.15%  0.80 % + 0.32%
M+6 0.06 % + 0.03 % 0.00 % t 0.00 % 1.32% t 0.75% 0.58% + 0.31%
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25 mM [U-13Cg]glycerol Amyo-inositol mutant

Glucose in glycogen Free fructose Muramic acid c@éamine
M+1 0.07 % + 0.14 % 0.00 % + 0.00 % 1.75 % + 006
M+2 0.02 % + 0.03 % 0.05 % + 0.08 % 2.40 % + 604
M+3 0.80 % + 0.09 % 0.84 % + 0.30 % 13.35% + 710%
M+4 0.01 % + 0.01 % 0.18 % + 0.32% 0.46 % + o0
M+5 0.03 % + 0.02 % 0.00 % + 0.00 % 0.94 % + 102
M+6 0.15% + 0.08 % 0.02 % + 0.05 % 0.73 % + 4072
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Supplemental Tables S52°C-Excess (mol%) of protein-bound amino acids from (J-**Csg]glucose liquid
medium

13C-Excess (mol%) of protein-bound amino acids froqpegiments withNCIB3610, GP921 and GP1562 grown
in CSE medium supplemented with 13.4 mM{@s]glucose. Mean and SD from two independent experime
are shown.

NCIB3610 GP921 GP1562

Ala 39.04% + 0.34% 39.14% * 0.16% 38.26% * 0.309
Asp 20.68% * 0.08% 16.78% * 0.13% 15.52% + 0.85%
DAP 29.52% * 0.23% 27.48% * 0.24% 26.91% * 0.87%
Glu 0.26% + 0.08% 0.93% * 0.02% 1.16% * 0.14%
Gly 42.98% + 0.48% 41.41% + 0.27% 41.07% * 0.639
His 42.93% * 0.65% 43.61% * 0.71% 42.19% * 1.179

lle 27.61% + 0.09% 25.43% * 0.08% 24.35% * 0.559
Leu 38.67% * 0.07% 38.60% + 0.11% 37.44% + 0.12%
Lys 27.89% * 0.11% 25.59% * 0.18% 24.56% * 0.669
Met 13.23% * 14.49% 21.77% * 1.35% 22.19% + 2.72%
Phe 42.60% * 0.22% 42.54% * 0.08% 41.93% * 0.42%
Pro 0.35% * 0.08% 0.98% * 0.07% 1.36% * 0.229
Ser 42.62% * 0.45% 42.68% * 0.43% 42.31% * 0.58%
Thr 22.08% * 0.27% 18.23% * 0.25% 16.51% * 0.769
Tyr 43.33% + 0.17% 42.98% + 0.16% 42.43% * 0.259
Val 39.02% + 0.14% 39.14% * 0.07% 38.05% * 0.229

Supplemental Table S53*C-Excess (mol%) of polar metabolites from [U*Cs]glucose liquid medium

13C-Excess (mol%) of polar metabolittem experiments wittNCIB3610, GP921 and GP1562 grown in CSE
medium supplemented with 13.4 mM [8Eg]glucose. Mean and SD from two independent experimare
shown.

NCIB3610 GP921 GP1562
Lactate 3.33% + 1.74% 26.55% + 3.08% 8.77% + 2.12%
Glycolic acid 14.04% = 2.95% 19.33% + 4.46% 16.55% + 0.33%
Alanine 38.63% + 0.38% 39.96% + 0.47% 3858% + 0.67%
Glycine 31.57% + 20.36% 36.67% + 5.06% 40.30% + 1.01%
Valine 37.68% + 1.10% 36.57% + 0.52% 36.20% + 047%
leucine 37.97% + 0.43% 38.86% + 0.37% 38.30% + 0.34%
Isoleucine 26.64% =+ 0.72% 26.67% + 0.21% 23.79% + 0.76%
Succinic acid 0.64% + 0.03% 2.21% + 0.14% 1.58% + 1.09%
Fumaric acid 4.72% + 2.83% 11.12% = 0.36% 4.33% + 0.52%
Glycerol 7.23% + 1.35% 21.36% = 3.77% 5.40% + 0.68%
Methionine 19.10% +  7.60% 2407% + 0.54% 21.22% + 1.08%
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Serine 39.19% + 1.45% 4248% = 0.71% 43.01% *= 0.80%
Threonine 19.89% * 0.95% 18.61% *+ 0.99% 1557% =+ 1.70%
Phenylalaning 41.75% + 0.72% 41.76% +* 0.46% 42.13% = 1.21%
Malic acid 16.82% *+ 19.27% 9.44% + 2.55% 4.07% * 2.61%
Aspartate 1583% =+ 0.90% 14.78% += 2.03% 1415% *+ 2.03%
Glutamate 0.40% + 0.73% 0.79% + 0.06% 0.99% + 0.20%
Palmitic acid 7.60% + 1.73% 6.46% *+ 0.24% 3.74% + 0.23%
Stearic acid 1.36% + 041% 1.41% *+ 0.24% 2.91% + 1.92%
Citric acid 16.03% *+ 32.25% 0.62% + 0.14% 0.42% + 0.22%

Supplemental Table S543C-Excess (mol%) of sugars from [UCs]glucose liquid medium

13C-Excess (mol%) of sugars from experiments wWithiB3610, GP921 and GP1562 grown in CSE medium

supplemented with 13.4 mM [JCg]glucose. Mean and SD from two independent exparisare shown.

NCIB3610 GP921 GP1562
Glucose in glycogen 40.80% + 1.27% 39.71% + 1.42% 40.28% + 1.59%
Glucosamine 43.06% + 1.37% 41.88% + 1.15% 39.82% + 4.33%
Muramic acid 4297% + 1.29% 41.03% =+ 1.28% 42.01% *= 2.49%

Supplemental Tables S55°C-Excess (mol%) of protein-bound amino acids from [J-13C¢]glucose agar

plate

13C-Excess (mol%) of protein-bound amino acids froqpegiments withNCIB3610, GP921 and GP1562 grown

on Msgg agar plate supplemented with 9 mM'$0s]glucose. Mean and SD from six independent exparise

are shown.
NCIB3610 GP921 GP1562

Ala 16.67% + 1.39% 23.63% +  1.22% 30.09% +  0.98%
Asp 9.17% + 0.30% 12.63% + 051% 12.09% +  0.37%
DAP 12.90% + 0.74% 16.29% +  1.03% 18.98% +  0.61%
Glu 8.22% + 0.18% 3.18% £  0.26% 8.73% £+ 0.22%
Gly 22.26% + 1.52% 20.64% +  1.11% 36.45% +  0.75%
His 30.62% + 1.04% 21.71% +  121% 42.38% +  0.81%
lle 12.72% + 0.46% 16.02% + 0.56% 18.71% +  0.63%
Leu 21.33% £+  0.76% 25.37% +  0.62% 30.76% + 181%
Lys 15.28% + 0.40% 18.29% + 0.65% 19.27% + 0.61%
Met 15.05% + 2.50% 16.77% +  421% 19.74% +  3.10%
Phe 1.87% +  0.27% 0.58% +  0.38% 0.88% +  017%
Pro 7.01% +  0.58% 2.16% +  0.37% 8.36% +  0.59%
Ser 18.55% +  211% 18.66% +  148% 33.76% + 155%
Thr 9.03% + 0.39% 12.58% +  172% 11.82% +  0.37T%
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+
+
+

Tyr 25.07% * 1.01% 22.16% +  1.32% 36.98% + 0.68%

+
+
+

Val 18.58% * 1.17% 24.00% +  0.98% 30.28% + 1.14%

Supplemental Table S563C-Excess (mol%) of polar metabolites from [UCs]glucose agar plate

13C-Excess (mol%) of polar metabolittem experiments wittNCIB3610, GP921 and GP1562 grown on Msgg
agar plate supplemented with 9 mM }G¢]glucose. Mean and SD from six independent expearimare
shown.

NCIB3610 GP921 GP1562
Lactate 2.17% + 0.70% 1.64% + 1.36% 0.87% + 0.35%
Glycolic acid 7.45% + 0.77% 4.59% + 1.67% 7.54% + 2.18%
Alanine 7.59% + 0.39% 15.96% + 4.46% 15.50% + 3.98%
Glycine 13.08% + 0.85% 9.06% +  1.50% 26.02% + 2.53%
Oxalic acid 5.06% +  2.07% 5.91% +  6.29% 8.53% + 6.87T%
Valine 10.64% + 0.58% 17.67% + 0.90% 21.01% + 457%
leucine 18.25% + 0.76% 20.68% + 1.45% 26.57% + 3.50%
Isoleucine 10.49% + 0.43% 12.33% + 2.18% 15.43% + 2.10%
Succinic acid 5.31% + 1.48% 2.82% * 0.48% 8.13% + 3.91%
Fumaric acid 8.36% + 0.21% 8.55% * 0.7%% 9.59% * 0.76%
Glycerol 1.12% + 0.59% 1.14% + 0.64% 1.78% + 1.24%
Methionine 14.26% + 0.75% 14.02% + 1.33% 23.02% + 741%
Serine 8.16% + 1.14% 9.18% + 1.98% 15.38% + 4.83%
Threonine 1253% + 7.00% 3220% * 2.67% 19.30% + 10.94%
Phenylalanine 2.44% + 0.84% 3.93% + 1.23% 3.18% + 1.68%
Malic acid 6.68% + 1.40% 7.58% + 3.42% 26.69% + 21.31%
Aspartate 8.07% + 0.74% 7.28% + 4.30% 9.96% + 4.27%
Glutamate 8.26% + 0.39% 4.07% + 0.62% 8.66% + 0.32%
Oelic acid 2.65% + 1.01% 3.28% + 2.87% 6.42% + 7.42%
Stearic acid 0.23% + 0.06% 0.21% + 0.07% 0.10% +  0.04%
Citric acid 5.70% + 1.46% 12.41% + 3.60%

Supplemental Table S573C-Excess (mol%) of sugars from [UCs]glucose agar plate

13C-Excess (mol%) of sugars from experiments Wi B3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 9 mM [&Cg]glucose. Mean and SD from six independent experimare shown.

NCIB3610 GP921 GP1562
Glucose in glycogen 19.59% = 2.04% 19.15% + 5.11% 39.79% + 5.69%
Glucosamine 15.45% + 2.33% 20.62% + 5.31% 36.39% + 5.96%
Muramic acid 16.53% + 5.16% 16.84% + 2.34% 34.67% + 7.49%
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Supplemental Tables S583C-Excess (mol%) of protein-bound amino acids from -*3Cs]gltamate agar
plate

13C-Excess (mol%) of protein-bound amino acids froqpegiments withNCIB3610, GP921 and GP1562 grown
on Msgg agar plate supplemented with 6 mMf0s]glutamate. Mean and SD from three independent
experiments are shown.

NCIB GP921 GP1562

Ala 5.15% * 0.12% 6.84% + 0.12% 6.38% + 0.10%
Asp 11.90% * 0.30% 13.45% +  0.22% 14.51% +  0.19%
DAP 9.13% * 0.31% 10.40% + 0.11% 10.82% + 0.10%
Glu 13.43% + 0.47% 16.89% + 0.31% 16.57% +  0.28%
Gly 2.78% * 0.07% 1.81% + 0.14% 2.78% + 0.08%
His 0.58% * 0.79% 0.14% + 0.11% 0.57% + 0.08%
lle 10.01% * 0.17% 10.31% + 0.15%% 10.98% +  0.15%
Leu 5.20% + 0.15% 6.00% + 0.06% 6.08% +  0.06%
Lys 10.19% + 0.22% 9.13% + 0.08% 10.93% + 0.16%
Met 9.92% * 0.24% 9.06% +  0.26% 10.52% + 0.23%
Phe 0.83% + 0.03% 0.13% + 0.04% 0.37% +  0.05%
Pro 13.53% + 0.67% 15.27% +  0.26% 14.46% + 0.20%
Ser 2.35% + 0.13% 1.40% + 0.12% 2.43% + 0.21%
Thr 12.99% + 0.12% 13.29% + 011% 14.57% + 0.12%
Tyr 1.69% * 0.10% 1.12% +  0.05% 2.38% +  0.04%
Val 4.93% * 0.16% 6.28% + 0.11% 5.77% + 0.13%

Supplemental Table S533C-Excess (mol%) of polar metabolites from [U*Cs]glutamate agar plate

13C-Excess (mol%) of polar metabolittem experiments wittNCIB3610, GP921 and GP1562 grown on Msgg
agar plate supplemented with 6 mM }8Gs]glutamate. Mean and SD from three independent raxeats are
shown.

NCIB GP921 GP1562
Lactate 2.84% + 0.48% 2.72% + 0.16% 0.42% + 0.03%
Glycolic acid 048% + 0.27% 029% + 0.18% 031% + 0.25%
Alanine 5.93% +  0.32% 5.96% + 0.26% 407% + 0.31%
Glycine 3.64% + 0.30% 1.50% + 0.18% 1.44% + 0.26%
Valine 4.64% + 0.19% 6.79% + 0.15% 4.60% + 0.13%
leucine 4.83% + 0.18% 6.53% + 0.15% 5.04% + 0.36%
Isoleucine 9.97% + 0.16% 10.78% * 0.38% 1047% + 0.27%
Succinic acid 1494% + 0.89%
Fumaric acid 11.47% £ 0.36% 13.56% * 0.34% 13.33% + 0.29%
Glycerol 0.55% + 0.15% 0.18% + 0.18% 0.24% + 0.19%
Methionine 8.12% + 0.29% 8.09% + 0.34% 10.17% + 0.50%
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Serine 4.77% + 0.24% 1.98% + 0.22% 1.15% + 0.15%
Threonine 1242% = 0.19% 12.89% + 0.50% 13.60% + 0.51%
Phenylalaning  1.09% + 0.10% 0.34% + 0.08% 0.55% * 0.22%
Malic acid 1228% += 0.94% 14.76% + 0.34% 1094% + 1.23%
Aspartate 10.88% + 0.30% 14.76% + 0.35% 13.34% + 0.39%
Glutamate 1051% + 0.47% 1540% + 0.36% 14.02% + 0.28%
Palmitate 1.80% + 0.39% 0.63% + 0.09% 0.22% +  0.06%
Oelic acid 4.67% + 0.27% 4.40% + 0.21% 3.81% * 0.35%
Stearic acid 4.29% + 1.62% 0.80% + 0.20% 0.44% + 0.13%
Citric acid 0.00% + 0.00% 0.00% + 0.00%

Supplemental Table S6G3C-Excess (mol%) of sugars from [UCs]glutamate agar plate

13C-Excess (mol%) of sugars from experiments Wi B3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 6 mM [&Cs]glutamate. Mean and SD from three independentraxeats are shown.

NCIB GP921 GP1562
Glucose in glycogen 0.72% + 0.12% 052% + 0.63% 0.43% + 0.26%
Glucosamine 1.01% + 0.58% 0.22% + 0.15% 042% + 0.25%
Muramic acid 281% *+ 0.72% 148% + 0.28% 227% £ 0.48%
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Supplemental Table S61Relative fractions of isotopologues (mol%) of amiaocids from experiments withNCIB3610, GP921 and GP1562 grown in CSE medium
supplemented with 13.4 mM [&Cg]glucose.

M+x represents the mass of the unlatbetietabolite plus x labellédC-atoms. Mean and SD from two independent expetisnen

are shown.
13.4 mM [U+3Cq]glucoseNCIB3610
Ala Asp DAP Glu Gly His lle Leu

M+ | 325 + 027 | 1116 + 019 | 904 + 064 | 003 + 006 | 670 = 0.16 | 2150 + 144 | 594 + 0.14 | 1458 + 0.15

1 % % % % % % % % % % % % % % % %
M+ | 365 + 013 | 189 + 011 | 434 + 027 | 030 + 027 | 39.63 + 058 | 581 + 141 | 3544 + 0.26 | 2928 + 0.16

2 % % % % % % % % % % % % % % % %
M+ | 3552 + 0.34 | 15,07 + 0.15| 3286 + 049 | 011 =+ 0.05 * 859 + 129 | 799 + 0.21| 18.13 =+ 0.08

3 % % % % % % % % % % % % % %
M+ 564 + 009 | 848 + 045]| 002 = 0.02 587 + 083]| 575 =+ 008| 939 =+ 0.09

4 % % % % % % % % % % % %
M+ 125 + 037 ] 005 £+ 0.01 1999 + 081 | 28 =+ 005| 565 =+ 0.03

5 % % % % % % % % % %
M+ 590 * 0.25 1255 + 0.95

6 % % % %
M+ 211 + 0.15

7 % %

13.4 mM [U43Cq]glucoseNCIB3610
Lys Met Phe Pro Ser Thr Tyr Val
M+ + + + + + + + +
7.45 0.21 | 31.96 0.35 4.03 0.09 | 0.18 0.20 | 4.27 0.46 | 12.90 0.52 3.57 0.10 2.66 0.08
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%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

M+ | 1884 = 023 | 534 <+ 015 | 11.74 + 024 | 000 = 000 | 520 £ 018 ] 235 = 030 | 1229 £+ 0.10| 2435 = 0.19
2 % % % % % % % % % % % % % % % %
M+ | 21,50 = 037 | 1012 + 0.20 | 1747 = 040| 032 = 004 | 3773 £ 038 ] 1635 + 0.28 | 16.12 £+ 0.26 | 22.85 + 0.19
3 % % % % % % % % % % % % % % % %
M+ 402 + 012 1077 £ 0.11 | 1335 + 019 | 014 = 0.11 542 + 0.08 | 1400 + 0.26 1.72 <+ 0.07
4 % % % % % % % % % % % % % %
M+ | 561 + 0.17| 324 + 007 | 11.07 + 0.29 | 0.00 += 0.00 11.34 + 0.27 | 13.66 + 0.08
5 % % % % % % % % % % % %

M+ | 226 + 0.04 * 11.62 + 0.28 12.21 + 0.20

6 % % % % % %

M+ 841 + 0.15 832 + 0.16

7 % % % %
M+ 200 = 0.09 224 + 0.16

8 % % % %
M+ 557 + 0.07 570 + 0.14

9 % % % %

13.4 mM [U+3Cq]glucoseGP921
Ala Asp DAP Glu Gly His lle Leu

M+ | 287 + 021| 869 + 021| 748 + 034 | 016 + 023] 611 + 0.10| 2029 + 191 | 475 + 0.16 | 1474 = 0.12
1 % % % % % % % % % % % % % % % %
M+ 341 £ 005| 231 + 012 | 399 + 054 | 107 = 013 | 3836 + 030 | 747 = 123 | 3589 + 0.18 | 2890 = 0.16
2 % % % % % % % % % % % % % % % %
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M+ | 3591 + 0.15| 1261 + 0.18 | 3395 = 060 | 0.38 = 0.07 1033 + 054 | 653 = 0.12 | 1827 = 0.10
3 % % % % % % % % % % % % % %
M+ 3.99 = 0.07 6.34 £+ 026 | 017 £ 0.02 630 = 080| 467 <+ 010 939 = 0.05
4 % % % % % % % % % % % %
M+ 147 = 024 | 011 = 0.01 2043 £ 088 | 247 <+ 0.04| 562 = 0.07
5 % % % % % % % % % %

M+ 505 + 0.29 11.35 + 1.36
6 % % % %
M+ 1.72 = 0.19
7 % %
13.4 mM [U+3Cq]glucoseGP921
Lys Met Phe Pro Ser Thr Tyr Val
M+ | 624 + 025| 3033 + 407 | 410 + 0.18 | 061 + 024 | 384 + 028 | 1087 £+ 055| 372 + 019 | 275 =+ 0.10
1 % % % % % % % % % % % % % % % %
M+ | 19.27 + 029 | 534 + 277 | 1152 + 009 | 056 + 022 | 461 + 0.10| 290 + 023 | 1237 + 035 | 2409 = 0.11
2 % % % % % % % % % % % % % % % %
M+ | 2044 + 030 | 969 + 236 | 1789 + 027 | 061 + 005| 3832 + 039 | 1340 + 0.22| 1659 + 0.36 | 23.03 = 0.09
3 % % % % % % % % % % % % % % % %
M+ | 334 + 020| 839 + 051 1328 + 0.14| 032 + 0.09 402 + 0.17| 1389 + 045| 170 = 0.10
4 % % % % % % % % % % % % % %
M+ 462 = 0.24 104 + 114 | 1095 = 0.17| 0.01 = 0.02 10.83 + 045 | 13.78 = 0.07
5 % % % % % % % % % % % %
M+ * * *
1.83 0.14 11.70 0.27 12.09 0.22
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6 % % % % % %
M+ 8.18 + 0.17 832 + 034
7 % % % %
M+ 216 = 0.11 223 = 0.20
8 % % % %
M+ 549 + 0.13 559 + 0.32
9 % % % %
13.4 mM [U+3Cg]glucoseGP1562

Ala Asp DAP Glu Gly His lle Leu
M+ | 318 + 016 | 781 + 033 | 726 + 059| 010 + 010 | 646 =+ 050 | 2054 + 140 | 469 + 0.12 | 1460 *= 0.36
1 % % % % % % % % % % % % % % % %
M+ | 356 + 026 | 245 + 019 | 454 + 054 | 161 + 023 | 3784 + 045| 687 + 061 | 3542 + 0.13 | 2867 = 0.26
2 % % % % % % % % % % % % % % % %
M+ | 3482 + 053] 1155 + 076 | 3321 + 1.02| 037 + 0.05 958 + 098 | 590 + 045 ]| 1758 + 0.12
3 % % % % % % % % % % % % % %
M+ 368 + 037 | 626 + 069 | 018 *= 0.04 594 + 040 | 446 + 017 | 899 + 0.16
4 % % % % % % % % % % % %
M+ 140 + 047 | 012 = 0.01 1890 + 169 | 213 + 025| 531 <+ 0.17
5 % % % % % % % % % %
M+ 482 + 047 11.98 + 043
6 % % % %
M+ 164 £ 0.25
7 % %
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13.4 mM [U+3Cg]glucoseGP1562

Lys Met Phe Pro Ser Thr Tyr Val
M+ | 620 + 0511|2883 + 711 | 407 + 009 | 052 + 026| 449 + 041 | 946 + 065| 369 =+ 014 | 290 =+ 0.26
1 % % % % % % % % % % % % % % % %
M+ | 1901 + 026 | 747 + 208 | 11.50 + 026 | 122 + 026 | 502 + 040 | 332 + 028 1218 + 0.17 | 23.74 + 0.14
2 % % % % % % % % % % % % % % % %
M+ | 20.10 + 052 | 6.16 =+ 551 | 1723 + 0.16 | 068 =+ 009 | 3746 + 0.29 | 1216 * 0.68 | 16.10 * 0.31 | 2255 = 0.16
3 % % % % % % % % % % % % % % % %
M+ | 301 =+ 023]| 699 =+ 132 1327 + 043 | 037 =+ 0.15 336 + 034 | 1382 =+ 017 | 1.76 =+ 0.18
4 % % % % % % % % % % % % % %
M+ | 414 + 034| 415 =+ 369 | 1065 + 032 | 006 =+ 0.05 10.81 + 0.28 | 13.04 * 0.37
5 % % % % % % % % % % % %
M+ | 1.68 =+ 0.22 11.63 = 0.23 1198 + 0.33
6 % % % % % %
M+ 833 = 0.19 826 * 0.26
7 % % % %
M+ 200 = 0.12 216 = 0.23
8 % % % %
M+ 536 + 0.09 547 = 0.19
9 % % % %

Supplemental Table S62Relative fractions of isotopologues (mol%) of pofaetabolites from experiments withCIB3610, GP921 and GP1562 grown in CSE medium
supplemented with 13.4 mM [&Cg]glucose.

are shown.

M+x represents the mass of the unlatbetietabolite plus x labellédC-atoms. Mean and SD from two independent expetisnen

201




13.4 mM [U43Cq]glucoseNCIB3610

Lactate Glycolic acid Alanine Glycine Valine lenei Isoleucine Succinic acid
M+ | 000 + 001| 207 + 154 | 313 + 048] 091 =+ 1.01 274 + 095 1548 + 154 | 815 + 214 | 000 + 0.00
1 % % % % % % % % % % % % % % % %
M+ | 031 + 030]| 1301 + 253 | 357 + 036 31.12 + 2278| 2261 + 063 | 2489 + 368 | 3366 + 150 | 000 =+ 0.00
2 % % % % % % % % % % % % % % % %
M+ | 3.12 + 1.70 3521 + 048 2165 + 049 | 1720 £+ 016 | 995 + 1.76| 071 + 0.03
3 % % % % % % % % % % % %
M+ 256 + 103 | 910 + 041 | 460 =+ 108 | 011 + 0.04
4 % % % % % % % %
M+ 1305 £+ 070 | 733 + 171 | 190 £ 0.96
5 % % % % % %
13.4 mM [U+3Cq]glucoseNCIB3610
Fumaric acid Glycerol Methionine Serine Threonine Phenylalanine Malic acid Aspartate
M+ | 072 + 115|079 + 066 | 2601 + 780 | 540 + 198 | 906 + 235 | 337 + 124 | 1898 + 2487 | 7.63 + 411
1 % % % % % % % % % % % % % % % %
M+ | 008 + 019|039 + 030| 288 + 332 | 559 + 049| 212 + 126 | 1435 + 335| 1153 + 1786 | 239 + 223
2 % % % % % % % % % % % % % % % %
M+ | 405 + 245|671 + 140| 881 + 186 | 3366 + 100| 1595 + 036 | 17.08 + 082 | 153 + 3.69 | 13.36 + 1.32
3 % % % % % % % % % % % % % % % %
M+ + + + + + +
1.46 1.60 6.84 3.62 4.60 0.87 | 12.61 1.00 5.16 6.73 2.71 1.31
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4 % % % % % % % % % % % %
M+ 1.98 1.81 10.77 + 1.15
5 % % % %
M+ 11.53 + 0.86
6 % %
M+ 6.85 + 2.87
7 % %
M+ 269 + 0.83
8 % %
M+ 551 + 1.26
9 % %

13.4 mM [U+3Cg]glucoseNCIB3610
Glutamate Palmitate Oelic acid Stearic acid Ccad

M+1 | 1.03% + 253% 0.00% + 0.00 027% + 94| 0.83% + 2.03%
M+2 | 0.00% + 0.00% 146% =+ 0.60 022% + 402| 0.22% + 0.54%
M+3 | 0.04% + 005% 029% =+ 0.09 0.10% + 44| 056% + 0.91%
M+4 | 0.00% + 0.00% 430% =+ 1.06 050% + 42| 098% + 1.62%
M+5 | 0.17% + 030% 037% =+ 0.17 0.05% + 60| 0.00% + 0.00%
M+6 544% + 1.41% 0.76% =+ 0360 14.89% 33.79%
M+7 0.27% =+ 0.11% 0.08% <+ 0.08
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M+8 408% * 1.06% 068% + 0.23M%
M+9 023% + 0.09% 0.10% + 0.08P%
M+10 199% + 0419 037% + 0.12%
M+11 0.08% + 0.059 0.07% + 0.05%
M+12 060% + 0.159 0.13% + 0.06%
M+13 001% + 0.019 0.07% + 0.05%
M+14 0.08% + 0.069 0.04% + 0.06%
M+15 0.00% + 0.009 0.02% + 0.03%
M+16 0.02% + 0.039 0.06% + 0.05%
M+17 0.02% + 0.03%
M+18 0.04% + 0.03%
13.4 mM [U+3Cq]glucoseGP921
Lactate Glycolic acid Alanine Glycine Valine lenei Isoleucine Succinic acid
M+ | 302 + 070| 360 + 111 | 368 + 028 | 583 + 157 | 257 + 036 | 1445 + 021 | 6.15 + 042 | 000 = 0.00
1 % % % % % % % % % % % % % % % %
M+ | 373 + 060 | 1753 + 433 | 398 + 0.27 | 3375 + 477 | 2368 + 048 | 2942 + 047 | 3533 + 036 | 057 = 0.23
2 % % % % % % % % % % % % % % % %
M+ | 23.06 + 274 36.09 + 0.51 2176 + 061 | 1824 + 049 | 764 + 027 | 187 + 0.17
3 % % % % % % % % % % % %
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163 + 015| 947 + 0.15| 501 + 0.11 | 052 + 0.09
% % % % % % % %
1222 + 038 | 568 + 021 ] 271 + 0.19
% % % % % %
13.4 mM [U+3Cq]glucoseGP921

Fumaric acid Glycerol Methionine Serine Threonine Phenylalanine Malic acid Aspartate
379 + 043 | 209 + 1105|3519 + 092 | 670 + 143 | 881 + 236 | 515 + 079 | 396 + 322 | 695 + 3.80
% % % % % % % % % % % % % % % %
180 +* 016 | 249 =+ 073 | 461 + 050| 751 =+ 084 | 270 =+ 078 | 1154 + 093 | 184 + 159 | 241 =+ 0.75
% % % % % % % % % % % % % % % %
872 + 013 | 1901 * 354 | 818 + 080 | 3524 + 067 | 1362 + 171 | 1778 * 052 | 630 =+ 184 | 1114 + 279
% % % % % % % % % % % % % % % %
273 £ 0.17 9.07 = 051 484 + 091 | 1329 + 070 | 280 + 172 | 348 =+ 0.95
% % % % % % % % % % % %

3.03 + 0.33 10.70 = 045

% % % %

11.64 + 0.79

% %

776 = 0.56

% %

218 + 0.37

% %

+
511 ~ 0.49
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%

%

13.4 mM [U43Cg]glucoseGP921

Glutamate Palmitate Oelic acid Stearic acid Cadd
M+1 | 0.00% + 0.01% 0.00% =+ 0.00% 056% + 80¥b| 066% =+ 1.039
M+2 | 1.14% + 017% 132% =+ 0.29% 021% + 08| 029% + 0.369
M+3 | 0.24% + 0.09% 030% =+ 0.15% 004% + 500| 035% =+ 0.369
M+4 | 0.09% + 0.03% 355% =+ 0.10% 050% + 80| 020% + 0.199
M+5 | 0.11% + 0.01% 039% =+ 0.19% 007% + 700| 0.09% + 0.119
M+6 453% * 0.26% 072% + 0.16% 0.03% @&05%
M+7 030% + 0.09% 011% + 0.08p%
M+8 344% + 0.22% 065% + 0.13%
M+9 017% + 0.13% 0.08% + 0.07%
M+10 169% + 0.159 042% + 0.12%
M+11 0.08% + 0.059 0.10% + 0.08%
M+12 045% + 0.049 0.16% + 0.03%
M+13 0.05% + 0.039 0.02% + 0.02%
M+14 0.05% + 0.069 011% =+ 0.08%
M+15 0.02% + 0.039 0.04% + 0.06%
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M+16 0.02% + 0.03°¢ 0.05 % %
M+17 001% + 0.03%
M+18 0.02% + 0.03%
13.4 mM [U+3Cg]glucoseGP1562
Lactate Glycolic acid Alanine Glycine Valine lenei Isoleucine Succinic acid
M+ | 007 + 011 | 497 + 088 | 3.16 + 021 | 625 =+ 0.69 + 050 | 1528 + 117 | 534 + 067 | 0.00 £ 0.00
1 % % % % % % % % % % % % % %
M+ | 097 + 015 | 1407 + 031 | 336 + 0.27 | 37.17 += 0.95 + 093 | 2929 + 046 | 3522 + 118 | 0.06 + 0.10
2 % % % % % % % % % % % % % %
M+ | 810 + 2.23 3529 + 0.76 + 085 1812 + 080 | 555 + 049 | 160 + 1.13
3 % % % % % % % % % %
M+ + 056| 870 + 065| 398 + 028| 035 + 031
4 % % % % % % %
M+ + 027 | 570 + 045| 212 + 0.37
5 % % % % %
13.4 mM [U+3Cg]glucoseGP1562
Fumaric acid Glycerol Methionine Serine Threonine Phenylalanine Malic acid Aspartate
M+ | 055 + 128 | 093 + 094 | 3561 + 195| 544 + 199 + 316 | 487 + 131 | 1.04 + 254 | 801 <+ 384
1 % % % % % % % % % % % % % %
M+ t t + + + + t t
0.76 0.40 | 0.50 0.49 4.55 2.63 5.52 1.60 1.81 | 11.20 1.17 | 2.74 3.75 2.02 2.87
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2 % % % % % % % % % % % % % % % %
M+ | 344 + 030 | 476 =+ 0.67 775 + 175 | 3752 + 150 | 1164 + 1.74 | 1654 + 202 | 261 =+ 265 | 1036 =+ 4.38
3 % % % % % % % % % % % % % % % %
M+ | 1.23 + 0.34 570 + 284 373 + 141 | 1354 + 093 | 049 + 054 | 337 =+ 459
4 % % % % % % % % % % % %

M+ 3.06 + 151 10.76 *+ 0.70
5 % % % %
M+ 1080 + 1.21
6 % %
M+ 959 + 0.77
7 % %
M+ 1.69 + 0.91
8 % %
M+ 543 + 0.75
9 % %
13.4 mM [U*3Cq]glucoseGP1562
Glutamate Palmitate Oelic acid Stearic acid Cucd
M+1 | 0.20% + 0.40% 0.00% =+ 0.00% 0.00% + 60| 0.00% + 0.00°¢
M+2 | 1.49% + 035% 031% =+ 030% 030% + 26| 0.14% + 0.30°¢
M+3 | 0.27% + 0.08% 029% =+ 0.25% 025% + 98| 045% + 0.56°¢
M+4 | 0.13% + 0.11% 215% =+ 0.34% 034% + 8®8| 0.08% + 0.17°¢
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M+5 | 0.08% + 0.03% 033% =+ 0.24% 024% + 402| 006% =+ 0.14°9
M+6 255% =+ 0.19% 019% =+ 023 0.04% @&06%
M+7 0.24% =+ 0.18% 0.18% =+ 043

M+8 1.89% =+ 0.32% 032% =+ 029

M+9 0.18% =+ 0.21% 021% =+ 049

M+10 093% + 0.189 0.18% =+ 0.30%

M+11 0.04% + 0.069 0.06% =+ 0.05%

M+12 021% + 0.199 019% =+ 042%

M+13 0.03% =+ 0.049 0.04% =+ 0.16%

M+14 0.04% + 0.039 0.03% =+ 1.07%

M+15 0.03% + 0.059 0.05% =+ 0.40%

M+16 0.04% =+ 0.049 004% =+ 051%

M+17 0.00% =+ 0.21%

M+18 030% =+ 0.26%

Supplemental Table S63Relative fractions of isotopologues (mol%) of sigfrom experiments withNCIB3610, GP921 andGP1562 grown in CSE medium supplemented with
13.4 mM [U+3Cg]glucose. M+x represents the mass of the unlabefietabolite plus x labellédC-atoms. Mean and SD from two independent expettisreae shown.

13.4 mM [U+3Cg]glucoseNCIB3610
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Glucose in glycogen Glucosamine Muramic acid
M+1| 115% + 035% 324% =+ 037% 350% =+ 1.17
M+2 | 190% + 016% 502% =+ 0.19% 583% <+ 0.32
M+3 | 279% + 023% 6.45% =+ 065% 23.07% =+ 1963
M+4 | 162% + 016% 386% =+ 021% 6.32% =+ 1.63
M+5| 1.87% + 016% 349% =+ 040% 3.17% + 0.93
M+6 | 35.94% + 1.159% 3214% + 131% 22.05% =+ 313

9 mM [U-'3Cg]glucoseGP921

Glucose in glycogen Glucosamine Muramic acid
M+1| 1.88% + 057% 3.00% =+ 052% 417% <+ 1.01
M+2 | 220% + 023% 415% + 046% 564% <+ 1.17
M+3 | 3.84% + 036% 629% =+ 049% 2215% =+ 196§
M+4 | 1.63% + 029% 298% =+ 033% 6.82% <+ 0.98
M+5| 2.01% + 0409% 368% =+ 035% 204% <+ 0.53
M+6 | 3398% + 1519% 31.80% =+ 1.04% 21.13% =+ 0rd

9 mM [U-13Cg]glucoseGP1562

%
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Glucose in glycogen Glucosamine Muramic acid
M+l | 162% + 061% 390% =+ 247% 666% =+ 1.871%
M+2 | 198% + 060% 4.73% + 266% 666% =+ 3.18%
M+3 | 338% + 159% 493% + 238% 19.11% + 249
M+4 | 143% + 0949% 428% + 248% 9.60% =+ 1.83%
M+5| 3.01% + 115% 3.13% =+ 173% 237% + 144%
M+6 | 3420% + 1609% 2967% =+ 211% 20.76% =+ 1196

Supplemental Table S64Relative fractions of isotopologues (mol%) of amiacids from experiments witNCIB3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 9 mM [YCg]glucose. M+x represents the mass of the unlatbetietabolite plus x labellédC-atoms. Mean and SD from six independent expe tisnene

shown.
9 mM [U-13Cg]glucoseNCIB3610
Ala Asp DAP Glu Gly His lle Leu
M+ | 428 + 051|856 + 066 | 932 + 047 | 736 + 063 | 510 + 048 | 1872 + 057 | 1021 + 041 | 1865 = 0.43
1 % % % % % % % % % % % % % % % %
M+ | 341 + 018|858 + 040 974 + 058 | 1201 + 041 | 1971 + 131 | 818 + 056 | 19.74 + 092 | 19.04 = 0.87
2 % % % % % % % % % % % % % % % %
M+ | 1297 + 120| 3.07 + 028 | 1476 + 060 | 197 =+ 0.11 799 + 049 | 248 + 021 | 840 =+ 043
3 % % % % % % % % % % % % % %
M+ 043 + 010| 124 + 068 | 078 =+ 0.07 6.12 + 033| 137 + 010| 423 = 0.22
4 % % % % % % % % % % % %
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M+ 149 + 0.24 0.14 + 0.03 13.23 + 0.67 0.20 = 0.05 156 <+ 0.10
5 % % % % % % % % % %
M+ 063 = 0.14 568 + 0.47

6 % % % %

M+ 0.15 + 0.12

7 % %

9 mM [U-13Cg]glucoseNCIB3610
Lys Met Phe Pro Ser Thr Tyr Val

M+ 982 + 056 | 2532 + 460 | 271 £ 193 | 593 + 0.30 520 + 134 | 1074 + 1.89 740 = 0.35 6.54 + 042
1 % % % % % % % % % % % % % % % %
M+ | 16.23 + 0.59 6.07 = 173 | 035 + 032 ] 954 + 0.90 578 + 0.99 853 = 0.90 779 = 049 | 1296 = 0.71
2 % % % % % % % % % % % % % % % %
M+ | 11.72 + 0.40 525 + 214 | 084 + 021 | 202 += 018 | 1297 = 1.20 275 + 045 | 1026 = 043 | 11.00 = 0.66
3 % % % % % % % % % % % % % % % %
M+ 195 + 0.38 315 + 177 | 093 + 0.15| 080 = 0.37 0.02 + 0.07 | 1112 + 0.64 161 + 0.13
4 % % % % % % % % % % % % % %
M+ 1.20 £+ 0.20 189 + 190| 040 + 0.08| 0.16 + 0.14 6.01 + 040 | 421 + 041
5 % % % % % % % % % % % %
M+ 0.07 = 0.07 0.40 = 0.12 6.67 + 0.49

6 % % % % % %
M+ 0.27 = 0.10 436 += 0.13

7 % % % %
M+ 006 © 0.06 128 * 017
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%

%

%

%

M+ 0.05 + 0.04 184 + 0.19
9 % % % %
9 mM [U-'3Cg]glucoseGP921

Ala Asp DAP Glu Gly His lle Leu
M+ | 343 + 070|908 + 088 | 859 + 092 | 163 + 076 | 428 + 029 | 1510 + 091 | 7.89 + 0.28 | 2060 % 0.50
1 % % % % % % % % % % % % % % % %
M+ | 343 + 022|421 + 046 | 592 + 081 | 515 + 042 | 1850 + 103 | 460 =+ 091 | 2095 + 0.89 | 20.03 % 0.55
2 % % % % % % % % % % % % % % % %
M+ | 2020 * 114 | 759 + 0.70| 1843 + 103 | 071 == 0.22 537 + 070 | 457 =+ 021 | 1052 = 044
3 % % % % % % % % % % % % % %
M+ 257 £+ 028| 334 =+ 086 | 032 =+ 0.07 373 + 039 | 253 + 019 | 531 =+ 0.23
4 % % % % % % % % % % % %
M+ 099 + 033 ] 011 = 0.03 965 + 083 | 130 =+ 013 | 268 =+ 0.18
5 % % % % % % % % % %
M+ 228 + 0.37 445 + 0.60
6 % % % %
M+ 089 =+ 0.21
7 % %

9 mM [U-'3Cg]glucoseGP921
Lys Met Phe Pro Ser Thr Tyr Val
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M+ | 812 + 0.87 | 1825 + 7.10| 192 + 172 | 122 + 043 | 603 + 152 | 1220 + 295 | 524 + 091 | 480 <+ 0.52
1 % % % % % % % % % % % % % % % %
M+ | 13.81 + 061 | 7.17 + 509 | 004 + 013 | 236 + 044 | 627 <+ 059 | 357 + 133 | 725 + 064 | 16.16 = 041
2 % % % % % % % % % % % % % % % %
M+ | 13.97 + 092 | 494 + 422 | 017 + 020 | 086 =+ 0.14 | 1247 + 090 | 783 + 093 | 9.07 + 066 | 1420 = 047
3 % % % % % % % % % % % % % % % %
M+ | 251 =+ 044 | 319 + 310| 022 =+ 0.09| 048 = 0.45 187 =+ 076 | 728 + 064 | 124 =+ 0.10
4 % % % % % % % % % % % % % %
M+ | 307 =+ 027 | 474 + 556 | 011 =+ 010 | 0.07 = 0.11 556 + 055| 7.06 % 0.65
5 % % % % % % % % % % % %

M+ | 112 =+ 0.19 009 + 0.14 597 + 0.57
6 % % % % % %
M+ 0.07 = 0.08 405 * 0.60
7 % % % %
M+ 0.02 + 0.03 1.00 + 040
8 % % % %
M+ 0.01 * 0.04 260 * 0.53
9 % % % %
9 mM [U-13Cg]glucoseGP1562
Ala Asp DAP Glu Gly His lle Leu

M+ | 622 + 055| 814 + 085| 959 + 084 | 542 + 059 | 696 + 031 1817 + 0.62| 946 <+ 0.47 | 16.88 + 0.96
1 % % % % % % % % % % % % % % % %
M+ + + + + + + + +

5.13 0.20 | 10.57 0.60 | 11.18 0.67 | 12.17 0.31 | 32.97 0.64 | 10.75 0.55 | 28.53 0.96 | 25.48 1.40
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2 % % % % % % % % % % % % % % % %
M+ | 2459 £ 090 | 480 £+ 028 | 2179 £ 105| 236 <+ 0.19 1184 = 049 | 431 = 040 | 1404 = 094
3 % % % % % % % % % % % % % %
M+ 117 + 017 | 263 + 108 | 131 <+ 0.10 800 £+ 040 | 281 <+ 0.16 | 7.03 <+ 047
4 % % % % % % % % % % % %
M+ 310 £ 038 031 = 0.04 1860 + 1.15| 057 + 013 | 314 <+ 0.20
5 % % % % % % % % % %

M+ 126 + 0.15 9.01 + 0.39
6 % % % %
M+ 029 =+ 0.15
7 % %
9 mM [U-13Cg]glucoseGP1562

Lys Met Phe Pro Ser Thr Tyr Val
M+ | 947 + 068 | 28.17 + 939 | 179 + 142 | 542 + 065| 892 + 110 | 1007 + 143 | 785 + 047 | 694 =+ 043
1 % % % % % % % % % % % % % % % %
M+ | 1899 + 0.75| 1120 + 335| 006 * 0.14| 1057 £+ 070 | 943 + 061 | 994 + 092 | 1041 + 041 | 1989 =+ 0.81
2 % % % % % % % % % % % % % % % %
M+ | 1468 + 060 | 562 + 607 | 031 + 013 | 275 + 021 | 2450 + 105| 510 + 0.62| 1441 + 061 | 1781 = 0.82
3 % % % % % % % % % % % % % % % %
M+ | 323 + 045| 623 + 307 | 044 + 0.15| 133 + 0.53 051 + 027 | 1559 + 050| 281 + 0.15
4 % % % % % % % % % % % % % %
M+ 1.89 + 0.20 127 + 145 | 021 <+ 0.09 034 = 0.21 926 + 043 | 800 £ 041
5 % % % % % % % % % % % %
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M+ | 0.28 =+ 0.15 0.13 + 0.07 10.18 + 0.39
6 % % % % % %
M+ 0.16 +* 0.09 6.73 + 0.50
7 % % % %
M+ 0.02 + 0.04 193 + 0.22
8 % % % %
M+ 0.02 + 0.02 3.18 = 0.32
9 % % % %

Supplemental Table S65Relative fractions of isotopologues (mol%) of potaetabolites from experiments witMCIB3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 9 mM [&#Cg]glucose. M+x represents the mass of the unlathetietabolite plus x labellédC-atoms. Mean and SD from six independent expetisranme
shown.

9 mM [U-13Cg]glucoseNCIB3610

Lactate Glycolic acid Alanine Glycine Oxalic acid Valine leucine Isoleucine
M+ | 031 + 024 | 271 + 068 | 422 + 047 | 393 + 077 | 255 + 144 | 632 + 070| 1785 + 1.06 | 1243 + 0.79
1 % % % % % % % % % % % % % % % %
M+ | 065 = 022 | 610 + 054 | 254 * 024 | 1111 + 072 | 378 + 191 | 805 + 040 | 1691 + 1.19| 1498 + 0.82
2 % % % % % % % % % % % % % % % %
M+ | 1.63 + 0.56 449 + 0.40 6.01 = 0.50 + 0.68 + 047
3 % % % % % % 6.36 % % 2.19 % %
M+ 0.64 * 0.18 + 0.52 + 0.29
4 % % 3.48 % % 0.69 % %
M+ 203 * 0.18 + 0.25 + 011
5 % % 1.32% % 0.15% %
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9 mM [U-'3Cg]glucoseNCIB3610

Succinic acid Fumaric acid Glycerol Methionine iBer Threonine Phenylalanine Malic acid
M+ | 367 + 214 | 734 + 044 | 068 + 098 | 2553 + 182 | 488 + 129 | 1156 + 350 | 259 + 215 | 754 =+ 253
1 % % % % % % % % % % % % % % % %
M+ | 684 + 158 | 900 + 0.39 | 027 + 0.38 + 098 | 445 + 0.67 + 279 | 079 £ 094 | 723 + 356
2 % % % % % % 6.79 % % % % 7.08 % % % % % %
M+ | 1.13 * 025| 225 + 020 | 0.72 + 0.59 £+ 091 | 357 = 0.82 + 582 | 159 =+ 082 132 + 1.08
3 % % % % % % 4.27 % % % % 5.32% % % % % %
M+ | 012 * 0.05| 033 =+ 0.10 + 0.60 + 321 | 144 =+ 051 | 019 =+ 0.28
4 % % % % 3.34% % 2.10 % % % % % %
M+ + 0.29 073 = 0.54
5 1.20 % % % %
M+ 0.60 =+ 0.37
6 % %
M+ 0.00 =+ 0.00
7 % %
M+ 0.00 =+ 0.00
8 % %
M+ 0.00 + 0.00
9 % %

9 mM [U-'3Cg]glucoseNCIB3610
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Aspartate Glutamate Oelic acid Stearic acid Céadid

M+l | 847% + 166% 813% + 084% 1.45% + 150%67% =+ 0.29%
M+2 | 823% + 0.869% 12.05% + 0.79% 339% + 248 0.12% + 0.08%
M+3 | 222% + 058% 183% + 041% 130% + 1.42%07% + 0.03%
M+4 | 0.17% + 023% 071% + 018% 097% + 126%W16% =+ 0.04%
M+5 015% + 014% 082% + 088% 0.05% =+ 104
M+6 032% + 077% 0.10% + 0.03M%
M+7 041% + 082% 0.03% + 0.01M
M+8 016% + 025% 0.06% + 0.02M%
M+9 009% + 022% 0.01% =+ 0.01M%
M+10 015% + 026% 0.02% + 0.01P%
M+11 0.03% + 007% 0.01% + 0.01%
M+12 018% + 026% 0.00% + 0.01P%
M+13 022% + 039% 0.00% + 0.00P06
M+14 0.09% + 0.12% 0.00% + 0.00P0
M+15 0.08% + 015% 0.01% + 0.01P%
M+16 045% + 032% 0.01% + 0.01P%
M+17 010% + 023% 0.00% + 0.00P0
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M+18 013% + 0.18% 0.00% + 0.00%
9 mM [U-'3Cg]glucoseGP921
Lactate Glycolic acid Alanine Glycine Oxalic acid Valine leucine Isoleucine
M+ | 017 + 035| 218 + 147 | 418 + 122 | 180 + 188 | 051 + 074 | 739 + 105| 2032 + 295 | 11.03 + 3.37
1 % % % % % % % % % % % % % % % %
M+ | 040 + 046 | 350 + 154 | 314 + 040 | 816 + 101 | 565 + 6.16 | 13.06 + 093 | 1774 + 213 | 16.20 + 3.48
2 % % % % % % % % % % % % % % % %
M+ | 1.32 + 0.99 1247 + 4.66 1019 + 079 | 807 =+ 175| 335 + 183
3 % % % % % % % % % %
M+ 092 + 036 | 359 + 142 | 161 + 1.23
4 % % % % % %
M+ + 045 | 181 + 099 | 035 + 0.57
5 411 % % % % % %
9 mM [U-13Cg]glucoseGP921
Succinic acid Fumaric acid Glycerol Methionine iser Threonine Phenylalanine Malic acid
M+ | 001 + 004 | 439 + 086 | 209 + 214 | 2026 + 233 | 610 = 260 | 1996 + 470 | 3.70 = 188 | 592 + 7.29
1 % % % % % % % % % % % % % % % %
M+ | 411 £+ 072 | 459 + 059 | 028 + 0.30 + 229 | 574 + 225 + 197 | 110 £+ 093 | 416 +* 4.66
2 % % % % % % 4.10 % % % % 1.71% % % % % %
M+ | 067 £+ 0.17 | 472 + 066 | 026 *+ 0.42 + 227|333 £ 187 | 2180 + 317 | 224 =+ 090 | 299 =+ 3.65
3 % % % % % % 491 % % % % % % % % % %
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M+ | 026 +* 005 | 162 *= 0.32 + 1.13 1001 + 250 | 1.75 * 085 | 1.78 =+ 2.39
4 % % % % 4.90 % % % % % % % %
M+ + 1.06 126 =+ 1.02
5 1.46 % % % %
M+ 0.73 *= 0.65
6 % %
M+ 069 = 0.64
7 % %
M+ 0.00 + 0.00
8 % %
M+ 0.04 =+ 0.09
9 % %

9 mM [U-13Cg]glucoseGP921
Aspartate Glutamate Oelic acid Stearic acid Cénirl

M+1 | 598% + 8.32% 261% + 188% 115% + 262%W39% =+ 038% 598% =+ 235%
M+2 | 497% + 456% 6.46% = 131% 3.08% + 171®05% =+ 007% 829% =+ 2.78%
M+3 | 3.82% + 4599% 085% + 0.62% 068% + 092%W0O3% =+ 003% 131% =+ 094%
M+4 | 043% + 065% 039% + 032% 022% + 049%W12% =+ 004% 136% =+ 1.38%
M+5 014% + 0.09% 072% + 168% 003% + 100| 044% + 0.679
M+6 030% + 055% 012% + 0.05p 001% @&03%
M+7 017% =+ 033% 0.02% =+ 0.01p
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M+8 052% + 111% 0.09% + 0.04M%
M+9 012% + 023% 0.01% =+ 0.00M%
M+10 010% + 029% 0.04% + 0.02%
M+11 019% + 040% 0.01% + 0.01%
M+12 022% + 056% 0.01% + 0.02%
M+13 036% + 069% 0.01% + 0.00%
M+14 0.07% + 0.16% 0.00% + 0.00%
M+15 021% + 036% 0.00% + 0.01%
M+16 070% + 097% 0.01% + 0.00%
M+17 034% + 069% 0.00% =+ 0.00%
M+18 031% + 089% 0.00% + 0.00%
9 mM [U-13Cg]glucoseGP1562
Lactate Glycolic acid Alanine Glycine Oxalic acid Valine leucine Isoleucine
M+ | 0.01 + 003 | 18 + 140 | 542 + 249 | 298 + 271 | 347 + 438 | 762 + 176 | 1640 + 511 | 1292 + 5.67
1 % % % % % % % % % % % % % % % %
M+ | 0.16 + 020| 660 + 188 | 3.05 + 212 | 2453 + 292 | 680 + 673 | 1513 + 321 | 21.78 + 585 | 1837 + 4.89
2 % % % % % % % % % % % % % % % %
M+ | 0.76 = 0.30 11.65 + 3.80 1226 + 355 | 1078 + 442 | 374 + 204
3 % % % % % % % % % %
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M+ 178 + 105 | 655 =+ 417 | 257 + 251
4 % % % % % %
M+ 465 + 233 | 287 + 215 | 120 + 204
5 % % % % % %
9 mM [U-13Cg]glucoseGP1562

Succinic acid Fumaric acid Glycerol Methionine iBer Threonine Phenylalanine Malic acid
M+ | 317 + 440 | 499 + 111 | 255 + 261 | 2953 + 811 | 6.14 + 345 | 1398 + 12.05| 203 + 296 | 1578 =+ 27.02
1 % % % % % % % % % % % % % % % %
M+ | 1053 + 806 | 1003 = 096 | 028 + 041 | 794 + 773 | 430 = 261 | 604 =+ 756 | 060 =+ 114 | 1681 =+ 27.15
2 % % % % % % % % % % % % % % % %
M+ | 228 + 250| 333 * 073|074 £ 054 | 761 + 6.25| 1047 * 376 | 910 =+ 10.17| 076 = 120| 119 =+ 236
3 % % % % % % % % % % % % % % % %
M+ | 036 + 059 | 084 = 044 585 =+ 4.19 596 + 639 | 059 * 068 | 1345 * 15.03
4 % % % % % % % % % % % %
M+ 469 =+ 534 0.80 * 0.99
5 % % % %
M+ 105 = 156
6 % %
M+ 0.27 + 0.52
7 % %
M+ 069 + 1.28
8 % %
M+ 034 * 0.80
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%

%

9 mM [U-'3Cg]glucoseGP1562

Aspartate Glutamate Oelic acid Stearic acid Céadid
M+l | 6.17% + 5279% 582% + 118% 190% + 348®W51% + 027% 1290% + 9.26%
M+2 | 11.72% + 8.90% 1266% + 0.68P 3.18% + 282 005% =+ 0.069% 1225% + 876%
M+3 | 260% + 2389% 215% + 034% 077% + 164%®03% =+ 0.03% 754% =+ 10.55M
M+4 | 061% + 076% 117% + 027% 061% + 1.19%®04% =+ 0.02% 854% =+ 14.30M
M+5 021% + 012% O055% + 117% 002% + 1008| 3.49% =+ 10.30%
M+6 159% + 297% 003% + 001 539% #¥.32%
M+7 081% + 230% 0.01% + 0.01M
M+8 080% + 157% 0.02% + 0.01M%
M+9 065% + 164% 0.00% =+ 0.00M%
M+10 021% + 031% 0.01% + 0.01P%
M+11 0.79% + 138% 0.01% + 0.01P%
M+12 027% + 081% 0.00% + 0.01P%
M+13 061% + 133% 0.00% + 0.00P
M+14 027% + 040% 0.00% + 0.00P06
M+15 048% + 059% 0.01% + 0.01%
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M+16 062% =+ 1.18% 001% =+ 0.01%
M+17 097% =+ 191% 0.00% <+ 0.00%
M+18 0.72% =+ 157% 0.00% =+ 0.00%

Supplemental Table S6&Relative fractions of isotopologues (mol%) of sugiom experiments withlCIB3610, GP921 and GP1562 grown on Msgg agar plate supplemented
with 9 mM [U-3Cg]glucose. M+x represents the mass of the unlatetietabolite plus x labellédC-atoms. Mean and SD from six independent expettisrere shown.

9 mM [U-13Cg]glucoseNCIB3610

Glucose in glycogen Glucosamine Muramic acid
M+l | 427% + 231% 725% += 083% 737% =+ 3.185%
M+2 | 401% + 0.899% 585% + 062% 627% + 267%
M+3 | 320% + 0799 431% + 128% 3.92% + 297%
M+4 | 151% <+ 0959% 288% = 051% 462% =+ 201%
M+5| 1.84% + 1499% 327% = 064% 135% =+ 093%
M+6 | 10.35% + 3979% 963% * 157% 596% + 1941

9 mM [U-13Cg]glucoseGP921
Glucose in glycogen Glucosamine Muramic acid

M+1| 293% + 204% 587% =* 626% 523% =+ 6.22%
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M+2 | 1.76% + 159% 450% =+ 436% 651% * 574%
M+3 | 313% + 159% 3.73% =+ 3.15% 801% * 7.51%
M+4 | 0.80% + 0.72% 236% =+ 339% 405% + 5.13%
M+5| 1.00% + 0.67% 295% =+ 334% 229% * 3.78%
M+6 | 12.84% + 2549% 10.77% =+ 437% 896% = BA(
9 mM [U-13Cg]glucoseGP1562

Glucose in glycogen Glucosamine Muramic acid
M+l | 564% + 445% 632% + 331% 879% + 543%
M+2 | 524% + 2.04% 874% + 3.63% 11.09% =+ 601
M+3 | 535% + 342% 750% + 436% 998% + 6.58%
M+4 | 420% + 3.23% 482% =+ 281% 1251% =+ 3482
M+5| 271% + 3.70% 593% + 3.05% 3.00% + 232%
M+6 | 2425% + 8409% 2391% =+ 6.03% 1539% <+ 060

Supplemental Table S67Relative fractions of isotopologues (mol%) of amiacids from experiments withiCIB3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 6 mM [YfCs]glutamate. M+x represents the mass of the unladbeinetabolite plus x labelletfC-atoms. Mean and SD from three independent
experiments are shown.

6 mM [U-13Cs]glutamateNCI B3610
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Ala Asp DAP Glu Gly His lle Leu
M+ | 327 + 027 | 659 + 030 | 624 + 039 | 581 + 025|114 + 009 | 229 + 084 | 812 + 038 | 944 + 0.37
1 % % % % % % % % % % % % % % % %
M+ | 135 + 012 | 461 + 018 | 569 + 026 | 365 + 020 | 220 + 0.06 | 000 + 0.00 | 6.17 = 0.16 | 7.00 =+ 0.17
2 % % % % % % % % % % % % % % % %
M+ | 316 + 009 | 091 + 0.04 | 363 + 038 | 330 %= 0.10 014 + 013 | 889 + 0.15| 0.60 =+ 0.06
3 % % % % % % % % % % % % % %
M+ 727 + 025 | 782 + 025]| 033 % 0.03 028 + 055 | 035 + 0.03]| 017 =+ o0.01
4 % % % % % % % % % % % %
M+ 033 £+ 023 | 856 =+ 0.37 025 + 045 | 030 + 0.02 | 001 <+ o0.01
5 % % % % % % % % % %
M+ 0.09 + 0.08 0.03 + 0.04
6 % % % %
M+ 0.27 £+ 0.06
7 % %

6 mM [U-13Cs]glutamateNCI B3610

Lys Met Phe Pro Ser Thr Tyr Val
M+ | 635 + 059 | 554 + 038 | 213 + 031 | 430 + 014 | 183 + 030 | 733 + 032 | 282 + 037 | 498 + 0.26
1 % % % % % % % % % % % % % % % %
M+ | 588 + 052 | 447 + 025|091 + 010 | 181 + 0.18 | 1.06 + 014 | 510 + 020 | 280 + 0.22 | 425 + 0.24
2 % % % % % % % % % % % % % % % %
M+ | 713 + 020 | 067 + 012 | 086 + 002 | 346 + 011 | 103 + 006 | 083 + 005 | 204 + 008 | 329 =+ 0.10
3 % % % % % % % % % % % % % % % %
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M+ | 469 £+ 044 | 819 + 018 | 015 + 0.02 | 057 = 0.09 798 + 012 | 000 + 0.01 | 017 = 0.02
4 % % % % % % % % % % % % % %
M+ | 025 £ 032 | 007 £ O005| 006 + 0.04 | 941 <+ 0.52 0.12 £ 0.10 | 0.13 + 0.01
5 % % % % % % % % % % % %
M+ | 0.27 £ 0.10 0.00 = 0.00 0.00 = 0.00

6 % % % % % %
M+ 0.00 = 0.01 0.00 + 0.00

7 % % % %
M+ 0.00 = 0.00 0.01 = 0.02

8 % % % %
M+ 0.00 = 0.00 0.00 + 0.00

9 % % % %

6 mM [U-1°Cs]glutamateGP921
Ala Asp DAP Glu Gly His lle Leu

M+ | 262 + 028 | 532 + 048 | 560 + 0.16 + 030 | 066 = 019 | 002 + 004 | 723 + 042 | 927 =+ 0.22

1 % % % % % % 2.95 % % % % % % % % % %
M+ | 143 + 006 | 3.75 = 0.12 | 478 + 0.13 + 015 | 148 + 0.07 | 000 + 000 | 725 + 008 | 866 =+ 0.07

2 % % % % % % 2.87 % % % % % % % % % %
M+ | 501 + 005 | 184 + 010 | 591 + 0.15 + 0.09 003 + 010 | 879 + 0.10 | 077 = 0.04

3 % % % % % % 3.18% % % % % % % %
M+ 886 + 0.11 | 849 = 0.09 + 0.02 004 £ 008 | 038 = 004 | 025 = 0.02

4 % % % % 0.47 % % % % % % % %
M+ * * * * *

0.39 0.05 12.86 0.21 0.06 0.04 0.39 0.01 0.01 0.01
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%

%

%

%

%

%

%

%

%

%

M+ 0.19 £+ 0.03 0.05 + 0.04
6 % % % %
M+ 041 £ 0.04
7 % %
6 mM [U-13Cs]glutamateGP921

Lys Met Phe Pro Ser Thr Tyr Val
M+ | 518 + 026 | 471 + 033 | 045 + 0.37 + 017 | 049 + 030 | 674 + 041 | 1.08 + 038 | 443 =+ 0.29
1 % % % % % % 2.26 % % % % % % % % % %
M+ | 460 + 019 | 277 + 0.27 | 0.00 = 0.00 + 008 | 042 + 012 | 398 + 025|197 + 020 | 566 =*= 0.09
2 % % % % % % 1.18 % % % % % % % % % %
M+ | 731 £+ 013 | 146 =+ 0.19 | 000 =+ 0.00 + 006 | 095 + 003 )| 172 +* 005| 137 + 010 | 453 =+ 0.07
3 % % % % % % 2.82% % % % % % % % % %
M+ | 421 + 006 | 723 + 061 | 012 =+ 0.03 + 0.06 832 + 007 )| 000 % 0.00 | 022 =+ 0.02
4 % % % % % % 0.64 % % % % % % % %
M+ | 006 + 003 | 036 =+ 036 | 002 =+ 0.02 | 1215 + 0.21 014 + 005 | 024 == 0.01
5 % % % % % % % % % % % %
M+ | 023 %= 0.03 0.00 *= 0.00 0.00 = 0.00
6 % % % % % %
M+ 0.00 = 0.00 0.00 = 0.00
7 % % % %
M+ 0.02 + 0.02 0.02 + 0.02
8 % % % %
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M+ 0.00 + 0.00 001 + 004
9 % % % %
6 mM [U-'3Cs]glutamateGP1562
Ala Asp DAP Glu Gly His lle Leu
M+ | 294 + 030 | 595 *+ 033 | 658 * 031 £+ 024|079 % 012 | 171 + 029 | 812 + 024 | 1047 * 021
1] % % | % % | % % | 3.95% % | % % | % % | % % | % %
M+ | 158 + 006 | 544 *+ 013 | 657 * 0.24 £+ 020|238 % 003|000 + 000|669 *+ 016 + 014
2 | % % | % % | % % | 3.06% % | % % | % % | % % |821% %
M+ | 435 + 004 | 091 + 004 | 451 * 0.14 £ 007 025 + 010 | 985 * 0.7 + 005
3 | % % | % % | % % | 3.78% % % % | % % | 0.83% %
M+ 962 + 013 | 911 * 0.3 £ 002 002 + 004 | 046 * 0.5 + 001
4 % % | % % | 0.49 % % % % | % % | 0.23% %
M+ 046 + 006 | 11.89 *+ 0.23 007 + 004 | 040 * 001 + 001
5 % % | % % % % | % % | 0.01% %
M+ 020 * 0.04 0.09 * 0.6
6 % % % %
M+ 0.37 % 005
7 % %
6 mM [U-13Cs]glutamateGP1562
Lys Met Phe Pro Ser Thr Tyr Val
0,
Mt | 676 * o021 522 * o026 121 ¥ 010 |*%7% * 016 102 * 044 | 656 * 036 | 373 * 045 | 497 ¥ 0.8
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1 % % % % % % % % % % % % % % %
M+ | 6.13 +* 013 | 463 +* 019 | 029 =+ 0.16 + 009 | 083 * 014 | 559 =+ 017 | 365 =+ 0.16 | 5.01 =+ 0.18
2 % % % % % % 1.83 % % % % % % % % % %
M+ | 783 + 015 | 073 =+ 012 | 029 =+ 0.08 + 007 | 154 =+ 003 | 080 = 008 | 290 =+ 0.10 | 404 == 0.06
3 % % % % % % 3.78 % % % % % % % % % %
M+ | 501 =+ 009 | 879 =+ 016 | 015 * 0.03 + 0.07 953 +* 012 | 007 *= 0.05| 019 =+ 0.02
4 % % % % % % 0.62 % % % % % % % %
M+ | 016 +* 004 | 016 +* 006 | 001 =+ 0.01 | 1015 + 0.18 026 * 0.02 ]| 019 =+ 0.02
5 % % % % % % % % % % % %

M+ | 037 + 0.03 0.00 + 0.00 0.01 * 0.02
6 % % % % % %
M+ 0.00 * 0.00 0.00 £ 0.00
7 % % % %
M+ 0.00 * 0.00 0.00 £ 0.00
8 % % % %
M+ 0.00 * 0.00 0.00 £ 0.00
9 % % % %

Supplemental Table S68Relative fractions of isotopologues (mol%) of potaetabolites from experiments wittCIB3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 6 mM [YfCs]glutamate. M+x represents the mass of the unladbeinetabolite plus x labelletfC-atoms. Mean and SD from three independent
experiments are shown.

6 mM [U-13Cs]glutamateNCI B3610

Lactate Glycolic acid Alanine Glycine Valine lenei Isoleucine Succinic acid
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M+ | 109 + 038 | 042 + 027 | 466 + 037 | 158 + 028 | 472 = 023 | 860 + 039 | 924 * 043 + 054
1 % % % % % % % % % % % % % % 2.55 % %
M+ | 072 + 014 | 027 + 0.16 | 168 + 0.17 | 285 + 017 | 406 =+ 023 | 653 + 023 | 6.03 *= 0.23 + 1.09
2 % % % % % % % % % % % % % % 0.93 % %
M+ | 200 % 0.29 326 + 0.20 305 + 012 | 059 + 007 | 841 + 0.17 + 0.05
3 % % % % % % % % % % 0.86 % %
M+ 014 + 003 | 016 *+ 0.01| 048 + 0.06 | 1319 =+ 0.73
4 % % % % % % % %
M+ 012 + 001| 002 £+ 001 | 027 + 0.03

5 % % % % % %

6 mM [U-13Cs]glutamateNCI B3610
Fumaric acid Glycerol Methionine Serine Threonine Phenylalanine Malic acid Aspartate

M+ | 405 + 038 | 009 + 020| 525 + 030 | 590 + 034 | 431 + 064 | 173 + 029 | 672 + 100 | 734 + 040

1 % % % % % % % % % % % % % % % %
M+ | 419 + 015| 001 + 003 | 331 + 015 | 313 + 026 | 491 + 015 | 143 + 014 | 285 + 114 | 390 = 0.21

2 % % % % % % % % % % % % % % % %
M+ | 104 + 006 | 051 + 013 | 073 + 005| 071 + 009 | 080 + 010 | 082 + 008 | 275 + 043 | 1.17 = 0.08

3 % % % % % % % % % % % % % % % %
M+ | 758 + 0.32 6.46 + 0.22 829 + 015| 023 + 003 | 711 + 072 | 622 = 0.24

4 % % % % % % % % % % % %
M+ 0.14 = 0.04 0.21 £ 0.09

5 % % % %
M+ 013 * 0.8
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6 % %
M+ 0.00 = 0.00
7 % %
M+ 0.00 = 0.00
8 % %
M+ 0.00 = 0.00
9 % %

6 mM [U-13Cs]glutamateNCI B3610
Glutamate Palmitate Oelic acid Stearic acid Cacd
M+1 | 770% + 042% 160% =+ 076% 116% =+ 045%21% %= 0.65%
M+2 | 383% + 025% 6.02% + 042% 1019% + OF9 478% + 1.85%
M+3 | 246% + 0.13% 102% + 010% 116% + 032%52% =+ 0.33%
M+4 | 0.28% + 0.029% 149% =+ 057% 487% + 024%36% = 1.95%
M+5 | 574% + 032% 017% = 005% 089% =+ 021%48% = 0.21%
M+6 050% £+ 042% 253% =+ 017% 200% =+ 11%
M+7 003% + 004% 039% =+ 004% 024% =+ 6074
M+8 017% £+ 019% 103% + 014% 103% = 3048
M+9 001% + 001% 013% =+ 004% 013% =+ 6060
M+10 0.04% + 0.069 033% + 0.05Pp 041% +320%
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M+11 001% + 0.019 001% + 0.01P 057% +570%
M+12 001% + 0.019 013% + 0.06P6 0.28% +190%
M+13 0.00% + 0.009 004% + 005 0.11% =+110%
M+14 0.00% + 0.009 005% + 0.04P% 0.07% +050%
M+15 0.00% + 0.009 001% + 0.03P 0.16% +140%
M+16 0.01% + 0.039 003% + 0.04P 0.08% +050%
M+17 005% + 007% 0.03% + 0.02%
M+18 000% + 000% 0.08% + 0.04%
6 mM [U-13Cs]glutamateGP921
Lactate Glycolic acid Alanine Glycine Valine lenei Isoleucine Succinic acid
M+ | 012 + 015 | 015 + 0.17 | 237 + 032 | 010 £+ 014 | 487 + 024 | 986 =+ 031 | 877 =+ 0.37 + 035
1 % % % % % % % % % % % % % % 0.29 % %
M+ | 058 + 010 | 021 + 013 | 135 + 012 | 145 + 013 | 6.16 + 0.14 | 942 + 026 | 699 =+ 0.15 + 0.56
2 % % % % % % % % % % % % % % 0.82 % %
M+ | 230 % 0.10 427 + 0.13 479 + 012 | 0.89 + 005 | 896 =+ 0.44 + 0.01
3 % % % % % % % % % % 0.92 % %
M+ 024 + 002| 029 = 005| 052 + 0.08 ]| 16.08 = 0.62
4 % % % % % % % %
M+ 029 +* 002 )| 002 + 001 | 043 =+ 0.02
5 % % % % % %
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6 mM [U-13Cs]glutamateGP921

Fumaric acid Glycerol Methionine Serine Threonine Phenylalanine Malic acid Aspartate
M+ | 234 + 025| 0.00 + 0.00| 436 + 041 | 217 + 034 | 368 + 0.75| 000 + 0.00| 483 =+ 0.35 + 0.27
1 % % % % % % % % % % % % % % 4.35% %
M+ | 383 + 006 | 0.00 + 0.00 | 227 + 020 | 154 + 026 | 3.74 + 053 | 0.16 + 011 | 277 =+ 0.22 + 0.19
2 % % % % % % % % % % % % % % 4.26 % %
M+ | 161 + 003 | 018 + 018 | 121 +* 012 | 023 + 010 | 151 =+ 0.18 | 009 =+ 0.06 | 3.79 =*= 0.12 + 0.10
3 % % % % % % % % % % % % % % 1.49 % %
M+ | 985 % 0.25 6.89 + 0.22 897 + 045 | 016 +* 005| 933 =+ 030 | 1043 *= 0.32
4 % % % % % % % % % % % %
M+ 0.07 = 0.04 032 + 0.08
5 % % % %
M+ 0.04 = 0.05
6 % %
M+ 0.00 = 0.00
7 % %
M+ 0.00 = 0.00
8 % %
M+ 0.00 + 0.00
9 % %

6 mM [U-13Cs]glutamateGP921
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Glutamate Palmitate Oelic acid Stearic acid Cum
M+l | 287% + 0599 0.00% <+ 0.00 120% + 053®91% + 037% 755% + 0.49¢
M+2 | 274% + 0229% 299% + 0.44 1019% + (048 1.40% + 039% 789% + 0.25
M+3 | 3.17% + 010% 045% <+ 0.04 134% + 029%38% =+ 010% 321% + 0.164
M+4 | 048% + 0.03% 051% <+ 0.08 426% + 027®68% + 019% 834% =+ 0.42¢
M+5 | 11.45% + 0.19% 0.06% =+ 0.01 097% + 024 0.09% + 003% 237% =+ 0.34
M+6 006% + 003% 210% + 017% 029% + 04| 0.73% =+ 0.109
M+7 000% + 000% 037% + 0.06% 0.03% =+ 100
M+8 000% + 000% 077% + 0.10% 0.12% =+ 400
M+9 000% + 000% 0.18% + 0.09% 0.02% =+ 000
M+10 0.00% <+ 0.009 025% + 0.04P 0.06% +020%
M+11 0.00% <+ 0.009 003% + 0.03P 0.06% +110%
M+12 0.00% <+ 0.009 008% + 0.06P6 0.03% +030%
M+13 0.00% <+ 0.009 003% + 0.03P 0.01% +020%
M+14 0.00% <+ 0.009 010% + 0.06P6 0.03% +020%
M+15 0.00% <+ 0.009 001% + 0.03P 0.04% +040%
M+16 0.00% <+ 0.009 004% + 0.04P 0.02% +010%
M+17 001% + 0.01% 0.00% <+ 0.00%
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M+18 012% + 0.10% 001% =+ 0.01%
6 mM [U-'3Cs]glutamateGP1562
Lactate Glycolic acid Alanine Glycine Valine lenei Isoleucine Succinic acid
M+ | 000 + 0.00| 008 + 011 | 1.70 + 027 | 0.O0O + O0.00| 380 + 044 | 902 + 077 | 930 = 035 | 2200 = 20.16
1 % % % % % % % % % % % % % % % %
M+ | 001 + 0.02)| 027 + 022 | 085 + 013 | 144 + 026 | 414 + 018 | 686 + 057 | 599 =+ 0.28 +
2 % % % % % % % % % % % % % % 0.00 % 0.00 %
M+ | 0.42 + 0.03 293 = 0.22 327 + 006 | 060 £+ 0.09 | 926 + 0.35 +
3 % % % % % % % % % % 0.00 % 0.00 %
M+ 012 + 003 | 012 + 0.07| 047 + 010 | 2461 +
4 % % % % % % % 8.75 %
M+ 012 + 003 | 0.03 + 0.03| 028 + 0.07
5 % % % % % %
6 mM [U-13Cs]glutamateGP1562
Fumaric acid Glycerol Methionine Serine Threonine Phenylalanine Malic acid Aspartate
M+ | 326 + 014 | 005 + 0.09 | 504 + 062 | 119 + 041 | 450 + 065 | 002 + 005 | 364 + 167 | 547 + 0.56
1 % % % % % % % % % % % % % % % %
M+ | 500 + 019 | 000 + 000 | 365 + 047 | 075 £+ 021 | 531 + 052 | 020 + 019 | 363 + 0.78 | 474 + 0.35
2 % % % % % % % % % % % % % % % %
M+ | 090 + 0.06 | 022 + 018 | 065 + 022 | 025 + 014 | 071 + 025 | 029 + 021 | 148 + 113 | 1.05 =+ 0.16
3 % % % % % % % % % % % % % % % %
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M+ | 9.33 + 0.21 728 + 0.61 930 + 050 | 012 + 009 | 710 + 0.47 | 881 =+ 0.27
4 % % % % % % % % % % % %
M+ 149 + 0.33 041 =+ 0.22
5 % % % %
M+ 0.10 = 0.14
6 % %
M+ 0.00 = 0.00
7 % %
M+ 0.07 = 0.12
8 % %
M+ 0.00 = 0.00
9 % %
6 mM [U-1°Cs]glutamateGP1562
Glutamate Palmitate Oelic acid Stearic acid Cuca

M+1 | 416% + 028% 000% + 0.00% 132% + 034W52% + 036% 455% =+ 3.04%
M+2 | 288% + 017% 066% + 024% 987% + 068B77% + 034% 6.14% =+ 3.01%
M+3 | 362% + 005% 028% + 0.04% 1.12% + 028%W17% =+ 004% 297% =+ 3.27%
M+4 | 044% + 003% 022% =+ 007% 3.77% + 021%W43% =+ 017% 7.14% + 1.99%
M+5 | 951% + 028% 003% + 001% 073% + 021®W06% =+ 002% 025% =+ 054%
M+6 003% <+ 0.02% 165% =+ 0.19% 019% <+ 80| 048% =+ 0.979
M+7 000% <+ 0.00% 031% =+ 011% 0.02% =+ 100
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M+8 0.00% + 000% 063% =+ 0.15% 0.08% =+ 400
M+9 0.00% + 000% 010% =+ 006% 0.01% =+ 100
M+10 000% =+ 000% 021% =+ 0.10p 0.03% =*010%
M+11 000% =+ 000% 0.04% =+ 0.04Po 0.01% =*010%
M+12 000% =+ 000% 009% =+ 0.07pp 0.02% =*010%
M+13 000% =+ 000% 003% =+ 0.02Ppp 0.01% =+000%
M+14 000% =+ 000% 002% =+ 0.02Ppp 0.02% +000%
M+15 001% =+ 000% 001% =+ 0.02Pppo 0.01% =+000%
M+16 000% =+ 000% 008% =+ 011Pp 0.01% =+000%
M+17 003% =+ 004% 000% =+ 0.00%
M+18 006% =+ 006% 0.00% =+ 0.00%

Supplemental Table S6Relative fractions of isotopologues (mol%) of sugiom experiments withlCIB3610, GP921 and GP1562 grown on Msgg agar plate supplemented
with 6 mM [U-2Cs]glutamate.

M+x represents the mass of the uriiadb@hetabolite plus x labellédC-atoms. Mean and SD from three independent expatsrare shown.

6 mM [U-13Cs]glutamateNCI B3610

Glucose in glycogen

Glucosamine

Muramic acid

M+1

134% = 0.27%

+

1.49%

I+

0.76 %

6.32 %

I+

M+2

045% £ 0.09%

2.02 %

I+

1.75%

245 %

I+

1.18 %

0.6% %
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M+3

0.56 %

I+

0.07% 0.04 %

I+

0.06 %

0.13 %

I+

0.25

M+4

0.03 %

I+

0.029% 0.05%

I+

0.08 %

0.36 %

I+

0.47

M+5

0.02 %

I+

0.00% 0.03%

I+

0.03 %

0.00 %

I+

0.0¢

M+6

0.03 %

I+

0.02% 0.01%

I+

0.01 %

0.63 %

I+

0.71

6 mM [U-13Cs]glutamateGP921

Glucose in glycogen Glucosamine

Muramic acid

M+1

013% + 030% 050% =+ 047%

2.69 %

I+

1.28

M+2

0.09% =+ 0.11% 0.38%

I+

0.25%

1.52 %

I+

0.56

M+3

0.20 %

I+

0.34% 0.00 %

I+

0.00 %

0.53 %

I+

0.44

M+4

0.03 %

I+

0.049% 0.00 %

I+

0.01 %

0.25%

I+

0.1%

M+5

0.03 %

I+

0.04% 0.01%

I+

0.01 %

0.12 %

I+

0.11

M+6

0.32% 0.389% 0.00 % 0.00 %

0.00 %

0.0(

6 mM [U-'3Cs]glutamateGP1562

Glucose in glycogen Glucosamine

Muramic acid

M+1

018% + 0.24% 0.51%

I+

0.45 %

3.63 %

I+

1.73

M+2

0.08% =+ 0.10% 0.68%

I+

0.46 %

2.07%

I+

0.33

%

%

%

%

%

%

%

%

%

%

%

%
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M+3 | 0.22% + 0.119% 0.03% =+ 0.05 0.86% =+ 0.6(
M+4 | 0.02% =+ 0019% 0.04% =+ 0.04 0.37% =+ 0.27
M+5| 005% =+ 0.029% 0.06% =+ 0.05 0.08% =+ 0.09
M+6 | 0.21% =+ 0.219% 0.02% =+ 0.03 0.23% =+ 0.2(¢

%

%

%

%
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Supplemental Table S70 p value of metabolites frofftu-13Ce]glucose agar plate

P value of metabolitefrom experiments witiNCIB3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 9 mM [YC¢]glucose. Mean and SD from six independent experisare shown.

GP921/NCIB3610 GP1562/NCIB3610 GP1562/GP921

Ala 4.11E-17 6.73E-26 2.80E-18

Asp 1.37E-20 1.86E-23 1.01E-03
DAP 1.56E-12 4.57E-24 2.57E-10

Glu 3.95E-34 1.33E-08 5.19E-37

Gly 9.35E-04 6.00E-23 1.72E-30

His 2.87E-22 3.93E-28 7.21E-33

lle 1.46E-19 1.68E-25 3.52E-15

Leu 3.07E-18 3.15E-16 7.59E-11

Lys 4.00E-16 3.29E-20 5.24E-05

Met 1.89E-01 2.86E-04 4.97E-02
Phe 4.59E-13 6.07E-14 5.66E-03

Pro 2.03E-23 5.09E-08 3.10E-26

Ser 8.68E-01 5.99E-22 5.09E-26

Thr 6.02E-08 1.23E-21 8.44E-02

Tyr 1.91E-08 4.32E-28 8.59E-25

Val 2.41E-16 2.95E-26 2.03E-18
Lactate 1.59E-01 2.37E-07 2.99E-02
Glycolic acid 7.87E-07 8.79E-01 7.32E-05
Alanine 4.17E-07 1.92E-07 7.45E-01
Glycine 1.81E-10 2.13E-15 1.94E-20
Valine 5.92E-01 5.31E-02 2.40E-01
leucine 1.86E-22 1.83E-08 7.04E-03
Isoleucine 1.13E-06 6.56E-09 9.68E-07
Succinic acid 2.43E-03 1.30E-08 1.21E-04
Fumaric acid 1.42E-06 8.97E-03 2.01E-05
Glycerol 3.05E-01 2.22E-06 2.20E-04
Methionine 9.22E-01 5.55E-02 6.61E-02
Serine 5.12E-01 1.12E-04 7.98E-05
Threonine 6.84E-02 6.35E-06 4.30E-05
Phenylalanine 1.61E-10 4.98E-02 4.61E-04
Malic acid 1.78E-04 1.07E-01 1.32E-01
Aspartate 3.30E-01 2.28E-02 2.82E-02
Glutamate 4.52E-01 8.04E-02 6.87E-02
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Glycine 6.88E-21 1.75E-03 5.48E-21

Glucose in glycogen 8.35E-01 3.74E-09 4.25E-09
Glucosamine 7.02E-01 1.27E-19 3.29E-18
Muramic acid 1.03E-04 1.12E-19 5.29E-14

Supplemental Table S71 p value of metabolites frofi-13Cs]glutamate agar plate

P value of metabolitefrom experiments witiNCIB3610, GP921 and GP1562 grown on Msgg agar plate
supplemented with 6 mM [YCs]glutamate. Mean and SD from three independentraxgats are shown.

NCIB3610/GP921 NCIB3610/GP1562 GP921/GP1562

Ala 1.46E-15 1.42E-13 2.50E-07

Asp 5.43E-09 1.13E-11 6.14E-09
DAP 3.72E-07 2.28E-08 2.14E-07

Glu 2.86E-11 2.16E-10 3.46E-02

Gly 1.15E-09 9.05E-01 1.43E-10

His 8.61E-02 4.08E-01 2.88E-07

lle 9.95E-04 7.58E-10 6.73E-08

Leu 3.89E-08 5.19E-09 1.33E-02

Lys 1.06E-07 6.00E-07 1.24E-12

Met 1.84E-06 6.67E-05 1.08E-09
Phe 7.58E-17 5.52E-12 1.03E-08

Pro 2.69E-05 3.21E-03 2.02E-06

Ser 3.38E-11 3.16E-01 8.75E-09

Thr 4.65E-05 5.20E-15 1.06E-13

Tyr 2.21E-09 8.43E-10 5.89E-20

Val 6.45E-12 3.26E-09 1.05E-07
Lactate 4.87E-01 3.93E-07 1.50E-11
Glycolic acid 1.10E-01 1.88E-01 8.63E-01
Alanine 8.52E-01 1.14E-09 2.47E-10
Glycine 1.16E-10 1.90E-11 5.79E-01
Valine 5.68E-14 6.15E-01 3.54E-16
leucine 2.48E-13 1.53E-01 1.97E-07
Isoleucine 1.09E-04 3.97E-04 6.26E-02
Succinic acid 5.84E-05 1.09E-06 4.48E-06
Fumaric acid 9.69E-10 9.27E-08 1.77E-01
Glycerol 2.14E-04 1.38E-03 5.39E-01
Methionine 8.59E-01 8.92E-08 6.32E-08
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Serine 2.00E-14 1.67E-15 2.56E-07
Threonine 2.62E-02 2.85E-04 1.59E-02
Phenylalanine 3.32E-11 3.94E-05 2.27E-02
Malic acid 2.22E-05 2.02E-02 8.66E-06

Aspartate 2.65E-14 1.92E-10 4.00E-07
Glutamate 1.42E-13 6.46E-11 1.82E-07
Palmitate 1.03E-05 2.09E-06 8.36E-09
Oelic acid 2.77E-02 3.17E-05 8.54E-04
Stearic acid 2.05E-04 1.00E-04 4.37E-04
Glucose in glycogen 3.78E-01 1.15E-02 6.99E-01
Glucosamine 3.53E-03 1.82E-02 6.33E-02
Muramic acid 4.24E-04 8.04E-02 1.06E-03

Supplemental Table S72 Composition of CSE medium ithe [U-*Cg]glucose labelled experiments.

Component Final concentration
KHPO 30 mM
KoHPOs x 3 HO 70 mM
(NH4)2SQy 25 mM
MnSQs x 3 HO 10 uM
MgSQOsx 7 H.O 0.5 mM
Potassium L-glutamate 8 mg/ml
L-Tryptophan 50 mgl/l
Ammonium iron citrate 22 mg/l
Sodium succinate 6 mg/ml
D-glucose 139 mM
D-[U-EC¢glucose 13.4 mMm

Supplemental Table S73 Composition of pre-culture B-medium

LB medium (1 1) Tryptone 10g
Yeast extract 59
NacCl 10g
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Supplemental Table S74 Composition of MSgg agar pia in the [U-1°Ce]glucose and
[U-13Cs]glutamate labelled experiments.

MSgg medium
Component Final concentration
Potassium phosphate buffer pH 7.0 5 mM
MOPS pH 7.0 100 mM
Glycerol 68 mM
Thiamine 2 uM
Potassium glutamate 246 mM
L-Tryptophan 100 mg/l
L-Phenylalanine 100 mgl/l
MgCl, 2 mM
CaCb 700 uM
MnCl, 50 uM
FeCk x 6 HO* 50 uM
ZnCl, 1 uM

MSgg glucose **C-glucose medium

Component Final concentration
Potassium phosphate buffer pH 7.0 5 mM
MOPS pH 7.0 100 mM
Glycerol 68 mM
Glucose 185 mM
D-[U-1Cg]glucose 9.3 mM
Thiamine 2 UM
Potassium glutamate 246 mM
L-Tryptophan 100 mg/l
L-Phenylalanine 100 mgl/l
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MgCl. 2 mM
CaCb 700 uM
MnCl, 50 UM
FeCk x 6 HO* 50 uM
ZnCl, 1 uM

MSgg glutamate / *C-glutamate medium

Component Final concentration
Potassium phosphate buffer pH 7.0 5 mM
MOPS pH 7.0 100 mM
Glycerol 68 mM
Thiamine 2 uM
Potassium glutamate 19.7 mM
L-[U-13Cg]glutamate 54 mM
L-Tryptophan 100 mg/l
L-Phenylalanine 100 mg/l
MgCl. 2 mM
CaCb 700 uM
MnCl, 50 UM
FeCk x 6 HO 50 uM
ZnCl, 1 uM
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Supplemental Tables S7%°C-Excess (mol%) of protein-bound amino acids from-*3Ce]glucose labelledmmortal brown adipose tissue (I BAT)

13C-Excess (mol%) of protein-bound amino acids fromegiments withmmortal brown adipose tissue grown in DMEM medium supplemented with 5 mM [€Gs]glucose.
Mean and SD from three technical replicates argvaho

con. 1 iso. 1 con. 2 iso. 2

Ala-260 | 0.39% 0.05% | 0.41% 0.05% | 0.66% 0.07% | 0.59% + 0.05%

I+
I+
I+
I+

0.04% | 0.41% 0.09% | 0.47% 0.11% | 0.47%
0.09% | 0.62%
0.04% | 0.58%

0.05% | 0.25%

Asp-418 | 0.33% 0.06%

I+
I+
I+
I+

Glu-432 | 0.64% 0.02% | 0.64% 0.03% | 0.67% 0.02%

I+
I+
I+
I+

Gly-246 | 0.45% 0.02% | 0.53% 0.09% | 0.64% 0.03%

I+
I+
I+
I+

His-440 | 0.16% 0.00% | 0.13% 0.04% | 0.52% 0.07%

I+
I+
I+
I+

0.03% | 0.22% 0.03% | 0.18% 0.02% | 0.19%
0.00% | 0.23%
0.04% | 0.15%

0.02% | 0.25%

lle-274 | 0.17% 0.02%

I+
I+
I+
I+

Leu-274| 0.21% 0.05% | 0.26% 0.03% | 0.24% 0.03%

I+
I+
I+
I+

0.06% | 0.11% 0.01%| 0.17% 0.06%

I+
I+
I+
I+

Lys-431 | 0.05%

Met-320 | 0.35% 0.26% | 0.37% 0.19% | 0.09% 0.02%

I+
I+
I+
I+

0.04% | 0.19% 0.03% | 0.19% 0.04% | 0.24%
0.03% | 0.34%
0.01% | 0.29%

0.06% | 0.79%

Phe-336| 0.15% 0.04%

I+
I+
I+
I+

Pro-286 | 0.27% 0.02% | 0.37% 0.01% | 0.38% 0.03%

Ser-390 | 0.21%
Thr-404 | 0.79%

I+
I+
I+
I+

0.03% | 0.28% 0.04% | 0.33% 0.08%

I+
I+
I+
I+

0.05% | 0.75% 0.04% | 0.83% 0.07%

I+
I+
I+
I+

0.04% | 0.15% 0.04% | 0.12% 0.05% | 0.14% + 0.04%

0.03% | 0.23%

Tyr-466 | 0.10%

I+
I+
I+
I+

Val-288 | 0.14% 0.02% | 0.20% 0.06% | 0.26% 0.03%

I+
I+
I+
I+
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Supplemental Table S76Relative fractions of isotopologues (mol%) of pitbound amino acids from experiments withmortal brown adipose tissue grown in DMEM
medium supplemented with 5 mM [\3Cs]glucose. M+x represents the mass of the unlabefiethbolite plus x labellefC-atoms. Mean and SD from three technical repl&ate
are shown.

5 mM [U-'3Cg]glucosecon. 1
Ala-260 Asp-418 Glu-432 Gly-246 His-440 lle-274 Leu-274 Lys-431
M+ | 0.46 =+ 0.23 130 + 017 | 135 + 021 | 057 =+ 004 | 000 £ 000 | 013 + 0.12 | 067 + 0.18 | 0.02 =+ 0.02
1 % % % % % % % % % % % % % % % %
M+ | 0.14 + 0.05 000 £ 00O0| 091 + 013 | 0.16 + 0.02| 000 =+ 000 | 035 + 003 | 0.16 = 0.04 | 0.00 = 0.00
2 % % % % % % % % % % % % % % % %
M+ | 0.15 + 0.01 0.00 £ 0.00 | 0.00 £+ 0.00 0.00 £+ 000| OOO * 0.00| 001 £+ 001 )| 010 = 011
3 % % % % % % % % % % % % % %
M+ 0.00 £+ 0.00 | 0.00 = 0.00 0.15 + 003| 000 + 000 | OOO = 0.00 | 000 + o0.00
4 % % % % % % % % % % % %
M+ 0.00 + 0.00 0.07 + 003| 000 + 000 | OOO = 0.00 | 000 = o0.00
5 % % % % % % % % % %
M+ 0.00 + 0.00 0.00 + 0.00
6 % % % %
5 mM [U-13Cg]glucosecon. 1
Met-320 Phe-336 Pro-286 Ser-390 Thr-404 Tyr-466 Val-288

M+1 | 0.00% + 0.00%| 0.80% + 0.43%| 0.17% + 0.05%| 0.13% + 0.23%| 2.60% * 0.38%| 0.53% = 0.46%| 0.55% + 0.08%

M+2 | 0.01% + 0.01%| 0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%| 0.27% * 0.12%| 0.00% = 0.00%| 0.08% + 0.07%

+
+
+
+
+
+
+

+
+

M+3 | 0.12% + 0.22%| 0.00% + 0.00%| 0.15% + 0.01%| 0.17% + 0.07%| 0.00% * 0.00%| 0.01% = 0.02%| 0.00% + 0.00%

+
+
+
+
+
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M+4 | 0.00% * 0.00%| 0.13% = 0.02%| 0.18% = 0.02% 0.00% = 0.00%| 0.00% = 0.00%| 0.01% + 0.01%
M+5 | 0.27% =+ 0.15%]| 0.01% = 0.01%| 0.00% + 0.00% 0.07% = 0.00%| 0.00% + 0.00%
M+6 0.00% = 0.00% 0.00% + 0.00%
M+7 0.00% = 0.00% 0.00% + 0.00%
M+8 0.00% = 0.00% 0.00% + 0.00%
M+9 0.00% = 0.00% 0.00% + 0.00%
5 mM [U-13Cg]glucoseiso. 1
Ala-260 Asp-418 Glu-432 Gly-246 His-440 lle-274 Leu-274 Lys-431
M+ 070 + 016 | 162 + 035)| 163 + 032 | 075 = 009 | 044 + 023 | 021 + 0.20| 086 =+ 0.13 | 0.06 *= 0.05
1 % % % % % % % % % % % % % % %
M+ | 021 + 001 | OO0 + 000 | 078 + 0.08 | 015 + 004 | OO0 + 000 | 044 + 003 | 020 + 0.05| 000 £ 0.00
2 % % % % % % % % % % % % % % %
M+ | 0.04 + 0.00| 000 £+ 0.00 | 0.00 + 0.00 000 = 000| 000 + 0.00| 001 + 001 020 =+ 0.00
3 % % % % % % % % % % % % %
M+ 000 + 0.00| 000 £+ 0.00 000 + 001| 000 + O0.00| 0.O0 = 0.00| 000 + 0.00
4 % % % % % % % % % % %
M+ 0.00 + 0.00 006 + 000 | 000 + 0.00| 000 = 0.00| 000 + 0.00
5 % % % % % % % % %
M+ 0.00 + 0.00 0.00 + 0.00
6 % % % %
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5 mM [U-13Cg]glucoseiso. 1

Met-320 Phe-336 Pro-286 Ser-390 Thr-404 Tyr-466 Val-288
M+1| 0.03% + 0.03%| 1.24% + 0.25%| 0.50% + 0.05%| 0.47% + 0.08%| 2.46% + 0.32%| 1.12% + 0.39%| 0.86% + 0.11%
M+2 | 0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%| 0.27% + 0.07%| 0.00% + 0.01%| 0.07% + 0.11%
M+3 | 0.06% + 0.10%| 0.00% + 0.00%| 0.14% + 0.01%| 0.13% + 0.01%| 0.00% + 0.00%| 0.00% + 0.00%| 0.00% = 0.00%
M+4 | 0.10% + 0.18%| 0.12% + 0.01%| 0.24% + 0.01% 0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%
M+5 | 0.24% + 0.21%| 0.00% + 0.00%| 0.00% + 0.00% 0.05% + 0.00%| 0.00% + 0.00%
M+6 0.00% + 0.00% 0.00% + 0.00%
M+7 0.00% + 0.00% 0.00% + 0.00%
M+8 0.00% + 0.00% 0.00% + 0.00%
M+9 0.00% + 0.00% 0.00% + 0.00%

5 mM [U-13Cg]glucosecon. 2

Ala-260 Asp-418 Glu-432 Gly-246 His-440 lle-274 Leu-274 Lys-431

Myl o2 * 026| 188 * 044 162 T 045] 080 ¥ 008| 066 ¥ 032| 006 ¥ o011| 061 * 010 040 ¥ 030
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1 % % % % % % % % % % % % % % % %
M+ 029 + 007| OO0 + 00O0| 086 + 007 | 024 + 002 | 000 + 000 | 042 + 003 | 026 = 005 | 0.00 £ 0.00
2 % % % % % % % % % % % % % % % %
M+ | 013 + 0.01| 000 + 0.00 | 0.00 * 0.01 004 + 007 | 000 + 000 | 002 + 0.01]| 020 * 0.02
3 % % % % % % % % % % % % % %
M+ 0.00 £+ 0.00 | 000 + 0.00 049 + 005| 000 + 000 | 000 = 0.00| 000 + 0.00
4 % % % % % % % % % % % %
M+ 0.00 + 0.00 008 + 0.00| 000 + 000 | 0.00 = 0.00| 000 * 0.00
5 % % % % % % % % % %
M+ 0.00 =+ 0.00 0.00 + 0.00
6 % % % %
5 mM [U-'3Cg]glucosecon. 2
Met-320 Phe-336 Pro-286 Ser-390 Thr-404 Tyr-466 Val-288

M+1 | 0.00% + 0.00%| 1.22% = 0.36%| 0.61% + 0.15%| 0.34% £+ 0.28%| 2.72% * 0.42%| 0.77% * 0.55%| 1.03% + 0.13%
M+2 | 0.07% + 0.12%| 0.00% + 0.00%| 0.00% * 0.00%| 0.03% + 0.06%| 0.29% + 0.09%| 0.04% + 0.06%| 0.14% * 0.01%
M+3 | 0.00% + 0.00%| 0.00% + 0.00%| 0.14% + 0.04%| 0.19% + 0.06%| 0.00% + 0.00%| 0.00% + 0.00%| 0.00% * 0.00%
M+4 | 0.00% + 0.00%| 0.12% + 0.01%| 0.22% + 0.03% 0.00% = 0.00%| 0.00% + 0.00%| 0.00% + 0.00%
M+5 | 0.06% + 0.03%| 0.00% + 0.00%| 0.00% + 0.00% 0.05% + 0.01%| 0.00% + 0.00%
M+6 0.00% *= 0.00% 0.00% + 0.00%
M+7 0.00% *= 0.00% 0.00% + 0.00%
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M+8 0.00% = 0.00% 0.00% + 0.00%
M+9 0.00% = 0.00% 0.00% + 0.00%
5 mM [U-13Cg]glucoseiso. 2
Ala-260 Asp-418 Glu-432 Gly-246 His-440 lle-274 Leu-274 Lys-431
M+ 104 + 015| 18 + 026 | 137 + 014 | 077 + 002 | 084 + 050 | 015 + 0.16 | 067 = 004 | 022 + 0.34
1 % % % % % % % % % % % % % % % %
M+ | 020 + 001 | OO0 + 000 | 087 + 001 | 020 + 002 )| 000 + o000 | 038 £+ 003 | 022 + 0.05| 000 £ 0.00
2 % % % % % % % % % % % % % % % %
M+ | 011 + O0.00| 001 + 001 )| 0.00 + 0.00 002 + 003| 001 + 001 | 001 + 001]| 023 + 0.04
3 % % % % % % % % % % % % % %
M+ 000 + 0.00| 000 £ 0.00 009 + 001| 000 + O0.00| 000 = 0.00| 000 + 0.00
4 % % % % % % % % % % % %
M+ 0.00 + 0.00 006 + 001| 000 + 0.00| 000 = 0.00| 000 + 0.00
5 % % % % % % % % % %
M+ 0.00 + 0.00 0.00 + 0.00
6 % % % %
5 mM [U-13Cg]glucoseiso. 2
Met-320 Phe-336 Pro-286 Ser-390 Thr-404 Tyr-466 Val-288
M+1 | 0.01% * 0.01%]| 1.63% = 0.30%| 0.41% + 0.18%| 0.37% £ 0.34%| 2.72% + 0.32%| 1.10% * 0.36%| 0.89% + 0.07%
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M+2 | 0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%| 0.01% = 0.01%| 0.22% = 0.13%| 0.03% = 0.05%| 0.13% + 0.07%
M+3 | 0.00% + 0.00%| 0.00% + 0.00%| 0.12% + 0.02%| 0.17% = 0.03%| 0.00% = 0.00%| 0.00% = 0.00%| 0.00% + 0.00%
M+4 | 0.06% % 0.06%| 0.12% * 0.01%| 0.24% = 0.01% 0.00% + 0.00%| 0.00% + 0.00%| 0.00% = 0.00%
M+5 | 0.20% =+ 0.05%| 0.00% * 0.00%| 0.00% = 0.00% 0.03% + 0.03%| 0.00% + 0.00%
M+6 0.00% + 0.00% 0.00% + 0.00%
M+7 0.00% + 0.00% 0.00% + 0.00%
M+8 0.00% + 0.00% 0.00% + 0.00%
M+9 0.00% + 0.00% 0.00% + 0.00%

Supplemental Tables S77C-Excess (mol%) of polar metabolites from [Ut3Ce]glucose labelledmmortal brown adipose tissue (I BAT)

13C-Excess (mol%) of polar metabolites from experitaemith immortal brown adipose tissue grown in DMEM medium supplemented with 5 mM }8Gs]glucose. Mean and
SD from three technical replicates are shown.

con. 1 iso. 1 con. 2 iS0. 2
Lactate-261 9.67% = 007%| 9.63% = 0.02%| 1091% + 0.03%| 1061% = 0.05%
Glycolic acid-247 198% £ 0.19%| 053% = 0.18% 150% £+ 0.96% 212% £+ 0.38%
Ala-260 490% + 0.01%| 441% = 0.06% 270% £+ 0.09% 250% + 0.06%
Gly-246 022% + 0.06%| 0.16% + 0.05% 027% £+ 017% 0.18% + 0.11%
Oxalic acid-261 1.28% + 221%| 0.02% £ 0.04% 0.90% £+ 0.97% 193% £ 157%
3-Hydroxybutyrate-275 | 7.47% + 0.72% | 4.00% = 0.96% 585% £+ 525% 252% £+ 0.58%
Val-288 003% + 003%| 006% + 0.01%| 012% * 0.04%| 0.06% + 0.04%
Leu-274 025% + 007%| 014% + 0.00%| 013% * 0.02%| 0.16% + 0.05%
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lle-274 047% + 005%| 043% + 003%| 040% + 004%| 036% = 0.11%
Succinate-289 278% = 1.04%| 328% x 294%| 093% +* 0.78%| 0.15% = 0.15%
Fumarate-287 846% + 0.13%| 459% * 0.12%| 963% =+ 158%| 7.42% * 090%
Glycerol-377 018% + 0.13%| 049% * 0.07%| 038% =+ 021%| 0.70% * 0.21%

Met-320 080% + 009%| 120% * 031%| 150% +* 052%| 1.55% = 0.25%

Ser-390 058% + 009%| 052% + 0.07%| 047% +* 0.14%| 066% = 0.04%

Thr-404 009% + 0.09%| 008% * 002%| 011% =+ 014%| 0.09% =+ 0.06%
Phe-336 281% + 013%| 489% * 046%| 211% + 362%| 481% * 4.03%
Malate-419 416% * 041%| 3.48% = 093%| 459% =+ 3.52% 418% + 1.13%
Asp-418 300% + 023%| 331% * 041%| 267% += 1.13% 3.79% + 0.13%
Glu-432 293% + 0.09%| 272% * 0.10%| 333% *= 0.06% 286% + 0.07%
Palmitic acid-313 004% + 0.00%| 003% * 0.01%| 002% =+ 0.01% 0.03% + 0.02%
Oleic acid-339 067% = 002%| 0.69% *+ 0.01%| 066% + 0.02% 0.67% + 0.02%
Stearic acid-341 028% + 0.02%| 0.32% * 0.01%| 028% =+ 0.02% 0.29% + 0.01%
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Supplemental Table S78Relative fractions of isotopologues (mol%) of pofaetabolites from experiments witmmortal brown adipose tissue grown in DMEM medium
supplemented with 5 mM [&C¢]glucose. M+x represents the mass of the unlabetiethbolite plus x labelletfC-atoms. Mean and SD from three technical replgate
shown.

5 mM [U-'3Cg]glucosecon. 1
Ala-260 Asp-418 Glu-432 Phe-336 Ser-390
036 + 006|195 + 033|137 + 0.16| 030 + 0.33| 0.00 = 0.00
M+1 % % % % % % % % % %
043 + 003|226 + 019|506 + 0.12| 0.00 + 0.00| 042 =+ 0.27
M+2 % % % % % % % % % %
449 + 003|172 + 006|070 £ 0.02| 497 + 0.04| 0.30 = 0.09
M+3 % % % % % % % % % %
0.09 + 0.10| 0.08 + 0.01]| 0.09 + 0.09
M+4 % % % % % %
0.15 + 0.02] 1.68 = 0.34
M+5 % % % %
0.112 + 0.07
M+6 % %
0.09 + 0.09
M+7 % %
0.00 £+ 0.00
M+8 % %
0.00 £+ 0.01
M+9 % %
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5 mM [U-'3Cg]glucosecon. 1
3-Hydroxybutyrate- Fumarate-287 | Glycolic acid-247 Lactate-261 Malate-419 Succinate-289
275
+ 206 | 000 + 000 | 020 + 030 | 0.09 + 0.08 | 169 + 0.00 + 0.00
M+1 | 1.19% % % % % % % % % 1.69%| % %
1420 + 121 | 187 + 024 | 183 + 011 | 081 + 0.03| 204 + 0.00 + 0.00
M+2 % % % % % % % % % 0.69%| % %
+ 016 | 247 + 0.19 9.10 + 0.03 | 345 + 115 + 0.23
M+3 | 0.09% % % % % % % 0.90%| % %
+ 000 | 567 =+ 0.29 0.13 + 192 + 101
M+4 | 0.00% % % % % 0.22%| % %

5 mM [U-'3Cg]glucosecon. 1

Oleic acid-339 Stearic acid-341
M+1 | 1.11% + 0.20%| 2.98% = 0.29%
M+2 | 3.87% * 0.05%| 0.14% = 0.06%
M+3 | 0.00% % 0.00%| 0.00% = 0.00%
M+4 | 0.03% % 0.01%| 0.00% = 0.00%
M+5 | 0.01% % 0.00%| 0.01% = 0.00%
M+6 | 0.01% % 0.01%| 0.01% = 0.00%
M+7 | 0.01% % 0.01%| 0.00% = 0.00%
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M+8 | 0.00% =+ 0.00%| 0.00% * 0.00%

M+9 | 0.00% =+ 0.00%| 0.00% + 0.00%

M+10 | 0.01% + 0.00%| 0.01% * 0.00%

M+11 | 0.00% = 0.00%| 0.00% + 0.00%

M+12 | 0.01% + 0.00%| 0.03% * 0.00%

M+13 | 0.01% + 0.00%| 0.02% * 0.00%

M+14 | 0.05% + 0.01%| 0.04% * 0.00%

M+15 | 0.03% + 0.00%| 0.02% * 0.00%

M+16 | 0.04% + 0.00%| 0.01% * 0.00%

M+17 | 0.02% + 0.00%| 0.00% * 0.00%

M+18 | 0.02% + 0.01%| 0.00% * 0.00%

5 mM [U-'3Cg]glucoseiso. 1
Ala-260 Asp-418 Glu-432 Phe-336 Ser-390

M+1 | 0.37% + 0.11%| 3.74% + 0.69%| 3.00% = 0.39%| 0.68% + 0.27%| 0.00% + 0.00%
M+2 | 0.36% + 0.06%| 2.77% + 0.27%| 3.84% = 0.09%| 0.00% + 0.00%| 0.45% + 0.14%
M+3 | 4.05% + 0.01%| 1.01% + 0.25%| 0.64% = 0.05%| 8.15% + 0.69%| 0.22% + 0.04%
M+4 0.23% + 0.36%| 0.06% + 0.02%| 0.00% + 0.01%
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M+5 0.15% = 0.02%| 2.97% + 0.40%
M+6 0.35% + 0.12%
M+7 0.14% + 0.16%
M+8 0.08% = 0.09%
M+9 0.04% + 0.05%

5 mM [U-13Cg]glucoseiso. 1

3-Hydroxybutyrate-275 | Fumarate-287 | Glycolic acid-247 Lactate-261 Malate-419 Succinate-289
M+ + 0.00 + 0.00| 000 + 0.00 | 0.24 + 0.07 | 3.15 = 0.00 + 0.00
1 0.77% 133% | % % % % % % % 0.71%| % %
M+ * 201 + 0.16| 053 + 018 | 0.79 + 0.08 | 258 =+ 031 + 0.32
2 5.93% 0.91% | % % % % % % % 1.15%| % %
M+ * 113 + 0.20 9.06 + 003 | 162 = 0.71 + 0.63
3 0.05% 0.08% | % % % % % 0.57%| % %
M+ * 274 + 0.14 0.19 % 259 + 258
4 0.80% 1.39% | % % % 0.33%| % %
5 mM [U-13Cg]glucoseiso. 1
Oleic acid-339 | Stearic acid-341
168 + 021|263 = 0.26
M+1 | % % % %

257



383 + 003|013 + 003
M2 | % % | % %

000 + 000|000 + 0.00
M+3 | % % | % %

003 + 000|000 + 0.00
M+4 | % % | % %

001 + 001|001 + 0.00
M+5 | % % | % %

001 + 000|001 + 001
M+6 | % % | % %

001 + 000|000 + 0.00
M+7 | % % | % %

000 + 000|001 + 001
M+8 | % % | % %

000 + 000|000 + 0.00
M+9 | % % | % %
M+1 | 000 + 000|001 + 000
0o | % % | % %
M+1 | 000 + 000|000 + 0.00
1 | % % | % %
M+1 | 002 + 000|008 + 002
2 | % % | % %
M+1 | 001 + 000|002 + 000
3 | % % | % %
M+1 | 005 ¥ 000| 004 ¥ 000
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4 % % % %

M+1 | 0.03 £ 0.00 | 0.02 £+ 0.00

5 % % % %

M+1 | 0.04 + 0.00| 001 + 0.00

6 % % % %

M+1 | 0.02 + 0.00| 0.00 + 0.00

7 % % % %

M+1 | 001 + 0.00| 001 + 0.00

8 % % % %

5 mM [U-13Cg]glucosecon. 2
Ala-260 Asp-418 Glu-432 Phe-336 Ser-390

M+1 | 0.09% + 0.09%| 3.18% + 0.89%| 3.03% = 0.50%| 0.38% + 0.29%| 0.00% + 0.00%
M+2 | 0.18% + 0.03%| 0.88% + 0.84%| 5.27% = 0.11%| 0.00% + 0.00%| 0.33% + 0.29%
M+3 | 255% + 0.05%| 1.61% + 1.28% | 0.89% + 0.14%| 3.67% + 6.35%| 0.25% + 0.07%
M+4 0.23% + 0.22%| 0.07% + 0.05%| 0.02% + 0.04%

M+5 0.03% = 0.04%| 1.18% + 2.04%

M+6 0.21% = 0.37%

M+7 0.03% = 0.05%

M+8 0.00% = 0.00%
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M+9 0.02% + 0.03%

5 mM [U-'3Cg]glucosecon. 2
3-Hydroxybutyrate-275 Fumarate-287 Glycolic acid-247 Lactate-261 Malate-419 Succinate-289
M+1 311% + 2.87% | 0.00% + 0.00%| 0.00% * 0.00% | 0.03% + 0.03% | 1.98% * 3.42%| 0.00% = 0.00%
M+2 577% + 4.80% | 1.30% + 0.55%| 1.50% + 0.96% | 0.82% * 0.02% | 0.99% = 1.71% | 0.00% + 0.00%
M+3 023% =+ 0.39% | 2.15% + 0.61% 10.35% + 0.01% | 3.00% * 2.85%| 0.46% = 0.38%
M+4 201% + 2.98% | 7.36% = 1.45% 1.35% + 1.29%| 0.58% * 0.51%

5 mM [U-'3Cg]glucosecon. 2

Oleic acid-339 Stearic acid-341
M+1 | 1.59% + 0.14%| 2.70% = 0.32%
M+2 | 3.80% % 0.13%| 0.14% = 0.01%
M+3 | 0.00% + 0.00%| 0.00% + 0.00%
M+4 | 0.03% + 0.00%| 0.00% + 0.00%
M+5 | 0.01% + 0.00%| 0.01% + 0.00%
M+6 | 0.00% + 0.00%| 0.01% + 0.00%
M+7 | 0.00% + 0.00%| 0.00% + 0.00%
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M+8 | 0.00% =+ 0.00%| 0.01% * 0.00%
M+9 | 0.00% =+ 0.00%| 0.00% + 0.00%
M+10 | 0.00% =+ 0.00%| 0.01% %+ 0.01%
M+11 | 0.00% = 0.00%| 0.00% + 0.00%
M+12 | 0.01% + 0.00%| 0.06% * 0.01%
M+13 | 0.01% + 0.01%| 0.02% * 0.00%
M+14 | 0.05% + 0.01%| 0.04% * 0.00%
M+15 | 0.03% + 0.00%| 0.01% * 0.00%
M+16 | 0.04% + 0.00%| 0.01% * 0.00%
M+17 | 0.01% + 0.00%| 0.00% * 0.00%
M+18 | 0.01% + 0.00%| 0.00% * 0.00%
5 mM [U-13Cg]glucoseiso. 2
Ala-260 Asp-418 Glu-432 Phe-336 Ser-390
M+1 | 0.14% + 0.12%| 2.53% + 1.15%| 3.13% = 0.48%| 0.59% + 0.14%| 0.00% + 0.00%
M+2 | 0.22% + 0.05%| 2.76% + 1.20%| 4.34% = 0.07%| 0.01% + 0.02%| 0.50% + 0.18%
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M+3 | 2.30% + 0.06%| 1.99% + 0.10%| 0.65% + 0.25%| 8.30% + 7.19%| 0.32% + 0.09%
M+4 0.28% + 0.49%| 0.10% * 0.10%| 0.09% = 0.13%
M+5 0.03% + 0.05%| 2.63% = 2.29%
M+6 0.59% + 0.55%
M+7 0.04% + 0.07%
M+8 0.03% + 0.05%
M+9 0.02% + 0.02%
5 mM [U-13Cg]glucoseiso. 2
3-Hydroxybutyrate- Fumarate-287 | Glycolic acid-247 Lactate-261 Malate-419 Succinate-289
275
+ 022 | 000 + 000 | 026 =+ 0.36 + 339 + 239 | 0.00 + 0.00
M+1 0.13% % % % % % 0.09% 0.07%| % % % %
+ 112 | 155 + 044 | 199 + 051 + 354 + 255 | 0.09 + 0.16
M+2 4.98% % % % % % 0.81% 0.06%| % % % %
+ 000 | 211 + 0.64 + 091 + 090 | 013 + 0.23
M+3 0.00% % % % 10.04% 0.07%| % % % %
+ 0.00| 506 =+ 0.97 088 + 0.85 | 000 + 0.00
M+4 0.00% % % % % % % %

5 mM [U-13Cg]glucoseiso. 2
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Oleic acid-339 Stearic acid-341
M+1 | 1.54% £ 0.39%| 2.65% = 0.32%
M+2 | 3.87% £ 0.03%| 0.09% = 0.02%
M+3 | 0.00% + 0.00%| 0.00% = 0.00%
M+4 | 0.03% + 0.00%| 0.00% = 0.00%
M+5 | 0.01% £ 0.00%| 0.01% = 0.00%
M+6 | 0.00% + 0.00%| 0.01% = 0.00%
M+7 | 0.00% + 0.00%| 0.00% = 0.00%
M+8 | 0.00% £ 0.00%| 0.01% = 0.01%
M+9 | 0.00% + 0.00%| 0.00% = 0.00%
M+10 | 0.01% + 0.00%| 0.00% * 0.00%
M+11 | 0.00% + 0.00%| 0.00% + 0.00%
M+12 | 0.02% + 0.01%| 0.06% * 0.01%
M+13 | 0.01% + 0.01%]| 0.02% + 0.00%
M+14 | 0.06% + 0.00%| 0.04% + 0.01%
M+15 | 0.02% + 0.00%| 0.02% + 0.01%
M+16 | 0.04% + 0.00%| 0.01% + 0.00%
M+17 | 0.01% + 0.00%| 0.00% + 0.00%
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M+18 | 0.01% + 0.01%| 0.00% %= 0.00%

Supplemental Tables S79°C-Excess (mol%) of polar metabolites from [U¥Cs]glucose DMEM Medium

13C-Excess (mol%) of polar metabolites from DMEM medifor the 5 mM [U*Cg]glucoseimmortal brown adipose tissue labelling experiments. Mean and SD from three
technical replicates are shown.

con. 1 iso. 1 con. 2 iS0. 2
Lactate-261 11.80% + 0.08% | 11.25% + 0.03% | 12.55% + 0.15%]| 12.16% = 0.07%
Glycolic acid-247 1119% + 155%| 13.69% + 0.42% | 10.14% =+ 2.40%| 7.31% = 2.63%
Ala-260 147% + 0.02% 146% = 0.03%| 0.87% £ 0.03%| 0.86% * 0.04%
Gly-246 0.04% =+ 003%| 004% =+ 0.04%| 0.13% + 0.08%| 0.12% =+ 0.11%
Oxalic acid-261 302% + 0.73%| 2.16% + 0.70%| 1.74% + 1.15%
Val-288 011% + 0.00% 0.09% + 0.02% /| 0.07% = 0.04%| 0.09% = 0.02%
Leu-274 031% =+ 0.03% 034% + 0.02%/| 0.29% = 0.04%| 0.25% = 0.03%
lle-274 058% =+ 0.05% 057% + 0.03%| 0.51% + 0.08%| 0.53% + 0.07%
Succinate-289 017% =+ 017%| 011% =+ 0.19%| 0.00% + 0.00%| 0.03% + 0.02%
Glycerol-377 228% = 2.46% 1.18% + 067%| 1.61% £ 0.96%| 1.72% + 0.86%
Met-320 040% =+ 0.01% 032% + 0.02% /| 0.45% = 0.06%| 0.35% = 0.04%
Ser-390 038% =+ 006%| 032% =+ 008%| 0.33% + 0.02%| 0.31% + 0.14%
Thr-404 004% =+ 003%| 011% =+ 0.09%| 0.10% + 0.07%| 0.06% + 0.01%
Phe-336 1.06% + 0.04% 117% = 005%| 1.20% + 0.01%| 1.34% =+ 0.06%
Palmitic acid-313 0.03% =+ 0.01% 0.03% + 0.01%/| 0.02% = 0.00%| 0.03% = 0.04%
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Oleic acid-339 087% =+ 005%| 094% + 0.16% /| 0.85%

+
+
I+

0.01%| 0.96%

I+

0.20%

Stearic acid-341 045% =+ 0.09%| 044% + 0.03%| 0.39%

+
+
I+

0.03%| 0.37%

I+

0.03%
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Supplemental Table S8Relative fractions of isotopologues (mol%) of pataetabolites from DMEM medium for the 10 mM [8Es]glucoseimmortal brown adipose tissue
labelling experiments. M+x represents the mashetimnlabelled metabolite plus x labelfé@-atoms. Mean and SD from three technical repl&cate shown.

5 mM [U-13Cg]glucosecon. 1
Ala-260 lle-274 Leu-274 Phe-336 Ser-390
M+1 | 0.06% + 0.07%| 2.43% + 0.37%| 1.00% = 0.16%| 0.39% + 0.20%| 0.01% + 0.01%
M+2 | 0.18% + 0.02%| 0.23% + 0.08% | 0.26% = 0.01%| 0.00% + 0.00%| 0.47% + 0.18%
M+3 | 1.33% + 0.02%| 0.00% + 0.00%| 0.00% = 0.00%| 2.15% + 0.04%| 0.06% + 0.05%
M+4 0.00% + 0.00%| 0.00% + 0.00%| 0.09% + 0.02%
M+5 0.00% + 0.00%| 0.01% + 0.00%| 0.46% + 0.01%
M+6 0.00% = 0.01%
M+7 0.00% = 0.00%
M+8 0.00% = 0.00%
M+9 0.00% = 0.00%

5 mM [U-'3Cg]glucosecon. 1

Glycerol-377 Glycolic acid-247 Lactate-261

+

M+1 | 0.00% + 0.00%| 0.00% = 0.00%| 0.41% =+ 0.10%

+
+

M+2 | 091% + 157%| 11.19% + 155%| 1.09% + 0.02%
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M+3 | 1.67% =+ 1.55% 1094% + 0.06 %

5 mM [U-'3Cg]glucosecon. 1

Oleic acid-339 Stearic acid-341
M+1 | 1.01% + 0.03%| 1.65% * 0.02%
M+2 | 3.74% + 0.08%| 0.04% + 0.03%
M+3 | 0.00% =+ 0.00%| 0.00% * 0.00%
M+4 | 0.05% + 0.01%| 0.06% * 0.03%
M+5 | 0.01% + 0.00%| 0.00% * 0.00%
M+6 | 0.02% + 0.01%]| 0.03% * 0.01%
M+7 | 0.01% + 0.01%]| 0.01% * 0.00%
M+8 | 0.02% + 0.01%| 0.02% + 0.01%
M+9 | 0.01% + 0.00%| 0.01% + 0.00%
M+10 | 0.01% + 0.00%| 0.03% + 0.01%
M+11 | 0.00% + 0.00%| 0.01% + 0.00%
M+12 | 0.02% + 0.00%| 0.10% + 0.03%
M+13 | 0.01% + 0.01%| 0.03% + 0.01%
M+14 | 0.06% + 0.00%| 0.12% + 0.02%
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M+15 | 0.03% + 0.00%| 0.03% * 0.00%

M+16 | 0.17% + 0.04%| 0.06% * 0.02%

M+17 | 0.03% + 0.01%| 0.01% * 0.00%

M+18 | 0.08% =+ 0.01%| 0.02% * 0.01%

5 mM [U-'3Cg]glucoseiso. 1
Ala-260 lle-274 Leu-274 Phe-336 Ser-390

M+1 | 0.02% =+ 0.03%| 2.45% + 0.23%| 1.13% = 0.12%| 0.33% + 0.25%| 0.03% + 0.05%
M+2 | 0.13% =+ 0.02%| 0.20% + 0.05%| 0.26% = 0.04%| 0.00% + 0.00%| 0.38% + 0.22%
M+3 | 1.36% =+ 0.02%| 0.00% + 0.00%| 0.00% = 0.00%| 2.25% + 0.05%| 0.05% + 0.09%
M+4 0.00% = 0.00%| 0.00% + 0.00%| 0.10% + 0.01%

M+5 0.00% + 0.00%| 0.01% + 0.00%| 0.54% + 0.02%

M+6 0.05% = 0.01%

M+7 0.01% = 0.01%

M+8 0.00% = 0.00%

M+9 0.00% = 0.00%

5 mM [U-'3Cg]glucoseiso. 1
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Glycerol-377

Glycolic acid-247

Lactate-261

M+1

002% + 0.04%

+

0.00% £+ 0.00%

+

046% = 0.13%

M+2

042% + 037%

13.69% + 0.42%

090% = 0.03%

M+3

089% + 043%

+

1050 % + 0.02 %

5 mM [U-13Cg]glucoseiso. 1

Oleic acid-339 Stearic acid-341
M+1 | 1.69% + 0.19%| 1.43% * 0.09%
M+2 | 3.72% + 0.03%| 0.05% * 0.01%
M+3 | 0.00% =+ 0.00%| 0.00% * 0.00%
M+4 | 0.06% = 0.03%| 0.16% * 0.02%
M+5 | 0.01% + 0.00%| 0.01% + 0.00%
M+6 | 0.02% + 0.02%| 0.03% + 0.01%
M+7 | 0.01% + 0.01%| 0.01% + 0.00%
M+8 | 0.01% + 0.00%| 0.02% + 0.01%
M+9 | 0.01% + 0.01%| 0.01% + 0.00%
M+10 | 0.01% + 0.01%| 0.05% * 0.01%
M+11 | 0.00% + 0.01%| 0.02% + 0.01%
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M+12 | 0.02% + 0.00%| 0.06% * 0.00%

M+13 | 0.03% + 0.01%| 0.03% * 0.00%

M+14 | 0.06% + 0.01%| 0.11% %+ 0.00%

M+15 | 0.02% + 0.01%| 0.03% * 0.01%

M+16 | 0.18% + 0.07%| 0.06% * 0.00%

M+17 | 0.04% + 0.01%| 0.01% * 0.01%

M+18 | 0.09% + 0.03%| 0.02% * 0.00%

5 mM [U-13Cg]glucosecon. 2
Ala-260 lle-274 Leu-274 Phe-336 Ser-390

M+1 | 0.05% + 0.05%| 2.25% + 0.48%| 0.96% = 0.10%| 0.37% + 0.26%| 0.02% + 0.04%
M+2 | 0.09% + 0.04%| 0.13% + 0.09%| 0.23% = 0.07%| 0.00% + 0.00%| 0.40% + 0.07%
M+3 | 0.79% + 0.02%| 0.00% + 0.00%| 0.00% = 0.00%| 2.45% + 0.07%| 0.05% + 0.04%
M+4 0.00% + 0.00%| 0.00% + 0.00%| 0.11% + 0.01%

M+5 0.00% + 0.00%| 0.01% + 0.01%| 0.52% + 0.02%

M+6 0.01% = 0.01%

M+7 0.00% = 0.00%
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M+8 0.00% =
M+9 0.00% =
5 mM [U-13Cg]glucosecon. 2
Glycerol-377 Glycolic acid-247 Lactate-261
M+1 | 0.33% £+ 057%| 0.00% = 0.00%| 0.29% x= 0.06%
M+2 | 0.78% + 0.53%| 10.14% + 240%| 1.01% = 0.01%
M+3 | 0.98% = 0.87% 11.78% £+ 0.13 %
5 mM [U-'3Cg]glucosecon. 2
Oleic acid-339 Stearic acid-341
M+1 | 1.18% + 0.03%| 1.30% = 0.18%
M+2 | 3.79% + 0.06%| 0.03% + 0.02%
M+3 | 0.00% + 0.00%| 0.00% + 0.00%
M+4 | 0.04% * 0.01%| 0.10% = 0.01%
M+5 | 0.01% + 0.00%| 0.01% + 0.01%
M+6 | 0.01% + 0.01%| 0.03% + 0.01%
M+7 | 0.01% % 0.01%| 0.01% = 0.01%




M+8 | 0.01% + 0.00%| 0.01% * 0.01%
M+9 | 0.00% =+ 0.00%| 0.01% %+ 0.00%
M+10 | 0.00% =+ 0.00%| 0.03% * 0.01%
M+11 | 0.00% = 0.00%| 0.02% + 0.00%
M+12 | 0.02% + 0.00%| 0.06% * 0.00%
M+13 | 0.01% + 0.01%| 0.02% * 0.00%
M+14 | 0.05% + 0.00%| 0.10% * 0.01%
M+15 | 0.03% + 0.00%| 0.04% * 0.00%
M+16 | 0.15% + 0.01%| 0.07% = 0.01%
M+17 | 0.03% + 0.00%| 0.01% * 0.00%
M+18 | 0.09% + 0.01%| 0.01% * 0.00%
5 mM [U-'3Cg]glucoseiso. 2
Ala-260 lle-274 Leu-274 Phe-336 Ser-390
M+1 | 0.06% + 0.08%| 2.26% + 0.42%| 0.76% = 0.11%| 0.05% + 0.06%| 0.00% + 0.00%

M+2

0.17% £ 0.03%

+

+

0.19% * 0.02%

+

0.23% + 0.03%

+

0.00% + 0.00%

+

0.37% = 0.18%
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M+3 | 0.72% =+ 0.01%| 0.00% + 0.00%| 0.00% = 0.00%| 2.61% + 0.09%| 0.07% + 0.06%
M+4 0.00% = 0.00%| 0.00% + 0.00%| 0.12% + 0.03%

M+5 0.00% = 0.00%| 0.01% + 0.01%| 0.65% + 0.08%

M+6 0.06% = 0.01%

M+7 0.01% = 0.01%

M+8 0.00% = 0.00%

M+9 0.00% = 0.00%

5 mM [U-'3Cg]glucoseiso. 2
Glycerol-377 Glycolic acid-247 Lactate-261
M+1 | 0.00% + 0.00%]| 0.00% = 0.00%| 040% = 0.12%

M+2

0.20% = 0.22%

731% £ 2.63%

0.97% = 0.01%

M+3

159% + 0.78%

+

11.38% = 0.04%

5 mM [U-13Cg]glucoseiso. 2

Oleic acid-339 Stearic acid-341
M+1 | 1.42% =+ 0.34%]| 1.36% *+ 0.15%
M+2 | 3.83% + 0.10%]| 0.02% *+ 0.04%
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M+3 | 0.00% + 0.00%| 0.00% = 0.00%
M+4 | 0.07% + 0.05%| 0.11% + 0.01%
M+5 | 0.01% % 0.00%| 0.01% + 0.00%
M+6 | 0.03% + 0.02%| 0.01% + 0.00%
M+7 | 0.01% % 0.01%| 0.01% + 0.00%
M+8 | 0.01% + 0.01%| 0.01% + 0.00%
M+9 | 0.01% % 0.01%| 0.01% + 0.01%
M+10 | 0.02% =+ 0.01%]| 0.04% = 0.01%
M+11 | 0.00% + 0.01%| 0.01% = 0.00%
M+12 | 0.02% =+ 0.01%| 0.07% = 0.00%
M+13 | 0.02% =+ 0.01%| 0.04% = 0.00%
M+14 | 0.07% =+ 0.03%| 0.09% + 0.00%
M+15 | 0.03% + 0.00%| 0.04% + 0.00%
M+16 | 0.20% + 0.09%| 0.04% + 0.00%
M+17 | 0.04% + 0.02%| 0.00% + 0.00%
M+18 | 0.08% + 0.04%| 0.01% + 0.00%
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Supplemental Tables S81 Quantitative analysis of jar metabolites from [U-1*Ce]glucose labelledmmortal brown adipose tissue (I BAT)

Quantitative analysis (umol) per welle of polar aftlitesfrom experiments withmmortal brown adipose tissue grown in DMEM medium supplemented with 5 mM
[U-13Cg]glucose. Mean and SD from three technical repdisatre shown.

[umol] con. 1 iso. 1 con. 2 iso. 2
Lactate 0.042086 + 0.003433| 0.075668+ 0.008680| 0.035933+ 0.004274| 0.038492+ 0.000669
Ala 0.018543 + 0.003980| 0.018030+ 0.002784| 0.010409+ 0.001474| 0.010361% 0.000322
Gly 0.011849 + 0.002409| 0.016290+ 0.002034| 0.002485+ 0.000641| 0.003074+ 0.000152
Val 0.016864 + 0.003584| 0.020423+ 0.003095| 0.008810+ 0.001143| 0.011632+ 0.000845
Leu 0.020048 + 0.004089| 0.023010%+ 0.003267| 0.009219+ 0.000882| 0.014562+ 0.001079
lle 0.086898 + 0.016118| 0.087784% 0.013729| 0.051376+ 0.010354| 0.053751% 0.009967
Glycerol 0.008277 + 0.001198| 0.051707+ 0.029772| 0.009114+ 0.000384| 0.011136+ 0.000554
Met 0.003159 + 0.000808| 0.003737+ 0.000738| 0.001423+ 0.000200| 0.001530+ 0.000078
Ser 0.006858 + 0.001696| 0.009844+ 0.002282| 0.001174+ 0.000111| 0.001859+ 0.000064
Thr 0.035784 + 0.009359| 0.048153+ 0.010490| 0.005133+ 0.000168| 0.006614+ 0.000714
Phe 0.004101 + 0.000757| 0.014589+ 0.016185| 0.003978+ 0.001876| 0.005616+ 0.001580
Palmitic acid | 4.795884 + 0.454051| 5.304307+ 0.349064| 3.167714+ 0.264646| 4.249008+ 0.337963
Oleic acid 0.073141 + 0.033675| 0.218404+ 0.040976| 0.079567+ 0.027675| 0.110017x 0.035039
Stearic acid | 1.542828 + 1.108264| 2.025593+ 0.975586| 0.779835+ 0.326060| 0.733958+ 0.249203
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Supplemental Tables S82 Quantitative analysis of jar metabolites from [U-13C¢]glucose DMEM Medium

Quantitative analysis (umol) per welle of polar atmtlitesfrom DMEM medium for the 5 mM [U2Cq]glucoseimmortal brown adipose tissue labelling experiments. Mean and
SD from three technical replicates are shown.

[umol] con. 1 iso. 1 con. 2 iso. 2
Lactate 30.550893 + 18.64994| 194.6612+ 14.28916] 16.86387+ 0.949312| 139.4159+ 7.088758
Ala 1.839334248 + 1.111758| 6.735641+ 0.33522 | 3.498223+ 0.126291| 10.97667+ 0.367504
Gly 0.642631667 + 0.383898| 2.83704 + 0.156176| 0.569796+ 0.008946| 1.346454+ 0.074585
Val 22.02170808 + 13.38471| 95.09239+ 5.6325 | 12.11178 + 0.658165| 81.03297+ 4.132642
Leu 26.51126842 + 22.70684| 114.276 + 8.241424| 14.67447+ 0.523629| 107.4675+ 4.845047
lle 28.55199218 + 16.83437| 109.6208+ 7.168266| 14.31771+ 0.430753| 101.4939+ 5.112431
Met 5.056538581 + 3.005256| 9.864721+ 0.149131| 1.364524+ 0.081981| 9.835348+ 0.85823
Ser 1.686837992 + 0.903873| 5.237292+ 0.081887| 1.190628+ 0.051437| 3.555665+ 0.204101
Thr 3.61920197 + 2.720387| 13.9299 + 1.422987| 2.636446+ 0.058084| 11.1532 + 0.577926
Phe 5.553554747 + 4.275415| 19.83453+ 0.32214 | 4.193164+ 0.325752 19.884 + 2.161104
Palmitic acid | 150.9803818 + 22.24874| 354.436 + 71.55205| 76.31805+ 13.11853| 271.5586+ 63.57267
Oleic acid 10.88892806 + 1.892132| 25.66312+ 1.624252| 6.266155+ 0.637701| 16.56762+ 1.519596
Stearic acid 48.2126498 + 20.64512| 79.01293+ 29.26341| 29.42802+ 14.35785| 57.65936+ 23.18967
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Supplemental Table S83°C-Excess (mol%) of glycogen-bound glucose from [&fCe]glucose labelledmmortal brown adipose tissue (I BAT)

13C-Excess (mol%) of glycogen-bound glucose from eixpents withimmortal brown adipose tissue grown in DMEM medium supplemented with 5 mM [éGs]glucose.
Mean and SD from three technical replicates argvaho

con. 1 iso. 1 con. 2 iso. 2

Glc-287 | 0.97% + 0.13%]| 2.70% £ 0.20%| 2.03% + 0.13%| 3.21% + 0.18%

Supplemental Table S84Relative fractions of isotopologues (mol%) of glgem-bound glucose from experiments withmortal brown adipose tissue grown in DMEM
medium supplemented with 5 mM [\3Cs]glucose. M+x represents the mass of the unlabefiethbolite plus x labelledfC-atoms. Mean and SD from three technical repl&ate

are shown.

Glc-287 con. 1 iso. 1 con. 2 iso. 2

M+1 0.00% + 0.00% | 0.04% + 0.04% | 0.02% + 0.03% | 0.00% + 0.00%
M+2 0.02% + 0.02% | 0.03% + 0.06% | 0.00% + 0.00% | 0.01% *+ 0.02%
M+3 0.12% + 0.03% | 0.00% + 0.01%| 0.07% = 0.06% | 0.01% + 0.02%
M+4 0.02% + 0.03% | 0.03% + 0.03%| 0.03% + 0.01% | 0.02% *+ 0.02%
M+5 0.05% + 0.09% | 0.06% + 0.07% | 0.06% = 0.00% | 0.09% *+ 0.04%
M+6 0.85% + 0.15%| 2.60% *+ 0.20% | 1.91% + 0.17%| 3.11% + 0.17%
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Supplemental Table S833C-Excess (mol%) of free sugars from [USCe]glucose medium

13C-Excess (mol%) of free glucose from DMEM mediumtfee 5 mM [U%3Cg]glucoseimmortal brown adipose tissue labelling experiments. Mean and SD from three riégzd
replicates are shown.

con. 1 iso. 1 con. 2 iso. 2

Glc-287 | 15.45% + 1.01%| 14.51% + 1.03% | 14.64% + 0.75%| 14.58% + 1.23%

Supplemental Table S86Relative fractions of isotopologues (mol%) of frgleicose from DMEM medium for the 5 mM [BEg]glucoseimmortal brown adipose tissue
labelling experiments. M+x represents the mashetimnlabelled metabolite plus x labelfé@-atoms. Mean and SD from three technical repl&cate shown.

Glc-287 con. 1 iso. 1 con. 2 iso. 2

M+1 0.04% + 0.08%| 0.11% + 0.13%| 0.17% =+ 0.29%| 0.15% =+ 0.21%
M+2 0.00% + 0.00%| 0.00% + 0.00%| 0.00% =+ 0.00%| 0.00% =+ 0.00%
M+3 0.00% + 0.00%| 0.00% + 0.00%| 0.00% =+ 0.00%| 0.00% =+ 0.00%
M+4 0.00% + 0.00%| 0.00% + 0.00%| 0.00% =+ 0.00%| 0.00% =+ 0.00%
M+5 0.44% + 0.02%| 0.42% + 0.01%| 0.42% =+ 0.01%| 0.42% =+ 0.03%
M+6 | 15.07% + 0.98%]| 14.14% + 1.01%]| 14.26% = 0.72%| 14.21% = 1.19%
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Supplemental Table S873C-Excess (mol%) of lipid-bound fatty acids from [U+*Ce]glucose labelledmmortal brown adipose tissue (I BAT)

13C-Excess (mol%) of lipid-bound fatty acids from exments withimmortal brown adipose tissue grown in DMEM medium supplemented with 10 mM {éG¢]glucose. Mean
and SD from three technical replicates are shown.

con. 1 iso. 1 con. 2 iS0. 2
Z-11-tetradecenoic acid-240| 0.38% + 0.12%| 0.38% = 0.13%] 0.40% = 0.04%| 0.93% + 0.53%
Tetradecanoic acid-242 0.40% = 0.13%| 0.42% + 0.10%| 0.41% = 0.09%| 0.40% + 0.19%
Pentadecanoic acid-256 |0.23% = 0.11%]| 0.23% + 0.06%| 0.25% + 0.06%| 0.22% + 0.11%
9-Hexadecenoic acid-268 | 0.41% + 0.14%| 0.44% + 0.15%| 0.39% + 0.15%] 0.38% + 0.14%
Hexadecanoic acid-270 | 0.31% + 0.08%] 0.35% + 0.03%]| 0.33% + 0.02%| 0.30% *= 0.09%
Heptadecanoic acid-284 | 0.12% + 0.04%| 0.11% + 0.04%| 0.05% + 0.02%| 0.09% + 0.04%
6-Octadecenoic acid-296 | 0.27% + 0.13%| 0.27% + 0.13%| 0.27% + 0.08%] 0.32% + 0.13%
9-Octadecenoic acid-296 | 0.44% + 0.17%| 0.29% + 0.11%]| 0.30% + 0.03%| 0.31% + 0.06%
Octadecanoic acid-298 0.13% = 0.07%| 0.12% + 0.07%| 0.10% = 0.06%| 0.10% + 0.05%
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Supplemental Table S88 Relative fractions of isotopologues (mol%) of lipid-bound fatty acids from experiments with immortal brown adipose tissue grown in DMEM medium
supplemented with 5 mM [U-3C¢] glucose. M+Xx represents the mass of the unlabelled metabolite plus x labelled 3C-atoms. Mean and SD from three technical replicates are
shown.

5 mM [U-'3Cg]glucosecon. 1
Z-11-tetradecen | Tetradecanoic Pentadecanoic | 9-Hexadecenoic| Hexadecanoic
oic acid-240 acid-242 acid-256 acid-268 acid-270

303 + 163|498 + 179|292 + 170)| 6.16 += 263 | 455 =+

M+1 % % % % % % % % % 1.15%
0.14 + 012 | 0.13 + 0.03]| 0.06 = 0.03| 0.00 = 0.00| 0.05 =

M+2 % % % % % % % % % 0.04%
0.02 + 004 | 000 = 000|000 = 0.01| 000 = 0.00| 0.00 =

M+3 % % % % % % % % % 0.00%
000 + 000|000 + 000|000 + 000|000 += 0.00| 0.00 =

M+4 % % % % % % % % % 0.00%
0.04 + 007|000 + 000|000 + 000|001 + 0.02| 0.00 =

M+5 % % % % % % % % % 0.00%
005 + 006|000 + 000|000 + 000|000 += 0.01| 0.00 =

M+6 % % % % % % % % % 0.00%
000 £+ 000|000 + 000|001 + 001|000 + 0.00| 0.00 =

M+7 % % % % % % % % % 0.00%
000 + 000|001 + 000|000 + 000|000 += 0.00| 0.00 =

M+8 % % % % % % % % % 0.00%
000 + 000|000 + 000|000 + 000|000 += 0.00| 0.00 =

M+9 % % % % % % % % % 0.00%
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001 + 002|000 + 000|000 + 0.00 0.00 = 0.00| 0.00 =+
M+10 % % % % % % % % % 0.00%
008 + 008 | 000 + 0.00| 000 + 0.00| 005 = 0.04| 0.00 =+
M+11 % % % % % % % % % 0.00%
000 £+ 000 | 000 + 0.00| 000 + 000|000 = 0.00| 0.00 =+
M+12 % % % % % % % % % 0.00%
000 £+ 000|001 + 000|000 + 000|000 £+ 0.00| 0.00 =+
M+13 % % % % % % % % % 0.00%
005 £+ 009 | 000 + 000|000 + 000|000 £+ 0.00| 0.00 =+
M+14 % % % % % % % % % 0.00%
000 + 000 | 004 + 002|003 + 001|001 £+ 002|003 =+
M+15 % % % % % % % % % 0.01%
0.00 £+ 0.01| 0.00 = 0.00| 0.00 %
M+16 % % % % % 0.00%
0.00 + 0.00| 0.00 =+
M+17 % % % 0.00%
5 mM [U-'3Cg]glucosecon. 1
Heptadecanoic | 6-Octadecenoic | 9-Octadecenoic | Octadecanoic
acid-284 acid-296 acid-296 acid-298
M+1 + + + +
1.88% 0.75%| 4.71% 2.61%| 3.00% 1.91%| 2.11% 1.29%
M+2 + + + +
0.00% 0.00%| 0.10% 0.05%] 0.12% 0.09%] 0.00% 0.00%
M+3 + + + +
0.01% 0.01%| 0.00% 0.00%| 0.00% 0.00%| 0.00% 0.00%
M+4 + + + +
0.00% 0.00%| 0.00% 0.00%| 0.02% 0.03%] 0.00% 0.00%
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M+5

I+

I+

I+

I+

0.00% 0.00%| 0.00% 0.00%)| 0.02% 0.02%| 0.00% 0.00%

M+6 + + + +

0.00% ¥ 0.00%|0.01% ¥ 0.02%| 0.00% ¥ 0.01%| 0.00% * 0.00%
M+7 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.02% ¥ 0.03%| 0.01% ¥ 0.01%
M+8 + + + +

0.00% ¥ 0.00%|0.01% ¥ 0.01%| 0.07% ¥ 0.11%]| 0.00% * 0.01%
M+9 + + + +

0.01% ¥ 0.00%|0.01% ¥ 0.02%| 0.09% * 0.05%| 0.01% * 0.01%
M+10 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% * 0.00%| 0.00% * 0.00%
M+11 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.02% ¥ 0.03%| 0.00% * 0.00%
M+12 + + + +

0.01% ¥ 0.00%| 0.00% ¥ 0.00%| 0.03% * 0.04%| 0.00% * 0.00%
M+13 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% ¥ 0.01%| 0.00% * 0.00%
M+14 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.03% * 0.03%| 0.00% * 0.00%
M+15 + + + +

0.01% ¥ 0.00%| 0.00% ¥ 0.00%| 0.09% * 0.05%| 0.00% * 0.01%
M*16 | 500% * 0.00%| 0.00% ¥ 0.00%| 0.00% * 0.00%| 0.00% * 0.00%
M*+17 1 0.00% ¥ 0.00%|0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%
M+18 | 0.00% + 0.00%|0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%
M+19 0.00% * 0.00%| 0.05% © 0.09%| 0.00% * 0.00%

5 mM [U-'3Cg]glucoseiso. 1

Z-11-tetradecen
oic acid-240

Tetradecanoic
acid-242

Pentadecanoic
acid-256

9-Hexadecenoic
acid-268

Hexadecanoic
acid-270
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296 + 136|520 + 138|316 + 102|654 + 195|515 +
M+l | % % | % % | % % | % % | % 0.51%
016 + 018|010 * 002|004 *+ 004|001 * 001|007
M+2 | % % | % % | % % | % % | % 0.07%
0.00 + 000|000 * 000|000 *+ 000|000 + 000|000 %

M+3 | % % | % % | % % | % % | % 0.00%
0.07 + 008|000 * 000|000 * 000|000 + 000|000 %

M+d | % % | % % | % % | % % | % 0.00%
010 + 007|000 * 000|000 * 000|002 *+ 003|000 %

M+5 | % % | % % | % % | % % | % 0.00%
002 + 003|000 * 000|000 + 000|001 * 001|000 %

M+6 | % % | % % | % % | % % | % 0.00%
0.00 + 000|000 *+ 000|000 + 000|000 + 000|000
M+7 | % % | % % | % % | % % | % 0.00%
001 + 001|001 + 000|000 + 001|001 *+ 001|000
M+8 | % % | % % | % % | % % | % 0.00%
0.04 + 004|000 *+ 000|000 + 000|000 + 000|000 +
M+9 | % % | % % | % % | % % | % 0.00%
003 + 002|000 *+ 000|000 + 000|000 + 000|000
M+10 | % % | % % | % % | % % | % 0.00%
005 + 006|000 *+ 000|000 + 000|005 + 004|000 +
ML | % % | % % | % % | % % | % 0.00%
0.00 + 000|000 *+ 000|000 + 000|001 *+ 001|000 +
M+12 | % % | % % | % % | % % | % 0.00%

0
M*13 | 900 * 000 0.00 * 0.00] 000 * 000] 0.00 ¥ 0.00| 0.00 ¥ 0-00%
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% % | % % | % % | % %] %
001 + 002|000 + 000|000 + 000|000 + 000|000
M+14 | % % | % % | % % | % % | % 0.00%
000 + 000|005 + 001|003 + 001|000 + 000|004 +
M+15 | % % | % % | % % | % % | % 0.00%
0.00 + 0.00| 000 + 001|000
M+16 % % | % % | % 0.00%
0.00 + 0.00| 0.00 +
M+17 % % | % 0.00%
5 mM [U-13Cg]glucoseiso. 1
Heptadecanoic | 6-Octadecenoic | 9-Octadecenoic | Octadecanoic
acid-284 acid-296 acid-296 acid-298
M+l | o50% ¥ 0.51%|4.21% & 1.80%|2.93% ¥ 1.79%| 1.93% ¥ 0.85%
M+2 1 0.01% * 0.01%|0.11% ¥ 0.06%| 0.14% = 0.11%]| 0.00% * 0.00%
M3 10.019% * 0.02%| 0.00% * 0.00%| 0.02% = 0.04%]| 0.00% * 0.00%
M+4 1 0.01% ¥ 0.01%]| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%
M+S 1 0.00% ¥ 0.00%]| 0.01% ¥ 0.02%| 0.04% ¥ 0.02%| 0.00% ¥ 0.00%
M6 | 0.0206 ¥ 0.02%| 0.00% * 0.00%| 0.06% = 0.07%]| 0.00% * 0.00%
M+7 1 0.01% ¥ 0.01%]| 0.02% ¥ 0.03%|0.01% ¥ 0.01%| 0.00% ¥ 0.01%
M+8 1 501% ¥ 0.01%| 0.01% ¥ 0.01%|0.02% ¥ 0.02%| 0.00% ¥ 0.00%
M 1 0.0206 ¥ 0.02%| 0.00% * 0.00%| 0.03% = 0.06%]| 0.00% * 0.00%
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M+10

I+

I+

I+

I+

0.01% 0.01%| 0.00% 0.00%)| 0.00% 0.00%| 0.00% 0.00%

M+11 + + + +
0.00% 0.00%/ 0.01% 0.01%] 0.02% 0.04%| 0.00% 0.00%
M+12 + + + +
0.01% 0.01%/ 0.00% 0.00%]| 0.03% 0.05%/| 0.00% 0.00%
M+13 + + + +
0.01% 0.01%/ 0.00% 0.00%]| 0.01% 0.01%/| 0.00% 0.00%
M+14 + + + +
0.00% 0.00%/ 0.00% 0.00%/| 0.00% 0.00%| 0.00% 0.00%
M+15 + + + +
0.01% 0.01%| 0.00% 0.00%]| 0.01% 0.02%| 0.01% 0.02%
M+16 + + + +
0.02% 0.02%] 0.02% 0.02%]| 0.02% 0.03% /| 0.00% 0.01%
M+17 + + + +
0.00% 0.00%/| 0.00% 0.00%| 0.00% 0.00%| 0.00% 0.00%
M+18 0.01% + 0.01%]| 0.00% + 0.00%]| 0.00% + 0.00%]| 0.00% + 0.00%
M+19 0.00% * 0.00%| 0.00% * 0.00%| 0.00% * 0.00%
5 mM [U-'3Cg]glucosecon. 2
Z-11-tetradecen | Tetradecanoic Pentadecanoic | 9-Hexadecenoic Hexadecanoic
oic acid-240 acid-242 acid-256 acid-268 acid-270
288 + 128|523 + 1.19| 336 + 094 | 556 =+ 1.77| 4.83 =+
M+1 % % % % % % % % % 0.21%
0.24 + 009|012 + 0.03| 0.03 + 0.03| 0.00 = 0.00| 0.05 =
M+2 % % % % % % % % % 0.05%
001 + 001|000 + 001|000 + 0.00| 0.00 = 0.00| 0.00 =
M+3 % % % % % % % % % 0.00%
0,
M¥4 | 506 * 006 | 000 * 000| 000 * 000| 000 ¥ 000| 000 * 0:00%
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%

%

%

%

%

%

%

%

%

001 + 002|000 + 000| 000 £+ 000| 0.O0O =+ 0.01| 0.00 =+

M+5 % % % % % % % % % 0.00%
000 + 000 | 000 + 0.00| 000 + 000|000 = 0.00| 0.00 =+

M+6 % % % % % % % % % 0.00%
006 + 011|000 + 000|000 + 000|001 £+ 0.00| 0.00 =+

M+7 % % % % % % % % % 0.00%
002 + 003|000 + 000|000 + 000|002 £+ 0.02| 000 =+

M+8 % % % % % % % % % 0.00%
000 £+ 000 | 000 + 000|000 + 000|001 £+ 0.01| 000 =+

M+9 % % % % % % % % % 0.00%
009 + 016 | 000 + 0.00| 000 + 0.00| 000 = 0.00| 0.00 =+

M+10 % % % % % % % % % 0.00%
003 + 005|000 + 000| 000 =+ 000| 0.0O6 =+ 0.05| 0.00 =+

M+11 % % % % % % % % % 0.00%
000 + 000 | 00O0O + 000| 000 £+ 000|001 + 0.02| 0.00 =+

M+12 % % % % % % % % % 0.00%
000 + 000 | 00O0O + 000| 000 = 0.00| 0.O0O = 0.00| 0.00 =+

M+13 % % % % % % % % % 0.00%
000 + 000 | 00O0O + 000| 000 = 0.00| 0.O0O = 0.00| 0.00 =+

M+14 % % % % % % % % % 0.00%
003 + 005|004 + 001002 £+ 001|000 = 0.00| 0.04 =+

M+15 % % % % % % % % % 0.00%
0.00 + 0.00| 0.00 £ 0.00| 0.00 =

M+16 % % % % % 0.00%
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0.00 + 0.00| 0.00

M+17 % % | % 0.00%
5 mM [U-'3Cg]glucosecon. 2
Heptadecanoic | 6-Octadecenoic | 9-Octadecenoic | Octadecanoic
acid-284 acid-296 acid-296 acid-298
ML 1 0419% * 0.39%|4.45% © 1.50%]|3.19% ¥ 1.63%| 1.51% ¥ 0.77%
M¥2 1001 ¥ 001%|0.10% * 0.03%|0.21% * 0.13%| 0.00% ¥ 0.01%
M3 100206 ¥ 0.03%0.00% * 0.00%|0.00% * 0.00%| 0.00% ¥ 0.00%
M*¥4 1 0.00% * 0.00%|0.00% ¥ 0.00%|0.00% ¥ 0.00%]| 0.00% * 0.00%
M¥S 1 0.00% ¥ 0.00%|0.01% ¥ 0.02%]|0.03% ¥ 0.029%]| 0.00% * 0.00%
M6 | 0016 ¥ 0.01% 0.00% * 0.00%|0.03% * 0.05%| 0.00% ¥ 0.00%
M¥T 1 0.00% * 0.00%|0.01% ¥ 0.01%|0.03% ¥ 0.02%]| 0.00% * 0.01%
M*8 1 0.01% ¥ 0.00%|0.02% ¥ 0.02%| 0.00% * 0.00%]| 0.00% * 0.00%
MO 1 0.00% ¥ 0.00%0.01% * 0.01%|0.02% * 0.04%| 0.00% ¥ 0.00%
M+10 15019 * 0.01%| 0.00% ¥ 0.00%| 0.00% * 0.00%| 0.00% * 0.00%
ML 1 0.00% * 0.00%| 0.00% * 0.00%| 0.03% * 0.04%| 0.00% ¥ 0.00%
M+12 1 000% * 0.00%| 0.00% ¥ 0.00%| 0.05% * 0.08%| 0.00% * 0.00%
M+13 1 0019% ¥ 0.01%| 0.00% ¥ 0.00%| 0.03% * 0.05%| 0.00% * 0.00%
M*14 1 0.019% * 0.01%)| 0.00% * 0.00%| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%
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M+15

I+

I+

I+

I+

0.00% 0.00%| 0.01% 0.02%)| 0.00% 0.01%| 0.00% 0.01%

M+16 + + + +
0.00% 0.00%| 0.00% 0.00%| 0.00% 0.00%| 0.00% 0.00%
M+17 + + + +
0.00% 0.00%| 0.00% 0.00%| 0.00% 0.00%| 0.01% 0.01%
M+18 0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%]| 0.00% + 0.00%
M+19 0.00% ¥ 0.00%| 0.00% © 0.00%| 0.00% * 0.00%
5 mM [U-'3Cg]glucoseiso. 2
Z-11-tetradecen | Tetradecanoic Pentadecanoic | 9-Hexadecenoic| Hexadecanoic
oic acid-240 acid-242 acid-256 acid-268 acid-270
280 + 187|518 + 227|291 + 169| 485 + 0.85]| 441 =+
M+1 % % % % % % % % % 1.35%
0.12 + 0.17| 0.11 + 0.05| 007 +* 0.01| 0.00 += 0.00| 0.05 =+
M+2 % % % % % % % % % 0.08%
0.10 + 0.12| 0.00 = 0.00| 000 += 0.00| 0.00 = 0.00| 0.00 =+
M+3 % % % % % % % % % 0.00%
0.06 + 006 | 000 + 0.00| 000 +* 0.01| 0.03 = 0.05| 0.00 =+
M+4 % % % % % % % % % 0.00%
0.19 + 0.20| 0.00 + 0.00| 000 = 0.00| 0.00 = 0.00| 0.00 =+
M+5 % % % % % % % % % 0.00%
0.05 + 005|000 + 0.00| 000 +* 0.00| 0.02 = 0.03| 0.00 =+
M+6 % % % % % % % % % 0.00%
025 + 021|000 + 0.00| 000 +* 0.00| 0.00 = 0.00| 0.00 =+
M+7 % % % % % % % % % 0.00%
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011 + 0.17 | 000 + 0.00| 000 + 0.00| 001 £+ 0.01| 0.00 =+

M+8 % % % % % % % % % 0.00%
003 + 006 | 000 + 000|000 + 000|000 £+ 0.01| 0.00 =+

M+9 % % % % % % % % % 0.00%
011 + 015|000 + 000|000 + 000|001 £+ 0.02| 0.00 =+

M+10 % % % % % % % % % 0.00%
000 £+ 000 | 000 + 000|000 + 000|010 = 0.20| 0.00 =+

M+11 % % % % % % % % % 0.00%
03 + 060|000 + 000|000 + 000|000 £+ 0.00| 0.00 =+

M+12 % % % % % % % % % 0.00%
004 + 007|000 + 000|000 + 000|000 = 0.00| 0.00 =+

M+13 % % % % % % % % % 0.00%
002 + 003|000 + 000|000 + 0.00 000 = 0.00| 0.00 =+

M+14 % % % % % % % % % 0.00%
000 + 000 | 004 + 003|002 + 001|000 £+ 0.00| 0.04 =+

M+15 % % % % % % % % % 0.01%
0.00 £+ 0.00| 0.00 + 0.00| 0.00 =+

M+16 % % % % % 0.00%
0.00 + 0.00| 0.00 =+

M+17 % % % 0.00%

5 mM [U-'3Cg]glucoseiso. 2
Heptadecanoic | 6-Octadecenoic | 9-Octadecenoic | Octadecanoic
acid-284 acid-296 acid-296 acid-298
M+1

0.70% * 0.94%

4.75% & 2.59%

3.10% © 2.23%

1.48% * 0.89%
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M+2

I+

I+

I+

I+

0.00% ¥ 0.01%]|0.06% ¥ 0.05%| 0.19% ¥ 0.16%| 0.01% ¥ 0.02%
M+3 + + + +

0.02% ¥ 0.02%| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% * 0.00%
M+4 + + + +

0.00% ¥ 0.01%]|0.00% ¥ 0.00%| 0.01% ¥ 0.01%| 0.00% * 0.00%
M+5 + + + +

0.00% ¥ 0.01%]|0.01% ¥ 0.01%| 0.02% * 0.03%| 0.00% * 0.00%
M+6 + + + +

0.01% ¥ 0.01%|0.01% ¥ 0.01%| 0.06% * 0.08%| 0.00% * 0.00%
M+7 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%|0.01% * 0.01%
M+8 + + + +

0.00% ¥ 0.01%]|0.01% ¥ 0.01%| 0.02% * 0.03%| 0.00% * 0.00%
M+9 + + + +

0.01% ¥ 0.00%]|0.03% ¥ 0.02%| 0.00% ¥ 0.01%| 0.00% * 0.00%
M+10 + + + +

0.01% ¥ 0.01%]| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.00% * 0.00%
M+11 + + + +

0.00% ¥ 0.00%| 0.00% ¥ 0.00%| 0.04% ¥ 0.06%| 0.00% * 0.00%
M+12 + + + +

0.01% ¥ 0.01%]|0.02% ¥ 0.02%| 0.01% ¥ 0.02%| 0.00% * 0.00%
M*13 1 0.00% * 0.00%| 0.00% ¥ 0.00%]| 0.01% * 0.02%| 0.00% * 0.00%
M*+14 1 0.00% ¥ 0.00%|0.0206 T 0.02%| 0.04% ¥ 0.06%| 0.00% ¥ 0.00%
M*+15 1 0.00% ¥ 0.00%|0.00% ¥ 0.00%|0.01% ¥ 0.01%]| 0.00% ¥ 0.01%
M*16 | 501% * 0.01%| 0.01% ¥ 0.01%]| 0.02% * 0.03%| 0.01% * 0.01%
M+17 1 0.029% ¥ 0.02%| 0.00% * 0.00%| 0.00% ¥ 0.00%| 0.00% ¥ 0.00%
M+18 | 0.00% + 0.00%|0.00% + 0.00%| 0.00% + 0.00%| 0.00% + 0.00%
M+19 * 0.00% * 0.00%| 0.00% * 0.00%| 0.01% * 0.01%
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Supplemental Table S89 Composition of DMEM(5030)-nekum

D5030

[powder]
COMPO  g/L
NENT
Inorganic Salts
CaCb 0.2
Fe(NG)s « 0.0001
9H20
MgSOQu 0.09767
KCI 0.4
NaHCO; —
NacCl 6.4
NaH.PO,  0.109
Amino Acids
L-Alanyl- —
L-Glutami
ne
L-Arginine 0.084
* HCI
L-Cystine 0.0626
* 2HCI
L-Glutami —
ne

Glycine 0.03

L-Histidin  0.042
e * HC| »
H20

L-Isoleuci 0.105
ne

L-Leucine 0.105

L-Lysine « 0.146
HCI

L-Methion 0.03
ine

L-Phenylal 0.066
anine

L-Serine 0.042

L-Threoni 0.095
ne

L-Tryptop 0.016
han

L-Tyrosine 0.10379
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e 2Na -
2H20

L-Tyrosine —

L-Valine 0.094

Vitamins

Choline 0.004
Chloride

Folic Acid 0.004

myo-Inosit  0.0072
ol

Niacinami 0.004
de

D-Pantoth 0.004
enic Acid
1»Ca

Pyridoxal « 0.004
HCI

Pyridoxine —
* HCI

Riboflavin  0.0004

Thiamine « 0.004
HCI

Other

D-Glucose —

HEPES —

Phenol —
Red « Na

Pyruvic —
Acid * Na

ADD

Glucose 1.0

L-Glutami 0.584
ne

NaHCGs 3.7
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Supplemental Tables S9M-Excess (mol%) of protein-bound amino acids frorpormnositol-C-@ labelling
experiment

D-Excess (mol%) of protein-bound amino acids froxpeximents withF. W12-1067 WT andAmyo-inositol
mutant grown in CDM medium supplemented with 9.1B1 rmyo-Inositol-C-¢. Mean and SD from one
experiment are shown.

WT Amyo-inositol mutant
Ala 0.62% + 0.02% 0.14% + 0.00%
Asp 0.38% + 0.07% 0.23% + 0.01%
Glu 0.67% + 0.05% 0.28% + 0.15%
Gly 0.06% + 0.02% 0.17% + 0.15%
His 2.08% + 0.08% 1.23% + 0.09%
lle 0.02% + 0.01% 0.02% + 0.03%
Leu 0.02% + 0.01% 0.07% + 0.00%
Lys 0.08% =+ 0.01% 0.11% =+ 0.05%
Met 0.12% + 0.09% 0.10% + 0.03%
Phe 5.29% + 0.03% 0.08% + 0.02%
Pro 0.04% + 0.01% 0.03% + 0.01%
Ser 0.03% + 0.00% 0.08% + 0.07%
Thr 0.11% =+ 0.05% 0.13% = 0.15%
Tyr 0.75% + 0.09% 0.06% + 0.04%
Val 0.03% + 0.03% 0.05% + 0.03%

Supplemental Table S9D-Excess (mol%) of polar metabolites from myo-InoisC-ds labelling experiment

D-Excess (mol%) of polar metabolitéom experiments witH~ W12-1067 WT andAmyo-inositol mutant
grown in CDM medium supplemented with 9.13 mM nigositol-C-&. Mean and SD from two independent
experiments are shown.

WT Amyo-inositol mutant
Lactate 3.14% 4 0.00%| 0.72% + 0.02%
Glycolic acid 1.70% 4 0.17%| 0.76% + 0.16%
Alanine 0.77% 4 0.01%| 0.18% + 0.02%
Glycine 0.35% 4 0.01%| 0.25% + 0.02%
3-hydroxy 0.09 % 0.08 %
butyric acid +
Valine 0.01% 4 0.00%| 0.05% + 0.02%
leucine 0.01% 4 0.01%| 0.06% + 0.02%
Isoleucine 0.01% + 0.01%| 0.05% + 0.02%
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Succinic acid 1.83% + 0.04%
Fumaric acid 0.63% + 0.05%| 0.24% + 0.12%
Glycerol 0.17% + 0.10%
Methionine 0.09% 4 0.09%| 0.12% + 0.09%
Serine 0.02% 4 0.01%| 0.04% + 0.03%
Threonine 0.20% 4 0.11%| 0.18% + 0.16%

Phenylalanine 8.21% + 0.06%
Malic acid 0.55% 4 0.20%| 0.13% + 0.14%
Aspartate 0.14% 4 0.05%| 0.39% + 0.04%
Glutamate 1.05% 4 0.07%| 0.23 % + 0.06 %
Palmitic acid 0.93 % 4 0.34%| 0.33% + 0.06 %
Stearic acid 1.26 % 4 0.46 %| 0.28% + 0.03%
Citric acid 0.03% + 0.03%

Supplemental Table S9D-Excess (mol%) of sugars from myo-Inositol-ghkabelling experiment

D-Excess (mol%) of sugafsom experiments with. W12-1067 WT and\myo-inositol mutant grown in CDM

medium supplemented with 9.13 mM myo-Inositol+44dean and SD from two independent experiments are

shown.
WT Amyo-inositol mutant
Glucose in
glycogen 4.63 % + 041% | 0.17% + 0.07 %
Glucosamine

Muramic acid

Supplemental Table S9Relative fractions of isotopologues (mol%) of amamds from experiments with

W12-1067 WT and Amyo-inositol mutant grown

in CDM medium supplemehtavith 9.13 mM

myo-Inositol-C-d. M+x represents the mass M of the unlabelled nuditabplus x labelled D-atoms. Mean and
SD from one experiment are shown.

9.13 mM myo-Inositol-C-glF. W12-1067 WT

Alanine

Glutamate

Histidine

Phenylalanine

Tyrosine

M+1

2.08 % =*

0.08 %

3.25% =*

0.96 %

11.25 *
%

0.42 %

21.24 *
%

0.13 %

3.03% = 0.59 %
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M+ 051 + 002 039 + 034, 004 = 004 812 * 0.04| 105 * 011
2 % % % % % % % % % %
M+ 000 + 0.00| 000 *+ 001, 036 * 007 266 * 001 025 * 0.01
3 % % % % % % % % % %
M+ 000 + 0.00| 000 * 000, 001 + 001 038 * 0.01| 003 = 0.01
4 % % % % % % % % % %
M+ 000 + 000, 000 = 000| 001 * 001 003 £ 0.01f 000 = 0.00
5 % % % % % % % % % %
M+ 000 + 0.00f 000 = 0.00| 000 * 0.00f 000 = o0.01
6 % % % % % % % %
M+ 000 + 0.00| 0.00 = 0.00
7 % % % %
M+ 005 + 0.00| 0.00 = 0.00
8 % % % %
M+ 001 + 0.00
9 % %

9.13 mM myo-Inositol-C-¢lF.
W12-1067Amyo-inositol mutant
Histidine
M+1 6.70% = 0.38 %
M+2 0.08% = 0.07 %
M+3 0.13% = 0.03 %
M+4 0.02% = 0.02 %
M+5 0.01% = 0.01 %
M+6 0.00% = 0.00 %

Supplemental Table S94Relative fractions of isotopologues (mol%) of potaetabolites from experiments
with with F. W12-1067 WT andAmyo-inositol mutant grown in CDM medium supplemehteith 9.13 mM
myo-Inositol-C-d. M+x represents the mass M of the unlabelled nuditabplus x labelled D-atoms. Mean and
SD from one experiment are shown.

9.13 mM myo-Inositol-C-glF. W12-1067 WT

Lactate Glycolic acid Alanine Succinic acid Funaacid

M+1|249% += 0.05%| 1.00% = 0.15% 2.56 % * 0.07 % 1.98% +* 0.19%| 1.19% + 0.06 %

M+ 482 + 002 120 + 0.19| 062 = 0.05| 259 * 0.04] 0.03 * 0.03

2 % % % % % % % % % %
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M+ 0.14 £+ 0.01 002 £+ 0.01| 005 = 0.03
3 % % % % % %
M+ 0.00 £+ 0.00 0.00 £+ 0.00f 0.00 £+ 0.00
4 % % % % % %
M+ 0.00 + 0.00
5 % %
9.13 mM myo-Inositol-C-¢lF. W12-1067 WT
Phenylalanine Malic acid Glutamate Palmitic acid  teafic acid acid
M+1 28.19 * 0.23| 166 * 0.61) 256 1.19| 0.00 + 0.00f 0.00 % 0.00
% % % % % % % % % %
M+2 | 1038 + 0.17| 0.00 £+ 0.00| 069 = 0.75| 231 + 069| 311 + 1.14
% % % % % % % % % %
M+3 | 3.04% + 0.08/ 000 £+ 0.00| 020 + 0.29| 013 + 0.22| 0.00 £+ 0.00
% % % % % % % % %
M+4 | 0.42% + 0.06 044 + 011 007 £ 0.04| 021 =+ 0.06
% % % % % % %
M+5 | 0.50% + 0.06 001 + 0.01| 001 £ 0.02| 0.02 £+ o0.01
% % % % % % %
M+6 | 0.33% + 0.03 000 + 0.00f 004 £+ 0.01| 007 £ 0.04
% % % % % % %
M+7 | 0.00% <+ 0.00 001 £+ 0.01| 0.010 =+ o0.01
% % % % %
M+8 | 1.14% + 0.06 0.02 £+ 0.01| 0.02 + 0.02
% % % % %
M+9 | 0.07 % 0.01 0.00 £+ 0.01| 0.00 £ o0.01
% % % % %
M+1 0.02 + 0.01| 0.00 £+ 0.00
0 % % % %
M+1 0.05 + 0.04| 0.00 £+ 0.00
1 % % % %
M+1 0.02 + 0.02| 045 + 0.12
2 % % % %
M+1 0.01 + 0.02| 0.06 + 0.03
3 % % % %
M+1 0.00 + 0.00f 0.03 + 0.04
4 % % % %
M+1 0.03 + 0.02| 0.02 = 0.03
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%

%

%

%

M+1 0.00 + 0.00] 0.00 £ 0.00

6 % % % %
M+1 0.00 + 0.00] 119 = 031

7 % % % %
M+1 0.00 + 0.00f 103 * 0.14

8 % % % %
M+1 000 £+ 0.01| 010 = 0.16
9 % % % %
M+2 001 £+ 0.03| 0.04 = 0.06
0 % % % %
M+2 0.00 £+ 0.00{ 0.00 = 0.00
1 % % % %
M+2 0.10 £+ 0.10f 0.01 = o0.01
2 % % % %
M+2 002 £+ 0.00{ 0.00 =+ 0.00
3 % % % %
M+2 0.79 £+ 0.05| 0.00 =+ 0.00
4 % % % %
M+2 0.26 + 0.02| 0.00 £+ 0.00
5 % % % %
M+2 011 + 0.01, 0.02 * 0.03
6 % % % %
M+2 0.04 + 0.02| 0.00 £+ 0.00
7 % % % %
M+2 0.11 + 0.04, 0.02 + 0.02
8 % % % %
M+2 0.00 + 0.00] 0.01 = 0.021
9 % % % %
M+3 0.00 £ 0.00{ 0.00 = 0.00
0 % % % %
M+3 0.00 £ 0.00
1 % %
M+3 0.00 £ 0.00
2 % %
M+3 0.01 £ 0.02
3 % %
M+3 0.02 + 0.03
4 % %
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%

%

M+3 0.00 £+ 0.00
5 % %
9.13 mM myo-Inositol-C-¢lF. W12-1067Amyo-inositol mutant

Lactate Glycolic acid Glutamate Palmitic acid
M+1 029% + 0.06% 022% + 148% 061% + 095% 000% = 0.00%
M+2 113% + 001% 065% + 069% 037% = 063%27% =+ 0.11%
M+3 011% £ 0.01% 019% + 026 011% =+ 100
M+4 0.00% + 0.01% 045% + 010 0.06% = 106
M+5 001% + 0.02% 000% =+ 0.01
M+6 000% + 0.00% 003% =+ 0.01
M+7 001% + 0.009
M+8 0.02% + 0.019
M+9 001% + 0.009
M+10 002% + 0.019
M+11 003% + 0.029
M+12 001% =+ 0.019
M+13 0.02% + 0.019
M+14 0.00% + 0.009
M+15 0.00% + 0.009
M+16 0.02% + 0.019
M+17 0.00% + 0.009
M+18 0.00% + 0.009
M+19 0.00% + 0.009
M+20 0.00% + 0.009
M+21 0.00% + 0.009
M+22 005% + 0.029
M+23 001% =+ 0.019
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M+24 043% =+ 0.05 ‘Jb
M+25 010% =+ 0.01%
M+26 002% =+ 0.02%
M+27 0.01% =+ 0.00%
M+28 004% =+ 0.02%
M+29 001% =+ 0.01%
M+30 0.00% =+ 0.00%
M+31 0.00% =+ 0.01 016

Supplemental Table S95Relative fractions of isotopologues (mol%) of swflaym experiments with witlk.
W12-1067 WT and Amyo-inositol mutant grown in CDM medium supplemehtevith 9.13 mM
myo-Inositol-C-d. M+x represents the mass M of the unlabelled nuditabplus x labelled D-atoms. Mean and
SD from one experiment are shown.

9.13 mM myo-Inositol-C-¢lF.
W12-1067 WT
Glucose in glycogen
M+1 6.11% =+ 0.12 %
M+2 737% = 0.38 %
M+3 050% = 0.39 %
M+4 012% = 0.16 %
M+5 0.07% = 0.06 %
M+6 0.75% = 0.06 %
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