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Summary

Kinetic models, which predict the behaviour of npetiic reaction networks under different
conditions, are indispensible to fully and quatititly understand the relation between a product
pathway and connected central metabolism. In thésis the focus was to develop tools for
future in vivo kinetic modeling inEscherichia coli. The relations between fluxome and
metabolome at steady-state or transient state hatenenzyme levels can be assumed constant
are investigated. In addition, we aimed at stoigtgtric and thermodynamic analyses that are
also fundamental to comprehend the cellular systems

Network stoichiometry is a significant aspect ohdtic models. Stoichiometric metabolic
networks usually lack proper biomass composition #@ime exact stoichiometry of energy
generating and consuming processes, e.g. the esfigi of ATP generation in oxidative
phosphorylation (P/O ratio) and growth dependeit gmowth independent maintenance energy
requirements (i.e. Kand myp). Chapter 2 presents the determination of biomass composition
of glucose-limited growrE. coli K12 cells, derivation of minimal network subsetenfi the
genome-scale reconstruction for carbon-limited abtetat cultivations on minimal media and the
estimation of then vivo ATP stoichiometry parameters of this metaboliomek. This allowed
deriving Herbert-Pirt relations, which are of valeeg. for quantification of transient growth rate
(based on ATP balance), as was shown in Chapter 5.

Following in Chapter 3, the ATP related energy aspects of a stoichiometietabolic network
was studied within a thermodynamic framework. Cstselies were production of dicarboxylic
acids; fumaric (in eukaryotes) and succinic (inkaryotes). Results point out the importance of
black box analysis in learning the energy-relatgplabilities of the network of interest, e.g. Gibbs
energy formation of the theoretical anaerobic fieacindicated that the maximal theoretical
product yields are anaerobically feasible, alsdoat pH (< 3). Considering a required high
extracellular total acid concentration, thermodyitafly feasible active transport mechanisms
were found to be Hantiport at pH 3 and Hsymport at pH 7 for both acids. Subsequent detaile
network analysis showed where biologically usefudrgy could be consumed, leading to novel
metabolic engineering targets to enable fully aolierproduction at theoretical yields.

Given that a kinetic model needs information onahetite concentrations, first a proper method
is required to get accurate data. Measurementtidellular metabolite concentrations requires
rapid sampling, instantaneous quenching of metatelzymes activity with absence of leakage
and removal of the extracellular medium as welkésisaction of metabolites taking into account
the high turnover rate of these compoundsChapter 4 different quenching protocols that are
variations of the most commonly applied method émave extracellular metabolites, hamely
quenching with cold methanol and subsequent wastirte cell pellet, for arresting cellular
metabolic activity inE. coli were investigated. From accurate LC-ESI-ID-MS/MSGC-MS
measurements of central metabolites, amino acidsagenine nucleotides, metabolite leakage
during cold methanol quenching was quantified usiagrigorous balancing approach.
Consequently, a differential method, whereby brssimples are rapidly withdrawn from the



chemostat with a dedicated rapid sampling devickiastantaneously quenched (< 180 ms) and
culture filtrate is obtained by direct filtratiori loroth, was developed.

To gain information orin vivo enzyme kinetics, generally stimulus-response eéxpsits are
performed. InChapter 5 a quantitative analysis of flux and metabolitepmse during a
perturbation of a glucose-limited grovih coli culture with a glucose-pulse directly applied to
the bioreactor, is presented. Flux quantificaticesvibased on the uptake/secretion rates, which
are determined by mass balance equations and Aldhdea Metabolite quantification for 37
metabolites in glycolysis, tricarboxylic acid (TCA&)cle, pentose phosphate pathway (PPP),
nucleotides and amino acids was carried out withpttoposed differential method (in Chapter 4).
A novel approach to resolve fluxes at seconds 8o@e was based on the calculation gt
from dynamic dissolved £ DO) mass balance and measured DO levels. Théneldtalynamic
flux and metabolite concentration-time patterns a@ntime period of 50 s were highly
corresponding. However, the observed remarkablease in the growth rate (3-4 fold within 50
s), and hence protein synthesis rate was not teflén changed amino acid concentrations. This
suggested that the transcripts are increased snstiort time frameln vivo relations between
growth rate and fructose-1,6-bisphosphate (FBPYeamation and between oxygen uptake rate
and AMP/ATP ratio were found.

SinceE. coli is shown to respond very quickly (to glucose pddtions), sampling at very short
intervals is required. The device BioScope, desigmeg our group, fulfills this purpose with an
additional advantage that pulses are given outidebioreactor thus without disturbing the
running culture and allowing multiple pulse resporexperimentsChapter 6 describes the
characterization and application of the new Bio®cbplevice, which was redesigned farcoli
perturbation experiments. Therefore the total olz@mn time window as well as the sample
intervals was decreased by shortening the BioScbpenel, leading to a time window of O - 8
and O - 40 s for flow rates of 4 and 2 ml/min retpely. Furthermore the oxygen transfer
characteristics were improved by increasing the tztween the membrane area for gas transfer
and the liquid volume. The performance of the medifBioScope is demonstrated by showing
that the results of glucose perturbations carriedin the BioScope, coupled to a steady-state
chemostat culture oE. coli, and results of similar perturbations carried oireatly in the
chemostat, are very comparable. Hereby it was edsitiat oxygen non-limited conditions were
maintained in both systems. For proper metabolintfication we have applied the differential
method, which we described in Chapter 4. The obthiesults clearly showed the fast dynamic
behaviour of the phosphotransferase system (PTES)doli.

The BioScope does not allow flux quantification aheérefore a pulse experiment should be
performed both in the bioreactor (for flux quamiiion, Chapter 5) and in the BioScope (for fast
metabolite dynamics, Chapter 6). @hapter 7 in vivo dynamic response . coli, grown at

glucose-limited chemostat, to glycolytic (glucosa)d gluconeogenic (pyruvate, succinate)
substrates were investigated in both platforms.efigsolved flux quantification at seconds time
scale was based on the uptake/secretion rateshahécdetermined from dynamic mass balance
equations and the degree of reduction balancer Afieh added different substrate the system
(flux and metabolites) achieved pseudo-steady-#taadout 30 - 40 s and a huge oxygen uptake



capacity of the cells was observed, and interelstiwithin 40 s the growth rate reached from its
steady-state value of 0.13'1o 0.3 K for each different substrate pulse, indicatingapacity
limit in e.g. ribosomes. The observed dynamic resps showed massive reorganization and
flexibility (up to 12 - 100 fold change) of intrdtdar fluxes following the different pulses,
which matches with the steep changes in metablalitels leading to dynamic shifts in mass
action ratio’s of pseudo-/near-equilibrium reactioand flux inversions. From the dynamic
intracellular metabolite and flux information, tha vivo kinetics was studied based on a
simplified thermodynamic approach. It was foundt thaveral enzymes showed simple near-
equilibrium kinetics as found before in baker’s gte@-linear kinetics).

In Chapter 8 a comparative study of steady-state and dynamtaboéte and flux responses to
localized pulses for succinate overproduckgcoli mutant is presented. In this mutant two
transcription factors of glyoxylate pathway areeded, which did not seem to affect this pathway
but there was a significant effect on improved gpafficiency. The mutant had four functional
mutations: increased succinate exporter, a delstextinate importer, deletion of succinate
dehydrogenase and a PEP carboxylase with increzgeatity due to a point mutation. These
mutations have a clear effect on steady-state gméndic behaviour. In general the mutant
showed much lower maximal uptake rates and sueiegport was successfully implemented.
Succinate import was 26 fold decreased. Also théamushowed enormous dynamic flux
flexibility. Compared to the wild type a considel@khift occurred from TCA cycle to oxidative
PPP, including inversion of pyruvate kinase. Evesrenflexibility was observed on succinate
uptake which seems only possible by an inverted T¢de. These flux shifts were in agreement
with large and delocalized changes in metabolitelte Clearly succinate dehydrogenase deletion
caused large changes in metabolite levels closmdofar from the deleted reaction. The mutant
as the wild type showed extreme homeostatic bebhavimr energy charge in the pulses. In
contrast, large changes in redox level NADADH occurred where the mutant showed even
larger changes. This large redox change can beiasst to reversal of flux direction.

In Chapter 9 a different application area, which is large-saalging problems, of perturbation
experiments is presented. Large-scale bioreacterkm@own to have heterogeneous conditions
and several scale-down studies have reported #pomee of cells to glucose and DO gradients,
whereby the glucose gradients have been attribistethuse DO depletion. The situation was
mimicked with a two-compartment bioreactor systemsisting of ark. coli chemostat culture
connected to a BioScope. Fully aerobic transitromfa glucose-limiting to a glucose-rich region
triggered the overflow metabolism very rapidly (s When the glucose gradient was created
under anaerobic conditions, many other mixed-agith&ntation metabolites were detected with
higher production rates. This study demonstrateat Hecretion of fermentative by-products
occurs even from very short exposures of cellsraalignts in large-scale bioreactors and this
situation might induce unfavorable process perforcea



Samenvatting

Kinetische modellen, die het gedrag van metabolactienetwerken onder verschillende
omstandigheden voorspellen, zijn onmisbaar om eemtitatief en volledig inzicht te krijgen in
de relatie tussen een productpad en het centraaboiesme. De focus van dit proefschrift is het
ontwikkelen van instrumentarium voor toekomstige vivo kinetische modellering van het
metabolisme inEscherichia coli. De relaties tussen het fluxoom en het metabolajm
onderzocht zowel in de steady-state als na eemesfagnsie, waarbij enzymniveaus constant
verondersteld kunnen worden. Daarnaast richten wes @p stoichiometrische en
thermodynamische analyses die ook fundamenteelagn het begrip van cellulaire systemen.

Netwerk stoichiometrie is een belangrijk onderdesst kinetische modellen. Stoichiometrische
metabole netwerken missen meestal de juiste biasssenstelling en de exacte stoichiometrie
van de energie genererende en consumerende pnockgsde efficiéntie van de ATP productie
in de oxidatieve fosforylering (P/O ratio), de graéhankelijkheid van het onderhoudy(Ken het
groei-onafhankelijke deel van het onderhoud&n Hoofdstuk 2 presenteert de bepaling van de
biomassasamenstelling vah coli K12 cellen bij glucose-gelimiteerde groei, afleiglivan
minimale metabole netwerken voor koolstof gelimitie chemostaat groei op basis van het
genoom en de schatting vamvivo ATP stoichiometrie parameters. Hieruit konden dedert-
Pirt vergelijkingen afgeleid worden, die waardewjn voor de kwantificering van groei
(gebaseerd op de ATP balans), zoals wordt aanggiadmoofdstuk 5.

In hoofdstuk 3, worden de ATP gerelateerde energie aspectenerasteichiometrisch metabool
netwerk bestudeerd binnen een thermodynamisch xdor@ase studies zijn de productie van
dicarbonzuren; fumaarzuur (in eukaryoten) en bagmstuur (in prokaryoten). De resultaten
tonen het belang aan van “black box” analyse in itdettificeren van energiegerelateerde
capaciteiten van een netwerk. Een voorbeeld isetekiende Gibbs energie dissipatie voor de
theoretische productvormings reactie onder anaérobestandigheden, die aangeeft, dat
maximale theoretische productopbrengsten enerpegiszien haalbaar zouden moeten zijn, ook
bij lage pH (< 3). Uitgaande van een vereiste hmgeacellulaire totale zuurconcentratie, blijken
voor beide zuren de thermodynamisch haalbare toahspechanismen een*Hntiport bij een
pH van 3 en een Hsymport bij een pH van 7 te zijn. De daaropvolgedetailanalyse van het
netwerk toonde aan waar biologisch bruikbare eeekgh worden ingezet. Dit leidde tot nieuwe
metabolic engineering targets voor volledige anaérgroductie bij theoretisch maximaal
rendement.

Een kinetisch model gebruikt informatie over metaboconcentraties. Daarom is eerst een
goede methode nodig om nauwkeurige gegevens hietevaijgen. Voor betrouwbare meting
van de intracellulaire metaboliet concentratiegés snelle bemonstering en het onmiddelijk
stoppen (quenching) van alle enzymactiviteit no&dligk om verdere omzetting te voorkomen.
Tijdens deze bemonstering dient lekkage van metkal te worden voorkomen en moeten
extracellulaire metabolieten zo goed mogelijk véguefid worden. Inhoofdstuk 4 worden
verschillende quenching protocollen onderzocht, whgianten zijn van de meest toegepaste
methode om extracellulaire metabolieten te verw@denamelijk guenchen met koude methanol,



voor het stoppen van cellulaire metabole activiegitvervolgens het wassen van het cel pellet
voor het verwijderen van extracellulaire metabelietNauwkeurige LC-ESI-ID-MS/MS en GC-
MS metingen van metabolieten, aminozuren en nudesizijn gebruikt om lekkage tijdens het
koude methanol quenchen te kwantificeren met betapeen zorgvuldige beschouwing van de
component balansen. Hieruit bleek dat de lekkagenvetabolieten tijdens quenching met koude
methanol zo groot was dat alleen met behulp varzeganaamde differentiéle methode (waarbij
de intracellulaire metaboliet hoeveelheden wordemekend aan de hand van metaboliet
metingen in de totale cultuurvioeistof en het itrdat) de enige betrouwbare procedure bleek te
zijn.

Om informatie te verkrijgen over de vivo enzymkinetiek, worden in het algemeen stimulus-
respons experimenten uitgevoerdhbofdstuk 5 wordt een kwantitatieve analyse gepresenteerd
van de flux en de metaboliet respons op een vangtoan glucose-gelimiteerde groei van &en
coli cultuur met een glucose puls direct toegepasteopiareactor. Flux bepaling is gebaseerd op
de opname/secretie snelheden die worden bepaaldndddel van massabalans vergelijkingen
en het ATP evenwicht. Kwantificering van 37 metasteln (in glycolyse, TCA-cyclus, pentose
phosphate pathway (PPP)), nucleotiden en aminozwend uitgevoerd met de voorgestelde
differentiéle methode (in hoofdstuk 4). Een nieuaesmpak voor fluxbepaling op een tijdschaal
van secondes is gebaseerd op de berekeninggséth wjt de dynamische opgeloste @O =
dissolved oxygen) massabalans en het gemeten D&wiDe verkregen dynamische flux en
metaboliet concentratie-tijd profielen over eenigee van 50 s bleken goed vergelijkbaar. De
opmerkelijke stijging waargenomen in de groei (égctor 3-4 binnen 50 s), en daarmee de
eiwitsynthese snelheid kwam niet tot uitdrukkingveranderende aminozuur concentraties. Dit
suggereert dat de transcripten zijn toegenomereze dorte tijd.In vivo zijn relaties gevonden
tussen groeisnelheid en FBP concentratie en odetusuurstofopname snelheid en AMP/ATP
ratio.

Omdat het is gebleken dat coli zeer snel reageert op glucose verstoringen, i©hstaring op
zeer korte tijdsintervallen vereist. De BioScopan gropstroom bioreactor ontworpen in de TUD
biotechnologie afdeling, voldoet aan deze eisenewatextra voordeel dat verstoringen worden
aangebracht buiten de bioreactor, dus zonder storen van de lopende cultuur. De BioScope
biedt tevens de mogelijkheid diverse typen versgmn aan te brengen op een en dezelfde
bioreactor cultuur.Hoofdstuk 6 beschrijft de karakterisering en toepassing vannaeiwe
BioScope II, dat werd herontworpen speciaal v@orcoli verstoringsexperimenten. In dit
apparaat werden de totale observatie tijd everalneetintervallen verlaagd door het verkorten
van het BioScope kanaal. Dit resulteerde in tijeisivallen van O - 8 s en 0 - 40 s voor debieten
van respectievelijk 4 en 2 ml/min. Verder werd deurstof overdracht verbeterd door een
vergroting van de verhouding tussen membraanopgdervbor overdracht van gas en het
vlioeistofvolume. De prestaties van de gewijzigdeoSiope werden geverifieerd door
experimenten met glucose verstoringen aan een B@ESgekoppeld met een chemostaat te
vergelijken met experimenten aan een steady-stemastaat cultuur vaB. coli. Hierbij werd
ervoor gezorgd dat er geen zuurstofbeperking opiradeide systemen. Voor een goede
metaboliet kwantificering hebben we de differemtiéhethode, beschreven in hoofdstuk 4,



toegepast. De verkregen resultaten toonden didedif snelle dynamische gedrag aan van het
phosphotransferase systeem (PT3}.inoli.

De BioScope laat geen kwantitatieve bepaling vafiden toe. Dus een pulsexperiment moet
worden uitgevoerd, zowel in een bioreactor (voorflde bepaling, hoofdstuk 5) als in de
BioScope (voor snelle metaboliet dynamica, hookl€lt In hoofdstuk 7, werd dein vivo
dynamische respons ve coli onderzocht, zowel in de BioScope als in de bidmramp
verstoringen met glycolytische (glucose) en gluogeaic (pyruvaat, succinaat) substraten. Flux
als functie van tijd zijn berekend op basis vanape/secretie snelheden, die werden bepaald
door dynamische massabalansvergelijkingen en hegrég of reduction” evenwicht. Na elke
toevoeging van een substraat bereikte het systiaxnefy metabolieten) een pseudo-steady-state
in ongeveer 30-40 s en een grote zuurstofopnamacitajp van de cellen werd waargenomen.
Interessant was dat binnen 40 s de groeisnelheidteady-state waarde van 0.13tht 0.30 R
bereikt onafhankelijk van het substraat, waarujkibdat de capaciteitsbeperking mogelijk in
ribosomen plaatsvindt. Uit de waargenomen dynareiselponsies bleek dat grote intracellulaire
flux variaties (tot 12 - 100 voudige veranderinghaezig zijn, die past bij de veranderingen in
metaboliet concentraties en verschuivingen in deathische massa-actie ratio’'s van pseudo-
/bijna-evenwichtsreacties. Vanuit de dynamischeagdllulaire metaboliet en flux informatie,
werd dein vivo kinetiek bestudeerd op basis van een vereenvoadigadmodynamische aanpak.
Het bleek dat een aantal enzymen een bijna-evetsidcietiek vertoonden, zoals voorheen
gevonden in bakkersgist (Q-lineaire kinetiek).

In Hoofdstuk 8 wordt een vergelijkende studie gepresenteerd eastehdy-state en dynamische
metaboliet en flux responsies op pulsen aan eetirmat overproducerende coli mutant. In
deze mutant werden twee transcriptiefactoren vaglgexylaat pathway verwijderd. Zij leken
geen invioed op deze route te hebben, maar veraktera een significant verbeterde energie-
efficiéntie. De mutant had vier functionele mutatieen verhoogde succinaat exporter, een
verwijderde succinaat importer, het verwijderen \&rccinaat dehydrogenase en een PEP-
carboxylase met een grotere capaciteit als gevahgeen genmutatie. Deze mutaties hadden een
duidelijk effect op het steady-state en dynamisgkedrag. Deze mutant vertoonde over het
algemeen veel lagere maximale opname snelhedemijl tde export van succinaat succesvol
werd uitgevoerd. Succinaat invoer was 26 keer miinBe mutant vertoonde ook een grote
dynamische flux flexibiliteit. In vergelijking mehet wild type vond een aanzienlijke flux
verschuiving plaats van de TCA-cyclus naar de diéda PPP, met inbegrip van omkering van
de pyruvaat kinase flux. Nog meer flexibiliteit wlewaargenomen bij de succinaat opname die
alleen mogelijk lijkt door een geinverteerde TCAckys. Deze flux verschuivingen waren in
overeenstemming met grote en gedelokaliseerde deraugen in metaboliet niveaus. Knock-out
van het succinaatdehydrogenase gen veroorzaalt gesanderingen in metabolietconcentraties
van intermediairen van het metabolisme die zowaitdils ver van de verwijderde reactie liggen.
De mutant en het wild-type vertoonden homeostatigairag voor wat betreft de ATP, ADP en
AMP niveaus tijdens de verstoringen. In tegensigllilaarmee, deden zich grote veranderingen
in het redox-niveau NADNADH voor, waarbij de mutant de grootste veramugein vertoonde.
Deze grote redox verandering kan worden gerelatancmkering van de flux richting.



In hoofdstuk 9 wordt een ander toepassingsgebied van puls expetém gepresenteerd namelijk
naar meng problemen in bioreactoren. Grootschaligeeactoren zijn bekend vanwege hun
heterogene condities. In verschillende scale-dotadies werd de reactie van de cellen op
glucose en DO gradiénten onderzocht, waarbij deoglegradiénten werden toegeschreven aan
DO depletie. De situatie werd nagebootst met eerelctor systeem van twee compartimenten,
bestaande uit eeR. coli chemostaat cultuur verbonden met een BioScopeledigl aérobe
overgang van een glucose-gelimiteerd naar een sgudik domein initieerde zeer snel (< 2 s)
het overflow metabolisme. Veel andere metabolietsrden aangetroffen met een hogere
productiesnelheid, wanneer een glucose-gradiént d wagecreéerd onder anaérobe
omstandigheden. Deze studie toonde aan dat detisecma fermentatie bijproducten plaatsvindt
zelfs na zeer korte blootstelling van cellen aaad@gmten, die in grootschalige bioreactoren
voorkomen, wat de product opbrengst in ongunstig&einvioedt.



Ozet

Metabolik reaksiyon @arinin farkli kaullardaki davrargarini 6ngéren kinetik modeller
herhangi bir Uriin yolu ve ona glamerkez metabolizmasi arasindaksklyi tamamen ve nicel
olarak anlamak icin esastir. Bu tezBgcherichia coli’de canl i¢i {n vivo) kinetik modelleme
araclari gelitirmeye odaklanildi. Enzim seviyelerinin sabit khedilebilecgi kararli veya gecici
durumlarda flaksom ile metabolom arasindakgkiler incelendi. Ayrica hiicresel sistemleri
kavramakta temel olan stokiyometrik ve termodinammklizler amaclandi.

Kinetik modellerin temel tdarindan birisi de @& stokiyometrisidir. Stokiyometrik metabolik
aglarda genellikle dgru biyokitle kompozisyonu ve enerji Ureten/tiketgiireclerin kesin
stokiyometrisi, 6rngin oksidatif fosforilasyonda ATP Uretimi verimfii (P/O orani) ve biyime-
bagimli/buylime-bgimsiz bakim enerji gereksinimleri (Kve myrp) eksiktir. 2. Kisim glukoz-
sinirh yetitirilen E. coli K12 hiicrelerinin biyokitle kompozisyonunun belmheesini, minimal
ortamda buyutulmgi karbon-sinirli kemostat icin genom o6lcekli minimagd altkiimelerinin
turetilmesini ve bu metabolikga aitin vivo ATP stokiyometri parametrelerinin tahminini sunar.
Bu, oOrngin 5. Kisim'da gosterilen gecici buyume hizinin (ATdengesine dayali)
hesaplanmasinda énemli olan Herbert-Pikiilerinin tretiimesine olanak geamistir.

Bir sonraki 3. Kisimda, stokiyometrik bir metabolik @n ATP ilisikli enerji 6zellikleri
termodinamik cergcevede incelendi. Fumarik (Okapmth) ve suksinik (prokaryotlarda)
dikarboksilik asit Uretimleri drnek camalar olarak ele alindi. Sonuglar ilgilgia enerji ilisikli
kapasitelerini grenmede kara kutu analizinin 6nemigaret edip, 6rngin teorik anaerobik
reaksiyonun Gibbs enerji alumu maksimal teorik Urlin verimlerinin anaerobikrala uygun
oldugunu (Ustelik dgik pH(<3)' da) ortaya koydu. Gerekli yiksek hicrgl doplam asit
konsantrasyonu dikkate aligainda, her iki asit i¢in termodinamik uygulanabiiktif transport
mekanizmalari pH 3'de Hantiport ve pH 7'de Hsimport olarak bulundu. Daha sonraki detayli
ag analizi enerjinin nerede biyolojik acidan faydaliketilebiceini, teorik verimlerde tam
anaerobik Uretimi gdayacak yeni metabolik mihendislik hedeflerine @gaét ederek gosterdi.

Kinetik bir modelin metabolit konsantrasyonlari digine ihtiyaci géz ©ntne alirginda,
oncelikle d@ru deneysel verileri elde etmenin geregliliagiktir. Hucre ici metabolit
konsantrasyonlari 6lcimi hizli érnekleme, sizioklygunda anlik metabolik enzim aktivitesini
dindirme ve hiicre gi ortamin kaldiriimasi ile birlikte metabolitleripiiksek déngu hizlari
hesaba alinarak bu bjlglerin 6zitlenmesini gerektirird. Kisim'da hiicre dyi metabolitleri
ayirmak icin en sik uygulanan yontem varyasyordéan dort farkli dindirme protokold, ya#i.
coli’de htcresel metabolik aktiviteyi durdurmak icinga metanolle dindirme ve miuteakip
hucre pelletinin yikanmasi ataildi. Sazuk metanolle dindirme sirasindaki metabolit Kaca
merkez metabolitlerin, amino asitlerin ve adenikladtidlerin d@ru LC-ESI-ID-MS/MS veya
GC-MS dlguimlerinden titiz bir denge yakiei kullanilarak hesaplandi. Sonu¢ olaradoth
orneklerinin kemostattan hizlica, bui¢in 6zel tasarlanmgihizli bir drnekleme cihazi ile ¢ekilip
ve anlik durdurulup (< 180 milisaniye), kiltir satiistiniin dgrudan filtrasyon ile elde edilgi
diferansiyel bir yontem gairildi.



In vivo enzim kinetgine dair bilgi edinmek ulzere kullanilan genel yd@ntalyaran-tepki
deneyleridir.5. Kisim'da glukoz sinirli yetitirilen E. coli kiltirine d@rudan biyoreaktorde
uygulanan glukoz-puls sirasinda aki ve metabofittyain nicel analizi sunuldu. Aki hesabi kitle
denge denklemleri ve ATP dengesi tarafindan belnealim/sekresyon hizlarina dayandirildi.
Glikoliz, TCA devri, pentoz fosfat yolu, nikleotell ve amino asitlerden alan toplam 37
metabolitin miktar1 4. Kisim'da galirilen diferansiyel metod ile hesaplandi. Saniyeman
Olcekli aki hesabi yeni bir yaldamla, yani dinamik ¢6zinmiO, (DO) kitle dengesi ve
Olcilmis DO duzeyleri ile gercekigrilen go,(t) hesaplanmasina dayandirildi. 50 saniyelik bir
zaman diliminde elde edilen dinamik aki ve metahbadinsantrasyon-zamargigmleri birbirine
denkti. Mamafih, blytime hizinda ve dolayisiyla piotsentez hizinda godzlenen belirgin sarti
(50 saniye icinde 3-4 kat) gaen amino asit konsantrasyonlarina yansimadi. Bunddu kisa
zaman dilimi icinde transkriptlerde arblabilecgini 6ne surdi. Biyime hizi ile fruktozbisfosfat
konsantrasyonu ve oksijen alim hizi ile AMP/ATProrarasindan vivo iliskiler tespit edildi.

E. coli (glukoz pulslarina) cok hizli yanit vegitiden, cok kisa araliklarla érnekleme gereklidir.
Grubumuz tarafindan tasarlagnBioScope aleti, ek bir avantaj olan biyoreaktdgirtda puls
verme ve bdylece mevcut kiltirii bozmadan, c¢ok saypdlis-tepki deneylerine olanak
sglayarak, bu amaci yerine getirmektedd. Kisimda E. coli pertirbasyon deneyleri icin
tasarlanan yeni BioScope Il cihazinin karakteripasyve uygulamasi agiklandi. BioScope kanali
kisaltilarak toplam gozlem siresi ve 6rnek aratildigistiriimdstir (4 ve 2 mi/dakika akihizlari
icin sirasiyla 0-8 ve 0-40 saniye). Buna ek olagak transferi membran alani ile sivi hacmi
arasindaki oran artirilarak oksijen transfer kagagtikleri gelitirildi. Tasarlanan BioScope’un
performansi, kararli durumdali. coli kemostat kiltlriine k& BioScope’da ve dgrudan
kemostatta benzer yirutiulen glukoz pertiirbasyorugdannin ¢cok benzer olgu gdsterilerek,
aciklandi. Burada her iki sistemde de oksijenrisioimayan kgullarin korunmasi sgandi.
Dogru metabolit miktar hesabi i¢in 4. Kisim’da acildardiferansiyel yontemin uygulanmasiyla
elde edilen sonuglar a¢ikéa coli phosphotransferase sisteminin (PTS) hizli dinasalkrangini
gOsterdi.

BioScope aki 6lgimine izin vermggtiden bir puls deneyi hem biyoreaktdrde (aki miktasabi
icin, 5. Kisim) hem de BioScope’da (hizh metabdiitamikleri igin, 6. Kisim) yapiimalidifz.
Kisim'da glukoz-sinirli kemostatta ystirilen E. coli'nin glikolitik (glukoz) ve glikoneojenik
(pirGvat, suiksinat) substratlara gostgrdn vivo dinamik tepki her iki platformda da ataildi.
Saniye Olcekli aki hesabi dinamik kitle denge demikbri ve rediksiyon derecesi dengesi ile
belirlenen alim/sekresyon oranlarina dayandirHigr. eklenen farkli substrattan sonra sistem (aki
ve metabolitler) yakkgk 30-40 saniye icinde pstdo-kararli durumastulge buytk bir oksijen
kapasitesi gozlendilging olarak her farkl substrat icin 40 saniyend@ biyiime orani kararl
durumdaki 0,13 1/saat gerinden 0,3 1/saat’e yia Bu durum 6rngin ribozomlarda bir kapasite
sinirina garet etti. Farkh pulslan takiben gozlenen dinamifanitlar buydk Olcekte
reorganizasyon ve esneklik (12-100 kata kadafistdik) gosterdi. Bu durumun metabolit
seviyelerindeki sir1 degisikliklerin yol actigl psddo-/yakin-denge reaksiyonlarinin kiitle eylem
oranlarindaki dinamik kaymalar ve aki yonlerininsiae donmesiyle uyumlu ol@u gdzlendiln
vivo kinetigi hicre i¢i dinamik metabolit ve aki bilgileriyleabitletiriimis bir termodinamik



yaklasima dayanarak c¢alidi. Daha 6nce ekmek mayasinda gozlgndibi (Q-lineer kinetik)
burada da ¢gtli enzimlerin basit yakin denge kingine sahip oldgu bulundu.

8. Kisimda yluksek miktarda siksinat Uret&ncoli mutantinin kararli ve dinamik durumlarda
lokalize pulslara gostergii metabolit ve aki yanitlar kaitastirmali bir ¢alsmayla sunuldu.
Glyoksilat yoluna ait iki transkripsiyon faktéranigilindigi mutantta bu d&sikliklerin bu yolu
etkilemedgi ancak gelmis enerji verimliligine 6nemli bir etkisi oldgu gozlendi. Mutant
artirllmis siiksinatexporter, silinmis siksinatimporter, silinmis stiksinat dehidrojenaz ve bir
nokta mutasyonuyla kapasitesi artirgrREP karboksilaz olmak tzere kararli ve dinamikudur
davranglarina acgik etkisi olan dort fonksiyonel mutasyaadipti. Mutant genel olarak ¢cok daha
disiik maksimal alim oranlari gosterdi ve siiksinat egymnu bgarili bir sekilde gerceklgtirildi.
Suksinat alimi 26 kat azaldi. Ayrica mutant biyigekte dinamik aki esnelgi gosterdi. Yaban
tip ile kasilastinldiginda piruvat kinazin yon d@etirmesi dahil TCA doénglstnden oksidatif
pentoz fosfat yoluna dnemli bir gigim olustu. Ancak ters bir TCA dongusi ile olasi olan
suksinat aliminda daha fazla esneklik gdzlendi. 8u deisimleri metabolit duzeylerindeki
biyik ve delokalize olmwu degisiklikler ile uyumluydu. Acikga, suksinat dehidrogenn
silinmesi silinmg reaksiyona yakin ve uzak metabolit diizeylerindgikidezisikliklere neden
oldu. Yaban tip gibi mutant da pulslarda enerji §u&cisindan sri homeostatik davragi
gosterdi. Buna karlik, redoks dizeyi NADINADH'de mutantta daha fazla gozlenen buyik
degisiklikler olustu. Bu blyuk redoks dgsikligi aki ydnuniun tersine ddnmesiyle
ili skilendirilebilir.

9. Kisim'da perturbasyon deneylerinin farkl bir uygulamana olan biyuk olgekli kagtirma
problemleri sunuldu. Heterojen qdlara sahip oldgu bilinen buyuk 6l¢ekli biyoreaktdrlerin
¢esitli boyut kiicultme cakmalarinda glukoz gradyanlarinin DO’da tikenmeyeepetldguna
atfedilerek hicrelerin glukoz ve DO ggderine yaniti bildirilmitir. Bu durumE. coli kemostat
kalturdndn bir BioScope’a [andigi iki bolmeli biyoreaktor sistemi ile taklit edildifamamen
aerobik ortamda glukoz sinirli boélgeden glukoz zetglgeye gegi tasma metabolizmasini ¢ok
hizli (< 2 saniye) tetikledi. Glukoz gradyani arad®k sartlar altinda gerceldérildi ginde yuksek
Uretim oranlarinda birgok kark-asit-fermantasyon metabolitleri saptandi. Buisgah blyk
Olcekli biyoreaktdrlerde hiicrelerin gradyanlara daka sire maruz kaiginda bile olumsuz
sure¢ performansina neden olabilecek fermentatifiyénleri salgiladiini gosterdi.
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Chapter 1

1.1.Industrial Microbial Biotechnology

“Industrial biotechnology”, as a term, first comnhprappeared in the literature in the early
1980s. Fermentation technology founded on micrausgas is used to produce pharmaceutical
compounds (biologically active proteins, polypepsidsuch as hormones and vaccines), certain
industrial enzymes, primary and secondary metamliicommon amino acids, vitamins,
nucleotides, polysaccharides, organic acids, alsphantibiotics), fine and bulk chemicals,
biocolorants, solvents, biopolymers, food additjivagricultural nutrients, biofuels, etc. In
addition, microorganisms are used for bioconversioim agriculture as biopesticides and
fertilizers, for bioremediation to remove or degradxic wastes and other pollutants from the
environment, and even for oil recovery and metatraetion. This diverse potential of
microorganisms and the rapidly developing genedbasehniques promise that they will play a
much more prominent role in the future. This allogveener and cleaner production based on
renewable biological resources in response to cascen the depletion of fossil resources and
also on the environmental aspects. Also contrilmstito decreasing GGemission and to more
sustainable technologies are undeniable.

Industrial biotechnology aims to achieve the higlmgeduct concentration, the highest yield and
the highest productivity of bulk or fine chemicgisoduced by microorganisms (Zhat al.
2009). These optimum conditions are to be achi¢emligh process optimization, scale-up and
genetically-based strain improvement.

The first important step in the development of mixal production processes is the choice of the
organism to be usedtscherichia coli is one of the best hosts for recombinant technolsge
Box 1). Production of human insulin, which was neded in 1982, was the first commercial
application usingE. coli (Goeddelet al. 1979). Afterwards,E. coli was also used in the
production of other recombinant proteins, aminasend other chemicals. coli is an attractive
organism with its long history in research, itsligbito grow rapidly on inexpensive substrates
(also not auxotrophic) and its well-characterizedegics These features motivated the choice for
E. coli as the model system in this thesis, therefordabes in examples and applications will be
that of E. coli although the methodologies reported in this sefitiesis are not limited to any
given organism.

In this thesis attention is given to production di€arboxylic acids. Microbial production of
building block chemicals, which have multi funct&@rgroups, is of interest because some high-
value bio-based chemicals/materials are deriveth ftlkem. Dicarboxylic acids (e.g. succinic,
fumaric) are used in the preparation of bulk chafsi¢hat have applications in a broad range,
from pharmaceuticals to paints, plastics, fuel tides, and fabrics and hence a large market.
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Box 1: Escherichia coli

Escherichia coli belongs to the familyEntero
bacteriaceae (smaller than 1.;um) of gram-negative,
rod shaped bacteria which can grow rapidly under
both aerobic and anaerobic conditions (Figure 1.1).
The group of organisms in the familfntero
bacteriaceae share some features like: being oxidase
negative, catalase positive, non-halophilic, noorep
-forming, usually motile by means of peritrichous
flagella, and be able to reduce nitrate to nitatel
producing a common antigen (Neidhardt 1996).
Escherichia are mostly found in the intestinal tract of
humans and warm-blooded animals, some strains
being pathogenic.

Figure 1.1: Scanning electron micro-
graph of E. coli, (Rocky Mountain
Laboratories, NIAID, NIH).

The cell envelope of gram-negative bacteria is amsad of two membranes, the inner and outer,
separated by a compartment, called the periplasan,contains a thin peptidoglycan layer (Ruiz
et al. 2006). Wild typeE. coli strains are able to grow on a wide variety of oarand energy
sources, optimally on complete medium at neutrabpH 37°C. Cox (2003) define&. coli as an
ultra-fast grower because, when it is growing @iiaximum rate the generation time is less than
the time needed to replicate the genome, leadinget®-born cells possessing more than one
genome equivalent per cell.

The E. coli strain used in this thesis is the K12 strain whikhhe primary model bacterium
mainly because of the large number of studies sahft yield considerable knowledge on the
physiology and genetics of this strain. The ergieeome sequence of K12 strain MG1655 was
first completed and annotated by Blatteeel. (1997) in the US and that of K12 strain W3110
was completed under the direction of Takashi Hdriiirr Japan (Hayaslet al. 2006).

The genome oE. coli K12 MG1655 consists of 4,639,675 bp of circulamptex DNA. Of the
total 4603 genes, protein-coding genes accound4db genes, 188 genes encode stable RNAs,
and there are 115 pseudogenes as presented inndaP@d0 in the database EcoCyc:
Encyclopedia ofE. coli K12 genes and metabolism (Kesektral. 2009). Nowadays such
publicly available reference databases are visitedbtain information on genes, proteins,
transcripts, metabolites and fluxes (e.g. KEGG: tdy&ncyclopedia of Genes and Genomes,
EcoProDB:E. coli protein databas&scherichia coli Multi-omics Database, etc.).

1.2. Strain Improvement: Systems Biology for Metabolic Engineering

Random methods (e.g. mutagenesis and selectiotipnah approaches, or combinatorial
techniques have been used to improve industriainstr The commonly used approach in
metabolic pathway engineering is to make an eddagess based on biochemical knowledge of
synthesis pathways whose genetic modification migiptrove or direct the metabolic flux to the
compound of interest. By this approach, microorgjausi can be improved to produce metabolites
with a higher yield and can even be designed talyme new metabolites that they do not
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naturally synthesize. Generally it takes a longetiim obtain a microbial strain with a satisfactory
product yield, due to the required testing of thedified strain and improving the strain in an
iterative cycle (trial and error method). This pges can be speeded up using the model-based
approach (modeling cycle of systems biology). Adang to Nielsen and Jewett (2008) systems
biology intends “to obtain new insight into the mollar mechanisms occurring in living cells or
sub-systems of living cells for predicting the ftion of biological systems through the
combination of mathematical modeling and experimkoiblogy”. This modeling cycle aims for
guantitative understanding of the cell by usingekperimental results as input to the model and
the resulting output of the model is used to imprtive next experimental design (Bailey 1991).
The results of the model will allow defining the sh@romising genetic targets for metabolic
pathway engineering, before actually performingtdttous genetic engineering work.

As mentioned in Petranovic and Vemuri (2009) thecept of this integration is not new,
whereas our ability to accurately quantify celldamponents at genome and whole system scale
is. There are two kinds of approaches, being bettprand top-down. The bottom-up approach is
based on existing biochemical knowledge. Such ambres involve describing part of a sub-
system to form larger subsystems until the whotgesy is defined. The top-down approach does
not require ara priori hypothesis, and is driven by the availability afththroughput data. High
throughput analysis was initiated by sequencingahplete genomes, followed by quantifying
other parts of the cells such as mRNA (transcrigpnproteins (proteome), and metabolites
(metabolome) aiming to unravel the complexity of ttell, defined as the interactions between
the “-omes”. The genome is static, relatively inelegent of time and environment, whereas
trancriptome, proteome, metabolome and fluxome wary with genetic and environmental
alterations. The interactions between and amorggtbatities are referred to as interactome, e.g.
protein-protein interactions, protein-metabolitetemactions, regulatory interactions such as
protein-DNA interactions or genetic interactions & be quantified in systems biology.

1.2.1.The “-ome”s

Genome:The Oxford English Dictionary defines genome toobiginally, a complete haploid set
of chromosomes of an organism, species or gamadeater, also as the complete set of genes of
an organism, species, organelle, etc. After theeldgvnent of DNA sequencing by Sanger and
Coulson (1975), it took some time before the fi@iplete genomejaemophilus influenzae Rd,
was presented (Fleischmaahal. 1995). Since then the speed at which whole genaaede
sequenced has rapidly increased. As of August 20@9e are approximately 106,533,156,756
bases in 108,431,692 sequence records in theitraalitGenBank divisions and 148,165,117,763
bases in 48,443,067 sequence records in the WGSI&Benome Shutgun) division, meaning
that genome sequences of about 3000 organismsultielp available. Genomic knowledge is
indispensable for optimization of strains for ohugadargets such as the by-product routes, which
should be removed. There are good examples of ukiagool for improving product yield in
this way, for example the constructed reduced-genBneoli strain showed better growth and
higher threonine production compared to the wilgetyMizoguchiet al. 2007). The idea behind
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it was that a microorganism with a minimum genomexpected to show less by-product and
regulation and is thus ideal for the systems biplagproach.

Transcriptome: The transcriptome is the set of all MRNA molecutes cell and reflects the
genes that are being actively expressed at anygiree. The transcript levels are quantified by
several microarray techniques, oligonucleotide adorays being the most popular because of
their high specificity and sensitivity. In additisa quantifying gene expression, microarrays are
also used in predicting the function of uncharaztgl genes with the assumption that co-
expressed genes are co-regulated. Klein-Marcusahamal. (2009) presented the use of
transcriptional engineering studies for improvirgetance ofE. coli to butanol and other
solvents, for increasing titers of L-tyrosine any@lronic acid.

Proteome: The proteome is the set of all proteins in thetesysunder defined conditions.
Information on protein function and the pathwaysanich those proteins function is gained by
protein analysis. The most conventional method denlination of two-dimensional gel
electrophoresis (2DGE) (for protein separationhwitass spectrometry (MS) (for identification
of protein). More recently MS-based methods arelined with liquid chromatography (LC),
and proved to be a more efficient method. Besilesed methods, protein arrays are becoming
powerful tools to identify proteins, although there still some issues to be solved, such as that
recombinant production and purification of proteissequired. Ishiet al. (2007) measured the
metabolite, protein and gene expression levels itif type E. coli K12 and its 24 different
single-gene (from glycolysis and pentose phosppatbway) disruptants and compared these
levels for metabolic pathways including glycolygigntose phosphate pathway and tricarboxylic
acid cycle. These measurements allowed us to thatf. coli has a central metabolic network
that is robust against genetic perturbations, grlybdue to redundancy.

Metabolome: The metabolome represents the nature and abunddresch metabolite in the
biological system. For a given physiological stafee concentration of metabolites gives a
snapshot of the state of the cell. Kieeal. (2008) showed a good example of making use of both
transcriptomic and metabolic methods to optimizthyways for increased isoprenoid production
in E. coli. Metabolome profiling is an important tool; howewimultaneous determination of the
complete metabolome with a single analytical tegheiis difficult due to the vast diversity in the
chemical structure of the compounds. MS, preferablypled with gas chromatography (GC) or
LC, and nuclear magnetic resonance (NMR) are thst ma@lespread approaches for metabolite
profiling, the former (GC/LC-MS) being more pronmgidue to much higher sensitivity.

Fluxome: Fluxome analysis aims at quantifying the completeasin vivo fluxes in metabolic
networks, i.ein vivo activities of enzymes and pathways (Wittmann 200%g metabolic fluxes
are time-dependent and can be estimated usinghgioietric mass balance equations or
combined with experimentally measur€@ data using either NMR or MS. The most frequently
used methods for fluxome analysis are based on GCdvi NMR and recently LC-MS
measurement of labeling pattern of metabolites fetable isotope tracer (such d€-labeled
substrates) studies (van Windetral. 2005; van Windeet al. 2003).2*C-flux methods have been
applied for discovery and quantification of novelumusual pathways within complex metabolic
networks and have also been applied to less-clegized species (for a review: (Zamboni and

5



Chapter 1

Sauer 2009)). An excellent example is combiningadiyic metabolome analysis ahi€C-kinetics
in the workz of Kwonet al. (2008) that demonstrates how these tools can ahdaug-enzyme
interactions for the dihydrofolate reductase intioibin E. coli.

1.2.2.Stoichiometric network models

The stated experimental -omic tools will not befisignt alone for strain improvement, but need
to be combined with mathematical modeling as meetiobefore. Mathematical models yield a
higher level of understanding of mechanisms andnteractions therein, which allow selecting
the best genetic interventions to improve a degiregerty of the system (Stephanopoudbal.
2004). Mathematical models can be stochastic, graplbr deterministic. Metabolic networks
(Box 2) are generally modeled through determinikiieetic and stoichiometric methodologies.
Stoichiometric approaches include metabolic flwalgsis (MFA) and flux balance analysis
(FBA) that can only be applied for (pseudo)-steathte analysis of a system under a given
condition while FBA requires an optimality consiiafPriceet al. 2004).

Such constraint-based stoichiometric models haen lused in the study of bacterial evolution
and phenotypic behavior, analysis of network progegr biological discovery and metabolic
engineering (Flemingt al. 2009). Mass and energy balances are the fundahwomatraints
with possible additional experimentally availableatal e.g. transcript levels and/or
thermodynamic information. Generally the resultmgwork is an underdetermined system that
requires an optimization criterion (as mentionedva) for calculating the network fluxes. The
most used objective is the maximization of growield; Schuetzet al. (2007) examined the
effect of choosing different objective functions kevaluating the flux predictions and
demonstrated that only different choices for aneotiye function described the fluxes under
different conditions. Remarkably, optimization adimass yield appeared to be the best objective
function under nutrient limitation.

With the introduction of functional genomics andy scale datasets, metabolic reaction network
reconstructions can be generated at genome-saaladdition to the genome sequences,
databases, textbooks and relevant publicationsegpgired in the reconstruction of biochemical
networks (Feistet al. 2009). The growing scope of applications of genseee metabolic
reconstructions has been recently reviewed (FastRalsson 2008). In addition to their valuable
contributions in genome-scale metabolic networkals$dn’s group is recently developing
networks for transcriptional regulation and trai®@nal and translational processes at the
genome-scale (Thielet al. 2009). Moreover, Mendoza-Vargag al. (2009) generated
experimental data on transcription start sites @)Sromoters and regulatory regions at a
genome-scale that will facilitate the understandihthe complex regulatory network Bf coli.

The production of L-valine using a metabolicallygereeredE. coli strain is a good example
using integrative “omics” since improvement was dgh®n transcriptome analysis and gene
knockout simulation of am silico genome-scale metabolic network (Petrlal. 2007). All of the
modifications in this strain are clearly definedcaese it was not a traditionally randomly
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mutagenized strain. Another example of integratigealysis used for developing an
overproducing strain is L-threonine production wih coli using transcriptome profiling
combined within silico flux response analysis (Lekal. 2007). Recently, Chemlet al. (2009)
employed a stoichiometric-based model to identifymbinations of gene knockouts for
improving NADPH availability inE. coli.

Despite its valuable contribution to our understagdf the cellular metabolism, stoichiometric
models have important deficiencies. The most ingrdrtequirements in stoichiometric models
are the knowledge on the ATP generation/consumppi@tesses and the incorporation of a
proper biomass composition of the studied microoisya. It has been reported that the biomass
composition, which is known to be a function of tirewth rate, has a significant effect on the
flux distribution and must be accounted for in flo&sed models (Pramanik and Keasling 1998).

Major ATP-related uncertainties are the amount ®PAgenerated in oxidative phosphorylation

(P/O), ATP used for maintenance ) and for biomass synthesis (K Some of these

parameters are known from vitro (in test tubes) experiments (e.g. P/O) but theuivo (inside

the cells) values are questionable. Clearlyivo information on these ATP parameters is needed

for a stoichiometric model, to be able to predict enaximal yields of biomass and product on

substrate and the maintenance coefficient (Roe83;19an Guliket al. 2001; van Gulik and
max

Heijnen 1995). Such models provide the values efgarameters ™ Ygp o and m, as a
function of the ATP-stoichiomtery parameters, @& tell-known linear Herbert-Pirt equation:

1 +—1 gp+m
p .
Yex© Yspo P

Os=

This thesis will present a@n vivo method to evaluate the ATP parametersEaoli.

1.2.3.Thermodynamics of a product pathway

In addition to the balances and kinetics, thermadlyics is also more and more used for rational
and efficient development of (bio)processes (H&iji®94; Heijnen 2002). Especially in the
context of constraint-based analysis of genomessocabdels ofE. coli, the second law of
thermodynamics starts to be incorporated (Fetistl. 2007; Henryet al. 2007; Henryet al.
2006). By applying the thermodynamic constraintsasfble directions of the biochemical
reactions and feasible ranges for the concentmtidrmetabolites were calculated (Kumneel

al. 2006). All these studies require information oe standard Gibbs free energy change of
reaction A,G) which can be calculated from the Gibbs energiegormation, A;G, of the
products and reactants. Although the thermodynamtperties of a large number of biochemical
compounds and reactions have been obtained expeéltyeunder different conditions (Alberty
1998; Alberty 2003; Goldbergt al. 2004), values for most biochemical compounds &tke s
unavailable (Kummelket al. 2006; Mavrovouniotis 1990). Therefore, the groumtabution
method (Benson 1976; Mavrovouniotis 1990; Mavrovotis 1991) can be used to estimate the
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Gibbs energy of formation for the unknown compouritise applicability of this method was
recently expanded by improving the accuracy ofntie¢hod (Jankowslat al. 2008).

A thermodynamic analysis provides an estimate efahergetic feasibility of potential pathways
(Finley et al. 2009). In this thesis an example of this type oélgsis is applied for the
thermodynamic calculation of the maximum achievaflecinic and fumaric acid yields on
glucose for the succinate and fumarate productathvgays, respectively.

1.2.4.Kinetic Models

However, stoichiometric and thermodynamic analysisot sufficient to quantitatively predict
the metabolic flux distributions under dynamic cibieths or in genetically modified strains
because the regulation effects, e.g. metabolitesraaon effects, feedback inhibition, cofactor
activation, allosteric effects, etc. are not coastd. Additionally, kinetic properties of enzymes
are required. A dynamic mathematical model of taet@l carbon metabolism, together with a
product pathway would improve our understandingceflular metabolism and shorten the
development time of the engineered microorganism tf@ industrial production of useful
chemicals from renewable resources. Detailed kimatbdels should in principle provide a way
of predicting metabolic system properties (fluxesl anetabolite concentrations) based on the
characteristics of the components of the systernyfae levels, enzyme kinetics). However, the
construction of such kinetic models is much morenglicated than that of stoichiometric
models. A dynamic metabolic model would comprisehmmatical expressions representing the
kinetic behavior of each enzyme. Enzymes can beritbesl with mechanistic kinetics, e.g.
Michaelis-Menten, or approximative e.g. linlog Kies (Heijnen 2005). The pros and cons of
these approaches are discussed extensively iné\i@g09).

The major issue in kinetic modeling is the needifié@ermation on enzyme-kinetic rate laws and
their parameters, which is most of the time notlalsée. And even if it is available (Chamgal.
2009), it might be inadequate because ofitheitro - in vivo dilemma mentioned above, that
frequentlyin vitro obtained enzyme-kinetic parameters are differemifthat of the actuah
vivo value and consequently leading to erroneous pfedgby the model (Teusirdt al. 2000).
Furthermore, enzymes which catalyze the same ogaistidifferent organisms do seldomly have
the same kinetics due to specific mutations. Tloeeefthere is an urgent need for accurate
enzyme kinetic data which are valid undevivo conditions in the organism of interest.

1.2.5.Rapid sampling, quenching, extraction and analysis techniques

An elegant solution to obtain sudh vivo kinetic data is to use stimulus-response expelttisnen
where a well defined steady-state chemostat syfBam 3) is perturbed in such a way that the
observed dynamic response can only be attributditetperturbation performed. Transient data is
collected on enzyme levels, fluxes and metaboétels. Proper measurement of intracellular
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metabolites requires that the applied sampling gatae should be fast enough to catch a
snapshot of the culture, considering the fast teendime of the intracellular metabolite pools. In

addition to fast sampling, instantaneous quenclihgnzyme activity and a proper extraction

method that results in complete release of metisofrom the cells are required. Finally these
protocols should be complemented with an accuratalmolite analysis method.

Box 2: Central carbon metabolism

TN Ve _The central meta_bolism, which

vl SUR “op is the key supplier of carbon
b s 6P RuSE precursors,  energy  and
reducing power that are
required for growth and
product formation oE. cali, is
e the model system of this thesis.
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Figure 1.2: The central carbon pathway with product amino intermediates during growth
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Amino acid pathways, nucleotide synthesis pathwawysl product pathways are directly
connected to the central metabolism (Figure 1.2).

WhenE. coli is aerobically grown on glucose at batch cond#jghe main by-product acetate is
secreted. Meanwhile, in glucose-limited chemostdtiuces acetate secretion is not observed at
dilution rates below 0.375%or the K12 strain (Kaysest al. 2005)
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Box 3: Chemostat for reference steady-state

In thein vivo kinetic studies presented in this thesis, the dstat was chosen to be the protocol
for cultivation of cells because it provides a wedhtrolled environment in which the specific
growth rate of the cells is set by the dilutioreraf the chemostat and a reference steady-state can
be realized. In kinetic studies this referencedtestate is perturbed. This steady-state should be
fully characterized for which it is of utmost impance that black box analysis is carried out
(Figure 1.3). Black box analysis applies baland¢gahniques based on conservation relations and
thus enables checking the absence/presence of wnkpomoducts. In the experiments reported
here, preferentially online measurements were usedh as the oxygen and carbon dioxide
concentrations in the offgas, dissolved oxygen eatration, pH, temperature, reactor vessel
weight, effluent vessel weight, and the added ansoahbase + antifoam were monitored online.
Additionally, offine measurements such as residualbstrate concentration, biomass
concentration, the concentration of total orgaracbon in the culture broth and filtrate were
accurately measured. These measurements are thdnrublack box analysis and subsequent
data reconciliation with the constraint that theneéntal conservation relations are satisfied.

———— Biomass
C-source

Oxygen
N, S, P sources

—— By-products

————— Carbon dioxide

—» Water
Figure 1.3: A black box system description of a fenentation process.

Rapid sampling: Theobaldet al. (1993) were the first who established the rapithmang
technique where the total harvesting and inactivatime of a sample was 0.4 s, which further
improved to 0.2 s in a later modification by thensagroup (Theobaldt al. 1997). Schaefeat al.
(1999) designed an automated rapid sampling devittea sampling time of 60 ms. Schaeh

al. (2006) proposed an integrated sampling and eitragirocedure whereby the sampling/
guenching/extraction is carried out through a llgingle tube heat exchanger. Hilleral.
(2007a) established a fast sampling apparatus cadi to bioreactors which have sampling
ports only at the lid. The details of these (andeot rapid sampling devices for metabolic
engineering applications can be found in the resibw Schadel and Franco-Lara (2009) and van
Gulik (2010).

Langeet al. (2001) developed another system, which providesrate sample weight as well as
small sample size (< 1 ml) that avoids disturbasfdde culture and ensures the ratio between the
volumes of the quenching solution and the samphés iome-built rapid sampling system, with
timer-controlled valves, is used for fast samplind@.7 s) ofE. coli in this thesis.

Quenching: The quenching of the metabolic/enzymatic activit¥i coli has e.g. been achieved
by direct sampling into buffered/unbuffered coldiaqus 60 % (v/v) methanol (Buchhadzal.
2002; Buchholzet al. 2001; Hiller et al. 2007b; Schaefeet al. 1999), rapid freezing of the
sample in liquid nitrogen (Chassagnetal. 2002), rapid heating of the broth by means ofat he
exchanger (Schauti al. 2006) and a filter-culture methodology (Brageal. 2006). For proper
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guantification of intracellular metabolites, tharaxellular metabolites should be removed, which
is generally performed by cold centrifugation, namat < -20 °C (Schaeferet al. 1999).
Quenching with liquid nitrogen or in a heat exchemngdoes not allow removal of extracellular
metabolites. And although the filter-culture methalfiows quick separation of cells, this
technique is not applicable to chemostat conditions

In addition to these complications, applicationttod most widely used method in bacteria, i.e.
cold aqueous methanol, has caused loss of intideelinetabolites due to leakage to the
quenching liquid (Bolteret al. 2007; Wittmannet al. 2004). In contrast, Windest al. (2008)
concluded that 60 % cold methanol solution is gable quenching fluid and recommended 100
% methanol, with multiple freeze-thaw cycles foe tbxtraction of metabolites. However this
study was qualitative instead of being quantitgtimeking their conclusion questionable. Ligtk

al. (2008) suggested using a cold mixture of methandl glycerol as quenching solution ter
coli cells since they found that the leakage of adeadenylates was significantly reduced with
this method compared to cold aqueous methanol.r&liction of leakage is not sufficient to
completely avoid the leakage problem. In anotheitaiive study (Spurat al. 2009), another
cold quenching solution composed of 40 % ethana @8 % (w/v) sodium chloride was
proposed. However as the authors confirmed, tHdezdage experiments were inconsistent, thus
hindering to make clear statements on the applicabf the proposed method.

The metabolite leakage during quenching has alsm lodserved in yeast cells (Canethasl.
2008a; Villas-Boas and Bruheim 2007; Villas-Basal. 2005). By rigorous quantification of
metabolites in different sample fractions from asteculture, Canelag al. (2008a) confirmed
that using 60 % cold methanol leads to leakage ethbolites. Villas-Boas and Bruheim (2007)
suggested quenching with cold glycerol-saline sotutHowever, as mentioned in their work and
experienced by Spuret al. (2009), it is difficult to remove glycerol from éhsamples, thus
leading to problems in the analysis of metabolites.

To conclude, the sampling and quenching procedused so far, in bacteria in general &hd
coli in particular have not been appropriate, lackingrdification of leakage and/or degradation.
Clearly, there is a need for a robust, reproducilpig reliable method, which is one of the aims of
this thesis.

Extraction: After the quenching step, intracellular metaboliées released by extraction, e.g.
extraction with perchloric acid is a widely usedgedure forE. coli (Buchholzet al. 2002;
Buchholzet al. 2001; Chassagno#t al. 2002; Schaefeat al. 1999). In addition to the perchloric
acid method, different methods using, e.g. coldhawes! (Maharjan and Ferenci 2003), cold
acidic solvent mixtures containing acetonitrile BiRewitz and Kimball 2007), buffered hot
water (Hilleret al. 2007b) were proposed for the extraction of meitdmfromE. cali.

An accurate extraction method should meet severtdria i.e. a wide range of metabolites
should be extracted and degradation, conversiorioandakage of metabolites should be
minimal, or better, totally prevented. Partial lessduring extraction can be corrected for, if
internal standards (e.§’C-labeled) are used. In this theBiscoli cells are extracted with the hot
ethanol method (Gonzalex al. 1997) combined with addition of HC-labeled cell extract to
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the quenched sample (Mashegoal. 2004; Wuet al. 2005) that effectively reduces possible
errors that might originate during the sample pssoe and analysis. With this method also
laborious recovery checks (for each metabolite hataequired.

Analysis: Enzymatic and chromatographic (thin-layer, gasjitiy methods are commonly used
for quantification of intracellular metabolites. As detection method, currently MS is most
widely used. LC-MS/MS and GC-MS methods were shéovbe well suited (Luet al. 2007,
van Damet al. 2002) due to their robustness and high sensitilfibe use of stable isotope (e.g.
3C) labeled internal standards highly improves #yeraducibility of the analysis in the extracts
(Mashegoet al. 2004; Wuet al. 2005). Therefore this will be implementedBEocoli cells in this
thesis work.

1.2.6.Perturbation studies for in vivo kinetic modeling

Rapid or slow: Perturbation of organisms in a steady-state (cktatjocan be achieved by
changing extracellular concentrations from thegadly-state values. A popular choice is to
change the substrate concentration in a substratied steady-state. Changes can be pulse-like
(rapid, dynamic over a period of tens of minuteti@ors) or the feed rate can be changed (slow,
pseudo-steady-state over a range of substrate eupts). The observed effect of an external
perturbation on the metabolite concentrations imetavork depends on the kinetic properties and
levels of the enzymes present. If perturbation erpents are rapid and carried out in a
sufficiently short time frame (seconds to severalutes), the enzyme levels can be assumed not
to change. In this case only intra- and extracaluhetabolite concentrations as a function of
time are required to obtain the rate of each reactiom the mass balances. The changing
metabolite levels and reaction rates allow elaliogathein vivo kinetics for each enzyme. The
slow approach has the disadvantage that enzymdsleare changed and hence must be
guantified, in addition to extra/intracellular mietdites. Therefore the rapid perturbation
approach is often preferred. These perturbationseadone inside and outside the bioreactor.

Rapid perturbations inside the bioreactor: Most of the rapid sampling devices mentioned
above (Langet al. 2001; Schaefegt al. 1999; Theobaldt al. 1997; Theobaldt al. 1993) were
used for monitoring the fast dynamic responsdno¥ivo concentrations of metabolites. The
device designed by Schaefaral. (1999), which allows sampling frequency of 4.5 pt#s.§',
was used to examine the dynamic response of iflinkareconcentrations to a glucose pulséein
coli (Buchholzet al. 2002; Schaefest al. 1999). Hoquest al. (2005) developed a rapid sampling
device that enables taking a sample from the badoesevery 1 s, and used this device for
investigating the metabolic responsekofcoli to a pulse addition of glucose/Nlh the limited
continuous cultures.

The advantages of perturbation experiments insidebioreactor are i) substrate and by-product
flux measurements are possible due to possiblyelomdpservation windows of extracellular
metabolite measurements, ii) offgas measurementschware required for £CO, flux
determinations, are possible.

12
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Perturbations outside the bioreactor: In contrast to the above mentioned advantages,
perturbation experiments inside the bioreactor h#we disadvantage that the maintained
chemostat steady-state might be disturbed. Thigslithe number of perturbations (that can be
given to a single bioreactor) and the number dedét kind of samples that can be taken. Thus
multiple steady-states, which can be obtained eibttyeawaiting for a new steady-state before
each perturbation or running multiple bioreactarg, needed.

An option to circumvent the need for multiple stgathtes is performing the perturbations
outside the reactor. A stopped-flow technique (d@ikg and van Dam 1992) was in the basis for
the development of sampling/perturbation devices serve for this purpose (Buziglal. 2002;
Visseret al. 2002). The sampling device of Buzatlal. (2002) was used in a glucose pulse study
of E. coli (Chassagnolet al. 2002). A disadvantage of this system is the latkamtinuous
supply of oxygen in the device, consequently canfinthe sampling time (~ 20 s) for
perturbations under aerobic conditions.

This oxygen depletion problem was overcome in theSBope device (Mashega al. 2006;
Visseret al. 2002), which is a mini plug-flow reactor coupledthe cultivation bioreactor. The
1% generation BioScope (Visserral. 2002) achieved that with oxygen permeable siliciéng,
however due to some drawbacks the device was irepray 2 generation BioScope where gas
exchange is ensured by a silicone membrane sapgitjas and a broth channel (Mashetga.
2006). Furthermore, theoretically the amount of gl@nthat can be taken from the BioScope is
unlimited because the perturbation is applied detghe bioreactor and hence there is no
disturbance of the steady-state in the bioreactor.

Several different stimulus-response experimentSaotharomyces cerevisiae (Kresnowatiet al.
2007; Kresnowatiet al. 2008; Mashegat al. 2007b; Masheget al. 2006) andPenicillium
chrysogenum (Nasutionet al. 2006) were performed with the BioScope deviceshis thesis the
BioScope application i&. coli cultures will be demonstrated.

Although the BioScope has attractive features,ethisra limitation in terms of calculating
dynamic uptake/secretion rates which are requiceddéscription ofin vivo kinetics. The time
window of samples taken from the BioScope doesatiotv accurate calculation of substrate
uptake rate from the slightly decreased extraaallsubstrate concentration. Since offgas and
dissolved oxygen concentrations during the dynaexperiments in the BioScope cannot be
measured, oxygen consumption rate and carbon a@igxidduction rate cannot be obtained. A
way to obtain these fluxes is to perform pulsethabioreactor whereby samples are followed in
a longer time frame than for the pulse experiméantie BioScope, which will be shown in this
thesis.

1.2.7.Perturbation studies for large-scale mixing problems

After the reconstruction of genome-scale metalentid regulatory networks, the uptake/secretion
rates of the cells in response to chemical/physioatitions in the extracellular environment can

13



Chapter 1

be integrated with a transport model of large-sdatethe bioprocess optimization/control and
scale-up (Wanget al. 2009). Processes developed at laboratory-scaleldshuoe precisely
translated to industrial scale in order to achi¢ive high-quality products that the industry
demands. Clearly, the conditions at pilot-plant grdduction scales will be different from
laboratory-scale. Large-scale might result in eodHallar gradients. Most relevant gradients that
have been measured or predicted in large-scalaresltare dissolved oxygen (DO), pH,
dissolved carbon dioxide, substrate or induceraishgess and temperature (Latal. 2006a).

Transient changes in these extracellular concémmigtcan have a significant effect on cell
growth/uptake/secretion. It was experimentally obsé that the respiratory activity &. coli

was increased when cells cycled between a nutdieptived region and a nutrient-rich region
(Bylund et al. 1998; Larsson and Tornkvist 1996; Larsgbal. 1996). The temporary increase in
substrate and respiration resulted in a transiemhdtion of product of overflow metabolism,
such as acetic acid. The accumulation of by-pradgen generate zones of low pH, and the
transient increase in respiratory activity can eamgygen depletion in nutrient-rich regions. This
illustrates the complex gradients which occur oraege-scale, and which may result in
phenotypic changes and genetic instability, ocogrrin large-scale bioreactors (Laeh al.
2006a). To solve these problems, we need informatio the response of the cells exposed to
such fast gradients. Computational fluid dynami€E) is one of the important tools and used
to simulate mixing characteristics of the agitabéoreactors and calculate these gradients. The
ability to accurately imitate these concentratioadients at the laboratory-scale is then needed to
better understand the response of the exposed Thksapproach used in the work presented in
Chapter 9s an example of an application of such scale-dstudies.

1.3.Thesis outline

The complexity of metabolic systems and their ratioh demands a structured approach towards
their understanding. The main sources of complexite topology and the non-linearity of
interactions among enzyme-catalyzed reactions vamscribed by Rossell (2007). In this
complex network numerous processes occur simultestgowhich require large-scale dynamic
mathematical models to unravel the complexity, grenfng further simulations, design and
optimization of the modeled system. One of the lehgkes to construct such a model is related
with the quality of the available data. Throughthis thesigproperly measuredcomprehensive
sets ofin vivo data, providingich stoichiometric/kinetic information on central metabolism of
E. coli K12 MG1655was aimed for (see Figure 1.4).

One of the previously mentioned uncertainties ire timetabolic networks is the exact

stoichiometry of energy generating and consumirecgsses. This problem was focused at in
Chapter 2. Comprehensive data reconciliation (after incoation of the growth rate dependent

biomass composition) using a metabolic network rhol@eived from the genome-scale model

for E. coli MG1655 of Reedt al. (2003), was applied to successfully estimateithévo ATP
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stoichiometry parameters. With these parametetsabmaximum yields were determined. In
addition to this stoichiometric study, maximum d®lwere studied using a thermodynamic
approach with a focus on dicarboxylic organic gmoduction inChapter 3.

Different techniques for rapid sampling and quenghifor quantification of intracellular
metabolites in microorganisms have been reporteéddriterature. However, the applicability of
a method highly depends on the microorganism fachwh is employedChapter 4 investigates
the applicability of the most commonly used quenghinethod, i.e. cold methanol quenching,
for E. cali cells. Sampling was performed using a home-bagtd sampling system (Langeal.
2001) and metabolite quantification was carried with Isotope Dilution Mass Spectrometry
(IDMS) (Wu et al. 2005) using LC-ESI-MS/MS (Seifat al. 2009; van Danet al. 2002) and
GC-MS methods. The results showed that the cormeaitiquenching method was not applicable
to E. coli cells due to leakage and a new method, whereiabuobte leakage was circumvented,
is presented.

Stimulus-response experiments are performed to torometabolite responses, by whichvivo
enzyme kinetic parameters can be identified with lielp of dynamic metabolic models
Chapter 5 a glucose-pulse, directly applied to the reaatontaining a glucose-limitel. coli
culture is examined. Carbon, redox and ATP balancese checked to obtain a more
comprehensive time-resolved (rate and metaboliteeld¢ characterization of the dynamic
responses.

Perturbing the culture in the reactor has someddeatages, such as that a subsequent pulse
cannot be applied directly, but a new steady-staiguld be awaited for. The BioScope is a
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recently developed tool in which pulses can be queréd outside the reactor. Although the
BioScope’s performance in its present configuratioas been successful for eukaryotic
organisms, it is not suitable to prokaryotes whitdve much faster respons€hapter 6
describes the development and characterizatioheohew BioScope |l device, designed Er
coli perturbation experiments at much shorter time émi@hapter 7 investigates the response
of the cells to the different carbon sources by sneaments of extra-/intracellular metabolites
and fluxes through pulses in the BioScope and énrdactor. InrChapter 8 these responses are
further compared for the wild type and for a mut&htcoli strain which is a succinate
overproducer, with the aim to find new targets foetabolic engineering that would further
improve the succinate production.

Chapter 9 deals with the problems associated with the comagoih gradients that exist in large-
scale bioreactors. The situation was mimicked witvo-compartment bioreactor system
consisting of a stirred tank reactor (STR) conreétea mini plug-flow reactor (BioScope). The
response oE. coli to transient exposures to glucose gradients undetraled aerobic and
anaerobic conditions was investigated and analyzed.

In Chapter 10, an outlook into the future of kinetic modeling ma&tabolic reaction networks is
presented.
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Genome-derived minimal metabolic models with
estimatedin vivo ATP stoichiometry

Abstract

Metabolic network models describing growthistherichia coli on glucose, glycerol and acetate
were derived from a genome-scale modeEotoli. One of the uncertainties in the metabolic
networks is the exact stoichiometry of energy getieg and consuming processes. Accurate
estimation of biomass and product yields requimgsect information on the ATP stoichiometry.
The unknown ATP stoichiometry parameters of thestrmigtedE. coli network were estimated
from experimental data of eight different aerotiemostat experiments carried out withcoli
MG1655, grown at different dilution rates (0.0250% 0.1, 0.3 1) and on different carbon
substrates (glucose, glycerol, acetate). Propematsbn of the ATP stoichiometry requires
proper information on the biomass composition efdhganism as well as accurate assessment of
net conversion rates under well defined conditidam: this purpose a growth rate dependent
biomass composition was derived, based on measatemand literature data. After
incorporation of the growth rate dependent bion@saposition in a metabolic network model,
an effective P/O ratio of 1.49 + 0.26 mol of ATPInd O, Ky (growth dependent maintenance)
of 0.46 £ 0.27 mol of ATP/Cmol of biomass andmm(growth independent maintenance) of
0.075 = 0.015 mol of ATP/Cmol of biomass/h wereireated using a newly developed
Comprehensive Data Reconciliation (CDR) methodymagsg that the three energetic parameters
were independent of the growth rate and the usédtsie. The resulting metabolic network
model only requires the specific rate of growthas an input in order to accurately predict all
other fluxes and yields.

Published as: Taymaz-Nikerel H, Borujeni AE, VejaeiPJT, Heijnen JJ, van Gulik WM. 2010. Genome-
derived minimal metabolic models fa@scherichia coli MG1655 with estimatedh vivo respiratory ATP
stoichiometry. Biotechnology and Bioengineering (1)7369-381.
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2.1.Introduction

Quantitative understanding of cellular reactiorwurks and their regulation is essential for the
efficient employment of industrial microorganisnas fiew and improved product formation from
renewable resources. Hereby mathematical modelingetabolism is an important tool in a
systems biology approach to obtain this understandiin the last decade particularly
stoichiometric modeling has become increasinglyutmpto guide metabolic engineering of
microbes (Kimet al. 2008). An important reason for this is that st@matetric modeling only
requires information on the structure of the meliaboetwork and not on the kinetics of the
individual biochemical reactions involved.

Complete genome-scale metabolic networks can bestrmmted from annotated genome
sequences and subsequent curation based on biaetheand physiological information of the
corresponding organism (Duret al. 2009). Genomic reconstruction is an ongoing procasl
e.g. the genome-scale metabolic modelEetherichia coli has been expanded several times
(Feistet al. 2007).

It should be realized, however, that for specifiellvdefined growth conditions, it is not always

necessary to incorporate the complete databasessiljje reactions in the metabolic model. It
has been shown that by using appropriate modelctistutechniques genome-scale reaction
databases can be reduced to dedicated metabokonketodels for specific conditions (Burgard

et al. 2001).

Although the stoichiometry of the majority of theetabolic pathways is known, some
uncertainties remain, for example with respect tabsfrate transport mechanisms,
compartmentation and tha vivo stoichiometry of energy generating and consumiraggsses,
e.g. the efficiency of ATP generation in oxidatiphosphorylation (P/O ratio) and growth
dependent and growth independent maintenance ereggirements (i.e. Kand mrp). In many
cases the values of these parameters have eiteerassumed on a theoretical basis (Kagser
al. 2005; Stouthamer 1973; Varma and Palsson 1993)btained fromin vitro experiments
(Hempfling and Mainzer 1975).

Van Gulik and Heijnen (1995) introduced a methodlbtain the ATP stoichiometry parameters
under in vivo conditions. They estimated P/O ratio ang for the yeastsSaccharomyces
cerevisae and Candida utilis using literature data obtained from carbon-limiteldlemostat
cultures at the same growth rate but on differeibsgates. The fact that the experimental data
were collected at a single growth rate preventeddistinction between growth dependent and
growth independent maintenance energy requireménighermore it was assumed that the
parameters were independent of the growth-limitisigostrate. This approach has been
successfully applied in predicting the flux distdtons through central metabolism &
cerevisiae for growth on glucose/ethanol mixtures, predictioh operational yields for the
overproduction of amino acids, derivation of equagi for network derived irreversibility limits,
etc. (van Gulik and Heijnen 1995).
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Minimal metabolic models

The approach was extended to a metabolic netwarlgfowth and penicillin production in
Penicillium chrysogenum (van Guliket al. 2000). From the results of carbon-limited chemsta
experiments on different substrates and carriedabw range of different dilution rates, they
estimated the growth and non-growth associated ter@énce, the efficiency of oxidative
phosphorylation as well as the additional amountAdfP dissipation associated with the
production of B-lactam compounds (van Gulikt al. 2001). Such stoichiometric models,
containing proper estimates of the ATP stoichiosnewefficients are highly relevant because
they are able to provide flux predictions for aagivsubstrate and given growth and product
formation rates. Moreover, such models provideisBal predictions of theoretical maximum
biomass and product yields on substrate, therekipngainto account the stoichiometric and
thermodynamic constraints. An important requiremtemt meaningful estimation of the ATP
stoichiometry of metabolic network models is thecarporation of the proper biomass
composition of the studied microorganism. It hasrbeeported that the biomass composition,
which is known to be a function of the growth rdtes a significant effect on the flux distribution
and must be accounted for in flux-based modelsfBnik and Keasling 1998).

To our knowledgein vivo estimation of the ATP stoichiometry parametersetabolic network
models forE. coli underin vivo conditions has not been carried out previouslythis work
determined metabolic network models were derivech@obic, carbon-limited growth & coli
MG1655 on a chemically defined medium with glucaglgcerol and acetate as carbon sources.
The obtained models consisted of subsets of remctelected from the genome-scale model of
Reedet al. (2003) whereby maximization of the yield of biomasn substrate was used as
objective function. Subsequently, steady-state dsta cultivations were carried out to obtain
vivo data for growth on three different substratesifrnt dilution rates. Measurements of the
elemental and biochemical composition of the bismagre combined to obtain a consistent
biomass composition as a function of the growtk.r&imultaneous data reconciliation, with the
constraint that the elemental conservation relatiare satisfied, and parameter estimation was
carried out to obtain the ATP stoichiometry pararetfrom the chemostat data, achieving the
purpose of the present work.

2.2.Materials and Methods

2.2.1.Strain and growth conditions

TheE. coli K12 MG1655 |, F, rph?*, (fnr” 267)del] strain was obtained from The Netherlands
Culture Collection of Bacteria (NCCB). Cells wenewgn to stationary phase in shake-flasks on
Luria-Bertani (LB) medium. Culture aliquots contaig 50 % (v/v) glycerol were kept at -8C
until they were used as inoculum of the precultdoeshemostat experiments. Precultures were
grown at 37°C and 220 rpm in shake flasks on minimal mediunh e following composition
per liter: 5.0 g (NH),SQ,, 2.0 g KHPO,, 0.5 g MgSQ.7H,O, 0.5 g NaCl, 2.0 g NKI, 5.5 g
glucose.1HO, 0.001 g thiamine.HCI, 1 ml of trace elementsioh (Verduynet al. 1992), and

40 mM MOPS. The pH of the medium was adjusted  with 1 M K;HPQO, before filter
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sterilization (FP 30/0.2 CA-S, pore size Queh, cellulose acetate, Whatman GmbH, Dassel,
Germany).

Aerobic carbon-limited chemostat cultures were iedrrout on minimal medium on three
different carbon sources, namely glucose, acetadegéycerol. The glucose-limited chemostats
were carried out at dilution rates (D) of 0.025)5).0.1 and 0.3"h The acetate and glycerol-
limited chemostats were performed at a dilutioe 1@t 0.1 F. All chemostat experiments were
carried out in 7 | laboratory fermentors with a Wwog volume of 4 |, controlled by weight
(Applikon, Schiedam, The Netherlands). Apart frdm tarbon source, the composition of the
minimal medium was the same for all chemostat experts and contained per liter: 5.0 g
(NH,).SO;, 2.0 g KHPG,, 0.5 g MgSQ.7H,0, 0.5 g NaCl, 2.0 g Ni€l, 0.001 g thiamine-HClI,
2.0 ml of trace elements solution (Verdugtnal. 1992) and 0.2 ml silicone-based antifoaming
agent (BDH, Poole, UK). The carbon source was eighécose, at a concentration of 37.9, 75.8
or 151.5 mmol/l, glycerol (75.8 mmol/l) or acetqtel3.6 mmol/l) (Table 2.1). The medium
preparation procedure and the cultivation cond#iavere the same as described previously
(Taymaz-Nikerekt al. 2009). The dissolved oxygen tension (DOT) of thikure was measured
online with an autoclavable DOT sensor (Mettlereldd, Greifensee, Switzerland) but not
controlled. During the experiments the DOT nevepged below 50 % of air saturation.

Chemostat cultivation was preceded by a batch pkdgeh was carried out on a medium
identical to the feed medium. Medium feeding wemrtetl directly after the batch phase was
finished which was indicated by a steep declin¢ghefcarbon dioxide evolution rate (CER) and
the oxygen uptake rate (OUR). The chemostat wasness$ to be in steady-state after five
residence times which was verified from the measbi®mass concentration and the online
measurements of dissolved oxygen and the oxygencarttbn dioxide concentrations in the
offgas.

2.2.2.Analytical procedures

The carbon dioxide and oxygen volume fractionsried (permapure, Perma Pure LLC, Toms
River, NJ) offgas were monitored online with a camelal carbon dioxide (infrared) and oxygen
(paramagnetic) gas analyzer (NGA 2000, Rosemouatytinal, Hasselroth, Germany).

Samples of the supernatant were obtained by rapitpkng of broth into syringes containing
cold stainless steel beads (“Z) followed by immediate filtration through dispb$a membrane
filters with a pore size of 0.4bm (MILLEX-HV, Millipore, Carrigtwohill, Co. Cork, teland) as
described by Masheget al. (2003). Measurement of the concentrations of defl weight,
residual glucose and total organic carbon (TOC}errin the broth and filtrate were carried out
as described previously (Taymaz-Nikeetlal. 2009). Residual acetate and residual glycerol
concentrations in the supernatant were analyzeld enzymatic kits (R-Biopharm, Boehringer
Mannheim, Darmstadt, Germany).
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Table 2.1: Overview of the conditions (substrate,ubstrate concentration in the feed vessel
(Cs,in) and dilution rate (D)) and the purpose of the cheostat experiments carried out

Chemostat Name Substrate €in [mMM] D[h™] Purpose
glucl glucose 37.9 0.102 P
gluc2 glucose 37.9 0.099 B, P
gluc3 glucose 37.9 0.314 B, P
gluc4d glucose 37.9 0.049 B, P
gluch glucose 37.9 0.025 P
glycl glycerol 75.8 0.102 P
glyc2 glycerol 75.8 0.099 P
acel acetic acid 113.6 0.097 P
gluc6é glucose 75.8 0.100 B
gluc7 glucose 151.5 0.102 B

B: determination of the biomass composition, Papaater estimation and flux analysis.

2.2.3.Biomass Macromolecular and Elemental Composition

E. coli biomass was harvested from glucose-limited cultuae steady-state. The broth was
centrifuged (5000 g, 2C, 5 min) and the cells were washed twice with%.8aCl solution. The
biomass pellet was stored at -8D and then freeze-dried for 24 h at 10 Pa (Edwhtddulyo,
Sussex, UK). The freeze-dried biomass was therdtatr room temperature in a desiccator until
further analysis.

The biomass contents of C, H, N, S and O were adted with an elemental analyzer
(Elementar, Vario EL lll, Hanau, Germany). Totabt@in content was determined using the
Biuret method (Herbest al. 1971).

2.2.4.Calculation of uptake/secretion rates

The substrate consumption rates)(qoxygen consumption rate J§f and carbon dioxide
production rate (gb,) were calculated from the mass balances of substoa the liquid phase
and oxygen and carbon dioxide for the gas phasegctively. The rate of cell lysisg) was
calculated from the carbon balance for the culfiltate, whereby the total amount of carbon
produced in the form of dissolved compounds wasrdgahed by measuring TOC of the filtrate.
The obtained net conversion rates, calculated floenraw measurements, are referred to as
“unbalanced rates”.
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2.2.5.Theoretical Aspects

Oxidative Phosphorylation inE. coli

The aerobic respiratory chain & coli is branched and consists of two different membrane
bound NADH dehydrogenases (NDH1 and NDH2), a quenpool and two ubiquinol oxidases
(bo-type and bd-type) (Calhowhal. 1993; Neijssel and Teixeira de Mattos 1994).

Of the two NADH dehydrogenases NDH1 is the homotdgthe eukaryotic mitochondrial
complex | and is assumed to have ‘#eHratio of 2. NDH2 does not contribute to the getiena
of the proton motive force (pmf) (i.e."l¢ = 0) (Calhouret al. (1993) and references therein).

The two terminal oxidases (bo-type and bd-typefediih their H/e translocation ratios, the bd-
type, which predominates at low oxygen levels, hasH/e ratio of 1, the bo-type, which
predominates at high oxygen levels, has afe Hatio of 2 (Calhouret al. (1993) and references
therein).

Under aerobic conditions succinate dehydrogenasesdeits electrons in the form of FAQHoO

the quinone pool. Furthermore, there is a stroridezxe that formate dehydrogenase generates
pmf across the cytoplasmic membrane. Ingledew arudeR1984) suggested that the formate-to-
guinone segment of the respiratory chain transéscatprotons.

Another reaction that donates electrons to theanérpool is dihydroorotic acid dehydrogenase,
a reaction in the purine-pyrimidine biosynthesishpay. The contribution of this reaction is,
however, very small. Under oxygen non-limiting ciiahs the quinone pool ifE. coli was
found to consist almost entirely of ubiquinone (@ainet al. 1993; Ingledew and Poole 1984).

The glycerol-3-phosphate dehydrogenase reactioighwik required for growth on glycerol as
carbon source, is ubiquinone-8 dependent (Kesebdr 2009).

From the above it becomes clear that the efficiavicgxidative phosphorylation ig&. coli, i.e.
the P/O ratio, depends on the exact compositiothefrespiratory chain, which is strongly
dependent on the availability of oxygen. With §ATP stoichiometry of the ATP synthase of 4
(Stahlberget al. 2001) it can be calculated that the theoreticatimam value for the P/O ratio is
equal to 2. The proton translocation stoichiometfyeach dehydrogenase involved in the
network is summarized in Table 2.2.

ATP Stoichiometry
The ATP balance of the complete metabolic netwookieh can be written as
Qatpox - Z " - Ky - Magp =0, (2.1)

where the first term represents the production ®PANn oxidative phosphorylation and the
second term represents the net rate of ATP consompt the part of the metabolic network
model of which the ATP stoichiometry is known, imding substrate level phosphorylatignis

22



Minimal metabolic models

the specific growth rate and the parametegsalid mp represent the growth dependent and
growth independent maintenance coefficients, raspdyg (van Guliket al. 2001).

As outlined above, the division of the electronxflaver the different components of the
respiratory chain is a function of the growth cdiadis (e.g. substrate and growth rate). If the
known generation of the pmf for the different etentsources are included (see Table 2.2), the
ATP production in oxidative phosphorylation canrbpresented by:

QaTP,0x :Z PIO &, (2.2)
i=1

ForE. coli this can be expressed as:

Aatp.ox =(AnpH 0 sucpa™™ 8 FoHs® § pHorDI™ 9 G3pDs (2.3)

wherein the parametér can be considered as the P/O ratio for NADH debiyelnase (with
maximumg = 2) anda, to a4 represent the relative contributions of the otthelnydrogenases to
proton translocation. Because the two NADH dehydmages NDH1 and NDH2 operate in
parallel, the flux distribution between them canbet observed. Therefore, only the total flux
through both dehydrogenasesydg is considered. From the maximum P/O values fa& th
different electron sources (Table 2.2) it followsatt

Aatp.ox =(AnpH+0-505ycpa +0-75Gpp, +0.560rp2 +0-583pps (2.4)

It should be noted thatgbpsis only relevant for growth on glycerol as carlzource.

Table 2.2: Stoichiometry of proton translocation al maximum theoretical P/O ratio of
each dehydrogenase involved in thE. coli metabolic network

Dehydrogenase Proton translocation  max P/O?
NDH1 NADH dehydrogenase 8H'/2e 4+4 2 (d)
NDH2 NADH dehydrogenase 4H2¢ 0+4 1
SUCD4 Succinate dehydrogenase 4H'2¢ 0+4 1 (04. 3)
FDH2 Formate dehydrogenase 6H'/12¢e 2+4 1. (ap. 8)
DHORDT dihydroorotic acid dehydrogenase 4H'2¢ 0+4 1 (03. 9)
G3PD5 glycerol-3-phosphate dehydrogenase  4H'/2¢e 0+4 1 (04. 0)

? For the calculation of the maximal P/O ratios Hi¢ATP stoichiometry of the ATP synthase
was considered to be equal to 4.

Comprehensive Data Reconciliation (CDR) and estimain of energetic parameters

The primary measurements that are obtained from elaemostat experiment are measured or set
gas and liquid flow rates as well as the concentnatof compounds in both phases, including
their experimental errors. Given the interactiontrinaof the complete network, we find by
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standard data reconciliation techniques the releftares and their covariance matrix for the
whole metabolic network (van der Heijdenal. 1994; Verheijen 2010). The obtained fluxes for
chemostat cultivations carried out under differeanditions (e.g. dilution rates and growth-
limiting substrates) can subsequently be substititehe ATP balance (Eg. 2.1) yielding a linear
equation for each condition. Finally the best eatas of the ATP stoichiometry parameters,
representing the efficiency of oxidative phosphatigin (P/O ratio) and growth dependent and
growth independent maintenance energy requiremeaitspe obtained by linear regression (van
Gulik et al. 2001).

We have extended this approach. For each chenmegiatiment, we have the basic flux balances
on each node determined by the interaction madrig, we add Eq. (2.1) as an extra constraint in
the data reconciliation procedure. This is direstiyvable, and gives a weighted sum-of-squares
SS (P/OK, ,mp . for each chemostat experiment, i = 1,...,n. Subsetly, we add the sums-
of-squares for the all different experiments siméously, in this case n = 8, to obtain a total
sum-of-squares

SS: 6.Kx.Marp ):Z S§ 6.Kx.Marp ). (2.5)

i=1

Minimization of this objective as a function of thbree energy parameters yields the best
estimate for these parameters and the local cuevatiuthe objective provides an estimate of the
covariance matrix of the three energy parameieks and mp.

The advantage of this approach is that it is ba#edtly on the raw measurements, and that each
experiment is taken along with its own weight. Settp, we take along in the data reconciliation
the fact that we apply the ATP balance (Eqg. 2.1yvek. This is one assumption underlying the
method of finding the energy parameters, but itdg applied comprehensively throughout the
analysis. The obtained best estimates of the flaxesconsistent with this assumption and the
error in the estimated fluxes is reduced as well.

2.3.Results and Discussion

2.3.1.Construction of a genome-derived minimal metabolic network mode

To determine the metabolic reaction fluxes in tl&RCstep for obtaining the fluxes through the
network and simultaneous estimation of the ATPcsiiometry parameters, either an objective
function (e.g. maximum biomass yield on the sumplsubstrate) or reduced reaction sets
representing determined metabolic sub-models @mifferent substrates are required. It should
be noted that both procedures lead to the samét rfesiie same objective function is used to
obtain the reduced models. For this work we chdosderive reduced determined metabolic
models.
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A minimal metabolic network model for carbon-lindtegrowth ofE. coli K12 MG1655 was
derived from the genome-scale reconstruction pabdsby Reedt al. (2003), containing 904
genes and 931 biochemical reactions. In this reéogetgn biomass growth is represented by one
single reaction wherein biosynthetic constituent&l &ATP are drained from the network.
However, this approach does not allow modifying bieemass composition, which is known to
be a function of the growth rate, in a straightfarey way. Therefore separate reactions were
introduced for the biosynthesis of the major biosnaenstituents (i.e. protein, carbohydrates,
lipids, RNA and DNA) and a reaction to synthesizentass from these constituents. This
resulted in the addition of 14 reactions to theogea-scale model of Reetlal. (2003).

Subsequently model reduction was applied to oldaminimum reaction set for the description
of aerobic glucose-limited growth on a defined medi The first step was to remove all 150
transport reactions which were irrelevant for thepleed cultivation conditions because the
compounds involved were neither present in theivatibn medium nor produced by the cells.
This resulted in 264 dead-end reactions, which vaége removed, resulting in a reduced model
containing 531 reactions.

As the second step, linear programming was apgliedbtain the flux distribution with as
objective maximum biomass yield on the suppliedstalte. This resulted in 276 non-zero fluxes
for glucose, as sole carbon source. The remov#hefzero flux reactions finally resulted in a
minimal metabolic network model for aerobic groveth glucose. The obtained reaction set is
listed in Appendix 2.5.1.

To compare the flux predictions of the reduced #redgenome-scale versions of the model, the
flux distribution through central metabolism forogrth on glucose calculated with the reduced
model was compared with the published genomewidienapmetabolic flux distribution for =

6.6, o = 12.4 and feae= 1.5 mmol/g/h (Edwards and Palsson 2000). Treklgd an identical
flux distribution for lower glycolysis and TCA cyeland only minor deviations for the upper
glycolysis and pentose phosphate pathway. This fikely caused by the fact that the biomass
composition used in our reduced model (see sectioiomass composition below) was slightly
different from the one used in Edwards and Pal§2060).

Similar models for growth on glycerol and acetatravderived from the model for growth on
glucose by addition of the appropriate cataboléctieons (see Appendix 2.5.1).

2.3.2.Chemostat cultivations

To estimate the ATP stoichiometry parame&rk, and myr a minimum of three independent
ATP balance equations (Eq. 2.1) and thus threepietgent datasets fop@ o, 20"~ andp are
required. These can be obtained by cultivatiigcoli in chemostat cultures under different
conditions (substrates and growth rates). Addilioladéasets, in this case more than the minimum
of three, will improve the accuracy of the estindaparameters. Therefore eight different carbon-
limited chemostat cultivations were carried out glucose, glycerol and acetate as carbon
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sources, for which the substrate concentratiorhefeed medium was for all cultivations the
same on a Cmol basis (227 mCmol/l) (see Table TH¢. glucose-limited chemostats (glucl -
gluc5) were carried out at four different diluticates (0.025, 0.05. 0.1 and 0.33) tthe glycerol
(glycl - glyc2) and acetate (acel) limited chentssigere carried out at a single dilution rate of
0.1 h'. It was confirmed from the measurement of the lsissnconcentration and the oxygen and
carbon dioxide concentrations in the offgas thatdbltures reached a steady-state after a period
of approximately 5 residence times. Measurementhef residual substrate concentrations
confirmed that all cultures were substrate-limithging steady-state growth. For the glucose-
limited cultures the residual glucose concentratianied between 4.5 1.5 - 12.7+ 1.2 mg/I for
dilution rates between 0.025 and 0.31 For the glycerol-limited cultures the residuayagrol
concentration was 2.9 0.31 mg/l, for the acetate-limited culture the idaal acetate
concentration was 2.860.07 mg/I.

The measured concentrations in the gas and thil lighase as well as the liquid and gas flow
rates allowed calculating the net conversion ratediomass, substrate, oxygen and carbon
dioxide for all chemostat experiments. It was conéid by HPLC measurements that by-product
formation (acetate, formate, lactate, succinates megligible in these well aerated carbon-limited
cultures. Nevertheless, it appeared from measureaighe TOC content that the culture filtrate
still contained a significant amount of carbon. Foe glucose-limited cultures carried out at a
dilution rate of 0.1 H the TOC content of the filtrate was approximateé/mM of carbon and
increased to values of 20 and 29 mM of carbon fiutidn rates of 0.05 and 0.025'h
respectively. The TOC content of the filtrate of tlycerol and acetate-limited chemostats was
similar as for the glucose-limited chemostats (&8 43 mM respectively).

Increasing the glucose concentration in the feesbeleof glucose-limited chemostats with a
factor of four did not result in a significant ieerse in the residual glucose concentration (results
not shown), confirming that growth was still gluedémited. However, this fourfold increase led
to a fourfold increase in the steady-state biontasgentration and also resulted in a fourfold
increase in the TOC content of the filtrate. Thewabfindings (increase of the filtrate TOC
content with increased biomass concentration awdedsed dilution rate) strongly suggest that
the organic carbon present in the filtrate wassalteof cell lysis, as has been reported previously
(Taymaz-Nikerekt al. 2009).

The occurrence of cell lysis implies that the sfiegirowth rate ) of the cells is not identical to
the dilution rate of the chemostat but is equath® sum of the dilution rate and the biomass-
specific rate of cell lysis (gi). It should be realized that neglecting cell lylsiads to serious
errors in the flux calculations and subsequentregion of the ATP stoichiometry coefficients
because growth is a major ATP sink.

The biomass-specific conversion rates calculatech fthe primary measurements as well as the
recoveries of carbon and redox are shown in Tal8elRcan be seen from this table that the
carbon recoveries were between reasonable limitsveder, for some of the glucose-limited
chemostats serious deviations were found for tdexdalances (recoveries up to 123 %). The
most probable cause for this is a deviating oxyg@rcentration measurement in the offgas,
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resulting in a too high value for the oxygen uptaki. For aerobic glucose-limited growth the
oxygen uptake rate is expected to be slightly lotiean the carbon dioxide production rate,
which was in several cases not observed in our obt&nh cultures. Deviating oxygen
measurements were not used in the subsequent eataciliation and parameter estimation
procedure.

2.3.3.Biomass Composition
Elemental Composition

The elemental compositions of freeze dried bionsassples from the different aerobic glucose-
limited cultures were analyzed with respect tortkiziH, O, N and S content. The results showed
(Table 2.4) that the elemental compositions wemilai for the different growth rates and
substrate concentrations in the feed. The carbdm#rogen contents appeared comparable with
published values for aerobic growth on glucose it and Dundas 1984; Haah al. 2003;
Heldalet al. 1985).

Because the measured elemental compositions fordifferent growth rates and substrate
concentrations in the feed were very similar, theasurements were averaged, the average
elemental composition being GHNg 29800 4850.004 (Yx = 4.37). These elements represent 93 % of
the biomass. The remaining part consists of phasghend various metal ions and is designated
to be ash content.

The typical biomass yield on glucose varies inrdmrgge 1.93 — 3.00 Cmol biomass/mol glucose
and typical RQ measurements are between 1.03 —farlderobic glucose-limite&. coli K12
cultures run at 0.09 — 0.22 ililution rate (Emmerlingt al. 2002; Fischer and Sauer 2003; Hua
et al. 2003; Johanssoa al. 2005; Saueet al. 1999). The mentioned range of biomass yields
and RQ analysis indicatg to be in the range of 4.23 — 4.41 torcoli (see Appendix 2.5.2). Our
elementally measuregy of 4.37 nicely lies in this range.

Macromolecular Composition

Published data on the biomass compositiorEotoli K12 grown in aerobic carbon-limited
chemostat cultures are scarce; instead most autbfansto Neidhardt (1987). He measured the
biochemical composition of. coli B/r during balanced aerobic growth at %7 (with a mass
doubling time of 40 min) on glucose minimal mediulnwas reported that the dried biomass
consisted of 55 % protein, 20.5 % RNA, 3.1 % DNAL % lipids, 3.4 % lipopolysaccharides
(LPS), 2.5 % peptidoglycan (PG), 2.5 % glycogempftysaccharide (PS)), 0.4 % polyamines
(0.3 % putrescine and 0.1 % spermidine), and 3.®ther metabolites, cofactors and ions
resulting in a calculated elemental compositio€b, 5:Ng 27/00.4150.00d0.019 (Yx = 4.12).
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Table 2.4: Measured elemental composition (% of dryveight) of E. coli biomass at different
dilution rates (D) and glucose concentrations in th feed (G ;,) with their standard errors

Chemostat D Cs.in C H N (@] S
code [h'  [mM] [%0] [%0] [%0] [%] [%]
gluc4 0.049 379 44.36+0.08.57+0.03 11.81+0.02 NA 0.41+0.01
glucé 0.100 75.8 43.91+0.0%.29+0.04 12.25+0.01 28.36+0.29 0.58+0.02
gluc2 0.099 379 43.46+0.06/.35+0.05 12.06+0.01 27.66 0.47+0.003
gluc2 0.099 379 45.09+0.077.43+0.03 12.38+0.01 29.17 0.5040.03
gluc7 0.102 151.5 45.47+0.03.63+0.02 12.42+0.03 NA 0.47+0.01
gluc3 0.314 379 43.71+0.0%.34+0.04 11.93+0.03 NA 0.45+0.02

Average 44.33+0.02 7.44+0.01 12.14+0.01 28.40+0.40 0.48%0.01

Apart from the study of Neidhardt (1987) some mawltecules have been measured in other
studies, but for the unmeasured molecules the ceitiquo published by Neidhardt was used.

The macromolecular composition of the biomass iswkn to change with environmental
conditions and specific growth rate (Bremer and mxri996). However, our measurements of
the protein content dt. coli cells grown in glucose-limited chemostats showet the protein
content did not change significantly with changespecific growth rate. The measured protein
content agreed well with published data (Table.2.5)

Unfortunately the performed RNA measurements dit yield reproducible results; therefore
published data (Table 2.5), yielding a linear tietatbetween RNA content and specific growth
rate (Emmerlinget al. 2002), were used to calculate the RNA contentfasetion of the specific
growth rate. The DNA content was estimated from BRMEA/DNA ratio published before
(Neidhardt 1987). The amino acid composition undgucose-limited aerobic chemostat
conditions were obtained from Pramanik and Keas{it298). Investigating the published data
on the amino acid composition Bf coli protein revealed that variations between diffestrdains
and/or growth conditions were small. The ribonutitB® composition of RNA should not differ
significantly because the amino acid compositiothefprotein does not change with growth rate
(Pramanik and Keasling 1998). The composition efdkoxyribonucleotides in DNA should not
change as well although the total DNA content wochédnge with growth rate (Pramanik and
Keasling 1998). The remaining organic biomass ibactvas assigned to lipids, LPS, PS, PG,
putrescine and spermidine at fixed ratios (Neidhd@B7). Also the ash content, calculated in
elemental analysis part, was assumed to be indepenéithe growth rate.

From the obtained biochemical composition the ayelemental composition was calculated as
CHy.6dN0.20036850.006 With generalized degree of reductign= 4.18. The calculated elemental
composition appeared to be significantly differdndbm the average measured elemental
composition which was calculated from the datagmesd in Table 2.4 as GliNo 2400.46%0.004
with y, = 4.37.
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Table 2.5: Published values of protein and RNA coents (% of dry weight) of E. coli grown
in aerobic glucose-limited chemostat cultures

E.colistrain  D[h™] Protein [%] RNA [%] Reference

JM101 0.09 69.8 7.2 (Emmerlirgal. 2002)
JM101 0.4 61.7 15.4  (Emmerlirgyal. 2002)

K12 w3110 0.1 70 7 (Huet al. 2003)

K12 MG1655 0.12 70.1 4.7 (Fischer and Sauer 2003)

The observed difference in the degree of reduateloulated from the measured elemental and
the above obtained biochemical composition of tleenhass indicates that the latter cannot be
correct. Considering the degrees of reduction @sged per Cmol) of the individual biomass
components, only the degree of reduction of lipgdkigher than 4.2. This implies that the lipid
content of the cells cultivated under our condgionust have been significantly higher than the
9.1 % which was measured by Neidhardt for cellswirg at a much higher growth rate (1.6)h
than in our chemostats (between 0.03 and G} h is known that the total lipid content of
bacteria increases with decreasing growth ratbaaseen reported e.g. 8Bacillus megaterium
(Sud and Schaechter 1964), coli (Ballesta and Schaechter 1972) &udeptococcus faecium
(Carsonet al. 1979). It can be calculated that the degree dfiaéah of 4.37, obtained from the
measured average elemental composition, correspuitids: lipid content of the biomass of 14.5
%. Comparison of the elemental composition calegldtom the biochemical composition after
increasing the lipid content with the measured @vealed that there were still small differences
in the contents of hydrogen and oxygen. This istnmpogbably caused by some residualoH
which might still be present in the freeze driedrbass. This phenomenon was observed before
in yeast samples (Lange and Heijnen 2001).

Table 2.6 shows the obtained macromolecular andresponding elemental biomass
compositions for specific growth rates between 5.@2d 0.3 H. These compositions have
subsequently been used in the data reconciliatimhparameter estimation procedure using the
minimal metabolic network models described aboveshiould be noted thahe y, of 4.12
calculated from the biomass composition publishgdNkidhardt falls well within the obtained
trend of the decreasingat increasing growth rate (see Table 2.6). Thiwissurprising because
the biomass was harvested at a high growth rate €bponential phase) in that work.

2.3.4.Simultaneous data reconciliation and estimation of energetic pararters

Experimental data from eight steady-state carbmitdid chemostat cultures at different dilution
rates on three different substrates (glucose, giy@nd acetate) (see Table 2.1) of which the
amount of supplied carbon in the feed was the s#&22 mCmol/l) were used for the
simultaneous data reconciliation and parametemestn.
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Table 2.6: The macromolecular biomass compositionfde. coli, grown in aerobic glucose-
limited cultures, as a function of dilution rate. The macromolecules are given in % of cell
dry weight

D=0.025 K" D=0.05 h' D=0.1 K" D=0.3 '
Protein 63.95 64.81 68.19 65.43
RNA 5.21 5.86 7.26 13.06
DNA 0.79 0.89 1.10 1.98
Total Lipids 20.18 18.80 14.54 11.20
glyc 6.30 5.87 4.54 3.49
etha 3.79 3.53 2.73 2.11
hdca 4.34 4.04 3.12 2.41
hdcea 3.33 3.10 2.40 1.85
ocdcea 2.42 2.26 1.74 1.34
Lipopolysaccharides 1.18 1.10 0.85 0.65
Polysaccharide 0.87 0.81 0.62 0.48
Peptidoglycan 0.87 0.81 0.62 0.48
Putrescine 0.40 0.37 0.29 0.22
Spermidine 0.13 0.12 0.10 0.07
Ash 6.43 6.43 6.43 6.43
SUM 100.00 100.00 100.00 100.00
Biomass CH17No 280034  CH17No 280035 CHyiedNo 250035  CH16dNo 270037
Composition So.0087%0.005 So.0087%0.005 So.00%0.007 S0.00P0.012
Yx 4.41 4.38 4.31 4.21

Protein content was measured.

RNA content was estimated from the data in TalBe 2.

DNA content was estimated from the RNA/DNA ratidbfished by Neidhardt (1987).

Lipid components are glyc: glycerol, etha: ethanotee, hdca: C16:0 fatty acid, hdcea: C16:1
fatty acid, ocdcea: C18:1 fatty acid. Ash conteasvassumed to be 6.43 % and independent of
growth rate.

The complete set of primary data (measured coratgonis, flow rates and volumes) of the eight
chemostat experiments was reconciled with the CRRequlure as described in the materials and
methods section. This procedure yields the beghats of the primary measurements and the
net conversion rates (i.e. balanced conversionsyateder the constraint that the elemental
conservation relations are satisfied, as well asbibst estimates of the three ATP stoichiometry
parameters, Ky and mgp. To verify whether the growth rate and the carbource would have

a significant influence on the values of these petars, we have also performed additional
parameter estimations. For example, we allowedaving distinct values for the four different
growth rates while K and mqyp were treated as before, namely as single unive@ameters.
This process was repeated for each of the three par&meters and for both the growth rate and
the carbon source. In all the six cases it was ddimat the simpler model with three universal
ATP parameters independent of growth rate and casborce could not be rejected, with a P-
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value of the associated F-test of 58 % or high&er&fore the ATP stoichiometry parameters
were considered to be independent of the growthaatl the substrate used.

The obtained balanced biomass-specific net coroensitesy, gs, dop, €tc. are shown in Table
2.7. The applied statistical criteriog’ (test with a null hypothesis of significant measneat
deviations at a significance level of 0.1 %) indéchthat there was no proof for significant errors
in the calculated rates and/or in the system defimi

Table 2.7: Balanced (reconciled) uptake and secret rates, q, expressed per Cmol of
biomass [mmol/CmolX/h] of steady-state aerobic cadmn-limited chemostat cultivations of
E. coli, carried out at different dilution rates; gx = biomass formation rates g substrate
consumption rate,d3 = oxygen consumption ratez# = carbon dioxide production rate angig
= biomass lysis rate

Chemostat Ox -Os -Jo2 Ocoz Qiysis
glucl 116.0+ 2.7 33.3: 0.7 747+ 1.2 83.6+ 1.5 13.9+ 0.8
gluc2 113.0+ 2.5 32.51+ 0.65 73.4:1.2 82.0+1.4 14.22+ 0.51
gluc3 365.1+ 8.5 95.9+2.1 192+ 4 210+ 4 50.6+ 2.1
gluc4 59.0+ 1.4 18.82+ 0.37 48.3: 0.7 53.9+ 0.8 9.8£ 0.7
glucs 34.5+ 0.9 12.52+ 0.22 37.1+x0.4 40.6: 0.5 9.29+ 0.47
glycl 113.7+ 2.5 61.2+1.2 91.6t 15 69.8:1.1 11.89+ 0.36
glyc2 110.2+ 2.7 59.5+ 1.3 89.5+ 1.6 68.2+ 1.2 11.3t1.1
acel 116.3+ 2.9 162+ 4 199+ 4 208+ 4 19.2+1.2

The estimated ATP stoichiometry parameters are showlable 2.8. It can be seen from this
table that the estimated is significantly lower than the maximum theoreticalue (2.0).
Although under high oxygen levels (as was the @asrir chemostat cultures) the predominant
terminal oxidase is the of the bo-type with &eHratio of 2, under these conditions also the
NDH2 dehydrogenase, which does not contribute & ginf, is known to be expressed (see
section Theoretical Aspects above). This implieat tthe expected under these conditions
would be between 1.0 and 2.0, which correspondkwittl the estimated value of 1.49.

A comparison of thén vivo P/O results foE. coli with reported values is not useful because as
explained in the introduction section P/O was abvidneoretically assumed or taken framvitro
experiments. The estimatedafp value (0.075 + 0.015 mol/Cmol/h = 3.2 £ 0.7 mméijg
compares reasonably well with reported values win2ol/g/h (Farmer and Jones 1976) and 2.81
mmol/g/h (Kayseet al. 2005) assuming that they have a similar erromesg. Feisét al. (2007)
reported estimated values for the growth indepenfegr) and growth dependent maintenance
parameters of 8.4 mmol/gDW/h and 59.8 mmol/gDW eetigely, for the complete genome-
scale reconstruction dE. coli K12 MG1655. Both values are significantly highéan our
estimates of 3.2 + 0.7 mmol/g/h and 19.8 + 12 mgfaf the growth independent and dependent
maintenance parameters respectively. These diffesemight originate from the fact that Feist

al. (2007) used published chemostat data from sewdfi@rent E. coli strains cultivated on
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different minimal media and/or because the authees! a value of the P/O ratio which was much
higher than the value we estimated. Unfortunateligtiet al. (2007) did not report which value
of the P/O ratio was used for their estimations.

It is also worthwile to compare oum vivo E. coli results with those foB. cerevisiae (van Gulik
and Heijnen 1995) anB. chrysogenum (van Guliket al. 2001) which are of the same order of
magnitude (Table 2.8). Our estimation of thef E. coli lies between the values f8rcerevisiae
andP. chrysogenum. The growth related maintenance coefficientBocoli was similar as foP.
chrysogenum whereas the growth independent maintenance ciaffigvas two times higher for
E. cali.

The obtained metabolic network model with the stamgously estimated energetic parameters
allows calculating operational biomass yields obsstate as a function of the growth rate.
Calculated and measured operational biomass y@idsubstrate are presented in Figure 2.1. It
can be seen from this figure that the experimeitainass yields on substrate are close to the
calculated values for all different growth conditsoapplied. This shows that our assumption that
these ATP coefficients are independent of the gnoate and the substrate used is justified.

Table 2.8: Estimated ATP stoichiometry parameters dr E. coli metabolic network with
their standard errors and comparison with published parameters for S. cerevisiae (van
Gulik and Heijnen 1995) andP. chrysogenum (van Gulik et al. 2001)

6 Kx Matp
mol ATP/Y2mol O, mol ATP/CmolX mol ATP/CmolX/h
E. coli 1.49+ 0.26 0.46t 0.27 0.075 0.015
S. cerevisiae® 1.20 0.80 -
P. chrysogenum® 1.84+ 0.08 0.38: 0.11 0.033 0.012

% To express K per Cmol of biomass a protein content of 50 % amdolecular weight of 26.4
g/Cmol was used (Lange and Heijnen 2001;smvas not determined.
® Errors were given as 95 % confidence intervals.

2.3.5.Flux Analysis

As has been described above the fluxes throughnibtabolic network ofE. coli were
simultaneously estimated for growth on glucose,cglgl and acetate while estimating the
parameter values df, Ky, matp using the CDR procedure (see Supplementary Mattmia
fluxes). The flux distribution through central carbmetabolism at a dilution rate of 0.1 h
(biomass production ratex gof about 115 mCmol/CmolX/h which corresponds tepeecific
growth raten of 0.115 H) is shown in Figure 2.2.

Under glucose-limited conditions the split ratiotveeen glycolysis and pentose phosphate
pathway (PPP) at the G6P node often shows disccesaim literature. At D = 0.1 hthis ratio
was reported ranging from 28% / 71% (Chassageipé. 2002; Schmidt al. 2004) to 72% /
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27% (Schmidet al. 2004). Our finding of 56% / 44% (Figure 2.2) isgood agreement with the
ratio of 55% / 44% determined by Schaeital. (2008) with ID**C MFA in wild type E. coli
W3110 at D = 0.10 fand with the ratio of 54% / 44% determined by Enimgret al. (2002)
with NMR based 1S*C MFA in wild type E. coli JM101 at D = 0.09 h Similar split ratios
between glycolysis and PPP were observed befofé:/58% (Schmidet al. 1999), 57% / 41%
for E. coli K12 TG1 at D = 0.066 h(Kayseret al. 2005), 65% / 34% foE. coli K12 at D = 0.10
h™* (Siddiqueeet al. 2004).
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Figure 2.1: Comparison of the measured biomass yid on substrate with the calculated
yields using the best estimates of the ATP-stoichitetry parameters (diamonds: glucose-
limited, triangles: glycerol-limited, circle: acetae-limited).

When acetate is the sole source of carbon, theaa isnportant branch point at isocitrate with
isocitrate dehydrogenase (ICDH) and isocitrate dyfi€L). When fluxes are expressed on a
molar basis and are normalized with respect to abetate uptake rate, the distribution of
ICDH/ICL is 55% / 20% in our findings (Figure 2.2Jhis agrees well with the reported 53% /
21% values at D = 0.11hfor E. coli K12 (Zhao and Shimizu 2003). Pramanik and Keasling
(1997) found 71% / 13%, which indicates a highemx ftowardsa-ketoglutarate instead of
glyoxylate, which might be due to the fact that tisecitrate dehydrogenase reaction was
assumed to be dependent on NADH instead of NADPH.

Under glycerol-limited conditions the flux througthe gluconeogenetic enzyme fructose
bisphosphatase (FBP) is equal to 13 % of the ghfosmnsumption rate (Figure 2.2). At the
junction of GAP, flux through 13dPG is 80 % of thlycerol consumption rate which is very
well comparable with the value of 81 % reported(HpIms 1996) forE. coli ML308 grown in
batch culture.
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2.3.6.Herbert-Pirt relations

The Herbert-Pirt equation for substrate consumpigoa linear relation describing the substrate
consumption rate £gas a function of the specific growth rateand specific product formation
rate @ (if any). It can be considered as a black box rholat describes how the consumed
substrate is distributed over growth, maintenance @roduct formation under different
conditions (growth and product formation rates).e Tparameters of these relations are the
maximum yield coefficients of biomass and produtsabstrate and the maintenance coefficient.
Similar relations can be derived for the rates &fgen consumption and carbon dioxide
production. These linear relations can be derivethfa given metabolic model (van Guékal.
2001). Table 2.9 presents the derived HerbertRjttations for substrate,,@nd CQ for the
three different carbon sources. The reciprocalhef ¢oefficient ofu represents the maximum
yield. Maximal yields of biomass on substrate wietend to be 0.66 Cmol X/Cmol glucose, 0.70
Cmol X/Cmol glycerol, 0.39 Cmol X/Cmol acetate. Ntarl yields of 2.27, 1.71, 0.69 Cmol
X/mol O, and 1.93, 2.36, 0.65 Cmol X/Cmol g@ere found for glucose, glycerol and acetate,
respectively.

Table 2.9: Herbert-Pirt relations derived from the constructed E. coli metabolic networks
for each substrate (all rates are expressed in m@molX/h)

Substrate Herbert-Pirt relations

Glucose -g=0.25:+0.0036 -@2=0.44.+0.022 @0>=0.521+0.022
Glycerol -0:=0.47u+0.0066 -@=0.58.+0.023 @0=0.421+0.020
Acetate -g=1.27.+0.018 -@>=1.46.+0.023 @o0~=1.541+0.036

2.4.Conclusions

In this work it was shown that from a large gencsoale model, determined minimal metabolic
network models can be derived for the descriptibgrowth on a minimal medium under well
defined conditions. The obtained minimal modelsemesed to study the growth stoichiometry of
E. coli K12 for three substrates (glucose, glycerol andtae) in aerobic substrate-limited
chemostats at different dilution rates using redumdmeasurements and a comprehensive
network-based reconciliation approach. In the chatatocultivations significant cell lysis (10 -
25 %) occurred, which was taken into account infltve calculations. Additionally, the proper
biomass composition was incorporated into the nwitalmetworks whereby the protein content
was measured, the relation between RNA and DNAecastand growth rate were obtained from
literature data and the lipid and carbohydrate eatst of the biomass was estimated from the
measured elemental composition of the biomass. Whth accurate growth rate and the
corresponding biomass compositions, the present&R Gnethod allowed simultaneous
estimation of the ATP energetic parameteis Kx and mgp) of the E. coli K12 metabolic
network for aerobic carbon-limited growth. The estiedin vivo values ford, Ky and mrp
showed an excellent fit and good accuracy and coadpwell with such parameter values in

35



Chapter 2

other organisms. The assumption of independenteest parameters of the specific growth rate
and on the substrate was justified.
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Figure 2.2: Calculated metabolic flux patterns of entral carbon metabolism for aerobic
growth of Escherichia coli on glucose, glycerol and acetate at a dilution ratef 0.1 h'. Al
fluxes are given as % relative to the uptake rate fothe substrate. First values represent
growth on glucose, second values represent growth glycerol and third values represent
growth on acetate. The reactions indicated with gnaarrows (and gray values for the fluxes)
are reversed in comparison to growth on glucose.
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The network model allowed calculating all fluxesing onlyp as input. For the three substrates
the obtained flux pattern / split ratios agreedyweell with the published data based on labeled C
experiments which is an accurate way for measutings. Furthermore, the metabolic network
model allows calculating maximum biomass yieldssobstrate from the derived Herbert-Pirt

relations.

2.5. Appendix

2.5.1.Reaction List

Glycolysis/Gluconeogenesis

1 PGI glucose6-phosphate isomerase g6p <==> f6p

2 PFK phosphofructokinase atp + fép => adp + fdp +

3 FBA fructose-bisphosphate aldolase fdp <==> dhapp

4 TPI triose-phosphate isomerase dhap <==>gap

5 GAPD glyceraldehyde-3-phosphate gap + nad + pi <==> 13dpg + h + nadh

6 PGK phosphoglycerate kinase 3pg + atp <==> 13dadp

7 PGM phosphoglycerate mutase 2pg <==> 3pg

8 ENO enolase 2pg <==> h20 + pep

9 PYK pyruvate kinase adp + h + pep => atp + pyr

10 PDH pyruvate dehydrogenase coa + nad + pyr seaat co2 + nadh

11 GLGC glucose-1-phosphate atp + glp + h => adpglc + ppi

12 GLCS1 glycogen synthase (ADPGIc) adpglc => adjyeogen + h
TCA Cycle

13 AKGDH 2-oxogluterate dehydrogenase akg + coadr=r co2 + nadh + succoa

14 ACONT aconitase cit <==> icit

15 Cs citrate synthase accoa + h20 + oaa => @b+

16 FUM fumarase fum + h20 <==> mal-L

17 ICDHyr isocitrate dehydrogenase (NADP) icit €pa&==> akg + co2 + nadph

18 MDH malate dehydrogenase mal-L + nad <==> hdhnaoaa

19 SUCD1i succinate dehydrogenase fad + succ Ffadum

20 SUCOAS succinyl-CoA synthetase atp + coa + sgee> adp + pi + succoa

21 DHFR dihydrofolate reductase dhf + h + nadph>nadp + thf
Anaplerotic Reactions

22 PPA inorganic diphosphatase h2o0 + ppi => h $i2)

23 PPC phosphoenolpyruvate carboxylase co2 + hffgp+=> h + oaa + pi
Pentose Phosphate Cycle

24 G6PDH2r  glucose6phosphate dehydrogenase g6ég@ptixa> 6pgl + h + nadph

25 PGL 6-phosphogluconolactonase 6pgl + h20 => Bplyc

26 GND phosphogluconate dehydrogenase 6pgc + radp2+ nadph + ru5p-D

27 RPI ribose-5-phosphate isomerase r5p <==> ru5p-D

28 RPE ribulose 5-phosphate 3-epimerase ru5p-D <w&Sp-D

29 TALA transaldolase gap + s7p <==> edp + fép

30 TKT1 transketolase r5p + xu5p-D <==>gap + s7p

31 TKT2 transketolase e4p + xu5p-D <==> f6p + gap
Oxidative Phosphorylation

32 ATPS4r ATP synthase adp + (4) h:ext + pi <=5»4a{3) h + h20

33 CYTBO4  cytochrome oxidase &2h + (0.5) 02 + q8h2 => §2 h:ext + h20 + g8

34 NDH1 NADH dehydrogenas (28) h + (nadh + h) + g8 => §2 h:ext + nad + gq8h2

35 SUCD4 succinate dehyrdogenase fadh2 + q8 <=~ f38h2

36 FDH2 formate dehydrogenase fors+1) h + g8 => co2 +3| h:ext + q8h2

37 TRDR thioredoxin reductase (NADPH)  h + nadpidex => nadp + trdrd
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Pyruvate Metabolism

38 ADHEr acetaldehyde dehydrogenase accoa + (Ahradh <==> coa + etoh + (2) nad
39 ACKr Acetate kinase ac + atp <==> actp + adp

40 LDH_D D-lactate dehydrogenase lac-D + nad <==>rtadh + pyr

41 PTAr phosphotransacetylase accoa + pi <==>-actm

Alternate Carbon Metabolism
42 A5PISO arabinose-5-phosphate isomerase  ru5p=> ara5p

43 DRPA deoxyribose-phosphate aldolase 2dr5p =kl acgap

44 G3PD2 glycerol-3-phosphate glyc3p + nadp <==> dhap + h + nadph
dehydrogena:

45 PGMT phosphoglucomutase glp <==>g6p

46 PPM phosphopentomutase rlp <==>r5p

47 PPM2 phosphopentomutase2 2drlp <==> 2dr5p
(deoxyribose)

Transport

48 ACALDt acetaldehyde reversible transport  acaldke=> acald

49 ACt2r acetate reversible transport via ac:ext + h:ext <==>ac + h
proton sympo

50 NH3t ammonia reversible transport nh4:ext <==> nh4

51 CO2t CQtransporter via diffusion co2:ext <==> co2

52 GLCpts D-glucose transport via PEP:Pyrglc-D:ext + pep => g6p + pyr
PTS

53 D-LACt2 D-lactate transport via proton  h:ext + lac-D:ext <==> h + lac-D
sympor

54 ETOHt2r ethanol reversible transport etoh:ext><etoh

55 FORt formate transport via diffusion for:ext <=for

56 GLYCt glycerol transport via channel glyc <==yaqext

57 H20t HO transport via diffusion h20:ext <==> h20

58 O2t Q transport (diffusion) 02:ext <==> 02

59 PIt2r phosphate reversible transport viaext + pi:ext <==>h + pi
sympor

60 SUCCt2b  succinate efflux via proton symplort succ => h:ext + succ:ext
61 SULabc sulfate transport via ABC system  atp & h304:ext => adp + h + pi + so4
Alanine and Aspartate Metabolism

62 ALAR alanine racemase ala-L <==> ala-D

63 ASNS2 asparagine synthetase asp-L + atp + nlehyp>+ asn-L + h + ppi

64 ASPTA aspartate transaminase akg + asp-L <=t gl oaa

65 ALATA L L-alanine transaminase akg + ala-L <=giw-L + pyr

Arginine and Proline Metabolism

66 DKMPPD  2,3-diketo-5-methylthio-1- dkmpp + h20 + 02 => 2kmb + for + (2) h + pi
phosphopentane degradation
reactior

67 UNKS3 2-keto-4-methylthiobutyrate 2kmb + glu-L => akg + met-L

transaminatio
68 MDRPD 5-methylthio-5-deoxy-D-ribulose 5mdrulp => dkmpp + h20

phosphate dehydrat:

69 MTRK 5-methylthioribose kinase 5mtr + atp => 5@+ adp + h

70 MTRI 5-methylthioribose-1-phosphate 5mdrlp <==>5mdrulp
isomeras

71 ACGK acetylglutamate kinase acglu + atp => acgapp

72 ACODA acetylornithine deacetylase acorn + h2ae> orn

73 ACOTA acetylornithine transaminase acorn + akg><acg5sa + glu-L

74 ADMDCr  adenosylmethionine decarboxylase ametk#H> ametam + co2

75 ARGSL argininosuccinate lyase argsuc <==> afgfum

76 ARGSS argininosuccinate synthase asp-L + affr-t &> amp + argsuc + h + ppi

77 CBPS carbamoyl-phosphate synthase (2) atp + gIn-L + h20 + hco3 => (2) adp + cbp +-gl& (2) h +
(glutamine-hydrolysing pi

78 GLU5SK glutamate 5-kinase atp + glu-L => adp v5gl

79 G5SD glutamate-5-semialdehyde glu5p + h + nadph => glu5sa + nadp + pi
dehydrogenase
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80 G5SADs L-glutamate 5-semialdehyde  gluSsa => 1pyr5c + h + h20
dehydratase (spontanec

81 MTAN methylthioadenosine nucleosidase 5mta +#26mtr + ade
82 AGPR N-acetyl-g-glutamyl-phosphate acg5sa + nadp + pi <==> acg5p + h + nadph
reductase

83 ACGS N-acetylglutamate synthase accoa + glu-L => acgtoar+ h

84 OCBT ornithine carbamoyltransferase cbp + orax<eitr-L + h + pi

85 ORNDC ornithine decarboxylase h + orn => co2r¢ p

86 P5CR pyrroline-5-carboxylate reductase  1pyr§2)+ + nadph => nadp + pro-L

87 SPMS spermidine synthase ametam + ptrc => 5rhta spmd
Cysteine Metabolism

88 BPNT 3',5'-bisphosphate nucleotidase h2o0 + pegmp + pi

89 ADSK adenylyl-sulfate kinase aps + atp => adp+paps

90 CYSS cysteine synthase acser + h2s => ac + ayh-L

91 PAPSR phosphoadenylyl-sulfate reductgssps + trdrd => (2) h + pap + so3 + trdox
(thioredoxin

92 SERAT serine O-acetyltransferase accoa + sey=I><acser + coa
93 SADT2 sulfate adenyltransferase atp + gtp +h204 => aps + gdp + pi + ppi
94 SULR sulfite reductase (NADPH2) (3) h2o + h28)nadp <==> (5) h + (3) nadph + so3

Glutamate Metabolism
95 GLUDy glutamate dehydrogenase (NADP) glu-L + k2wadp <==> akg + h + nadph + nh4
96 GLNS glutamine synthetase atp + glu-L + nhd dp agln-L + h + pi

Glycine and Serine Metabolism
97 GHMT2 glycine hydroxymethyltransferase ser-lhf=> gly + h2o + mithf

98 PGCD phosphoglycerate dehydrogenase  3pg + n&ph>»+ h + nadh
99 PSP_L phosphoserine phosphatase (L-h20 + pser-L => pi + ser-L
serine
100 PSERT phosphoserine transaminase 3php + glu-L g>giser-L
Histidine Metabolism
101 PRMICIi 1-(5-phosphoribosyl)-5-[(5- prfp => prlp

phosphoribosylamino)methylidenea
mino)imidazole-4-carboxamide
isomerase (irreversible)

102 ATPPRT ATP phosphoribosyltransferase atp + prpppi>+ prbatp

103 HISTD histidinol dehydrogenase h2o + histd + (2 r2 (3) h + his-L + (2) nadh
104 HISTP histidinol-phosphatase h2o + hisp => hisfu +
105 HSTPT histidinol-phosphate transaminase glu-L +dpa> akg + hisp
106 IG3PS imidazole-glycerol-3-phosphate gIn-L + prlp => aicar + eig3p + glu-L + h
synthas
107 IGPDH imidazoleglycerol-phosphate  eig3p => h20 + imacp
dehydratas
108 PRAMPC  phosphoribosyl-AMP h20 + prbamp => prfp
cyclohydrolas
109 PRATPP phosphoribosyl-ATP h2o + prbatp => h + ppi + prbamp
pyrophosphata:
110 PRPPS phosphoribosylpyrophosphate atp + r5p <==>amp + h + prpp
synthetas
Methionine Metabolism
111 CYSTL cystathionine b-lyase cyst-L + h2o => hcys-hh4 + pyr
112 HSST homoserine O-succinyltransferase hom-L + suecocoa + suchms
113 METAT methionine adenosyltransferase atp + h2o #Ilove> amet + pi + ppi
114 METS methionine synthase 5mthf + heys-L => met-thf+
115 SHSL1 O-succinylhomoserine lyase (L- cys-L + suchms => cyst-L + h + succ
cysteine
Threonine and Lysine Metabolism
116 ASPK aspartate kinase asp-L + atp <==> 4pasp + adp
117 ASAD aspartate-semialdehyde aspsa + nadp + pi <==>4pasp + h + nadph
dehydrogena:
118 DAPDC diaminopimelate decarboxylase 26dap-M + fte2 + lys-L
119 DAPE diaminopimelate epimerase 26dap-LL <==> 26Mhp-
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120 DHDPRy

121 DHDPS
122 HSDy

123 SDPDS
124 SDPTA

125 THDPS
126 THRAr

dihydrodipicolinate reductase
(NADPH)

dihydrodipicolinate synthase
homoserine dehydrogenase
(NADPH)
succinyl-diaminopimelate
desuccinylas
succinyldiaminopimelate
transaminas

tetrahydropicolinate succinylase

threonine aldolase

23dhdp + h + nadph => nadp + thdp

aspsa + pyr 3dh@lp + h + (2) h2o
hom-L + nadp <==> aspsa + h + nadph

h20 + sl26da => 26dap-LL + succ
akg + sl26da <==> glu-L + sl2a6o

h2o + suectalp => coa + sl2a6o
thr-L <==> acald + gly

Tyrosine, Tryptophan and Phenylalanine Metabolism

127 DHQD
128 DHQS
129 DDPA

130 PSCVT
131 ANPRT

132 ANS
133 CHORM
134 CHORS
1351GPS

136 PHETAL
137 PRAIi

138 PPNDH
139 PPND
140 SHK3Dr
141 SHKK
142 TRPS3

143 TRPAS2
144 TYRTA

3-dehydroquinate dehydratase

3-dehydroquinate synthase

3dhqg <==> 3dhsRo+
2dda7p => 3dhq + pi

3-deoxy-D-arabino-heptulosonate4p + h2o0 + pep => 2dda7p + pi

7-phosphate synthete
3-phosphoshikimate 1-
carboxyvinyltransfera:
anthranilate
phosphoribosyltransfere
anthranilate synthase
chorismate mutase
chorismate synthase
indole-3-glycerol-phosphate
synthas

phenylalanine transaminase
phosphoribosylanthranilate
isomerase (irreversibl
prephenate dehydratase
prephenate dehydrogenase
shikimate dehydrogenase
shikimate kinase

tryptophan synthase (indole
glycerol phosphat
tryptophanase (L-tryptophan)
tyrosine transaminase

Valine, Leucine and Isoleucine Metabolism

145 ACHBS

146 IPPMIb
147 IPPS
148 OMCDC

149 IPPMla
150 IPMD
151 KARALI

152 ACLS
153 DHAD1

154 DHAD2

155ILETA
156 KARAZi

157 LEUTAI
158 THRD_L
159 VALTA

2-aceto-2-hydroxybutanoate
synthas

2-isopropylmalate hydratase
2-isopropylmalate synthase
2-0x0-4-methyl-3-carboxy
pentanoate decarboxylat

3-isopropylmalate dehydratase

pep + skm5p <==> 3psme + pi
anth + prpp => ppi + pran

chor + gIn-L => anthu-Ilght h + pyr
chor => pphn
3psme => chor + pi

2cpr5p + h => 3ig3p + co2 + h20

akg + phe-L <gigsL + phpyr
pran => 2cprsp

h + pphn => co2 + ppyr
nad + pphn => 34bpp + nadh
3dhsk + h + nadptrradp + skm
atp + skm => adp + h + skm5p
3ig3p => g3p + indole

h2o + trp-L =5rdole + nh4 + pyr
akg + tyr-L <==> 34hpglu-L

2obut + h + pyr => 2ahbut + co2

2ippm + h20 <3e3hmp

3mob + accoa =h2Zx3hmp + coa + h
3c4mop + h =>4mop + co2

3c2hmp <=pprai + h20

3-isopropylmalate dehydrogenase 3c2hmp + madcdmop + h + nadh

acetohydroxy acid isomero
reductas
acetolactate synthase

alac-S + h + nadph => 23dhmb + nadp

h + (2) pyr => alace®d2

dihydroxy-acid dehydratase (2,3-23dhmb => 3mob + h20

dihydroxy-3-methylbutanoat:

dihydroxy-acid dehydratase (2,3-23dhmp => 3mop + h20

dihydroxy-3-methylpentanoat
isoleucine transaminase

akg + ile-L <==> 3moplu-L

ketol-acid reductoisomerase (2- 2ahbut + h + nadph => 23dhmp + nadp

acetc-2-hydroxybutanoat:

leucine transaminase (irreversible) 4mopla-g=> akg + leu-L

L-threonine deaminase
valine transaminase

Cell Envelope Biosynthesis
3-deoxy -D-manno-octulosonic -ara5p + h20 + pep => kdo8p + pi

160 KDOPS
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161 MOAT

162 MOAT2
163 KDOCT2
164 KDOPP
165 AACPS2
166 AACPS3
167 AACPS4
168 AACPS5
169 AACPS1
170 AGMHE
171 ALAALAr
172 GMHEPAT
173 GMHEPPA
174 GMHEPK

175 DAGK_EC
176 EDTXS1

177 EDTXS2

178 PEPT_EC
179 G1PACT

180 GLUR
181 GF6PTA

182 GPDDA2
183 GPDDA4

184 LPADSS

186 LPLIPA2
187 LPLIPA1

188 PPTGS
189 PLIPA2

190 PGAMT
191 PLIPAL

192 PAPPT3
193 S7PI

194 TDSK
195 U23GAAT

3-deoxy-D-manno-octulosonic

acid transferas

3-deoxy-D-manno-octulosonic

acid transferat

3-deoxy-manno-octulosonate

cytidylyltransferas

ckdo + lipidA => cmp + h + kdolipid4
ckdo + kdolipid4 => cmp + h + kdo2lipid4

ctp + kdo => ckdo + ppi

3-deoxy-manno-octulosonate-8- h2o + kdo8p => kdo + pi

phosphatee
acyl-[acyl-carrier-protein]
synthetase -C14:1’
acyl-[acyl-carrier-protein]
synthetase -C16:0
acyl-[acyl-carrier-protein]
synthetase C16:1
acyl-[acyl-carrier-protein]
synthetase (-C18:1,
acyl-[acyl-carrier-protein]
synthetase C14:0
ADP-D-glycero-D-manno-
heptose epimera
D-alanine-D-alanine ligase
(reversible

D-glycero-D-manno-hepose 1-

phosphate adenransferas

ACP + atp + ttdcea => amp + ppi + tdeACP
ACP + atp + hdca => amp + palImACP + ppi
ACP + atp + hdcea => amp + hdeACP + ppi
ACP + atp + ocdcea => amp + octeACP + ppi
ACP + atp + ttdca => amp + myrsACP + ppi
adphep-D,D => adphep-L,D

(2) ala-D + atp <==> adp + alaala + h + pi

atp + gmheplp + h => adphep-D,D + ppi

D-glycero-D-manno-heptose 1,7gmhepl7bp + h2o => gmheplp + pi

bisphosphate phosphat

D-glycero-D-manno-heptose 7- atp + gmhep7p => adp + gmhepl7bp + h

phosphate kina
diacylglycerol kinase

endotoxin synthesis (lauroyl

transferase

endotoxin synthesis (myristoyl

transferase

ethanolamine phosphotransferase
glucosamine-1-phosphate N-

acetyltransfera:
glutamate racemase

(0.02) 12dgr_EC + atpadp + h + (0.02) pa_EC
ddcaACP + kdo2lipid4 => ACP + kdo2lipid4L

kdo2lipid4L + myrsACP => ACP + lipa

cmp O102)(pe_EC <==> (0.02) 12dgr_EC + cdpea
accoa + gamlp =>acgamlp + coa + h

glu-D <==>glu-L

glutamine-fructose-6-phosphate f6p + gln-L => gamép + glu-L

transaminas
glycerophosphodiester
phosphodiestera:
glycerophosphodiester
phosphodiestera:

lipid A disaccaride synthase
185 LPSSYN_EQipopolysaccharide synthesis

lysophospholipase L (acyl-
glycerophosphoethanolamir
lysophospholipase L (acyl-

g3pe + h20 => etha + glyc3p + h
g3pg + h20 => glyc + glyc3p + h

lipidX + u23gah + lipidAds + udp

(3) adphep-L,D + @ea + (3) ckdo + lipa + (2) udpg => (3)
adp + (2) cdp + (3) cmp + (10) h + Ips_EC + (2)
(0.02) agpe_EC + h20 => g3pe + h + (0.36) hdca67jthdcea
+ (0.5) ocdcea + (0.02) ttdca + (0.05) ttc
(0.02) agpg_EC + h20 => g3pg + h + (0.36) hdca.@7(0hdcea

glycerophosphoglycerc
peptidoglycan subunit synthesis
phosphlipase A
(phosphatidylethanolamir
phosphoglucosamine mutase
phospholipase A
(phosphatidylglycera
phospho-N-acetylmuramoyl-
pentapeptid-transferas
sedoheptulose 7-phosphate
isomeras
tetraacyldisaccharide 4'kinase
UDP-3-0-(3-hydroxymyristoyl)
glucosamine acyltransfer:

+ (0.5) ocdcea + (0.02) ttdca + (0.05) ttc
uaagmda+=péptido_EC + udcpdp

h2o + (0.02) pe_EC => (0.02) agpe_EC + h + (0.8@ph+

(0.07) hdcea + 1.5) ocdcea + (0.02) ttdca + (0.05) ttd
gamlp <==>gam6p

h2o0 + (0.02) pg_EC => (0.02) agpg_EC + h + (0.3f)d+

(0.07) hdcea + (0.5) ocdcea + (0.02) ttdca + (Cttdces

udcpp + ugmda => uagmda + ump

s7p => gmhep7p

atp + lipidAdsadp + h + lipidA
3hmrsACP + u3hga => ACP + h + u23ga
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196 UHGADA

197 UAPGR

198 UAGCVT

199 UAGAAT

200 UAGDP

201 UAGPT3

202 UAMAS

203 UAMAGS

204 UAAGDS

205 UGMDDS

206 USHD
207 UDCPDP
208 GALU

UDP-3-O-acetylglucosamine
deacetylas
UDP-N-acetylenolpyruvoyl
glucosamine reducte
UDP-N-acetylglucosamine 1-
carboxyvinyltransfera:
UDP-N-acetylglucosamine
acyltransferas
UDP-N-acetylglucosamine
diphosphorylas
UDP-N-acetylglucosamine-N-
acetylmuramyl-(pentapeptide)
pyrophosphoryl-undecaprenol N-
acetylglucosamine transfer:
UDP-N-acetylmuramoyl-L-alaninela-L + atp + uamr => adp + h + pi + uama
synthetas

UDP-N-acetylmuramoyl-L-alanyl-atp + glu-D + uama => adp + h + pi + uamag
D-glutamate syntheta

UDP-N-acetylmuramoyl-L-alanyl-26dap-M + atp + uamag => adp + h + pi + ugmd
D-glutamyl-meso-2,6-

diaminopimelate synthete

UDP-N-acetylmuramoyl-L-alanyl-alaala + atp + ugmd => adp + h + pi + ugmda
D-glutamyl-meso-2,6-
diaminopimeloyl-D-alanyl-D-
alanine syntheta

UDP-sugar hydrolase
undecaprenyl-diphosphatase
UTP-glucose-1-phosphate
uridylyltransferas

h20 + u3aga => ac + u3hga

h + nadph + uaccg => nadp + uamr

pep + uacgam => pi + uaccg

3hmrsACP + uacgam <==> ACP + u3aga
acgamlp + h + utp => ppi + uacgam

uacgam + uagmda => h + uaagmda + udp

h2o0 + u23ga => (2) h i Xp+ ump
h20 + udcpdp-+=pil udcpp
glp +h + utp <==> ppi + udpg

Folate Metabolism

209 MTHFR2

210 FTHFD
211 MTHFC

212 MTHFD

5,10-methylenetetrahydrofolate h + mithf + nadh => 5mthf + nad
reductase (NADF

formyltetrahydrofolate deformylad@®fthf + h2o => for + h + thf
methenyltetrahydrofolate h20o + methf <==> 10fthf
cyclohydrolas
methylenetetrahydrofolate
dehydrogenase (NADP)

mithf + nadp <==> h + methf + nadph

Membrane Lipid Metabolism

213 KAS16

214 ACCOACTr

215 KAS15

216 DASYN_EC CDP-diacylglycerol synthetase

217 C120SN

218 C140SN

219 C160SN

220 C161SN

221 C181SN

222 MCOATA

223 PASYN_EC phosphatidic acid synthase
224 PGPP_EC

225PGSA_EC

226 PSD_EC

227 PSSA_EC
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3-hydroxy-myristoyl-ACP ddcaACP + (2) h + malACP + nadph => 3hmrsACP + ACP
synthesi co2 + nad
acetyl-CoA carboxylate, reversibleccoa + atp + hco3 <==> adp + h + malcoa + pi
reactior
b-ketoacyl synthase accoa + h + malACP =A@Et+ co2 + coa
ctp + h + (0.02)F@ <==> (0.02) cdpdagl + ppi
actACHA4) h + (4) malACP + (10) nadph => (4) ACP + (4)
co2 + ddcaACP + (5) h2o + (10) n:
actACRA) ( + (5) malACP + (12) nadph => (5) ACP + (5)
co2 + (6) h2o + myrsACP + (12) n¢
actACRO) h + (6) malACP + (14) nadph => (6) ACP + (6)
co2 + (7) h2o + (14) nip + palmACH
actACR9) h + (6) malACP + (13) nadph => (6) ACP + (6)
co2 + (7) h2o + hdeACP + (13) n¢
actACR2) h + (7) malACP + (15) nadph => (7) ACP + (7)
€02 + (8) h2o + (15) nadp + octeA
ACP + malcoa===oa + malACP
glyc3p + (OHBBACP + (0.04) myrsACP + octeACP + (0.72)
palmACP + (0.1) tdeAC=> (2) ACP + (0.02) pa C
phosphatidylglycerol phosphateh2o + (0.02) pgp_EC => (0.02) pg_EC + pi
phosphatas
phosphatidylglycerol synthase (0.02) cdpdaglyc3p <==>cmp + h + (0.02) pgp_EC
phosphatidylserine decarboxylase h + (@82EC => co2 + (0.02) pe_EC
phosphatidylserine syntase (0.02) cdpdagt-t <==>cmp + h + (0.02) ps_EC

fatty acid biosynthesis (n-C12:0)
fatty acid biosynthesis (n-C14:0)
fatty acid biosynthesis (n-C16:0)
fatty acid biosynthesis (n-C16:1)
fatty acid biosynthesis (n-C18:1)

malonyl-CoA-ACP transacylase
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Nucleotide Salvage Pathways

228 NTD6
229 ADNK1
230 ADK1
231 CYTK1
232 CYTK2
233 DADK
234 DGK1

235 GK1
236 NDPK3

237 NDPKGE

238 NDPK1

239 NDPK2

240 PUNP1

241 PUNP2

242 RNDR1

243 RNDR3

244 RNDR2

245 RNTR4

246 TMDS
247 UMPK
248 URIDK2r

5'-nucleotidase (dAMP)
adenosine kinase

adenylate kinase

cytidylate kinase (CMP)
cytidylate kinase (dCMP)
deoxyadenylate kinase
deoxyguanylate kinase
(dGMP:ATP!

guanylate kinase (GMP:ATP)
nucleoside-diphosphate kinase
(ATP:CDP!
nucleoside-diphosphate kinase
(ATP:dUDP'
nucleoside-diphosphate kinase
(ATP:GDP!
nucleoside-diphosphate kinase
(ATP:UDP;

purine-nucleoside phosphorylasedn + pi <==> ade + rlp
(Adenosine

purine-nucleoside phosphorylaselad-2 + pi <==> 2drlp + ade
(Deoxyadenosin:
ribonucleoside-diphosphate
reductase (ADF
ribonucleoside-diphosphate
reductase (CDI
ribonucleoside-diphosphate
reductase (GDI
ribonucleoside-triphosphate
reductase (UTI

thymidylate synthase

UMP kinase

uridylate kinase (dUMP)

damp + h20 => dad-2 + pi

adn + atp=>adp +amp + h

amp + atp <==> (2) adp

atp + cmp <==> adpdp

atp + demp <==> addcdp

atp + damp <==> adpdpda
atp + dgmp <==> adp + dgdp

atp + gmp <==> adyp
atp + cdp <==>adp + ctp

atp + dudp <==> adp + dutp
atp + gdp <==> adp + gtp

atp + udp <==> adp + utp

adp + trdrd => dadp + h20 + trdox
cdp + trdrd => dcdp + h20 + trdox
gdp + trdrd => dgdp + h20 + trdox
trdrd + utp => dutp + h20 + trdox
dump + mithf => dhf + gtm

atp + ump <==> adp + udp
atp + dump <==> adpudp

Purine and Pyrimidine Biosynthesis

249 ADSL2r
250 ADSS
251 ADSL1r
252 ASPCT
253 CTPS2
254 DHORD2
255 DHORTS
256 GLUPRT

257 GMPS2
258 IMPC
259 IMPD
260 ORPT
261 OMPDC

262 AIRC2

263 AIRC3

264 PRAIS

265 AICART

266 PRASCS

267 PRFGS

25aics <==> aicaunt f
asp-L + gtp + imgeamp + gdp + (2) h + pi
dcamp <==>amp + fum
asp-L + clybasp + h + pi
atp + gin-L + h2opt=> adp + ctp + glu-L + (2) h + pi
dhor-S =x®rot + q8h2
dhor-S + h20 <==> chasp + h
gln-L + h20 + prpp => glu-L + ppi + pram

adenylosuccinate lyase
adenylosuccinate synthase
adenylsuccinate lyase
aspartate carbamoyltransferase
CTP synthase (glutamine)
dihydoorotic acid dehydrogenase
dihydroorotase
glutamine phosphoribosyl
diphosphate amidotransfer
GMP synthase atp + gIn-L + h20 + xmp => angiu+L + gmp + (2) h + ppi
IMP cyclohydrolase h20 + imp <==> fprica
IMP dehydrogenase h2o0 + imp + nad => h + nadmp
orotate phosphoribosyltransferase orot5p «<ppb orot + prpp
orotidine-5'-phosphate h + orot5p => co2 + ump
decarboxlase
phosphoribosylaminoimidazole
carboxylas
phosphoribosylaminoimidazole
carboxylase (mutase n»
phosphoribosylaminoimidazole
synthas
phosphoribosylaminoimidazole
carboxamide formyltransfere
phosphoribosylaminoimidazole 5aizc + asp-L + atp <==> 25aics + adp + h + pi
succinocarboxamide synth:i
phosphoribosylformylglycin
amidine synthas

air + atp + hco3 => 5caiz + adp + h + pi
5aizc <==> 5caiz
atp + fpram => adp + air + (2) h + pi

10fthf + aicar <==> fprica + thf

atp + fgam + gIn-L + h20 => adp + fpram + glu-L +Ipi
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268 GARFT phosphoribosylglycinamide

formyltransferas

269 PRAGST phosphoribosylglycinamide
synthas

Unassigned

270 ATPM ATP maintenance requirement

271 HCO3E HCQ equilibration reaction
Anabolism

10fthf + gar <==> fgam + h + thf

atp + gly + pram <==>adp + gar + h + pi

atp + h2o => atip+pi
co2 + h20 <==> h + hco3

272 Aaprotsyn  average amino acid synthesis fo(0.113) ala-L + (0.0512) arg-L + (0.0532) asn-L040632) asp-

protein

273 Biomform  biomass formation

274 Protsyn biomass protein synthesis
275 DNA_pol DNA polymerization;
276 RNA_pol_totRNA polymerization

Additional reactions for growth on glycerol
277 GLYK glycerol kinase
278 G3PD5 glycerol-3-phosphate
dehydrogenase (ubiquinc-8)

279 FBP fructose-bisphosphatase
Additional reactions for growth on acetate

279 FBP fructose-bisphosphatase

280 PPCK PEP carboxykinase

2811ICL isocitrate lyase

282 MALS malate synthase

283 ACS acetyl-CoA synthetase

284 THD2 NAD(P) transhydrogena
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+(0.0176) cys-L + (0.0599) gIn-L + (0.0599) glu+L(0.0872)
gly + (0.0182) his-L + (0.0493) ile-L + (0.0541 ke + (0.0605
lys-L + (0.0259) met-L + (0.0350) phe-L + (0.0418d-L +
(0.0501) ser-L + (0.0545) thr-L + (0.0114) trp-1(6:0290) tyrt
+(0.0752) val-L => Aaprot
(0.7400) Biom_Prot #0@65) DNA + (0.0109) etha +

(0.0122) glyc + (0.000956) glycogen + (0.00304)anélc
(0.00235) hdcea + (0.0000543) Ips_EC + (0.0015dye& +
(0.000156) peptido_EC + (0.000784) ptrc + (0.093EAtot +
(0.000159) spmd => Biom_01
Aaprot + (4) atp + (3) h2o => (4) adp + (4.77) Bidmot + (4) t
+(4) pi

(2) atp 0(246) damp + (0.254) dcmp + (0.254) dgmp + (0.
dtmp + h20 => (2) adp + (9.75) DNA + (2) h +:
(0.262) amp + (2) atp + (0.2) cmp + (0.322) gm®26 b (0.216
ump => (2) adp + (2) h + (2) pi + (9.58) RNA

atp + glyc => adp + glyc3p + h
glyc3p + q8 <==> dhap + q8h2

fdp + h20 => f6p + pi

fdp + h20 => fép + pi
atp + oaa => adp + co2 + pep
icit => glx + succ
accoa + glx + h2o => coa kL
ac + atp + coa => accaap-+ ppi
(2) h + nad + nadph <==> (2) h:ext + nadp + nadh



Minimal metabolic models

Components
10fthf 10-Formyltetrahydrofolate acglu
12dgr_EC 1,2-Diacylglycerol (E.coli) acorn
13dpg 3-Phospho-D-glyceroyl phosphate ACP
1pyr5c 1-Pyrroline-5-carboxylate acser
23dhdp 2,3-Dihydrodipicolinate actACP
23dhmb (R)-2,3-Dihydroxy-3-methylbutanoate  tpac
23dhmp (R)-2,3-Dihydroxy-3-methylpentanoate ade
25aics (S)-2-[5-Amino-1-(5-phospho-D-ribosyl)adn
imidazole-4-carboxamido] succinate adp
26dap-LL LL-2,6-Diaminoheptanedioate adpglc
26dap-M meso-2,6-Diaminoheptanedioate
2ahbut (S)-2-Aceto-2-hydroxybutanoate adphep-L,D
2cpr5p 1-(2-Carboxyphenylamino)-1-deoxy-D-  edpC
ribulose-5-phosphate agpg_EC
2dda7p 2-Dehydro-3-deoxy-D-arabino-heptonasicar
phosphate
2drlp 2-Deoxy-D-ribose 1-phosphate air
2dr5p 2-Deoxy-D-ribose 5-phosphate akg
2ippm 2-Isopropylmaleate alaala
2kmb 2-keto-4-methylthiobutyrate alac-S
20but 2-Oxobutanoate ala-D
2pg D-Glycerate 2-phosphate ala-L
34hpp 3-(4-Hydroxyphenyl)pyruvate amet
3c2hmp 3-Carboxy-2-hydroxy-4-methylpentarosimetam
3c3hmp 3-Carboxy-3-hydroxy-4-methylpentanoamp
3c4mop 3-Carboxy-4-methyl-2-oxopentanoate anth
3dhq 3-Dehydroquinate aps
3dhsk 3-Dehydroshikimate ara5p
3hmrsACP R-3-hydroxy-myristoyl-ACP arg-L
3ig3p C'-(3-Indolyl)-glycerol 3-phdsgte argsuc
3mob 3-Methyl-2-oxobutanoate asn-L
3mop (S)-3-Methyl-2-oxopentanoate asp-L
3pg 3-Phospho-D-glycerate aspsa
3php 3-Phosphohydroxypyruvate atp
3psme 5-O-(1-Carboxyvinyl)-3-phosphoshikienBiom_Prot
4mop 4-Methyl-2-oxopentanoate biom3
4pasp 4-Phospho-L-aspartate chasp
Saizc 5-amino-1-(5-phospho-D-ribosyl) cbp
imidazole-4-carboxylate cdp
5caiz 5-phosphoribosyl-5- cdpdagl
carboxyaminoimidazole cdpea
5mdrlp 5-Methylthio-5-deoxy-D-ribosel-phbatechor
5mdrulp 5-Methylthio-5-deoxy-D-ribulose 1- cit
phosphate citr-L
5mta 5-Methylthioadenosine ckdo
5mthf 5-Methyltetrahydrofolate cmp
Smtr 5-Methylthio-D-ribose co2
6pgc 6-Phospho-D-gluconate coa
6pgl 6-phospho-D-glucono-1,5-lactone ctp
Aaprot Averige amino acidomposition for protei cys-L
synthesis cyst-L
ac Acetate dad-2
acald Acetaldehyde dadp
accoa Acetyl-CoA damp
acg5p N-Acetyl-L-glutamyl 5-phosphate dcamp
acgbsa N-Acetyl-L-glutamate 5-semialdehyde dcdp
acgamlp N-Acetyl-D-glucosamine 1-phosphate mlcm

N-Acetyl-L-glutamate
N2-Acetyl-L-ornithine
acyl carrier protein
O-Acetyl-L-serine
Acetoacetyl-ACP
Acetyl phosphate
Adenine

Adenosine
ADP
ADPglucose

adphé&p-D, ADP-D-glycero-D-manno-heptose

ADP-L-glycero-D-manno-heptose
acyl-glycerophosphoethanolamine (E.coli)
acyl-glyceosphoglycerol (E.coli)
5-Amino-1-(5-Phospho-D-ibosyl)
imidazole-4-carboxamide
5-amino-1-(5-phospho-D-ribosyl)imidazole
2-Oxoglutarate
D-Alanyl-D-alanine
(S)-2-Acetolactate
D-Alanine
L-Alanine
S-Adenosyl-L-methionine
S-Adenosylmethioninamine
AMP
Anthranilate
Adenosine 5'-phosphosulfate
D-Arabinose 5-phosphate
L-Arginine
N(omega)-(L-Arginino)snete
L-Asparagine
L-Aspartate
L-Aspartate 4-semialdehyde
ATP
Biomass protein
biomass3
N-Carbamoyl-L-aspartate
Carbamoyl phosphate
CDP
DPdiacylglycerol (E coli)
CDPatlamine
Chorismate
Citrate
L-Citrulline
CMP-3-deoxy-D-manno-octulosonate
CMP
CQ
Coenzyme A
CTP
L-Cysteine
L-Cystathionine
oB@adenosine
dADP
dAMP
N6-(1,2-Dicarboxyethyl)-AMP
dCDP
dCMP

45



Chapter 2

ddcaACP Dodecanoyl-ACP (n-C12:0ACP) ehdc Hexadecanoate (n-C16:0)

dgdp dGDP hdcea hexadecenoa@l(®:1)

dgmp dGMP hdeACP Hexadecenoyl-ACP (n-C16:1ACP)

dhap Dihydroxyacetone phosphate his-L L-Histidine

dhf 7,8-Dihydrofolate hisp L-Histidinol pbghate

dhor-S (S)-Dihydroorotate histd L-Histidinol

dkmpp 2,3-diketo-5-methylthio-1-phosphope@ hom-L L-Homoserine

DNA Deoxyribonucleic acid icit Isocitrate

dtmp dTMP ile-L L-Isoleucine

dudp duDP imacp 3-(Imidazol-4-yl)-2-apropyl phosphate

dump dUMP imp IMP

dutp dUuTP Indole Indole

edp D-Erythrose 4-phosphate kdo 3-Deoxy-D-man2@ctulosonate

eig3p D-erythro-1-(Imidazol-4-yl)glycerol3-  kdo2lipid4 KDO(2)-lipid IV(A)
phosphate kdo2lipiddL ~ KDO(2)-lipid IV(A) with laate

etha Ethanolamine kdo8p 3-Deoxy-D-manno-octulosonate 8

etoh Ethanol phosphate

fép D-Fructose 6-phosphate kdolipid4 KDO-lipid IV(A)

fad FAD lac-D D-Lactate

fadh2 FADH2 leu-L L-Leucine

fdp D-Fructose 1,6-bisphosphate lipa KDO(2)-lipid (A)

fgam N2-Formyl-N1-(5-phospho-D- lipidA ,322'3'-Tetrakis(beta-hydroxymyristoyl)-
ribosyl)glycinamide D-glucosaminyl-1,6-beta-D-ghisam

for Formate lipidAds Lipid A Disaccharide

fpram 2-(Formamido)-N1-(5-phospho-D-ribosylipidX 2,3-Bis(3-hydroxytetradecanoyl)-beta-D-
acetamidine glucosaminyl 1-phosphate

fprica 5-Formamido-1-(5-phospho-D-ribosyl)  slfEC lipopolysaccharide (Ecoli)
imidazole-4-carboxamide lys-L L-Lysi

fum Fumarate malACP Malonyl-[acyl-carriergbein]

glp D-Glucose 1-phosphate malcoa Malonyl-CoA

gap Glyceraldehyde 3-phosphate mal-L L-Malate

g3pe sn-Glycero-3-phosphoethanolamin methf 5,10-Methenyltetratofdlate

g3pg Glycerophosphoglycerol met-L L-Methionine

g6p D-Glucose 6-phosphate mithf 5,10-Methylenetetrahgfiiate

gamlp D-Glucosamine 1-phosphate myrsACP Myristoyl-ACP (n-C14:0ACP)

gamGp D-Glucosamine G.phosphate nad Nicotinamide adenine dinucleotide

gar N1-(5-Phospho-D-ribosyl)glycrinide nadh Nicotinamide adenine dinucleotide-reduced

gdp GDP nadp Nicotinamide adenine dinucleotide phosphate

g|C-D D-Glucose nadph Nicotinamide adenine dinucleotide phosphate- reduced

gin-L L-Glutamine nh4 ammonium

glubp L-Glutamate 5-phosphate 02 20

glubsa L-Glutamate 5-semialdehyde oaa Oxaloacetate

glu-D D-Glutamate ocdcea octadecenoate (n-C18:1)

glu-L L-Glutamate octeACP Octadecenoyl-ACFC(IB:1ACP)

gly Glycine orn Ornithine

glyc Glycerol orot Orotate

glyc3p Glycerol 3-phosphate orot5p Orotidine 5'-phosphate

glycogen glycogen pa_EC phosphatidate (E.coli)

gmhepl7bp D-Glycero-D-manno-heptose 1,7- palAC Palmitoyl-ACP (n-C16:0ACP)
bisphosphate pap Adenosine 3',5'Hasphate

gmheplp D-Glycero-D-manno-heptose 1-phosphptps 3'-Phosphoadenylyl sulfate

gmhep7p D-Glycero-D-manno-heptose 7-phosphate E@e_ Phosphatidylethanolamine (Ecoli)

gmp GMP pep Phosphoenolpgsitav

gtp GTP peptido_EC Peptidoglycan subohkscherichia coli

h H+ pg_EC Phosphatidylglycerot¢k)

h2o H20 pgp_EC Phosphatidylglycerophosgpligtoli)

h2s Hydrogen sulfide phe-L L-Phenylalanine

hco3 Bicarbonate phpyr Phenylpyruvate

hcys-L L-Homocysteine pi Phosphate
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pphn Prephenate trp-L L-Tryptophan

ppi Diphosphate ttdca tetradecanoat€14:0)

pram 5-Phospho-beta-D-ribosylamine ttdcea tetradecenoate (n-Cl4:

pran N-(5-Phospho-D-ribosyl)anthiate tyr-L L-Tyrosine

prbamp 1-(5-Phosphoribosyl)-AMP u23ga UDP-2,3-bis(3-hydroxytetradecanoyl)

prbatp 1-(5-Phosphoribosyl)-ATP glucosamine

prfp 1-(5-Phosphoribosyl)-5-[(5-phosphoribosydaga UDP-3-O-(3-hydroxytetradecanoyl)- N-
amino)methylideneamino] imidazole-4 acetylglucosee

prip 5-[(5-phospho-1-deoxyribulos-1-ylaminol3hga UDP-3-0-(3-hydroxytetradecanoyl)- D-
methylideneamino]-1-(5-phosphoribosy glucosamine

pro-L L-Proline uaagmda Undecaprenyl-diphospho-N-

prpp 5-Phospho-alpha-D-ribose 1-dgghate acetylmuramoyl-(N-acetylglucosamine)-L-

ps_EC phosphatidylserine (Ecoli) alanyl-D-glutamyl-meso-2,6-

pser-L O-Phospho-L-serine diaminopimeloyl-D-alanyl-D-alanine

ptrc Putrescine uaccg UDP-N-acetyl-3-O-(1limayvinyl)- D-

pyr Pyruvate glucosamine

g8 Ubiquinone-8 uacgam UDP-N-acetyl-D-glucogze

g8h2 Ubiquinol-8 uagmda Undecaprenyl-diphosphaektyl

rip alpha-D-Ribose 1-phosphate muramoyl -L -alanyl-D-glutamyl-me&¢6-

r5p alpha-D-Ribose 5-phosphate diaminopimeloyl-D-ala-D-ala

RNAtot Ribonucleic acid total uama UDP-N-acetylmuramoyl-L-alanin

rusp-D D-Ribulose 5-phosphate uamag UDP-N-acetylmuramoyl-L-alanyl-D-

s7p Sedoheptulose 7-phosphate glutamate

ser-L L-Serine uamr UDP-N-acetylnmete

skm Shikimate udcpdp Undecaprenyl diphosphate

skm5p Shikimate 5-phosphate udcpp Undecaprenyl phosphate

sl26da N-Succinyl-LL-2,6-diaminoheptdivate udp UDP

sl2a6o N-Succinyl-2-L-amino-6-oxoheydioateudpg UDPglucose

s03 Sulfite ugmd UDP-N-acetylmuramoyl-L-alani-

so4 Sulfate gamma-glutamyl-meso-2,6-

spmd Spermidine diaminopimelate

succ Succinate ugmda UDP-N-acetylmuramoyl-ajl- D-

succoa Succinyl-CoA glutamyl-meso-2,6-diaminopimeloyl-D-

suchms O-Succinyl-L-homoserine alanyl-D-alanine

tdeACP Tetradecenoyl-ACP (n-C14:1ACP) ump UMP

thdp 2,3,4,5-Tetrahydrodipicolinate utp UTP

thf 5,6,7,8-Tetrahydrofolate val-L L-Vvaline

thr-L L-Threonine xmp Xanthosine 5bpphate

trdox Oxidized thioredoxin xu5p-D D-Xylulose 5-phosphate

trdrd Reduced thioredoxin

2.5.2.Relation of biomass composition and respiratory quotient (R) for cultures
that utilize glucose as substrate

In the absence of product formation the carbonrzalds written as

Oco, + 1 = 60 (2.6)
and the generalized degree of reduction balaneeiien as

240 - Acp, =y i 2.7)
The respiratory quotient (RQ) is defined &Q = Go0J0o.. Combining this with the observed

biomass yieldY=p/qgyields
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=466
yX—Y[6 RO } (2.8)

Eg. (2.8) shows the relation between yield of bisgnan substrate (Y), degree of reduction of
biomass ¥x) and RQ. This implies that under the conditionsnof by-product formation, the
available measurements of offgas and measuremeribofass yield would give the degree of
reduction of biomass produced. As an examplendllin a typical yield of 3 Cmol X/mol
glucose, and RQ = 1.05 (Sawetral. 1999) for aerobic glucose-limited chemostat celsuofE.
coli, givesyy = 4.2.
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Chapter 3

A thermodynamic analysis of fermentative dicarboxyic
acid production

Abstract

Production of dicarboxylic acids from microorgansgsmand hence searching for genetic
engineering targets to achieve the maximal progieltls, especially at low pH, has recently
received substantial interest. Therefore it is mpadrtance that the theoretical limits of the
production pathways are known. This can be analgteidhiometrically and thermodynamically
as shown here for the production of succinic amddfiic acids from glucose at 26 for pH 1 -

8. Taking into consideration the different spe¢sdid, undissociated, dissociated) of the organic
acids at each pH, very negative Gibbs energy faomatf the theoretical anaerobic reaction (-22
to -70 kJ/mol fumaric acid and -125 to -159 kJ/matcinic acid) were found, indicating that the
maximal theoretical product yields (1.71 and 2.0@l/mol for succinic and fumaric,
respectively) are anaerobically feasible, alsocat pH (< 3). Considering a required high
extracellular total acid concentration, thermodyitafly feasible active transport mechanisms
were found to be 1 Hantiport at pH 3 and 1 Hsymport at pH 7 for both acids, to achieve
sufficient driving force for export of the orgaracid, assuming an intracellular pH of 7. Taking
this transport energy into account shows that ficresid production at low pH requires aerobic
conditions. Alternative aerobic (pH 3) and anaecdpH 3 and 7) networks for fumaric acid and
anaerobic network for succinic acid (pH 3 and # poposed with energy (ATP) characteristics
considered. The effect of acid back diffusion, whigccurs at low pH by the undissociated
organic acid, on the product yield was found todiferent for the studied organic acids, being
positively correlated with succinic acid (due tagth) and negatively correlated with fumaric
acid. Taking these energy aspects of the optimélor& into account, genetic engineering
targets are suggested.

In preparation for publication as: Taymaz-Nikerel, Hamalzadeh E Borujeni AE, van Gulik WM,
Heijnen JJ. A thermodynamic analysis of dicarbaxyéicid production in microorganism¢Equal
contribution).
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3.1.Introduction

The production of chemicals from renewable feedstocising microorganisms receives
considerable attention due to the ever increaswsgsipilities of genetic engineering and the
contribution to decreasing GQemissions. Especially multifunctional moleculegntining
alcoholic and carboxylic acid groups, are of insérbecause of their application in polymer
production, which represents a very large markeué®get al. 2008). Four carbon 1,4-diacids
(succinic, fumaric, and malic) are considered ag of 12 top chemical building blocks
manufactured from bio-feed-stocks in a report frdta USDOE (US Department of Energy,
2004).

As a consequence, the biotechnological procesdesatur on very large-scale, where from a
cost point of view one desires the highest yieldpafduct on substrate, low cost of auxiliary
chemicals (e.g. pH control) and low cost of doweatn processing (DSP). A general approach
to evaluate these aspects, leading to relevanetsargr genetic engineering, is therefore of
interest and is the focus of this contribution. Tagproach will be illustrated using two
dicarboxylic acids (succinic and fumaric acid) avitl be thermodynamically-based, ensuring its
general applicability to any other product of i

Outline of the approach

For dicarboxylic acids, one has to consider seaspécts:

» There is production of acid, which requires thestonption of alkali for pH control in
the fermentation process. In DSP the conventiorgthad to obtain the undissociated
acid (needed in the final polymerization processegpires the addition of an inorganic
acid solution. Overall, this leads to the consunmp®f stoichiometric amounts of alkali
(e.g. CaC@ and acid (e.g. }$Oy) leading to production of stoichiometric amounts o
salt (e.g. CaS§). Purchase of the alkali and acid and disposathef salt pose a
significant cost factor of about € 0.30 per kg acide Appendix 3.4.1). Economically it
is therefore desirable to perform the fermentatwacess at low pH, producing the
undissociated acid, which avoids the need for thesdiary agents.

* The dicarboxylic acids are produced in metabolactien networks, which require that
the product is exported over the membrane. While th no problem for alcohols
(passive diffusion is possible), the intracellybmesent organic acid anions (charge -2)
require special transporters which must achieverggired large out/in concentration
ratio of the acid which is typical order of *LQbecause typical intracellular
concentrations of the dicarboxylic acid anions arder 10° M, and an economically
viable process requires about 1 M concentratiothénbroth). Therefore, the export of
the acid has an energy aspect. This energy aspenteih augmented because all the
produced HF must also be exported against thegradient (proton motive force).

» Organic acids, especially at the preferred lowaodtular pH, can only be exported
using energy consuming active transport mechanasnsxplained above. However at
low pH, the richly available extracellular undisigded organic acid can freely diffuse
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back into the cell, leading to an energy consun(fatile) cycle of export and import of
undissociated acid. This energy drain leads tceag@éd product yield.
« Atlow pH organic acids often reach a solubilityi.
Our approach uses a thermodynamic framework toya@ahe production of dicarboxylic acids
(succinic and fumaric) from glucose at low pH witspect to stoichiometry and energy aspects
of the black box theoretical product reaction ahdamdidate metabolic networks.

3.2.Black Box thermodynamic analysis of the theoretical dicarboxyliacid
product reaction

This analysis will present for the two organic acile maximal theoretical yield, the theoretical
product reaction, the consumption of alkali, thenosc strength and the amount of solid product
as function of pH, and finally the calculationA®, as function of pH.

3.2.1.Maximal theoretical product yield

A product made by microorganisms is the result ahetabolic network. Theoretically, the
highest product yield is obtained when the organtdmes not spend substrate for growth,
maintenance or external electron acceptor (AsThis leads to a theoretical situation where one
envisages that the cell only makes the intendedymtounderanaerobic conditionswhere all
electrons from the substrate end in the produa. thboretical maximal yield then follows from a
simple balance of degree of reduction (Roels 1983):

Yéi;eor mol P -Js (3.1)
molS) vp

Assuming glucose ({E11,0s, Vs = 24) as a renewable substrate and consideringnstiacid
(C4HgO4, Yo = 14) or fumaric acid (§H404, Vo = 12) as products gives 24/14 = 1.71 and 24/12 =
2.00 as maximal theoretical molar yields for suicisnd fumaric acid per mol glucose. This
theoretical maximal yield would be achieved anaealy and is not based on any metabolic
reaction network assumption. In principle, thisclkl®ox result poses a theoretical maximum for
any conceivable network, which starts with glucasd produces the acid as only product. The
feasibility of this yield needs however first to bleecked from a thermodynamic point of view,
for which the stoichiometry of the theoretical puotireaction is needed.

3.2.2.Stoichiometry of the theoretical product reaction

A dicarboxylic acid in aqueous solution is composed 4 different species which are
undissociated acid dissolved in water (aq), dua tomited solubility (see Figure 3.1) there is
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solid undissociated acid (s) present and the disdalindissociated acid dissociates at increasing
pH into its mono (-1) and di (-2) anion.

Loy
o
L
oo

Solubility [M]

T[°C]

Figure 3.1: Solubility of undissociated fumaric aai (open symbols) and succinic acid (closed
symbols) (Yalkowsky and He 2003) as function of teperature.

Considering the four product species, and usingisiecacid as an example, we can write the
product reaction as (note that consumed compouads hegative coefficients and that £i©®
assumed to be in equilibrium with the gas phase):

a GH1206(aq) + b CQ(g) + ¢ GHsO, (s) + d GHsO4(aq) + e GHs0,(aq) (3.2)
+fCH,0,5(ag) + gHO + h H

The 8 coefficients (a to h) can be calculated Hevis, where we distinguish two regimes.

Dissolved acid regime

In this regime there is absence of solid produetce ¢ = 0 in equation (3.2). 7 stoichiometric
coefficients remain to be calculated. The requifesjuations are:

* 4 conservation (C, H, O, charge) equations:

6a+ b+ 4(d+e+f) =0 (3.3a)
12a+6d +5e +4f+2g+h=0 (3.3b)
6a +2b + 4(d+e+f) +g=0 (3.3¢)
-e-2f+h=0 (3.3d)

e The product sum relation:
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We assume that the sum of all acid species equalsl {knowing ¢ = 0).
d+e+f=1 (3.3e)

e Two dissociation equilibrium relations:

The dicarboxylic acids have two dissociation edpuié with dissociation equilibrium constants of
pK; and pk.

HA < HA + H'
HA & A +H'

This gives the following two relations when we cdes a situation where the stoichiometric
coefficients of the succinic species become idahtic their concentrations (which require that
the sum of all organic acid is equal to 1 mol/l):

= 10°HP% (3.3f)

—h

— = 10PHPKe (3.39)

(0]

Table 3.1 shows the pK values for succinic and ficrecid at an assumed temperature of@5

Table 3.1: pK; and pK,values for fumaric and succinic acid
dissociation at 25°C (Alberty 2003)

Compound pK, pK,
Fumaric acid 3.09 4.60
Succinic acid 4.21 5.64

The above 7 relations (3.3a to 3.3g) can be usedbtain the 7 coefficients a, b, d, e, f, g, h as
function of pH. h represents the molar amount dbpkbduced per mol of total dicarboxylic acid,
which equals 2 at higher pH. d, e, f representatineunt of the three organic acid species. If we
assume that the fermentation process needs (fmoeto DSP) a total product concentration of
e.g. 1 mol/l, then d, e and f represent the comatohs of the three acid species (dissolved
undissociated, mono- and di-dissociated). b reptsegbe consumed G@nd a is the consumed
glucose. Assuming glucose-limited continuous feriagéon, where the residual glucose
concentration can be neglected, the coefficiergpmeasents then the concentration of glucose in
the feed solution (assuming equal in and out flates).

Solving the 7 equations shows that coefficientaglaare independent of pH. b follows from the
C-balance and a follows from the balance of degreeeduction as shown in Eq. (3.1), a =
(Ysp™)™. The theoretical minimal glucose consumption pet atid is a = 1/1.71 = 0.58 mol
glucose (succinic acid) and a = 1/2.00 = 0.50 rhatage (fumaric acid).
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Interestingly, there is also pH independent,€@nsumption, b = 0.50 and 1.00 mol g&&r mol
succinic and fumaric acid, respectively.

d, e, f and h depend on pH. At high pH the amotrgroduced H (h) = 2.0, because the only
acid species is the -2 acid (f = 1). At decreagihgthe stoichiometric coefficient h (-2 species)
decreases monotonously, f (-1 species) increaskshan decreases, and d (undissociated acid)
increases monotonously (see Figure 3.2).

Solid acid regime

Below a certain pH the concentration of undissediatcid will rise beyond its solubility (Figure
3.1). At 25°C for succinic acid this solubility limit of 0.64 atil is reached at pH = 3.95, for
fumaric acid the solubility limit (0.047 mol/l) irached at pH = 4.11.

Below these pH values, we enter another regimeyavielid acid is present. In this regime the
stoichiometric coefficient ¢ 0 but the dissolved undissociated acid (d) remegrsstant at its
solubility limit, hence now d = 0.64 and 0.047 &rccinic and fumaric acid, respectively. The
above 7 equations can then be solved again torotttaiother coefficients which apply to the low
pH range (see Figure 3.2). Figure 3.2 shows thatlatv pH of about 3 most (90 %) of fumaric
acid is present as solid, making DSP very attractit low pH most succinic acid is present as
dissolved acid.

3.2.3.Alkali consumption, osmotic stress and ionic strength

The theoretical product reaction stoichiometry (ifgy3.2) shows that at different pH there is a
different amount of H produced meaning that different amounts of alkakeds to be added.
Usually NaOH or CaCgis used, and the cost of alkali (in fermentatianyl acid (in DSP) is
considerable and is calculated at about € 0.30¢ld) @ ppendix 3.4.1). The addition of alkali to
the bioreactor for pH control leads then to accatioih of Nd at higher pH, which causes a
steep increase in osmotic and ionic strength. Ei@u8 shows the results. It appears that increase
of pH from 1 to 8 leads to steep increase in osngttiess with maximum (at pH ~ 6) osmotic
strength equalling 3 mol/l. Also the ionic strengtbreases and given 1 M of total dicarboxylic
acid, the maximal ionic strength equals also 3rbgtingly at low pH (~ 3) the ionic strength
becomes close to zero for both acids but the osnsttength is different, being low (~ 0) for
fumaric acid (low solubility) and much higher (-6M) for succinic acid.

Clearly, a low pH is not only economically advamags due to absence of alkali need in
fermentation and acid need in DSP, but the celtsadso exposed to much lower ionic/osmotic
stress. Especially for the low soluble fumaric ateg osmotic/ionic stress at low pH is marginal.
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Figure 3.2: Stoichiometry of organic acid speciesna H™ in the theoretical product reaction
for 1 mol total organic acid as function of pH at 3 °C (a) fumaric acid, (b) succinic acid.
The arrows indicate the solubility limit.

3.2.4.Thermodynamics of product formation

Having elaborated the theoretical product reacdioichiometry as function of pH (Figure 3.2), it
is easy to calculataG,. Here the standartiG;° values were used (25 °, see Appendix 3.4.2). In
addition, we assumed that the residual glucose esuration is 1 mM and that the G@
supplied as gas at 1 bar pressure (standard camditi

AG; depends also on temperature and ionic strength.c@uaulation shows that the effects are
minor (only a few kJ difference, results not showmfich agrees with the conclusion of Maskow
and von Stockar (2005).

Using the results of Figure 3.2, the valueA@, follows (Figure 3.4), which shows three main
results:

1. For both dicarboxylic acidaG, (kJ/mol acid) is very negative. Therefore the tieioal,
anaerobic product reaction could allow productiémiochemical useful energy (ATP,
pmf).
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b 3.0

Osmotic strength [M]
lonic strength [M]
=
[§)]

pH pH

Figure 3.3: Osmotic (a) and ionic (b) strength of toth as function of pH for succinic acid
(closed symbols) and fumaric acid (open symbols).

2. AG; becomes less negative with decreasing pH untilitapdl ~ 4. Below pH ~ 4 most
of acid is in the undissociated form and the pteetftlisappears. Clearly a low pH leads
to less energy production potential. The econordiaatage for fermentation and DSP
at low pH obviously is at the expense of the enepggduction potential for the
organism.

3. AG; for fumarate is, in the whole pH trajectory, sigrdntly less negative than for
succinate. This shows that much easier DSP of fignaanid (solid product) is at the
expense of the energy production potential foratganism.

These results shows a general trade-off behavidtir respect to the total available Gibbs
energy, between the Gibbs energy available footiganism, the Gibbs energy consequences of
low pH (in the fermentation and DSP) and presefseface of solid product (DSP); there is no
such thing as a free lunch, somebody has to pay!

3.2.5.Thermodynamics of dicarboxylic acid transport

Thermodynamically feasible transport mechanisms

In the previous paragraph, it has been shown foeisic and fumaric acid, also at low pH (~ 3),
that the theoretical anaerobic product reactidghasmodynamically very feasible from an overall
(black box) point of view.

This means that in principle the proposed theaskpcoduct reaction under anaerobic conditions
could function as sole source of biological enef8¥P, pmf) for the producing organism. The
amount of biological useful energy harvested frdma &vailable Gibbs energnG,) however
depends on the metabolic pathways employed. Thethsvpys can be very diverse, but they all
have in common that the produced acid (anions dhanidst be exported. Therefore, part of the
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Gibbs Energy of Reaction
[kJd/mol acid]

pH

Figure 3.4: AG, [kJ/mol acid] of succinic acid (closed symbols) ahfumaric acid (open
symbols) as function of pH.

ATP or pmf produced in the network is needed fad @xport, diminishing the ATP available for
growth and/or maintenance. This export is commoraltcacids and therefore it is useful to
consider this separately from metabolic pathwaysi®rations. Metabolism occurs inside the
cells where pH is considered to be constant atratg@ = 7. This shows (Figure 3.2) that the
pathway produces the -2 charged dicarboxylate amioth 2 H. Anion and H need to be
exported from the cytosol by transport mechanishiesenable proper transport thermodynamic
calculations, we first need to define the intradall and extracellular conditions.

The extracellular conditions cover a range of aé&$H, between 1 and 8. For succinic
acid (Figure 3.2a), the total dissolved organid acincentration decreases from 1 mol/l
at high pH to about 0.64 mol/l at low pHtue to the presence of solid acid. For fumaric
acid (Figure 3.2b) the total dissolved organic amdcentration decreases from 1 mol/l
at high pHto only 0.047 mol/l at low pkidue to the low solubility of the undissociated
fumaric acid (Figure 3.1).

The intracellular conditions are characterized bgeatral intracellular pH(= 7). In
addition, the intracellular concentration of dicaxplic acid is needed. Recent
measurements ifescherichia coli (Taymaz-Nikerelet al. 2009) or Saccharomyces
cerevisiae (Canelast al. 2009) show concentrations of order 1 XM,

A most important aspect for transport of chargedlemdar species is that the
intracellular space has an electrical potentjallts value depends on the extracellular
pH, in such a way that the so-called proton motivecdo(pmf) remains constant
(homeostasis) when the extracellular pH changeis. gihf homeostasis concept leads to
the following relation betweew (in Volt) and extracellular pH

+Z25R (ot -pH ). (3.4)
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In this relation R and F are the gas constant @.8110° kJ/molK) and Faradays
constant (96.5 kJ/Volt e-mol), leading for T = 20&o a value of 2.303RT/F = 0.059 V.
A typical value for the proton motive force is, pmD.15 V.

Equation 3.4 shows that the electrical potentialde is negativey = -0.15 V) when
pH, = pH, whereas at lower outside pH (e.g..pH3), the potential becomes positive (
=+0.084 V).

The above defined situation around the membrane/shioat we need a mechanism, which can
transport the dicarboxylic acid from a low (0.00) Mtal acid concentration inside to a much
higher outside dissolved total acid concentratib0.047 M (fumarate) and 0.64 M (succinate).
This usually requires active transport wheretidnsport is coupled to the acid export of one of
the three acid-species (undissociatedpA?). At pH, = 7 and an intracellular total dicarboxylic
acid concentration of 1 x TOM, one can calculate from the dissociation eqriditthat the
concentration of undissociated acid is 6.78 X M(succinic) and 4.90 x 18 M (fumaric acid),
while the concentration of monodisscociated acidaéxj4.18 x 10 M and 1.23 x 10 M,
respectively. Clearly nearly all intracellular aé¢&present as the dicarboxylate, while the other
species are in general present at less than uM. [Ekerefore we assume that the anion (-2)
species is exported, together with export of ‘imtdl A%, The anion export process can now be
written as:

Aizn_ +nHy - Ag[;t +n Hy, (3.5)

This transport process shows that the transpotejrexports the (-2) anion A together with n
protons. n has different values for the differensgible transport mechanisms. For uniport n = 0,
for symport and double symport n = 1 and 2, foipamt and double antiport n = -1 and -2.

Using standard thermodynamics, and recognizingttteae is an intracellular electric potentjal
leads toAG; for the transport process defined in Eq. (3.5) as

AG;, = 2.303 RT log(AZ/A?) - 2.303 n RT (pH—pH) — (n - 2) Fy. (3.6)
We have already seen that the electrical potentd@pends on the extracellular g(H#g. 3.4) and
the pmf. Elimination ofy leads to the achievable equilibrium out/in rati@nions(A2/A*) as
(AG, = 0):

a2 -2)(-pmf)F
log(AZ/A ) %=2(pH_ -pH, )+1-2PMAOF. 3.7
0g(A5/AT) **=2(pH, -pH, ) 5 303RT (3.7)

In this equation pmf is the proton motive forceMalts which is considered to have a typical
value of + 0.15 V and 2.303RT/F = 0.059 V at 25 E@Quation (3.7) gives the equilibrium out/in
ratio of the (-2) anion. In practice, one measutestotal acid ratio. The equilibrium relation

between the (-2) anion acid ratio (Eq. 3.7) andtttal acid ratio (4/A;)%? follows from the
dissociation relations (see also e.g. Eq. 3.3fEqd3.3g) as
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A [10PKatPK220Ho L PR PHo 4 1) (A2 e
A ) aoPRePe R g ke PR )| A2 ) (3.8)

I
Elimination of the (-2) anion acid ratio from E@®.7) and Eqg. (3.8) gives the equilibrium out/in
ratio of total acid A/A;. The equilibrium total acid ratio, assuming a ¢anspH and a constant
pmf, then only depends on pHhe pK , values of the acid and the number of protons (n)
involved in the transporter mechanism (n = 1, 2sigmport of 1 or 2 protons, n = 0 for uniport, n
= -1, -2 for antiport of 1 or 2 protons).

Figure 3.5 shows that the achievablg equilibrium ratio drops steeply with decreasing,pH
until pH 3 and increases steeply with decreasirfffam symport (n = 1) to uniport (n = 0) to
antiport (n = -1)). Using Figure 3.5 we can seldot, each acid, the thermodynamic feasible
transport mechanism (number of protons involvedictv yields the required £A; ratio at two
relevant pH values (7 and 3). Farccinic acid (Figure 3.5a) the total acid concentration outside
decreases from 1 M (pH = 7) to 0.64 M (pH = 3). afhg 1 mM as inside concentration leads
to a required ratio 4A; as function of pH as indicated (horizontal daslwek) in Figure 3.5. To
achieve sufficient driving force it is required thie transport mechanism should allow a4\
equilibrium ratio above the dashed line. At pH =Rgure 3.5a shows that this requires a
mechanism where 1°Hs antiported (n = -1), and at pH = 7 symport (i1)=is suitable. For
fumaric acid (Figure 3.5b) the total dissolved acid decreasesgly with decreasing pH, due the
low solubility of the undissociated acid. At pH =all acid is dissolved and AA; = 1000 is
required, leading to symport (n = 1) as thermodyinalty feasible mechanism. At pH = 3 the
required total acid ratio is about/A; = 100, showing that antiport of 1'Hassuming A3 x 10°

M, is sufficient. We can conclude with respect teertmodynamically feasible transport
mechanisms that for both acids at pH = 7 a symgort 1) mechanism and at pH =3 a1 H
antiport (n = -1) mechanism is required to achisufficient driving force for export of the
organic acid.

Metabolic energy required for dicarboxylic acid exprt

Previously the thermodynamically feasible mechasifon export of the dicarboxylic anion tA
are considered. However, also the produced” 2nidst be exported. At pH = 7 symport is a
feasible mechanism and the anion export takesafaeport of 1 H, leaving 1 H to be exported
otherwise. At pH = 3 an antiport mechanism of "Lisineeded for the anion export, leading to 3
H* per anion which needs to be exported otherwisesxport (which occurs against the proton
motive force) requires a source of metabolic enefdgder the here-considered anaerobic
conditions, ATP is this source. It is now relevant distinguish pro- and eukaryotes. In
prokaryotes H" is exported by a cell membrane bountATPase at the expense of ATP. The
stoichiometry (H expelled per mol ATP consumed) is not completadgtain but can be set
conservatively at 3 (see Appendix 3.4.3). This $etiebn at pH = 7 to 1/3 mol ATP cost and at
pH =3 to 1 mol ATP cost for export of 1 mol orgaacid.
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In eukaryotes, such as yeast or fungi which are considered asllext production platforms at
low pH, H' is expelled by a Hexporter which requires 1 ATP pef KBurgstaller 1997; Serrano
1991). This leads in eukaryotes at pH = 7 to 1 ATOP cost and at pH = 3 to 3 mol ATP cost per
mol of exported organic acid.

In summary the export of dicarboxylic acid, usinigerimodynamically feasible transport
mechanisms, requires the net export of L(pH = 7) and 3 H (pH = 3) per mol acid. For
prokaryotes (e.¢k. coli) this translates per mol organic acid at pH = @ arnto a consumption
of 1/3 and 1 mol ATP, for eukaryoteS. Cerevisiae) into 1 and 3 mol ATP. The massive ATP-
consumption for acid export in eukaryotes is conghjedue to the energetically very wasteful
H*-ATPase for H transport over the cell membrane (1 ATP only exdeH compared to 3 H

in prokaryotes).

This clearly provides a genetic engineering taigetukaryotes (introduce a cell membrarie H
ATPase for H export with H/ATP stoichiometry of 3 instead of 1).

3.2.6.Converting Gibbs energy of the theoretical product reactioninto ATP for
growth

The previous thermodynamic analysis of the thecaéproduct reaction (Figure 3.4) shows that
for both acids at pH = 7 as well as at pH = 3,dhsra large Gibbs energy release (58 (pH = 7) to
23 kJ (pH = 3) per mol fumaric and 148 (pH = 71&5 kJ (pH = 3) per mol succinic acid). Only
a part of this potentially available energy is cemed into biological useful energy (ATP)
depending on the metabolic network used for ac@pction. The biological energy (ATP) is
needed for acid export, cell maintenance and growtlkey issue is to analyze whether the
product pathway, with the theoretical maximal prtdyield, after taking the ATP need for
product export into account, provides a surplusAdiP to allow growth, because then an
anaerobic process with only acid (fumaric or sucgirproduction, leading to the highest
theoretical yield, can be performed. Even more i@ then evolutionary approaches can be
used to improve the rate of product formation ofjireered strains with this pathway because
faster production leads to faster growth due to ABBed coupling between product formation
and growth (Kuypeet al. 2004; Wisselinlet al. 2009).

Fumaric acid

Figure 3.6a showir pH = 7 the network which anaerobically converts glucaséutnaric acid.
We will discuss first the energetically most favalble anaerobic network which uses malic
enzyme to reductively carboxylate pyruvate to nealatthout ATP consumption (the other
energetically more expensive possibility is cardatign of Pyr or PEP to Oaa, which requires 1
ATP per mol G-acid). The pathway is redox neutral because theogltic NADH is consumed
by the NADH coupled malic enzyme. The fumarate argaport (1 H symport) requires the
additional export of 2 — 1 = 1'Humarate which is performed by a prokaryotic AT Pase
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Figure 3.5: Out/in equilibrium total acid concentration ratio (A /A;) as function of pH,, for
antiport n=-1 (squares), uniport n=0 (stars) and sspnport n=1 (circles). (a) Succinic acid, (b)
Fumaric acid. Horizontal dashed line is the minimakequired ratio (A; = 10° M).

(stoichiometry of 3 ATP, see Appendix 3.4.3), demanding 1/3 ATP pet awid. The net
ATP production is then 2/3 ATP per mol produced dwim acid, as indicated in the overall
reaction (Figure 3.6a). This amount is availabledgimwth and maintenance and is equivalent to
2/3 x 45 = 30 kJ of biological energy, which is abb0 % of the potentially available energy (~
58 kJ, Figure 3.4 at pH = 7). The difference, 3(pkd mol produced acid, is needed to provide
thermodynamic driving force for each of the 13 t&ans in the network.

Figure 3.6b showsgor pH = 3 the network, which is only different from Figure6a in the
exporter used, which is now a I Entiporter. This results in a required export dfi'3per mol
acid, which consumes 1 ATP by the prokaryotic m@imbrane HATPase. The end result is that
the pathway produces 0 ATP, showing that the 2th&dretical available Gibbs energy (Figure
3.4) does not allow any ATP synthesis. We couldchate that in the fumarate product network
20 - 30 kJd/mol product is needed to assure thermenaic driving force for the 13 reactions. The
ATP analysis shows that at pH = 7 one can perfarmraerobic fumaric acid process with 2 mol
fumaric acid/mol glucose as catabolic reaction \&ith ATP yield. At pH = 3 this is not possible.
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The above anaerobic network at pH = 3 (Figure 3ulgs rather optimistic choices such as the
use of malic enzyme and a/MTPase stoichiometry of 3. More realistic choie¢ghis low pH
are:

« a eukaryotic WATPase with FYATP = 1, because at pH = 3 eukaryotes (yeast,ifung
are known to be much more acid tolerant than pyakes

* use of an ATP-consuming reaction for the carboigtabf C; (Pyr or PEP) to €
(oxaloacetic acid), e.g. pyruvate carboxylase.

This (Figure 3.6c) then leads at pH = 3 tcoasumption of 3 ATP per mol secreted fumaric acid
which then raises the question of how to genetatedquired ATP at pH = 3.

Under anaerobic conditions, ATP production requires the productgdrother organic acids or
ethanol which is economically highly undesirablecdgse the fumaric acid yield decreases
steeply and one obtains a product mixture (acidshals), which poses extra costs in DSP. The
aerobic production of ATP is far more favourable becauserghare no additional products
(except CQand HO) and the extra consumption of glucose to prod\ide is about 5 - 10 times
less than under anaerobic conditions.

The aerobic fumarate production (Figure 3.7) requires an excess production of NARHiIch is
converted to ATP in the electron transport chaif@E Therefore, in addition to the reductive
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Figure 3.6: ATP-analysis for the anaerobic fumaratenetwork. (a) pH = 7, symport for acid
export, malic enzyme, H/ATP = 3 (prokaryotic), (b) pH = 3, antiport for acid export, malic
enzyme, H/ATP = 3 (prokaryotic), (c) pH = 3, antiport for acid export, pyruvate
carboxylase, H/ATP = 1 (eukaryotic).
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(NADH consuming) fumarate pathway (Figure 3.6) oreeds an oxidative (NADH producing)
fumarate pathway. This oxidative pathway to fumaratolves the conversion of pyruvate to
Acetyl-CoA followed by the glyxolate pathway overcsinate to fumarate.

Figure 3.7 shows the aerobic fumarate network aBpthich consists of a reductive branch, the
oxidative glyoxylate branch, and the electron tpamschain to convert NADH/FADEfrom the
oxidative branch and the extracellular electroneptar Q to produce the required ATP by
oxidative phosphorylation. Furthermore (pH = 3) fuate is exported by Hantiport and the
cytosolic H is exported using a eukaryoti¢4ATPase with FYATP = 1.

The produced NADH and FADHare consumed by the ETC, where for the eukarystianism
(yeast) it is assumed that 1 NADH gives 1.25 ATB ar-ADH, gives 0.75 ATP (van Gulik and
Heijnen 1995).

The aerobic fumarate network (combined reductividative path) with balanced ATP then
shows the following stoichiometry:

-2 glucose - 3 @+ 3 (Funt)ou+ 6 HO + 6 (Hout (3.9)

leading to a theoretical stoichiometry of 1.5 moinfirate/mol glucose. This network requires
thata-ketoglutarate dehydrogenase is knocked out fraTDA cycle.

Succinic acid

The black box thermodynamic result of succinic g€idjure 3.4) shows that the available Gibbs
energy is much more than for fumaric acid.

The anaerobic metabolic network for succinic addsists of a combination of a reductive route
(which requires a net input of NADH for the redoctiof fumarate to succinate) and the oxidative
route which converts pyruvate to succinate and NABkhg the glyoxylate route (Clark 1989).

NADH-balancing of oxidative and reductive routeads then to the previous theoretical black
box reaction, with a yield of 24/14 mol succiniddaper mol glucose. The key question is now
about ATP aspects of succinate production, whichshaprisingly received little attention.

For the reductive path one usually makes traditioctaoices such as ATP needed for
carboxylation of pyruvate to oxaloacetate and asgfic dehydrogenase which reduces fumarate
to succinate. This gives as overadtiuctive reaction:

-1 glucose - 2 NADH -2 CO+ 2 (Sud)i, + 4 (H)in
For theoxidative (glyoxylate) path it follows
-1 glucose + 1(S{;, + (2H)in + 2 ATP + 5 NADH + 2 CQ

Multiplication of these reactions with 5 respectiwv@ gives as overall reaction the black box
reaction, but now also the ATP stoichiometry isaifetd for production of 12 succinic acid:
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Figure 3.7: Network and stoichiometry for aerobic timarate production at pH = 3. Aerobic
combined reductive and oxidative (glyoxylate pathfumarate pathway with ETC (NADH
gives 1.25 ATP, 1 FADH gives 0.75 ATP), eukaryotic H-ATPase (H/ATP=1) and ATP
requiring carboxylation of pyruvate. There is no growth and no net ATP production.
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However for a full ATP-balance we need to take gndor acid export into account.

At pH = 7, 1 H'-symport represents a thermodynamically feasibpoexmechanism, leaving 12
H* to be exported by HATPase. Assuming a prokaryotic ATPase, which etgp®H at the cost

of 1 ATP requires 12/3 = 4 ATP for export of Heading to 0 ATP per mol secreted succinic
acid. Hence anaerobic succinate production at ptkiig this traditional networkloes not
provide ATP. This means that ATP must be produced using teedit pathways (leading to
ethanol, acetate secretion). Indeed all publishellgryotic succinate producing systems at pH =
7 show production of these by-products (Hong anel 2@01; Jantamet al. 2008; Millardet al.
1996; Sancheet al. 2005a; Sancheat al. 2005b; Stols and Donnelly 1997; Vemaitrial. 2002a;
Vemuri et al. 2002b; Wanget al. 2006; Wuet al. 2007). This, according to our analysis, is
completely due to a need to generate ATP for maamtee and growth.
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At pH = 3 the H-antiport transport mechanism leads to 36 mbiuHich need to be exported. At
low pH it is generally accepted that eukaryotesraoee acid-tolerant than prokaryotes and it is
therefore useful to assume the presence of a enti@iy -ATPase (H/ATP = 1), which leads to
the consumption of 36 mol ATP to export 12 suceanétading to an overall need of 36 - 4 = 32
mol ATP for 12 succinic acid.

We observe now a tremendous discrepancy betweepotieatially available (Figure 3.4) Gibbs
energy (which would maximally allow production dfaut 2 ATP (pH = 3) or 3 ATP (pH = 7)
per mol secreted succinate) and the net ATP balaihtte conventional network (0 ATP at pH =
7 and at pH = 3 a consumption of 32/12 mol ATPsuecinic acid).

This indicates that there occur major losses ob&ibnergy in the network. Global inspection of
reaction thermodynamics points at 3 reactions, wisie the eukaryotic HATP-ase, the ATP
requiring carboxylation of pyruvate and the fumanaduction to succinate (Appendix 3.4.3).

Figure 3.8a and 3.8b shows (for pH = 3 and 7) isdiidre networks where the cytosolic fumarate
reduction with NADH is replaced by a membrane boorehaquinone-based electron transport
chain which exports Husing the large Gibbs energy release of the furmaealuction reaction.

Appendix 3.4.3 shows that we can expect an exddtté" per fumarate which is reduced. This
proton export partly replaces the use of the highifavourable eukaryotic HATPase for H
export and is therefore of crucial importance. didiion it is assumed that the excess exported
H* is imported by a reversible'ldonsuming ATPase (with prokaryotic 3/ATP) to make ATP.

It is clear that with this modification succinateguction is possible with ATP-production under
anaerobic conditions at pH = 3 and pH = 7 with 2{i2 = 3) and 10/12 (pH = 7) mol ATP/mol
secreted acid. These networks then conserve pesunoinic acid an amount of 2/12 x 45 = 8 kJ
(pH = 3) to 10/12 x 45 = 38 kJ in ATP (pH = 7), ehiis only about 6 - 25 % of the available
energy (Figure 3.4). Of course the ATP yield wiltiease when the ATP-requiring carboxylation
(pyruvate carboxylase) is replaced by e.g. malizyere. This will increase the produced ATP
per succinate to 12/12 (pH = 3) and to 20/12 (pHAncreasing the Gibbs energy efficiency to
about 36 - 51 %. The Gibbs energy loss in this mmoine complex network of 20 reactions is
then around 75 kJ/mol succinate.

3.2.7.Acid back diffusion at low pH

A final energy aspect at low pH is that the sedetedissociated organic acid diffuses back at a
rate determined by the extracellular concentratibthe undissociated acid. For fumaric acid at
low pH this fumaric acid concentration is constéswlubility limit) and therefore this back
diffusion flux is constant (= 20.0 mmol acid/CmofXmeasured, (Jamalzadehal. 2010)).
Assuming @ = 20 mmol/CmolX/h, Figure 3.9a shows the relatimiween fumarate specific
productivity ¢ and the glucose and,@onsumption per mol fumarate using the network of
Figure 3.7, but now extended with acid back diffusi(see Appendix 3.4.4 for detailed
calculations). Obviously this back diffused acidstioe exported again at high energy cost,
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acid/CmolX/h the @and glucose stoichiometry approaches the theatdigit.

Also undissociated succinic acid can diffuse bae&ding to extra ATP need to export this acid
(see Appendix 3.4.4). Now, in contrast to fumardidathis leads to increase in succinic acid
yield on glucose because less ATP can be consumegrdwth. Figure 3.9b shows that at

decreasing g the glucose consumed per mol succinate decreabeg, slightly.

3.2.8.Genetic engineering targets

For real networks the harvested ATP-energy mudese then the available Gibbs energy. It is
therefore of interest to inspect the Gibbs eneoggés which occur per reaction. This approach is
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Figure 3.9: (a) Glucose and @required per mol fumarate as function of specifidfumarate
production rate assuming the aerobic/pH=3 network b Figure 3.7 and fumarate back
diffusion rate of 20 mmol/CmolX/h, (b) Growth rate p [h™"] and required glucose per mol
succinate as function of specific succinate producn rate assuming anerobic/pH=3
network of Figure 3.8a and succinate back diffusiomate of 20 mmol/CmolX/h.

highly useful to find genetic engineering targetsrhore energy conservation.

A clear genetic engineering target in eukaryotethésintroduction of a cell membrane bound
H*-ATPase with F/ATP stoichiometry of 3 (as in prokaryotes) insteafd1 (as in ABC
transporter), for Hexport.

For succinic acid an important target is to coufplmarate reduction to proton motive force
generation. For both acids replacing pyruvate carlase by malic anzyme for anaplerosis will
increase the ATP production, thus decrease ATP ¥dih all these modifications around 30 -
50 % of the available Gibbs free energy can be exdad to ATP.

3.3.Conclusions

The microbial production of dicarboxylic acids, simc and fumaric, from glucose at low pH at
25 °C was analyzed using a thermodynamic approach. friesblack box anaerobic theoretical
product reaction was studied with respect to tlmckiometry of the individual species of
dicarboxylic acids and Gibbs energy formation of theoretical reaction was obtained as a
function of pH (1 - 8). The results were very preimg with very negativaG, (kJ/mol acid) for
both dicarboxylic acids. The thermodynamically feks mechanisms for product export were
discussed, including their energy need and carglidstabolic networks were analyzed with
respect to conversion of available Gibbs energy AP.

Here we show that analysis on energy aspects of thet theoretical product reaction and then
the metabolic network, including transport, is Midacause it provides the strong and weak points
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of the network, in terms of energy conservation dindctly suggests genetic engineering targets
to further improve the product yield, achievingrmktely anaerobic production.

The energy analysis shows that it seems possilffer (emplementing the suggested genetic
modifications) that succinic acid (at pH 3 and @Ag dumaric acid (at pH 7) can be produced
anaerobically as sole catabolic product with netPAdroduction. At low pH (3) fumaric acid
production must be performed aerobically. Finallg tonsequences for acid back diffusion at
low pH (3) are found to be different for both acids

3.4. Appendix

3.4.1.Acid/alkali cost

The cheapest alkali is CaGQvhich costs about € 270/ton (98 % pure, a higlitypis needed to
produce high purity acid.) The cheapest acid fovm@tream processing is sulphuric acid, (H
SQ,), which costs about € 90/ton (98 % pure). Thisl$efor 1 mol H to a cost of 0.0045 € and
for 1 mol OH to 0.0135 €. The total acid/alkali cost per kgadimxylic acid is then € 0.30/kg. In
addition there are costs for disposal of the preducaSQ

3.4.2.Standard AG;° values

Table 3.2: Standard Gibbs energy of formation 4G;°, kJ/mol) of species at 25C and zero
ionic strength (Alberty 2003)

Compound AG°
Glucose -915.90
HoFum (s) 2 -645.68
H,Fum (aq) -645.80
HFum (aq) -628.14
Funt (aq) -601.87
H,Suc (s) 2 -747.75
H,Suc (aq) -746.64
HSuc (aq) -722.62
Sué (aq) -690.44
H,O -237.19
H* 0

CO; (9) -394.36

2 AG° of solid form of fumaric and succinic acids araadbed by the knowledge that solid form
is in equilibrium with the aqueous form when thencentration of aqueous form reaches the

solubility concentrationAG?y; sy A a@g) *RTINC _a@g)): € Hyag) 1S the solubility [M] of
fumaric or succinic acid in water at 26.
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3.4.3.In vivo energy aspects of ATP, proton motive force and fumarate reductase

ATP

ATP is synthesized according to ADP +PATP.

The Gibbs energy (kJ/mol ATP) of reaction folloves(aGg° = 30.9 kJ/mol (Panke and Rumberg
1997))

AGprp=+30.9 + RT |{ ATP j

ADP P

The indicated concentrations are given in Table BiBs shows that the value of ATP/(ADR) P
~ 100, leading to aim vivo value (25 °C) oAGa7p ~ 45 kd/mol.

Table 3.3: Concentrations [mM] of nucleotides and Pin aerobic glucose-limited S.
cerevisiae and E. coli

S. cerevisiae E. coli
ATP 29+0.1 3.36 £ 0.08
ADP 0.71+0.02 1.30 £ 0.0%
P 43 -

®taken from Canelat al. (2009).Concentrations were converted to mM using the fa288 ml
cell/gDW (Theobaldt al. 1997).

Ptaken from Wet al. (2006).

“taken from Taymaz-Nikeret al. (2009).Concentrations were converted to mM using the facto
1.77 micell/gDW (Chassagnoétal. 2002).

Proton motive force (pmf)

A typical pmf value is 0.15 Volt, which translatesing Faradays constant of 96.5 kJ/V e mol, to
0.15 x 96.5 = 14.5 kJ Gibbs energy needed to exporol H.

With the above result fakGaqp it follows that 3 H can be exported per 1 mol ATP hydrolysis by
the reversible HATPase.

Fumarate reductase in succinate production

Fumarate reductase reduces fumarate to succiniaig N&DH as electron donor. This reaction
is of particular importance because it is a po&mich source of biological energy. This requires
that the reduction occurs by a set of membraneledypoteins which form an electron transport
chain where fumarate acts as electron acceptor WADH as electron donor leading to

succinate. This chain expels.H
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Figure 3.10: The scheme of fumarate respiratory cha (adapted from EcoCyc database
(Keseleret al. 2009)).

Figure 3.10 shows the proposed mechanism whichsierf two reactions:

The first reaction reduces fumarate to succinaitegueduced menaquinone as electron
donor. The equilibrium constant follows then froime trespective standard redox
potentials as = 6895 (25°). Measurements of fumarate and sutEisizow a typical
succinate/fumarate concentration ratio of abou Q(Taymaz-Nikerelet al. 2009),
leading to a maximal ratio of MK/MKE~ 690 showing that nearly all menaquinone is
oxidized.

The second reaction regenerates MKtdm MK using NADH and expels H

NADH + MK + mH*, —» NAD" + MKH, + mH",

We first consideAGg in absence of Hexpulsion. TheAGR® of this reaction is -47.5
kJ/mol (usingAE,' = -0.32 V for NADH/NAD' (Tranet al. 1997) andAE," = -0.074 V
for MKH,/MK (Legeret al. 2001)).

Underin vivo conditions NADH/NAD ~ 0.01 inS. cerevisiae (Canelaset al. 2008b)
and 0.02 irE. coli (Taymaz-NikerekEt al. 2009), which gives an average NANADH
~75.

Also (see above) MK/MKkI~ 690. This gives for thie vivo Gibbs energy of reaction

AGRr=-475+RT IVEEJ =-52 kJ/mol.
690

This amount of Gibbs energy is available to expetqns For export of 1 mol H given the pmf
value of 0.15 Volts, one needs 14.5 kJ, hence tagimal possible stoichiometry is 3 mol'H
expulsion per mol NADH (which consumes 3 x 14.53:54kJ from the available 52 kJ). The
conclusion is that membrane coupled fumarate redeaising NADH can lead to the export of 3

mol H'.
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3.4.4.Effect of acid back diffusion on product yield of dicarboxylic acid

Fumaric acid

Fumaric acid, at pH = 3, shows back diffusion (aate of 20 mmol/h/CmolX) which is constant
due to the solubility limit (47 mM) of undissocidtéumaric acid (Jamalzadehal. 2010).

At pH 3 the acid is exported by ari-dntiporter leading to 3 Hoer mol fumaric acid which need
to be exported. Assuming a eukaryotit-ATPase (H/ATP = 1 mol/mol), acid back diffusion
and its export create a futile cycle, which regaiBex 20 = 60 mmol ATP/h/CmolX.

The catabolic reaction of glucose with @ (assuming P/NADH = 1.25 and P/FARHE 0.75)
leads to 4 (substrate phosphorylation) plus 1®% *.2 x 0.75 = 14 (oxidative phosphorylation),
leading to 18 mol ATP, hence we can write

-1gluc-6Q+6 CQ +6 HO + 18 ATP

Figure 3.7 shows the stoichiometry of the aerdimcaric acid formation reaction:
-2 glucose - 3 @+ 3 (Funt)oy+ 6 HO + 6 (H)out

This gives for substrate and €@onsumption as function of:q

-q —@+Eq
ST18 37
60 3

-Jgo, =6X-— +— Q.
Go2=0X 15 73 F

The glucose and Lronsumption per mol fumarate produced then becomes

mol glucose_ 60/18+(2/3)¢

mol fumarate q
60
molo, _ 6xE +(3/3)g
mol fumarate d '

These yields are shown in Figure 3.9a as functibig0 At high productivity one achieves
asymptotically the lowest consumption of 0.667 mhicose/mol fumarate and 1 mobk/@ol
fumarate.

Succinic acid

It is expected that succinic acid also diffuseskbatcpH = 3. The back diffusion rate is assumed
to be same as in the fumaric acid case (consta2® awmol/h/CmolX), since succinic acid has
much higher solubility but on the other hand hagglomembrane permeability.
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The acid is exported by an"fantiporter and in addition 2 'Hper mol succinic acid needs to be
exported (in total 3 H. Using a prokaryotic HATPase (3H/ATP) (Figure 3.8a), acid back
diffusion and its export requires 1 ATP per molaoic acid. Then thdack diffusion reaction
occurs with a rate of 20 mmol succinate/h/CmolX:

-(Su)in — 1 ATP + (SUB)out

The cataboli@naerobic production reaction at pH = 3 (as in Figure 3.8a), with a ratg;q
-7 gluc - 2 CQ + 12 (Su)ou+ HO + (H o + 2 ATP

Growth reaction, with a rateu:

-1/6 gluc — 1.5 ATP -...+ 1 Biomass...

The ATP balance is:
2 _
P Ogc-1.51-20=0.

This relation can be rewritten (within mCmolX/h/CmolX) aglg, ..~M+120and shows that this
minimal succinate production rate is needed.

The substrate uptake rate will be:

_7 1
-Os _TZ QSuc+6H-

At p = Othere is a minimal .= 120 mmol/h/CmolX and the stoichiometry follows a

mol glucose _ 7/12x12977
mol succinate 120 1.

Forp > Oelimination ofu from the g-relation gives gas function of g,

gz 24 20
Us 108qSuc 9

The stoichiometric ratio of mol glucose/mol succiacid follows as

mol glucose _ (65/108)q,; -(20/9)
mol succinate e '

This relation shows that the stoichiometric ratigghgly increases with &, reaching an
asymptotic value of 7.222/12 mol glucose/mol suatgrnwhere 0.222/12 mol glucose is used for
biomass formation.
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Development and application of a differential methd
for reliable metabolome analysis

Abstract

Quantitative metabolomics of microbial culturesuiegs well-designed sampling amgienching
procedures. We successfully developed and appliiffeaential method to obtain a reliable set
of metabolome data fdgscherichia coli K12 MG1655 grown in steady-state, aerobic, glueose
limited chemostat cultures. From a rigorous analysi the commonly applied quenching
procedure based on cold aqueous methanol, it weduted that it was not applicable because of
release of a major part of the metabolites from ¢bls. No positive effect of buffering or
increasing the ionic strength of the quenchingtsmbuwas observed. Application of a differential
method in principle requires metabolite measuremdnt total broth and filtrate for each
measurement. Different methods for sampling ofurelfiltrate were examined, and it was found
that direct filtration without cooling of the sareplvas the most appropriate. Analysis of culture
filtrates revealed that most of the central metidwland amino acids were present in significant
amounts outside the cells. Because the turnovex tifrthe pools of extracellular metabolites is
much larger than of the intracellular pools, thiedential method should also be applicable to
short-term pulse response experiments without remuimeasurement of metabolites in the
supernatant during the dynamic period.

Published as: Taymaz-Nikerel H, De Mey M, Ras @,Rérick A, Seifar RM, van Dam JC, Heijnen JJ,
van Gulik WM. 2009. Development and application aofdifferential method for reliable metabolome
analysis inEscherichia coli. Analytical Biochemistry 386(1): 9-19.
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4 .1.Introduction

Metabolic engineering of microorganisms requiresprehensive knowledge and understanding
of the functionality and control of the metabolieaction network as a whole. Quantitative
metabolomics plays an important role in obtaininfpimation on thein vivo regulation of
enzymes. Hereby, metabolite measurements are a¢auieunder steady-state conditions, as well
as dynamic conditions, during which a steady-stdtemostat culture is perturbed and the
subsequent response in both extracellular andcigittdar metabolites is monitored (Chassagnole
et al. 2002; Theobaldt al. 1997; Visseret al. 2002; Wuet al. 2006). Taking into account the
high turnover rate of most intracellular metabalitproper measurement of their concentrations
requires rapid sampling and instantaneous quencbingnzyme activity. The significance of
correct measurement of intracellular concentratioihmetabolites is obvious from the fact that
wrong determinations will lead to unrealistic cargibns on the status of the metabolism and,
hence, on the kinetic properties of the enzymes.

There have been several attempts to develop relishinpling methods for quantification of
intracellular metabolites in bacteridowry et al. (1971) published one of the first most
comprehensive metabolite concentration datasetSddrerichia coli during logarithmic growth.
Tweeddaleet al. (1998) and Liuet al. (2000) investigated th&. coli metabolome using
gualitative analysis. Table 4.1 presents the differpublished sampling, quenching and
extraction methods which have until now been appfier metabolite analysis in chemostat-
grownE. coli K12 cells.

Rapid sampling of cells from a bioreactor with #ien to capture highly dynamic changes of
intracellular metabolites in pulse response stud@ssbeen achieved by developed fast techniques
comprising immediate withdrawal of culture brothoirsyringes or tubes containing a certain
guenching fluid. Theobalet al. (1993) developed a fast manual sampling technigqu&hich
samples could be withdrawn in a fraction of a secwith intervals of 2 to 5 s between samples.
A comparable system was developed by Laatige. (2001). To achieve shorter intervals between
samples, an automated sampling device with a marisampling frequency of 4.5 samplés.s
was constructed (Schaeferral. 1999). Another sampling device introduced was tase the
stopped-flow technique, where dynamic responsethénmillisecond range could be captured
(Buziol et al. 2002). Recently, an integrated sampling procedume proposed, whereby the
sampling is carried out through a helical singleetheat exchanger (Schaettal. 2006).

The most commonly used method for fast quenchingllahetabolic activity in culture samples
has been direct sampling into cold aqueous 60 %) (wethanol at -40C. This method was
firstly applied for yeast (de Koning and van Dan®2p In general, removal of the extracellular
metabolites present in the broth is performed bytrfagation of the quenched broth/quenching
liquid solution to obtain a cell pellet. To be sutet no conversion of metabolites occurs,
centrifugation of the broth/quenching liquid mix@tis normally performed at temperatures below
-20 °C (Schaefert al. 1999). Shimizu and coworkers (Hoggeal. 2005; Penget al. 2004;
Siddiqueeet al. 2004) applied a similar method for batch cultuasswell as for continuous
cultures.
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Alternative methods that have been used for quegchf E. coli include rapid freezing of the
sample in liquid nitrogen (Chassagnetel. 2002) and the above-mentioned rapid heating of the
broth by means of a heat exchanger (Scheiah. 2006). The disadvantage of these methods is
that removal of extracellular metabolites is nasgble.

Removal of extracellular metabolites is a preretpii®r proper quantification of the intracellular
metabolite levels. It should be realized here #tidiough the extracellular concentrations of most
metabolic intermediates are generally much lowemnthhe intracellular concentrations, the
amounts present in the supernatant may still bg ganificant because the volume of the
supernatant in laboratory cultivations is typicalyo orders of magnitude larger than the total
cell volume. It has indeed been shown by Boleal. (2007) that in batch cultures of different
bacterial species significant amounts of sevemlrabmetabolites and amino acids are present in
the culture filtrate.

It has been reported that application of the culyemost used quenching method allowing
removal of extracellular metabolites, based on @mdeous methanol (Table 4.1), for bacteria
results in loss of intracellular metabolites dudeakage to the quenching liquid (Boltenal.
2007; Wittmanret al. 2004). Bolteret al. (2007) compared the cold methanol quenching method
with separation and washing of the cells by mednfiitration for different gram-positive and
gram-negative bacteria includifig coli K12 (DSMZ 2670) grown in shake-flasks. Depending o
the microorganism and the metabolites measured, w@thanol quenching either resulted in
either higher or lower concentrations compared \iltration. Because the filtration procedure
took about 30 s per sample, this method does r#aapo be suitable either for rapid sampling
in dynamic experiments or for steady-state measemnesnof metabolites with short turnover
times. Even for yeast cells which are thought tonfmre robust, leakage of metabolites during
guenching has been observed to occur (Villas-Bbak 2005). Villas-Boas and Bruheim (2007)
applied a quenching method whereby cold glycertihsas used as the quenching solution. They
compared it with the conventional aqueous methaobition and showed that the metabolite
levels were much higher when samples were quenuligdthe cold glycerol-saline solution.
However, as they also mentioned in their work, dpelication of glycerol leads to additional
problems because it is difficult to remove from sagnples.

Rabinowitz and coworkers (Brauet al. 2006) developed filter-culture methodology that
involves growing cells directly on filters on tod an agarose-media support. This method
enables quick quenching of metabolism by transfgre filter from an agarose plate into cold
organic solvent, separating cells from their exdtadtar environment.

Subsequently, the quenched cells have to be eattactrelease the intracellular metabolites. For
E. coli, perchloric acid extraction has been the most lyidsed procedure (Buchhodzal. 2002;
Buchholzet al. 2001; Chassagnolet al. 2002; Schaefeet al. 1999). In some cases, different
methods have been used for the extraction of eiffecclasses of metabolites, for example,
alkaline extraction for NADH and NADPH (Chassagneteal. 2002). Maharjan and Ferenci
(2003) investigated the influence of different extion methods i.e. hot ethanol, cold and hot
methanol, perchloric acid, alkaline and methanddiciiorm, on the quantification of metabolites
extracted fronE. coli. They proposed the use of cold methanol becaugs simplicity and the
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fact that it allowed more components to be exticRabinowitz and Kimball (2007) proposed
the use of cold acidic solvent mixtures containemetonitrile for extraction of thé&. coli
metabolome. Hilleet al. (2007b) used buffered hot water (30 mM TEA, pH, B5°C) that was
claimed to result in more reliable metabolite estin compared with buffered ethanol,
unbuffered hot water or perchloric acid fér coli. Clearly, a proper extraction method should
result in complete release of metabolites fromabks, whereby degradation and/or conversion
of compounds should be minimal. The use of coldaexion methods has been advocated to
avoid chemical degradation of compounds. However,avoid enzymatic conversion of
metabolites, efficient protein denaturation shcdaddaccomplished, and this is not always ensured
with cold extraction methods (Kimball and Rabin@\2006).

For the quantification of the metabolites in thdl @xtracts, different kinds of analytical
techniques have been applied, such as enzymat&yssshin-layer chromatography, gas
chromatography (GC), nuclear magnetic resonance RNMnd high-performance liquid
chromatography (HPLC). Presently mass spectron{®g) is the most widely used detection
method, thereby coupled to GC, capillary electrophis (CE) or HPLC as initial separation step.
Advanced LC-MS/MS methods allow more accurate, sblaund sensitive analyses (Lebal.
2007; van Danet al. 2002). For application of LC-MS/MS especially thgorous use of stable
isotope (e.g.”*C) labeled internal standards is a prerequisitebi@in reproducible and reliable
results (Masheget al. 2004; Wuet al. 2005).

The aim of the current study was to obtain a fastreliable method for sampling and quenching
of E. cali K12 cells that would also be applicable to higkhlynamic pulse response studies
carried out in chemostat cultures. Having shown tlmasiderable amounts of metabolites are
present outside the cells, different variationsaofjuenching protocol based on cold agueous
methanol were investigated. A rigorous approach ugesd to quantify metabolite leakage. This
approach was based on demonstration that decreasedunts of metabolites present in the cell
pellets is matched quantitatively with a correspngdncrease in metabolites in the quenching
and washing fluids. Glycolytic, pentose phosphatthway (PPP) and TCA cycle intermediates,
as well as amino acids and adenine nucleotidese wezasured to quantify leakage of these
compounds into the quenching and washing fluidsaAslternative, we applied a differential
method whereby from the quantification of metalesliin both the broth and the supernatant a
reliable metabolite dataset was obtained for stestale cultivatece. coli in aerobic glucose-
limited chemostat culture.

4.2.Materials and Methods

4.2.1.Strain and preculture conditions

TheE. coli K12 MG1655 |, F, rph?, (fnr” 267)del] strain was obtained from The Netherlands
Culture Collection of Bacteria (NCCB). Cells wenegn to stationary phase in shake-flasks on
LB medium. Culture aliquots containing 50 % (vAYyagrol were kept at -88C until they were
used as inoculum of the precultures for chemosia¢rments.
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Precultures were grown on minimal medium with tdofving composition per liter: 5.0 g
(NH,).SO;, 2.0 g KHPGO,, 0.5 g MgSQ.7H,0O, 0.5 g NaCl, 2.0 g Nk€I, 5.5 g glucose.1}D,
0.001 g thiamine-HCI, 1 ml of trace elements sohluifVerduynet al. 1992) and 40 mM MOPS.
The pH of the medium was adjusted to 7.0 with 1BHRCO, before filter sterilization (pore size
0.2um, cellulose acetate, Whatman GmbH, Germany).

4.2.2.Chemostat cultivation

Aerobic glucose-limited chemostat cultures weraiedrout on minimal medium at a dilution
rate (D) of 0.1 H either in 7 | laboratory fermentors with a workinglume of 4 |, controlled by
weight, or in 1 | laboratory fermentors with a wimdx volume of 0.5 I, controlled by means of an
overflow system (Applikon, Schiedam, The NetherlgndThe composition of the minimal
medium was as follows (per liter): 1.25 g (N5$0,, 1.15 g KHPQ,, 0.5 g MgSQ.7H,0, 0.5 g
NaCl, 6.75 g NHCI, 30 g glucose.14D, 0.001 g thiamine-HCI, 2 ml of trace elementsigsoh
(Verduyn et al. 1992) and 0.2 ml silicone-based antifoaming ad&mH, Poole, UK). This
medium allowed a steady-state biomass concentrafi@pproximately 11 gDW/I. The medium
was filter sterilized (pore size Oj2n, polyethersulfone, Sartorius, Goettingen, Germavithout

pH adjustment; the final pH of the medium was 4.Bi@e cultivation temperature was controlled
at 37°C, and the pH was controlled at 7.0 with 4 M KOHeT?7 | fermentor was operated at 0.3
bar overpressure, a stirrer speed of 500 rpm (bwbladed Rushton turbine stirrers, D = 85 mm)
and an aeration rate of 100 I/h. The 1 | fermemtas operated at 0.1 bar overpressure, a stirrer
speed of 700 rpm (two six-bladed Rushton turbiireess, D = 45 mm) and an aeration rate of 30
I/h. Under these conditions, oxygen transfer wdBcsent because the dissolved oxygen tension
(DOT) never dropped below 50 % of air saturaticat thas measured online with a DOT sensor
(Mettler-Toledo GmbH, Switzerland).

During all chemostat experiments the oxygen antharardioxide concentrations in the offgas,
DOT, pH, temperature, reactor vessel weight (oalytlie 7 | fermentor), effluent vessel weight
and the added amounts of base + antifoam were ameditonline. The carbon dioxide and
oxygen volume fractions in dried offgas (permapiterma Pure, USA) were monitored online
with a combined carbon dioxide (infrared) and oxyg@earamagnetic) gas analyzer (NGA 2000,
Fisher-Rosemount, Germany).

Medium feeding was started when the carbon dioxadelution rate (CER) and the oxygen

uptake rate (OUR) during the batch phase preceatimghemostat cultivation, which was carried
out on a medium identical to the feed medium, dedito nearly zero. The chemostat was
assumed to be in steady-state after five residémess, and this was verified from the measured
biomass concentration and the online measuremédntéssolved oxygen and the oxygen and
carbon dioxide concentrations in the offgas.
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4.2.3.Measurement of cell dry weight

From a broth sample, 4x10 g was transferred torifege tubes, the cells were spun down (5000
g, 4°C, 5 min), and the cells were washed twice with%.NaCl solution. The centrifuge tubes
containing the cell pellets were dried in an oved@°C for 48 h until constant weight. The cell
dry weight was obtained gravimetrically; the tulese cooled in a desiccator prior to weighing.

4.2.4.Determination of residual glucose and total organic carbon

Samples of the supernatant were obtained by ragitbkng of broth into syringes containing
cold stainless steel beads followed by immedidteafion (pore size 0.4hm, cellulose acetate),
according to the procedure described by Mashatgal. (2003). The glucose concentration in
these samples was analyzed enzymatically (BoehriMpnnheim/R-Biopharm, Roche). The
total amount of organic carbon (TOC) in the brotid diltrate were quantified with a TOC
Analyzer (TOC-5050A, Shimadzu).

4.2.5.Rapid sampling

Broth sampling: Using a home-built rapid sampling system (Lamgel. 2001), which was
coupled to the fermentor, samples of 1 ml brothewegithdrawn from the fermentor within 0.5 s.
Samples were withdrawn directly into tubes contegrb ml of quenching solution precooled at
-40 °C that were immediately mixed after sampling bytexing. The exact sample sizes were
quantified gravimetrically by weighing the tubeddre and after sampling.

Filtrate sampling: Samples of extracellular culture fluid were obgainwith three different
methods: (B syringe filtration (pore size 0.4fm, cellulose acetate) with cold stainless steel
beads (Masheget al. 2003): quenching of the broth sample with coldnias steel beads and
subsequent filtration, ¢f syringe filtration (pore size 0.4hm, cellulose acetate) at room
temperature without beads: direct filtration of th®th sample, @ centrifugation of the broth
sample at 5000 g, %€, for 5 min. After removal of the cells with on&these three methods, the
obtained filtrate or supernatant was immediatelyedi with 5 ml of quenching solution to
process these samples in the same way as thedanaiples. Also in this case, the exact amount
of sample obtained was quantified gravimetrically.

4.2.6.Quenching procedure

The quenching solutions that were used were: (iY60//v) aqueous methanol, (i) 60 % (v/v)
aqueous methanol + 70 mM HEPES, (iii) 60 % (v/weaus methanol + 0.9 % NaCl and (iv) 60
% (v/v) aqueous methanol + 10 mM tricine. After ncieing of broth samples in one of these
guenching solutions, precooled at “4f) the sample/quenching solution mixture was cferfeid
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for 5 min at 8000 g in a cooled centrifuge (-Z) using a rotor that was precooled at 2@
After decanting, the supernatant (QS) was stored(tC until extraction. Subsequently, the cell
pellets were resuspended in 5 ml of “@Dquenching solution and again centrifuged. Albgs t
second supernatant (WS) was stored afelQntil extraction. For measurement of metabolites
total broth as well as in the culture filtrate, s@me quenching procedure was applied; however,
the quenched total broth mixtures (B) or quenchdture filtrates (F) were not centrifuged, but
after thorough vortexing, 50d of these mixtures was withdrawn for metabolitérastion.

4.2.7.Metabolite extraction procedure

Extraction of metabolites from the cell pelletswasll as from the 50Q samples from the
guenched total broth was performed with the hoamth method (Gonzalea al. 1997). To
analyze the metabolites in the supernatants olatdioen the quenching and washing procedure
(QS and WS) and quenched culture filtrate (F), pl08f each of these solutions was subjected to
the same procedure as for cell pellets. In all €280l of a U3C labeled cell extract of
Saccharomyces cerevisiae was added to the pellets and samples before &rtmacThe cell
extract was prepared as described in &val. (2005). Subsequently the cell pellets and samples
were extracted in 75 % boiling ethanol (3 min,°@). After cooling, the thus obtained extracts
were evaporated to dryness in a RapidVap (Labcdkansas City, MO, USA) during 110 min
under vacuum. After resuspension of each resid®@ul of H,O, cell debris was removed by
centrifugation during 5 min at 5000 g. After dedagt the supernatants were stored at *80
until further analysis.

The reason why the same quenching and extractiooegure was applied in all cases (cell
pellets, filtrates and supernatants) was to obsamialytes with the same sample matrix to the
greatest extent possible. In addition, the boilethanol step ensured the destruction of any
enzymatic activity which could cause conversionnadtabolites before or during the analysis
procedure.

4.2.8.Metabolite analysis

Metabolites of the glycolysis, TCA cycle and PPReavguantified with Isotope Dilution Mass
Spectrometry (IDMS) using the method described by &/ al. (2005). Amino acids were
guantified with IDMS applying GC-MS, using the EZ#&st® Free (Physiological) kit
(Phenomenex, Torrance, CA, USA). Derivatizationhaf amino acids in the samples was carried
out according to the manufacturer’s instructionise Terivatized samples were analyzed with a
Trace GC Ultra equipped with a programmed tempesataporizer (PTV) injector and auto
sampler Al 3000, which was directly coupled to aaclle DSQ single quadrupole mass
spectrometer with an electron ionisation sourddr@in Thermo Finnigan (Boston, MA, USA).
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The concentrations of the adenine nucleotides AMPP and ATP were also analyzed with
IDMS. LC separation of the adenine nucleotides aaomplished with ion-pair reversed phase
LC using an AllianceHT pump 2795 system (Waterslfavil, MA, USA) and an XTerra MS
C18 column (3.5 pm, 100 x 1 mm i.d., Waters, Ird)aiThe mobile phase consisted of 10 mM
dibutylammonium acetate (DBAA) and a linearly iresing acetonitrile content (9 - 29 % v/v).
The MS/MS data were acquired with a Waters Quatitond TM Pt (Micromass, UK). The
electrospray ionization was operated in negativelen@SI-) and the data were collected in the
multiple reaction monitoring (MRM) mode. Furthertaits of the applied LC-ESI-MS/MS
procedure have been described elsewhere (Seiéhr2009).

For each compound group to be analysed, i.e. demtegabolites, amino acids and adenine
nucleotides, 10 different dilutions of a standaiidtore were prepared. To each of these dilutions
the same amount 6fC extract was added. The analysis of these mixaitewed us to quantify
the amounts of'C metabolites in th&C extract so as to convert the measufed’C peak area
ratios to absolute concentrations.

4.3.Results and Discussion

4.3.1.Chemostat cultivations

The aim of this work was to develop a reliable stamgpmethod for quantification of intracellular
metabolites irkE. coli applicable to steady-state chemostat culturesedisas to highly dynamic
pulse response experiments. In this study, allivailons were aerobic glucose-limited
chemostats on a minimal medium, carried out atlatiol rate of 0.1 H. For all chemostat
cultivations, measurements of residual glucosembis concentration, oxygen and carbon
dioxide concentrations in the offgas and mediumoimf and culture outflow rates were
performed during steady-state growth. In addittbe,concentration of TOC in the culture filtrate
was measured in order to verify whether significamounts of by-products were formed. From
these measurements, the biomass-specific ratdaaisge consumption, biomass growth, oxygen
consumption and carbon dioxide production were utated (see Table 4.2). Chemostat
cultivations were carried out in two different actors with working volumes of 4 and 0.5 1. All
chemostat experiments appeared to be reproducibl@a significant differences were observed
between the 4 and the 0.5 I. cultivations with ee$fo the biomass-specific conversion rates, as
can be inferred from the average rates calculatedhie three 4 | and the two 0.5 | chemostat
cultivations which were carried out (see Table 4.2)

Although the growth conditions were aerobic andboarlimited, it appeared from the TOC
measurements that the culture filtrate still camdi a significant amount of organic carbon
(about 20 % of the TOC in the broth). It was vexdfifrom the residual glucose measurement and
HPLC analysis of the filtrate, however, that cortcations of glucose and organic acids were
negligible (results not shown). Therefore, the mead residual organic carbon was attributed to
cell lysis. An indication of this was that the mewl carbon to nitrogen (C/N) ratio of the
filtrate, corrected for the residual ammonia préseras very similar to the C/N ratio of the
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biomass (results not shown). If all organic carbothe filtrate is considered as originating from
lysed biomass, the calculated specific rate of bissrdecay was considerable (approx. 0.2 h
implying that the specific growth ratg') in the chemostat, being the sum of the dilutiaie and
the rate of cell decay, was higher than the ditutiate, namely' ~ 0.12 H-

The measured biomass yield in our chemostat ctiltive was ¥%x = 3.2 CmolX/mol glucose
which is very similar to published biomass yieldsthis E. coli strain under similar conditions
(Nanchenet al. 2006; Pramanik and Keasling 1997). From the lastd¢olumns of Table 4.2, it
can be seen that the recoveries of carbon and redbich are indicative for possible
measurement errors (Roels 1983), were close t&/d.68 both the 4 | and the 0.5 | chemostats.

Table 4.2: Average net conversion rates (g expressed per Cmol of biomass
[mmol/CmolX/h] and carbon and redox recoveries (in%) of the steady-state aerobic
glucose-limited chemostat cultivations oE. coli, carried out at a dilution rate D = 0.1 K in
two different chemostat systems

Chemostat a _ _ Carbon Redox
Volume Ax Gs Goz Geo2 Gop recovery  recovery
4| 123.8+£4.9 38.3t2.9 93.9+3.4 97.1+7.9 20.6x1.7 96.1 97.4
051 121.9+4.1 39.0£2.2 96.6+3.3 101.5+6.0 19.3+2.5 95.5 96.0

1 Cmol is the amount of compound containing 1 niaasbon.
®ax' = Ox +0pp (See text).

4.3.2.Separation of cells and supernatant

To obtain a proper procedure for accurate quaatifio of metabolites in the culture supernatant,
three different separation methods for obtaining filtrate were compared, namely ;F
guenching of the broth sample with cold stainldéesldeads and subsequent filtration (Mashego
et al. 2003), (k) direct filtration of the broth sample without dimg and (k) direct
centrifugation of the broth (see Materials and Me#). Figure 4.1 presents the results of the
measurements of a number of different central noditals and amino acids in the broth (B) and
in the filtrate for the three different filtrate rapling techniques (F F,, F3). The data in this
figure are averages from four replicate samplesrtaffom two independent chemostat
experiments. From these measurements it can bdudgut that the amounts of metabolites
measured in the filtrate depend on the separatiethad applied to obtain the filtrate. It was
observed that method, Rdirect filtration after rapid cooling of the blowith cold beads to a
temperature close to fC) in nearly all cases resulted in the highest artwowf measured
metabolites in the filtrate. For the cases whedeé&d significant differences were found, direct
filtration without cooling (k) resulted in the lowest amounts of measured métabo
Apparently, rapid cooling of the broth and, to ssker extent, centrifugation resulted in release of
part of the metabolites from the cells. This hasrbebserved previously i@orynebacterium
glutamicum and attributed to a high sensitivity to cold sh@@kittmannet al. 2004). According
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to these results, direct filtration of the broththwiut cooling was chosen as the preferred method
to obtain culture supernatant for metabolite qdization.

4.3.3.Metabolite measurements in broth and supernatant

To quantify whether central metabolitesEfcoli are also present in significant amounts in the
culture filtrate during chemostat cultivation, nisslite measurements were carried out in the
broth as well as in the filtrate of steady-staternbstat cultures. The measured concentrations of
metabolites in the filtrate, the amounts of metaéslin the broth and in the filtrate (both
expressed per g dry weight of biomass), and theesponding percentages of the total amounts
of metabolites that are present in the filtrate sirewn in Table 4.3. From these results, it can be
concluded that most of the measured metaboliteprasent in significant quantities, if expressed
per amount of biomass, in the culture filtrate.

The fractions of metabolites outside the cells appe to vary between the different metabolites.
However, no clear trends could be observed. Onth®freasons why most of the measured
metabolites are present in the culture supernasaptobably cell lysis. As argued above, the
measured TOC content and C/N ratio of the filtiatticated that the biomass decay rate might
have been as high as 1/6 of the growth rate ottire. If the release of metabolites to the
supernatant had been caused by cell destructiore abmd no reconsumption by the living cells
would have occurred, the fraction of metabolites the supernatant would have been
approximately 1/6 of the total for each metabolitée fact that this fraction is significantly
higher than 1/6 for more than half of the measuredabolites indicates that there must exist
other processes which cause release of metabibreshe cells.

So far, most authors have considered the presédmoetabolites of glycolysis, TCA cycle or PPP
in the supernatant negligible because the levelg lieen below the detection limits of their
analysis methods (Hillezt al. 2007b; Schaulet al. 2006). However, this clearly does not agree
with the current findings. Due to the sensitivity the applied LC-ESI-ID-MS/MS analysis
method, metabolite concentrations well belowM can be quantified. Due to the fact that the
volume of the supernatant is two orders of mageitiadger than the total cell volume, these low
extracellular concentrations, which in most cagsesbatween 100 and 1000 times lower than the
calculated intracellular concentrations (assumiratew content of the cells of 2.5 ml/gDW),
represent a significant amount of metabolites. &abB shows that 0.58M lle still contributes

to more than 30 % of the total lle present. In agrent with our findings, Bolteet al. (2007)
also detected intermediates from the glycolysisATgcle and PPP in the supernatant for several
bacterial species. Even for yeast cells, many ¢ettalar metabolites have been detected in the
culture supernatant (Canelas al. 2008a). Apart from cell lysis, other explanatidios the
presence of metabolites outside the cells aregbgrirmeability of the membrane for certain
metabolites (e.g. organic acids in their undisgedidorm) and the presence of transporters for a
large range of compounds. It is known that manytdréd species contain transporters for
phosphorylated sugars, includiig coli. According to Schwoppet al. (2002; 2003) the G6P
transporter protein imports G6P and a number oérofthosphorylated sugars via a G6P/Pi
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antiport mode of transport. The presence of sutfaregsporter results in a certain ratio between
extra- and intracellular G6P, depending on theaeetiular phosphate concentration. In &ur
coli cultures the [G6P(in)]/[G6P(out)] ratio was caktgd to be approximately 400.

From the above, it is clear that total broth exica; as used in several published studies
(Chassagnolest al. 2002; Schauket al. 2006) cannot be used for proper measurement of
intracellular metabolite levels. Therefore, the abelites present outside the cells have to be
eliminated prior to the metabolite extraction prewes.

The usual approach, to avoid the interference afabwdites in the filtrate, is to use the cold
methanol quenching method combined with cold cimgation, with or without a washing step.
The advantage of this method is that metabolisnstigoped instantaneously and that all
compounds that are present outside the cells caiféetively removed. However, according to
several studies, quenching with cold aqueous metharior to separation might lead to
additional leakage of intracellular metabolitestirthe cells, especially in the case of bacteria. To
determine losses of metabolites from the cells wtien cold methanol quenching method is
applied, we used a rigorous balancing approachefyethe metabolites in all different fractions
(broth, filtrate, cell pellet, quenching and waghsolutions) were quantified.

4.3.4.Validation of the cold methanol quenching method for chemstat cultivated
E. coli

Steady-state broth samples were rapidly withdrasemfthe chemostat with a dedicated rapid
sampling system and directly quenched in 60 % nmethsolution at -40C (Langeet al. 2001).

To quantify metabolite leakage, metabolite measerdm were performed in the broth (B),
culture filtrate (F), quenching solution (QS), wixghsolution (WS) and in the cell pellets (IC).
This allowed us to verify, from the mass balanaeelach metabolite, whether metabolite losses
could indeed be attributed to leakage because #esuned amounts in the different fractions
should add up to the amount measured in the bidta.results for a number of representative
metabolites from the glycolysis, TCA cycle and P& shown in Figure 4.2 and represent
averages of four replicate samples taken from twdependent steady-state chemostat
experiments. It can be seen from this figure thatrhass balances close well in most cases (> 95
%). From the metabolite measurements in broth dtrdté, the intracellular amount could be
calculated (IG, in the right columns). For all metabolites, theasiwred amounts in the cell
pellets (IC) were much lower than the calculatedamts (ICG,), indicating that the major part of
the intracellular metabolites ended up in the gbhergsolution (QS) and washing solution (WS).
This clearly shows that quenching®fcoli cells in cold methanol results in release of tlagom
part of the intracellular metabolites. Subsequently investigated whether buffering of the 60 %
cold methanol or the addition of salt could redtieeleakage of metabolites during quenching.

Therefore, quenching of the samples was also chote with (i) 60 % (v/v) aqueous methanol +
70 mM HEPES, (ii) 60 % (v/v) aqueous methanol + &NacCl, and (iii) 60 % (v/v) aqueous
methanol + 10 mM tricine, all kept at -4Q. However, no significantly different results were
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obtained for these three alternatives compared twél60 % cold methanol without any additions
(results not shown).
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Figure 4.1: Some examples of measured steady-stamounts of metabolites and amino
acids in the broth (B) and in the culture filtrates obtained with three different methods: i

(quenching of the broth sample with cold stainlessteel beads and subsequent filtration), &
(direct filtration of the broth sample without cooling), and F; (direct centrifugation of the

broth). Bars represent the averages with their stasiard errors of four replicate samples
taken from two independent chemostat experiments afyzed in duplicate.

As an alternative to the cold methanol quenchingcedure, Villas-Boas and Bruheim (2007)
applied cold glycerol-saline as quenching soluf@mS. cerevisiae and Streptomyces coelicolor.
Although the measured metabolite amounts in thepedlets were consistently higher than if
cold methanol quenching was applied, the authorsldcaoot show whether this method
completely avoided leakage of metabolites becansmetabolite measurements were carried out
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Table 4.3: Steady-state concentrations and amountf some metabolites, amino acids and
adenine nucleotides in the filtrate (k), in the total broth (B), percentages of metabolds in
the filtrate, and intracellular amounts in aerobic glucose-limited chemostat cultures grown
atD=0.1hH

F, F, B F,/Bx100 I1C.a

[»M] [pmol/gDW] [pmol/gDW] [%] [ rmol/gDW]
Central Metabolites
G6P 1.33 0.13 9.02 1.5¢ + 0.05 8.1 1.42 .06
F6P 1.12 0.11 .04 0.4€ £ 0.01 21.9 0.38 .04
T6P 0.59 0.055 6.004 0.1¢ + 0.01 29.2 0.13 .01
M6P 0.12 0.011 9.003 0.4¢ + 0.01 2.2 0.48 ©.01
6PG 4.19 0.39 .05 0.4¢ + 0.01 80.4 0.10 H.05
Mannitol-1P 8.51 0.80 6.08 1.7¢ + 0.03 44.8 0.99 H.09
G3P 1.58 0.15 96.02 0.3z + 0.02 46.7 0.17 .02
FBP - - 0.8z + 0.04 - -
F2,6bP 0.68 0.06 £.01 0.41+0.01 155 0.35 98.01
2PG+3PG 6.06 0.57 .04 2.2z + 0.03 25.7 1.65 .05
PEP 5.44 0.51 £.04 2.1z + 0.03 24.1 1.61 .05
Pyruvate 5.18 0.49 6.06 1.2¢ + 0.07 39.3 0.75 £.10
a-ketoglutarate 0.68 0.064@005 0.3¢ £ 0.01 17.0 0.3198.01
Succinate 20.71 1.95@28 4.6( + 0.14 42.4 2.65 .31
Fumarate 0.20 0.019@002 0.2¢ £ 0.01 7.9 0.22 .01
Malate 3.98 0.38 .02 1.32 £ 0.02 28.5 0.94 .03
Amino Acids
Alanine 2.33 0.22 9.01 1.5t + 0.03 14.1 1.34 .03
Asparagine 1.04 0.10a.01 0.6¢ + 0.01 14.4 0.58 H.01
Aspartate 2.77 0.26 &.01 2.8¢+0.03 9.2 2.57 ©.03
Glutamate 16.53 1.56 @&.09 76.2F + 0.70 2.0 74.69 .71
Glutamine 2.30 0.22 £.02 6.3¢ + 0.06 3.4 6.14 .06
Glycine 5.57 0.52 .03 2.0£ £ 0.05 25.7 1.51 .06
Histidine 1.21 0.11 .005 0.2¢ + 0.01 44.0 0.15 .01
Isoleucine 0.55 0.05 8.004 0.17 + 0.01 31.6 0.11 .01
Leucine 0.72 0.07 8.01 0.4% £ 0.02 15.9 0.36 H.02
Lysine 0.84 0.08 .01 1.2¢ + 0.02 6.1 1.21 .02
Methionine 0.19 0.02 €£.002 0.07 = 0.002 25.6 0.05 ©.003
Phenylalenine 1.91 0.18(:02 0.31+ 0.02 58.9 0.13 H.03
Proline 0.90 0.08 .01 0.7¢ £ 0.01 114 0.66 .01
Serine 5.54 0.52 8#.06 10t + 0.06 49,5 0.53 .08
Threonine 1.97 0.19 8.01 0.6F + 0.01 28.4 0.47 .02
Tryptophan 0.21 0.02 6.002 0.0¢ £ 0.001 47.8 0.02 £.003
Tyrosine 0.90 0.08 £.004 0.27 + 0.01 31.4 0.18 .01
Valine 1.30 0.12 .01 0.6% + 0.04 19.5 0.51 .04
Ornithine 1.84 0.17 .01 0.6€ + 0.02 26.2 0.49 .03
Adenine nucleotides
ATP <0.01 <9.43E-4 5.95 10.06 0 5.95 #0.06
ADP < 2.50E-4 <2.35E-5 2.31 #0.01 0 2.314#0.01
AMP <0.01 <9.43E-4 0.91 10.02 0 0.91 #0.02

Note: The indicated errors represent the standardeafthe means.
2 FBP was quantified in the broth only.
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in the broth and in the filtrate. A disadvantage apiplying mixtures containing glycerol as
quenching liquid is the fact that it cannot be eraped and, thus, cannot be completely removed
from the cell pellet.

Until now, no proper alternative to the cold methlaguenching and washing procedure has been
proposed that was demonstrated not to result ikalpa of intracellular metabolites. An
alternative method for the determination of intthdar metabolites inE. coli, whereby
metabolite leakage can be circumvented, is themifitial method, proposed but not applied by
several authors (Bolteet al. 2007; Masheget al. 2007a; Schaubt al. 2006) that was in fact
used above to determine the intracellular metabdalihounts from the metabolite measurements
in broth and culture filtrate (IG).

4.3.5.Application of the differential method

The differential method was applied for quantificatof central metabolites and amino acids in
aerobic glucose-limited chemostat cultures run difugion rate of 0.1 1. After steady-state was
reached, broth samples were rapidly withdrawn ftbhenchemostats and directly quenched and
filtrate samples were obtained by direct filtratitgee Materials and methods). After extraction,
metabolites were analyzed in the broth and inittrate. The results are shown in Table 4.3. Two
different chemostat systems were used, with workiolgmes of 4 and 0.5 I, and the results of
the metabolite measurements appeared to be veilasifor both systems. The averages of
intracellular metabolite measurements from at Idaste independent runs are presented in the
last column of Table 4.3, which also includes th#&aicellular ATP, ADP and AMP levels.
Remarkably, these metabolites could not be detdntdk filtrate because they were below the
detection limit of the analysis procedure.

A possible drawback of the proposed differentialthmd would be that in the case of high

metabolite concentrations in the filtrate, two telly large numbers are subtracted from each
other resulting in large errors in the calculatewlaicellular amounts. It can be observed from the
results in Table 4.3 that the metabolite with tihghlst fraction present in the filtrate was 6PG
(80 %), all others were much lower (50 % or lebB)wever, due to the accurate LC-ID-MS/MS

analysis method and the reproducibility of the iegie chemostat cultivations, the standard
errors of the obtained metabolite quantificatioppeared to be relatively low (Figure 4.2 and
Table 4.3), thereby making the method also applicén metabolites that occur in significant

amounts outside the cells.

An important aspect for meaningful metabolome (iaation is that the sampling and
quenching of the cells is sufficiently fast to dbta proper snapshot of the actual metabolite
concentrations. Therefore, the time between thiedrétwal of the sample and the complete arrest
of all metabolic activity by the quenching procesllghould be significantly shorter than the
turnover times of the intracellular metabolite podrhe residence time of the cells in the applied
rapid sampling device, that is the traveling timeni the chemostat to the tube containing the
guenching solution was estimated to be less tham8(QLangeet al. 2001). The turnover times
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of the intracellular metabolite pools can be estaddrom the calculated metabolic fluxes for the
applied cultivation conditions and the measured paes of the metabolites. This has been done
for intracellular pools of free amino acids of difént microorganisms (Bolten and Wittmann
2008; Wittmanret al. 2004), resulting in turnover times of tens of s@to more than 100 min.
Due to the higher fluxes through the central mdiakqmathways, the turnover times of central
metabolites are generally lower. Using publishedatmelic flux analysis (MFA) results for
aerobic glucose-limited chemostat culturesEofcoli K12 expressed relative to the glucose
consumption rate (Kayset al. 2005), we calculated the flux distributions thrbutpe central
metabolic pathways for the glucose uptake rate aredsin our chemostat cultures (Table 4.2).
From the calculated fluxes and the measured paeksthe turnover times were calculated (see
Table 4.4). It can be seen from Table 4.4 thatttmaover times of the intermediates of the
central metabolic pathways are in the seconds eemonds range. It can be concluded from
these results that the applied sampling procedumald be fast enough to obtain proper
measurements of the intracellular levels of freénaracids as well as the central metabolites.
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Figure 4.2: Examples of results of the balancing gpoach for quantification of metabolite
leakage during the cold methanol quenching proced@. F, amount measured in the
filtrate; IC .5 = B - F, calculated amount in the cell pellet; WS, measuteamount in the
washing solution; QS, measured amount in the quenafg solution; IC, measured amount
in the biomass pellet. Bars represent the averagewiith their standard errors, of four
replicate samples taken from two independent chemts experiments analyzed in
duplicate.
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Table 4.4: Turnover times ) of some central metabolites, calculated from thenetabolic
flux distributions during growth in aerobic glucoselimited chemostat culture (Kayseret al.
2005) at a dilution rate of 0.1 H (see text) and the measured pool sizes (Table 4.3)

Central Metabolites T[s]
G6P 35
F6P 1.6
6PG 0.6
2PG+3PG 2.7
PEP 2.6
Pyruvate 1.5
a-ketoglutarate 1.1
Succinate 10.5
Fumarate 0.9
Malate 3.7

4.3.6.Quality check of the obtained metabolome data

Although the intracellular metabolite levels Bf coli K12 during glucose-limited steady-state
chemostat cultivation that have been publishedascafe in most cases of the same order of
magnitude, there are big variations. These varatimight have been caused by the different
sampling/quenching techniques and/or the differamalysis procedures applied. Either total
broth extractions have been performed or cells l@en quenched in cold methanol, resulting in
leakage. Furthermore, the limit of detection of Hpplied analysis methods may have varied
significantly, and measurements in the noise legege should be considered with care. The
application of**C internal standards has considerably increasedaticeracy of the results.
Taking this into account, the metabolite data mitdd so far should be interpreted with caution
because they might not represent the real situation

However, without ending up in complicated thermaaiyic considerations (Kummedt al.
2006), a few checks can be carried out to exanmiegtiality of metabolome data. First, it is well
known that for healthy growing cells the adenyleteergy charge (ATP+ADP/2)/(ATP+ADP
+AMP) is generally stable at values around 0.8.80(Chapmaret al. 1971). As has been shown
previously (Bolteret al. 2007), for many published metabolite datasetg.afoli the calculated
e-charge appears to be far outside this rangetrasds indicative of erroneous measurements.
From our data, an energy charge of 0.8 can belatdcl) and this is in the expected range.

The quality of the metabolome data can be checldter by calculating the mass action ratios
(MARS) for reactions which are known to operateseldo equilibrium (see (Visset al. 2000)
and references therein). For these reactions theulaked MAR should be close to the
equilibrium constant (k). Using our metabolite data, the MARs of some knonear-
equilibrium reactions were calculated and compamsiti the published equilibrium constants
(see Table 4.5). It can be seen from this tabl¢ tiha MAR of the reactions catalyzed by
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phosphoglucose isomerase (PGI), mannose-6-phosigbaterase (PMI), adenylate kinase (AK),
fumarase (FUM), and phosphoglyceratemutase (PGbhotase (ENO) are all very close tg,K
This is a good indication of the thermodynamic iieitisy of the metabolome data obtained with
the differential method. Calculation of MAR valudsr near equilibrium reactions from
previously published metabolite measurements choig in similar aerobic chemostat cultures
of E. coli K12 at the same dilution rate (Buchhetzal. 2001; Chassagnokst al. 2002) resulted

in large deviations from the published equilibriwanstants. For example, from the metabolite
data published by Chassagneteal. (2002) it can be calculated that the MAR’s for Pasid
PGM+ENO (with literature values in parentheses)@f& (0.33) and 11.52 (0.80), respectively.
From the data of Buchhokt al. (2001), the calculated MARs for PGI and AK are41(0.33)
and 4.86 (0.57 — 1.06), respectively. Such largzrdpancies are a reason to question the
reliability of the so far published data.

Table 4.5: Mass action ratios (MAR) calculated fromthe measured metabolite levels and
published equilibrium constants for some relevant guilibrium reactions

Enzyme Reaction MAR Keq Reference

PGI G6P« F6P 0.27 £0.03 0.33 (Seeholzer 1993)

PMI F6P<« M6P 1.27+0.14 1.10 (Seeholzer 1993)

PGM+ENGC 2+3PG« PEP 0.98 + 0.04 Kpgy=0.19 (Grisolia and Carreras
Keno=5.00 (Wold and Ballou 1957)

AK 2ADP < AMP + ATP 1.01+0.03 0.57-1.06 (Lawson and Veech 1979)

FUM Malate«— Fumarate + bD 0.23 + 0.01 0.23 (Keruchenket al. 1992)

. PEP :[ 1, 1 j’lz 0.0

2PG+3PG | Kno  Keno Keew

The results of measurements of metabolites paaticig in NAD -dependent oxidation/reduction
reactions operating close to equilibrium can alsoubed to estimate tha vivo NAD*/NADH
ratio, which is an important parameter in physitag studies. By assuming that the enzyme
mannitol-1-phosphate dehydrogenase operates nemuitibrium and assuming an intracellular
pH of 7.0, the NAD/NADH ratio was calculated from the measured F6& iannitol-1P levels

to be equal to 48. By assuming that the enzymesatmaflehydrogenase and aspartate
transaminase operate close to equilibrium, an NNBDH ratio of 71 was calculated (details of
the calculations are shown in the Appendix 4.5).mReably, the estimated cytosolic
NAD*/NADH ratio is close to the value found fBrcerevisiae under similar conditions (Canelas
et al. 2008b).
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4.3.7.Can the differential method be applied to dynamic experiments?

To capture the highly dynamic changes in metabdditels during pulse response experiments,
the sample frequency should be sufficiently higlakifig into account the required sample
frequency in such experiments carried out vtreoli, which is in the order of seconds to sub-
seconds (Buzioét al. 2002; Schaefest al. 1999), the withdrawal of two samples for each lging
measurement is not feasible. The question, howévédigw fast the expected changes are in the
levels of the metabolites that are present in theie supernatant. It should be realized here that
during steady chemostat cultivation the turnoveretiof all extracellular metabolites is equal to
the liquid residence time, which is equal to thekitg volume of the reactor divided by the feed
rate and thus equal to the reciprocal of the ditutate. In case of a chemostat with a dilutior rat
D = 0.1 K the liquid residence time, and thus the turnoueetof the pool of extracellular
metabolites is 10 h. This implies that within tivag span of a pulse response experiment, which
is of the order of seconds to minutes, no significghanges are expected to occur if the rate of
release of these metabolites remains at the st&atly-level during the pulse response
experiment. If this is the case, measurement ofstieady-state levels of the metabolites of
interest in the culture supernatant would be sieffic and this is something which has to be
verified beforehand. Therefore, the application tbke differential method for dynamic
measurements will probably require only broth sangpl

4.4.Conclusions

In this work, it has been shown from highly senmsitiLC-ESI-ID-MS/MS measurements of
metabolite levels in the culture supernatant obhier glucose-limited chemostat cultivatéd

coli cells that although the absolute concentratiores law, significant total amounts of
metabolites are present outside the cells dueddaitye supernatant volume. This implies that
total broth extraction cannot be carried out toaobimeaningful intracellular metabolite levels
and that effective removal of extracellular met#bslis necessary prior to metabolite extraction.
The most commonly applied method to remove exthalael compounds is cold methanol
quenching and subsequent centrifugation. From lmanotigh investigation on the fate of central
metabolites and amino acids on quenching.ofoli cells with this method, it can be concluded
that significant leakage of intracellular metaleditinto the cold aqueous methanol solution
occurs. Therefore, this method cannot be appliextaBse appropriate alternative methods to
remove the extracellular metabolites before extracare not available, the only way to obtain
reliable results is to apply a differential methadhereby measurements of the metabolites in the
total broth are corrected with measurement of tle¢gabolites in the culture supernatant. Due to
the large turnover time of the metabolites presetihe culture supernatant in case of chemostat
cultivation, this method is also applicable to $tierm pulse response experiments where
metabolite measurements of total broth extractsbeacorrected with steady-state measurements
in the culture filtrate. However, to be able to lgpthe differential method, the method for the
quantification of metabolites should be highly seéwves and reproducible. The LC-ESI-ID-
MS/MS method we used for metabolite analysis haser to be a powerful tool that minimizes
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variations in analysis as a result of partial lessdegradation during the sample processing
procedure, the analysis or instrument drift. Figdr& summarizes the proposed procedure as a
result of this work. The application of this proceel to steady-state chemostat cultures yielded a
reliable metabolome dataset far coli K12 MG1655 under these conditions. We believe that
further application of this method will yield mowgpropriate data of levels of intracellular
metabolites that will offer more realistic integoatt of metabolome data with other omics data

into large-scale mathematical models.

1 ml broth or
1 mlfiltrate

Rapid sampling

—

—_—

Taking 1/12 fraction
of the mixture

5 ml of 60 %
aqueous methanol
(-40°C)

Concentration
under vacuum

!

Figure 4.3: Applied differential sampling and analyis procedure for accurate metabolome

analysis inE. coli.

4.5. Appendix

The NAD'/NADH ratio was calculated in two different waysden the assumption that reactions
displayed in Table 4.6 operate close to equilibrium

Thein vivo NAD*/NADH ratios were calculated as follows:

NAD" F6P

1
NADH ~ Mannitol-1P K,

NAD" _ AspaKG Kj

NADH ~ Glu Mal K,
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= 71.3

Addition of U-3C
labelled internal
standard mixture

= 484

Resuspension of
pellet and
centrifugation

!

Supernatant stored
at-80 °C

]

LC-MS/MS or
GC-MS analysis
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Table 4.6: Reactions operating close to equilibriunused to estimate thein vivo NAD/
NADH ratio

Reaction Keq Reference
1 Mannitol-1P + NAD < F6P + K, 7.9x 10° (Kiser and Niehaus 1981)
NADH + H* (pH 7.0)
2 malate + NAD « oxaloacetate + K, 2.33x 10° (Wilcock and Goldberg 1972)
NADH + H* (pH 7.0)
aspartate +KG < oxaloacetate Kj 0.145 (Kishoreet al. 1998)
Acknowledgements

The authors thank the Institute for the Promotibimaovation through Science and Technology
in Flanders (IWT Vlaanderen) for financial suppde the MEMORE project (040125).

93



94



Chapter 5

Rapid dynamics ofin vivo flux and metabolite
responses

Abstract

Glucose pulse experiments at seconds time scadutien were performed in aerobic glucose-
limited Escherichia coli chemostat cultures. The dynamic response.gaiflake and growth rate
in seconds time resolution was determined usingva method based on the dynamic broth O
mass balance and the pseudo-steady-state ATP bal@igmificant fold changes in metabolites
(10 - 1/10) and fluxes (4 - 1/4) were observed muthe short (200 s) period of glucose excess,
the subsequent glucose starvation and the returglucose-limited growth. During glucose
excess there was no secretion of by-products, hadatcumulated intracellular metabolites
served as energy source during the starvation plidse changes of reactions were strongly
correlated to the concentrations of involved commaisu Surprisingly the 3 - 4 fold increase in
growth rate and hence protein synthesis rate wasatched by a significant increase in amino
acid concentrations and suggests the rapid incrafasanscripts, which is mediated by changed
central metabolites. Accordingly, relations wereurfd between growth rate and FBP
concentration, respectively,@ptake rate and AMP/ATP ratio.

Submitted for publication as: Taymaz-Nikerel H, v@alik WM, Heijnen JJ. Rapid dynamics iof vivo
flux and metabolite responses in central and aragi pathways ife. coli.
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5.1.Introduction

In metabolic engineering studies kinetic modelghiel the quantitative understanding of the

cellular metabolism and in this way they can baduby selecting genetic engineering targets) to
improve the yield of microorganisms (Stephanopodl®34). A kinetic metabolic model consists

of mass-balance-based differential equations whetjuire the enzyme level, enzyme kinetics
information and extracellular metabolite concemtrag. These kinetic models predict the fluxes
and intracellular metabolite levels as functioreakyme levels and extracellular concentrations,
and therefore allow selecting for the enzymes wiitchexample mostly affect the product rate.

Subsequently these selected changes in enzymes |zl be implemented by genetic

engineering techniques.

Traditionally kinetic models are set up using psiéidin vitro kinetics of enzymes. This
approach suffers from several problems: i) For mangymes, e.g. in product pathways, ithe
vitro kinetics have not been studied, ii) Enzymes witatalyze the same reaction in different
organisms do seldom have the same kinetics dugeiific mutations, iiijin vitro kinetics might

not apply toin vivo conditions (Teusinket al. 2000). These problems can only be avoided by
focusing on thén vivo kinetics for all enzymes in the organism of ingtre

The information orin vivo kinetics is usually obtained from stimulus-respoesperiments in
which cells, grown at steady-state, are perturbedrbexternal stimulus, and dynamic responses
of the intracellular metabolites are monitored itn@e window of tens to a few hundred seconds.
In such a set-up the enzyme levels can be assuamestiacit and is therefore preferred compared
to steady-state perturbations, which require amltéi measurements of changes in enzyme
levels. Such rapid stimulus-response experimente haen applied tBaccharomyces cerevisiae
andPenicillium chrysogenum (Nasutionet al. 2006; Theobaldt al. 1997; Vissekt al. 2004).

Also for Escherichia coli these studies were performed, applying a suddditi@ad of a
concentrated glucose solution to a glucose-limaedobic chemostat culture (Buchhaizal.
2002; Chassagnokt al. 2002; Hoqueet al. 2005; Schaefest al. 1999; Schaub and Reuss 2008).
In theseE. coli perturbation experiments only glycolytic intermegdis and adenine nucleotides
were measured. The measurements were dependintghen anly broth sampling (Chassagnole
et al. 2002; Schaub and Reuss 2008) or separation aieettwlar metabolites by centrifugation
(Buchholzet al. 2002; Chassagnolet al. 2002; Hoqueet al. 2005; Schaefeet al. 1999). The
intracellular metabolites were analyzed using erexfrased assays and mass spectrometry (MS)-
methods without metabolite specific internal staddaHowever, previously we have shown that
these sampling/analysis methods are not satisfginmtracellular metabolite quantification due
to leakage problems and the differential methockedgiired for proper intracellular metabolome
analysis in E. coli (Taymaz-Nikerelet al. 2009). Moreover the isotope dilution mass
spectrometry (IDMS) method, which makes use oflEbeternal standards for each metabolite,
effectively decreases errors due to possible variattaking place in the sample processing and
analysis (Wuet al. 2005). Because accurate information on intracalluhetabolite levels is
essential to obtain truie vivo kinetics, these newly developed sampling and aiglynethods
need to be applied fa vivo kinetic studies witte. coli.
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A further problem in these previous vivo kinetic studies irE. coli is the limited quantification

of changes in fluxes after the pulse, such as blessecretion of by-products, possible changes in
storage metabolism and especially the change wwtbrate. Previous vivo kinetic studies with

S cerevisiae (Wu et al. 2006) andP. chrysogenum (Nasution 2007) have shown that such fluxes
can be quantified using the combination of off@@gC0O,) measurements together with element
(carbon and degree of reduction) and ATP balarioethe previousn vivo kinetic studies oE.

coli such an approach was not applied and assumptiens made such as a non-changing
growth rate after the perturbation and sometimesatbsence of product secretion. Also the ATP
balance was not used for lack of knowledge of tAéAtoichiometric parameters. Recently for
E. coli these parameters were estimated (Taymaz-Nikeatl 2010a), allowing use of the ATP
balance for this purpose.

Finally, in previous rapid perturbation experimeotdy the short glucose excess period was
studied and no information was given on subseqgkrbse starvation and return to the steady-
state upon restart of previous steady-state feeding

The goal of this work is to perforim vivo kinetic studies folE. coli carrying out rapid pulse
experiments using the recently developed validatethods for analysis of a much wider range
of intracellular metabolites (glycolysis, TCA cyclpentose phosphate pathway (PPP), amino
acids and nucleotides) and using offgas/@Q@,) and dissolved ©(DO) measurements in
combination with stoichiometric (carbon, redox, AT&alculations to quantify growth rate,
secreted fluxes and intracellular fluxes during ridyeid pulse experiment covering the periods of
glucose limitation, -excess, -starvation and rettonthe initial glucose-limited steady-state.
Precautions were taken that no oxygen depletionldcaaccur during the perturbation
experiments.

5.2.Materials and Methods

5.2.1.0rganism and chemostat conditions

The E. coli K12 MG1655 [, F, rph', (fnr'267)del] was cultivated in aerobic glucose-limited
chemostat cultures (at 3, pH 7) with 4 kg working mass in 7 | laboratomrrhentors,
controlled by weight (Applikon, Schiedam, The Netards). The dilution rate (D) was 0.1.h
The mineral medium (Taymaz-Nikeretl al. 2009) contained 30 g/l glucose® and allowed a
steady-state biomass concentration of about 10\W/4D

The operating conditions, measurement of offgagG0,), dissolved @ medium feeding and
steady-state conditions were as described in Tayilearel et al. (2009). The steady-state was
analyzed for biomass, residual glucose, offgagG0,), possible secreted by-products and total
organic carbon (TOC) for quantification of biom#gsis (Taymaz-Nikereét al. 2009).
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5.2.2.Glucose pulse experiment

To ensure a sufficient oxygen transfer, beforeglueose pulse inlet air was blended with pure
O, in order to have about 39 %, @ the incoming gas, as in De Meyal. (2010b). The gas
inflow rate was increased from 1.67 I/min air t67.)/min air + 0.5 I/min @ Broth and filtrate
sampling were carried out to determine the coneagiotr of intracellular metabolites at steady-
state before blending (Taymaz-Nikerglal. 2009). When, after blendinghe increased DO
concentration in the fermentor reached its newdstestate, broth and filtrate sampling for
intracellular metabolites was repeated in ordaéntestigate whether the increased dissolved O
and decreased GQevels would have an effect on the metabolism. 8gbently feed and
outflow pumps were stopped just before the pulse.

The pulse experiment was planned to have an iritidk glucose concentration of 0.5 g/l.
Glucose solution was injected into the reactort @t0) via a sterile syringe, the volume change
caused by the added glucose solution being less @a %. After the pulse was given, the
metabolite dynamics were followed by broth sampliragn the fermentor during 20 min, using
smaller sampling intervals for the first 6 min.tfte sampling was performed with cooling to
about 1°C using cold stainless steel beads, in order teroéme concentration of residual
glucose and possible secreted by-products, duhiagirtitial period of 360 s (Mashegs al.
2003). The glucose-medium feeding and broth outfloere restarted 510 s after the pulse.
Offgas Q/CO,, DO concentration and pH were monitored onlinarduthe whole transient. The
scheme of the pulse experiment is shown in Figute 5

5.2.3.Rapid sampling

At steady-state: The differential method was used to obtain the amwuwf intracellular
metabolites (Taymaz-Nikeret al. 2009). The required broth- and filtrate samplingsvearried
out as in Taymaz-Nikeradt al. (2009). Briefly 1 ml broth was, using a specigbidasampling
device (Langeet al. 2001), withdrawn from the fermentor into tubes tagming 5 ml of 60 %
aqueous methanol precooled at -40, which were immediately mixed after sampling by
vortexing. Filtrate was sampled from the fermenising syringe filtration (pore size 0.4#n,
cellulose acetate, Whatman GmbH, Germany) at roempérature without cold steel beads.
After removal of the cells, the obtained filtrateasvimmediately mixed with 5 ml of 60 %
aqueous methanol precooled at *@Din order to process these samples in the sameas/dlye
broth samples. The exact amount of samples obtaffoedoroth and filtrate) was quantified
gravimetrically. For every steady-state conditiomotsamples were taken and analyzed in
duplicate. The intracellular metabolite amounthert obtained by difference (broth - filtrate)
(Taymaz-Nikerekt al. 2009) and expressed gmol/gDW.

During pulse: The differential method was used to obtain the wam® of intracellular
metabolites (Taymaz-Nikeredt al. 2009) during the perturbation as well as for syestdte.
Sampling for broth was performed as described abbkie amount of metabolite in the filtrate
during the pulse was found (data not shown) nahtnge (as expected due to the 10 h residence
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time of the filtrate), which allows subtraction fifrate amounts at pre-steady-state from broth
amounts during the transient. For each time poiat broth sample was taken and analyzed in
duplicate. For measurement of extracellular glues secreted compounds during the transient,
syringe filtration (pore size 0.4pm, cellulose acetate, Whatman GmbH, Germany) wdtld ¢
stainless steel beads (Mashegj@l. 2003) was employed simultaneously with broth sampl
using a second rapid sampling port. For each tinietppne sample was taken and analyzed in
triplicate.
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Figure 5.1: Scheme of the glucose pulse experiment.

5.2.4.Metabolite extraction procedure

Metabolites were extracted in 75 % boiling etha(®Imin, 90°C) as described in Taymaz-
Nikerel et al. (2009). It is noteworthy that before extractiofpJul of 100 % UC- labeled cell
extract, obtained from an aerobic yeast culturexdained in Wuet al. (2005), was added to
every sample as internal standard.

5.2.5.Analytical protocols

The protocols for cell dry weight, residual glucosfigas (Q/CO,) and TOC (for biomass lysis)
measurements were as described in Taymaz-Nikeakl (2009).

Measurement of organic acids and ethanol in the s@pnatant: The supernatant samples
obtained after the glucose pulse were extensivedyyaed for possible organic acid and ethanol
secretions. Commercial enzymatic kits (Boehringeankheim/R-Biopharm, Roche) were used
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for the measurement of acetate, lactate and foremteentrations. HPLC (Aminex HPX-87H
ion exclusion column, Bio-Rad, CA, USA), LC-MS/MSaf Damet al. 2002) and NMR
analysis were performed to check the presence gdinic acids such as fumarate, pyruvate,
malate, succinate, citrate andketoglutarate. Ethanol presence was checked wik ¢
chromatography (Chrompack CO 9001, Hewlett Packdtdlo Alto, CA) using a flame
ionization detector.

Measurement of intracellular metabolite concentratons: Metabolites of the glycolysis, TCA
cycle and PPP were quantified with IDMS describgdvan Damet al. (2002) and Wuet al.
(2005). Amino acids were quantified with IDMS apply GC-MS as described in Taymaz-
Nikerel et al. (2009). The concentrations of the nucleotides vedse analyzed with IDMS and
further details of the applied LC-ESI-MS/MS procedbave been described elsewhere (Seifar
et al. 2009).

5.2.6.Calculation methods

Biomass-specific rates during steady-statefhe biomass-specific glucose consumption rate (-
gs), oXygen consumption rate £, carbon dioxide production ratec(s), the growth ratey)

and the cell lysis rate (gs) were calculated (in units of mmoh/Cmol X) from the respective
mass balances, is calculated from the difference between measiit@@ content in the broth
and TOC content in the culture supernatant. Theipegrowth rate,u, is then the sum of the
dilution rate in the chemostat anglig(Taymaz-Nikerekt al. 2009).

Biomass-specific rates during the pulse experimentqgs was obtained from the measured
extracellular glucose concentration and the glucnass balance, of secreted by-products can
be obtained by analyzing these products in filtchténg the pulse, as has been shown before for
ethanol production b$. cerevisiae (Theobaldet al. 1997; Wuet al. 2006). During the transient
cannot be reliably obtained from the biomass massnice because only a very small change in
biomass concentration can be expected during thse gxperiment (maximum increase of about
0.25 gDWI/I with about 10.5 gDW/I biomass presefthis small (2 %) increase cannot be
measured reliably using biomass dry weight analydierefore we adopted the use of the ATP
balance to calculate during the pulse using og during the pulse obtained at a seconds time
scale resolution. To obtain this dynamigzdhe dynamic dissolved £iass balance is applied
using the measured dissolved-@ofile during the pulse, a validatedakvalue and the properly
validated measurement of dynamic response of tsgohlied Q probe (see Appendix 5.5.1 for
the full details). The obtainedggis used with the available validated stoichionte&TP model
(steady-state (Taymaz-Nikeretlal. 2010a)), which leads to the-®lerbert-Pirt relation allowing
the calculation of the dynamic changindrom the dynamic changing ggl(Appendix 5.5.2). For
this approach a steady-state of the ATP pool isired, which however also applies as pseudo-
steady-state during the pulse due to the very lowolver time of ATP (~ 1 s, see Table 5.4). As
an independent checkggwhich is the substrate used for biomass syntheais,be calculated
from p as calculated with the substrate Herbert-Pirttieia(Appendix 5.5.2). Subsequently this
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calculated -g can be compared to the measuregd Tdis calculation depends on accurate values
for k_a value as shown by a sensitivity analysis (seeeAgdix 5.5.5).

Mass Action Ratio (MAR): To calculate the thermodynamic feasibility of thexfdirection for
near-equilibrium reactions, it is useful to calt¢althe MAR. For a reversible reaction aA + bB
- ¢C +dD, the corresponding MAR is calculatedG{)/(ABP).

Intracellular NAD */NADH ratio: The reaction catalyzed by mannitol-1-phophate-5-
dehydrogenase, known to operate close to equilibriwith the measured fructose-6-phospate
(F6P) and mannitol-1P levels was used to estinfeéntvivo NAD*/NADH ratio (assuming an
intracellular pH of 7.0). This was described befiord aymaz-Nikerekt al. (2009).

Adenylate energy chargeEnergy charge (EC) was calculated according to

_ ATP+(ADP/2)
ATP+ADP+AMP’

E4P concentration: See Appendix 5.5.3.

Intracellular fluxes: The intracellular fluxes were calculated with nhetiic flux analysis
(MFA) using the metabolic network d&. coli for growth on glucose described in Taymaz-
Nikerel et al. (2010a). In this network the PEP-glyoxylate cy@REP carboxykinase (PPCK),
isocitrate lyase (ICL), and malate synthase(MALS}jown to be operating at low growth rates
(Fischer and Sauer 2003), was incorporated. Thiti@daf this cycle created a parallel pathway,
which requires additional information to perform MFThe ratios of Fluxpd FluXepck =2 and
Fluxc. = 0.3 x Fluxcont Were assumed since these average ratios were edsardilution rates
0.1 - 0.4 A in glucose-limited continuous cultures®fcoli (Nancheret al. 2006).

Turnover times: The turnover times of the intracellular compoundsre calculated with the
equationg = ¢ /F;, wherer [s] is the turnover time,; gumol/gDW] is the steady-state intracellular
amount in the pool of compoumndnd F [umol/gDW/s] is the total incoming flux into the paol
at steady-state (or pseudo-steady-state) obtasiag intracellular fluxes (with MFA as above).

5.3.Results and Discussion

To reliably elucidate then vivo dynamics of the intra/extracellular metabolite @emtrations and
fluxes in response to pulse addition of glucoseearakrobic glucose-limiting conditions f&t
coli K12 MG1655, the stimulus-response experiments vperéormed in duplicate using two
independent chemostat cultures (Chemostat 1, 2).

5.3.1.Steady-state characteristics

Uptake/secretion fluxes:Metabolic steady-state &. coli in the chemostats was achieved by
cultivating the cells using a dilution rate of 0}, yielding about 10.5 gDW/I cell dry weight as
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steady-state biomass concentration. The obtainechdss-specific rates at steady-state in two
independent chemostats are given in Table 5.1. drlesence of cell lysis was also found
previously (Taymaz-Nikeredt al. 2010a; Taymaz-Nikeredt al. 2009). The recovery of carbon
and degree of reduction balances (whereby the Esmamposition reported in Taymaz-Nikerel
et al. (2010a) was used) were close to 100 % (Tableallding data reconciliatiory{ test used
with a null hypothesis of significant measuremeetidtions at a significance level of 0.1 %).
Using the reconciled, the rates -§ -go, and @o, were calculated by means of the previously
established stoichiometric model (Taymaz-Nikestedl. 2010a). The last column of Table 5.1
shows a very close agreement between the reconclted in Chemostat 1, 2 and the rates
obtained via metabolic flux analysis of the stoichetric network model.

The enrichment of inlet air with pure,@as necessary before perturbation experiments,der
to avoid Q limitation for cells during the stimulus-responseperiments. The blending of air
increased the DO concentration from the steadg-stafue of 78 % (0.178 mmol,D to a new
steady-state of 196 % (0.444 mmo}/lp The steady-state specific rates (Table 5.1)ewmot
affected (data not shown) by the change in DO catnggon.

Table 5.1: Average cell dry weight concentration [BW/I], measured, reconciled and
expected (from stoichiometric model (Taymaz-Nikerekt al. 2010a)) biomass-specific rates
(g, expressed per Cmol of biomass [mmol/CmolX/h]), ¢chon (C) and degree of reduction
(y) recoveries [%)] of the steady-state aerobic glucedimited chemostat cultivations ofE.
coli at a dilution rate of 0.1 H*

Chemostat 1 Chemostat 2 Expected from
stoichiometric
Measured Reconciled Measured Reconciled model
Cx 10.72+£ 0.05 10.44+£0.15
n 120.83£2.43  120.5& 2.40 120.16¢:2.36  120.1G- 2.37 120.34: 2.39
-Os 33.04+£1.20 34.28 0.85 33.32 1.29 34.27 £0.88 34.44+ 1.80
-Co2 79.30+ 3.05 76.80 2.9 78.34t 3.12 77.28+3.1 77.07+£10.31
Uco2 84.87+ 3.26 85.0% 3.0 85.15+ 3.39 85.52 £ 3.2 86.30+ 10.33
Qiysis 16.35+ 0.67 16.42+ 0.67 18.23:0.61 18.39 + 0.59
C Recovery 103.8+£ 6.8 102.7+6.2
y Recovery 105.6+6.1 103.9+5.4

#The averag@ was input to the stoichiometric network modeldarrying out metabolic flux analysis.

Intracellular metabolite levels: During the steady-state, samples were taken fasarement of

intracellular metabolites in central metabolismyéglysis, TCA cycle, PPP), free amino acids
and nucleotides at the two different DO concerdratialues, to check for a possible effect on the
intracellular metabolite amounts from the highessdived oxygen and lower carbon dioxide
concentrations. In Table 5.2 the steady-state dath@ar amounts of metabolites are shown at
these two different DO concentrations for the twaldpendent chemostat experiments. The
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amount of nucleotides present extracellular wetteeeibelow the detection limit or not present at
all, therefore for nucleotides, amounts in brotimgkes are presented.

Table 5.2 shows that for each of the chemostatrarpats the increase in DO concentration did
not affect the metabolite levels significantly. Hower when we compare the average (DO = 78
and 196 %) metabolite amounts in the two chemqgstme differences can be seen. The
amounts of glycolytic metabolites in the two chetatswere highly reproducible. However, not
all the intermediates of TCA cycle, amino acids andleotides were measured to be the same,
with (for some metabolites) a difference of up ttaetor 2 - 3. There is no clear answer for the
discrepancy in metabolite levels between the twmeerients. However, most of the results were
very comparable to the previously found values utige same conditions (Taymaz-Nikeeehl.
2009).

It is remarkable that most amino acid amounts wetteer low (< 0.5umol/gDW); only GIn, Lys,
Glu, Asp, Pro, Gly and Ala are 1 -iBnol/gDW. Clearly Glu (> 6Qumol/gDW) dominated all
amino acids, representing 80 % of the total amuid pool.

The obtained metabolome data were checked in tefrfermodynamic acceptability in relation
to the known flux direction. The mass action raiipsARs), which should be close to or lower
than the equilibrium constant (X of some known near-equilibrium reactions werkwated
and compared with the published,KTable 5.3. In general, the two chemostat experiments
depicted similar values with some exceptions th& due to the difference in metabolite
measurements in the two cultures (Table 5.2). it lba seen that the MAR of the reactions
catalyzed by phosphoglucose isomerase (PGI) in Gb&nl, mannose-6-phosphate isomerase
(PMI), adenylate kinase (AK) in Chemostat 1, funsaeré~UM) in Chemostat 1 are very close to
their known K, These results are thermodynamically consisteime. Steady statie vivo MAR

of PGM+ENO is close also to the value (~ 1) foundSi cerevisiae (Canelaset al. 2008b;
Mashegaet al. 2006).

Comparable values (~ 60) for thevivo NAD*/NADH ratio, which is an important parameter in
physiological studies, were obtained for two diéierr cultures which are also close to the value
(48) of our previous work (Taymaz-Nikeretlal. 2009). These results show that nearly all (> 98
%) of NAD(H) is in its oxidized form. These high ND&/NADH values are required to obtain a
negativeAGg (2" law of thermodynamics) of the steps between phofspttose kinase (PFK)
and phosphoglycerate kinase (PGK) in glycolysisn@aset al. 2008b). In the present woGg

is found to be -0.85 kJ/mol, agreeing with tH& Iaw of thermodynamics and showing that this
part of glycolysis is close to equilibrium.

The adenylate energy charge was close to 0.90 fien©Ostat 2 as expected, since for healthy
growing cells it is generally stable at values ah0.8 to 0.9 (Chapmaat al. 1971). Chemostat

1 showed a much lower value which points to a fdssrror in the ADP analysis result of this
experiment, which is also seen in the deviating MARAK.
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Table 5.2: Steady-state intracellular amount of inermediates [before (DO = 78 %), after
(DO = 196 %) blending of inlet air with O, and average of those] and metabolite pool
turnover time (t) in two independent chemosats

Chemostat 1 Chemostat 2
DO=78% DO =196 % Average T DO=78% DO =196 % Average T

[pmol/gDW]  [pmol/gDW] [pmol/gDW] [s] | [umol/gDW] [pmol/gDW] [pmol/gDW] [s]
Central Metabolites

G1P ND 0.146€.01 ND 0.16 6.19

G6P 1.4140.05 1.76 £0.06 1.59#0.08 3.8 | 1.05+0.15 1.35#.03 1.20#0.15 2.9
F6P 0.4140.02 0.42+0.03 0.42#.04 1.4| 0.48+0.05 0.59#0.01 0.53#.05 1.8
T6P 0.12 #0.010.141 +0.005 0.13 +0.01 0.10+0.02 0.17#0.02 0.1430.03

M6P 0.46+0.01 0.52+0.01 0.4910.02 0.55+0.01 0.559 #.005 0.56 +£0.01

6PG 0.204.04 0.21+0.03 0.21#0.05 0.9| 0.17+0.02 0.2240.02 0.19#.02 0.9
Mannitol-1P| 0.91 +0.06 1.10+0.06 1.010.09 1.14+0.03 1.23#.02 1.1840.03

FBF 0.69+0.11 0.38+0.03 0.53#0.11 1.8 | 0.66+0.06 0.63#0.03 0.65#0.07 2.1
G3P 0.2440.02 0.27+0.01 0.26#0.02 5.1| 0.43+0.03 0.4640.03 0.44#0.05 8.7
F2,6bP 0.3198.02 0.40+0.05 0.35#0.05 0.59+0.06 0.69#0.06 0.640.08
2PG/3PG | 1.18€.05 1.52+0.06 1.35#.08 2.0| 1.80+0.02 1.90#0.03 1.85#.04 2.8
PEP 1.3846€.05 1.72+0.08 1.55#.09 2.6| 1.73+0.02 1.9410.03 1.84#.04 3.1

Pyruvate 0.629.09 0.51+0.01 0.5740.09 1.1|0.37+£0.07 0.53#0.08 0.79#.10 1.5
Citraté 10.36 £0.1711.24 +0.28 10.80.33 43.3| 3.91+0.12 4.2040.15 4.05#0.19 16.3
a-KG 0.29+0.01 0.32+0.01 0.30#0.01 0.7| 0.91+0.30 1.2140.19 1.06#.36 2.4
Succinate | 2.226.47 1.79+0.19 2.00#0.51 10.0{ ND ND -

Fumarate | 0.226.01 0.25+0.01 0.24#0.01 1.1| 0.34+0.02 0.39#.03 0.3740.03 1.6
Malate 0.764.03 0.88+0.03 0.82#.04 2.8 | 1.65+0.15 1.9840.21 1.811#0.25 6.1

Amino Acids

E4P-derived

His 0.11£0.02 0.11+0.03 0.11#0.04 26.1| 0.10+0.03 0.17#0.01 0.13#.03 329
Phe 0.08 .03 0.08 +0.10 0.080.11 10.1| 0.25+0.04 0.45#0.05 0.3510.07 44.8
Tyr 0.22 +0.05 0.14+0.02 0.18#0.05 27.9| 0.19£0.01 0.24#0.02 0.2140.02 33.3
3PG-derived

Gly 1.15+0.15 1.41+£0.25 1.2840.29 26.7| 3.02+0.17 2.89#.10 2.96#0.19 61.7
Trp 0.03+0.01 0.02+0.01 0.0210.01 9.4 |0.029 +0.0020.028 +0.0020.028 +0.003 11.1
Ser 0.234#.21 0.40+0.23 0.32#).31 3.7| 0.85+0.23 0.30#.30 0.57#.38 6.8
Pyr-derived

Ala 1.17+£0.12 1.14+0.09 1.1640.15 44.7| 2.33+£0.07 2.31#.02 2.321#.07 89.7
Val 0.67 £0.22 0.32+0.03 0.50#0.22 29.6| 0.59 £0.02 0.54#0.14 0.5610.14 33.6
Leu 0.4140.08 0.27 £0.01 0.3410.08 28.1| 0.47 +0.02 0.48#0.02 0.48#.03 39.6
oKG-derived

Glu 58.88 +1.7167.92 +1.17 63.40 £2.08179.7183.73 +0.94 87.80 11.21 85.76 #1.53 243.1
GIn 8.64 £+0.1910.05+0.19 9.3410.27181.6 4.55+0.09 4.5040.30 4.52+40.31 87.9
Lys 1.14+£0.08 1.17 £0.05 1.15#0.09 85.6| 2.10+0.02 2.241.02 2.17#.03 160.9
Pro 0.61 #0.04 0.61+0.03 0.6140.0565.8| 1.33+0.02 1.29#0.02 1.310.03 140.9
Oorn 0.3340.08 0.37 £0.08 0.35#0.12 27.2| 0.75+0.08 0.85#).05 0.80#0.10 62.6
Oaa-derived

Asp 2.0740.09 2.26 £+0.09 2.160.13 30.7| 4.01£0.08 4.01#.07 4.01#.10 57.0
Asn 0.5540.03 0.59+0.02 0.57 #0.03 48.1| 0.60£0.03 0.67 #0.02 0.63#0.03 53.3
Thr 0.39#0.05 0.39+0.05 0.39#0.07 16.8| 0.79£0.03 0.85#0.02 0.8210.03 35.4
lle 0.19 £0.07 0.06 £0.01 0.13#0.07 11.4| 0.08 +0.01 0.15#.05 0.11#.05 10.3
Cys 0.15+40.08 0.35+0.09 0.2540.12 25.6| 0.06 +0.02 0.11#.03 0.09#.04 8.9
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Table 5.2 continued

Met | 0.05+0.01 0.03+0.01 0.0440.01 6.4 [0.107 £0.003 0.11 +£0.01 0.11#.01 18.1
Nucleotides

AMP 1.03+0.11 0.99+£0.10 1.0140.15 7.4| 0.24+0.13 0.484#.15 0.36#.20 2.6
ADP 3.22#0.05 3.23+0.08 3.22#0.10 0.9| 0.91+0.04 0.8910.04 0.90#0.06 0.3
ATP 4,99 +0.16 6.42+0.22 5.7140.27 1.7| 4.74+0.13 4.73#.18 4.74#.22 1.4
CMP ND ND ND ND

CDP 0.134#.02 0.16 £0.02 0.14 #0.02 0.27 £0.01 0.30#0.02 0.28 #0.03

CTP ND ND ND ND

UMP 0.16 +0.03 0.28+0.05 0.22 0.03 ND ND

UDP 0.69 #0.03 0.77 £0.04 0.7310.05 0.48 £0.06 0.48#0.05 0.4810.07

UTP 1.80+0.09 2.24+£0.13 2.02#0.16 2.84 £0.07 2.77#.06 2.8010.09

GMP ND ND ND ND

GDP 0.70#0.01 0.74+0.03 0.7240.03 0.34+0.04 0.30#0.02 0.3210.04

GTP 1.234#.06 1.41+0.07 1.3240.09 1.99+0.28 1.7440.15 1.87 #.32

IMP ND ND ND ND

IDP 0.36 £0.02 0.33+0.02 0.350.03 ND ND

ITP 0.47 £0.02 0.51 £0.02 0.49 #0.02 ND ND

& Amount in the broth samples.

Intracellular Fluxes: The steady-state intracellular fluxes of the céntmatabolism inE. coli
(see Figure 5.6) were calculated with the knowruisdTable 5.1, reconciled rates) of steady-
state -g, -0o andp and the set flux ratios (see Materials and Methddgshis network it is seen
that 55 % of the substrate uptake enters in PPP4&n%b goes to glycolysis. The higher ratio
towards PPP is a result of the assumed presente ajlyoxylate pathway (Fischer and Sauer
2003; Nanchemt al. 2006), which decreases the flux of isocitrate debgenase (ICDH) that is
NADPH dependent. The lower production of NADPH MiH is then compensated with higher
NADPH production in the PPP.

Table 5.3: Steady-state mass action ratios (MAR), AD*/NADH ratio and energy charge
calculated from the measured metabolite levels andange of published equilibrium
constants (Goldberget al. 2004) for some relevant equilibrium reactions

Reaction MAR or Metabolite ratio Keg
Chemostat 1 Chemostat 2
PGI G6P— F6P 0.26+0.01 0.44t 0.04 0.19-0.67
PMI F6P«— M6P 1.18+ 0.06 1.04+ 0.05 0.99-1.80
PGM+ENO 2+3PG- PEP 1.15+ 0.05 0.9% 0.02 0.10-1.79
AK 2ADP < AMP + ATP 0.56+ 0.04 2.11+ 0.59 0.20 - 1.45
FUM Fumarate + bD <> Malate  3.48+ 0.12 4.8% 0.43 2.10-9.49
PEP/Pyruvate 2.74+0.24 2.34t 0.15
NAD/NADH 52.5+ 3.36 56.8 3.00
Energy charge 0.74+ 0.03 0.8# 0.04
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Turnover times: The availability of intracellular flux data witthé intracellular metabolite
concentration data allows calculating the turndimes ¢) of metabolite pools. For the steady-
state, results are shown in Table 5.2, depictingt tihe central metabolites and adenine
nucleotides have a much lower turnover time (1 sl@ompared to most of the amino acids (5 -
50 s). Remarkably, some of the amino acids, ieg.Skr, Trp and Cys, havevalues comparable
to central metabolites, which is of course dueht® Yery low amino acid levels. Most amino
acids have a value in the range of 10 - 60 s and Glu has thhdstt (180 - 240 s). This means
that changes can be expected also in the amouritdra€ellular amino acids during the pulse
experiment, which has a time frame of about 200 s.

5.3.2.Dynamic response characteristics

General observations

The above characterized steady-states of two aeglbtose-limited chemostat cultures were
subjected to a glucose pulse via increasing theogkl concentration in the culture from its
limiting value of 14 mg/l to 500 mg/l (see Figurdp Figure 5.2 shows the online extracellular
concentration measurements (DO/@D, in the offgas and pH) and Figure 5.3 shows the
residual concentration of glucose as function afetiin two independent chemostats. These
results indicate that the pulse experiment is weproducible in the two different chemostats
with respect to four phases that can be distinguiskfter the pulse (Figure 5.2). In phase | (0 -
200 s), called glucose excess, the added extragguras rapidly consumed leading to decreased
DO concentration, decreased offgasd@ncentration, increased offgas £€»ncentration and a
pH dip. This clearly shows that the increased gdecaptake is accompanied by increased O
consumption and C{production. In phase Il (200 - 510 s), called gkegtarvation, despite the
lack of external substrate supply, there was 6liconsumption and COproduction albeit at
much decreased levels. In phase 11l (510 - 80Bexetwas a restart of feed and outflow, leading
to a constant glucose supply rate equal to itsipusvsteady-state value. In this period O
consumption and CQOproduction slowly increased. In phase IV (> 80ah& previous steady-
state was recovered as observed from online measuts. It is satisfactory to see that all online
concentration measurements return to their pre\steesdy-state values.

Dynamics of uptake/secretion rates after the glucespulse

Specific uptake rate of glucose: The glucose concentration after the pulse decdeasarly linear
and glucose was consumed in about 200 s (Figuje Bh@ substrate uptake rated)-wvas found

to be 121.10 and 111.11 mmol/CmolX/h for Chemoétatnd for Chemostat 2, respectively,
which is on average a 3.4 fold increase compardtidaeference steady-state. The average -q
(116.1 mmol/CmolX/h) is lower than the maximal glge uptake rate observed in batch which is
about 276 mmol/CmolX /h (not shown) and is alsodowhan the reported maximum glucose
uptake rate foE. coli MG1655 (11mmol/g/h = 255.2 mmol/CmolX/h, (Fiscleeal. 2004)). As
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Figure 5.2: Measurements of (a) Dissolved oxygen @) [%], (b) pH, (c) offgas O, [%] and
(d) offgas CQO; [%] in the time-frame of pulse. Pulse was given aime 0.

can be expectecE. coli cultured aty = 0.12 K (Table 5.1) has indeed a significantly lower
maximal glucose uptake capacity than cells cultiretatch (™ ~ 0.7 K") (116 versus 276
mmol glucose/CmolX/h).

Fluxes of secreted by-products: It can be expected that certain compounds (aciddcohols) are
secreted after the glucose pulse, i.e. pyruvateazette are well known products fér coli.
Therefore filtrate samples, taken at the end ofdglieose consumption period (~ 200 s), were
analyzed (for ethanol, acetate, lactate, formatmafate, pyruvate, malate, succinate, citrate,
ketoglutarate) using various techniques (GC, HP&rizyme-based, NMR and LC-MS/MS). The
measured metabolite concentration results (see mgp&.5.4, Table 5.5) lead to the conclusion
that there were hardly any compounds secreted glthimpulse. In the work of Lagaal. (2009),
using a differenk. coli strain, extracellular acetate and formate accutiomavas reported after

a glucose pulse to a glucose-limited culture whkeepulse was given outside the reactor, using
the BioScope. In that work sgvas increased 10 fold but even then the secreirdentrations
were very low which supports the present findirgso Link et al. (2010) tested the response of
E. coli after excess supplement of glucose by transfeittiegfed-batch grown cells to batch
reactors. In contrast to our results, they haveeesl acetate and formate excretion after the
glucose pulse. The production of these by-produvight be due to the much higher
concentration of glucose given (~ 8 g/l against @/5glucose in our experiment) or due to
possible oxygen depletion/limitation during thegmund as a result of possible anaerobiosis.

The observed pH-dip, in the absence of secretednarcacids, after the pulse (Figure 5.2) is
readily explained by the increased £ggoncentration in the offgas, leading to increagisdolved
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CO,, which dissociates rapidly into HGGand H. The pH increase after 100 s was due to the pH
control which was in operation throughout the whedperiment. After depletion of glucose (>
200 s, phase 1), an increase in pH was observeel Fsgure 5.2), which correlates with the
decreased C{production and hence decreased broth &fdcentration, leading to conversion of
dissolved HC@ into CG, and OH.

0.6 . . :
0 Chemostat 1
O Chemostat 2

5
05} §

o i

0.3f %

0.2+

Glucose concentration [g/l]

0.1

o
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Figure 5.3: Residual glucose concentration [g/I] wh time [s]. Pulse was given at time 0.

Foecific oxygen uptake rate: The measured £ICO, offgas data alone was not informative enough
to calculate, using dynamic gas phase balancgsargl @o» as function of time (at seconds time
scale) due to the fermentor parameters such as thrgd volumes (headspace and tubing) which
cause gas mixing effects and time delay and tharlbémate buffering of broth which severely
adds to offgas COdynamics. Furthermore dynamics in the measurg@@ mole fraction is
influenced by offgas sensor dynamics and procedsnagasurement noises (Vétial. 2003).
Therefore online dissolved,@oncentration data were used to calculatg figm the dynamic
dissolved Q@ mass balance while taking into account the dynamgicghe DO-sensor (see
Appendix 5.5.1). Figure 5.4a presents the reswitsich clearly shows the time varying, O
consumption rate («3(t)) at seconds time resolution in the four phasestioned above.

In phase | the 3.4 fold-increased; @pused a 3.2 fold increase inyzqithin 10 s (-77.3 to -250
mmol G,/Cmol X/h). A new steady-state inggwvas reached after about 50 s (Figure 5.4a). These
rapid dynamics can be understood given the verytlonover time of metabolites in glycolysis,
TCA cycle and ATP (Table 5.2). In phase Il the caygonsumption steeply decreased in several
tens of seconds to a very low value of about 35 hCmol X/h (Figure 5.4a), which was 2.2
fold lower than the steady-state value and clogb@anaintenance £onsumption rate of 21.54
mmol G/Cmol X/h (Appendix 5.5.2 and Taymaz-Nikerel al. (2010a)). This consumed,O
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Figure 5.4: (a) Calculated -@, from the dissolved Q mass balance, (b) Calculategh from

Herbert-Pirt relation and (c) -qs calculated from Herbert-Pirt relation for Chemostat 2.

Pulse was given at time O.

requires electron donor, which cannot be takenromfthe supernatant because glucose and
secreted products were absent. Therefore the catsustectrons must be supplied from
intracellular metabolites which have accumulategbliase | and are consumed in phase Il (see
below). In phase 1ll/IV -g, quickly returned to its original steady-state lesee to the glucose
feeding.

Soecific growth rate: In phase | growth ratey(t), was calculated from the obtaineg @) and the
Herbert-Pirt relation, which gives gglas function ofu (Appendix 5.5.2) (Taymaz-Nikeret al.
2010a). This calculation is essentially based enAfP-balance and the pseudo-state property of
the ATP pool during the transient because the wendime of the ATP pool i 1 s (see
calculation methods section in Materials and methodhe results (Figure 5.4b) show that,
following the glucose pulse, the growth raténcreased very rapidly (in several tens of secpnds
from its steady-state value of 0.12" o 0.48 K. This shoot-up is reasonable sing®
measured during the batch, was 0.7 (data not shown). The change in the stoichiometry
(decreased ratio ofpg/gs) can be fully explained by the increagednd is due to a lower impact
of maintenance at high This well known phenomenon was also observedreeafoour previous
steady-state chemostat conditions: cultures rumght growth rates yield lowerog/qs ratios due

to less impact of maintenance (Taymaz-Niketel. 2010a).
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Having the information ofi(t), the Herbert-Pirt relation for substrate uptallews calculating
the substrate uptake rates'tt) required to synthesize biomass (see Matedaly methods). In
phase | the calculated pseudo-steady-statewgs about 128 mmol/CmolX/h (Figure 5.4c),
which is about 10 % higher than the measured 146 mmol/CmolX/h). The -(t) result in
phase | can be used to construct tRétcurve showing the amount of substrate usedjfowth.
The expectation would be that/@® > Cq(t), where the difference would be the amount of
intracellularly accumulated changed metabolite le¥e accommodate the increased fluxes in
phase |I. However £ was slightly lower than the {QFigure 5.5). The small discrepancy is
probably due to small errors in the measurementD@r and the calculated & value (see
Appendix 5.5.1) which leads to errors in (i) and the -g (t). For example, a 10 % lower&
value brings the measured and calculated valuegsfand G much closer (see Appendix 5.5.5,
Figure 5.14). This calculation shows that in phasalso during the transient,,@onsumption
and glucose consumption are in close agreementthétbstablished steady-state stoichiometry
where glucose is used for growth and maintenante @his is completely due to the pseudo-
steady-state property of the ATP pool during thagrent.

0.6

Calculated
© Measured

Glucose concentration [g/l]

0 50 100 150 200 250
Time [s]

Figure 5.5: Comparison of the residual glucose coeatration calculated from Herbert-Pirt
relation to the measured concentration (Chemostat)2

In phase Il the glucose-based Herbert-Pirt relatimmnot be used to obtaginfrom -gp, because
the electron donor is not glucose but most likelgnixture of intracellular metabolites which
were accumulated in phase | (see below). In phasgucose is again the electron donor and we
can again obtain(t) from - (t) as before. It is observed that) rapidly (in tens of seconds)
increased from a very low value (~ 0.03) lio the previous steady-state value of 0.12 Fhe
calculated -g (from Herbert-Pirt) increased rapidly to the poas steady-state value as well. It
was found that in the first part of phase lligé) was smaller than the sgthe difference being
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used to rebuild the intracellular metabolite levieten their low phase ll-levels to the steady-state
levels (phase I, 1V).

Intracellular fluxes during glucose excess

Figure 5.6 shows the flux distribution through eahtarbon metabolism in the pseudo-steady-
state of phase | as fold changes relative to tneefl at steady-state before perturbation. It ia see
that the 3.4 fold increase of the substrate uptates 2.8 fold increase of the oxygen consumption
rate and 3.7 fold increase of the growth rate cattse glycolytic fluxes to increase ~ 3.2 fold and
TCA cycle fluxes ~ 2.5 fold (Figure 5.6). The fl(within central metabolism) that increased less
(1.3 fold) is the pyruvate kinase reaction. The tmnesreased flux is the PEP carboxylase (8.1
fold) (and hence PEP carboxykinase since the fagioveen those reactions were set to be
constant at 2 according to Nanchenal. (2006)) and glucose-6-phosphate-1-dehydrogenase
(G6PDH) (4.2 fold), which is due to the nearly 4dfoncreased growth rate requiring more
anaplerosis and NADPH. The higher fold changesniabalic rates compared to catabolic rates
are due to the lower value of theggs ratio at higher growth rate because of less impéct
maintenance.

The intracellular fluxes in phase Il cannot be gkdted because there are multiple intracellular
pools (from phase 1) that are used as carbon aerdygrsource (see below). In phase Il the
metabolism reaches back to the initial steady-states the intracellular fluxes at the pseudo-
steady-state of phase Ill are same as steadyfatadethus in phase 1V) (not shown).

Metabolite dynamics

General observations: During the stimulus-response experiments levelghef extracellular
present metabolites of glycolysis, TCA cycle andramacids do remain the same as at steady-
state (data not shown). This is as expected, duthdolarge time constant (10 h) of the
extracellular concentration pools. This result\wbaus to use the differential method to obtain the
intracellular metabolite levels by subtracting gteady-state amount of metabolite in the filtrate
from the amount in the broth during the transiefihe analytical approach obtained high
sensitivity and specificity via MS/MS while mininiig systematic error by including isotope-
labeled internal standards throughout.

The metabolite changes are shown in fold chandasuweto the steady-state values (as presented
in Table 5.2) in two time frames (0 - 30 s andX200 s, Figures 5.8 - 5.11 and Appendix 5.5.6
Figures 5.15 - 5.19). The two independent chemqstise experiments show the same dynamic
pattern for all metabolites, and the fold chandesng&d differences for only some metabolites,
demonstrating the reproducibility of our pulse expents. The four phases in the transient
observed for fluxes and extracellular concentratigoifgas Q/CO, and pH) were also clearly
distinguishable for intracellular metabolites inthh@xperiments. For nearly all metabolites, as
expected, the previous steady-state levels wereveeed (fold change back to 1) at the end of
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phase Il and

during phase IV. Exceptions were yat@ (Figure 5.9) and succinate (Figure

5.10).
» GLUC
NADP NADPH
6P 6PG
i
v Table 5.4: Fold change of metabolite levels at psead
F6P atp steady-state in phase | relative to the steady-staand
turnover times [s] at pseudo-steady-state in phade
ADP (Chemostat 2)
FBP Concentration T
fold change
G6P 4.8 4.2
A <«—— DHAP T6P 1.0 -
MéP 22 -
6PG 9.5 2.0
E4P 4.3 0.7
His 16 13.9
13dPG Tyr 1.0 8.9
ADP Mannitol1P 2.0 -
[55] 3.2 ] K FBP 82 5.6
ATP G3P 11 2.6
F2,6bP 5.8 -
3PG - 2PG+3PG 0.3 0.3
Gly 1.2 19.7
[48] 3.2 ] l Trp 0.8 2.4
PEP 0.1 0.1
Pyruvate 13 0.6
2PG Ala 14 34.7
val 1.3 12.0
Leu 21 228
Cit+lsoCit 13 8.7
o-KG 15 11
Glu 1.1 715
Gln 2.0 48.0
Lys 12 51.6
Pro 1.4 55.0
Oorn 1.6 26.7
Succinate 3.6 16.5
Fumarate 1.8 1.2
Malate 15 3.9
Asp 0.8 13.0
Asn 0.8 12.2
Thr 11 10.6
lle* 0.2 05
Cys 2.2 5.3
Met 0.6 3.0
ADP 11 0.1
ATP 1.0 0.5
Cit aMetabolite measurement from Chemostat 1.
Oaa ™
NADH
" Mal+———GIx IsoCit
Lel2s] ~Teras] NADP
(6] 2.5 ]
t K aor
Fum T akG
NAD
FADH ’/<
NADH
FAD A ‘ Flux at ss ‘ Flux fold change

Suc

SucCoA

(9 17 ]
ATP ADP

in pss (phase I)

¥ Flux to biomass

Figure 5.6: The steady-state intracellular fluxesrhmol/CmolX/h] and the relative flux fold

changes at pseudo-steady-state in phase | (0-200irs)the central metabolism (glycolysis,
TCA cycle), shown respectively in the boxes (leftna right) next to the corresponding
enzymatic reaction (Chemostat 2).
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The dynamic metabolite profiles (Figures 5.8 - sah#l Appendix 5.5.6) and the dynamig amd
-(o2 Uptake rate profiles (Figure 5.4) both showed #iter exposure to glucose excess (phase 1)
the central metabolism reached a pseudo-steady-sittiin approximately 30 - 50 s after the
glucose pulse. This experimentally observed tinmeHe transient is in very good agreement with
the turnover times of the metabolite pools (Tab®).5The metabolite levels during the pseudo-
steady-state of phase | (in fold changes relatvé¢ steady-state) are shown in Table 5.4. When
this fold change of each metabolite (Table 5.4)ladted as function of steady-state turnover time
(Table 5.2), it is clearly seen (Figure 5.7a) ttiet metabolites that have the lowest turnover
times show the highest fold change, as can be &qbethe exceptions are ATP, ADP, pyruvate,
fumarate andi-ketoglutarate that do not exert much dynamicsoalgh they have low turnover
times. For ATP and ADP this can be explained byrtbenserved moiety property (cyclically
phosphorylation/dephosphorylation) while pyruvateéketoglutarate and fumarate are generally
known (P. chrysogenum (Nasutionet al. 2006) ands. cerevisiae (Wu et al. 2006)) to be involved

in near-equilibrium transaminase reactions, invajvthe large ¢; Cs and G pools of Ala, Glu
and Asp, leading to relatively high turnover tintéshe combined pools.

The accumulated carbon, relative to the steadgstaim all measured intracellular metabolites
inside the cell (during phase 1) was 2.6 mmol carlper liter broth (see Figure 5.7b) which
represents 16 % of the added glucose amount (18l tanbon). This accumulated carbon is then
consumed in phase II.

The calculated cumulative consumption of oxygephase Il was 1.31 mmolDbroth (Figure
5.4a), although there was no external substratidable during this phase. The electrons (degree
of reduction) available in the 2.6 mmol carbon oimulative intracellular metabolites at the end
of phase | was 10.0 mmol electrons/l broth (Figbéc) which is equivalent to a maximap O
consumption of 2.5 mmol 4 broth. This shows that about 50 % of the conalimetabolites in
phase Il are catabolised. These intermediatesesepting about 10 mg glucose equivalents per
gDW, are clearly sufficient to act as electron doand substrate in phase Il, the most abundant
one being Glu representing ~ 1/3 of the electracsi@ulated at the end of phase I. It therefore
appears thak. cali cells can accumulate in periods of substrate ex(astime scale of several
tens of seconds) a relevant amount of carbon awmciltular metabolites. Clearly such
accumulation phenomena are of major relevance dogelscale glucose-limited fed-batch
cultivations, whereE. coli is exposed to glucose gradients (alternating extesstarvation) at
time scales of fermentor mixing times 30 - 300 saf)élet al. 2000).

Phase | (glucose excess): Highly dynamic changes occurred in the intracetlufetabolite levels

in phase 1Glycolysis and PPP: The hexose phosphates G6P, M6P directly increaedt 3 - 5
fold and then reached a pseudo-steady-state alreftelly about 20 - 30 s (Figure 5.8). FBP,
F2,6bP and the PPP intermediate 6PG (see FiguBearal 5.9) showed a much higher fold
increase (10 - 15 fold). The concentrations of logkycolytic metabolites 2PG+3PG and PEP
dropped immediately nearly 10 fold and remained [figure 5.9). The increase in G6P and
decrease in PEP agree very well with the activityplwosphotransferase system (PTS), which
consumes PEP and produces G6P.
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The accumulation of phosphorylateds @etabolites and decrease of phosphorylated C
metabolites (2PG+3PG and PEP) are related to #hefaBd increase in - This glycolytic
metabolite- flux pattern was also observed by atlveE. coli under similar conditions (Buchholz
et al. 2002; Chassagnolet al. 2002; De Meyet al. 2010b; Hoqueet al. 2005; Schaefeet al.
1999) and was also observed fn chrysogenum (Nasutionet al. 2006) andS. cerevisiae
(Mashegoet al. 2006; Visseet al. 2004; Wuet al. 2006). The 3.1 fold flux increase through the
enzyme PFK (Figure 5.6) is driven by the incredst® hexose phosphate levels, but also by the
increase in the concentration of AMP (Figure 5.1hich is a potent activator of PFK (Keseler
et al. 2009).

The increase of 6PG (also observed by (Chassaghale2002)) is due to the 4.2 fold increased
flux through G6PDH, stimulated by the 5 - 10 folttriease in G6P, to provide the NADPH for
the steeply 3.7 fold increased rate of biomass dion.

a 12

® up

O  down
10+ B

Phase | metabolite fold change

Steady state turnover time [s]

b o T T € o] |
ssl 1 n v ss '%]: U n v
\ 3000
P e | s N |
2 g B o R
2 1 25 2500
E§‘ o O O~ SR o D\%\
SZ 600 T ry e 55 AR
g2 " . o 8@ 2000 0 il
g5 g5
el L TBe
50 EL
B ® 5 1000
Q Q
25 200 ‘ ‘ ‘ ‘ g5 ‘ ‘ ‘ ‘
ol S ]
0 : : : 0 . . .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Time [s] Time [s]

Figure 5.7: (a) Fold changes in metabolite levelpgs, phase |) relative to their steady-state
as function of the corresponding steady-state turneer times, (b) Total amount of
intracellular metabolite-associated carbon gmol Carbon/gDW] and (c) electrons jmol
electrons/gDW] calculated from the measured intermdiates (Figures 5.8-5.10, 5.15-5.19) at
each time point.
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Figure 5.8: Intracellular levels of upper glycolytc metabolites, 6PG and Mannitol-1P as
fold changes relative to their steady-state levesnd NAD*/NADH ratio in two time frames
(left: 0-30 s, right: 0-1200 s), squares: Chemostat circles: Chemostat 2.

Remarkably the pyruvate concentration did not iaseesignificantly, which agrees with the
absence of secreted by-products. The strongly @lid ihcreased pyruvate synthesis rate is
apparently more than matched by its increased copson for growth (anaplerosis) and for
catabolism (TCA cycle and &onsumption).

TCA cycle and glyoxylate route: For most of the TCA cycle intermediates only mader(up to
1.5 fold, Table 5.4) increases in metabolite lewts seen (citratei-ketoglutarate, fumarate and
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malate), which is in agreement with previous figdiDe Meyet al. 2010b). These small fold
changes of the TCA cycle metabolite concentratlemse to be judged against a 2.5 fold increase
in TCA cycle fluxes to provide the electrons foe timcreased ©consumption, which indicates
the presence of other kinetically relevant metabsli Only succinate increases about 10 fold
towards the end of phase I, which might point toreetic limitation of succinate dehydrogenase.
In fact, Linket al. (2010) showed that this enzyme enters a saturatada in similar perturbation
experiments.

The fluxes of the glyoxylate shunt increased 218 following the fold changes of the TCA cycle
reactions aconitase and isocitrate dehydrogendmefold change was the same because the ratio
of the glyoxylate cycle to TCA cycle was set to 23@cording to Nancheet al. (2006) (see
Materials and Methods).

Nucleotides: During phase | ATP slightly decreased, AMP strorigtyreased and ADP increased
very slightly (Figure 5.11), but the sum of the @ide nucleotides did not change significantly,
whereas the EC-value remained high (Figure 5.18is 1 due to a balance between the steeply
increased ATP demand (for growth) which is rapiaigtched by the increased ATP supply from
steeply increased oxygen consumption. This indécttat the electron transport chain has a very
high capacity.

Mass action ratios and metabolite ratios. To investigate the thermodynamic feasibility of the
metabolome response in relation to flux directitie, near-equilibrium reactions were examined.
It was seen that the MAR of reactions between PR&KKRGK (MAR of FBP to 3PG, Figure 5.9)
and enolase reaction (PEP/2PG+3PG, Figure 5.9plshdecreased after the glucose pulse to
accommodate the 3.4 fold increase in flux, as aamxipected from a thermodynamic point of
view. The MAR of the fumarase reaction (Figure $.4180 significantly decreased in response to
the 2.3 fold flux increase. This indicates that kiveetic capacity of this near equilibrium reaction
is not excessive. In contrast to the presentfiigslinE. coli, thein vivo MAR of fumarase, irs.
cerevisiae (Mashegoet al. 2006) andP. chrysogenum (Nasutionet al. 2006) under comparable
glucose pulse experiments remained close (< 15dheir steady-state value but MAR of
enolase decreased, as observed here.

Following Canelagt al. (2008b) and Taymaz-Nikeret al. (2009) it is possible to calculate the
cytosolic NAD/NADH ratio (Figure 5.8) from concentrations of Mdtol-1P and F6P. Because
in this experiment reliable F6P results could netdbtained, measured G6P along with the
known equilibrium constant of PGI (Seeholzer 1983} used for this calculation. In phase | the
NAD'/NADH ratio steeply increased (from 60 to 100), evhindicates a surprising increased
oxidation level of the NAD(H) pool. This is in strg contrast to the observations3rcerevisiae
(Wu et al. 2006) andP. chrysogenum (Nasutionet al. 2006) where the NADNADH ratio
decreased, in similar glucose pulse experiments.ditierence might be explained by the much
higher increase in oxygen uptake raté&irroli, which leads to a very fast rate of consumption of
the produced NADH, possibly leading to a higherdation level of the NALYNADH couple.
The resulting lower NADH value, leading to lessibition of TCA cycle dehydrogenases, can
potentially also explain the faster rate (2.5 fadflthe TCA cycle, where most of the TCA cycle
intermediates only changed about 1.5 fold.
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The turnover times of intermediates during the gdeesteady-state in phase | are shown in Table
5.4, in comparison to their steady-state value® Higgest change occurs in the 2PG+3PG pool,
where the turnover time decreases 9 fold, showiegeixtreme dynamics of this pool under the
studied conditions.

Comparison to eukaryotes. When the short-term dynamics of (glycolysis/TCA leyc
metabolome in aerobic chemostat gradgvicoli is compared to a glucose pulse wittcerevisiae
(Mashegoet al. 2006; Wuet al. 2006) andP. chrysogenum (Nasutionet al. 2006), it is seen that
most of the observations are similar, such as rigictase in the phosphorylateg iBetabolites,
rapid decrease in the 2PG+3PG and PEP, moderaag®in the TCA cycle intermediates and
rapid achievement of a new pseudo-steady-statderBifces in the response of the different
organisms is reflected in secreted ethartlcerevisiae) and increased storage materibl (
chrysogenum), none of which occurs i&. coli. Also, the pseudo-steady-state is achieved in a
much shorter time period (~ 30 s)Encoli compared to these eukaryotes (~ 100 s). Furthe;mor
E. coli has a much larger capacity to oxidize NADH (stéggease in @ consumption) and
generate ATP. The measured maximaluptake rate (in mmol £h/Cmol X) after a glucose
pulse given to the organisms, initially cultivatd.1 i, was 250 foE. coli (this work) and 113
for S. cerevisiae (AB Canelas, personal communication, 2010)Elrcoli this leads to a more
oxidized NAD'/NADH couple (in contrast to the more reduced IsvielS. cerevisiae and P.
chrysogenum). E. coli maintains its ATP level and a high EC, as oppdsesi cerevisiae andP.
chrysogenum, where these values strongly decrease.

Amino acids. One of the important findings of the present stiglyhat most amino acids (see
Appendix 5.5.6) revealed moderate (up to 1 - 2)folthnges in their concentration already in the
initial 50 s of phase I. This would not be expectht to the relatively higher steady-state
turnover times of the free amino acids (Table 5Rywever the projection of steady-state
turnover time to infer pulse dynamics should alwhgstreated with caution as indicated in this
case. In the pseudo-steady-state (in phase |)arnimes of all amino acids (see Table 5.4)
strongly decrease (due to increased growth ratd)then match globally with the observed
response time of amino acids.

In vivo kinetic relations. In general the amino acid concentrations followezldynamic response

of their corresponding precursor metabolite in @nmetabolism as can be seen (Appendix
5.5.6) for the E4P-, pyruvate- ameketoglutarate-derived amino acids. 3PG- and oxaitzde-
derived amino acid levels did not follow one trebdf some increased with decreased precursor
level or vice versa. Most of the oxaloacetate-aefiamino acids did not change significantly
while Cys slightly increased. In general the 1 foRl changes in amino acid levels are much
more modest than their steep 3 - 4 fold flux changele to 3.7 fold flux change in growth rate).
The 3.7 fold increase in amino acid synthesis #ppears to be mainly driven by significant (5 -
10 fold) increases in most of their precursor melitd concentrations (i.e. E4P, oxaloacetate
(malate) andi-ketoglutarate).

The 3.7 fold increase in growth rate (Figure 5.4xjuires the same fold change in protein
biosynthesis rate, which requires a 3.7 fold inseelaribosome activity. This high increase in
ribosome activity must be due to increased mRNA&Ilebecause there is hardly any fold change
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Figure 5.9: Intracellular levels of lower glycolytc metabolites as fold changes relative to
their steady-state levels and mass action ratio (MR) of FBP-3PG, PEP/(2PG+3PG),
Pyruvate/PEP in two time frames (left: 0-30 s, righ 0-1200 s), squares: Chemostat 1,
circles: Chemostat 2.

in ATP and amino acid levels. It is therefore hymsized that the transcription rate of many
proteins is increased within seconds due to ineasRkRNA levels in response to changed levels
of metabolites which bind to a global transcriptfantor. InE. coli the global transcription factor
Cra is known to be inactivated by F1P and FBP. l@ad et al. (2009) demonstrated the impact
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of changes in FBP concentration in relation to ©rathe transcription of central carbon
metabolism genes and the effect of these changéseometabolic fluxes. Our finding of a more
than 10 fold increase (within 15 s) in the concatitn of FBP can therefore be expected to lead
to high transcript levels, creating a high ribosbpratein production rate, explaining the 3 - 4
fold increase inu. In support of this hypothesis, our data showdrang positive correlation
between FBP concentration and growth rate (Figutgd, in agreement with the findings &n

coli chemostat cultures) of Schaub and Reuss (2008)diffegzence in the absolute amount of
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Figure 5.11: Intracellular levels of adenine nucletides as fold changes relative to their
steady-state levels and sum of adenine nucleotids®\XP=AMP+ADP+ATP), energy charge
(EC), mass action ratio (MAR) for adenylate kinasgAK) in two time frames (left: 0-30 s,

right: 0-1200 s), squares: Chemostat 1, circles: @mostat 2.

FBP between the two studies is probably due talifierent sampling methods used. Schaub and
Reuss (2008) used total broth sampling, wherebiyaqgpcombined quenching/extraction with a
helical coil heat exchanger, and this might havased overestimation of metabolite levels,

depending on the amount of the metabolite presdracellularly.

The fast increase of the oxygen consumption rater dhe glucose pulse (Figure 5.4a) is a
consequence of the speeding up of the activity le€ten transport phosphorylation (ETC
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coupled to H-ATPase, abbreviated as ETP). This change in the Edtivity might be due to
high substrate (NADH) supply and/or less productetdne nucleotides ATP, AMP and ADP)
inhibition. The first hypothesis does not hold inrocase because the NANADH ratio
increases after the pulse (Figure 5.8), leadirg lmwver NADH concentration as substrate for the
ETC. On the other hand, AMP shows a strong increesse ATP slightly decreases, which is
readily explained by the 3.7 fold increased protejmthesis rate (discussed above) at the
ribosomes (which produces massive AMP). We hypdatheabat an increased AMP/ATP ratio is
an emergency signal for energy shortage that stitesilthe ETP mechanism, leading to rapid
increase of oxygen consumption rate. Figure 5.1Bbws a direct relation between the
AMP/ATP ratio and the oxygen consumption rate ogogrin the first 50 s of phase I.
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Figure 5.12: (a) Specific growth rate plotted as &nction of the intracellular FBP amount,
this work (squares) and from Schaub and Reuss, 20(8ircles), (b) Specific oxygen uptake
rate as a function of the AMP/ATP ratio.

Phase 11 (starvation): During this phase there is no glucose uptake, wieshlts in the collapse
of the amounts of hexose phosphates (G6P, M6P), 6R@nitol-1P, FBP and F2,6bP along
with the sharp increase of 2PG+3PG and PEP thdiasto the absence of PTS activity and the
much lower glycolytic flux.

Mass action ratios and metabolite ratios: To check the thermodynamic feasibility of the dyiam
metabolite response, the MAR of near-equilibriuract®ns was investigated again (as in phase
1). In general it was observed that MAR increase@xpected due to the lower flux. The MAR of
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the FBP to 3PG increased at the beginning of pHeeed reached to values as occurred before
the pulse. The MAR of enolase (PEP/2PG+3PG) retutoea value slightly above the steady-
state value indicating a possible presence of gleegenesis during phase Il (see Figure 5.9).
The PEP/pyruvate ratio sharply increased due teraigsof flux through the PTS. The MAR of
fumarase also returned to the steady-state valhe.r&dox state NADNADH ratio sharply
dropped to a value lower than its initial valuescaindicating gluconeogenesis which is driven by
a high NADH level.

TCA cycle: The concentrations of the TCA cycle intermediaitate, a-ketoglutarate, succinate,
fumarate and malate remained rather constant duhisgphase. Despite conversion of TCA
cycle intermediates (there is,@onsumption), there is no depletion of metaboléssoccurs in
the upper glycolysis. This agrees with the very kEmwaplerosis rate due to the very low growth
rate, which causes a conserved moiety propertit 31GA cycle intermediates.

Nucleotides. During phase Il ATP did not change as much ashiasp |, but there was a slight
decrease of EC, probably due to the steep decmrea®gconsumption and the associated ATP
production.

Amino acids: The amino acids generally followed the patterrthair corresponding precursor
metabolite, as in phase |, e.qg. E4P-derived Tyresesed, 3PG-derived Gly and Trp increased,
Ala and Leu decreased following their precursoupgte, andi-ketoglutarate-derived Glu, Gin,
Pro and Orn decreased. Also the oxaloacetate-dkaineno acids Asn, Thr and lle increased.

Phase 111/IV: With the restart of the glucose feed (at the bagmof phase Ill), in general most
of the measured intermediates, such as the upperl@mer glycolytic metabolites, PPP
intermediates, TCA cycle organic acids as well astnof the amino acids, quickly returned to
their steady-state values. Exceptions are pyruths,had a lower value than its initial value at
the end of phase IV, malate was higher (2 fold) twedmost striking difference was for succinate
which was 8 fold higher compared to its steadyestaalue. These exceptions cannot be
explained.

5.4.Conclusions

The glucose pulse experiment carried out by pengrithe reference steady-state was
dynamically and quantitatively fully described s work, in terms ofn vivo rates andn vivo
metabolites both extracellularly and intracellutarlThe obtained flux and metabolite
concentration-time patterns i) agree with the malitd turnover times, ii) were highly
corresponding, iii) their values returned to thgievious steady-state and iv) did show mirror
image responses in glucose excess and starvataseph

As expected, the strongly increased rates werengganied by respectively increased/decreased
metabolite concentration in upper/lower glycolydiy, decreased MARs in near equilibrium
reactions in glycolysis, and by increased precucsmicentration for most amino acid synthesis
pathways, and pentose phosphate pathway. Surpyisicgnsidering the 3 - 4 fold increase in
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amino acid synthesis rate, due to such fold ineréagrowth rate, the amino acid concentrations
only marginally changed (1 - 2 fold), which poittsa fast and strong transcription response to
explain the increased protein production rate fitbm ribosomes. Here the known Cra (global
transcription factor)-based impact of FBP (increédsm transcription (increased) is considered of
major importance, suggesting a direct link betwienmetabolites of the central metabolism and
transcription.

Another surprising result is that the energy chaagd ATP level hardly decreased during the
massive increase in ATP requirement (~ 4 fold)hiea transient, pointing to a matching strong
increase in ATP production rate from the electramsport chain phosphorylation. Here a strong
correlation is found betweenggand the AMP/ATP ratio showing that the ETP is lrited by
ATP and stimulated by AMP.

Furthermore, the proposed method for online dynasaiculation of -g,(t) and henceu(t) at
seconds time scale will be beneficial for futurenamic model studies because calculated
network fluxes depend clearly on a correctvalue. Moreover, the presented approach on
assessment of pseudo-steady-state turnover tisbe ithan steady-state turnover times) will be
more realistic in time-scale-analysis-based moeliction techniques (Nikeref al. 2009).

5.5. Appendix

5.5.1.Calculation of -qo, during the transient from mass balance of dissolved O

The DO-probe used to measure DO concentration stsnsf a membrane through which kas
to diffuse and reach to the actual electrode. Thmesponse dynamics of the DO-probe can be
approximated well by a first-order model (Lee arshd 1979).

The response dynamics is different for differerdhms, furthermore the same probe can show
different response dynamics under different coadgj and depends on the age of the probe. For
these reasons, in order to reveal the dynamidseoptobe applicable to the pulse experiment, just
before the pulse experiment the steady-state eultiars perturbed by adding purg &nd DO
measurements were recorded (see Figure 5.13). ThesBdings reached a new steady-state as
indicated.

In Figure 5.13 ¢is the probe measurement, S the unknown real DO-concentration that is
calculated by the dissolved, @ass balance:

9C 9 ¢, - :
at Ty, Cun G aG € g, € (5.1)

where @ is the oxygen concentration in the liquid phabg,is the liquid flow rate, Y is the
volume of the liquid phase, & is the volumetric mass transfer coefficient faygen, G’ isthe
saturation value of the oxygen concentration inlitpeid bulk in equilibrium with the oxygen
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content of the gas bullCy is the biomass concentration angh ¢ the specific @ consumption
rate.
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Figure 5.13: Dissolved oxygen (DO) concentration [mol/l] as a function of time: line: DO-
probe readings during addition of O, to air, triangles: real DO concentration after
correction for DO-probe dynamics, dashed line: calglated DO-probe signal using the real
DO concentration and the probe dynamics.

During the transient of DO due to adding purggas, G and @, do not change because the

feeding rate and metabolism do not change. The t\%hcr(c,_‘m -C, ) is neglected since both
L

dissolved @ concentration and the liquid flow rate are veryaBnThen,

d x
S ok alC G )48, G 52
Solving the above equation with constapa K504 H, obtained from the new steady-state DO

concentration), C (0.513 mmol/l), g, (77.28 mmol/CmolX/h) and C(10.44 gDW/I) yields:

0,Cx +k aC

q skat s gk at
C ()= l-e™ +G° é 5.3
L= [1-42t] 4 (5.3)

in which the known new steady-state @nd ka will be implemented. The DO-probe first-order
kinetic parameter k is then calculated with

de
T:k (C 'Cp) (5.4)

by minimizing the squared error between c$mated aNA G measued@t €ach time point. This
optimization solution yielded k = 0.0211sTo show the nice fit, SestimatedS @ISO plotted (Figure
5.13). This shows that the DO-probe has a timetaohsf about 50 s.
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Then the differential equations Eq. 5.2 and Eq.@edsolved to calculate ggduring the glucose
pulse using the calculated, Gfter the glucose pulse with Savitzky-Golay smowhfilters
(MATLAB, The MathWorks Inc., Natick, MA, USA).

5.5.2.Herbert-Pirt relations

For the stoichiometric metabolic network model dibsd in Taymaz-Nikereét al. (2010a), all
the steady-state fluxes in the network can be ewiths a function of gand un. When the
intracellular fluxes in the ATP balance equatioa eplaced with their expressions as a function
of -gs andp, the Herbert-Pirt relations are derived. The dstiHerbert-Pirt relation (Taymaz-
Nikerel et al. 2010a) describing o3 as a function ofu is -0p,=0.44u+21.54. After calculating
u(t), -os(t) was calculated with «0.251+3.59 (Taymaz-Nikeredt al. 2010a).

5.5.3.Calculation of E4P concentration

The intracellular concentration of E4P was cal@dawith the assumption that the following
seven reactions operate at equilibrium.

FBP -~ GAP + DHAP (aldolase, K= 0.086 mM (Connett 1985))

DHAP o GAP (triosphosphate isomerase,®0.045 (Veectet al. 1969))
GAP + S7P-~ E4P + F6P (transaldolase; ¥ 1.05 (Vaseghét al. 1999))
GAP + S7P~ R5P + X5P (transketolase 1, &K 0.83 (Vaseghit al. 1999))
E4P + X5P~ F6P + GAP (transketolase 2; K 10 (Vaseghét al. 1999))
Ru5P « X5P (phosphoribulose epimerase,*1.4 (Vaseghét al. 1999))
R5P « Ru5P (phosphopentose isomerasez 025 (Vaseghét al. 1999))

Among the metabolites mentioned in the above reastithe concentrations of F6P and FBP are
available. Therefore E4P was written as a functibequilibrium constants, F6P and FBP. The

113
relation is: E4P{ Ky Kp Ko FOP FBP} .

K, KK 6K

Specific cell volume of 1.77 ml/gDW (Chassagneleal. 2002) was considered for converting
the amount of metabolites into concentrations.
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5.5.4.Measurements in the supernatant sample

Table 5.5: The analysis results of the supernatargamples taken ~ 200 s after the glucose

pulse
Compound Experiment Concentration Measurement
number [mg/l] Method
Formic acid Chemostatl 3.6+0.2 Enzymatic
Chemostat2 6.77 £0.04 Enzymatic
Chemostat2 54.7 NMR
Fumaric acid Chemostatl ND LC-MS/MS
Chemostat2 0.06 £0.03 LC-MS/MS
Pyruvic acid Chemostatl ND LC-MS/MS
Chemostat2 05+0.4 LC-MS/MS
Chemostat2 0.0 NMR
Malic acid Chemostatl 0.58+0.01 LC-MS/MS
Chemostat2 05+0.1 LC-MS/MS
Succinic acid Chemostatl 4.7+0.2 LC-MS/MS
Chemostat2 3.9+05 LC-MS/MS
Citric acid Chemostatl 6.644 + 0.004 LC-MS/MS
Chemostat2 6.4+£0.2 LC-MS/MS
Chemostat2 0.0 NMR
a-ketoglutaric acid Chemostatl 0.55+0.01 LC-MS/MS
Chemostat2 0.4+0.2 LC-MS/MS
Acetic acid Chemostatl 3.41+0.2 Enzymatic
Chemostat2 40+0.1 Enzymatic
Chemostat2 12.0 NMR
D-lactic acid Chemostatl Enzymatic
Chemostat2 2617 Enzymatic
Chemostat2 0.0 NMR
Ethanol Chemostatl ND GC
Chemostat2 ND GC

ND: not detected

NMR analysis was performed for the pooled samplds=0140, 170 and 200 s in Chemostat 2.
Enzymatic analysis was performed in triplicate &f@-MS/MS measurements were done in
duplicate.

5.5.5.Effect of k_a value on the fluxes and calculated glucose concentration

In order to study the effect of & value on the determinedoq(and hencey, -gs and G), the
used ka value was varied £ 10 %. The results are showkfigare 5.14, showing that the value
has indeed an effect on the results.
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5.5.6.Patterns of intracellular amino acids throughout the gluose pulse in relation
to their precursor
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Figure 5.15: Intracellular levels of (aromatic) amno acids derived from E4P as fold changes
relative to their steady-state levels (squares: Cheostat 1, circles: Chemostat 2).
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relative to their steady-state levels (squares: Chaostat 1, circles: Chemostat 2).
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Figure 5.19: Intracellular levels of amino acids deved from a-KG as fold changes relative
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Catching prompt metabolite dynamics with the
BioScope

Abstract

The design and application of a BioScope, a minigglow reactor for carrying out pulse
response experiments, specifically designedEamherichia coli is presented. Main differences
with the previous design are an increased voluneeiBp membrane surface for oxygen transfer
and significantly decreased sampling intervals. Tharacteristics of the new device (pressure
drop, residence time distribution, plug-flow chdesistics and @ mass transfer) were
determined and evaluated. Subsequently, 2.8 mMogiuperturbation experiments on glucose-
limited aerobicE. coli chemostat cultures were carried out directly en¢hemostat as well as in
the BioScope (for two time frames: 8 and 40 sjvds ensured that fully aerobic conditions were
maintained during the perturbation experimentsavoid metabolite leakage during quenching,
metabolite quantification (glycolytic and TCA cydletermediates and nucleotides) was carried
out with a differential method, whereby the amoumisasured in the filtrate were subtracted
from the amounts measured in total broth. The dyoanetabolite profiles obtained from the
BioScope perturbations were very comparable with phofiles obtained from the chemostat
perturbation. This agreement demonstrates thaBib8cope is a promising device for studying
in vivo kinetics in E. coli that shows much faster response (< 10 s) in casgarwith
eukaryotes.

Published as: De Mey MTaymaz-Nikerel | Baart G, Waegeman H, Maertens J, Heijnen JJQudik
WM. 2010. Catching prompt metabolite dynamicsEstherichia coli with the BioScope at oxygen rich
conditions. Metabolic Engineering 12(5): 477-46Equal contribution)
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6.1.Introduction

Metabolic engineering, the modification of speclfiochemical reactions of an organism and/or
the introduction of new ones with the use of recmabt DNA-technology, can be applied for
the directed improvement of product formation imlustrial microorganisms (Stephanopoulos
1999). Hereby it should be realized that the progiathway to be engineered is always part of a
larger metabolic network, designed to serve theefienf the organism and controlled by the
latter through a hierarchy of regulatory interagtio Generally the product pathway withdraws
carbon precursors, metabolic energy (ATP) and rieduequivalents, in the form of NADPH,
from central metabolism and produces NADH. The miaictors which determine the flux
through the product pathway are (1) the enzymeldewvethe pathway, (2) the concentrations of
cofactors (ATP, NADPH, NADH) and (3) the conceritas of the relevant intermediates of
central metabolism.

To fully and quantitatively understand the relatioetween a product pathway and connected
central metabolism, mathematical models are indisipée (Kromeret al. 2006; Wiechert 2002).
To allow the quantitative evaluation of the eff@dft genetic interventions (changing enzyme
levels and/or their kinetic properties) on cellubmhaviour and productivity, dynamic models,
based on the kinetic properties of the individuatyenes, are required (Chou and Voit 2009;
Nikerel et al. 2009).

It is common practice to determine enzyme kinetiopprties fromin vitro experiments with
isolated enzymes, thereby using optimal conditimnseach individual enzyme. However, these
conditions rarely resemble the natural environnoérgnzymes inside the living cell. It has been
shown that applying enzyme kinetic properties otgdi underin vitro conditions for kinetic
modeling of thein vivo behaviour of yeast might lead to erroneous prixtist(Teusinket al.
2000). Therefore, there is an urgent need for atewenzyme kinetic data which are valid under
in vivo conditions. These can be obtained from perturbatiof well defined steady-state
conditions of whole cells and requires to measumyme levels, fluxes and metabolite levels. If
perturbation experiments are carried out in a cigffitly short time frame (seconds to several
minutes), the enzyme levels can be assumed ndiatoge and hence only intra- and extracellular
metabolite concentrations as a function of time raguired to obtain the rates from the mass
balances.

The rapid perturbation technique was pioneered bgobaldet al. (1993) with the aim to
elucidate thein vivo kinetic properties of yeast glycolysis. They depeld a rapid sampling
technique which allowed taking samples from a besgzie bioreactor each 4 - 5 s. Schaefer
al. (1999) further improved sampling from a stirredkeioreactor, using an automated rapid
sampling device capable of sampling in time inteyvaf 0.22 s. Hoqueet al. (2005) also
developed a rapid sampling device enabling to tmples from the reactor within a second.
However, a drawback of these approaches is tharbatce of the steady-state condition when
carrying out a perturbation experiment. Therefarely one perturbation experiment can be
performed per chemostat. Additionally, the numbgdifferent kinds of samples that can be
taken is limited, e.g. the samples required foraietome analysis in the broth and in the
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supernatant, for transcriptome analysis, for enzyaotivity measurements and proteome
measurements might be treated differently, whichildioequire repetition of the perturbation and
thus multiple steady-state chemostat cultures.

To avoid these disadvantages, Viseeal. (2002) and Buziokt al. (2002) proposed sampling
and perturbation devices, which allow performing gerturbations outside the reactor (instead of
perturbing the whole culture), based on a stoppma-fechnique that was originally used in the
work of de Koning and van Dam (1992). The disadagatof the sampling device of Buzeblal.
(2002) is that the maximum time window of samplisgabout 20 s for aerobic perturbations
because their system does not allow continuouslgufmxygen in the sampling / perturbation
device.

An improved stopped-flow technique, allowing oxyggon and thus longer perturbation times,
was prototyped by Visset al. (2002), who introduced the acronym “BioScope” floe device.
The system was further improved by Mashegal. (2006). The BioScope is a mini plug-flow
reactor coupled to a steady-state chemostat ana lyggs and a broth channel separated by a
silicone membrane for oxygen and carbon dioxideharge. It is important to emphasize that
with the BioScope the amount of sample obtainedinisprinciple, unlimited and different
sampling/quenching protocols can be applied insdu@e perturbation experiment (e.g. for the
measurement of metabolites in total broth and swgiant).

The BioScope device has been successfully usedpésturbation experiments in yeast
(Kresnowatiet al. 2008; Mashegat al. 2007b) and filamentous fungi (Nasutiehal. 2006).
Although the performance of the BioScope in itsspre configuration has been successful, much
shorter sampling time intervals are requiredBEecherichia coli perturbation experiments due to
the expected faster reaction dynamics of Eheoli central metabolism (Buchhok al. 2002;
Chassagnolet al. 2002; Hoqueet al. 2005; Schaefest al. 1999).

This contribution describes the characterizatiora @ioScope |l device, redesigned forcoli
perturbation experiments on a time scale of secomtis performance of the new device is
demonstrated by comparing the results of glucostughations carried out in the redesigned
BioScope, coupled to a steady-state chemostat reultd E. coli with results of similar
perturbations carried out directly in the chemosBtecautions were taken that no oxygen
depletion could occur during these perturbationeeixpents. For metabolite quantification, a
differential method was used (Taymaz-Nikezehl. 2009) whereby the intracellular metabolite
levels were obtained from measurements in totahbaad filtrate samples.

6.2. Materials and Methods

6.2.1.BioScope design

The design of the BioScope (Figure 6.1) adaptedfaoli perturbation experiments was based
on the 2¢ generation BioScope (BioScope Il) developed fartysbation experiments in yeast
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(Mashegoet al. 2006). Modification of BioScope Il to fulfil theequirements forE. coli
perturbation experiments was aimed at meeting aeleeriteria as:

«  Sufficient oxygen transfer capacity and plug-floacacteristics.

* A high sampling frequency, with a time intervalmbximally 1 s between samples, is
required for the first 4 subsequent sampling peéotscatch the expected fast initial
reaction dynamics dEt. coli (Buchholzet al. 2002; Chassagnokt al. 2002; Hoquest
al. 2005; Schaefest al. 1999).

* No disturbance of the steady-state conditions efctiemostat. Therefore the inflow rate
of the BioScope should not exceed the outflow odttie chemostat culture.

* The pressure drop over the total channel shoultb$ethan 1 bar to prevent possible
damage to the channel. Additionally, the casseteduin the pump-head is not
recommended to be operated at differential pressaigove 1 bar(ISMATEC,
Glattbrugg, Switzerland

To decrease the residence time in the BioScopeuititsignificantly increasing the through flow

rate, the working volume was decreased. This waoraplished by reducing the internal

diameter of the BioScope Il channel from 1.2 mm@.® mm and the channel length from 6.51 m
to 4.00 m. This resulted in a decrease of the veloimthe BioScope from the original 3.5 ml to

1.005 ml.

A LabVIEW (National Instruments Corporation, AustifiX, USA) script was used to control a
series of magnetic pinch valves for withdrawal afmples at different channel positions. The
sampling ports were situated at the following clenmlumes relative to the substrate addition
point: 0.010; 0.022; 0.034; 0.056; 0.101; 0.16290; 0.461; 0.678 and 1.005 ml corresponding
to sampling ports 1-10, respectively, as indicdtedrigure 6.1. The corresponding residence
times for the different sampling ports depends be &pplied through flow rate, whereby
increasing the through flow rate leads to decreassidlence times and vice versa. This design
would shorten the maximal observation time windaw 0 samples, e.g. to 30.2 s at 2 ml/min,
and hence if it is desired to have a shorter olagenv window, a faster flow rate should be used.

6.2.2.Pressure drop, residence time distribution (RTD) and oxygen &msfer

Oxygenation of and COremoval from the broth in the BioScope channel aelsieved via the
silicone membrane separating the liquid and thecpasnels. The pressure drop over the liquid
channel was measured at each sample port for @ifféroth flow rates.

The residence time distribution for the differeatmple ports was measured by a tracer response
experiment as described previously (Mashetgal. 2006; Visseet al. 2002). First, the BioScope
channel was flushed with deionized water, then=a0tthe water flow was changed to a 1.0 N
KCI solution and the response at every port wassoreal with a conductivity meter (Dionex,
Sunnyvale, USA). RTD measurements were carriedfauflow rates of 2 and 4 ml/min in
fivefold. The RTD of the flow cell was measured aegtely, using the same method. All data
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were monitored using an in-house made program ilbVLIEBW (National Instruments
Corporation, Austin, TX, USA). Afterwards the raime and conductivity data were used as an
input for a home-made computer program that caleslthe mean residence time of every port
and its variance by first computing the E and Frearon the basis of the raw data (Perry and
Green 1997) while correcting for the residence toh¢he conductivity meter. Subsequently for
every port, the Peclet number, which is a charitierfor the plug-flow behaviour of the reactor,
was calculated based on the normalized varianteeafesidence time (Fogler 1991).
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Figure 6.1: (a) 2D serpentine channel geometry ohé BioScope. (b) Cross-section of the
BioScope channel.

The determination of the oxygen overall mass temsbefficient k. Of the BioScope was
performed as described previously (Mashegal. 2006; Vissert al. 2002). Water was flushed
with nitrogen gas to remove all dissolved oxygelme Teoxygenated water (37 °C) was fed to the
BioScope at a flow rate of 0.5, 1 and 2 ml/min,pedively. The dissolved oxygen (DO)
concentration of the stream was measured at thierelit sampling ports using a flow cell in
which a DO probe was mounted. The parametgr.kwas estimated from the measured DO
profiles by a least sum-of-squares fit using MATLABhe MathWorks Inc., Natick, MA, USA)
as described by Mashegbal. (2006).
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6.2.3.Strain and preculture conditions

Escherichia coli K12 MG1655 |, F, rph'] was obtained from The Netherlands Culture
Collection of Bacteria (NCCB). Cells were grown gtationary phase in shake-flasks on LB
medium. Culture aliquots containing 50 % (v/v) glyal were kept at -88C until they were used
as inoculum of the precultures for chemostat expents.

Precultures were grown on minimal medium with tdofving composition per liter: 5.0 g
(NH,).SO;, 2.0 g KHPQ,, 0.5 g MgSQ.7H,0O, 0.5 g NaCl, 2.0 g Nk€I, 5.5 g glucose.1}D,
0.001 g thiamine-HCI, 1 ml of trace elements solutas described by Verdughal. (1992) and
40 mM MOPS. The pH of the medium was adjusted ™ with 1 M K,HPQ, before filter
sterilization (pore size 042m, cellulose acetate, Whatman GmbH, Germany).

6.2.4.Chemostat cultivation

Aerobic glucose-limited chemostat cultures weraiedrout on minimal medium at a dilution
rate (D) of 0.1 i in a 7 | laboratory bioreactor with a working vola of 4 |, controlled by
weight (Applikon, Schiedam, The Netherlands). Thediam composition was adapted from a
previously published medium (Taymaz-Nikertl al. 2009) to obtain a decreased chloride
concentration, because too high €incentrations were found to interfere with the gat of the
LC-MS analysis. The composition of the low™ @hinimal medium was, per liter: 1.25 ¢
(NHg),.SGO,, 1.15 g KHPQO,, 0.5 g MgSQ.7H,O, 0.5 g NaCl, 30 g glucose.i®, 0.001 g
thiamine-HCI, 2 ml of trace elements solution an@ énl silicone-based antifoaming agent
(BDH, Poole, UK). The composition of the trace etems solution was described in Verduwatn
al. (1992). This low Clmedium allowed a steady-state biomass concentrafiabout 8 gDWII.
The medium was filter sterilized (pore size &, polyethersulfone, Sartorius, Goettingen,
Germany) without pH adjustment, the final pH of thedium was around 5.

The operating conditions, measurement of offgagG0,), medium feeding and steady-state
conditions were as described in Taymaz-Niketel. (2009). The steady-state was analyzed for
cell dry weight, residual glucose and total orgar@dhon (TOC) for biomass lysis as described in
Taymaz-Nikerekt al. (2009).

6.2.5.Rapid sampling and metabolite quantification

Quantification of intracellular metabolites was rggdt out with a differential method, as

described previously (Taymaz-Nikerel al. 2009), whereby the intracellular metabolite levels
were obtained from measurements in total broth fitrdte samples. Before the perturbation
experiments, that is when the culture was at sts#ate, broth and filtrate sampling were carried
out as described in Taymaz-Nikeretl al. (2009). For intracellular metabolite quantificatio

during the perturbation experiments (in the reacsrwell as in the BioScope) only broth
sampling was carried out because the metaboliteerdgrations in the filtrate did not change
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significantly during such experiments (not showm)me patterns of intracellular metabolite

levels during perturbation experiments were theeefabtained by subtraction of the measured
amounts in the filtrate during steady-state coodgishortly before the perturbation, from the
measured total broth amounts during transient ¢iomdi

In brief, the procedure was as follows: fast samgpivas carried out as described previously
(Lange et al. 2001) whereby 1 ml of broth was rapidly withdrafvom the bioreactor and
instantaneously quenched in tubes containing 5frBl0d% aqueous methanol, precooled at -40
°C, which were immediately mixed after sampling lortexing. For filtrate sampling, syringe
filtration (pore size 0.4wm, MILLEX-HV, Millipore, Carrigtwohill, Co. Cork, teland) at room
temperature was employed as described in Taymagrlikt al. (2009). The obtained 1 ml
filtrate was immediately mixed with 5 ml of 60 %uwmEpus methanol, precooled at -4D, in
order to process these samples in the same walgeabroth samples. The exact amounts of
sample obtained (for broth and filtrate) were gifeaat gravimetrically. For every steady-state
condition two samples were taken and analyzed plicate. During perturbation experiments,
one sample was taken and analyzed in duplicateaoh time point.

For measurement of glucose and produced organits,asyringe filtration (pore size 0.46n,
MILLEX-HV, Millipore, Carrigtwohill, Co. Cork, Irebnd) with cold stainless steel beads was
employed (Masheget al. 2003). For the perturbation experiments carrietl ditectly in the
chemostat, this was done simultaneously with régoath sampling using a second sample port.
For the perturbation experiments carried out inBi@Scope, each perturbation experiment was
carried out twice, one for filtrate sampling angdar broth sampling. Each sample was analyzed
in triplicate.

6.2.6.Perturbation experiments

In the chemostat: A moderate glucose pulse, whereby the extracellgllacose concentration
was instantaneously increased from the steady-stagé of 14 mg/l to 500 mg/l was applied. To
achieve this, 20 ml glucose pulse solution wasctlyenjected into the reactor with a sterile
syringe. At the same time the glucose solution imgescted, the feed pump was stopped. The
pump was restarted 510 s after the start of theieation experiment.

One hour before the perturbation, the air streamafration of the reactor was mixed with a
stream of 1.34 mol/h of pure oxygen (total gassatg 5.80 mol/h) which resulted in an increase
of the oxygen concentration of the aeration ga83d% (v/v). This was done to prevent the
occurrence of oxygen limitation during the perttitia experiments.

In the BioScope: Short-term perturbation experiments were carrietl wsing the BioScope
designed forE. coli experiments, described above. In brief, broth wékhdrawn from the
chemostat at a flow rate of either 1.8 ml/min o8 &l/min (depending on the time scale of
observation), using a peristaltic pump (ISMATEC atiirugg, Switzerland). The broth was
mixed with a concentrated pulse solution (0.2 dr ®l/min for broth flow rates of 1.8 and 3.6
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ml/min, respectively) and pumped through the sdipershaped BioScope channel. The
perturbation solution contained 27.8 mM glucosechhiesulted in the same initial bulk glucose
concentration as for the perturbation carried agtatly in the chemostat. The gas channel of the
BioScope was continuously flushed with enriched(@8 % Q) at a flow rate of 0.3 mol/h. For
each time point one sample was taken and analyzédplicate.

Also for the BioScope experiments quantificationimtfacellular metabolites was carried out
with the differential method, as described abovesainple tube (polystyrene, diameter of 17
mm) containing 5 ml of 60 % aqueous methanol (-@) Was placed under each port of the
BioScope in the cryostat (Lauda RP 1845, Lauda-K@gstiofen, Germany). For each sample
point 1 ml of broth was withdrawn by adjusting thgening time of the valve correspondingly,
i.e. 30 s for a flow rate of 2 ml/min and 15 s &flow rate of 4 ml/min. The broth was sampled
directly into the cold methanol solution. The tosalmpling time was 300 and 105 s for a flow
rate of 2 ml/min (all ports used) and 4 ml/min @tts used), respectively. The sample processing
procedure was the same as described in Taymazelited. (2009).

For the measurement of the residual glucose coratemt as well as organic acid production,
filtrate sampling was carried out. Therefore santphes (polystyrene, diameter of 17 mm) filled
with 32 g stainless steel beads each were placedcityostat and cooled down to 0 °C. From
each sample port of the BioScope 3 ml of broth wakdrawn into each sample tube whereby
the opening time of the valve was set at 90 s fibowa rate of 2 ml/min and 45 s for a flow rate
of 4 ml/min. After sampling of the whole seriesethontent of each tube (steel beads with
guenched broth of ~ 6C) was transferred to a pre-cooled syringe andctijrdiltered into
Eppendorf tubes which were stored at -20 °C untthier analysis.

After each pulse experiment, the BioScope was #dshith water, ethanol and air to clean the
serpentine channels and tubings. It was not netalstérilize the BioScope before use, because
the flow of broth from the bioreactor through th®8cope is one way and does not enter the
reactor anymore.

6.2.7.Metabolite extraction procedure

Metabolites were extracted in 75 % boiling etha(®Iimin, 90 °C) as described in Taymaz-
Nikerel et al. (2009). Before extraction, 1Q0 of 100 % UX*C- labelled cell extract was added as
internal standard.

6.2.8.Measurement of intracellular metabolite concentrations

Metabolites of the glycolysis, TCA cycle and PPReavguantified with Isotope Dilution Mass
Spectrometry (IDMS) as described by van Datnal. (2002) and Wuet al. (2005). The
concentrations of the nucleotides were also andlyzi¢h IDMS. Further details of the applied
LC-ESI-MS/MS procedure have been described elsenw(saifaret al. 2009).
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6.2.9.Calculation procedures

Biomass-specific rates: The biomass-specific glucose consumption rate), (gpxygen
consumption rate (g), carbon dioxide production ratect) and the cell lysis rate (gs) were
calculated for each chemostat cultivation from #teady-state mass balanceggsqwas
calculated from the difference between the measUi®€ content in the broth and in the
supernatant as described in Taymaz-Niketedl. (2009). The specific growth ratg, in the
chemostat was calculated as the sum of the dilutio@ and gss. The reconciled rates were
calculated by standard data reconciliation techesqiverheijen 2010).

Mass Action Ratio (MAR): For a reaction aA + bB. cC + dD, the corresponding mass action
ratio is calculated as (D%/(A®B). Hereby a, b, ¢ and d are the stoichiometric famefits of the
reactants/products of A, B, C and D, respectively.

6.3. Results and Discussion

6.3.1.BioScope characteristics
Pressure drop over the liquid channel of the BioSque

The observation time window of the BioScope is deleait on the total flow rate (sum of the
flow rates of the perturbation agent and the caltuoth) that is fed to the system and the liquid
volume of the serpentine channel. An important gmaisite is not to exceed the maximum
allowable liquid pressure, in order to ensure alstélow rate and to prevent possible damage. A
too high pressure drop over the liquid channel al#lo lead to bulging of the silicon membrane
into the gas channel and result in an increasehefliquid volume which will change the
residence time distribution.

The pressure drop over the liquid channel of tr@SBope was measured at each sample port for
flow rates between 1 and 4 ml/min. As expected, gressure drop increases with increasing
liquid flow rate and linearly increases with theanhel length (not shown). At a flow rate of 2.5
ml/min and higher the measured pressure drop aessample ports towards the end of the
channel was higher than 1 bar, which we considasetthe upper limit because for the peristaltic
pump used a stable flow rate was not guaranteedlifterential pressures above 1 bar (see
materials and methods). To avoid excessive membbaigging and variances in the set flow
rates, the pressure drop over the liquid channel kept below 1 bar by using only a part of the
liquid channel in case of flow rates exceedingr@ldnin. As an example, for experiments carried
out at a flow rate of 4 ml/min, sample port 8 wasdi as waste outlet and thus the part of the
channel after port 8 was not used.
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Residence time distribution and plug-flow characteistics

The residence time distributions for flow rate2aind 4 ml/min were measured fivefold and the
results obtained are depicted in Figure 6.2a. B feand that the residence times calculated for
the first 3 to 4 sampling ports contained high maacies (not shown). This is due to the fact that
the correction made for the contribution of the awactivity cell to the measured residence time
was relatively high for these first ports, becaatthe small volume of the corresponding part of
the channel. Therefore, we used linear regressioth® RTD data obtained for the ports further
downstream of the channel to determine the res&léintes for the first sampling ports. A total
flow rate of 2 ml/min enabled to sample from all dérts, representing periods of exposure from
1.66 to 40.10 s. A total flow rate of 4 ml/min alled to sample from 7 ports, representing
periods of exposure from 1.06 to 8.02 s. It shdagdnoted that the measured residence times
were higher than the ones obtained from the design,at 2 ml/min the residence time for the
last sample port was 40.10 s instead of the dedigakie of 30.2 s. The most probable reason for
this is that the pressure in the liquid channallted in bulging of the silicone membrane into the
gas channel, thus increasing the volume of thedigiannel. This shows the importance of
carrying out RTD measurements instead of relyinghendesign parameters only.
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Figure 6.2: BioScope characteristics. (a) Measurexesidence times [s] as a function of the
channel length L [m] at a flow rate of 2 ml/min (damonds) and 4 ml/min (squares). (b)
Calculated Peclet number as a function of the chamh length L [m] at a flow rate of 2
ml/min (diamonds) and 4 ml/min (squares).

Figure 6.2b depicts the corresponding calculatedleP@umbers, which could not be calculated
for the first 3 and 4 ports at flow rate 2 and 4mih, respectively, for the reason outlined above,
i.e. the large contribution of the volume of thendoctivity cell used. It is known that when Pe >
30 dispersion effects can be considered negligileser et al. 2002). As can be seen from
Figure 6.2b the calculated Peclet numbers wereladle to or higher than 30 and thus proper
plug-flow characteristics were obtained.
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Oxygen Transfer

The oxygen transfer characteristics of the BioScaeee measured by introducing a flow of
deoxygenated water into the liquid channel of th@SBope, which was subsequently oxygenated
via the silicone membrane by flushing air throudie topposite gas channel. The DO
concentration of the stream was measured at therelit sampling ports of the BioScope using a
flow cell in which a DO probe was mounted. The ai#d DO profiles for the different flow
rates applied (0.5, 1 and 2 ml/min) are shown guFeé 6.3a. It can be seen from this figure that
the steepness of the increase of the DO vs thenehdangth is inversely proportional to the
liquid flow rate, due to the increased liquid reside time, and thus increased time for oxygen
transfer, at lower flow rates. From the obtained D@hcentration profiles the overall mass
transfer coefficients for oxygendk,) for the different flow rates were estimated, thsults are
depicted in Figure 6.3b. It can be seen from figisré that k., increases with increasing liquid
flow rate, and seems to level off at higher flowteg This is most probably the result of a
decrease of the liquid boundary layer at highewftates. The value ofyk, for a flow rate of 2
ml/min was estimated to be 3.2 1fn/s. This value is significantly higher than theue of 1.8
10° m/s estimated for BioScope Il (Mashegi@l. 2006), which was designed for pulse response
experiments wittBaccharomyces cerevisiae and comparable to the estimategLk, for the first-
generation BioScope (3.0 ¥@n/s) (Vissert al. 2002).
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Figure 6.3: (a) Measured dissolved oxygen (DO) coewtration profiles with the fitted

patterns that belong to the estimated K., (b) Estimated kyerar @s function of different
flow rates.

Considering the specific surface area for gas exgdaf 3183 fim® for a semicircular channel
with a diameter of 0.8 mm, thea&for oxygen transfer can be calculated to equalt86 This is
lower (albeit sufficient enough) than thgakof the chemostat which was approx. 500ds was
calculated from the oxygen uptake rate and dissblegygen tension during steady-state
chemostat cultivation dE. coli. From this it was concluded that the oxygen transépacity of
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the BioScope would be high enough to carry ougihieose pulse experiments while maintaining
fully aerobic conditions.

6.3.2.Characteristics of theE. coli steady-state

In this study two aerobic glucose-limited steathtestchemostat cultivations on minimal medium
at a dilution rate of 0.1 hwere carried out. The raw and reconciled biomassifip rates of
glucose consumption, biomass decay, biomass graxigen consumption and carbon dioxide
production for the two steady-state cultures areemiin Table 6.1. The results show that the
cultures were reproducible and that there wereigmificant differences between the reconciled
and measured g-rates, indicating that during aeret@ady-state chemostat growthEfcoli,
glucose was converted to biomass without signifi@anounts of by-product formation, except
cell lysis products.

Table 6.1: Measured and reconciled data for aerobiglucose-limited E. coli chemostat
cultures at D = 0.1 i, with their standard errors

Experiment 1 Experiment 2
Measured Reconciled Measured Reconciled
Cx [gDW/] 8.40 £0.12 8.36 £0.12 8.02 £0.12 8.02 +0.12
D [hY 0.101 0.105
p [mmol/Cmol X.h] 1295+2.7 1292+27 136.6+27 136.6+2.6
-0s [mmol/Cmol X.h] 40.78 £1.6 423+1.2 4461+1.8 445+1.3
-Qoz2 [mmol/Cmol X.h] 120.3£5.9 115.7 £ 4.7 125.4£8.3 121.1+£5.8
Jco2 [mMmol/Cmol X.h] 1244 +£6.1 1246 £4.9 130.2£8.7 130.5+£6.0
Qysis [Mmol/Cmol X.h] 289+1.6 289zx1.6 314+1.2 313+1.2
Carbon Recovery [%)] 103.8+6.1 99.7+5.3
Redox Recovery [%] 106.1 5.5 101.8+4.3

Intracellular metabolite levels were obtained froreasurements in total broth and culture filtrate
according to Taymaz-Nikeret al. (2009). Table 6.2 gives an overview of the inthatar levels

of the glycolytic and TCA cycle intermediates anttleic acids during steady-state chemostat
growth for the two experiments. Most of the meaduneetabolite levels in the filtrate were
comparable (results not shown) with previous figdir{Taymaz-Nikerekt al. 2009). Also in
these experiments no nucleotides were detectdukifiltrate. The intracellular metabolite levels
in the two independent cultures appeared very ainfir most of the compounds measured,
which indicates the reproducibility of our measuegrs/cultivations.
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Table 6.2: Average intracellular levels of glycolyit and TCA cycle intermediates, and
adenine, guanine and uridine nucleotides, measuretliring steady-state chemostat growth
[umol/gDW]

Metabolite Experiment 1  Experiment 2
G6P 1.22+£0.04 1.22+£0.02
F6P 0.27 £0.01 0.28 +0.01
M6P 0.40+0.01 0.44 +0.01
Mannitol-1P 0.42 +0.03 0.75 £ 0.09
6PG 0.27 £0.01 0.22 +0.02
FBP 0.67 £ 0.02 0.55+0.07
2PG+3PG 1.24+£0.04 1.38+£0.03
PEP 1.19+0.05 1.22+0.03
Pyruvate 0.43+£0.02 0.30 £ 0.04
Citraté 1.64 £ 0.06 1.12+£0.02
Succinaté 16.55+0.54  22.41+0.43
Fumaraté 0.41 +£0.07 0.38 £ 0.01
Malaté 1.35+0.04 1.57+£0.04
ADP 1.30+£0.04 1.41 £ 0.05
ATP 5.30+0.16 5.30+0.29
GDP 0.37 £ 0.03 0.31+0.03
GTP 1.42+£0.12 1.53+0.07
UDP 0.65 + 0.05 0.64 +0.05
UTP 1.00 £ 0.06 1.54+0.11

& Amount in the broth.

6.3.3.Perturbation experiments: comparison of reactor to BioScope

Glucose perturbation experiments were carried oattly in the chemostat (Experiment 1, time
window of 40 s) and outside the chemostat by usiegBioScope (Experiment 2) at two different
flow rates: 2 and 4 ml/min providing observatioméi windows of 8 and 40 s, respectively. The
dissolved oxygen concentration in the chemostabreethe glucose pulse carried out in the
chemostat (Experiment 1) was about 0.42 mb{mote that 100 % of air saturation at &7 and

1 bar corresponds with a dissolved oxygen concémiraof 0.23 mol/rM) because oxygen
enriched air was used for aeration to prevent omygeitation during the pulse experiment (see
materials and methods). During the glucose pulgemmxent carried out in the chemostat the
dissolved oxygen concentration decreased to appr8%. mol/ni (in 40 s). For the glucose pulse
carried out in the BioScope (Experiment 2), thesaliged oxygen concentration in the chemostat
was 0.15 mol/mbecause normal air was used for aeration. Dutirggtucose pulse carried out
in the BioScope the dissolved oxygen concentratiemer dropped below 0.14 mofirtDO
measured at the last sampling port of the BioScopkg¢se results confirm that there was no

143



Chapter 6

oxygen limitation during the glucose perturbatioperiments both in the chemostat and in the
BioScope.

Because the pH in the BioScope was not controiteglas verified whether a significant change
in the pH occurred during the glucose pulse expemimThe pH of the broth measured at the end
of the serpentine channel (waste outlet) of theSBape was 6.8, showing that the pH decreased
only slightly (from pH 6.9 in the reactor to pH 68the end port of the BioScope) during the
glucose pulse.

The measured dynamic patterns of the intracellidaels of the glycolytic and TCA cycle
intermediates and nucleic acids during the glugngse experiments carried out in the chemostat
and the BioScope are shown in Figures 6.4 - 6.gurEi 6.8 presents some derived quantities
(mass action and relevant metabolite ratios).

It can be seen from the results shown in Figurés 6.7 that the sudden increase of the external
glucose concentration from about 14 mg/l to 500! negl to a fast response of the intracellular
metabolite concentrations. The BioScope data obdaiat the two different flow rates
corresponded well with each other, indicating thiaése pulses were well reproducible.
Moreover, the dynamic metabolite patterns obtaiineoch the BioScope pulse experiments were
in most cases very similar to the patterns obtafrmu the pulse experiments carried out directly
in the chemostat.

For the majority of the measured metabolites mbgtedynamics occurs during the first 5-10 s
after the pulse. This implies that to properly batbese dynamics in prokaryotes, intensive
sampling at a resolution of seconds to subsecoadeequired, indicating once again the
usefulness and necessity of the BioScope and/atasichevices. Clearly the frequency of the
manual sampling carried out during the pulse expent in the chemostat, which was approx.
one sample per 5 s, was not sufficient to catchdymamics oE. coli.

It can be observed from the metabolite patternsvehthat after a period of about 20 s a
metabolic pseudo-steady-state (pss) was reached, e metabolic pss B coli was reached
much faster than observed for yeast or filamenfongi in similar glucose pulse experiments, for
which this took several minutes (Mashegg@l. 2006; Nasutioret al. 2006; Wuet al. 2006). As
can be seen from the results shown in Figures 6.4 the measured metabolite levels during this
pss appeared very similar in the BioScope and ch&ahpulse experiments.

6.3.4.Perturbation experiments: metabolite responses

The metabolites belonging to different pathwaysdieshowed different dynamics (Figures 6.4 -

6.7). Hereby the glycolytic intermediates showed fdstest dynamic behaviour (see Figures 6.4
and 6.5), while the changes in the levels of theATa@cle intermediates occurred slower (see

Figure 6.6). Little dynamics was observed for thderesine, guanosine and uridine nucleotides
throughout the perturbation (see Figure 6.7).
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The most rapidly responding metabolites were PERjvate, 2PG+3PG and G6P (see Figures
6.4 and 6.5). The rapid decrease of PEP and camdspg increase of pyruvate clearly shows the
fast response of the phosphotransferase system) Riodigh which one mol PEP is utilized for

glucose translocation and phosphorylation, produ@ne mol of pyruvate. This resulted in a

very large increase of the pyruvate/PEP ratio,afrtbe indicators of the phosphorylation state of
PTS, until after about 10 s a pss was reachedHigeee 6.8). The fast decrease of the PEP level
corresponded with a comparable fast decrease déted of 2PG+3PG (Figure 6.5). The mass
action ratio PEP/(2PG+3PG) also shows a fast deereatil after a few seconds a pss is reached.

The fast response of the PTS system is also refldatthe fast change of the G6P level, which
increased with a factor three within a second dfterpulse. Remarkably, the F6P level increased
much slower. This results in a very fast and stbegrease of the mass action ratio of PGI from
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Figure 6.4: Measured dynamic patterns jgmol/gDW] of glycolytic metabolites, 6PG and
Mannitol-1P during the glucose pulse in the reactorExperiment 1, circles) and in the
BioScope (Experiment 2, triangles: flow rate 2 ml/rm, total perturbation period 40.1 s and
squares: flow rate 4 ml/min, total perturbation period 8.0 s).
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0.23, which is close to the equilibrium value B3Z%0.08 (Goldbergt al. 2004), to 0.1, followed
by a slow recovery to a pss value that is closidoinitial value (see Figure 6.8). This suggests
that the extremely fast increase of G6P inducesmdrbut temporary displacement from
equilibrium of PGI.
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Figure 6.5: Measured dynamic patterns jgmol/gDW] of lower glycolytic metabolites during
the glucose pulse in the reactor (Experiment 1, aifes) and in the BioScope (Experiment 2,
triangles: flow rate 2 ml/min, total perturbation period 40.1 s and squares: flow rate 4
ml/min, total perturbation period 8.0 s).

The levels of the measured hexose-phosphates @ Pakd M6P increased to reach a pss with
values of respectively 3-, 3- and 2-fold their imlitvalue. However, the dynamics during the
increase of the metabolites were very differentsasflected in the mass action ratios. Compared
to the F6P/G6P ratio the M6P/F6P ratio shows divelg slow decrease to a pss value which is
about 2/3 of the initial value (Figure 6.8), whigiight be due to an increased anabolic demand.

The fact that the intracellular levels of the notiges do not change significantly during the
perturbation experiments shows the robustness efetiergy system dE. coli (Figure 6.7).
Similar results for nucleotides were obtained iplicate perturbation experiments (data not
shown).
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Figure 6.6: Measured dynamic patterns jgmol/gDW] of TCA cycle metabolites during the

glucose pulse in the BioScope (Experiment 2, triates: flow rate 2 mil/min, total
perturbation period 40.1 s and squares: flow rate 4nl/min, total perturbation period 8.0 s).

Several authors have reported the fast metabddigorese of different strains & coli K12 to
glucose perturbations in aerobic glucose-limitednabstats at a dilution rate of 0.1 {Buchholz

et al. 2002; Chassagnokt al. 2002; Hoqueet al. 2005; Schaefegt al. 1999; Schaub and Reuss
2008). The initial glucose concentration obtainédranjection of the pulse solution was either
0.3 g/l (Chassagnolet al. 2002; Schaub and Reuss 2008) or 3 g/l (Buchétadt. 2002; Hoque
et al. 2005; Schaefeat al. 1999).

The sudden injection of a glucose solution intducgse-limited chemostat results in the sudden
relief of carbon-limited conditions and thus in Bagp increase of the oxygen uptake rate.
However, in none of the previous studies it wasreg whether special precautions were taken
to prevent oxygen limitation. Furthermore no resuf dissolved oxygen measurements were
presented to show that oxygen non-limited conditiamere maintained during the glucose

perturbation.
Although the published glucose pulse experimentsevearried out in a similar way, different
methods for sampling, quenching, and metaboliteaetibn were used. Schaeftrl. (1999) and

Buccholzet al. (2002) used an automated rapid sampling deviceeblyehe sample was sprayed
into a cold methanol solution (60 % v/v, -80). After cold centrifugation, the cell pellet was
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extracted in cold perchloric acid. Hogeteal. (2005) also applied cold methanol quenching (60
% vlv, -80°C), cold centrifugation and cold perchloric acidragtion. The advantage of the cold
methanol procedure is that it allows removal of thdracellular metabolites, but has the
disadvantage that part of the intracellular mettdmlis lost by leakage from the cells into the
cold methanol solution (Boltegt al. 2007; Taymaz-Nikeredt al. 2009). Both Chassagnadeal.
(2002) and Schaub and Reuss (2008) used total santipling, whereby Chassagnadeal.

ATP

GDP

GTP

UDP

UTP

Figure 6.7: Measured dynamic patterns gmol/gDW] of nucleotides during the glucose pulse
in the reactor (Experiment 1, circles) and in the BbScope (Experiment 2, triangles: flow
rate 2 ml/min, total perturbation period 40.1 s andsquares: flow rate 4 ml/min, total
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Prompt metabolite dynamicsin E. coli

(2002), sampled either into liquid nitrogen (foramarement of acid labile metabolites) or in cold
perchloric acid. Schaub and Reuss (2008) appliedbgwed quenching and extraction of the
broth with a helical coil heat exchanger. It sholddnoted that total broth extraction may lead to
overestimation of metabolite levels, depending be aamount present in the intracellular

medium. It has been shown thatkncoli this is indeed the case for many metabolites (Teeym
Nikerel et al. 2009).
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Figure 6.8: Calculated mass action ratios (MAR) forphosphoglucose isomerase (PGl),
mannose-6P isomerase (PMI), combined enolase (ENhosphoglyceratemutase (PGM)
and Pyr/PEP ratio during the glucose pulse in thegactor (Experiment 1, circles) and in the
BioScope (Experiment 2, triangles: flow rate 2 ml/rim, total perturbation period 40.1 s and
squares: flow rate 4 ml/min, total perturbation period 8.0 s).

For several metabolites the reported responsedi@se pulse was similar to what has been
measured in the present study, although the alestduels were sometimes different, e.g. a very
rapid increase (within one second) of the G6P lanel corresponding decrease of PEP due to the
sudden increase of glucose translocation and ploogiation by the PTS (Buchhok al. 2002;
Schaeferet al. 1999). However, Schaefat al. (1999) and Hoquet al. (2005) reported a
decrease for both PEP and pyruvate after the gtupakse, which is not expected when glucose
uptake is mediated by the PTS. Another exampleifferdnces from our results is that both
Schaefert al. (1999) and Buchholet al. (2002) reported a rapid decline followed by anéase

of PEP. Moreover, the metabolite profiles reported both authors showed an oscillatory
behaviour, which was not observed in our experisieHbqueet al. (2005) and Schaub and
Reuss (2008) observed similar trends in the regson$ 2PG+3PG and PEP after the glucose
pulse, but the responses were much less fast ambynced as observed in our experiments.
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Remarkably, the reported steep decline of the dethalar ATP level after subjecting the coli
chemostat culture to a glucose pulse (Chassagtoé. 2002; Hoqueet al. 2005) was not
observed in our experiments.

Compared to eukaryoteS. (cerevisiae andPenicillium chrysogenum) the dynamics irk. coli are
much faster (about factor 7) but similar profildsntetabolites can be observed (Mashepal.
2007b; Nasutioret al. 2006). For pyruvate, a different profile in yeagts observed due to the
fact that yeast does not have the PTS. Anotheergifice we observed is that the intracellular
nucleotide levels do not change much during a glequlse irk. coli, whereas a sharp decrease
in the ATP level was observed in eukaryotes (Mastetgl. 2007b; Nasutiomt al. 2006).

6.4.Conclusions

Metabolic responses &. coli to glucose pulses were efficiently determined initl short time
period (40 s) in an adapted BioScope system. Métab@sponses were shown to differ with
respect to relative concentration changes and digna@havior. The good agreement between the
dynamic patterns of several glycolytic, TCA cyaiermediates and nucleotideskncoli after a
glucose pulse carried out directly in the chemoatat in the BioScope demonstrates that the
BioScope is a promising device for studyimgvivo kinetics. Additionally, the BioScope system
has the advantage that it allows withdrawal ofisight sample volume for extensive metabolite
analysis. An important aspect which has often besglected is to maintain aerobic conditions
during rapid perturbation experiments. It was shdhaet oxygen transfer in the BioScope is
sufficient to achieve this.

Kinetic metabolic models appear necessary in otdefully exploit the information on the
complexin vivo regulation of metabolic networks. The analysisneétabolome data after a
glucose pulse can be complemented by investigationsg at performing different perturbation
experiments to obtain richer kinetic data that wldotrease our understanding quantitatively.
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Flux and metabolite flexibility in central metabolism

Abstract

A kinetic experimental approach to proviaevivo information on the flux capacity of the central
metabolism can be based on theivo dynamic response of fluxes and intracellular melitds,

at a time scale of 40 s, to glycolytic (glucosejl ghuconeogenic (pyruvate, succinate) substrate
pulses inEscherichia coli. To achieve this, two independent glucose-limiedobic chemostat
experiments were performed under identical conakiti(D = 0.1 H). One chemostat was used to
provide the biomass for BioScope pulse experimeiitts three different substrates to obtain the
information on dynamic metabolite response (< 40rBe other chemostat was used to perform
the same pulse experiments in the chemostat tonotita dynamic flux response. The dynamic
biomass-specific ©consumption rate, 5i(t), was determined witthe dynamic dissolved O
mass balance using the dissolvedpBobe response characteristics and the measussdivid
O,-profile during the pulsesu(t) is calculated either fromgg(t) and the degree of reduction
balance (pseudo-steady-state (pss) conditions)ram fthe yield of produced biomass on
consumed @(dynamic conditions). Interestingly after each edidifferent substrate, within 40 s
the growth rate increased from its steady-stataevaf 0.13 i to 0.3 K, indicating a capacity
limit in e.g. ribosomes. The three different susists achieved pss in about 30 - 40 s and a huge
O, uptake capacity of the cells was observed. Mogbitantly, during the 40 s transient the pss
approximation was valid due to metabolite turnowames of seconds, allowing simple
intracellular flux calculations during the trandienThe observed dynamic responses of
intermediates for the three different substrateswshnassive reorganization and enormous
flexibility (up to 12 - 100 fold change) of intrdtdar fluxes (most important being the
occurrence of gluconeogenesis after the pyruvadesancinate pulses), which matches with the
steep changes in metabolite levels leading to dimahifts in mass action ratio’s of pseudo/near
equilibrium reactions. From the dynamic intracetuinetabolite and flux information, tle vivo
kinetics was studied based on a simplified thermadyic approach. It was found that several
enzymes showed simple near-equilibrium kineticsfaamd before in baker’s yeast (Q-linear
kinetics, (Canalest al. 2010)).

In preparation for publication as: Taymaz-NikerklDe Mey M, Baart G, Maertens J, van Gulik WM,
Heijnen JJFlux and metabolite flexibility in central metatst of aerobic glucose-limite. coli to rapid
glycolytic and gluconeogenic substrate pulses.
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7.1. Introduction

It is generally expected that improvement of micgamisms, towards a higher product rate/
yield, can benefit from genome-scale kinetic modela/hich all major metabolic fluxes can be
calculated as function of enzyme levels and enzykimetic properties. This allows the

identification of premium gene targets for metabgdathway engineering, thus avoiding the
labor intensive trial-and-error genetic engineerimgnd strain testing (Nielsen 2001;

Stephanopoulos 1994).

In vivo kinetic modeling of metabolism requires experimeméormation on fluxes, enzyme
levels and metabolite concentrations under a nundabedifferent conditions which can be
obtained from perturbations of controlled steadestultures (Nikeredt al. 2006; Oldiges and
Takors 2005; Theobal@t al. 1997; Visseret al. 2002). In rapid short-term perturbation
experiments the enzyme levels can be assumed obnstad only measurements of
concentrations of extra- and intracellular metabseliare required for kinetic modeling purposes.
The measured extracellular concentrations allow shatance-based calculation of the
associated uptake/secretion fluxes, leading toealttion fluxes in the network (Taymaz-Nikerel
et al. 2010c). The combination of changed fluxes and gednintracellular metabolite
concentrations provides the required informatioréaluce thén vivo kinetic properties of the
enzymes.

For Escherichia coli it was recently demonstrated that these rapidugsation experiments can
be performed in the BioScope (De Meyal. 2010b) and it was found that metabolite dynamics
in E. coli are indeed very fast (< 1 s), requiring pertudragxperiments within a time frame of
20-40s.

In these stimulus-response experiments the penragent is generally chosen to be glucose
because it ensures an immediate response of thevggd in central metabolism. However, it
should be realized that perturbing the system inalernative way, e.g. using a different
substrate, will yield different responses, whickegi richer information to capture tle vivo
kinetics.

The advantage of information richness in thesedraprturbation experiments (e.g. carried out in
the BioScope) comes with a disadvantage. The liimiteof a rapid perturbation experiment is
that the change in the extracellular concentratibithe pulsed substrate cannot be quantified
accurately in the short time period (20 - 40 s}thaf pulse experiment, because this change is
small. Hence the uptake rate of substrate is diffi® quantify. For this purpose samples should
be taken during a longer period of time, which adrive achieved in the BioScope but which is
possible in the bioreactor. More importantly, appdypulses in the bioreactor also does permit
monitoring the changes in the offgag/@0, and dissolved ©concentration, thus allowing the
time (at seconds time scale) resolved quantificatd O, uptake rate (Taymaz-Nikeret al.
2010c; Wuet al. 2006). Q and substrate consumption rates are essentiahttract carbon and
redox balances (Nasution 2007; \&twal. 2006) allowing the quantification of changes inwth
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rate at seconds time scale, which is needed talaesdécthein vivo fluxes during the rapid pulse
experiment.

In succinate production from glucose both glycalydind gluconeogenic pathways such as the
glyoxylate pathway and PEP carboxykinase (PPCK)important. Therefore the main aim of
this work is to apply a kinetic experimental apmioao study inE. coli thein vivo kinetic
response to glycolytic and gluconeogenic subspatses to providén vivo information on flux
capacity of e.g. the glyoxylate and PPCK path. piise substrates were glycolytic (glucose) and
gluconeogenic (pyruvate, succinate). A wide ranfgmetabolites (glycolysis, pentose phosphate
pathway (PPP), tricarboxylic acid (TCA) cycle, reamfides and amino acids) were monitored in
each experiment.

7.2.Materials and Methods

7.2.1.Strain and fermentation conditions

TheE. coli K12 MG1655 ', F, rph?] strain was cultivated (temperature %7 pH 7) in aerobic
glucose-limited chemostat cultures with minimal ined at a dilution rate (D) of 0.1%hin 7 |
laboratory bioreactors with a working mass of 4 &gntrolled by weight (Applikon, Schiedam,
The Netherlands). The preculture conditions, mediagomposition, fermentor conditions
(temperature control, pH control, overpressureatéan rate, stirrer speed, dissolved oxygen and
offgas measurements) were as stated in De élaly (2010b). It is noteworthy that the here used
nutrient medium was designed with much lowera@t K concentrations, because too high Cl
concentrations were found to interfere with the p&t of the LC-MS analysis of intracellular
metabolites.

7.2.2.Rapid perturbation experiments

Rapid perturbation experiments in the bioreactor and ie BioScope were carried out as
described before (De Meay al. 2010b; Taymaz-Nikeredt al. 2010c). To be able to calculate, in
the bioreactor perturbation experiment, theuptake rate from the dynamic dissolved iBass
balance, it is necessary to obtain the dynamidheDO-probe before the perturbatidm.brief,
before starting the perturbation experiment, thierdét to the reactor was blended with purg O
in order to obtain about 39 %, @ the incoming gas (the gas inflow rate was iasesl from 1.67
I/min air to 1.67 I/min air + 0.5 I/min £. The measured DO profile in this transient wasdu®
obtain the DO-probe dynamics (see Appendix 7.5The fed pump and broth outflow were
stopped at the start of the perturbation experimard restarted at 510 s after the pulse.
Perturbation to theeactor was performed with a 20 ml pulse solutidinectly injected in the
reactor by means of a sterile syringe.
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Perturbation in the BioScope was studied for twifedent flow rateqat 1.8 ml/min broth + 0.2
ml/min pulse and 3.6ml/min broth + 0.4 ml/min pylse cover two time frames (8 and 40 s) of
the perturbation experiment.

The pulse solution was either 27.8 mM glucose, B8\ pyruvate or 41.6 mM succinate. This
resulted in a substrate concentration of 16.7 m@matbon of each substrate at the start of each
pulse (both in the bioreactor and the BioScope).

7.2.3.Rapid sampling for intracellular metabolites

The differential method (Taymaz-Nikeret al. 2009) was applied to obtain the amounts of
intracellular metabolites at steady-state as weltlaring the transient state. The required broth
sampling and filtrate sampling was carried out ascdbed in Taymaz-Nikeradt al. (2009).
Every steady-state before perturbation was sampléck and each sample was analyzed in
duplicate. For intracellular metabolite determiaatiduring the perturbation experiment, only
sampling for broth was performed (De Metyal. 2010b; Taymaz-Nikeredt al. 2010c) at each
time point and analyzed in duplicate.

For measurement of glucose and possible secretgqatdolycts (organic acids, alcohols) the
filtrate sampling was performed in the reactor anthe BioScope as described in De Mawl.
(2010Db).

7.2.4.Metabolite extraction procedure

Metabolites were extracted in 75 % boiling etha(®Imin, 90°C) as described in Taymaz-
Nikerel et al. (2009). Before extraction, 1Q0 of 100 % U°C- labeled cell extract was added to
each sample as internal standard for isotope dilutiass spectrometry (IDMS)-based metabolite
guantification (Wuet al. 2005).

7.2.5.Analytical protocols

Measurement of offgas ¢g&and CQ), cell dry weight, residual glucose, total orgacé&bon and
intracellular metabolite concentrations were caroet as described before (De Matyal. 2010b;
Taymaz-Nikerel et al. 2009). Supernatant (filtrate) samples for extiat@l pyruvate
determination during the pyruvate pulse were kapthie fridge (about 4C) about a few days
until analysis. Pyruvate concentration was measuséith HPLC (Aminex HPX-87H ion
exclusion column, Bio-Rad, CA, USA) with a refraetiindex detector (Waters 2414) and UV
detector at 210 nm. The column was eluted with phodgc acid (15 mmol/l) at a column
temperature of 59C and a flow rate of 0.6 ml/min. The extracellutarccinate concentration
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during the succinate pulse was analyzed enzymbti¢Bloehringer Mannheim/R-Biopharm,
Roche).

The supernatant samples obtained after the pulses extensively analyzed for possible by-
product secretions. HPLC (Aminex HPX-87H ion ex@uascolumn, Bio-Rad, CA, USA; the
column was eluted with 1.5 mmol/l phosphoric acidept for pyruvate quantification) and LC-
MS/MS (van Damet al. 2002) analysis were performed to check the presaricethanol,
acetaldehyde, glyoxylate, acetate, formate, lacthtmarate, pyruvate, oxaloacetate, malate,
succinate, citrate angdketoglutarate.

Metabolites of the glycolysis, TCA cycle, PPP, ddemucleotides and free amino acids were
quantified with IDMS, which mainly includes usingiformly **C-labeled metabolites as internal
standards in the metabolite extraction proceduee @bove) and the subsequent analysis, as
described by Wet al. (2005). The concentrations of the metaboliteshef glycolysis, TCA
cycle and PPP were analyzed by LC-MS/MS (van Deinal. 2002; Wuet al. 2005), the
concentrations of the nucleotides were analyzett WE—ESI-MS/MS (Seifaet al. 2009) and
amino acids were analyzed by GC-MS (Taymaz-Niketral. 2009).

7.2.6.Calculation methods

Biomass-specific rates during steady-state:The mass-balance-based and reconciled
(conservation of elements) biomass-specific gluaasesumption rate (g} oxygen consumption
rate (-gy), carbon dioxide production ratecsy), growth rate |f) and cell lysis rate (gis) were
calculated as described before (De Megl. 2010b; Taymaz-Nikeredt al. 2009).

Biomass-specific uptake/secretion rates during thpulse experiment:-gs, g of secreted by-
products and - during the pulses were obtained from experimedtth as described in
Taymaz-Nikerelet al. (2010c). To obtain the dynamicgAt), the dynamic dissolved LGDO)
mass balance is applied using the measured DOgmifiring the pulse, a validategakvalue
and the properly validated measurement of dynaespanse of the DO probe (see Appendix
7.5.1 for the full details)u(t) is then calculated as follows. In pseudo-stestdye att > 30 -40 s
u follows from the degree of reduction balange-gs) = yxit + Yox(-0o2), Where absence of
secreted products is assumed,X 24 for glucose, 10 for pyruvate and 14 for snatg,yx = 4.3
(Taymaz-Nikerelet al. 2010a),Yo, = -4) using the experimentally obtained,A%) and gt).
During the transient (t < 30-40 s), large changemeétabolite concentrations prevent the use of
the simpley-balance. The dynamic patternofduring the transient (t < 30 - 40 s) then follows
from -gpa(t) and the assumption that the yield of producksinbss on consumed,Qu/qoy) is
constant during the transient. Appendix 7.5.2 shtiveg this is indeed true for the range of
growth rates (0.13 - 0.3%occurring in the pulse experiment.

Intracellular fluxes and turnover times: The intracellular fluxes in steady-state and tramisi
state were calculated with metabolic flux analysig the appropriate metabolic networkeof
coli (Taymaz-Nikerekt al. 2010c) with the availables), go,(t) andu(t) as input. This assumes,
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in the period before metabolite steady sate (<)4@mplicability of metabolite pseudo-steady-
state, which holds due to the observed very shombver time of nearly all metabolites (< 1 s).

The metabolic network for growth on glucose is asatibed in Taymaz- Nikeret al. (2010a)
with the addition of the PEP-glyoxylate route (Niaecet al. 2006), leading to the final network
as in Taymaz-Nikeredt al. (2010c). The addition of the PEP-glyoxylate rocteated a parallel
pathway, which requires additional information &rform MFA. Ratios of Fluxd Fluxppck = 2
and Fluxc, = 0.2 x Fluxcont Were assumed since these average ratios were ebsg@yanchen
et al. 2006) at dilution rates 0.1 - 0.4 In glucose-limited continuous cultures of the sdmeoli
strain as used in the present work.

For the pyruvate network, the phosphofructokinaB&K) reaction was replaced with the
fructose-1,6-bisphosphatase (FBP) reaction. Aduttiy the oxidative PPP and PEP carboxylase
reactions were set to 0. In the succinate netwaghkjn PFK was replaced by FBP and again the
oxidative PPP, and PEP carboxylase reactions vetre 9. These choices will be discussed in
the appropriate result section. The turnover timeghe intracellular pools were calculated as
described in Taymaz-Nikeret al. (2010c).

Mass Action Ratio (MAR), Intracellular NAD */NADH ratio, energy charge: Thermodynamic
feasibility of the direction of fluxes was judges talculating mass action ratios of intracellular
pseudo- and near-equilibrium reactions. IntracatiUMlARs, NAD/NADH ratio and energy
charge were calculated as described before (De é¥laly 2010b; Taymaz-Nikeredt al. 2009).
For the NAD/NADH ratio calculation, the concentration of FG®{ successfully analyzed in the
transient) was calculated from G6P and the equilibrconstant of the reaction phosphoglucose
isomerase (PGI) under assumption of PGI equilibrium

Concentration of unmeasured intermediates:The intracellular concentration of E4P was
calculated through the non-oxidative PPP reactitimst were assumed to operate near
equilibrium, as described in Taymaz-Nikeetlal. (2010c). The intracellular concentration of
oxaloacetate was calculated from the near-equilibnieaction, malate dehydrogenase (Malate +
NAD* o oxaloacetate + NADH + H K = 2.33 x 10 at pH 7.0) using the information of
NAD*/NADH ratio and malate concentration.

7.3.Results and Discussion

7.3.1.Steady-state: reproducibility and recovery after perturbation

E. coli was grown in two independent aerobic glucose-thithemostats on an adapted low Cl
defined minimal medium at a dilution rate of 0:1 umtil steady-state was achieved (as observed
from biomass, DO, offgas £and CQ concentrations). The average steady-state vales f
biomass concentration and uptake/secretion rateshése cultures showed no significant
differences (Table 7.1). There was no by-producinédion and the presence of cell lysis was
again observed (Taymaz-Nikertlal. 2009; Taymaz-Nikeredt al. 2010c). However, on the here
used low Clmedium there is significantly more biomass lysigi{e 0.030 Cmol/CmolX/h) than
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in the previous experimentsg = 0.018 Cmol/CmolX/h) (Taymaz-Nikerel al. 2009; Taymaz-
Nikerel et al. 2010c). Another difference is observed in batclivation with 1™ = 0.63 K in

the present and 0.7'hn the previous experiments. These differengé%*(@and Qsis) can be
caused by the different medium and/or by the stized. The differences in supernatant
composition (due to the different medium used)srewn in Appendix 7.5.3 and clearly in the
present experiments concentrations of &hd Cl are much lower compared to the previous
experiments (Taymaz-Nikeret al. 2009; Taymaz-Nikeredt al. 2010c), leading to a much lower
osmotic strength. This suggests that the lower tisnstrength has caused the increased cell
lysis. An important other difference is in the db&al &, o, and @, which are much higher
(about 30 %) than previously found (Table 7.1),vging much more catabolism. Although both
strains are wild type K12 MG1655, the previousistfa’, F, rph*, (fnr 267)del] (Taymaz-
Nikerel et al. 2009; Taymaz-Nikeredt al. 2010c) additionally carries a deletion around fitre
(fumarate-nitrate respiration) regulatory geneultgsy in a strain that is unable to grow by
anaerobic respiration (Soupeéteal. 2003). The strain in the present experiments do¢arry
this deletion and therefore, these two strains exgected to behave identical under aerobic
conditions. Our present results indicate that sawebur present strain, without the mentioned
deletion, needs more catabolism at loWagd Cl concentrations.

Table 7.1: Steady-state cell dry weight, € [gDWI/I], reconciled biomass-specific fluxes
[mmol/CmolX/h] and expected rates [mmol/CmolX/h] from the stoichiometric model
(Taymaz-Nikerel et al. 2010a) usingu as input in aerobic glucose-limitedE. coli chemostat
culturesat D = 0.1 i

Experiment 1 Experiment 2
Reconciled Expected from Reconciled Expected from
stoichiometric model stoichiometric model
Cx | 8.36+0.12 8.02+0.12
n 129.2+2.7 136.6 +2.6
Qs | 42.3+£1.2 36.7+1.9 445+ 1.3 38.6+2.0
-Qoz | 115.7 £ 4.7 81.2+10.9 121.1+5.8 84.6+11.5
Qeoz | 124.6 £4.9 91.1+11.0 130.5+ 6.0 95.1+11.5
Qysis | 28.9+1.6 31.3+1.2

In experiment 1 the chemostat steady-state waarped by sequential addition of three different
substrates and surprisingly it was observed thttinvabout 15 min after each substrate pulse the
steady-state fluxes were recovered. In experimgan@ther similar independent chemostat was
perturbed outside the biorector, in the BioScog# the same three substrates.

In experiment 1 steady-state intracellular metabslivere analyzed at 6 time points (before and
after each of the three substrate pulses addéx teeaictor) by taking 2 samples, each analyzed in
duplicate. In experiment 2 the steady-state wadyaed before and after each BioScope
experiment (Appendix 7.5.4). Comparing exp 1 and 2xbefore the perturbation experiments
(49.8 and 50.6 h which represent about 7 residaémes after start of feeding) shows very good
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reproducibility for most metabolites which demoasts the reliability of our IDMS-based
MS/MS protocol for metabolite analysis and alsoroepcibility of the chemostat experiments.
Very interesting is that in exp 1 the flux and nbetite steady-state is recovered after each
different substrate pulse. The fact that the salme dnd metabolite steady-state are recovered
strongly indicates that a possible change of enziawels in central metabolism due to genetic
regulation can be neglected in the total time fraxfine perturbation experiment (~ 900 s).

Moreover exp 1 shows that over a period of 50 - L@ chemostat cultivation, covering 7 - 14
residence times or 10 - 20 generations, the mdtabelels do not significantly change (see
Appendix 7.5.4). This is different frofBaccharomyces cerevisiae (Mashegoet al. 2005) where
intracellular metabolite levels significantly chawogwithin 15 - 20 generations of chemostat
cultivation. Given these observations it is allovwtedgverage all metabolite measurements shown
in Appendix 7.5.4.

These average intracellular amounts of metabolttess,corresponding percentages of the total
amounts of metabolites that are present in thexfdtand turnover times of the pools for exp 1
and exp 2 are shown ifable7.2. From these results, it is seen that in the ptdSeroli cultures
most of the measured metabolites are present nifisgnt quantities in the culture filtrate, as
was shown elsewhere for the other strain and stdrsddt medium (Taymaz-Nikerel al. 2009).
Most metabolite results presented in Table 7.2vary well in agreement with the results of
Taymaz-Nikerelet al. (2009), where a standard medium and the @67)del strain was used.
The metabolite that shows the biggest differenc&lis, being about 5 times higher in the
previous work. This is most probably due to thehkigosmolarity (higher Cland K) in the
previous standard medium because it is known thatgram-negative bacteria increased
osmolarity can lead to increases in the level @& fintracellular Glu (Tempestal. 1970).

The thermodynamic feasibility of the obtained steathte metabolome data was checked by
comparing the mass action ratios (Table 7.3) oksdwknown near-equilibrium reactions, i.e.
PGI and fumarase (FUM). The values were not muéflerdnt from our previous findings and
from the published equilibrium constants confirmitngir near equilibrium status. The MAR
does agree with the flux direction.

The steady-state intracellular fluxes of the cdntmatabolism were calculated with the known
inputs (Table 7.1, reconciled rates) of steadyestat, -0o, and p (see Figure 7.2). When
compared with the previous work (Taymaz-Nikestedl. 2010c), it is seen that the glycolytic and
TCA cycle fluxes are higher and the oxidative PRI is lower, which is caused by the already
mentioned increased catabolism. The flux throughdlyoxylate pathway and a gluconeogenic
flux from Oaa to PEP set to ratios of Riyx= 0.2 X FluXcont and Fluxpd Fluxepck = 2 based
on the findings of Nanchest al. (2006), as explained in “Calculation methods”.

The very low turnover times (0.2 - 2 s) of nearlyirtracellular metabolites of glycolysis, TCA

cycle and nucleotides (Table 7.2) confirm once mbeenecessity of the rapid sampling, made
possible in the BioScope. Usually it is believeatthmino acids have much higher turnover times
compared to central carbon metabolism, which is olzgerved here. In agreement with our
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Table 7.2: Steady-state intracellular (IC) amounts[umol/gDW] of glycolysis, TCA cycle
intermediates, amino acids and adenine nucleotidepgercentages of metabolites outside the
cells compared to total amount, and turnover time$s] calculated via MFA

Experiment 1 Experiment 2
Average % Turnover Average % Turnover
IC amount outside time [s] IC amount outside time [s]
the cells the cells
Central Metabolites
G6F 1.22+0.04 0 2.4 1.22+0.0: 5.C 24
F6F 0.27+0.07 0 0.€ 0.28+0.07 0 0.€
M6P 0.40+0.0F 0 NA 0.44+0.07 0 NA
6PC 0.27+0.0? 0 2.3 0.22+0.0: 25t 1.6
Mannitol-1F 0.42+0.0¢ 57.¢ NA 0.75%0.0¢ 35.7 NA
G3F 0.33+0.07 6.C 0.38+0.07 6.
FBF 0.67+0.07 0 1.€ 0.55+0.0° 14.2 1.3
2PG+3P( 1.24+0.0: 10.1 14 1.38+0.0: 7.C 1.€
PEF 1.19+0.6 8.2 1.t 1.22+0.0: 3.¢ 1.t
Pyruvatt 0.43+0.07 0 0.7 0.30+0.0:- 23.2 04
Citric Acid 1.64+0.0€° 0.52+0.1: 1.2
a-KG 0.16+0.0? 0 0.2 0.19+0.07
Succinat 16.55+0.54° 22.41+0.4%
Fumarat 0.45+0.0€° 0.18+0.0- 0.4
Malate 1.35+0.04 0.98+011 37.c 2.4
Amino Acids
Alanine 1.65+0.0¢ 14.5 59.4 1.46+0.0! 12.2 52.F
Asparagin 0.53+0.0: 17.4 41.€ 0.60£0.0: 15.1 47.2
Aspartat 2.14+0.0¢ 26.7 28.2 1.89+0.0° 15.1 25.C
Cysteint - 0.12+0.0: 26.4 11.¢€
Glutamat: 18.75+0.41 2.C 49.4 23.36+022 2.2 61.€
Glutamine 5.21+0.1- 6.8 94.1 3.55+0.2( 4.4 64.1
Glycine 0.78+0.0¢ 58.1 15.2 1.49+0.1: 29.7 29.C
Histidine 0.14+0.0: 46.2 31.¢ 0.22+0.0: 4.3 49.7
Isoleucint 0.0940.0: 39.t 7.t 0.0740.0: 20.7 6.2
Leucine 0.1640.0: 47.¢ 12.2 0.2040.0: 10.7 15.5
Lysine 1.87+0.0¢ 6.C 129.2 1.47+0.0: 2.7 101.¢
Methionine - 0.025+0.00: 25.¢ 3.8
Phenylalenine 0.55+0.62 65.5 0.25+0.01 29.8
Proline 0.36%0.0: 25.€ 35.€ 0.3740.0: 8.7 36.7
Serine - 0.39+0.1! 47.¢ 4.3
Threonin« 0.70+0.0¢ 18.C 28.C 0.57+0.0: 5.7 23.1
Tryptophai 0.014+0.00: 52.¢ 5.C 0.033+0.00. 6.7 12.2
Tyrosine 0.0940.0: 57.1 13.2 0.1340.0: 18.2 18.¢
Valine 0.42+0.0- 21.2 23.c 0.45+0.0! 4.¢ 24.¢
Ornithine 0.29+0.0- 46.1 21.2 0.30+0.0: 21.7 21.F
Adenine Nucleotide
ATP 5.3040.1¢ 0 0.8 5.3040.2¢ 0 0.8
ADP 1.30+0.0- 0 0.2 1.41+0.0! 0 0.2
AMP - 0.58+0.0:- 0 3.6
Calculated M etabolites
E4F 0.035+0.00 0.034+0.00.
GAP 0.068+0.00. 0.06+0.0:
DHAP 1.51+0.0- 1.37+0.1°
Qac 0.003+0.000 0.001+0.000

& Amount in the broth. In the filtrate G6P, F6P, M&PG, FBP, pyruvate was not detected (Exp
1). For citrate, succinate, fumarate and malateatieysis in the filtrate was not reproducible,
therefore only broth results are presented (Expd succinate in Exp 2). NA: Results not
available because those metabolites are not prigstre stoichiometric model used.
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previous findings (Taymaz-Nikerel et al. 2010c)sifound that the amino acids Ser, lle, Met and
Trp have turnover times comparable to those ofrakmbetabolites (< 10 s) and furthermore
many amino acids have turnover times of about 50h& turnover times for most of the
metabolite pools when compared to our previous mx@ats (Taymaz-Nikerekt al. 2009;
Taymaz-Nikerekt al. 2010c) are lower in the present work, which is thubigher (~ 25 - 30 %)
uptake/secretion fluxes (Table 7.1). The excepisoBPG that has a two times higher turnover
time, which can be explained partially by the lowowth yield of this strain, leading to a
decreased need of NADPH and hence a decreased®PP f

Table 7.3: Steady-state mass action ratios (MAR),A\D+/NADH ratio and energy charge
calculated from the measured metabolite levels andange of published equilibrium
constants for some relevant equilibrium reactions

Reaction This study (Taymaz-Nikereletal. K.qrange
2010c
PGI G6P— F6P 0.22+ 0.01 0.35+ 0.0¢ 0.19 - 0.67
PMI F6P— M6P 1.53+0.08 1.11+0.08 0.99-1.80
PGM+ENO 2+3PG- PEP 0.92+ 0.06 1.0#4 0.05 0.10-1.79
AK 2ADP « AMP + ATP 1.55+0.15 1.33£ 0.59 0.20 - 1.45
FUM Fumarate + bD < Malate 4.22+ 1.36 422+ 0.45 2.10-9.49
Pyruvate/PEP 0.30£ 0.04 0.4G: 0.04
NAD */NADH 93.8+13.1 54.7 4.5
Energy charge 0.82+ 0.08 0.80+ 0.05

20nly Experiment 2 (AMP measurement was not availdtdm Experiment 1).

7.3.2.Stimulus-response experiments
Time-resolved uptake/secretion fluxes obtained frorshemostat pulse experiments

Quantification ofin vivo enzyme kinetics requires information on the upfsderetion fluxes
such as -g -0o,, pu and secretion rate of by-products, as input fa dynamic intracellular
reaction rate calculations during the pulse. Offgasl DO during the dynamic experiments
cannot be measured in the BioScope. Additionakywvary short time window of samples taken
from the BioScope does not allow accurate calauatdf -¢ from extracellular substrate
concentration, which hardly decreases in the 8 s4BioScope time window. To obtain the
dynamic -g¢ and -@, pulse experiments were repeated in the bioreastogreby online
measurements were followed in a longer time fram@00 s) than the pulses in the BioScope (40
s). The continuously monitored DO, pH (controlléd7a and offgas online measurements after
the pulse addition of glucose, pyruvate and suteit@a glucose-limited continuous culture (exp
1) are shown in Figure 7.19, 7.20 and 7.21, respdgtin Appendix 7.5.5. The pulse
experiments were successful in the sense thatreliffesubstrates resulted in very different
dynamic responses as observed from the online measuats. Surprisingly the analysis of
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culture supernatant did not reveal any signifiday¥product formation during any of the pulse
experiments. Also surprisingly after the pulse®00 s) the original steady-state was recovered
with respect to DO and IO, in the offgas, showing that sg-0o,, Oco> and hence all other
fluxes did recover to their previous steady-stetigich is in agreement with the above mentioned
recovery of the intracellular metabolite levelsatach pulse.

Glucose pulse: Figure 7.19 in Appendix 7.5.5 shows the dynamicshef online measurements
after the glucose pulse. In the glucose excessepl@as275 s) a steep decrease of DO (which still
remained far from zero) and offgas @as observed, clearly showing a steep increas@;in
consumption due to increased glucose consumptidso An increase in offgas GQvas
observed. However given the observed, of 2.5 %, aACO, of about 3 % was expected (RQ ~
1.1, (Taymaz-Nikerekt al. 2009)), where onlyACO, = 1.0 % was observed. This clearly
indicates (as found before (Taymaz-Nikesehl. 2010c)) that the missing gaseous,G@mains

in the broth as HC® leading to significant Hrelease, as evidenced from the decrease in pH.
This decrease is not due to secreted organic aefdsh were, despite extensive analytical
analysis efforts, not observed. After glucose dapte the period of glucose starvation (275 - 510
s) shows the expected opposite behavior of thenentieasurements. This starvation response
supports the absence of possible secreted by-piodtioally after restart of chemostat feeding
and broth outflow (> 510 s) all online measurememtsirned to their previous steady-state
values.

The added glucose, following a linear decrease,depteted after 275 s (Figure 7.1a), leading to
a glucose uptake rate of 96.4 mmol/CmolX/h (Figtrkb), which is 2.3 fold of the steady-state
value (Table 7.1). The oxygen uptake rate reache@deaido-steady-state value of about 280
mmol/CmolX/h (also about 2.3 fold of the refererstate) within 40 s after the addition of

glucose, and stayed at that value during the whatiher glucose excess period, 40 - 275 s
(Figure 7.1c). Figure 7.1d shows that during glecescess the calculated growth rate rapidly
(within 40 s) increased to a pss value of abous 6:2(~ 2.2 fold increase).

Pyruvate pulse: The added pyruvate led to a steeply decreased DfOeotration, decreased
offgas Q and increased offgas GQ@oncentration (Appendix 7.5.5, Figure 7.20), iadiicg
steeply increased L&onsumption and Cproduction due to pyruvate uptake. After the pyptev
addition, the pyruvate uptake did not increaseptHe which points either to a possible acid by-
product formation or to bicarbonate production thaiances the Hamount in the culture. In the
former case possible secreted organic acid wouke ltiee same number of protons as pyruvate
(-1), e.g. acetate and/or formate. However, angalykthe supernatant revealed that there were no
such compounds. There is a substantial discrepérigure 7.20) betweenO, (2.5 %) and
ACO, (1.7 %), which points to a very substantial acclation of HCQ', which explains the pH
behavior. HC@ accumulation can indeed explain the £Dd pH findings (see Appendix 7.5.6).
After pyruvate was depleted a starvation phaseisethere Q consumption and C{production
decreased and pH increased (due tg-St@pping). With the restart of feed and outflolading
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to a constant glucose supply rate equal to theiqus\vsteady-state value), @onsumption and
CGO, production increased and the pH returned to theaat value. It is satisfactory to see that
all online measurements returned to their previsteady-state values. The added pyruvate was
utilized immediately showing a linear decrease dnaentration and was depleted already after
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Figure 7.1: Glucose (top row), pyruvate (middle roy and succinate (bottom row) pulses
given in the bioreactor. a, e, i. Measured residuasubstrate concentration / b, f, j. Mass
balance-derived substrate uptake rate (-§ / ¢, g, k. Mass balance-derived oxygen uptake
rate (-(o>), dashed line: estimated / d, h, I. Growth ratey).
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200 s (Figure 7.1e). The pyruvate uptake rate wasd to be 254.6 mmol/CmolX/h (Figure
7.1f). InE. coli pyruvate is transported by a specific active fpanssystem that is an energy-
dependent process (Lamrgal. 1987). Although the exact mechanism is unknowis #vident
that the required transporters were available & llomass cultivated under aerobic glucose-
limited conditions. The oxygen uptake rate tremerstip increased to 320 mmol/CmolX/h
already 40 s after the addition of pyruvate (Figareg) and it was found that agairincreases
very rapidly (< 40 s) from its steady-state valfi®d3 h' to 0.29 R (Figure 7.1h).

Succinate pulse: In the case of succinate addition, a very steeplarge decrease in DO and
offgas Q was observed, indicating a very high G@nsumption. The sudden increase of the
culture pH after the added succinate (Figure 7i&1due to the uptake of succinate as it was
added as Stfcsalt (at pH ~ 7). The produced bicarbonate (aseswidd from the discrepancy
between offgaaO, of 3.8 % andACG, of 1.2 %) would also be high as in the pyruvatse¢cé®ut
because succinic acid is a dicarboxylic acid (2tqre taken up), the pH now increases. The
measurements in the supernatant (after the putsedaked that again there were no secreted
compounds. After succinate was depleted (starvatfmse), @ consumption and CO
production decreased and the pH increased furthey {o CQ-stripping). With the restart of the
chemostat feed and outflow (leading to a constamtoge supply equal to the previous steady-
state value) @ consumption and CQOproduction increased, pH dropped and all online
measurements returned to their previous steadg-gtdities.

The extracellular succinate concentration after ghveen pulse is shown in Figure 7.1i. It was
observed that succinate depleted after 220 s, wisidaster than the depletion of glucose. In
contrast to glucose and pyruvate, a non-linear edeser in concentration was observed.

max
) L - C .
Hyperbolic uptake klnetlcs-qszb) was assumed. Fitted parameters wege=K0.20+

KstCg
0.03 mM succinate, ™ = 259+ 29 mmol succinate/CmolX/h and the results wergssizally
acceptable. Under aerobic conditiongdzarboxylates are reported to be taken upEbyoli
using the Dct system that has an apparghboKL0 to 20uM for C,-dicarboxylates and is driven
by the electrochemical proton gradient (Gutowskd &osenberg 1975). Our results reveal that a
succinate uptake system with high capacity is priese the glucose-limitedE. coli, but the
uptake rate decreases with a decreasing concenti@tsuccinate (Figure 7.1j) due to a moderate
affinity; our affinity constant is about 10 timemgyher than reported by Gutowski and Rosenberg
(1975).

The oxygen uptake rate tremendously increasedl@ndmol/CmolX/h), which is 4.4 fold of its
steady-state value, already 40 s after the addiffosuccinate (Figure 7.1k) and remained there
until around 100 s. Thereafterngdecreased due to decreasing succinate uptake(ggte
following the decreasing succinate concentrationriiyy the succinate pulse, the calculated
growth rate increased up to 0.3% Within 40 s and decreased after about 70 s diieetdecline

in the g and @, (Figure 7.11).
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Interestingly, after each added different substrite growth rate increased (from 0.13 lo a
similar value of 0.3 . This growth rate capacity is less thanihe 0.5 h' observed in a glucose
pulse in our previous research (using medium witbrenCl and with the deletion strain,
(Taymaz-Nikerekt al. 2010c)). The fact that three different substrétas to the same maximal
p indicates a capacity limit in e.g. ribosomes.slknown that rRNA level has a direct relation
with p; at highen rRNA is higher (Dennis and Bremer 1974). This ekpd why theE. coli cells
cultured at = 0.13 A cannot achieve the batpf™ Also of interest is that the three substrates
achieve pseudo-steady-state in about 30 - 40 sh&nanportant observation is the huge oxygen
uptake capacity of the cells. The oxygen uptake &fter the glucose pulse is comparable (250
mmol/CmolX/h) to the previous strain/medium (TaynNikerel et al. 2010c). In the present
experiment the glucose and pyruvate pulses givéasiap, in pseudo-steady-state (Figures 7.1c
and 7.1g). For the succinate pulse oxygen was coeduat a much faster rate (~ 500 mmol
O,/CmolX/h). This high g, agrees with the maximal oxygen uptake rate obsgelimethe present
strain (~ 500 mmol/CmolX/h at batch conditions wifff*~ 0.6 h') and the elsewhere reported
maximal @, for E. coli of 20 mmol Q/gDW/h (~ 500 mmol @CmolX/h) (Carlson and Srienc
2004). This maximal @uptake rate, that indicates the capacity limitted electron transport
chain, appears to be independent of growth rat¢hath E. coli is cultivated, being similar at =
0.13 h' (chemostat) and = 0.6 h* (batch).

(Pseudo-steady-state) intracellular fluxes

With the information of the pseudo-steady-stats)palues for -g -go, andu (obtained after 40
s), the pss intracellular fluxes were calculategrapulses of glucose, pyruvate and succinate
(Figure 7.2, 7.3, 7.4). After thglucose pulse, with the 2.3 fold increase in sgthe glycolytic
fluxes increased about 2.3 fold and the TCA cydlxes about 2.5 fold (Figure 7.2). When
compared to the previous strain (Taymaz-Niketedl. 2009; Taymaz-Nikeredt al. 2010c), the
increase in the glycolysis (previous 3.2 fold)as/ér whereas similar fold change was observed
in the TCA cycle. The higher flux increase in th€A cycle (compared to glycolysis) is
consistent with the higher,@onsumption rate of the present experiment. Tine dintering the
PPP increased only 1.8 fold, showing that the NADB¢Uired for biosynthesis is supplied from
both the highly increased isocitrate dehydrogen®S®H) and the less increased PPP. The
decrease in the small flux through PEP carboxyB&¢;, (and hence PPCK) can be explained by
the increase in the glyoxylate route. Clearly thgoxylate route is the major anaplerotic route
compared to PPCK. The glyoxylate route is very ingoat in succinate production, and it reveals
here a capacity of at least 18 mmol/CmolX/h.

The pyruvate pulse (Figure 7.3) results in gluconeogenesis, evidemnfthe reversed (negative)
direction of fluxes through the glycolytic enzymaisove pyruvate. The flux through oxidative
PPP is set to zero (because 6PG is very low, skavhbeGluconeogenesis is therefore only
needed to supply carbon precursors for growth, kvhitcreases about 2 - 3 fold. This
gluconeogenesis is partially possible due to PEBxylate path (Nanchest al. 2006) and

shows its importance. There is a strong flux insee@to the glyoxylate route, being 25
mmol/CmolX/h, which is higher than for the glucoselse. The activity of the PPC reaction
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(PEP-Oaa) is assumed to be absent in the pyruvate netidsmause the PEP concentration is
very low (see below). Most remarkable the directibpyruvate kinase (PYK) reversed, creating
most of the gluconeogenic flux. This reversal isgible by the combination of a very low PEP
concentration and requires a high intracellulaupgte concentration. The flux through pyruvate
dehydrogenase (PDH) reaches a level of about 200Ifm@molX, which is much higher than

for the glucose pulse (125 mmol/h/CmolX), also dading a steeply increased intracellular
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Figure 7.2: Metabolic reaction network and fluxes ér steady-state growth on glucose and
glucose pulse.Left: The intracellular fluxes [mmol/CmolX/h] at steadystate (glucose-
limited, left box) and at pseudo-steady-state aftethe glucose pulse (right box). The gray
arrows indicate fluxes going to biomassRight: Fold change of metabolite levels at glucose
pseudo-steady-state relative to the steady-state @metabolite turnover times & in seconds)
at glucose pseudo-steady-state.

165



Chapter 7

G6P”
(BT ol 4
F6P-~”
t e
FBAFBP Metabolite C?:r;‘t;:é:ld T
G6P 03 89.6
S «— F6P 0.2 35.2
GAP p— DHAP Jyhei 03 >
3 | 1L 6PG 0.05 -
I N
His 07 15.2
13dPGADP Phe 03 16
Tyr 0.5 4.3
73 | 17 PGKI<A Mannitol1P 0.5 -
[7a ] 27 ] ATP FBP 0.01 0.03
2PG/3PG 0.1 0.8
3PG 7 Gly 08 97
Trp 0.8 45
PGMI ser 02 03
PEP 02 2.7
Pyruvate Pulse -
2PG Ala 21 48.7
val 14 15.4
ENO Leu 17 us
CitfIcit 2.0 0.6
- 5 =54 Glu 0.8 20.4
PE ADP Gin 0.8 225
Lys 0.9 411
PYK Pro 0.9 143
Orn 1.0 9.8
ATP Succinate 1.0 55
Pyl’ - PUN— - Pyr Fumarate 1.2 0.1
NAD Malate 13 0.5
PDH Asp 0.4 4.7
NADH Asn 0.8 16.4
op  “ACCOA [Tz mo| oo e
< Ccys 05 27
PPCK Met 11 18
INATP AMP 10 13
eI CoA ADP 0.9 01
ATP 0.9 04
CiL
Oaa 7
NADH ACONT

20 | 172 Y MDPH
NAD [z la] ICL_ |soCit

Mal+—55—Glx + NADP
&FUM 1 P orn
Fum " aKG
NAD
FADH
AKGDH
EmEap e MR o
FAD™  suc [22114] SucCoA
SUCO0AS
ATP ADP

Figure 7.3: Metabolic reaction network and fluxes ér pyruvate pulse. Left: The
intracellular fluxes [mmol/CmolX/h] at steady-state (glucose-limited, left box) and at
pseudo-steady-state after the pyruvate pulse (righibox). The gray arrows indicate fluxes
going to biomass.Right: Fold change of metabolite levels at pyruvate pseoesteady-state
relative to the steady-state and metabolite turnovetimes (t in seconds) at pyruvate pseudo-
steady-state.

pyruvate concentration. The TCA cycle flux reactzedevel of about 150 mmol/h/CmolX,
compared to 100 for glucose. The TCA cycle fluxpatially higher due to the much higher
ICDH (~ 120 compared to 70), which compensatesatisence of NADPH production from the
oxidative PPP.

The succinate pulse (as the pyruvate pulse) also gave rise to glucgeeesis (Figure 7.4), thanks
to the PEP/glyoxylate route. The absolute glucoeaagflux values were similar in both cases,
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which is due to the fact that the achieyedvas the same and the oxidative PPP was assumed
absent. The supply of succinate caused TCA cycieel (from succinate to oxaloacetate) to
increase 12 fold (from 35 in steady-state to aro8®8d mmol/h/CmolX). The TCA cycle fluxes
from citrate to succinate increased 4 - 5 fold. Mesarkable is the extreme increase (140 fold!)
in the reverse flux through PPCK (PPC was assumdzktabsent; low PEP concentration, see
below). This high flux increase is associated witl very high metabolite concentration of C
acids and low metabolite concentration of PEP fedew). The glyoxylate route was found to
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Figure 7.4. Metabolic reaction network and fluxes &r succinate pulse. Left: The
intracellular fluxes [mmol/CmolX/h] at steady-state (glucose-limited, left box) and at
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have a negligible flux (all anaplerosis is now nageldl by PPCK), which may be related to the
high concentrations of intracellular succinate amdlate (see below). This much higher
concentration of a product (succinate and malat&xpected respectively to inhibit the kinetics
of the isocitrate lyase (ICL) and malate syntha$al(S) reactions. In this pulse pyruvate kinase
did not show inverted flux, but its flux was highhcreased, in accordance with PPCK, to supply
the increased TCA cycle flux.

Remarkably pyruvate and succinate (added as perturbubstrates to the system) were
immediately utilized by the cells, and a pss wasched within 20 - 30 s. This points to the
presence of their transportersdncoli cultivated on glucose at 0.1-h

Different flux values observed after each pulsesgivwsight about the behaviour of metabolites
under different conditions, most important being tmmediate occurrence of gluconeogenesis
after the pyruvate and succinate pulses due tasie reactions. It is evident that the glycolytic
glucose pulse would trigger the pathway in a déferway, as observed in the increased flux of
glycolysis. Although the pyruvate and succinate tedame gluconeogenic flux and absence of
oxidative PPP flux due to the same increasg, ithere are also major differences between the
two networks. Most significant are the reverse@dion of PYK during the pyruvate pulse, the
extreme increase in TCA cycle reactions betweertisate and Oaa and the extreme flux
increase of PPCK during the succinate pulse. Nasdhvery large flux changes need to be
linked to the changes in measured concentrationthéointracellular metabolites for which we
need to discuss first the metabolite transients.

Intracellular metabolites during the transients from BioScope experiments

General observations. By measuring the intracellular metabolite concditrs, we investigated
the metabolite responses following pulse additminglucose, pyruvate and succinate outside the
bioreactor (in the BioScope) of biomass obtaineinfraerobic glucose-limited. coli cultures.
The dynamics of the metabolite levels was followetlvo time regimes in the BioScope: 0 - 8 s
(4 ml/min) and O - 42 s (2 ml/min). The comparisasinmetabolite changes after the glucose,
pyruvate and succinate pulses are shown in Figlies 7.14. The two different flow rates
performed in the BioScope lead to matching reswits each other which was already observed
before for a glucose pulse (De Metyal. 2010b), showing the reproducibility of BioScopdsau
experiments.

Dynamic metabolite responses were created by peirfigr pulses of different substrates, which
in case of glycolytic and gluconeogenic substragssilted in opposite metabolite fold changes.
The central carbon metabolism Bfcoli showed much faster metabolite dynamics (withirs)LO
compared to our studies on eukaryotes (~ 100 sgrevisiae (Kresnowatiet al. 2006; Mashego
et al. 2006; Wuet al. 2006) andPenicillium chrysogenum (Nasutionet al. 2006).

Fluxes and metabolites changed dynamically in thenes time frame as expected. The
intracellular metabolites accumulated inside tHeafeer each pulse, which also explains the fast
increase in the growth rate after each pulse. A&t ¢ind of glucose depletion (275 s) the
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accumulated carbon represents about 20 % of thedagldicose amount (see Appendix 7.5.7),
which is very well in agreement with our previodsapse pulse findings (Taymaz-Nikeetlal.
2010c). For the pyruvate and succinate pulsescdhect amount cannot be presented because
the quantification of intracellular pyruvate ancceimate, which have a profound contribution,
could not be performed with the current samplingfighing methods. Still estimations can be
made by assuming that transport equilibrium of pgta is very rapidly achieved with symport
of pyruvate and 1 H succinate with 2 Hand intracellular pH is the same as extracellpltdu(7).
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Results indicate that a considerable amount (~& #&@ded pyruvate for pyruvate pulse and ~ 7
% of added succinate for succinate pulse in 40f shetabolites also accumulated under these
conditions and served as carbon and electron sautte starvation phase after depletion of the
pulsed substrate.

The fold changes in metabolite pss concentratietetive to the steady-state are given in the
right panels of Figures 7.2, 7.3 and 7.4, with tilmaover times of the pss pools. The presented
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approach on assessment of turnover times in psstiedoly-state (rather than in steady-state) is
more realistic in time-scale-analysis-based moeéuction techniques (Nikeret al. 2009),
because it is seen that the turnover times in pssnastly much lower than at steady-state. This
shows that using steady-state turnover times miggd to less model reduction (Nikewmtlal.
2009) than possible. Most important is that for gnaretabolites the turnover time is in the order
of seconds, which shows that, even in the transpariod of 40 s, the system can be
approximated as pseudo-steady-state, allowing #lsimpseudo-steady-state flux calculation
during the transient.

Glycolytic and gluconeogenic substrates trigger a tremendous flux flexibility in central
metabolism: The metabolite dynamic patterns after the glycolgiucose pulse, as was partly
discussed in De Mewgt al. (2010b), were similar to our previous work (TayrNikerel et al.
2010c). The intracellular levels of adenine nudtied and thus adenylate energy charge of the
cells are high and do not change significantly ratiey given pulse (Figure 7.6), also in
agreement with the results of Limkal. (2010). This shows, considering the very largenges

in O,-uptake rates (up to factor 5 in 40 s), the extrenheistness of the energy systenfeircoli.
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Only the AMP level increases after the glucosegulghich was discussed in Taymaz-Nikeatel
al. (2010c), in relation to the increased ETC ratgfitake rate) (see below).

Upper glycolytic metabolites and Mannitol-1P in@ed after the glycolytic glucose pulse
whereas they decreased after the gluconeogeninate@nd pyruvate pulses (Figure 7.7). The
increase in the glycolytic flux (2.3 fold increase-gs) obtained after the glucose pulse is an
explanation for the observed increase in upperaygic metabolites (2 - 6 fold). For succinate
and pyruvate pulses, the upper glycolytic metabslidecreased (Figures 7.7 - 7.8) due to the
absence of glucose flux and gluconeogenic flux nsale The steep decrease of G6P, F6P
concentration during the pyruvate/succinate puisas accompanied by a near collapse of the
6PG pool, strongly suggesting absence of the axigl&PP (as assumed for the flux calculations
in Figures 7.3, 7.4). For NADPH this was compersdig a strongly increased flux of ICDH in
the TCA cycle. Due to the absence of activity o hosphotransferase system (PTS), PEP
increased, which facilitates the gluconeogenesis. Well known (Lowryet al. 1971) that when

E. coli cells are grown on succinate, phosphoenolpyruvadoxykinase (Ppck) converts
oxaloacetate to PEP, which then diverges to gluogeeesis and to the formation of pyruvate as
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indicated in our flux pattern (Figure 7.4). Aftdret succinate pulse, the huge flux increase in
PPCK (140 fold) is also due to very high level€afacids and low levels of PEP, which created
a thermodynamic driving force in the other direstaind which stimulated PPCK. The increase in
pyruvate level after the succinate pulse (FiguB) i& in agreement with the extreme activity of
Ppck enzyme, with a high flux (Figure 7.4). Thisrease in pyruvate was less compared to the
glucose pulse (2.7 and 6.2 fold, respectively), tnppsbably due to the absence of PTS activity
during the succinate pulse. Our observation of 8@dedrease in PEP after the pyruvate pulse
matches well with the calculated reversed flux aimn of PYK, since pyruvate concentration is
at utmost high level and PEP is low.

During the succinate pulse the TCA cycle is pustadrom equilibrium (especially between
succinate and Oaa), which is facilitated by a gsiéain the MAR of fumarase as shown from the
intracellular fumarate and malate levels (Figur®).7.This decreased MAR creates the
thermodynamic driving force for the 12 fold increas flux.

Also Link et al. (2010) tested the responsebofcoli after addition of excess glucose, succinate,
pyruvate and acetate, by transferring aerobic gediited fed-batchu(= 0.1 ') grown cells
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to batch reactors. Comparable results were obseirveigrms of uptake of added different
substrates and observed metabolite changes althbaghmeasurements only started after 120 s
and they presented only four pss intracellular polol contrast to our results, they have observed
acetate and formate excretion after glucose andvaye pulses and fumarate anétetoglutarate
secretions after the succinate pulse. The produaifothese by-products might be due to the
much higher concentration of substrates given (e&g/l glucose against ~ 0.5 g/l of the present
work).

The intracellular amino acids showed also fast dynaesponses with moderate fold changes in
agreement with our recent work (Taymaz-Nikegehl. 2010c). Mostly the amino acid levels
followed their precursors. Examples are the ine@éagpyruvate-derived amino acids such as Ala
(2.1 fold), Leu (1.7 fold) and Val (1.4 fold) folng the increase in pyruvate (Figure 7.11).
Another example for this precursor related respaisemino acid levels is the decrease in Leu
and Val (20 and 30 %) after the succinate pulsk witnuch more delayed response compared to
the glucose pulse (Figure 7.12). Asp level wasdased 2.8 fold after the succinate pulse (Figure
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Figure 7.10: Measured amount of E4P-derived amino@ds [umol/gDW] during the glucose
(circles), pyruvate (squares) and succinate (triarlgs) pulse. Open symbols are at flow rate 2
ml/min, closed symbols are at flow rate 4 ml/minE4P was calculated, not measured.
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7.14) most probably due to the tremendous increfse, acid metabolites (malate: ~ 19 fold,
fumarate: ~ 61 fold). These examples of fast respan amino acid metabolism are surprising
because the usually assumed high turnover timesaruno acids would lead to hardly any
expected response in our 40 s time frame. Indemdalculated turnover times of amino acids in
the current study are much lower compared to tle®ipus literature. However even the faster
amino acid turnover times are not in line with fast amino acid response observed (< 10 s),
which is probably due to the boost in the growtle (& - 3 fold). This leads to fast increase in the
amino acid consumption rate and hence, a fastaserén the flux of amino acid synthesis
pathways and shorter turnover times in the psetefdg-state. Clearly the fast behaviour of
amino acid pools supports the previous discussad®fa3 fold increase in growth rate.

Dynamics in mass action ratios and flux (directions): The mass action ratio is directly related to
the Gibbs free energy of reaction, thus thermodyoairiving force. Information on changes in
mass action ratio (as a function of time) givesgitin the direction of the reactions in the cell.
This is of importance because then two independergsurements, metabolites and fluxes, can
be compared.
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Figure 7.12: Measured amount of pyruvate-derived ammo acids umol/gDW] during the
glucose (circles), pyruvate (squares) and succinaf&riangles) pulse. Open symbols are at
flow rate 2 ml/min, closed symbols are at flow ratd ml/min.

Pyruvate and succinate pulses led to the inversiothe MAR of the following glycolytic
reactions (see Figure 7.5) M6P/G6P, MAR of FBP R&53 PEP/(2PG+3PG), which increased
immediately above their equilibrium constant, impty the flux reversal needed for the
occurrence of gluconeogenesis.

The MAR of fumarase decreases remarkably in theisate pulse (Figure 7.5), providing
driving force for more than 12 fold increased TQéxffrom succinate to Oaa (Figure 7.4). The
disequilibrium of TCA cycle was also visible in t® consumption rate, which increased
tremendously after the succinate pulse.

The redox potential NABNADH ratio increased after the glucose pulse, as sbserved before
(Taymaz-Nikerelet al. 2010c), and reached back to the steady-state wal@@ s (Figure 7.5).
However, in contrast to the glucose pulse, NANADH decreased in the succinate and pyruvate
pulses (Figure 7.5). This decrease is in agreemihtthe occurrence of gluconeogenesis, which
consumes NADH. Also from a MAR-point of view thectdeased NALYNADH provides the
increased driving force for gluconeogenesis ardaAP dehydrogenase (GAPDH).
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Figure 7.13: Measured amount ofu-ketoglutarate-derived amino acids tmol/gDW] during
the glucose (circles), pyruvate (squares) and suoeite (triangles) pulse. Open symbols are
at flow rate 2 ml/min, closed symbols are at flowate 4 ml/min.

7.3.3.1n vivo kinetics

It has been shown that central metabolism, upderdifit substrate pulses, has tremendous flux
flexibility with enormous (reverse) fold changesheBe changes seem qualitatively related to
large changes in metabolite concentrations leatbnghanges in MARs of all near reversible

reactions. An interesting question is thereforetivbethere exists a quantitative relation between
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Figure 7.14: Measured amount of oxaloacetate-derideamino acids pmol/gDW] during the
glucose (circles), pyruvate (squares) and succinaf&riangles) pulse. Open symbols are at
flow rate 2 ml/min, closed symbols are at flow ratd ml/min.

reaction rate and MAR. Here we applied a recenttyoduced kinetic concept (Caneletsal.
2010) where for a reaction the Q-value (= MAR)ltd teaction (e.g. for &B+C, Q = [B] x [C]

/ [A]) against the reaction rate (v) is plotted. &ththe measured Q is of the same order of
magnitude as the d{value of the reaction, the reaction can be claskds pseudo-equilibrium or
near-equilibrium. When the measured Q is severdérsr of magnitude lower than(K the
reaction is classified as far-from equilibrium. Maneactions in central metabolism &
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cerevisiae behaved as pseudo/near equilibrium and a lineay (¢t has been observed (Canelas
et al. 2010), where Q decreases with v.
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Figure 7.15: Q(= MAR) vs flux (v in mmol/CmolX/h) plots (near-equilibrium reactions)
during the glucose (circles), pyruvate (squares) ahsuccinate (triangles) pulse. Closed circle
is the perturbed steady-state.

From the dynamic flux and metabolite data set alethifrom the 40 s transient for three different
substrates, we can establish Q(v) plots for severat-equilibrium reactions, most of which are
involved in gluconeogenesis. In olit. coli pulse experiments the reactions catalyzed by
fumarase, enolase, the lumped reaction from FBBPB and pyruvate kinase show a negative
linear dependency of Q versus flux of the enzyntalgzed reaction (see Figure 7.15). It should
be noted that the sign of v changes in several @Ity (gluconeogenesis). These reactions show
therefore near equilibrium behaviour. The reactitnesn FBP to 3PG, enolase and fumarase
were also classified as near-equilibrium unighevivo conditions inS. cerevisiae (Canalest al.
2010).

The y-intercept of the MAR vs. flux plot gives thevivo equilibrium constant of the reaction
(Canelat al. 2010). The observed.for fumarase is 8.00 (Table 7.4), which is higthem the
value of 5.18 observed A cerevisiae (Canelast al. 2010), still lying in the range of published
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in vitro data (Table 7.4). For the lumped PGK and ENO reaa comparison ton vivo data
from S cerevisiae can be made. In the work of Canettsl. (2010), Keno X Kgpw = 0.46 which

is lower than our value of 1.05 (Figure 7.15), Wnich is higher than the range of publishad
vitro data (Table 7.4) at pH 7. For the lumped reactiom FBP to 3PG, literature i data
shows a very broad range with several orders ofnihage (Table 7.4). lgin our case is close to
the lower end of the range (Table 7.4) asSircerevisiae, again suggesting that this part of
glycolysis is also in near-equilibrium. Importantlthe assumed concentration of inorganic
phosphate (Pi) has a big effect on the fina} iKlere 50 mM of Pi concentration is assumed,
however if actual Pi is 10 times lower,Hncreases a factor of 100, still being in the pm#d
range.

Table 7.4: Comparison of y-intercept of Q(v) plotsn E. coli to literature K ¢ range andin
vivo derived Kqin S. cerevisiae (Canelaset al. 2010)

Enzyme Literature K¢q range in vivo Kgq This study
pH~7 (S. cerevisiae) y-intercept
FUM 2.10-8.40 5.18+0.14 8.00
PGM+ENO 0.24-0.83 0.46+ 0.01 1.05
FBA+TPI+GAPD+PGK, [M}] 0.002 - 100.9 0.0052+ 0.0005 0.0034
PYK 6451.6 - 56.3
PTS - 6.45
PGI+PFK 495 -1215 - -
FBP+PGI, [M] 387 - 688 - 0.084

Pyruvate kinase was classified as far-from-equilitorby Canale®t al. (2010). However, it is
known to be a reversible reaction (Keseteral. 2009) and indeed in our study this reaction
reverses in the pyruvate pulse pseudo-steady-sbatditions (gluconeogenesis). Presently, i
found to be 56.3, which is two orders of magnitlmser than a published ratio of about 6400
(Table 7.4), indicating a possible difference betmi@ vivo andin vitro conditions.

For the fumarase catalyzed reaction, the gluconeogelbstrates pyruvate and succinate showed
a lower MAR with higher flux. The x-intercept ofdlMAR vs. flux plot for this reaction gives
the maximunin vivo forward reaction rate of that enzyme (Canates. 2010). Accordingly the

in vivo V™ of fumarase is found to be ~ 360 mmol/CmolX/h, athis remarkably close to the
found flux 368 mmol/CmolX/h at succinate excessupsesteady-state conditions (see Figure
7.4). This shows that the cells are at their makii@A cycle capacity after the succinate pulse,
as was also observed fop Qptake rate.

We also investigated the Q(v) relation of far-frexpilibrium reactions such as PTS and the
reactions from G6P to FBP and FBP to G6P (Figui®)7.The lumped reaction of PGI+PFK
(G6P to FBP) shows that v increases at increasiddgR Mindicating the presence of allestoric
effectors for this enzyme. Indeed the found MARueal (Figure 7.16) are orders of magnitude
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lower than then vitro K¢q (Table 7.4), showing its far-from equilibrium peapy. The lumped
reaction from FBP to G6P (observed under gluconeegje) shows a constant MAR-value,
orders of magnitude lower than the published @able 7.4), and is therefore also considered
far-from equilibrium. The PTS transport system fava constant MAR of 6.45 (Figure 7.16).
Although there is substantial information in litene on the kinetics of this enzyme complex, the
overall K4 is not known. The steady-state glucose conceatratould be calculated from the
constant MAR of 6.45 and found to be 4.7 mg/l whigln agreement with literature values for
residual glucose concentrations at low dilutioesaiChassagnokt al. 2002).
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Figure 7.16: Q(= MAR) vs flux (v in mmol/CmolX/h) plots (far-from-equilibrium reactions)
during the glucose (circles), pyruvate (squares) ahsuccinate (triangles) pulse. Closed circle
is the perturbed steady-state.

7.4.Conclusions

This work allows some remarkable observations otab@dically perturbecE. coli cultures: i)

applying multiple pulses to the same culture issgme due to the quick return of flux and
metabolite values to the initial steady-stategiigrgy charge is strongly homeostatic, whereas the
redox status (NALYNADH) is not, iii) both pyruvate and succinate anemediately taken up
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with maximal capacity, showing the presence ofrthr@insporters in aerobic glucose-limited
coli culture, iv) rapid (< 40 s) achievement of botixfland metabolite pseudo-steady-state for
different substrate pulses, v) all metabolites ¢glysis, TCA cycle), but also amino acids show
strong dynamics within 40 s, in agreement with Igworder of seconds) metabolite turnover
times, vi) the three different substrates showdame rapid 2 - 3 fold increase in growth rate
towardsp = 0.3 K, which is apparently limited by ribosome capacitfie highest Quptake rate

is achieved on succinate and appeared to be theliElt€d O, capacity of 20 mmol &g/h. vii)
The different substrates expose a tremendous fligxilof central metabolic fluxes. Most
impressive are the flux inversion of glycolysis fiuconeogenic substrates, the more than 12
fold rate increase in TCA cycle between succinatd &aa, the near 140 fold increase in
conversion of Oaa to PEP for the succinate pulsetha inversion of pyruvate kinase for the
pyruvate pulse. Remarkably most of these flux ckafigversions could be related to changes in
thermodynamic driving force as quantified in the R\ Also for several reactions linear
relations appear to exist between rate and MAR #&fase, enolase).

7.5. Appendix

7.5.1.Calculation of transient -go, from liquid phase O, mass balance

The procedure followed was similar to describe@aymaz-Nikerekt al. (2010c). Differently in

the present work, in order to reveal the dynamicthe probe used in the experiment, after the
pulse experiment the steady-state culture was nhedu by removing pure Oand DO
measurements were recorded (see Figure 7.17). TheeBdings reached a new steady-state as
indicated.
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Figure 7.17: Dissolved oxygen (DO) concentration [mol/l] as a function of time: line: DO
probe readings during removal of Q from enriched air, circles: expected DO concentrabn,
dashed line: fitting of the data.
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The procedure described in Taymaz-Nikeatebl. (2010c) was followed, which yielded a DO-
probe time constant of 43.1 s that is almost idahtto the value of previous work (47.4 s)
(Taymaz-Nikerekt al. 2010c). To show the nice fit,,GstimatedS also plotted (Figure 7.17).

With this time constant of the probe, the measup€a was back calculated to_ Gnd the
transient -g, during the glucose, succinate and pyruvate pulsas calculated using the
calculated € and from ¢ and ka with the dynamic broth £mass balance using Savitzky-
Golay smoothing filters (MATLAB, The MathWorks Ind\atick, MA, USA) (Taymaz-Nikerel
etal. 2010c).

7.5.2.Yield of biomass on Q (Yox) during transient for different substrates

The stoichiometry of the present strai, [F, rph'] and the previous strai| F, rph?, (fnr
267)del] are different (discussed in the text). rEfiere the ATP stoichiometry determined for the
previous strain (Taymaz-Nikeret al. 2010a) does not apply to the present strain, @disated
from the flux results shown in Table 7.1.

We calculated the appropriate P/O ratio that bpptaximates the four flux cases under study:
glucose steady-state, glucose pseudo-steady-gtateyate pseudo-steady-state and succinate
pseudo-steady-state. P/O of 0.8 was sufficientiraltaneously describe the four cases. With
this parameter and,Kand mp being same as in Taymaz-Nikegtlal. (2010a), ¥%x of each
network is calculated as a function of growth i@te shown in Figure 7.18.

Figure 7.18 clearly shows thatyat 0.13 - 0.3 #, which is the range we are interested, does not
change significantly. This allows us calculatingt the transient (just after each pulse) frasp g
and a fixed ¥x.
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Figure 7.18: Yield of biomass on @ Yox [Cmol X/mol O] as a function of growth rate,p
[h™Y] for glucose (circles), pyruvate (squares) and samate (triangles).
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7.5.3.Cation/anion composition of thekE. coli cultures

Table 7.5: Residual concentrations [mM] of some méwaim constituents

Previous culture  Present culture
NH,4 28.8+0.9 25.9+ 0.8
PO, 1.4+ 0.1 1.9+ 0.2
SO, 8.3+ 0.7 10.8
cr? 135 8.6
K™ 150 8.5

& Concentration in the feed medium.
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7.5.4.Amount of intermediates at different steady-state conditions

Table 7.6: Steady-state intracellular amountsymol/gDW] of metabolites in glycolysis, TCA
cycle, amino acids and adenine nucleotides at difent running times [h] before and after
the pulse experiments in two independent experimest The running time indicates the time
passed from the start of medium feeding (continuouphase). At 50.2, 73.6 and 97.6 glucose,
succinate and pyruvate pulses were given, respectiy

Experiment Experiment 1 Experiment 2
Running time [h] 49.8 50.6 735 75.2 97.5 99.1 50.3 58.3
Central Metabolites

Ge6P 1.40£0.05°  1.2120.04  1.3620.07°  0.97+0.01°  1.1420.07°  1.22+0.08" 1.16+0.01 1.2740.02
F6P 0.30£0.01°  0.28+0.01"  0.3020.01"  0.21+0.01"  0.2420.01"  0.27+0.01" [ 0.26+£0.01°  0.30£0.01"
M6P 0.4620.01°  0.39£0.02° 0462001  0.36+0.01°  0.37+0.02"  0.3820.01° [ 0.41420.003* 0.4620.01°
6PG 0.30£0.01°  0.258+0.004° 0.31x0.01°  0.26+0.01°  0.25+0.01  0.24+0.01" | 0.18+0.02 0.26+0.02
Mannitol-1P 0.52+0.06 0.400.05 0.57+0.03 0.24+0.02 0.440.06 0.41£0.03 0.47+0.05 1.0240.04
G3P 0.42+0.01°  0.2920.01°  0.3620.01" 0.210£0.004" 0.3120.05"  0.39+0.01° [ 0.37£0.01°  0.39+0.02"
I'BP 0.72+0.01°  0.68+0.03"  0.75+0.01"°  0.54+0.02°  0.64+0.04"  0.70+0.03" [ 0.52+0.11 0.600.05
12,6bP 11.19£0.60"  11.21+0.48"  9.68+0.18"  7.82+0.32"  9.5420.88"  10.59£0.32° | 0.03£0.01°  0.06+0.03"
2PG+3PG 1.32+0.05 1.2240.06 1.39+0.04 0.92+0.06 1.2820.06 1.28+0.02 1.28+0.02 1.47+0.05
PEP 1.28+0.03 1.18+0.04 1.40+0.05 0.76+0.05 1.1820.11 1.38+0.05 1.22+0.03 1.24+0.04
Pyruvate 0.52+0.01°  0.4620.02°  0.5020.01°  0.3120.01°  0.40+0.03"  0.40+0.02° | 0.25+0.05 0.35+0.04
Citrate 1.6220.02°  1.50+0.02°  1.62+0.05°  1.3320.02°  1.58+0.12°  2.1720.04" | 0.17+0.06 0.860.05
a-ketoglutarate 0.1320.02°  0.1120.01°  0.1620.01"  0.145£0.004"  0.20£0.01"  0.22+0.01° | 0.1620.02°  0.2120.02°
Succinate 19.86+1.07°  17.1621.11°  18.5320.71"  14.08+0.44" 15.1620.84"  14.5320.49" | 21.65+0.31°  23.1620.60°
Fumarate 0.48+0.08°  0.29+0.03*  0.3420.01°  0.20£0.03°  1.0620.30"  0.33x0.02° [ 0.09+0.03 0.27+0.01
Malate 1.52+0.05°  1.4420.06°  1.48£0.03"  1.06£0.03"  1.25£0.08"  1.35+0.04" | 0.62+0.05 1.3440.02
Amino Acids

Alanine 1.89+0.03 1.6420.07 1.92+0.07 1.24+0.02 1.66+0.07 1.59+0.03 1.39+0.04 1.53+0.08
Asparagine 0.56+0.04 0.51+0.03 0.63+0.01 0.400.01 0.53+0.03 0.55+0.01 | 0.532+0.004  0.67+0.01
Aspartate 2.5240.21 2.50+0.12 2224013 1.56+0.04 2.1940.16 2.19+0.10 1.76+0.04 2.03+0.04
Cysteine NA NA NA NA NA NA 0.11+0.05 0.16+0.04
Glutamate 20.35+0.09  18.6420.59"  20.57+0.10  17.01+0.22  18.33x0.83" 18.77+0.39" [ 23.1120.14  23.62+0.37
Glutamine 5.880.16 5.2240.13 5.93 4.5240.17  5.112030°  4.9020.35 3.54+0.24 3.72+0.35
Glycine 1.25+0.17 0.68+0.09 1.2320.12 0.48+0.31 0.12+0.10 0.70+0.08 1.24+0.10 1.74+0.13
Histidine 0.12+0.03 0.09+0.01 0.30£0.05  0.18+0.003*  0.17+0.02  0.17+0.005 | 0.1720.01 0.27+0.02
Isoleucine 0.12+0.03 0.06+0.01 0.1120.02 0.01+0.04 0.060.01 0.17¢0.04 | 0.04820.004  0.09£0.02
ILeucine 0.24+0.03 0.13+0.01 0.22+0.03 0.05+0.05 0.15+0.01 0.17£0.01 | 0.17620.004  0.22+0.01
Lysine 2.02+0.02 1.91+0.06 2.200.10 1.42+0.04 1.860.09 1.85+0.01 1.4440.02 1.5040.02
Methionine NA NA NA NA NA NA 0.02+0.01  0.0330.003
Phenylalenine 0.66£0.04°  0.4620.03"  0.67+0.03"  0.39+0.01°  0.5420.03"  0.57+0.02° [ 0.24+0.01°  0.2740.01"
Proline 0.45+0.04 0.29+0.02 0.46+0.02 0.24+0.04 0.24+0.04 0.41£0.01 0.34+0.01 0.39+0.01
Serine NA NA NA NA NA NA 0.27+0.19 0.56+0.20
Threonine 0.98+0.11°  0.8420.04  0.90£0.06"  0.26x0.05  0.80£0.03"  0.93x0.03" | 0.54+0.02 0.61+0.03
Tryptophan 0.025+0.004  0.00320.002  0.02320.002 0.0205£0.0002° 0.017£0.002  0.019£0.001 | 0.030£0.002  0.037+0.003
Tyrosine 0.13+0.02 0.070.01 0.14+0.02  0.00320.041  0.09£0.01 0.12+0.01 0.1120.01 0.15+0.01
Valine 0.600.10 0.27+0.01 0.4320.04 0.22+0.07 0.480.05 0.5540.11 0.37+0.01 0.52+0.08
Ornithine 0.41+0.08 0.14+0.03 0.34+0.06 0.15+0.07 0.30+0.04 0.4120.04 0.29+0.06 0.30+0.02
Adenine Nucleotides

ATP 5.34+0.34 5.58+0.39 6.02+0.25 4.45+0.28 5.15+0.53 5.29+0.19 4.96+0.46 5.65+0.32
ADP 1.36+0.07 1.48%0.10 1.39+0.06 0.98+0.04 1.2120.09 1.37+0.07 1.35+0.07 1.4740.07
AMP NA NA NA NA NA NA 0.55+0.02 0.59+0.06

& Amount in the broth. In the filtrate G6P, F6P, M&PG, FBP, pyruvate was not detected (Exp
1). For citrate, succinate, fumarate and malateatieysis in the filtrate was not reproducible,
therefore only broth results are presented (Expdlsaiccinate in Exp 2).

NA: Results not available or not detected.
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7.5.5.0nline measurements during perturbation experiments
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Figure 7.19: Glucose pulse: DO [%], pH, offgas ©@and CO, [%] measurements vs time [s]
(t = 0 is the time of glucose addition).
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Figure 7.21: Succinate pulse: DO [%], pH, offgas @and CO, [%] measurements vs time [s]
(t = 0 is the time of succinate addition).

7.5.6.Bicarbonate concentration during the pyruvate pulse

In general, the concentration of the various mdbacspecies of CQin the liquid phase can be
described according to the following associaticsgdciation reactions:

CO,(9) ~» CG; (aq)

CO; (ag)+H, O~ H CQ
H,CO; » HCO; +H |, pK;
HCO, « CO2+H", pkK,

H,COs: carbonic acid, HC: bicarbonate, C¢¥: carbonate
Then, at pH = 7 we can write
CO, (ag)+H, O~ HCQ +H

The concentration of dissolved g€an be calculated by Henry’s Law:
[COx(aq)] = H peoz

where Ro. is the partial pressure (atm) of the dissolved, @@l H is Henry's law constant (H
depends on temperature, at’87= 24.90 mM/atm, (Sander 2010)).

The Henderson—Hasselbalch equation fop (3O
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. [HCO, ]
H=pK, +log———31_
PREPET081C0, gy

At pH 7 and 37C (pK; = 6.116 at 37C) (Rispenst al. 1968)),
[HCO4]=7.66 [CO, (aq)]
At steady-state offgas G& 3.15 %, [CQ(aq)] = 1.006 mM, [HC@] = 7.70 mM.

When the pH behavior after the pyruvate pulsetisbated to bicarbonate concentration (charge
balance:-qy, -0y,,- “Gyco- =0): Ghcos- = 325.9 mmol/CmolX/h, equivalent tfHCO;] of 6.40

mM in 200 s. The reached [HGDis 14.10 mM, equivalent to [C{aq)] = 1.84 mM, that is
equivalent to offgas CO= 5.77 %, which is not far from the offgas measueats (Figure 7.20).

7.5.7.Accumulated carbon and electrons during the glucose pulse

The total amount of intracellular carbon and elatsr after the glucose pulse were calculated
from the measured metabolites at each time poohisaown in Figure 7.22.
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Figure 7.22: Total amount of intracellular metabolte-associated carbon pmol

Carbon/gDW] and electrons pmol electrons/gDW] calculated from the measured
metabolites at each time point.
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Chapter 8

Comparative fluxome and metabolome analysis for
overproduction of succinate

Abstract

A comparative (to the wild type) study on the qitative fluxes/metabolomics during steady-
state and dynamic conditions is performed for ecisiate producing aerobiEscherichia coli
mutant. The mutant had four functional mutationscréased succinate exporter, a deleted
succinate importer, deletion of succinate dehydnage (SUCDH) and a PEP carboxylase (PPC)
with increased capacity due to a point mutatione Fkeady-state and dynamic pattern of the
metabolite concentration levels and fluxes in resgao perturbation with different substrates for
wild type and mutant strain is used to locate theamgtative changes in the
physiology/metabolism of the mutant strain. Unexedly the mutant had a higher energy
efficiency indicated by a much lowerng(under glucose-limited conditions) caused by the
deletion of the transcription factors IcIR and ArcFhe mutant had a much lower uptake capacity
for glucose (2.5 fold), pyruvate (5 fold), succmg®6 fold) and @ (17 fold under succinate
excess) compared to the wild type strain. 28 mMcisiade was produced at chemostat, showing
that the deletion of the succinate importer andrexgression of succinate exporter was a
successful strategy. Deletion of SUCDH and a pomitation in PPC created multiple
delocalized large changes in metabolite levels (FBRuvate, 6PG, NADNADH ratio, a-
ketogluarate) corresponding to large changes kefluCompared to the wild type a considerable
flux shift occurred from TCA cycle to oxidative gese phosphate pathway, including inversion
of pyruvate kinase. The mutant responded very rdiffty to excess of different substrates, most
remarkably the possible reversal of TCA cycle urglercinate excess. The mutant and the wild
type both showed homeostatic behaviour for enefggrge in the pulses. In contrast, large
changes in redox level NAINADH occurred where the mutant showed even lagg@nges.
This large redox change can be associated to mdvefsflux direction. The observed huge
flexibility in central metabolism following geneti¢deletions) and environmental (substrate
pulses) perturbations of the mutant strain strongbynts to introducing a more powerful
succinate exporter in future studies to obtain éigduccinate production rate.

In preparation for publication as: Taymaz-Nikerellt Mey M, Baart G, Maertens J, Foulquie-Moreno
MR, Charlier D, van Gulik WM, Heijnen JJ. Compavati fluxome and metabolome analysis for
overproduction of succinate.

191



Chapter 8

8.1.Introduction

Microbial biotechnology has gained considerableriest for sustainable production based on
renewable biological resources in response to cascan the increasing oil prices, depletion of
fossil resources and on the environmental aspddts. United States Department of Energy
(DOE) has identified the top twelve sugar-basedding blocks (US Department of Energy,
2004), which have multiple functional groups thatsgess the potential to be applied in the
production of other useful chemicals. Succinaterie of these building blocks and one of the
most attractive green chemicals currently availasid much attention is given to developing a
bio-based industrial production of succinic acidc@ihlay et al. 2007).

Mostly production yields, titers and secretion saigth measured extracellular concentrations of
relevant metabolites are studied and comparedtiereihe wild type or high-producer strains
(Jantameet al. 2008; Otero and Nielsen 2010; Ze#teal. 2008). However, rarely information is
obtained to characterize/understand the effecthef mutation(s) on the metabolism. This
information can be obtained by studying the changetabolite levels and fluxes under steady-
state and dynamic conditions. Such experiments naostly performed to analyze central
metabolism including glycolysis, pentose phospipatinway (PPP) and TCA cycle, although the
production pathways are of outstanding commercitdrést and thus in the focus of metabolic
engineering. Some examples, which include prodathveays, are the glucose pulses presented
to Escherichia coli-based strains related with the aromatic biosyigheathway (Oldigest al.
2004; Schmitzt al. 2002) and perturbations Renicillium chrysogenum strains (Nasutiomt al.
2006) to study the penicillin production pathway.

In the present work, we intend to provide a comipagasteady-state and dynamic quantitative
metabolomics study for a succinate producing aer&bicoli mutant and its wild type. The
steady-state and dynamic pattern of the metabaditeentration levels and fluxes in response to
perturbation with different substrates for the wilge and a mutant strain will be used to map the
guantitative changes in the physiology/metaboli$ithe mutant strain.

8.2.Materials and Methods

8.2.1.Strains

In this research, the. coli K12 MG1655 }", F, rphi'] and a derived mutaifi. coli K12 MG1655
[\, F, rph', AackA-pta, ApoxB, AiclR, AsdhAB, AarcA, AdctA, Aedd, Aeda, AcitDEF,
ppc*(L620S),AFNR-pro37-dcuC)] were used. The knock-outs and point mutationeweaeated
using the method of Datsenko and Wanner (2000). rEpiacement of the endogenadmuC
promoter by an artificial promoter pro37 (De Metyal. 2007) was done as described in De Mey
et al. (2010a).
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8.2.2.Chemostat conditions

Both strains were cultivated in independent aergircose-limited chemostat cultures (pH 7,
temperature 37C) with minimal medium at a dilution rate (D) of10h® in 7 | laboratory
fermentors with a working mass of 4 kg, controlleg a balance (Applikon, Schiedam, The
Netherlands). The preculture conditions, medium masition, fermentor conditions (temperature
control, pH control, overpressure, aeration rateres speed, offgas and dissolved oxygen
measurements) were as stated in De ey. (2010b).

8.2.3.Rapid sampling for intracellular metabolites

The differential method is used for the calculatmfnthe amounts of intracellular metabolites
(Taymaz-Nikerekt al. 2009) at steady-state as well as during the eahstate. Broth sampling
and filtrate sampling was carried out as in TaymNézerel et al. (2009). For each steady-state
condition two samples were taken and analyzed iplicate. For intracellular metabolite
determination during perturbation, only sampling footh was performed (De Mey al. 2010b;
Taymaz-Nikerekt al. 2010b; Taymaz-Nikeradt al. 2010c), for each time point one broth sample
was taken and analyzed in duplicate.

8.2.4.Short-term perturbation experiments

Short-term prturbation experiments in the BioScope were carioeit as described before
(Taymaz-Nikerelet al. 2010b).In brief, before starting the perturbation experiment, detito
the reactor was blended with purei® order to have about 39 % @ the incoming gas (the gas
inflow rate was increased from 1.67 I/min air t&7./min air + 0.5 I/min @. Perturbation
experiments were performed in the BioScope, urdted otherwise, for two different flow rates
(at 1.8 ml/min broth + 0.2 ml/min pulse and 3.6nifirbroth + 0.4 ml/min pulse). For the wild
type strain, the pulse solution was either 27.8 mgiMcose, 55.5 mM pyruvate or 41.6 mM
succinate. Each of them resulted in a pulse of Yol carbon/l. For the succinate producing
mutant strain, the same glucose and pyruvate pwisee applied and instead of succinate,
deionized water was given (glucose feed stoppeelalise a large amount of extracellular
succinate was already present in the culture.

8.2.5.Perturbation experiments in the bioreactor

To obtain uptake/secretion flux capacities, theunegl flux information cannot be obtained from
the BioScope experiments and therefore pulse axpets were performed in the steady-state
chemostat. For the wild type these experiments baea presented already for glucose, pyruvate
and succinate pulses (Taymaz-Nikeetl al. 2010b). For the mutant the glucose excess
experiment in batch on glucose was available, theiyate excess experiment (initial broth
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concentration of 5.5 mM) was performed in the chstaip in the presence of steady-state glucose
flux. A succinate pulse to the succinate produgimgant at steady-state (where the steady-state
already contained 28 mM succinate) was not meaningherefore glucose feed was switched
off and the resulting succinate uptake was monitore

8.2.6.Metabolite extraction procedure

Metabolites were extracted in 75 % boiling etha(®Imin, 90°C) as described in Taymaz-
Nikerel et al. (2009). Before extraction, 1Q0 of 100 % U3C- labeled cell extract was added to
each sample as internal standard for isotope dilutiass spectrometry (IDMS)-based metabolite
guantification (Wuet al. 2005).

8.2.7.Analytical procedures

Measurement of offgas, cell dry weight, residuaicgke, total organic carbon and intracellular
metabolite concentrations were carried out as destiefore (De Mewt al. 2010b; Taymaz-
Nikerel et al. 2009). The succinate concentration was analyzexynestically (Boehringer
Mannheim/R-Biopharm, Roche) and with HPLC (AmineRX487H ion exclusion column, Bio-
Rad, CA, USA).

8.2.8.Calculation procedures

The biomass-specific rates, mass action ratiosadatlular NAD/NADH ratio, energy charge,
concentration of E4P were calculated as descrileéatd (De Meyet al. 2010b; Taymaz-Nikerel
et al. 2009).

Intracellular fluxes in steady-state were calcwatgith metabolic flux analysis using the
appropriate metabolic network &f coli with the reconciled uptake/secretion rates astiripioe
metabolic network for growth of the wild type strabn glucose is as described in Taymaz-
Nikerel et al. (2010a) with the addition of the PEP-glyoxylatauteo (Nancheret al. 2006),
leading to the final network as in Taymaz-Nikesedl. (2010c). The addition of PEP-glyoxylate
route created a parallel pathway, which requiraditeshal information to perform MFA. Ratios

of Fluxepd Fluxepck = 2 and Fluy, = 0.2 x Fluxcont Were assumed since these average ratios
were observed at dilution rates 0.1 - 04 ih glucose-limited continuous cultures Bf coli
(Nancheret al. 2006).

For the growth of the mutant strain on glucose, ieteatabolism of glucose (not possible in the
“cut”-TCA cycle) is performed in the oxidative PR€ading to NADPH production, NAD(P)
transhydrogenase reaction was added, while théiosead®?EP carboxykinase (PPCK), SucCoA
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synthetase (SUC0AS) and succinate dehydrogenas€8) were set to 0. For the network
with succinate consumption under succinate excasdittons, SUC0AS was freed.

8.3.Results and Discussion

8.3.1.Mutations in the producer strain

The mutant in this work i€. coli K12 MG1655 A, F, rph?, AackA-pta, ApoxB, AiclR,
AsdhAB, AarcA, AdctA, Aedd, Aeda, AcitDEF, ppc*(L620S), AFNR-pro37-dcuC)], which is
extensively described in Beauprez (2010). In bitie¢ wild type strain produces acetate under
aerobic batch conditions, therefore the routes §phate acyltransferase-acetate kindsekA-

pta, pyruvate oxidaseApoxB) that are known to be active in acetate formati@re deleted.
Also, increasing the flux from pyruvate to TCA ogcintermediates through activation of
glyoxylate route by deletion of the transcriptiomctiors QiclR, AarcA) leads to less acetate
production in batch. For the same purpose (decrebaeetate formation), the genetD, cCitE
and citF that code for citrate lyase, which converts titrgato oxaloacetate and acetate under
anaerobic conditions, were knocked oAti{DEF). The genes that code for the enzymes of
Entner-Doudoroff (ED) pathway were eliminatetkedd, Aeda) to overcome a possible NADH
limitation problem, and thus increasing the suderfarmation. However the ED pathway was
reported to be inactive fdE. coli cells grown on glucose (Fischer and Sauer 200B)thase
mentioned deletions are not relevant under aerghicose-limited chemostat conditions as
applied here.

The mutations relevant to this study related to increased succinate production: Improved
succinate production was pursued by deletion otisate dehydrogenas@&sdhAB), which is
essential for aerobic succinate production becausgrevents conversion of succinate to
fumarate. The additional strategy was increasingcisate export and decreasing succinate
import: DctA is known to be responsible for thea®c dicarboxylate uptake system, thus it was
deleted {dctA) and succinate exporter DcuC was overexpresseENR-pro37-dcuC). A second
strategy was to improve flux capacity from PEP @m@PEP carboxylase: PPC) to boost the rate
of citrate, and therefrom succinate, formation. RIBRboxylase is inhibited by accumulation of
malate, succinate and aspartate, which are expaziedrease when succinate is produced. This
can be overcome by point mutations introduced at dmino acid residues responsible for
allosteric binding. The allosteric inhibition siteEPPC are located at lys491, lys620, lys650, and
lys773. Among those, only the lys620 to serine miutanzyme, as applied in our mutant
(ppc*(L620S)), maintained the wild type catalytimperties with a significant desensitization to
take mentioned feedback inhibition (Yano and 1207).

Summarizing, the mutations that are expected te laveffect under our culture conditions are
deletion of succinate dehydrogenas&ésdhAB), deletion of succinate importerAdctA),
overexpression of succinate export®FNR-pro37-dcuC) and introduction of a point mutation in
PPC (ppc*(L620S)).
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8.3.2.Uptake/secretion rates

Both wild type and mutant were characterized feirtuptake/secretion rates under steady-state
and dynamic conditions (reactor perturbations).

Seady-state: The steady-state features of wild type strain andant strain are compared to
characterize the producer mutant strain. The cell wleight, mass-balance-based biomass-
specific rates, the corresponding carbon and degfeeduction recoveries and the reconciled
biomass-specific rates for both strains are shawitable 8.1. Reconciliation was acceptable
consideringy® test with a null hypothesis of significant measoeat deviations at a significance
level of 0.1 %. The mutant strain produces aboutrBol/CmolX/h succinate and there is cell
lysis of ysis = 0.014H, which is less than found in the wild types = 0.031 H).

Table 8.1 shows thatsgand @o, are much lower in the mutant. This correspondthéolower
glucose uptake rate, despite a significant suceipedduction. This means that in the mutant the
energy metabolism is much more efficient. Recetitly same effect was observed in a non
succinate-producinde. coli as a result of the synergetic effect of the ddldtanscriptional
regulators IcIR and ArcABeauprez 2010). The molecular basis of this ingureffect is not
known, but is clearly confirmed in our succinateogucing mutant, which also has these
deletions.

Clearly the mutant produces succinate, which shibasthe implemented exporter is functioning
and can export the succinate, which cannot be ctat/é fumarate anymora$dhAB).

Fermentor perturbation studies: Under batch glucose excess the mutant showedn2es tower
glucose uptake rate and 2.5 fold lowes @ptake rate (Table 8.2). With addition of pyruvate
excess (while glucose feeding continued, see Agrpéehf.1) the mutant showed maximal rates

Table 8.1: Steady-state data in aerobic glucose-litad E. coli chemostat cultures, D = 0.1H

Wild type Mutant strain
Measured Reconciled Measured Reconciled
CsuldmM] 0 28+1.4 27.8+1.4
Cx[gDW/] 8.02+£0.12 8.02+0.12 8.71+£0.07 8.70+0.07
D[h™] 0.105 0.107
p[mmol/Cmol X.h] 136.6 +2.6 136.6 £2.6 121.5+3.6 120.9+35
-ggmmol/Cmol X.h] |44.61+1.8 445+13 | 41.09+15 4156+1.2
-goz[mmol/Cmol X.h] 125.4+8.3 121.1+5.8 97.45+95 9235+3.9
Jcoz2lmmol/Cmol X.h] 130.2+8.7 1305%£6.0| 96.67x+9.5 96.67+ 3.9
Qysismmol/Cmol X.h] 314+12 31.3+1.2 148+ 2.7 14.3+2.6
OsuccinatdMMol/Cmol X.h] - - 7.96 +0.47 7.94 +0.47
Carbon Recovery [%] 99.7+5.3 101.4 + 22
Redox Recovery [%0] 101.8+4.3 103.9 £ 23
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of gyyr and @ of 53 and 131 mmol/CmolX/h, which are 5 and 2.4 fower than for the wild
type (Table 8.2). Under succinate excess (its @pta&s monitored by stopping glucose feed in
the mutant culture), the mutant clearly consumedstinccinate which was produced before (see
Appendix 8.6.2), but the calculated consumptiorgatere g,.= 9.3 mmol/CmolX/h with g, =

31 mmol/CmolX/h, go, = 36 mmol/CmolX/h and. = 0, which are about 20 - 30 times lower
than in the wild type (see Table 8.2), showing ttie intended knockout of the succinate
importer was very successful, but that there [slgtiv capacity succinate importer present.

In conclusion these steady-state/dynamic experisnehbw that the mutant has much lower
uptake capacities for glucose (2.5 fold), pyruvdeold), succinate (26 fold) and,@17 fold
under succinate excess). Also it is found thatkimeckout of the importer and overexpression of
the exporter were very successful.

Table 8.2: Uptake/secretion rates of mutant and wd type at excess conditions for glucose,
pyruvate and succinate (q rates in mmol/CmolX/hp in h™)

Mutant strain Wild type
glucose glucose pyruvate succinate | glucose glucose pyruvate succinate
batch pulse pulse excess batch pulse pulse pulse
-Oglu 113 - - - 276 96 - -
~Clpyr - - 53.3 - - - 255 -
-Osuc - - - 9.3 - - - 240
“Jo2 213 - 131.5 30.8 500 280 320 510
1) 0.43 - - 0 0.63 0.28 0.29 0.31

8.3.3.Intracellular fluxes on glucose

For the mutant grown on glucose the steady-stataciellular flux calculations show that the PPP
has a much higher flux (see Figure 8.1). The PPPtbigorovide all NADH (obtained from
NADPH through transhydrogenase) because the TCAedgccut through and cannot provide
NADH. As a consequence, the glycolytic flux and @A cycle flux are much lower in the
mutant. The flux from PEP to Oaa was 3 times highethe mutant, showing that the point
mutation (ppc*(L620S)) was successful, indicatiig timportance of this flux for succinate
overproduction. The importance of increasing flaowards Oaa was already noticed and studied
by others either by overexpressiBgcoli PEP carboxylase (Millaret al. 1996), or introducing
pyruvate carboxylase (Sanchetzal. 2005a; Vemurkt al. 2002b), or by overexpressirtg coli
malate deyhdrogenase (Hong and Lee 2001; Stol®andelly 1997).

Most remarkable is that the pyruvate kinase reacti®verses in the mutant strain, which is
consistent with the very high intracellular pyruvabncentration in the mutant (see below). This
flux reversal is necessary because the large Géftsithn to PPP leads to a low glycolytic flux

which produces too little PEP for the phosphotraresfe system (PTS). The reversal of this
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reaction was also observed under pyruvate pulsdittmms for the wild type (Taymaz-Nikeret
al. 2010b).
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Figure 8.1: Metabolic flux patterns of central carton metabolism for aerobic growth of wild
type (u = 0.137 K and mutant E. coli (un = 0.121 ") on glucose. All fluxes are given in
mmol/CmolX/h. First values represent wild type stran, second values represent mutant
strain. Gray arrows indicate the fluxes to biomassynthesis.

8.3.4.Steady-state metabolite levels on glucose

In order to see the effects of the two networkteslamutations 4sdhAB and ppc*(L620S)) on
the metabolome of the mutant strain grown on glecdle extracellular and intracellular
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metabolite amounts are compared with that of wighet strain (see Table 8.3). The
thermodynamic feasibility of the metabolome datahef mutant strain is checked by assessing
the mass action ratios (Table 8.4). MAR of PGI, PRIGM+ENO and FUM catalyzed reactions
are in the range of the reported,for both strains, showing the thermodynamic feilisib The
MAR of fumarase is ~ 2 times lower compared to thidd type strain, though still
thermodynamically feasible, but the flux is verwl¢2 mmol/CmolX/h, Figure 8.1MAR of AK

is higher than the reported.dfor both strains, indicating that tihe vivo andin vitro conditions
can be different.

Although there are several large differences inattmeunts of intermediates, the nucleotide levels
and the energy charge (Table 8.4) of the two straine almost the same (a satisfying value of ~
0.8), showing once again the robustness/homeosthie energy system . coli despite very
different oxygen consumption rates of the two ssdilable 8.1).

When the metabolite levels are compared, it is ghahin the mutant strain the amounts of
metabolites outside the cell is most of the timecmunigher, especially the organic acids
pyruvate, citrate, fumarate and malate, in gersgegdeing with their higher intracellular levels.

Main metabolite concentration differences in thetantiare in pyruvate (5 fold up), FBP (1.5
fold down), 6PG (10 fold down), NAINADH redox ratio (1.5 fold more reduced), &cids (1.5

- 3 fold higher) andr-ketoglutarate (10 fold up). The 10 fold lower 6RgBel occurs with a 4
fold increase in the oxidative PPP flux (Figure)8ihdicating that the mutant has acquired a
large capacity in this pathway, which generatestbetrons for aerobic respiration.

Table 8.3: Steady-state amount of extracellular anéhtracellular metabolites [umol/gDW]

Wild type strain Mutant strain

Extracellular Intracellular Extracellular Intracellular
Central Metabolites
G6F 0.0€+0.0z 1.22+ 0.0z 0.0&+0.C1 1.05+0.0¢
F6F - 0.26+0.01 0.0z+0.01 0.1¢+0.01
M6P - 0.44+0.01 0.01+0.0C 0.3:+£0.01
Mannito-1F 0.41+0.0¢ 0.75+0.0¢ 0.31+0.01 0.7€+£0.0Z
6PC 0.0&+0.0z 0.22+ 0.0z 0.04+0.0C 0.02+0.01
FBF 0.0¢+0.0¢ 0.5+ 0.07 0.004£0.00z 0.3€+0.0¢<
2PCG+3PC 0.1(+0.02 1.3+ 0.0z 0.9€+0.02 1.11+0.0t
PEF 0.0E5+0.01 1.22+0.0¢5 1.16+0.02 1.11+0.0¢
Pyruvatt 0.0¢+0.0z 0.3C+0.04 3.72+0.1C 1.4€+0.12
Citrate 0.6(+0.1z 0.52+0.1< 2.1%+0.0¢ 0.52+0.0¢
o-KG 0.17+0.0t 0.02+ 0.0t 0.11+0.0¢ 0.1¢+0.07
Succinat 12.7:4£2.6¢ 9.6¢+2.72 - -
Fumarat 0.1¢+0.04 0.1€+0.04 3.77+0.11 0.51+0.1¢
Malate 0.5998.11 0.9840.11 3.429.14 1.47 #.19
Nucleotides
AMP < 0.56+0.04 < 0.54+ 0.0t
ADP < 1.41+0.0% < 1.32+0.0¢
ATP < 5.3C+0.2¢ < 5.47+0.0¢
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The 5 fold higher pyruvate level is a result of tteed to convert pyruvate to PEP (inversion of
PYK) to provide enough PEP for the PTS, becauseglymlytic flux to PEP is insufficient due
to the large G6P diversion into the oxidative PPRis low glycolytic flux is also supported by
the lower FBP concentration and the consistentiyeloconcentrations for the other glycolytic
intermediates.

Interestingly the NALYNADH ratio strongly decreased in the mutant, smgaé more reduced
cytosol. This more reduced NAINADH couple also corresponds to the highara@id level
(due to malate dehydrogenase). The higheadid pool and the 3 fold increase of flux between
PEP and the £pool is a strong indication of a large increaseapacity of the PPC rate in the
mutant strain, indicating that the point mutatioasvsuccessful.

For the mutant the TCA cycle shows a 10 fold inseci;a-ketoglutarate, whereas citrate is not
changed and the ACoONT flux is 3 times lower. Thimld point to product inhibition by-
ketoglutarate on the ICDH reaction.

Table 8.4: Steady-state mass action ratios (MAR), AD*/NADH ratio and energy charge
calculated from the measured metabolite levels andange of published equilibrium
constants for some relevant equilibrium reactions

Wild type Mutant strain Keq
PGIl: G6P— F6P 0.239.01 0.199€.01 0.19-0.67
PMI: F6P«— M6P 1.579.06 1.718.10 0.99-1.80
PGM+ENO: 2+3PG~ PEP 0.894€.03 0.999.07 0.10-1.79
FUM: Fumarate + bD < Malate 5.434.26 2.900.93 2.10-9.49
AK: 2ADP < AMP + ATP 1.5440.14 1.664.16 0.20-1.45
Pyruvate/PEP 0.243:03 1.3598.13
NAD*/NADH: 47.245.99 31.94.92
Energy charge 0.8240.07 0.844€.08

Summarizing, it seems that the observed metabmid@ges in the mutant (Table 8.3) support the
proposed flux scheme (Figure 8.1), especially #igd increase in oxidative PPP, the resulting
low glycolytic flux, the inversion of PYK and andreased capacity for PPC.

More important we find that the SUCDH deletion ¢esalarge changes in many metabolites
(pyruvate, FBP, 6PG, NAINADH, C, acids anda-ketoglutarate) far away from the deleted
reaction. This shows that not only the metabolitesclose proximity (G acids anda-
ketoglutarate) are changed, but also distant métebo(pyruvate, FBP, 6PG, glycolytic
intermediates, NADDNADH) are clearly changed, which is to be expedled to all metabolic
interactions.
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8.3.5.Response of metabolites in pulses

The measured metabolite concentrations, duringothee experiments applied in the BioScope,
showed that the different substrate pulses leacbty different metabolite responses. The same
glucose and pyruvate pulses were applied both flietype and the mutant, whereas succinate
pulse was applied only to the wild type. For thetanty broth was mixed with water to create a
condition for succinate uptake, as there is alre@8y mM succinate present. The pulse
experiments for glucose, pyruvate and succinat&enwild type were assessed in our previous
work (Taymaz-Nikerekt al. 2010b), here we will show and discuss the diffeeeim metabolite
responses to these pulses observed for the wiagd mutant strains.

General observations: The energy charge (Figure 8.2) was maintainedbdoh the wild type and
mutant for the three pulses (glucose, pyruvatecinate), showing the robustness of the energy
system. The redox ratio NAINADH for the wild type and the mutant (Figure 8v&s the same
for the glucose pulse (increase and then decremse)bserved before. For the pyruvate and
succinate pulses, the mutant shows that this cdagtemes much more reduced than in the wild
type. A more reduced couple (compared to glucossepis needed to create a driving force for
gluconeogenesis, which occurs on pyruvate and saiei The mutant is more reduced than the
wild type, which for succinate can be explainedabpossible reversal of the TCA cycle (see
below).

Glucose pulse: The mutant shows much less increase in FBP, winghis to a lower PFK flux
due to a large diversion of G6P to the oxidativé®PId addition, the glucose uptake rate during
the glucose pulse is most likely lower in the mutéhable 8.2), which also contributes to
decrease of the PFK flux. Lower 2PG+3PG, PEP anchnhigher pyruvate levels are observed
in the mutant, which supports the occurrence ox ftaversal (pyruvate to PEP) to provide
enough PEP for the PTS, as discussed from fluxutalons. The higher fumarate and lower
citrate, malate levels in the mutant cannot be arpt, but are possibly related to the much
lower fluxes of the TCA cycle.

Pyruvate pulse: During the pyruvate pulse in the BioScope, glucess absent. The mutant is
known to have 5 times lower pyruvate uptake ratt2atimes lower @uptake rate than the wild
type (Table 8.2). These lower uptake rates caumsetlle upward (gluconeogenic) fluxes in the
mutant are much smaller, leading to far lower melielevels for G6P, M6P, FBP, 2PG+3PG
and PEP (Figure 8.3). In order to favor gluconeegenunder these conditions the NARADH
ratio (Figure 8.5) in the mutant is 4 fold lowerfdd more reduced couple). The higher NADH
and the lower malate levels (Figure 8.4) suggestrg low Oaa level, which agrees with the
observed very low citrate level (Figure 8.4).

Summarizing, during the pyruvate pulse in the miitaompared to the wild type, all rates are
much lower resulting in much lower metabolite lsydjut the system is much more reduced to
promote gluconeogenesis.
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Figure 8.2: Adenine nucleotides, sum of adenine nigotides pmol/gDW], e-charge and

MAR of AK in the wild type (circles) and in the mutant (squares) after the glucose pulse
(left), pyruvate pulse (middle) and succinate/no pge (right) in the BioScope. Closed
symbols are at flow rate of 4 ml/min.

Succinate pulse: The succinate uptake rate of the mutant is 26 Ifwieer than in the wild type
(Table 8.2). In addition it follows that the sucate uptake is just fast enough to provide energy
for maintenance, where growth is absent. Henceirsatecis completely catabolized. The flux
calculation (Figure 8.6) shows that succinate cally be fully catabolized using a reverse TCA
cycle. This remarkable result is supported by e/ vow NAD'/NADH ratio; hence NADH is
high in combination with the very low citrate lev@figure 8.4), which points towards the
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Figure 8.3: Glycolitic metabolites pmol/gDW] in the wild type (circles) and in the mutant
(squares) after the glucose pulse (left), pyruvatpulse (middle) and succinate/no pulse
(right) in the BioScope. Closed symbols are at flomate of 4 ml/min.

possible conversion of succinate to citrate. Thgoxylate path then creates malate and/or
fumarate, which are also much (10 fold) lower ia thutant, following the very low citrate level
(Figure 8.4). Gluconeogenesis is then needed togbtihe succinate carbon source to the
oxidative PPP (to generate electrons for oxidafWesphorylation) at very low rate. This
glycolysis rate (Figure 8.6) is ~ 2 times loweltlve mutant compared to the wild type (Taymaz-
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Nikerel et al. 2010b) and explains the very low concentrationglydolytic intermediates (Figure
8.3).

Furthermore it is seen that the fluxes of PYK ardHPare zero. These two fluxes are very

sensitive to the maintenance term, which is 75 xniffol/CmolX/h (Taymaz-Nikerekt al.
2010a). Within the error margin of thexfp, it is seen that these reactions do not occur.
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Figure 8.4: TCA cycle intermediates ymol/gDW] in the wild type (circles) and in the
mutant (squares) after the glucose pulse (left), pyvate pulse (middle) and succinate/no
pulse (right) in the BioScope. Closed symbols ard¢ #ow rate of 4 ml/min.

8.4.New targets to improve succinate production

One of the significant findings of this study i®tfexibility of the central metabolism i&. coli,
which we have shown before also for the wild typais (Taymaz-Nikerekt al. 2010b). The
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mutant strain is also flexible in terms of reorgamj the fluxes such as the reversal of TCA cycle
under succinate excess conditions, reversal of BN& high PPP flux. The observed flexibility
under excess carbon conditions can also be expa&dted much higher amount of carbon is
withdrawn from the cell, such as succinate seanetichere comes the importance of a more
efficient product exporter. Therefore a powerfut@nate exporter and elimination of remaining
succinate importer should be the first new targbtsause it has been shown that central
metabolism is flexible enough to accommodate theage changed fluxes.
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Figure 8.5: NAD'/NADH ratio and some mass action ratios in the wildype (circles) and in
the mutant (squares) after the glucose pulse (leftpyruvate pulse (middle) and succinate/no
pulse (right) in the BioScope. Closed symbols are¢ low rate of 4 ml/min.
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Figure 8.6: Metabolic flux pattern of central carban metabolism of E. coli mutant during
succinate excess . = 9.3, g = 325, p = 0, mp = 71). All fluxes are given in
mmol/CmolX/h.

8.5.Conclusions

The characterization of the succinate produdingoli mutant revealed that the deletion of the
transcription factors ICIR and ArcA caused stroregréase in &, indicating a much higher
energy efficiency of the mutant. Second, the uptedgacity for carbon sources of the mutant
was much less, indicated by the lower maximal ratesy,, Gy, G and @ Thirdly, the
production of succinate in the mutant showed that deletion of the succinate importer and
overexpression of succinate exporter were sucdesafaddition to these findings, it is found
that the deletion of SUCDH creates on glucose pieliilielocalized changes in metabolite levels,
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which can be connected to specific large flux cleang central metabolism. Further, it is
observed that the mutant responds very differeekt®ss of different substrates, even reversal of
TCA cycle is strongly indicated. These changescaidi the extreme flexibility of the central
metabolic network following substrate pulses. Thiggests that only a more powerful succinate
exporter (product pull) will be successful to irgse succinate production yields.

Present work is an example of application of rapidse experiments to compare a producer
strain and its wild type to understand the impddhe applied gene deletions and to monitor the
flexibility of central metabolism.

8.6. Appendix

8.6.1.Pyruvate uptake of the mutant strain

The capability of the mutant to take up pyruvatesvedudied in the chemostat. The same
concentration of the pyruvate pulse given in theSgiope was also given to the bioreactor
(without stopping the glucose feed) to observebieavior of the mutant culture. Figure 8.7, the
online measurements, shows that the mutant cellsl ¢ake up pyruvate.
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Figure 8.7: DO [%], pH, offgas O, and CO, [%] measurements vs time [s] after the
pyruvate pulse for the succinate producing strain.

It was observed that DO drops with the supply olpgte and returns back to initial steady-state
at about 1000 s. This shows that the added pyr g2 mM) was consumed in about 1000 s,

207



Chapter 8

leading to g, of 53.3 mmol/CmolX/h. New & was calculated from the DO-profile and offgas
O.-profile (with the proper mass balances), both jregelent calculations leading to the same
value of 131 mmol/CmolX/h (Table 8.2).

8.6.2.Succinate uptake of the mutant strain

The mutant strain produced 28 mM succinate at gtetate. The capability of the mutant to take
up succinate was checked in the chemostat. Afterctiiture was back at steady-state (after
pyruvate pulse), the feeding was stopped to obsémbe cells would take up succinate which

was already present (28 mM). Figure 8.8 shows tiim@® measurements, which imply that the

mutant cells could take succinate very slowly, conigg the available succinate in 8 h.

In the absence of glucose in the mutant cultureai observed that DO increases in the first 100
s and stays at that new state for about 8 h. Theedsed g is also indicated by the change in
the offgas @ Both calculations from DO-profile and offgas f@d to the sameqgg of about 31
mmol/CmolX/h. The decrease in the oxygen consumptite corresponds to the succinate
uptake. It is seen that in about 8 h succinate degeted with g,. of 9.3 mmol/CmolX/h. From
the degree of reduction balance, it was foundthaD during the succinate uptake (Table 8.2).
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Figure 8.8: DO [%], pH, offgas O, and CO, [%] measurements vs time after the feeding
was stopped for the succinate producing strain.
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Chapter 9

Fast dynamic response of the fermentative metabotis
to aerobic and anaerobic glucospulses

Abstract

The response ofscherichia coli cells to transient exposure (step increase) instsate
concentration and anaerobiosis leading to mixed-Bmmimentation metabolism was studied in a
two-compartment bioreactor system consisting direed tank reactor (STR) connected to a mini
plug-flow reactor (PFR: BioScope, 3.5 ml volumedcB a system can mimic the situation often
encountered in large-scale, fed-batch bioreactdrs. STR represented the zones of a large-scale
bioreactor that are far from the point of substeddition and that can be considered as glucose-
limited, whereas the PFR simulated the region closéhe point of substrate addition, where
glucose concentration is much higher than in tls¢ oéthe bioreactor. In addition, oxygen-poor
and glucose-rich regions can occur in large-scadeshctors. The response Bf coli to these
large-scale conditions was simulated by contingopsimpingE. coli cells from a well stirred,
glucose- limited, aerated chemostat (D = 0'}ihto the mini-PFR. A glucose pulse was added at
the entrance of the PFR. In the PFR, a total afdrhples were taken in a time frame of 92 s. In
one case aerobicity in the PFR was maintained treroto evaluate the effects of glucose
overflow independently of oxygen limitation. Acculation of acetate and formate was detected
afterE. coli cells had been exposed for only 2 s to the gluciabe(aerobic) region in the PFR. In
the other case, the glucose pulse was also combimdanaerobiosis in the PFR. Glucose
overflow combined with anaerobiosis caused the mecdation of formate, acetate, lactate,
ethanol and succinate, which were also detectsd@s as 2 s after of exposurekofcoli cells to

the glucose and {yradients. This approach (STR- mini-PFR) is ustfuh better understanding
of the fast dynamic phenomena occurring in largdesdioreactors and for the design of
modified strains with an improved behavior undegéascale conditions.

Published as: Lara ARTaymaz-Nikerel ¥, Mashego M, van Gulik WM, Heijnen JJ, Ramirez @an
Winden WA. 2009. Fast dynamic response of the fataizve metabolism oEscherichia coli to aerobic
and anaerobic glucose pulses. Biotechnology andrigjimeering 104: 1153-116(Equal contribution)
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9.1.Introduction

Imperfect mixing in large-scale bioreactors leaolshe emergence of spatial gradients. In the
case of large-scale fed-batch cultureshstrate gradients are commonly encountered (Egafor
al. 2001; Laraet al. 2006a; Schmalzrieddt al. 2003), and can cause significant effects in cell
physiology (Lareet al. 2006a). Cells can travel from glucose-limited dtads in the bulk of the
bioreactor, to zones of high glucose concentratminthe substrate feeding point. This in turn,
may create an anaerobic region, as the respiredienof the cells is importantly increased during
exposure to glucose-concentrated regions (Erdoat 2001; Laraet al. 2006a; Schmalzriedt

al. 2003). This is particularly important in high-cdknsity cultures. The presence of glucose or
dissolved oxygen gradients can have a negativedtrracells, decreasing their productivity. It
has also been reported to be a main source ofdailuring the scale-up of cultures (Byluetcil.
2000; Bylundet al. 1999). The accumulation of by-products like aeetanhd formate due to
glucose/oxygen gradients is strongly undesirablat aspresents a waste of carbon, triggers
transcriptional regulation processes and caussliogroductivity.

The effects of environmental gradients and theposyre time on cells can be studied at the
laboratory scale using scale-down experimental @gpres (Larat al. 2006a; Palomareat al.
2010; Sweeret al. 1987). From the various experimental scale-downfigarations, the most
commonly used approach to simulate substrate gredie a two-compartment system in which a
stirred tank reactor (STR) is connected to a plagrfeactor (PFR) (Laret al. 2006a; Palomares
et al. 2010). Cells exiting the STR are passed throughFR where a concentrated glucose
solution is injected to simulate the substratedfegdone of a large-scale bioreactor. Oxygen
depletion can also occur in the PFR if mass trarisfaot enough to sustain aerobic conditions.
Several reports exist on the study of glucose gradiand the concomitant oxygen-limiting
conditions in fed-batch cultures Bécherichia coli (Bylundet al. 1998; Lin and Neubauer 2000;
Xu et al. 1999). In such studies, the residence time irPfRB was 56 s and the first sample was
taken 14 s after cells entered the PFR. A drawlfrack such studies is that the effects of glucose
gradients are not completely decoupled from thds#issolved oxygen tension (DOT), which is
of particular importance to better understand tffece of each variable on cell physiology.
Moreover, only a limited analysis on cell responsas be derived from the studies mentioned
above. Although Neubauet al. (1995) measured the DOT at the exit of the PFRafdE. coli
scale-down study, no DOT profiles were shown indgheose-rich region and only four to five
sample points over a period of 56 s were availabtbe PFRIn the present study, we employed
the second generation BioScope (Mashetgal. 2006) as the PFR compartment to evaluate the
dynamic response of fermentative metabolismEotoli cells cultured aerobically and under
glucose limitation, and subjected to a glucose igradeither under fully aerobic or fully
anaerobic conditions. An important difference betwéhe experimental settings of this work and
the previously mentioned reports is that in thesen¢ study the cells have a steady-state
background immediately prior to their exposurehte pulses. This enables the studyEofoli
response to a single perturbation after a completefined physiological state, in comparison to
other studies in which it has been demonstratetittieaage of a culture (for instance, during a
fed-batch process) also influences the responsbkeotells to cyclic environmental oscillations
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(Enforset al. 2001). Using the BioScope, 11 samples were takeimgl a relative short time
frame, 92 s (of which 5 samples were taken durirgyfirst 20 s), to monitor the extracellular
accumulation of mixed-acid fermentation metaboldasng exposure to a glucose gradient. This
time frame is wider than in other studies usingdaampling devices (Buziat al. 2002), but
narrower than previous scale-down studies. Thisegdad short time-resolved (in the range of
seconds) useful biological information about tharelkteristic response times of fermentative
metabolism during exposure to glucose and oxygadignts. This information helps to explain
the metabolic deviation at different scales ofieation.

9.2.Materials and Methods

9.2.1.Bacterial strain and Culture Medium

E. coli K12 derivative W3110 (ATCC 27325) was used anducatl in a mineral medium
containing the following components (in g/l); Glseo monohydrate, 7.5; (NHSO,, 5.0,
KH,PQ,, 2.0; MgSQ.7H,O, 0.5; NaCl, 0.5; N&CI, 2.0; Thiamine, 0.001. A trace elements
solution (Verduyret al. 1992) was added at a proportion of 2 ml/I of mediu

9.2.2.Chemostat Culture

E. coli was cultured in a glucose-limited chemostat ailwtion rate of 0.1 H in a 7 | bioreactor
with a working volume of 3 | (Applikon, Schiedamhd& Netherlands) under aerobic conditions.
The bioreactor was operated at an aeration rafe5ofvm and an agitation rate of 500 rpm and
overpressure of 0.3 bar. The pH and temperature we@ntrolled at 7.0 and 37 °C, respectively.
DOT was measured (Mettler-Toledo, Greifensee, Sundnd), but not controlled, only to verify
that aerobic conditions were maintained at all sinmethe chemostat (> 80 % air saturation). The
content of @ and CQ in the inlet and outlet gases was analyzed byxmawest gas analyzer
(NGA 200, Rosemount Analytics, Hasselroth, Germany)

9.2.3.Two-compartment bioreactor system

Simulation of glucose gradients

Exposure of cells to glucose gradients in largdesb#oreactors was simulated by means of a
two-compartment system, shown in Figure 9.1, widohsisted of a mini PFR connected to a
stirred tank bioreactor (glucose-limited chemostatbroth flow of 1.8 ml/min was derived from
the liquid effluent of the chemostat and connedtethe PFR. At the entrance of the PFR, the
broth was mixed with a concentrated glucose salutd 166.7 mM (30 g/l) flowing at 0.2
ml/min. After mixing with the broth, the concenimat of glucose in the liquid entering the PFR
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was 16.7 mM (3 g/l). In this system, cells expeciha substrate gradient while moving from a
glucose-limited (chemostat) to glucose-rich (PF&jions.

The PFR consisted of a mini-bioreactor called Ba#s; designed for continuous perturbation
experiments, and that has been described in gemiiously (Masheget al. 2006). Briefly, it
consists of two hemispherical channels with a twoesthsional serpentine geometry, milled in a
Perspex block, and separated by a silicone memipaneaeable to ©and CQ. One of the
hemispherical channels was used for liquid flowjlevthe other was used for exchange of gases
by countercurrent gas flow. The total volume of BtR was 3.5 ml and the total length was 6.51
m. The mini-bioreactor was equipped with 11 pootsdomputer-controlled sampling at different
distances from the inlet point, corresponding tweéasing residence times of the cells in the PFR
under high glucose concentrations. The first plotneed sampling shortly before the addition of
the glucose-concentrated solution. The PFR wasglata chamber at a controlled temperature
of 37 °C, equal to the STR temperature. Sampleg waken from the PFR and instantaneously
cooled in a cryostat kept at 0 °C (Lauda RK 20 K&uda-Koningshofen, Germany). Shortly
after sampling (which took around 15 min), the bé@s was removed by filtering through 0.45
um (Millex-HV, Millipore, Cork, Ireland) using preemled syringes (T = -20 °C). The
supernatants were stored at -80 °C for furtherysisl
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Figure 9.1: Simplified diagram of the experimentabioreactors and sampling system used to
simulate spatial gradients of glucose and dissolvaikygen.

Simulation of dissolved oxygen gradients

To study the effects of a sudden up-shift of thecgbe concentration without oxygen limitation,
the gas channel of the BioScope was continuousishéd with a blend of air/oxygen at 100
ml/min that was controlled with mass flow contrafle(Brooks Instruments, Ede, The
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Netherlands). To assess the effects of an increaggucose concentration under anaerobic
conditions, the gas channel was flushed with pitregen. In this case, a blend of air/nitrogen
was sparged in the chemostat to lower its DOT téocl&a. 0.03 mmol/l) and thereby shorten the
transition to fully anaerobic conditions after thieicose pulse. Such a DOT is considered high
enough to maintain aerobic conditionsEncoli cultures (Laraet al. 2006b; Sandoval-Basur

al. 2005). This was confirmed because the concentraifoCG, in the exhaust gases and the
biomass concentration in the broth did not charftgr $he DOT decrease, which indicated that
the steady-state in the chemostat was not alteteth (not shown). During the glucose pulse
experiments, the DOT in the BioScope was measusédywa single polarographic dissolved O
probe (Mettler-Toledo GmbH) mounted onto a flow tieht was consecutively switched to each
of the 11 sampling ports. Glucose pulses underéeend anaerobic conditions were carried out
twice. The data shown are an average of two vahms the differences between both values are
also reported.

9.2.4.Analytical techniques and calculation methods

Biomass concentration was determined as dry ceijiweof washed pellet samples dried in
Falcon tubes at 70 °C for at least 24 h. Glucassate, succinate and formate were analyzed by
enzymatic assays (R-Biopharm, Boehringer Mannhddarmstadt, Germany). Acetate and
ethanol were quantified by gas chromatography (@pack CO 9001, Hewlett Packard, Palo
Alto, CA) using a flame ionization detector. Theoeted values of yields and specific rates were
calculated with the proper mass balances ovelirtie ieriods involved.

9.3.Results

9.3.1.Characteristics of the steady-state

The chemostat was operated at a dilution ratelofil. Steady-state was confirmed by a constant
composition of the offgases and a stable biomagssesdration (2.79 + 0.03 g/l). The residual
glucose concentration was 0.14 + 0.01 mM. The b&myéeld on glucose was 0.41 g/g at steady-
state. The specific uptake rates of glucose andexyg and @) were 1.35 £ 0.04 and 3.78 +
0.14 mmol/g/h, respectively. The specific rate afbon dioxide generation was 3.41 £+ 0.10
mmol/g/h. Small amounts of acetate and formate wetected in the effluent of the chemostat,
namely, 0.08 £ 0.01 and 0.005 + 0.002 mM, respebtivThese values correspond to specific
production rates of 0.003 and 0.0002 mmol/g/h tmtate and formate, respectively.

9.3.2.Simulation of oxygen gradient in the two-compartment system

Figure 9.2 shows the DOT profiles in the PFR dudegobic and anaerobic pulses. It can be seen
that the use of an air-oxygen blend in the PFR &rasugh to maintain aerobic conditions. The
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DOT in the chemostat was 0.25 mM. During the 3ts of transit of the cells through the PFR,
the DOT rapidly decreased to around 0.14 mM. Thituer was nearly constant during the
remaining residence in the PFR. According to thesrteansfer characteristics of the BioScope
(Mashegoet al. 2006), the g, in the PFR was 16 mmol/g/h, which means a 4 fotddase in
oxygen uptake rate. A reduced DOT level in the SAml flushing of nitrogen through the
BioScope gas channel were enough to deplete oxafyeost at the entrance of the PFR during
the glucose pulse under anaerobic conditions (EigL2).
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Figure 9.2: Dissolved oxygen concentration in the FR during glucose pulses under fully
aerobic or anaerobic conditions. The continuous véical line indicates the samples taken
previous to the perturbation of the glucose concerdtion.

9.3.3.Response of mixed-acid fermentation metabolism to an aerobiglucose
gradient

The extracellular concentrations of glucose anddtganic acids produced during an aerobic
glucose gradient are shown in Figure 9.3. The eath@ar glucose concentration increased from
0.13 £ 0.01 mM in the chemostat, to 16.5 + 0.6 nmMhie PFR after the glucose pulse and then
decreased to 15.45 £+ 0.20 mM after 92 s of expostiEe coli to the glucose gradient (Figure
9.3a). Therefore, the calculated wplue in the PFR was 15 £+ 1 mmol/g/h, which isCafdld
increase. Compared to the 4 fold increase jru@ake this indicates fermentative metabolism.
All the samples from the PFR were analyzed for migacids, but only formate and acetate were
detected (Figure 9.3). As shown in Figure 9.3b #n8c, both metabolites accumulated
extracellularly already within 2 s after the gluegserturbation. During the first 10 s after the
glucose pulse (phase 1), acetate and formate wesduped more rapidly than during the
remaining 82 s of the experiment (phase Il). Thetate concentration in the chemostat was 0.08
+ 0.01 mM and increased to 0.14 + 0.01 mM duringgeghl in the PFR (i.e. 0.060 £ 0.001 mM of
acetate were produced). During phase Il, acetateertration reached 0.17 £ 0.01 mM (i.e.
0.030 + 0.002 mM of acetate were produced) (seer€&i§.3b).

216



Fast dynamic response of fermentative metabolism

a s
16
14
g 12 1
2 10
g 8]
ERNE
o Ll
2
o L
2 ‘ ‘ ‘ ‘
b 20 0 20 40 60 80 100
Time (s)
0.20 r
0.18 :
. 0.16 |
é 0.14
o 0.12 |
8 0.10 I
§ 0.08 l-o—ﬁ/l’ :
0.06 |
0.04 | : 0
0.02 |
0.00 L ‘ ‘ ‘
-20 0 20 40 60 80 100
Time (s)
C o0 r
0.09 1 :
< 0.08 |
£ 0.07 |
% 0.06 |
£ 0.05 |
£ 0.04 :
0.03 |
0.02 :
0.01 4 1 I
0.00 L ‘ ‘ ‘
-20 0 20 40 60 80 100
Time (s)

Figure 9.3: Extracellular concentration of glucose(a), acetate (b) and formate (c) in the
PFR during exposure ofE. coli cells to a glucose gradient under aerobic conditits. Error
bars show the difference between duplicate experimés. The continuous vertical line
indicates the samples taken previous to the pertudtion. The dashed vertical line indicates
the division in two distinctive phases of the micrbial response to glucose/©perturbations.

Formate was also found in very small concentratiorthe chemostat (0.005 mM). A very fast
accumulation of formate was observed during phasethe PFR, reaching values of 0.066 +
0.005 mM. At the end of phase IlI, formate concdittnawas 0.076 + 0.004 mM (Figure 9.3c).

9.3.4.Response of mixed-acid fermentation metabolism to an anaerobglucose
gradient

In order to simulate the combined effects of movirmgn an aerobic, glucose-limited region to a
glucose-rich, anaerobic zone in a large-scale haioe, anaerobic conditions in the PFR were
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achieved as described previously. In contrast ithglucose pulses under aerobic conditions,
the glucose excess under anaerobiosis caused ¢henalation of all mixed-acid fermentation
metabolites. The extracellular profiles of glucesel organic acids during this pulse experiment
are shown in Figure 9.4. The product accumulati@s wuch higher and no evident phases of
their production during the glucose pulse were plesk
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Figure 9.4: Extracellular concentration of glucosda), acetate (b), formate (c), succinate (d),
lactate (e) and ethanol (f) in the PFR during expasge of E. coli cells to a glucose gradient
under anaerobic conditions. Error bars show the diference between duplicate experiments.
The continuous vertical line indicates the sampletsken previous to the perturbation.

The glucose concentration increased from 0.14 £ & in the chemostat to 16.84 + 0.36 mM
in the PFR after the pulse to reach 14.63 + 0.75 (RMure 9.4a) in the last sampling port.
Therefore, 2.22 + 0.84 mM of glucose was consumetihd the perturbation experiments, which
is more than twofold the amount of glucose consumiedng a glucose pulse under aerobic
conditions. Therefore, thesgyalue was 31 + 3 mmol/g/h, which is a more tharf®@ increase
compared to the steady-state. Formate and ace&te tive most highly accumulated organic
acids in response to a glucose gradient under alpigesonditions, reaching values of 0.38 + 0.02
and 0.43 £ 0.02 mM in the last sample point of ®fdR (Figure 9.4b and 9.4c). Ethanol was the
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third most highly accumulated metabolite, followley lactate and succinate, whose maximum
concentrations during the perturbation experimesrtend.20 + 0.01, 0.11 + 0.01, and 0.05 £ 0.01
mM (Figure 9.4c - f), respectively. The total prothiamounted to about 1 mM.

9.4.Discussion

The existence of local zones with elevated glucsgcentrations in large-scale bioreactors is
often combined with oxygen depletion (Lagaal. 2006a). However, the existence of DOT
gradients does not depend on the presence of atdbgradients, as DOT fluctuations can also
occur in batch cultures (Laret al. 2006b). Depending on the operational conditions, DOT
gradients can also exist in small-scale fermentssshown by Garciet al. (2009), who used a
fluorescence reporter iB. coli to detect oxygen limitations in a STR lab-scaler&actor. The
effects of DOT gradients on mammalian (Serrgtal. 2004) and bacterial (Largt al. 2006b;
Laraet al. 2006¢; Sandoval-Basure al. 2005) cultures have been studied and are known to
have a profound influence in the performance oturek. Despite the relatively well-studied
response of cultures to glucose gradients, theestmaln studies published to date have not
effectively dissected the effects of glucose gnatdiefrom anaerobiosis. Moreover, in such
studies, the first sample was typically taken attérs of exposure to regions with high glucose
concentration (Bylundt al. 1998; Enforset al. 2001; Xuet al. 1999) and at 28, 36 and 52 s of
residence time in the PFR. The typical scale-doystesn to evaluate the effects of substrate
gradients is the STR-PFR configuration (Latal. 2006a), in which a glucose pulse is added at
the entrance of the PFR. The sudden increase oogguuptake after a glucose pulse in scale-
down studies (for instance, from 2.8 in the STRB.® mmol/g/h after 40.5 s in the PFR; (&

al. 1999)) can cause a rapid depletion of oxygen,temte oxygen limitation has been assumed
to occur in the PFR section. However, no direct sneament of oxygen depletion in the PFR
section of the scale-down systems has been docath@néviously, making it difficult to draw
conclusions about the direct effect on cells upgmosure to a substrate or oxygen gradient. In
the present study, the effects of glucose gradiemtisanaerobiosis were dissected by employing
a STR connected to a mini-PFR in which the coneginin of dissolved oxygen can be measured
and manipulated. The STR was operated as chenogtatteady-state mode at a dilution rate of
0.1 h?, which was similar to the feeding rates foundyipi¢al E. coli cultures (Laraet al. 2008).
The characteristics of the BioScope allowed theatiffe exchange of gasses with the culture
broth, and fully aerobic or anaerobic conditionsevechieved and monitored (Figure 9.2).

When E. coli cells were exposed to a glucose gradient unddy fagrobic conditions, the
strongest effect was the increase éragd @, and the immediate accumulation of acetate (Figure
9.3b). A comparison of the specific glucose uptedtes (@) in the chemostat and during pulse
experiments is shown in Table 9.1. The value ¢firgreased from 1.35 mmol/g/h in the
chemostat to 15.3 mmol/g/h in the PFR following #leeobic glucose pulse, which is an increase
of about 11 fold. The latter value of gan sustain a specific growth rate higher thait {after
calculations presented by (Carlson and Srienc 30@4d is well above the critical value for
triggering overflow metabolism. For instance, itshaeen reported (Kayset al. 2005) that
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acetate production b. coli in chemostat cultures started wheyrepched a value of 0.64 g/g/h
(ca. 10.7 mmol/g/h). Figure 9.5a shows a comparigfahe specific production rates of organic
acids in pulse experiments under aerobic conditiehging phases | and Il. The specific
production rate of acetate in the chemostat wa830rmol/g/h, and it increased to 4.71 + 0.30
mmol/g/h during the first phase of the pulse expent. During phase I, it decreased to 0.53 +
0.01 mmol/g/h. Acetate is mainly producedEncoli by action of the phosphotransacetylase
(PTA) and acetate kinase (ACK) enzymes. Both arestitoitive enzymes ii. coli (Clark 1989;
Wolfe 2005), and our results show that this pathvsyimmediately inducible by glucose
overflow. The enzyme pyruvate oxidase (PoxB) cotsvpyruvate into acetate and also plays an
important role in acetate production By coli W3110, both aerobically (Phwet al. 2005) and
under oscillating DOT conditions (Laghal. 2006b). Therefore, it is possible that PoxB ipals
present irk. coli under aerobic conditions and rapidly induced lgjugose pulse.

Table 9.1: Specific glucose @ and oxygen (@») uptake rate during exposure ofE. coli cells
to a glucose gradient under fully aerobic and ana@bic conditions

Condition gs[mmol/g/h] Joz2[mmol/g/h]
Chemostat 1.35 3.78
Aerobic Pulse 15+1 16
Anaerobic Pulse 31+3 -

Formate also accumulated rapidly (as early asfies the glucose pulse) during the exposure of
E. coli culture to the aerobic glucose gradient (Figui&c®.Formate production i&. coli is
expected under oxygen-limited conditions, as pathe fermentative metabolism (Clark 1989),
but not under aerobic conditions, as in this expernit. The specific production rate of formate in
the chemostat was 0.0002 mmol/g/h. Other authors hEso reported the production of formate
by E. cali in fully aerobic cultures (Castan and Enfors 2002aet al. 2006b; Laraet al. 2006c;
Sandoval-Basurtet al. 2005). The exact mechanism for this phenomenawtiset known, but
authors have related formate accumulation to DNAase into the media, probably due to cell
rupture (Castan and Enfors 2002). It should bechtitat thepfl gene, that codes for the enzyme
responsible for formate production from pyruvatgrgvate-formate lyase, PFL), is reported to be
expressed only under anaerobic conditions. Thelaggn of PFL is rather complex, however, it
is known that there exists a basal level of PFE.inoli even under aerobic conditions (Pecéter
al. 1982). Our results show that formate accumulategssponse to glucose overflow under fully
aerobic conditions and imply that there is a bésal of PFL in theE. coli strain used under
aerobic conditions. This might occur due to a siamihechanism of overflow metabolism which
leads to acetate production. The sudden increagki@ose uptake could have caused a transient
accumulation of intracellular pyruvate, which imrticould have led to formate by PFL. Formate
accumulation during the aerobic glucose pulse ¢sm lze divided into two phases. During the
first phase, it accumulated at a rate of 5.36 6 @ubnol/g/h, but then the specific production rate
rapidly decreased during phase Il to a value 0® @ D.03 mmol/g/h. Formate production in the
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aerobic conditions of the experiment must has bméinated from the basal PFL present in
cells. This indicates that PFL must be presentekttively high amounts, and that it is very
sensitive to glucose overflow, as formate was pceduat similar rates as acetate during phase |
of the pulse experiment (Figure 9.5a). Formate lmamonverted to CQOand H by the formate
hydrogenlyase (FHL) enzyme complex (Clark 1989)ictwhs formed of four enzymes (Sawers
1994). Selenium acts directly as cofactor of the Fldmplex (Axleyet al. 1991; Gladysheet

al. 1994). It has been demonstrated that a lack aleigpaate amount of this metal in the culture
medium has conducted to formatecumulation, whereas the addition of this cofaeftectively
prevented formate accumulation (Sandoval-Baseiréb. 2005; Soiniet al. 2008).

a
1 @ Phase |
l OPhase Il

Acetate Formate

o

N w ~

[

Specific production rate (mmol/g h)

o

Specific production rate (mmol/g h)

Acetate Formate Lactate Succinate Ethanol

Figure 9.5: Specific production rates of the mixedxcid fermentation products in response to
a glucose gradient under fully aerobic (a) or anaabic (b) conditions. Error bars show the
difference between duplicate experiments. Specifacetate and formate production rates in
the chemostat were 0.003 and 0.0002 mmol/g/h.

As summarized in Table 9.1, the galue increased 11 times, whereas the oxygen eptatie

increased 4 fold from 3.78 in the STR to 15.6 mgibl/in the PFR during the aerobic glucose
pulse. This latter value corresponds to the maxinoxygen uptake rate for the W3110 strain,
according to data compiled elsewhere (Carlson aimh&2004). During exposure to the glucose
gradient under anaerobic conditions all the mixeid-éermentation final products were detected.
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Formate and acetate accumulated to the highesentrations. The specific production rates of
formate and acetate were 6.09 + 0.18 and 3.95 & thBol/g/h, respectively (Figure 9.5b).
Glucose overflow, combined with the step-change atmerobic conditions enhanced the
production of formate and acetate, as their sgepifdduction rates were much higher than under
aerobic conditions (Figure 9.5a and 9.5b). Thimisgreement with the higher glucose uptake
rate during anaerobic glucose pulses, which wagstli® fold higher than during aerobic pulses
(Table 9.1). It is well known thd. coli consumes glucose at higher rates under anaetwdnc t
under aerobic conditions. This is due to the faeit tunder anaerobic conditions, the bulk of
energy is obtained from the glycolysis (Gennis &tdwart 1996). Furthermore, formate and
lactate are directly produced from pyruvate, whermeetate can be produced also from pyruvate
under anaerobic conditions by PoxB (Clark 1989alatital. 2006b). Also, an increased demand
for pyruvate may increase the glucose uptake satege one mole of phosphoenol pyruvate (PEP)
is converted to pyruvate per mole of glucose thanhternalized through the phosphotransferase
system inE. coli (De Andaet al. 2006).The value of gfor the anaerobic glucose pulse is well
within the values reported by Carlson and Srier@@). Ethanol and lactate also accumulated
rapidly in the PFR during the anaerobic glucoses@ut rates of 2.35 £ 0.36 and 1.56 + 0.08
mmol/g/h, respectively (Figure 9.5b). Succinate wesduced at a relatively low specific rate of
0.45 = 0.03 mmol/g/h.

The residence time of cells in the PFR (92 s) carcdnsidered insufficient for completion of
induction, transcription, translation and activati@vents necessary for enzyme synthesis.
Altogether, these processes can take place inaftaame of several minutes (Stephanopoetos
al. 1998). During the exposure of fully aerobicalijticose-limited cultivatedt. coli cells to a
glucose gradient under anaerobic conditions, a&llrtixed-acid fermentation metabolites were
immediately detected (in < 5 s). This means thgawnic acids were produced by enzymes
already present in the cells even under fully aierobnditions, as was the situation prevailing in
the chemostat. Ethanol was also detected earlythtegglucose pulse in the PFR. TduhE gene,
coding for the fermentative ADH is known to be iodd only under anaerobic conditions (Clark
1989). However, our results suggest that at leéswvdasal level of ADH should be presenin
coli even under fully aerobic conditions. The enzynspoasible for lactate synthesis, the lactate
dehydrogenase (LDH) is known to be presentEincoli under both, aerobic and anaerobic
conditions (Mat-Janet al. 1989). Induction of LDH under aerobic conditionsquires
acidification of the medium. It is possible thatidg the glucose pulse under aerobic conditions,
the amounts of acetate and formate produced didignificantly decrease the pH of the culture
and in consequence, LDH was not induced and laatasenot detected.

During the 92 s exposure & coli cells to a glucose gradient under aerobic conudtim the
PFR, 1.06 mM of glucose were consumed (6.38 CmMgreas 0.08 mM of acetate (0.15 CmM)
and 0.06 mM of formate (0.06 CmM) were producEhkis means that 3.29 % of the consumed
carbon was wasted as fermentation by-productsaltieetglucose gradient. In contrast, when the
glucose gradient was combined with anaerobiosi22 ZoM of glucose (13.29 CmM) were
consumed in the PFR. In this case, 0.43 mM of &enf0.43 CmM), 0.28 mM of acetate (0.56
CmM), 0.16 mM of ethanol (0.33 CmM), 0.11 mM of tate (0.33 CmM) and 0.03 mM of
succinate (0.13 CmM) were produced. Overall, th&sans that 13.4 % of the carbon consumed
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was diverted to fermentation products during siemgbus depletion of oxygen depletion and
glucose excess. The consequences of these effeclarge-scale cultures where cells are
continuously encountering glucose and dissolvedgerygradients are obvious. It has been
estimated that the region of oxygen limitation fesg from a high glucose concentration field in
a large-scale, fed-batch bioreactor is of ~ 10 %heftotal working volume (Enfort al. 2001).

If we assume a mean circulation time of 50 s asoimmonly found in large-scale microbial
cultures (Laraet al. 2006a), then it is reasonable to establish thiég wél spend at least 10 % of
the circulation time (i.e., 5 s) in an oxygen-dégde glucose-rich region. The experimental set-up
used in this work, and the design of the PFR altbwe to observe that overflow metabolism due
to a glucose gradient under fully aerobic condgioesulted in acetate accumulation as soon as 2
s after exposure to high glucose concentrationpottantly, formate also accumulated within 2
s. When the glucose gradient was combined with rabéesis, all the other fermentation
metabolites were also detected after 2 s of exposiucells to the gradients. This means that even
if the circulation time in a large-scale bioreaatould be decreased to 20 s (which correspond to
a mixing time of around 80 s; (Lamt al. 2006a)), the presence of glucose (and probably
dissolved oxygen) gradients will still cause divensof carbon fluxes towards fermentative
products, and a concomitant waste of the substfaie.accumulated fermentative products also
will trigger transcriptional responses. Moreovée tocal accumulation of organic acids can also
lead to a local drop of pH, which can also negdfiadfect the performance &. coli cultures
(Amanullahet al. 2001).

If practical constraints do not allow improving nmg at the large-scale, the use of cellular
engineering strategies can form an alternativetissiuo this problem. For instanceg, coli with

a modified substrate transport system with a musket uptake rate has been successfully
cultured under very high glucose concentrationspldying a minimal overflow metabolism
(Lara et al. 2008). Due to slower glucose uptake rate, compawedild type strains, such
modified strains are expected to perform bettereuigilicose gradients, as it can be expected that
the high glucose concentration lead to less inergatheir glucose transport rate (De Aratial.
2006; Lareet al. 2008).

Another approach to overcome the effects of glucgissdients under aerobic or anaerobic
conditions using cellular engineering is to blodle tundesired pathways that might not be
essential for the cells due to the temporal exgosurchanges in environmental conditions. Lara
et al. (2006c¢)inactivated the genes responsible for the produaifoformate, lactate and acetate
in E. coli. The modified strain showed a much better gronebpmbinant protein production and

less by-products accumulation when cultured undeif @scillations. Our CSTR/PFR set-up is

well suited to evaluate such engineered strainsmall scale before their application on large
scale.
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9.5.Conclusions

In the present study, the rapid (< 2 s) dynamipaase of fermentative metabolism Bf coli
exposed to a glucose gradient under aerobic aret@ia conditions was analyzed. The use of a
special mini-PFR (BioScope) allowed the samplingliorter time frame than had been possible
in previous studies. In addition, the effect ofglse gradients was successfully dissected from
dissolved oxygen depletion. It was found that thiy/faerobic transit from a glucose-limiting to a
glucose-rich region triggered the overflow metadrolivery rapidly, and acetate and formate were
detected as early as 2 s after exposure to theggudch condition. When the glucose gradient
was combined with anaerobiosis, many other mixed-fsementation metabolites were detected
after 2 s of exposure to the gradients and theadyction rates were higher. Under aerobic
conditions, the accumulation of by-products wasefaduring the first 10 s of residence in the
glucose-rich region, which demonstrated that eventy whort exposures of cells to gradients in
large-scale bioreactors can have a profound effedhe fermentation pathways and thus a
detrimental outcome to process performance.

The study of cellular response to substrate graslieim fully aerobic and fully anaerobic
conditions, during short time frames is relevarihce it can help to better understand the
metabolic effects of industrial fermentation sch#esed broth heterogeneity and to establish leads
for genetic interventions in order to design stdimat show a better performance in large-scale
cultures. Future studies on the transcriptionafilimg of cell response to these environmental
stresses in short time frames will be importantutdher understand the physiological effects in
large-scale bioreactors. Finally, the combinatidnC&TR/PFR (BioScope) was shown to be
successful in controlled application of glucoseyéanobic condition and is envisaged to be
suitable for testing of engineered strains.
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The quantitative evaluation, identification/undarsting and, ultimately the prediction of the
behaviour of cellular systems represent the primehgallenges in the postgenomic era.
Approaches, mostly in a mathematical framework &elic engineering aspects through a
kinetic model), are now becoming faster and mofigieft through the use of systems biology
tools mentioned in the Introduction chapter of tiesis. Yet one of the important bottlenecks is
still the availability of suitable quantitative exqimental technologies.

Analysis and quenching methods for metabolites:An example is from the field of
metabolomics; more powerful chromatographic techesgare required. More important than the
deficiencies in analysis approaches, sample préparalso has some limitations. For example a
guenching method, which would show no leakage abbwites (during quenching and further
processing) and provide parallel quantificationasf many metabolites as possible, is urgently
required, especially foEscherichia coli, which is one of the most studied organisms. The
differential method proposed in this thesis to winwent leakage issues has the disadvantage that
it is not applicable when the extracellular amoaohtthe compound is much higher than the
intracellular amount. A good example is studying throduct transporters. The intracellular
concentration of the product-of-interest is impottas shown for dicarboxylic acid cases in this
thesis. More attention should be given to find lutimn to this quenching/leakage problem in
prokaryotes. Finding a global leakage-free quergchiethod, which is applicable to most of the
organisms -not limited to a specific organism-gfiprime importance.

Quantification of dynamic fluxes: To studyin vivo kinetics of enzymes, in addition to the
metabolite information, data on fluxes is also meed\s shown in the thesis, rapid sampling
devices e.g. BioScope are not suitable for progdinx data in a very short time frame (< 50 s).
As a solution, yet not optimal, perturbation expemts were repeated in the bioreactor, where
dissolved @ in the broth and @CO, in the offgas are monitoreth vivo oxygen uptake rate was
determined from dissolved ;,Qorobe kinetics and dissolved, @ynamics during the applied
perturbation experiment (Chapter 5 and 7). In ftinis can be combined with offgas data as in
Wu et al. (2003) and Bloement al. (2003), but now with including the effect of pH agll
becauseE. coli cultures are run at pH 7 where produced bicarleomaincentration has a
significant contribution in quantification of GOproduction. Additionally, monitoring the
temperature of the culture (off-control) during ferturbation can be beneficial to calculate the
heat produced as function of time and hence timelved biological heat production rate.
However this approach (perturbation in the bioregcis laborious and has the potential
drawback of disturbing the steady-state culturéh¢aighE. coli did return to its steady-state,
shown in Chapter 7). Attention should be givenital fmethods, which would provide dynamic
flux data, e.g*C labeling experiments. Performing"3¥ labeling experiment in the BioScope
might offer such data, however calculation of flsxeom the isotopomer data might not be that
straightforward. An alternative to stimulus pulsgperiments would be acquiring metabolite and
flux data at different steady-state conditionsshswn in Canalest al. (2010). However, then
measurement of enzyme levels is required becaude staady-state would be different. There
guantitative proteomics will have an important role
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Cell lysis: It is shown here thdE. coli cultures have significant cell lysis. The causes raot
clear but there might be a relation to programmalti death. Methods to avoid cell lysis would
be economically very beneficial.

Single cell studiesConventional methods for metabolite analysis docootsider the differences
between cells (heterogeneous culture) and/or campatation (absent in prokaryotes). The
main assumption in the current literature is thenbgeneous population of cells, however
microscopic analysis of reporter proteins suggeélsés presence of population heterogeneity
(Okumotoet al. 2008). Therefore flux and/or metabolite measurdgmém single cells will be
important for kinetic modeling. In their review flnorescence resonance energy transfer (FRET)
sensors, Okumotet al. (2008) discussed the possible deployment of tlsessors, used for
monitoring the conformation of a protein, in micrganisms as well. They believe that FRET
sensors can be adapted to high-throughput anatysitentify controlling steps in metabolic flux
as well as these sensors can provide informatiodiff@rences between individual cells or cell
populations. This method might be limited in tertinat only a few metabolites can be measured.
There are other examples of single cell research as Parkhomchuott al. (2009) who used
high-throughput screening to observe genome dyrmati@ single-cell level in several different
E. cali strains.

Focus not only on central metabolism:The present work focused mainly on central carbon
metabolism. From an industrial point of view, sedany (or tertiary) regions of metabolism
might be of interest depending on the desired prbddowever the available literature, including
genome-scale reconstructions, is poor in this aedfarts should be given to illuminate these
parts of the pathways and additionally to incorpe@her networks than metabolic, e.g. genetic
regulation networks.

Product secretion at low pH:Production of organic acids by fermentation hangaiattention

as a result of the developed techniques in metleolgineering, which bring the product yields
comparable to yields from conventional productiBoonomically it is desirable to perform the
fermentation process at low pH where the undissegiform of the acid is produced. This avoids
the need for the auxiliary agents, which are reglito control the pH of the fermentation process
and to obtain undissociated acid in the downstrpesoess. Chapter 2 shows that the anaerobic
production of succinic acid at pH < 3 is thermodyizally feasible. However a key challenge
here is to construct over-producingdustrial microorganisms (not exotic like acidophilic
archaea) that are able to grow at low pH. Thereetstdnding microbial acid resistance is of
importance.

Thermodynamics: Applying a data-driven thermodynamics-based apgroacaccharomyces
cerevisiae for classification ofin vivo reaction kinetics revealed that the reactionssifias as
near-equilibrium are dominated by the thermodynagnicing force and described as “Q-linear
kinetics” because of a negative linear relationMeein the mass action ratio and the flux of the
enzyme (Canelast al. 2010). This approach is party applied Eo coli data in Chapter 7,
however a more comprehensive set of data, e.g.nignenetabolite measurements of GAP,
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DHAP, pentose phosphate pathway intermediates, equired to analyze each reaction
individually to estimate their apparantvivo Ke
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