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Abstract

Abstract

The restriction of fossil raw materials, as wellthe impact of their use on the environment
heads to a global social and economic crisis. Toe¥e a strong political and technical
interest arises for the replacement of petroleum+dd chemicals and fuels by such derived
from biomass. For that purpose, microorganisms Hasen developed as biocatalysts to
produce chemicals and fuels from renewable feekisto&lso the well-known amino acid
producer Corynebacterium glutamicum was used in the last decade for the bio-based
production of building block chemicals, as wellfasbiofuels.

In this work,C. glutamicum was engineered for efficient aerobic productiopyruvate
from glucose by modifying the acetate auxotrophigantC. glutamicum AaceE Apgo with
subsequent deletions of théhA, alaT and avtA genes, to avoid L-lactate and L-alanine
synthesis. Additional attenuation of the acetohygacid synthase led to both significantly
decreased L-valine formation, and extensively iaseel pyruvate accumulation. In shake
flask experimentsC. glutamicum AaceE Apgo AldhA AC-T ilvN AalaT AavtA (C. glutamicum
ELB-P) produced up to 200 mM pyruvate in a growdealipled manner, with a maximum
substrate specific yield @9 of 1.49 mol per mol of glucose. In fed-batch fentations at
high cell densities more than 500 mM pyruvate cdadgproduced with apfsof 0.97 mol per
mol of glucose, by implementation of microaerobamditions from the middle until the end
of growth phase.

Since pyruvate is a central precursor for the 1cérboxylic acids malate, fumarate and
succinate,C. glutamicum ELB-P was further used as a basis for the prodaoctf these
compounds. At first, a fermentation system washdisteed leading to succinate formation as
major product ofC. glutamicum ELB-P under oxygen deprivation conditions. A< of
0.98 mol succinate per mol of glucose was obtairiea.investigate long-term succinate
production, a tri-phasic fed-batch fermentationteyswas established, including an aerobic
growth phase on acetate for biomass formation. Wes followed by a self-induced
microaerobic phase at the end of growth, using mmhiaeration. At last an anaerobic
production phase on glucose was established irsdéihee bioreactor by gassing with £0
Under these condition€. glutamicum ELB-P formed more than 330 mM succinate from
about 325 mM glucose, leading to a&rof 1.02 mol succinate per mol of glucose. The
availability of reduction equivalents was identifias a bottle-neck to raise final titre angsY
Therefore, several mutant strains were construatedder to redirect the carbon flux into the
pentose phosphate pathway, providing additionalucton equivalents. Combined
deregulation of glucose-6-phosphate dehydrogenadesahosphogluconate dehydrogenase
in C. glutamicum ELB-P resulted in the most promising succinate tiwith about 164 mM
from 3% (w/v) glucose and a gfsof 1.07 mol per mol of glucose during batch expents in
sealed bottles. Subsequent deletion offfjiegene, encoding phosphoglucoisomerase, led to
inability of the mutant to consume glucose underdhiccinate production conditions. Neither
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Abstract

heterologous overproduction of a transhydrogen&seprovide NADH), nor homologous
overproduction of the glyceraldehyde-3-phosphateydegenase (to increase glycolytic
flux) could abolish this effect.

Inactivation of succinate dehydrogenase (SDH) ondtase (Fum) irC. glutamicum
ELB-P should interrupt the reductive branch of @rimxylic acid cycle for the anaerobic
production of fumarate and malate, respectivelyweler, deletion of the corresponding
genes did not lead to satisfying production of fteme or malate. In both cases as well as in a
SDH/Fum negative double mutant, unexpected sucecirstcumulation was observed,
indicating an alternative succinate production eout

Last, based on an aerobic 2-ketoisovalerate pradusirain, aC. glutamicum mutant
was engineered for the production of isobutanomfrglucose under oxygen deprivation
conditions. By inactivation of L-lactate and maladehydrogenase, implementation of
ketoacid decarboxylase frobactococcus lactis, and expression of thEtAB genes, encoding
a transhydrogenase &kcherichia coli, as well as overexpression of the natadhA gene,
isobutanol production with apys of 0.77 mol per mol of glucose was obtained. l-thi@tch
fermentations with an aerobic growth phase andxggen-deprived production phase, about
175 mM isobutanol were produced with g36f about 0.48 mol per mol of glucose.
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Kurzdarstellung

Die Begrenzung fossiler Rohstoffe, sowie der Esdlihrer Nutzung auf die Umwelt steuern
auf eine globale soziale und wirtschaftliche Krmie. Daher entsteht grof3es politisches und
technisches Interesse, erddlentstammende Chenmkatié Treibstoffe durch aus Biomasse
gewonnene zu ersetzen. Hierfir wurden Mikroorgaarsrals Biokatalysatoren entwickelt,
welche Chemikalien und Treibstoffe aus erneuerbd&ehstoffen produzieren. Auch der
weithin bekannte Aminosaureproduze@brynebacterium glutamicum wurde im letzten
Jahrzehnt fir die biobasierte Produktion von cheh@s Grundbausteinen und auch
Biotreibstoffen eingesetzt.

In dieser Arbeit wurdeC. glutamicum zur effizienten Produktion von Pyruvat aus
Glukose weiterentwickelt, indem die Acetat-auxotrepMutanteC. glutamicum AaceE Apgo
durch nachtragliche Deletion dé&dhA-, alaT- und avtA-Gene modifiziert wurde, um die
Synthese von L-Laktat- und L-Alanin als Nebenprdduku verhindern. Die zusatzliche
Abschwachung der Acetylhydroxysaure-Synthase fued@ohl zu erheblich verringerter
L-Valinbildung, als auch erheblich gesteigerter (IRtanhaufung.C. glutamicum AaceE
Apgo  AldhA  AC-TilvN  AalaT AavtA  (C.glutamicum ELB-P) produzierte
wachstumsentkoppelt bis zu 200 mM Pyruvat in Sefkdtbenexperimenten, mit einem
maximalen substratspezifischen Ertrag,§Yvon 1,49 Mol pro Mol Glukose. In “Fed-Batch”-
Fermentationen mit hohen Zelldichten konnten mé&hB80 mM Pyruvat mit einempys von
0,97 Mol pro Mol Glucose produziert werden, indenonv Mitte bis Ende der
Wachstumsphase mikroaerobe Bedingungen geschatfetemn

Da Pyruvat eine zentrale Vorstufe fur die 1,4-Docarsduren Malat, Fumarat und
Succinat darstellt, wurdeC. glutamicum ELB-P als Basis fur die Produktion dieser
Substanzen weiter genutzt. Zunachst wurde ein Featienssystem etabliert, welches zur
Bildung von Succinat, mit einemp) von 0,98 Mol pro Mol Glukose, als Hauptprodukt von
C. glutamicum ELB-P unter Sauerstoffentzug fuhrt. Um langerigistSuccinatproduktion zu
untersuchen, wurde ein triphasisches ,Fed-Batchireatationssystem entwickelt, welches
eine aerobe Wachstumsphase auf Acetat zur Biombhsaip beinhaltete. Gegen Ende der
Wachstumsphase wurde durch minimale Begasung mift leine selbst-induzierte
mikroaerobe Phase ermdglicht. Dieser folgte imeseBiorektor durch das Einleiten von €0
eine anaerobe Produktionsphase auf Glukose. Uniesem Bedingungen bildete
C. glutamicum ELB-P mehr als 330 mM Succinat aus etwa 325 mMc@a, was einempys
von 1,02 Mol Succinat pro Mol Glukose gleichkommbDie Verflugbarkeit von
Reduktionsaquivalenten wurde als Flaschenhals ifdeatt, um den finalen Titer und den
finalen Yp;s zu erh6hen. Daher wurden verschiedene Mutantenstdkonstruiert, um den
Kohlenstofffluss in  den  Pentosephosphatweg, unterilduBg  zuséatzlicher
Reduktionsaquivalente, umzuleiten. Eine kombinie®regulierung von Glucose-6-
phosphat-Dehydrogenase und 6-Phosphogluconat-Dadpgaase inC. glutamicum ELB-P
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resultierte in einem vielversprechenden Succimattion etwa 164 mM aus 3%/{) Glukose
und einem ¥;svon 1,07 Mol pro Mol Glukose, bei ,Batch* Experinten in geschlossenen
Flaschen. Eine zusatzliche Deletion dag Gens, welches die Phosphoglucoisomerase
kodiert,  fuhrte zum  Unvermdgen der Mutante, Glukosainter den
Succinatproduktionsbedingungen zu verwerten. Wedeheterologe Uberproduktion einer
Transhydrogenase noch die homologe Uberproduktien @lycerinaldehyd-3-phosphat-
Dehydrogenase konnten diesen Effekt aufheben.

Die Inaktivierung der Succinat-Dehydrogenase (SObfw. Fumarase (Fum) in
C. glutamicum ELB-P sollte den reduktiven Ast des Tricarbonsaykkises fur die
Produktion von Fumarat bzw. Malat als Endproduktethrechen. Allerdings fiihrte die
Deletion der entsprechenden Gene zu keiner zufrsgdidenden Produktion von Fumarat
bzw. Malat. In beiden Fallen, sowie bei einer SDHnegativen Doppelmutante, wurde die
unerwartete Bildung von Succinat beobachtet, wasf aeinen alternativen
Succinatproduktionsweg hindeutet.

Zuletzt wurde, basierend auf einem aerob 2-Ket@ikwat produzierenden Stamm, eine
C. glutamicum Mutante entwickelt, die zur Produktion von Isolmdbaus Glukose unter
Sauerstoffausschluss diente. Durch Inaktivierungldeaktat- und Malat-Dehydrogenasen,
Implementierung der Ketosaure-Decarboxylaselagtococcus lactis und die Expression der
pntAB Transhydrogenasegene agscherichia coli, sowie die Uberexpression des nativen
adhA Gens, wurde Isobutanolproduktion mit einem;sywon 0,77 Mol pro Mol Glukose
erreicht. In ,Fed-Batch*-Fermentationen mit eineeraben Wachstums- und einer
sauerstofffreien Produktionsphase, wurden 175 mbbutanol mit einem ¥s von ca.
0,48 Mol pro Mol Glucose produziert.



Introduction

A) INTRODUCTION

1. Corynebacterium glutamicum

Corynebacterium glutamicum (Figure 1) was first isolated in 1957 and desdilzs an
immobile, non-spore forming, Gram-positive, rodys#@ soil microorganism (Kinoshita et al.
1957/2004). The bacterium is facultative anaer@nd grows well in presence of external
electron acceptors such as oxygen or nitrate (LBI06; Nishimura et al. 2007; Takeno et al.
2007).

The genusCorynebacterium is assigned to the clagstinobacteria, which contains
Gram-positive bacteria with a high (>50%) G+C conhi&tackebrandt et al. 1997; Ventura et
al. 2007). They are part of the subdivision eulrégectand were consolidated in the past
together with the generilycobacterium, Nocardia and Rhodococcus to the order of the
mycolic acid containingActinomycetes (Stackebrandt et al. 1997). After more recent
phylogenetic studies, these genera form now amahgr® the closer related order of
Corynebacteriales (Gao and Gupta, 2012). There are pathogenic (€.giphtheria) as well
as non-pathogenic bacteria (e @.,glutamicum) in the genusCorynebacterium (Barksdale,
1970). The biotin-auxotrophic speci€sglutamicum is the most investigated of the genus
Corynebacterium (Abe et al. 1967).

Figure 1: Corynebacterium glutamicum - field emission electron microscopical picturedmawith a Hitatchi
S-52000 microscope; accelerating voltage: 10 kvgmifecation: x10.0 k (Philipp von Zaluskowski, litsit fur
Mikrobiologie und Biotechnologie der Universitatri)
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C. glutamicum has the so called GRAS-status, meaning that gesérally egarded s safe”.
Therefore, it is industrially used to produce hmiounts of the food additive L-glutamate
(2.210° t/a), but also for industrial production of othamino acids, such as L-lysine
(1.410° t/a), L-valine, L-threonine and L-tryptophane (Be®ct2010, Ajinomoto; Feed-use-
AA-Oct2011; Takors et al. 2007). All of them arepiontant supplements for animal feed,
cosmetics and pharmaceuticals (Feed-use-AA-Oct2B8jihpmoto; Leuchtenberger et al.
2005). Furthermore, organic acids, such as 2-katalsric acid (KIV), pyruvic acid, L-lactic
acid, D-lactic acid and succinic acid can be preduwith C. glutamicum (Krause et al. 2010;
Wieschalka et al. 2012a; Inui et al. 2004a; Okih@le 2008b, 2008a). In recent years, the
organism has been engineered to widen the biotémfical product spectrum. Alcohols
which have potential as biofuels but also as chamiwilding blocks were produced
successfully, e.g., ethanol, isobutanol, or xylifblui et al. 2004b; Smith et al. 2010;
Blombach et al. 2011; Sasaki et al. 2010). Furtloeemproduction of diamines came more
and more to the forth. These compounds, e.g. putesnd cadaverine, serve as precursors
for industrial and economical important polyami@8shneider and Wendisch, 2010; Kind et
al. 2010a, 2010b; Kind and Wittmann, 2011; Mimitgwt al. 2007; Schneider and Wendisch,
2011). The worldwide demand for the named produstsstill increasing. Better
comprehension of the metabolic pathway<oflutamicum, as well as further improvement
of the production strains and the fermentation negples is therefore economically
interesting. For future improvement of the indwtrexploitation ofC. glutamicum it is
necessary to deeply understand metabolism andegslation in this organism. One
preposition for this task is that its 3.28 Mbp sizgenome (G+C content of 53.8%) has been
completely sequenced by two independent groupsyieldf e.g., genome-based metabolomic
flux studies (Ikeda and Nakagawa, 2003; Kalinovetlal. 2003).

C. glutamicum grows aerobically on a variety of substrates, saglarbohydrates (e.qg.,
glucose, fructose, and sucrose), organic acids, (eyguvate, lactate, citrate and acetate) or
alcohols (e.g., ethanol), as single or combinetaaand energy sources (Liebl, 2006; Netzer
et al. 2004; Dominguez et al. 1997; Frunzke e2@08; Arndt et al. 2008). The pathways of
carbon metabolism and important enzymes, playintgpor role for this work, are shown in
Figure 2. In general, the central metabolisnCoflutamicum is a tangled network, consisting
of glycolysis (Embden-Meyerhof-Parnas pathway),tpe®m phosphate pathway (PPP), and
tricarboxylic acid (TCA) cycle (Yokota and Lindley2005; Eikmanns, 2005). The
corresponding enzymes, genes and reactions arkaybspin Table 1, classified after their
metabolic role in the main pathways.
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Figure 2: The central metabolism i@. glutamicum with the corresponding enzymes for major pathwalys
carbon metabolism. Abbreviations: 6PG, 6-phosptmmiate; 6PGDH, 6PG dehydrogenase; ADH, alcohol
dehydrogenase; ALDH, acetaldehyde dehydrogenase;ASAH acetohydroxyacid synthase; AHAIR,
acetohydroxyacid isomeroreductase; AK, acetateskinalaT, alanine aminotransferase; AspA, aspartase
AVtA, valine-pyruvate aminotransferase; BCAAs, hraed-chain amino acids; CoA, coenzyme A; CtfA, CoA
transferase; CS, citrate synthase; DHAD, dihydroidjadehydratase; DId, quinone-dependent D-lactate
dehydrogenase; F6P, fructose-6-phosphate; Fum, résma G6P, glucose-6-phosphate; G6PDH, G6P
dehydrogenase; GAP, glyceraldehyde-3-phosphate; OBAP GAP dehydrogenase; ICD, isocitrate
dehydrogenase; ICL, isocitrate lyase; LdhA, NAdependent L-lactate dehydrogenase; LIdD, quinone-
dependent L-lactate dehydrogenase; MalE, malicraezyctC, monocarboxylic acid transporter; Mdh, atal
dehydrogenase; MQO, malate:quinone oxidoreductasts, malate synthase; ODHC, oxoglutarate
dehydrogenase complex; ODx, oxaloacetate decarassylP, phosphate; PCx, pyruvate carboxylase; PDHC,
pyruvate dehydrogenase complex; PEP, phosphoenoig; PEPCk, PEP carboxykinase; PEPCx, PEP
carboxylase; PGI, phosphoglucoisomerase; PPP, gsenfthosphate pathway; PQO, pyruvate:quinone
oxidoreductase; PTA, phosphotransacetylase; PT&pbiotransferase system; Pyk, pyruvate kinase;SRipu
ribulose-5-phosphate; SDH, succinate dehydrogei@assE, succinate exporter; TCA, tricarboxylic acid
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Table 1: Genes, enzymes and structures for major pathwatyeafentral metabolism @. glutamicum with
their corresponding reactions or purposes

Enzyme/structure name

Gene(s) (Abbreviation) Reaction or purpose Reference

Glycolysis

poi Phosphoglucoisomerase G6P«+ F6P Sugimoto and Shiio,
(PGI) 1989

gapA/ Glyceraldehyde-3-
gapB phosphate

GAP + NAD" +ATP — 1,3-Bisphosphoglycerate +

NADH + ADP

dehydrogenases A and B

(GAPDH)

pyk Pyruvate kinase
(Pyk)
aceE Elp, E2 and E3

PEP + ADP— Pyruvate + ATP

Pyruvate + NAD + CoA— Acetyl-CoA + CQ +

sucB pyruvate dehydrogenase NADH

Ipd complex subunits
(PDHC)

Pentose phosphate pathway

2wf Glucose-6-phosphate

OpcA dehydrogenase
(G6PDH)

gnd 6-phosphogluconate
dehydrogenase
(6PGDH)

Transporters

ptsl Phosphotransferase

ptsH system (glucose)

ptsG (PTS)

mctC Monocarboxylic acid
transporter
(MctC)

suck Succinate exporter
(SucE)

Ethanol metabolism

adhA Alcohol dehydrogenase
(ADH)

ald Acetaldehyde
dehydrogenase
(ALDH)

G6P + NADP — 6-Phosphogluconé-Lactone +
NADPH

6PG + NADP — Ribu5P + C@+ NADPH

Glucosg,; + PEP— G6R,; + Pyruvate

(glucose uptake)

Uptake of pyruvate, propionate and acetate

Export of succinate

Ethanol— Acetaldehyde

Acetaldehyde— Acetate

Eikmanns,

1992
Omumasaba et al.
2004

Gubler et al.
1994

Schreiner et al.
2006
Hoffelder et al.
2010
Schwinde et al.
2001

Moritz et al.

2000

Sugimoto and Shiio,
1987

Moritz et al.
2000

Moon et al.
2007

Jolkver et al.
2009

Huhn et al.
2011

Fukui et al.
2011

Arndt et al.
2008
Auchter et al.
2011

Arndt et al.
2008
Auchter et al.
2009
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Acetate metabolism

pgo

ackA

pta

cat

Pyruvate:quinone
oxidoreductase

(PQO)

Acetate kinase
(AK)

Phosphotransacetylase

(PTA)

CoA transferase
(CtfA)

Lactate metabolism

did

[dhA

[ldD

TCA cycle and glyoxylate shunt

gItA

icd

odhA
sucB

sdhA
sdhB
sdhCD
fum

mgo

mdh

aceA

aceB

Quinone-dependent

Pyruvate— Acetate + CQ

Acetate + ATP— Acetyl-P + ADP

Propionate + ATR- Propionyl-P + ADP
Acetyl-P + CoA— Acetyl-CoA + P

Propionyl-P + CoA~ Propionyl-CoA + P
Acetate + CoA— Acetyl-CoA

D-Lactate + M@~ Pyruvate + MQH

D-lactate dehydrogenase

(DId)
NAD*-dependent

L-lactate dehydrogenase

(LdhA)

Quinone-dependent
L-lactate dehydrogenase

(LIdD)

Citrate synthase
(CS)

Pyruvate + NADH— L-Lactate + NAD

L-Lactate + MQ— Pyruvate + MQH

OAA + Acetyl-CoA + HO — Citrate + CoA

Isocitrate dehydrogenasesocitrate + NADP — 2-Oxoglutarate + CO+

(ICD)

Elo and E20 subunits

oxoglutarate

dehydrogenase complex

(ODHC)

Succinate
dehydrogenase
(SDH)

Fumarase
(Fum)

Malate:quinone
oxidoreductase

(MQO)

Malate dehydrogenase

(Mdh)

Isocitrate lyase
(ICL)

Malate synthase
(MS)

NADPH

2-Oxoglutarate + NAD+ CoA— Succinyl-CoA +
CO, + NADH

Succinate + NAYFAD < NADH/FADH, + Fumarate

Fumarate—~ Malate

Malate + MQ— OAA + MQH,

OAA + NADH — Malate + NAD

Isocitrate— Glyoxylate + Succinate

Glyoxylate + Acetyl-CoA— Malate + CoA

Schreiner and
Eikmanns,
2005
Schreiner et al.
2006

Shiio et al.
1969

Shiio et al.
1969

Veit et al.
2009

Kato et al.
2010

Inui et al.
2004a

Stansen et al.
2005

Eikmanns et al.
1994

Eikmanns et al.
1995

Usuda et al.
1996
Kataoka et al.
2006

Kurokawa and
Sakamoto
2005

Genda et al.
2006

Molenaar et al.
1998, 2000
Genda et al.
2003

Molenaar et al.
2000

Reinscheid et al.
1994a

Reinscheid et al.
1994b
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Anaplerotic reactions (PEP-pyruvate-OAA-node)

ppc Phosphoenolpyruvate
carboxylase
(PEPCX)

pyc Pyruvate carboxylase
(PCx)

pck Phosphoenolpyruvate

carboxykinase

odx Oxaloacetate
decarboxylase
(ODx)

malE Malic enzyme
(MalE)

Amino acid production

gdhA Glutamate
dehydrogenase
(GDH)

glnA Glutamate synthetase
(GS)

gltB Glutamate-2-

gltD oxoglutarate
aminotransferase
(GOGAT)

alaT Alanine
aminotransferase
(AlaT)

avtA Valine-pyruvate
aminotransferase
(AVtA)

aspA putative Aspartase
(AspA)

ilvB Acetohydroxyacid
ilvN synthase subunits
(AHAS)

ilvC Acetohydroxyacid
isomeroreductase
(AHAIR)

ilvD Dihydroxyacid
dehydratase
(DHAD)

PEP + CQ— OAA + P

Pyruvate + C@Q+ ATP — OAA + ADP + P

OAA + ATP — PEP + ADP

OAA — Pyruvate + CQ

Malate + NADP — Pyruvate + NADPH + C®

2-Oxoglutarate + NADP+ NH," «<» L-Glutamate +
NADPH

L-Glutamate + N + ATP — L-Glutamine + ADP+P

L-Glutamine + 2-Oxoglutarate + 2 NADH>
2 L-Glutamate + 2 NAD

L-Glutamate + Pyruvate> L-Alanine + 2-Oxoglutarate

L-Alanine + KIV « L-Valine + Pyruvate

L-aspartate— Fumarate + Nl

2 Pyruvate— a-Acetolactate + C®

Pyruvate +o-Ketobutyrate— a-Acetohydroxybutyrate

+CO,

a-Acetolactate + NADP— 2,3-Dihydroxyisovalerate +
NADPH

a-Acetohydroxybutyrate + NADP— 2,3-Dihydroxy-
3-methylvalerate + NADPH

2,3-Dihydroxyisovalerate> KIV
2,3-Dihydroxy-3-methylvalerate> KMV

Eikmanns et al.
1989

Peters-Wendischt al.
1997
Peters-Wendisckt al.
1998

Jetten and Sinskey,
1993

Riedel et al.

2001

Klaffl and
Eikmanns,
2010

Gourdon et al.
2000

Shiio and Ujigawa,
1978

Jakoby et al.
1997

Beckers et al.
2001

Marienhagen and
Eggeling,
2008

Marienhagen and
Eggeling,
2008

Kalinowski et al.
2003

Keilhauer et al.
1993

Keilhauer et al.
1993

Radmacher et al.
2002

"AspA (aspA) is up to now just annotated as aspartase; Abdiews: ATP, adenosine triphosphate; GAP,

glyceraldehyde-3-phosphate; KIV, 2-ketoisovaler#tetV, 2-keto-3-methylvaleratdlQ, menaquinong; MQH,,

menaquinongg; OAA, oxaloacetate; PEP, phosphoenolpyruvatenBrganic phosphate
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The uptake of glucose (Figure 2, Table 1), frucise sucrose b§. glutamicum is mediated
by the phosphotransferase system (PTS). The sysiesists of the unspecific components El
(encoded bytsl), and the histidine-containing protein HPr (enabdg ptsH) and one of the
Ell components (EHi., Ellry, Ellsye €encoded bytsG, ptsk and ptsS, respectively), which
are specific for the respective sugars. Uptake pimosphorylation byC. glutamicum are
driven by hydrolysis of phosphoenolpyruvate (PERDgn et al. 2007). During growth on
glucose as sole carbon source, the sugar is maielsbolized in glycolysis, gaining 2 mol of
NADH and 2 mol of pyruvate for each mol of glucoBesides, a part of the carbon at the
level of glucose-6-phosphate (G6P) is not conveligdphosphoglucoisomerase (PGI) to
fructose-6-phosphate (F6P), but channelled intoRR®, generating NADPH for anabolic
processes in the reactions mediated by glucosesépgblate dehydrogenase (G6PDH) and 6-
phosphogluconate dehydrogenase (6PGDH) (Figural@eTl). Since the reaction of 6PGDH
generates C§ the oxidative route is irreversible under physgital conditions (Yokota and
Lindley, 2005). The PPP refuels, by reactions gatl by transaldolases and transketoloases,
glycolysis at the levels of F6P and glyceraldeh$gaiosphate (GAP) (Yokota and Lindley,
2005).

The pyruvate formed during glycolysis serves plytiar the synthesis of amino acids
of the pyruvate-family (L-alanine, L-leucine, anevaline), initiated by the enzymes alanine
aminotransferase (AlaT), valine-pyruvate aminotfarase (AvtA) and the key enzyme for
the synthesis of branched-chain amino acids (BCAABg acetohydroxyacid synthase
(AHAS). The major part of pyruvate is decarboxythtender NADH-formation and activated
to acetyl-CoA. Responsible for the oxidative deoastation is the pyruvate dehydrogenase
complex (PDHC), which is a multienzymatic complexC. glutamicum (Table 1). It consists
of the three subunits pyruvate decarboxylase (Edipydrolipoamide transacetylase (E2) and
dihydrolipoamide dehydrogenase (E3) (Eikmanns, 208&uer and Eikmanns, 2005).
Deletion of theaceE gene encoding E1p (Table 1) inactivates the PDbi@ptetely, leading
to a growth deficiency on carbohydrates, which lbarbypassed with substrates entering the
central metabolism at the level of acetyl-CoA, eagetate (Schreiner et al. 2005; Blombach
et al. 2009). As shown in Figure 2, the import afetate is accomplished by the
monocarboxylic acid transporter (MctC), while thatiaation to acetyl-CoA is carried out by
acetate kinase (AK) and phosphotransacetylase (RJ@\ver et al. 2009; Gerstmeir et al.
2003). Alternatively, acetate can be activated ImA @ransferase (CtfA) (Veit et al. 2009).
Besides, C. glutamicum possesses a pyruvate:quinone oxidoreductase (P®@3h can
convert pyruvate to acetate and £@owever, the inability of @aaceE mutant to grow on
glucose as sole carbon source excludes a functloydss of the inactivated PDHC by a
reaction-cycle of PQO, AK and PTA or CtfA, at least C. glutamicum AaceE mutant with
no further modifications. Just by overexpressiothefpgo gene (Table 1), acetate auxotrophy
of a PDHC-negativeC glutamicum mutant is partially abolished (Schreiner et al0&0
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Ethanol can also serve as precursor for acetateatoyn and bypass growth defects of an
acekE deletion (Blombach et al. 2009). The alcohol entbe cell probably by diffusion. It is
degraded intracellular by alcohol dehydrogenaseHABctivity and successive conversion
by acetaldehyde dehydrogenase (ALDH) to acetatérifiiea-Kozak et al. 2007; Arndt and
Eikmanns, 2007; Auchter et al. 2011; Arndt et &I0& Auchter et al. 2009). The formed
acetate can then be activated via AK and PTA oA Qiblkver et al. 2009; Gerstmeir et al.
2003).

Acetyl-CoA is commonly channelled into the TCA aydly citrate synthase (CS) and to
a major part degraded in energy metabolism te (®@yure 2). The formed NADH of both
glycolysis and TCA cycle is usually converted by tNADH dehydrogenase to NAD
introducing electrons into the membrane-bound raspiy chain for adenosine triphosphate
(ATP) generation (Bott and Niebisch, 2003). As saveompounds of the TCA cycle, e.g.,
oxaloacetate (OAA) which is a precursor for aminma of the aspartate-family (L-aspartate,
L-asparagine, L-lysine, L-isoleucine, L-methioninand L-threonine), as well as 2-
oxoglutarate, which is a precursor for amino aaxishe glutamate-family (L-glutamate,
L-arginine, L-glutamine, and L-proline), are impant for anabolic processes, the PEP-
pyruvate-OAA-node (Table 1) plays a major role éarbon distribution within the central
metabolism in order to replenish the intermediatiésdrawn from the TCA cycle (Eikmanns,
2005; Sauer and Eikmanns 2005). As shown in diet&lgure 2, the metabolites at this node
either (i) serve as precursors for anabolic purpogg enter the TCA cycle directly, or (iii)
enter the TCA cycle via so-called anaplerotic reast (Eikmanns, 2005; Sauer and Eikmanns
2005). Particularly, the bicarbonate-fixing reantoof PEP carboxylase (PEPCx) and
pyruvate carboxylase (PCx), refilling the OAA-podliring growth on carbohydrates as
carbon source, are of major importance for thiskwas they enable reductive TCA cycle
activity, which is mediated by soluble malate debggnase (Mdh), and reversed reactivity
of fumarase (Fum) as well as succinate dehydrogef®i3H) (Figure 2, Table 1). Moreover,
during growth on substrates entering the centrabbwdism at the level of acetyl-CoA, such
as acetate and ethanol, the PEP-pyruvate-OAA-node f(lfils initial reactions for
gluconeogenesis, facilitated by the GTP-depend&R-&arboxykinase (PEPCK), the malic
enzyme (MalE) and probably by the OAA decarboxyl@bx) (Riedel et al. 2001; Gourdon
et al. 2000; Klaffl and Eikmanns, 2010). Growth such substrates activates the glyoxylate
shunt with its key enzymes isocitrate lyase (ICiod analate synthase (MS), serving to
provide malate and oxaloacetate from acetyl-CoAafaplerosis (Kornberg, 1966).

Lactate is inC. glutamicum not only a product of straight pyruvate conversion
L-lactate by LdhA under oxygen deprivation condigo(Inui et al. 2004a). Lactic acid can
also be taken up as D- or L-isomers and converteghyruvate by quinone-dependent
D-lactate dehydrogenase (DId) and quinone-dependdattate dehydrogenase (LIdD),
respectively (Kato et al. 2010; Stansen et al. 200%erefore, lactate can be utilized as

12



Introduction

carbon source, entering the metabolism at the le¥gbyruvate (Figure 2, Table 1). In
C. glutamicum, the reaction from lactate to pyruvate is bouna wirect electron transfer on
menaquinone (Kato et al. 2010; Stansen et al. 2005)

Unlike other organismsC. glutamicum is able to consume glucose and other sugars or
organic acids, such as fructose, gluconate, lactadeetate, simultaneously (Dominguez et al.
1997; Frunzke et al. 2008; Stansen et al. 2005;digeh et al. 2000). Up to now, diauxic
growth was just reported for combinations of glecphis glutamate, acetate plus ethanol and
glucose plus ethanol (Kramer et al. 1990; Arndt Biladnanns, 2007; Arndt et al. 2008). For
this work, especially the co-utilization of glucoard acetate (Wendisch et al. 2000) is of
great importance. These substrates are degradddsasbed above, but both with a lower
consumption rate than being used as sole carbortesoresulting in similar total carbon
consumption rates (Wendisch et al. 2000). The gle@mnsumption rate is controlled by the
master regulator SugR (encodedsgR) (Engels and Wendisch, 2007; Gaigalat et al. 2007;
Tanaka et al. 2008). In presence of acetate, Botdl pyruvate or lactate, SugR represses the
genes of the PTISG, ptsl andptsH; Table 1). The transcription of genes for the emey of
the pathways involved in acetate metaboligota-ack operon,aceA, aceB; Table 1) is
regulated by the global regulators RamA (activatoml RamB (repressor) (Cramer et al.
2006; Gerstmeir et al. 2004). GntR1 and GntR2 mawrelved in glucose uptake and gluconate
degradation irC. glutamicum (Letek et al. 2006). These two functionally redamidregulators
adjust carbon storage and uptake by repressionenégycoding for gluconate degrading
enzymes and activation qitsG and ptsS transcription (Frunzke et al. 2008). Binding of
GntR1 and GntR2 to their target sequences can tbbited by the effectors gluconate and
gluconosé-lactone (Frunzke et al. 2008). Moreover, theseuletgrs are responsible for
repression ofjnd and a weak repression of thé-tal-zwf-opcA-devB cluster, encoding the
enzymes of the PPP (Frunzke et al. 2008). Takeetlteg the regulatory network in
C. glutamicum comprises besides the regulators SugR, RamA amBR&hich are not only
responsible for the regulations described abovegpertoire of several master and local
transcription regulators, and the cAMP-sensing Gp8tein, which is as global regulator
possibly involved in the transcription of 14% ofl aredicted genes irC. glutamicum
(reviewed in Schroder and Tauch 2010).

2. Production of chemical building blocks and biofuelsvith C. glutamicum

In 2004, the U.S. Department of Energy (DOE) idesdi building block chemicals of
interest, which can be produced from sugars vidobical or chemical conversions (Werpy
and Petersen, 2004; Table 2).
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Table 2: Top chemical building blocks from carbohydratescading to a study of the DOE

Building blocks from carbohydrates

Cs 3-hydroxy propionic acid
Cs glycerol

Cq4 3-hydroxybutyrolactone
Cq4 aspartic acid

C, succinic, fumaric and malic acids
Cs glutamic acid

Cs itaconic acid

Cs levulinic acid

Cs xylitol/arabinitol

Cs 2,5-furan dicarboxylic acid
Cs glucaric acid

Cs sorbitol

Building block chemicals are defined as moleculath wnultiple functional groups that
possess the potential to be transformed into newilies of useful molecules (Werpy and
Petersen, 2004). Therefore, chemical building dpskich as certain organic acids, serve as
precursors for a variety of bulk chemicals and carmal important polymers (Werpy and
Petersen, 2004). These days, they are producedandginirom fossil fuels via chemical
synthetic processes, which comes at a high envieotah cost, particularly in form of higher
CO, emissions (Okino et al. 2008a). The limitationodfresources, accompanied by steadily
rising oil prices and the strong impact on the emvnent, raises the requirement of safe and
efficient bioprocesses for the production of hitbhecrude oil-derived chemical building
blocks from renewable resources. One general idedhk development of a safe, clean,
efficient and sustainable petroleum-independentustig is the establishment of so called
biorefineries (Sauer et al. 2008; Bozell and Peters2010). These facilities combine
biological, chemical and technical tools for theéegration and conversion of biomass to
produce fuels, power and chemicals (Kamm and Ka2094, 2007; Sauer et al. 2008).
Anyhow, up to now the development of biorefineigghallenged by the lack of conversion
technology as well as the identification of potahtiargets for primary chemicals and
secondary intermediates (Bozell and Petersen, 28i6)obial production of organic acids is
a promising approach for obtaining building-blodiemicals by substitution of conventional
synthesis step-by-step, under usage of renewaklematerials as substrate (Dodds and
Gross, 2007; Sauer et al. 2008). An increase ofrthket for such substances is predicted,
once competitive microbial production processeseatablished (Werpy and Petersen, 2004).
Most of these organic acids are already a prodoctat least an intermediate in the
metabolism of microorganisms (Sauer et al. 200B& dompounds of interest to this work are
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the 1,4-dicarboxylic acids malate, fumarate ancisiate, which all are intermediates in the
TCA cycle. These three acids have the potentialreplace the important oil-derived
commodity chemical maleic anhydride, as reactivaxprsor for polymer synthesis (Sauer et
al. 2008).

Malate is used in pharmaceuticals, cosmetics, amdl findustry (acidulant E296)
(Rosenberg et al. 1999; Bressler et al. 2002; Zretngl. 2011). The annual production in
2008 mounted up to 1T0°t (Sauer et al. 2008). To date, it is industriglpduced from
petroleum-derived substrates, either (i) chemichyiyhydration of maleic or fumaric acid as
racemate, or (ii) as pure L-malate by enzymaticratydn of fumarate (Bressler et al. 2002;
Giorno et al. 2001; Zhang et al. 2011). Malate Isoaa product of a wide range of
microorganisms, using microaerophilic or aerobiocgsses; e.gsaccharomyces cerevisiae
or Aspergillus flavus (overview given by Zhang et al. 2011). The produciof malate with
Escherichia coli has been obtained by approaches combining metaleoblution with
rational strain design (Jantama et al. 2008; Ztedrad. 2011).

Fumarate is produced in a scale of aboul@®2 per year via chemical conversion of
maleic anhydride from petrochemical raw materi&iauer et al. 2008; Roa Engel et al. 2008).
It is used for different food applications and dartsng material for polymerisation and
esterification reactions (Roa Engel et al. 200&orRsis can be caused by deficiency of
patients to produce fumaric acid in their skin. fEfere, fumarate is also used for the
treatment of this disease (Altmeyer et al. 1994pWMetz et al. 1998). At last, fumarate can be
used in cattle-feed, reducing the emission of nrethay the animals (McGinn et al. 2004).
Besides fumarate production via petrochemical mutattempts have been made for
enzymatic conversion of maleic acid to fumaric afbto et al. 1997, 1998). Microbial
production by genetic modification of organisms hardly explored. However, natural
fumarate producing genera of fungi were identifiBdizopus, Mucor, Cunninghamella, and
Circinella (Roa Engel et al. 2008). Production of fumaratthhese fungi was promoted in
the past and optimized especially wkhizopus oryzae at low pH fermentations (overview
given by Roa Engel et al. 2008, 2011).

Succinate is a versatile base material for a midiip of industrial applications. Sauer
et al. 2008 denoted succinate humorously as “th&@¥ of chemical industry”. It was
estimated in 2010 that it is a precursor or partnfiore than 24.0° t industrial products per
year, including 1,4-butanediol, tetrahydrofuran-butyrolactone, adipic acid, n-
methylpyrrolidone and linear aliphatic esters (Bbaaed Petersen, 2010; Zeikus et al. 1999).
Succinate is broadly used for coating, for plagécs, as surfactant, detergent or foaming
agent, as ion chelator, for green solvents, anddgmadable plastics, but also as acidulant,
flavouring agent or anti-microbial agent in theddadustry (Zeikus et al. 1999; McKinlay et
al. 2007; Bozell and Petersen, 2010). Furthermdrehas health-related functions in
pharmaceutical and antibiotic products (Zeikus let1899). As component of bio-based
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polymers, succinate is a base material for nylam$ golyesters (Zeikus et al. 1999). The
annual production reached approximatelyl®bt in 2008 (Sauer et al. 2008), being mostly
produced chemically from maleic anhydride (Lee let2805). Since succinate is also an
important intermediate of the TCA cycle and a padof mixed-acid fermentation, e.g. in
Mannheimia succiniproducens (Lee et al. 2006), microbial production is badicalossible,
and found slowly its way towards production in istfial relevant scale. Nowadays, the
chemical companies BASF and PURAC produce abotDi0succinate per year wiasfia
succiniproducens (Zelder, 2012). But also other regular succinatelpcing microorganisms,
such as Anaerobiospirillum succiniciproducens (Davis et al. 1976), and
M. succiniciproducens (Lee et al. 2002) are of great interest for succatid production in
industrial scale. The current state of art in su&t@ production with metabolically engineered
C. glutamicum is reviewed in Wieschalka et al. 2012b.

Succinate, aside from L-lactate and trace amouhtcetate, is a major fermentation
product ofC. glutamicum, when it consumes glucose under oxygen deprivat@rditions
(Dominguez et al. 1993; Inui et al. 2004a; Okin@le®005). L-lactate is formed by the LdhA
from pyruvate (Figure 2, Table 1). The reactionsliated by PEPCx and PCx, followed by
reductive activity of the TCA cycle, lead to therfation of succinate from PEP or pyruvate.
For this purpose, the Mdh reduces OAA to malatezantrast to oxidative TCA cycle flux,
where malate is naturally oxidised to OAA by thelatexquinone oxidoreductase (MQO),
transferring electrons to menaquinone (Molenaaralet2000; Figure 2, Table 1). The
reductive Mdh reaction in contrary is NADH-depentdé&ombined with the last reaction step
from fumarate to succinate, which also needs résluctquivalents, the NADH-demand is
very high for anaerobic succinate production. Lileay malate and fumarate are
intermediates in the reductive branch of the TCAleyThe production of these compounds
was planned to be realised in this work by intetioupof the reductive TCA cycle, either (i)
at the reaction of SDH, leaving fumarate as endahpeg or (ii) at the reaction of Fum, leaving
malate as end-product. A high substrate speciétdyiYp/s) was expected from this approach
for all of the three dicarboxylic acids, since metOAA forming reactions, catalysed by
PEPCx and PCx, additional carbon from 0O fixed (Figure 2, Table 1). Looking at the
metabolism of C. glutamicum, aside from the importance of the reductive TCAcley
reactions, pyruvate was identified as central mmufor the desired products (Figure 2).
Accordingly, the first step of this work was thevd®pment of a strong pyruvate producer,
serving as a platform for the pyruvate-derived picigl of the TCA cycle.

Pyruvate itself is an interesting compound, as widely used in polymer and chemical
synthesis, as well as for food, and pharmaceutigalst al. 2001; Zhu et al. 2008). It also
serves in several health-related applicationsudaioly weight loss diets (Stanko et al. 1992b,
1992a; Roufs, 1996), exercise endurance (Stankb &090), and acne treatment (Cotellessa
et al. 2004; Ghersetich et al. 2004). It can be&l @seantioxidant (DeBoer et al. 1993) and acts
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positively on graft tolerance (Cicalese et al. 198999). For these operation fields, pyruvate
is chemically produced by decarboxylation of tactaacid (Howard and Fraser, 1932),
however, in a very cost-inefficient way (Li et 2001). Therefore, fermentative production of
pyruvate is of strong interest and was added tgttads of this work. As described in detail in
Wieschalka et al. 2012a, efficient pyruvate proauctan be achieved by down-regulation or
complete shut-down of pyruvate consuming reactioBssis for this work was a
C. glutamicum strain with inactivated PDHC and a deletionpgb (Blombach et al. 2007,
2008). This mutant produces about 19 mM L-valing,n®M L-alanine and already about
55 mM pyruvate from 150 mM glucose.

The limitation of oil resources, and the strong @tipon the environment by the use of oil, not
only affects the allocation of bulk chemicals foffetent industrial and medical processes,
but also has a great influence on the fuel mafketrefore, it is necessary to develop safe and
efficient bio-production processes for biofuelsnraenewable biomass. Besides ethanol,
higher alcohols, such as butanol or isobutanol hlaegotential to serve as valuable biofuels.
Higher alcohols have significant advantages in canspn to ethanol: e.g., isobutanol can be
used pure or blended in any concentration with lgasas compatible to all existing engines
or pipelines, but also is safer to handle due ttmveer vapour pressure (Durre, 2007).
Furthermore, it is not corrosive or hygroscopic K@({i2007). These abilities turn isobutanol
into an interesting target for microbial biofuebduction. In addition, it is also a valuable
compound for chemical industry as precursor for gheduction of isobutene, butyl rubber
and specialty chemicals (Gogerty and Bobik, 2018chb et al. 2001).

As described in detail in Blombach et al. (201d), the production of isobutanol with
C. glutamicum a new pathway had to be introduced in an alreadgstieg C. glutamicum
mutant. Such a plan for isobutanol production wesady realised witlt. coli (Atsumi et al.
2008). In the case df. glutamicum, isobutanol production was described for the firste.
Anyhow in parallel Smith et al. (2010) followed teame idea witlC. glutamicum, during the
time we developed our isobutanol producer, howgiadding a less efficient mutant strain.

3. Defining the targets

The goals of this work were defined by the intetestxploitC. glutamicum as a platform for
the bio-based production of pyruvate and the 1c¢ésthoxylic acids malate, fumarate and
succinate. The first step was the allocation ofdéetral precursor pyruvate by development
of a strong pyruvate producing mutant strain, andiig the best fermentation conditions for
this mutant. These steps already included the doaksduce the concentration of amino acids
as by-products in culture supernatants, as weblasking the production of L-lactate as
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major anaerobic product df. glutamicum. By development of an anaerobic production
system, the reductive branch of the TCA cycle sthdnd activated and reductive flux should
be enhanced by optimizing the incubation conditiamsl by further genetical modification of
the mutants. Since succinate is already an enddptanf fermentations witl€. glutamicum
under oxygen deprivation, demanding a high avditglof reduction equivalents, the supply
of reduction equivalents should be improved forcgwate production. In the case of malate
and fumarate, the aim was to stop the reactionncbéithe reductive TCA cycle at the
reactions from fumarate to succinate and from realatfumarate, to initiate production and
secretion of the particular product. By introductiaf a new pathway intG. glutamicum and
under usage of the established oxygen deprivagomédntation systems, additionally the
production of the biofuel isobutanol was targetedthe entity of this work, the necessity, as
well as possibilities and prospects of bio-basedldimg block production with
microorganisms, especially concernin@. glutamicum, should be worked out and
summarized.
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B) RESULTS

The results of this work have partially been pui#i in Blombach et al. (2011) and
Wieschalka et al. (2012a). A third manuscript, Whedka et al. (2012b), summarizing my
own and all current achievements in bio-based pmwolu of organic acids with
C. glutamicum, has been submitted at the date of this thesignissiobn. For better
understanding, some of the already published esuillt be picked up.

First, a brief introduction on the procedure of gamd partial gene exchange within the
genome ofC. glutamicum is given. Second, the published achievementsh®iptoduction of
pyruvate withC. glutamicum (Wieschalka et al. 2012a) are summarized and cemmgahted
with the results of my latest work on this fieldhel third section describes the design of
succinic acid-producingC. glutamicum mutants by metabolic engineering, as well as the
optimization of organic acid production conditiorigirthermore, the third section includes
detailed descriptions of my experiments outlinethm publication on organic acid production
with C. glutamicum (Wieschalka et al. 2012b). In the fourth sectiom procedures and results
of the first attempts ever made to develop malaig famarate producing. glutamicum
mutants, are presented. Finally, the fifth secBammarizes the published achievements on
isobutanol production witk. glutamicum (Blombach et al. 2011).

1. Construction of C. glutamicum mutant strains

For the construction of organic acid- and isobukgmoducing C. glutamicum mutants, the
genome ofC. glutamicum had to be modified by deletions and single basshaxges. All
gene deletions, partial gene deletions or singtebaxchanges described in the following
sections, were obtained by means of transformatibh derivatives of the suicide vectors
pK18mobsacB and pKl1®nobsacB (Schafer et al. 1994). Both plasmid types contain
multiple cloning site (MCS) within thlacZa complement, a resistance cassette Kagainst
the antibiotic kanamycin, treacB gene, encoding the levansucrase figauillus subtilis, and

an origin of replication foE. coli (Figure 3). For each modification @. glutamicum, the
modified DNA fragment that should replace the araipart in the genome was cloned into
the MCS of the respective plasmid. After transfdaiora into C. glutamicum, selection
followed on agar-plates containing kanamycin. Du¢he lack of an origin of replication for
C. glutamicum, just bacteria were able to form colonies on thlecive medium, which had
integrated the whole plasmid into their genome bynblogous recombination (Figure 3).
These integrants were then plated out on complediume plates containing sucrose. The
enzyme levansucrase encoded bysuB gene, catalyses the formation of levan (a branched
fructose polymer) from sucrose (Jager et al. 19B8yan is an exopolysaccharide, usually
used for cell wall assembly of some bacteria. Hawewn C. glutamicum, levan evolves
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toxicity (Jager et al. 1992). Probably due to theility of C. glutamicum to export levan, the
polymer accumulates within the cell, causing adaksturbance of transportation processes
across the membrane (Jager et al. 1992). Therefioee selection pressure mediated by
sucrose, forces the bacteria to cut the plasmid amdin, by a second homologous
recombination (Figure 3). Afterwards, in 50% of@kes the wildtype is restored, in the other
half the mutated DNA fragment remains in the genoneplacing the original sequence
(Schafer et al. 1994). False positives were sodigt] checking for kanamycin resistance
again. In the further progress, the kanamycin sgestlones were discriminated in wildtype
and mutant either by colony PCR (in the case ofpieta or partial gene deletion), or by
sequencing (in the case of single-base exchange).

pK*mobsacB-Axyz

genomic DNA

xyz

1% homologous recombination
(integration)

xyz

ne R . -

lacZa Kan® sacB oriT  oriV

2™ homologous recombination
(excision)

xyz

either: successful integration

of the mutated gene or: wild type gene remains

Figure 3: Schematic depiction of the principle of gene repraent in the chromosomal DNA 6f glutamicum
via homologous recombination (after Schafer etl894); the asterisk within the plasmid name synzeslithe
plasmid label 18 or 19%yz target sequenceixyz. modified target sequencéacZa: complement of thes-
galactosidase geracZ (in this picture interrupted by the target seqa@nkart: kanamycin resistance cassette;
sacB encodes the levansucrase fr@msubtilis; oriT/oriV: origin of replication forE. coli; sizes of lines and
arrows are just schematic and do not reflect theshsizes of any sequence
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2. Engineering C. glutamicum for the production of pyruvate

The construction of pyruvate producin@. glutamicum mutants, and the experiments
performed with these strains for aerobic pyruvatelpction are published in Wieschalka et
al. 2012a. This chapter gives a summary of theeaelments made and shows the latest
further results on pyruvate production.

Looking at the central metabolism Gf glutamicum, pyruvate can be identified as a
central precursor for a variety of pathways andstires in the PEP-pyruvate-OAA node
(Figure 2). To create a strong pyruvate-producingirs of C. glutamicum, pyruvate drawing
reactions had to be down-regulated or even to Imirglted in the course of strain
development. Recently, the PDHC @fglutamicum was inactivated by deletion of tlaeeE
gene (Schreiner et al. 2005). The resulting st@aiglutamicum AaceE was auxothrophic for
acetate or ethanol (Schreiner et al. 2005; Blombetchl. 2009), and produced significant
amounts of L-alanine (30 mM), L-valine (30 mM) amgtuvate (30 mM) from glucose when
acetate was depleted and growth stopped (Blomhiaah 2007). Using this strain as a basis,
the genegpqgo andIdhA coding for PQO and LdhA were stepwise deleteddescribed in
Wieschalka et al. (2012a). The resulting stralhglutamicum AaceE Apgo AldhA
accumulated more than 50 mM pyruvate in a growitedpled manner, with a substrate
specific product yield (¥ of 0.48 mol pyruvate per mol of glucose, besidedanine and
L-valine as by-products (Wieschalka et al. 2012km). a further step, performing a
chromosomal exchange of thieN gene with a truncated substitute (GRIN), the native
AHAS was substituted by a leaky variamtG-T llvN). This led to an almost threefold
increased ¥s (1.36 mol pyruvate per mol of glucose) and a gjrarcrease of pyruvate
production (193 mM), while L-valine and L-alaninermation was reduced to 1 mM and
9 mM, respectively (Wieschalka et al. 2012a). Aiddial deletion of the genes encoding AlaT
and AVtA resulted in cumulative reduction of L-alam as unwanted side-product by 50%
(~4 mM). The final strairC. glutamicum AaceE Apgo AldhA AC-T ilvN AalaT AavtA (further
denoted asC. glutamicum ELB-P) produced in shake flask experiments up @@ @M
pyruvate, with a ¥;s of 1.49 mol per mol of glucose and a very low bgeduct yield of
0.03 mol L-alanine and 0.01 mol L-valine per molghicose (Wieschalka et al. 2012a). To
study its relevance for industrial applicationsbseguent fed-batch fermentations were
performed withC. glutamicum ELB-P. Under oxygen surplus, adjusting dissolveggen
(DO) at a level of 30%, significant lower glucosensumption rates andp) were observed
in comparison to shake flask experiments. Thereflon® oxygen tension from the middle
until the end of growth phase was implemented & litoreactor. Using fixed agitation and
aeration, a self-induced microaerobic phase waabkstted due to cell respiration. These
conditions were identified as a premise for effiti@yruvate production in the bioreactor
(Wieschalka et al. 2012a). In such fed-batch fetateons at high cell densities 500 mM
pyruvate were obtained, with a maximump,Yof 0.97 mol per mol of glucose and a
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productivity of 0.92 mmotcow) ~h* (i.e., 0.08 egcow) “h™") during production phase
(Wieschalka et al. 2012a). These results showthigatinal mutantC. glutamicum ELB-P is a
strong and useful pyruvate producer.

During the course of strain development for pyravatoduction, the concentration of
the by-product L-alanine was diminished by stepwdséetion of the genealaT andavtA,
encoding enzymes for L-alanine forming pathwaysulteng finally in C. glutamicum ELB-P
(Wieschalka et al. 2012a). By deletion afaT or both alaT and avtA the growth rate
decreased dramatically from 0.48 Ho 0.12 i* in comparison to the parental strain
C. glutamicum AaceE Apgo AldhA AC-T ilvN (Figure 4A-C). Therefore, the minimal medium
(modified CGXIl minimal medium; pH 6.8, adjustedtivb M KOH (Eikmanns et al. 1991),
with (NH,).SO, (5 g/l) and MnS@x H,O (0.1 mg/l)) had to be adjusted to ensure proper
growth of the mutants. Addition of 2 mM L-alanireethe medium enhanced the growth rate
up to 0.35 H and also increased the maximal &df both strains in shake-flask experiments
with 1% (w/v) acetate and 3%\V) glucose as carbon source to about 15.8, evergkththe
maximal ORyy of about 19.5 of the parental strain could notdstored completely (Figure
4A-C). Nevertheless, the addition of L-alanine veafficient to establish suitable aerobic
growth conditions for the pyruvate producing musant

In addition to the modifications described abowgtHer efforts have been made to
improve pyruvate production witd. glutamicum. The Yp;s of 1.49 mol pyruvate per mol of
glucose ofC. glutamicum ELB-P (Wieschalka et al. 2012a) is below the maatitheoretical
Y pss of 2 mol pyruvate per mol of glucose. Suggesthg there is a drain of carbon towards
the reductive branch of the TCA cycle in the pytevaroducing strain, it was investigated,
whether an inactivation of the Mdh leads to highgruvate amounts. This enzyme reduces
oxaloacetate to malate (Figure 2) and therefordally is responsible for reductive TCA
cycle flux. The inactivation of the Mdh was perfathby knockout of thendh gene as
described in chapter “1. Construction Gf glutamicum mutant strains”. The successful
deletion was proven by colony PCR. glutamicum ELB-P Amdh was characterized in
500 ml shake-flask fermentations with 50 ml minimadium containing 3%{v) glucose,
1% (w/v) potassium acetate and 2 mM L-alanine. The resales shown in Figure 5.
C. glutamicum ELB-P Amdh grew until acetate was exhausted and producedvatguas
major product from glucose in a growth-decouplechinga until after approximately 72 h the
whole batch of glucose was consumed. The maximateration of pyruvate in the
supernatants averaged 167 mM, and thereby thewas lowered by 28% in comparison to
C. glutamicum ELB-P. Pyruvate uptake started when the glucoseearation approached
zero. InterestinglyC. glutamicum ELB-P Amdh produced up to 10 mM L-glutamate as side-
product, while the concentrations of both L-alanamel L-valine remained with about 4 mM
and 1 mM, respectively, at the level of the parestrain.
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Figure 4: Growth of (A) C. glutamicum AaceE Apgo AldhA AC-T ilvN, (B) C. glutamicum AaceE Apgo AldhA
AC-TilvN AalaT and (C)C. glutamicum AaceE Apgo AldhA AC-T ilvN AalaT AavtA (C. glutamicum ELB-P) in
modified CGXII medium containing 3%wVv) glucose and 1%w{v) potassium acetate, either withdWit or
with A addition of 2 mM L-alanine. At least four indepentl fermentations were performed, all of them
showing comparable results.
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In summary, these results show the successful olewent of the pyruvate producing mu
C. glutamicum ELB-P. Additional deletion of thmdh had no beneficial effect on pyruve
production, indicating that there is no drain ofbma towards the reductive branch of
TCA cycle under aerobic conditions. Furthermoréicieint experimental setups for pyruv:
production could be developed, cerning medium adjustment with-dlanine, as well as
optimization of fedbatch fermentation strategies by implementatiolowfoxygen tension il
mid-growth-phase.
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Figure 5: Growth, substrate consumption, and product formaduring a representative shi-flask batch
cultivation of C. glutamicum ELB-P Amdh in modified CGXIl medium containing 39w/v) glucose, 1%wi/V)
potassium acetate and 2 mMalanine.A growth;0 glucosell potassium acetde; -alanined* L-valinenr
L-glutamate; O pyruvate. At least six independent fermentationgewperformed, all of them showir
comparable results.

24



Results

3. Tailoring C. glutamicum as a designer bug for the production of succinate

A major aim of this work was the development of efficient succinate-producing
C. glutamicum mutant by metabolic engineering. This chapter wless all efforts and
achievements made during the course of designinth s mutant and concomitant
establishment of fermentation processes for opgtharoduction conditions.

For the formation of succinate, the pyruvate praaystrainC. glutamicum ELB-P was
used as a basis. In a first attempt, succinate ugtah under aerobic conditions was
investigated with this mutant. With such a straathground, succinate production ought to
be realised by reductive TCA cycle activity. Howeveahe results obtained with
C. glutamicum ELB-P Amdh (see above), had already revealed that there dsaio of carbon
towards the reductive branch of the TCA cycle underobic conditions. Therefore, the
carbon flux should be directed towards the redechbvanch by overproduction of PCx and
PEPCx in C. glutamicum ELB-P, enhancing the OAA-forming carboxylation cgans
(Figure 2). This was initiated by transformir@ glutamicum ELB-P with the plasmid
pAN6pyc”**®ppc from Litsanov et al. (2012a), containing a Raand expressingpc,
encoding PEPCx, angyc™**®S encoding a deregulated PCx variant, under coofrdhe tac
promoter (Rc) and thelac operator l@acl). Successful uptake of the plasmid was proven by
clone selection on kanamycin, re-isolation of thasmid and subsequent PCR, using an
oligodeoxynucleotide (primer) pair, which amplifieal fragment including parts of the
plasmid as well as of th@yc™°®° gene. C. glutamicum ELB-P pAN6yc **ppc was
cultivated at 30 °C in 500 ml baffled Erlenmeyeasks with 50 ml modified CGXIl medium
containing 3% \/v) glucose, 1%w/v) potassium acetate and 2 mM L-alanine. Additignall
in parallel performed experiments, a tenfold exd@swng/l) of the for carboxylation reactions
essential cofactor biotin was tested. Expressiopydi**®*>andppc was induced by addition
of 0.5 mM IPTG to the medium after 4 h of growttheTmutant did not produce succinate
under aerobic conditions, even in presence of ddielnexcess of biotin (data not shown).

Under oxygen deprivation conditiofs glutamicum wild-type (WT) already produces
succinate, besides lactate and trace amounts tdtac@nui et al. 2004a). Therefore, in a
further approachC. glutamicum ELB-P was used for the production of succinate eund
anaerobic conditions. For this purpose, the bacterere precultured in 500 ml baffled
Erlenmeyer flasks with 50 ml complex medium (2xT¥édum; bacto-tryptone (16 g/l), yeast
extract (10 g/l), NaCl (5 g/l)), containing 0.5%/{) acetate. From these, 125 ml Mdiller-
Krempel bottles with 50 ml modified CGXIl mediumypplemented with 2%w{v) glucose
were inoculated to an Qg of about 15. While shaking with sealed lid at 806n a rotary
shaker (120 rpm)C. glutamicum ELB-P produced up to 1 mM fumarate, 7 mM malatd an
20 mM pyruvate. The main product was succinateavarage, almost 100 mM could be
detected, with a ¥s of 0.78 mol succinate per mol of glucose (Figureraéble 3). When
glucose was exhausted, the bacteria always startszhsume the produced pyruvate.
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Table 3: Ypsand productivity ofS. glutamicum ELB-P andC. glutamicum ELB-P pANeépyc™**%ppc after
anaerobic incubation with 2%wfv) of glucose ir125 ml Miller-Krempel bottles

Product Yp/s
C. glutamicum strain [mol succinate
/mol glucose]

Production rate
[mmol-gpew) ]

ELB-P 0.78 + 0.08 0.81 + 0.0
ELB-P pAN6_pyc™***5ppc 0.86 + 0.05 0.89 + 0.2

Incubating C. glutamicum ELB-P pAN@yc **%ppc under the same conditions, led a
slightly beneficialeffect onthe Yp;s (0.86 mol succinate per maolf glucose)and on the
production rate (0.89 + 0.28mol-gpcw) h™ in comparison to 0.81 + 0. mmotgpewy +h™)
with 2% glucose as carbon sot (Table 3).

During the timethese strains were developed, the succirexporte SucE was
identified (Huhnet al. 2011 Fukui et al. 2011; Figure 2, Table. When C. glutamicum
ELB-P was transformed with plasmid pXM.-cgl2211 overproducing Suck(Huhn et al.
2011) no beneficial effect was observed on succinatedywtion rate or ps (data not
shown). Therefore, it was assumr that the natural transport force 6f glutamicum was
sufficient to export albuccinate produceby the so far constructedutant strain:

Altogether, C.glutamicum ELB-P and its derivative C. glutamicum ELB-P
pAN6pyc”**#ppc already produced succinawell under anaerobic conditions, and theret
represented a promising platform for further immnoent
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Figure 6: Cell density substrate consumption and product formation duerrepresentative anaerobic be
experiment ofC. glutamicum ELB-P in minimal medium containing 2%wifv) glucose. A cell density;O
glucose; ® pyruvateQ succinate ¥ malate; ¢ fumarate At least six independent fermentations w
performed, all of them showing comparable re.
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Addition of NaHCO 3 leads to continuous consumption of higher glucodevels, resulting
in a higher Yp;s and final succinate titres during batch fermentatons in Muller-Krempel
bottles

As a next step the final succinate titres, achiemader oxygen deprivation conditions at
30 °C with C. glutamicum ELB-P andC. glutamicum ELB-P pAN6yc™***$pc, should be
enhanced by just increasing the initial glucose ceatration under the experimental
conditions described above.

However, with 3% \/v) glucose in the medium, glucose consumption artisate
production withC. glutamicum ELB-P stopped when about 2%4/{) glucose were consumed
(Figure 7A). The ¥;s and productivity obtained until production stoppsdre similar to
those in the experiments with 2%/() glucose. It was presumed that the limiting fadtor
succinate production was the availability of £©Or the carboxylation of PEP or pyruvate to
OAA. To compensate the sudden break in glucoseucopson, the supply of COwas
improved by addition of bicarbonate (200 mM NaHL@®@ the Miuller-Krempel bottles. The
result shown in Figure 7B indicates that additidnNaHCGO; led to complete glucose
consumption as well as improved succinate formatdare than 150 mM succinate were
formed under these conditions, with a higheysYf 0.91 + 0.02 mol succinate per mol of
glucose in comparison to experiments without bicadte (Table 4, Table 3). However, the
bacteria produced succinate with a lower produatite of just 0.70 + 0.06 mmgjocw) “h™
in comparison to fermentations without NaHC(@©.81 + 0.06 mmog(DCW)'l-h'l). Pyruvate
appeared still as major by-product (about 20 mM)lotved by malate and lactate (both
<10 mM) (Figure 7B). Fumarate levels were less thamM (data not shown).

When NaHCQ@ was supplied to the medium, the succinate prodtyctiof
C. glutamicum ELB-P pAN@pyc™***ppc remained with 0.75 + 0.02 mmgbcw)y -h'on a
similar level as in the experiments with this matsinain in absence of bicarbonate (Table 4,
Table 3). Also the ¥sdid not increase with addition of NaH@Qrable 4), suggesting that
the slightly beneficial effect of pAN§Cc ***Ppc in the experiments with 29%w(v) glucose
was due to improved COfixation under “non-C@surplus” conditions. Moreover,
C. glutamicum ELB-P pAN6&pyc™**®ppc did not show improved succinate production in the
tested experimental setups in presence of a tendwrtess of the essential cofactor biotin
(data not shown).

The results obtained withC. glutamicum ELB-P and C. glutamicum ELB-P
pAN6pyc™**8ppc, feeding 3% W/v) glucose in presence or absence of 200 mM NaHCO
clearly showed that the supply of €@r the reactions towards OAA is crucial for arodec
succinate production. Anyhow, the question remaimdty the bacteria were able to produce
succinate from up to 2%w(v) glucose, without external GGupply to the medium. This
finding was investigated in further experimentsdentify the source of COin absence of
NaHCG;, which are described in the following paragraph.
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Table 4: Ypsand productivities of. glutamicum ELB-P andC. glutamicum ELB-P pANépyc™**®ppc after
anaerobic incubation with 3%wfv) of glucose and 2( mM NaHCG in 125 ml MullerKrempel bottle

Product Yp/s
C. glutamicum strain [mol succinate
/mol glucose]

Production rate
[mmol-gpew) ]

ELB-P 0.91+0.02 0.70 + 0.0
ELB-P pAN6_pyc™***5ppc 0.87 £ 0.01 0.75 + 0.0
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Figure 7: Cell density substrate consumption and product formation duerrepresentative anaerobic be
experiment ofC. glutamicum ELB-P in modified CGXIl medium containing 3%wv(v) glucos,, in (A) absence or
(B) presence of 200 mM NaHGOA cell densityfd glucose® pyruvat®, succind¥emalate;® lactate. At
least three independent fermentations were perfbraleof them showing comparatresult:.
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C. glutamicum ELB-P is able to use urea as C@donor for succinate production under
oxygen deprivation conditions

The addition of NaHC®to the medium o€. glutamicum ELB-P andC. glutamicum ELB-P
pAN6pyc™**®ppc enabled complete consumption of 3%/ glucose and concomitant
production of about 150 mM succinate. However, ¢apability of the mutants to produce
succinate from 2%wjv) of glucose raised the question, why this was iptessvithout
addition of NaHCQ. The results obtained with addition of bicarbortatéhe medium clearly
showed that C@supply is a limiting factor for the conversionglficose to succinate (Figure
7A+B). It was concluded that there must be alremadpurce for C@in the medium, which
ensures succinate production from 28#vj of glucose. Minimal medium fd€. glutamicum
contains 5 g urea per litre as nitrogen sourcenflains et al. 1991). Urea can be converted
intracellular by urease to ammonia and ,.C@iewe et al. 1998). To test, whether the
conversion of urea by urease is the origin of ,Ci@ our anaerobic experiments,
C. glutamicum ELB-P was incubated at an initial @9 of about 15 in Miller-Krempel
bottles, containing modified CGXIlI medium suppliedth 2% (w/v) glucose, either in
presence, or absence of 5g urea per litre. Thaltseshown in Figure 8A indicate that
C. glutamicum ELB-P consumes 2%w(v) glucose in minimal medium, which contains urea,
and produces succinate as major product (~90 mkB.r€&sults shown in Figure 8B indicate
evidently that without addition of urea to the medi glucose is hardly consumed (depletion
of ~55 mM), leading to minor accumulation of sueta(~30 mM) or any other product.

Taken together with the results from the experimenith NaHCQ addition, urea
seemed to be a promising €€torage for the production of succinate sincepitogluctivity
was higher with urea as sole €@Qource (Table 3, Table 4), probably due to direct
intracellular availability. Therefore, urea wastégsas substitute for bicarbonate, repeating
the experiments in Muller-Krempel bottles with 3%#\() glucose under usage of double urea
concentrations (10 g/l) and in absence of NakCOnder these experimental conditions
C. glutamicum ELB-P consumed the initially added glucose congiyeaind produced up to
150 mM succinate with pyruvate as major by-proqabbut 25 mM), followed by malate and
lactate (both <10 mM) (Figure 8C). Fumarate lewetse less than 1 mM (data not shown).
These results show that urea in principle can leal @s substitute for NaHGOHowever,
urea consumption is bound to a strong ammoniagel@#@o the medium. A high ammonia
concentration might enhance amino acid side-prodochation and complicate product
purification.

It can be concluded that urea represents an addit&ource to generate ¢@r the
carboxylation of PEP and pyruvate to OAA. Howewbe use of NaHC®was judged as
more economical, since ammonia enrichment withia thedium should be avoided to
improve product purification. Therefore, the cortcation of urea was kept at 5 g/l for all
experiments that followed and NaHg®as supplied to enhance g8&vailability.
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Figure 8: Cell density substrate consumption and product formation duerrepresentative anaerobic be
experiment ofC. glutamicum ELB-P in modified CGXIl medium containing (2% w/v) glucose and 5 g/l
urea, (B) 2% W/v) glucoseand no ure, or (C) 3% /v) glucose and 10 g/l urea cell densit; O glucose;®
pyruvate;O succinateY malate;® L-lactate. At least three independent fermentatioesevperformed, all ¢
them showing comparable results.
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Culture conditions affect succinate production behaiour of C. glutamicum ELB-P

Culture conditions were further optimized for amdoéc succinate production at 30 °C,
concerning the bottle type and size, as well ascimposition of the gas phase in the
headspace. It could be shown that these paranfeteesa tremendous impact on production
behaviour ofC. glutamicum ELB-P under oxygen deprivation conditions (in ablration
with Maria-Elisabeth Bohm, 2012). The most intarept conditions used for batch
fermentations and the resulting effects on yield production rate are summarized in Table
5. All experiments were performed at an initial gfof about 15, either in 125 ml Miller-
Krempel bottles, or in 100 ml screw cap bottlesjtaming 50 ml modified CGXIl medium,
supplied with 2%W/v) glucose or 3%w{/v) glucose plus 200 mM NaHGQOIn one part of the
experiments, the air gas phase was replaced bygeitt For both bottle types, the
replacement of the air gas phase with nitrogenltexsin an increased succinate yield (0.92
versus 0.78 mol succinate per mol of glucose inléiKrempel bottles; 0.76 versus 0.70 mol
succinate per mol of glucose in screw cap bottl€sg reason is that the nitrogen flooded
bottles are completely oxygen free. With air gaagehthe bottles become anaerobic during
the course of the experiment by oxygen consumpmtfdhe bacteria. The addition of NaHgO
led to a decrease in the production rate from @3IM69 mmog(CDW)'l-h'l in Muller-Krempel
bottles, and from 0.75 to 0.68 mnugtow) -h™ in screw cap bottles (Table 5).

In an additional step, reductive flow towards th@AT cycle should be enhanced, by
modifying the metabolism ofC. glutamicum ELB-P at the level of a C@&ndependent
reaction, using the different experimental setupscdbed above. For that purpose, the Mdh
(Figure 2, Table 1) should be overproducecimglutamicum ELB-P. The Mdh coding gene
mdh (annotated a£g2613) from C. glutamicum ATCC13032 was amplified via PCR and
cloned behind a constitutiveP into the vector pBB1 (pMM36 derivative: ¢ P,
tryptophane terminator (f), lacl’; Krause et al. 2009). The resulting plasmid pR§2613
was checked by sequencing, amplifiedBncoli DH50, and after purification transformed
into C. glutamicum ELB-P. Successful transformation of the plasmid weoven by selection
on chloramphenicol and colony PCR, using a pringer, @mplifying a fragment, including
parts of the plasmid, and of tmadh gene. HoweverC. glutamicum ELB-P pBB1€g2613,
showed no improved succinate production in anyhefrhentioned experimental setups (data
not shown; performed in collaboration with Stepleaférber, 2011).

The results shown in Table 5, revealed the usag#06fml screw cap bottles, and
supplying the medium with 3%w(v) glucose plus 200 mM NaHGQand substituting the air
in the gas phase by nitrogen as the most promesxpgrimental setup. The production rate
was a bit lower in this setting in comparison te tther experiments (0.68 mng@&DW)'l-h'l;
Table 5), but most impressive is that the highest Was obtained with 0.98 mol succinate
per mol of glucose. The additional overproductiéMalh, by constitutively expressingdh
on the plasmid pBBtg2613 had no further effect on succinate production.
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Table 5: Yp;sand production rate &@. glutamicum ELB-P under oxygen deprivation conditions usinigedent
production settings

Glucosé Product Yps

Boiife Bottle type N, atmosphere AU Ll ; Production rate
volume e NaHCO; [?:noglsgﬁgglsaetia [mmol-gcomy ]
125 ml M-Krempel X 0.78 +0.08 0.81 +0.06
125 ml M-Krempel X X 0.92+0.18 0.90 +0.26
125 ml M-Krempel X X X 0.91 +0.05 0.69 + 0.03
100 ml screw cap X 0.70 £ 0.00 0.74 + 0.06
100 ml screw cap X X 0.76 £ 0.15 0.75+0.05
100 ml screw cap X X X 0.98 +0.12 0.68 +0.11

Yin % @/v); Abbreviation: M-Krempel, Miiller-Krempel

Efficient succinate production with C. glutamicum ELB-P in one-stage fed-batch
fermentations, using a tri-phasic setup and C@gassing during stationary phase

To study the relevance of long-term succinate pecodn at high cell densities with
C. glutamicum ELB-P, fed-batch fermentations with controlled p¥¢re established in a
“Fed-Batch Pro Fermentation System” from DASGIFi¢h Germany) at 30 °C. In contrast
to sealed-bottle experiments where the bottles weyeulated with resting cells (two-stage
process), the bacteria were cultivated in the 40@ioreactors and directly used in a one-
stage process to produce succinate, when the lzdgsswth phase had ended. The reactors
were filled with 250 ml modified CGXII medium, imadly containing 4% \{/v) glucose, 1%
(w/v) acetate, and 6 mM L-alanine. The pH was mainthiae7.0 by online measurement
using a standard pH electrode (Mettler Toledo, §€irs Germany) and addition of 4 M
H,SO, and 4 M KOH, respectively. 1:20 diluted Struktgdeantifoam (Schill und Seilacher,
Hamburg, Germany) was added manually drop wise (HRGvhen necessary. DO was
measured online, using an oxygen electrode (MeTitdedo, Giessen, Germany). When the
bacteria were cultivated at 30 °C in a biphasidesyswith an aerobic growth phase under
oxygen surplus (i.e., with a constant paf 30% DO), directly followed by an anaerobic
production phase, bubbling GQC. glutamicum ELB-P grew with a p of 0.28*hto an ORqo

of about 55, but showed only weak succinate prodoodf up to 80 mM with a ¥s of
0.46 mol succinate per mol of glucose (data notwsfloSuch an effect was already observed
in pyruvate fed-batch fermentations with this str@lVieschalka et al. 2012a). To facilitate a
fermentation system including both proper growthl gmoper production conditions a tri-
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phasic fedsatch fermentatioisystem was establisheghich enabled the bacteria to adap
the particular conditionsThe arrangemerincludedan aerobic growth phase (I) on ace
plus glucose passing into a seinduced microaerobiphase (1) at the end of growth

minimal aerationand fixed agitatior Immediately after reaching stationary phase, aar
was stopped and replaced by, sparging to initiate (Illpxygen deprivation conditiorand
ensure CQ@supply for succinate pruction (Figure 9ABWieschalka et al. 201).

During the earlygrowth phas, the DO was kept constant about30% for 6 h to
accelerate growthAfterwards the p, dropped to 0-5% DQJue to cell respiratiorstirring at
a maximum of 400 to 75pm and gassing with 1 vvnv@lume of gas per volume of medit
per minute) air By addition of adequate amounts from a 5(w/v) acetate stock solutic
after 8 h,C. glutamicum ELB-P continued to grow with a p of 0.27 Table 6), to a final
ODsoo Of about 50 (FigureA), reaching a biomass yield d0.51 + 1.1 gpcw)y molc™
(Table 6) In this phase the , dropped to 0-5% DOstirring at 400 to 10C rpm, while
gassing with 1.25 vvm aiThe high cell density led to s-inducedmicroaerobic conditior
(Figure 9B). The p@peak at the end of microaerobic phimarked with the asterisk
Figure 9B) indicated end @ferobic growth, as @Qusage stoppedeading to increasing DO
the medium. Immediatelyaeration was replaced by (, sparging ancproduction phase
started (Figure 9AB). Avatch of glucos at the beginning of stage houldensure carbon
availability for succinat@roductior.
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Table 6: Relevant process parameters of tri-phasic fedhlfattnentations witlC. glutamicum ELB-P for one-
stage succinate production under oxygen deprivatomitions

Growth condition

400 ml bioreactor (fed-batch)

Process parameters

growth rate p [h] 0.27 £ 0.03

biomass yield [gepw)'molc™] 10.51+1.13

glucose consumption rate during production phase

ol o 0.65+0.1
production rate

ol G 1] 0.58 +0.11
product Y p/s 1.02 +0.03

[mol succinate /mol glucose]

The glucose consumption rate during production &% + 0.1 mmog(DCW)'l‘h'l (Table 6).
In the anaerobic phase the mutant formed up ton3@0succinate within 60 h from glucose
(Figure 9A). The ¥;swas 1.02 £ 0.03 mol succinate per mol of glucase the production
rate reached 0.58 + 0.11 mnwggbcwy 1™ (Table 6).

By optimization of one-stage fed-batch fermentatonditions in the bioreactor a tri-
phasic fermentation protocol was successfully distadd, which enabled the bacteria to adapt
from growth conditions to production conditions. liMis new experimental setup,
C. glutamicum ELB-P produced up to 350 mM succinate with gsYf 1.02 mol succinate
per mol of glucose, which is higher than the bésldg obtained in sealed bottle experiments
(Table 6, Table 5).

Modification of the flux distribution between glycdysis and pentose phosphate pathway
in C. glutamicum ELB-P had a slightly positive impact on succinat@roduction

To further improveC. glutamicum ELB-P, bottlenecks for succinate production hadoéo
identified. As it can be read off Figure 2 and afcalated in Figure 10, the conversion of
1 mol glucose leads to 1 mol succinate, assumiagttie PPP activity is zero, while one mol
of pyruvate is left at the end of glycolysis. Themaining pyruvate cannot be converted to
succinate as all reduction equivalents, which arenéd during glycolysis, are consumed
during the course of succinate formation from thist fmol of pyruvate. This calculation
indicates that more reduction equivalents are reeéml&eep the reductive branch of the TCA
cycle running. Reduction equivalents can be geedréily redirection of the carbon flux
through the PPP (Figure 2 and Figure 10). It wamswvshin several publications on Lysine
production strains, that enhanced PPP flux can dieewed by deregulation of G6PDH
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(encoded bywf andopcA; Table 1) and 6PGDH (encoded bgnd; Table 1) (Becker et al.
2007; Ohnishi et al. 2005).

Thus, sequential chromosomal exchanges of geneomsgcof zwf and gnd were
performed inC. glutamicum ELB-P (in collaboration with Maria-Elisabeth Boh2012). A
part of the genomiewf gene was replaced by homologous recombination avittutated part,
containing a single-base-exchange from G to A aitjom 727, and leading to the deregulated
version of G6PDH: ZwfA243T. The chromosomal excleam@s performed after the method
described in “1. Construction df. glutamicum mutant strains” (p. 19f), transforming the
suicide vector pK1l@obsacB zwfXLA243T (provided by Evonik Industries AG), into
C. glutamicum ELB-P and subsequent accomplishment of the negess&ction steps. The
successful single-base-exchange was proven by seggethe target gene. Afterwards, a
region of the genomignd gene additionally was replaced by homologous récoation with
a mutated part containing a single-base-exchamge € to T at position 1082, leading to the
deregulated version of 6PGDH: GndS361F. For thatrpgee the plasmid
pK19mobsacB _gndS361F had to be constructed. Therefore, the raspeaggion of thegnd
gene was amplified in two parts with overlappingnars in the middle. The primers used in
the overlapping region were created to carry aledte desired base-exchange at the
respective position. Via crossover PCR with bo#gfents and fragment was constructed,
carrying the exchanged nucleotide. The sequentasfragment was verified by sequencing
and then cloned into pKh%®bsacB. The chromosomal exchange @ glutamicum was
performed after the method described in “1. Comsiba of C. glutamicum mutant strains”
(p. 19f), transforming the suicide vector pKidbsacB gndS361F, into C. glutamicum
ELB-P and subsequent accomplishment of the negessdection steps. The successful
single-base exchange was proven by sequencingriipet gene.

C02 (ext)
Glucose T 2 Pyruvate Succinate + Pyruvate (1)
2 NADH
2 C02 (ext)
3 CO;
3 Glucose ~I—> GAP + 2 F6P T» 5 Pyruvate 5 Succinate  (II)
6 NADPH 5 NADH
{v ___________ NADPH

Figure 10: Schematic course of succinate formation, usingeeit(l) glycolysis or (lI) PPP for glucose
metabolism
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The deregulation of the G6PDH ne (data not shown; Bohm, 2012), as well as thelex
deregulation mutant. glutamicum ELB-P ZwfA243T GndS361F had a sequential, slig
beneficial effect on succinate producticFigure 11shows a representative diagram of
experiment withC. glutamicum ELB-P ZwfA243T GndS361F incubated at °C in 100 ml
screw cap bottles under oxygen deprivation conatiovith nitrogen replacing the air ¢
phase in the bottlheadspace. The bacteria were inoculated at tl @Dgoo of about 15 to
modified CGXIl medium, containing 3%w/v) glucose and 200M NaHCGCs. With a
production rate of 0.79 + 0. mmokgcpwy “h™* about 150nM succinate were produce
resulting in a ¥;s of 1.07mol succinate per mol of glucose. Botg;sand productivity wert
increased in comparison @ glutamicum ELB-P, which showed under the same conditio
Ypis Of 0.98mol succinate per m glucose and a production rate of 0.68
0.06 mmolgcowy ~h™ (Table 5). Major side-product of. glutamicum ELB-P ZwfA243T
GndS361F was pyruvate, with about mM (Figure 1). Lactate was not detectable as-

product in the supernatants.
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Figure 11: Cell density substrate consumption and product formation duarrepresentative anaerobic be
experiment ofC. glutamicum ELB-P ZwfA243T GndS361Fni modified CGXII medium, containing 3%w/v)

glucose and 200 mM NaHGOA cell densit; O glucose @ pyruvated succinat®; malate € fumarate. At
least six independent fermentations were perforrakdf them showing comparable res.
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Taken togetheithe new strairC. glutamicum ELB-P ZwfA243T GndS361F was construc
successfully. Bductivity and Y5 of this new strainvere slightly increased in comparison
the parental strairC. glutamicum ELB-P. Looking at the theoretical p;s of 1.67 mol
succinate per mol of glucose, given by the schenFigure 10 the deregulation of the initi
enzymes of the PPP was not sufficient to push sateproduction up near the maximt

As a next step, carbon wdsected completely into the P, blocking glycolysis athe level
of the enzyme PGIThis was realed by deletion of the PGI coding gepgi (Table 1). The
deletion of pgi was performed after the method scribed in 1. Construction of
C. glutamicum mutant strains(p. 1), transforming the suicide vector pkmobsacB pgi del
(Bartek et al. 2010) intcC. glutamicum ELB-P ZwfA243T GndS361F. The success
deletion was proven by colony PCIn apgi negative mwnt, glucose metabolism has to
driven by the PPP alone. However, as showrFigure 12,C. glutamicum ELB-P Apgi
ZWfA243T GndS361Fdid hardly consumeglucose, leading to minimal accumulation
succinate or any other prodi. The surprising inability ofC. glutamicum ELB-P Apgi
ZWfA243T GndS361F to produce succinate was hentkduinvestigated as described in
following paragraph.
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Figure 12: Cell density substrate consumption and product formation duarrepresentative anaerobic be
experiment ofC. glutamicum ELB-P Apgi ZwfA243T GndS361F in modified CGXlinedium containing 39
(wiv) glucose and 20mM NaHCC;. A cell density;d glucose® pyruvated succinate ¥ malate; ¢
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C. glutamicum ELB-P Apgi ZwfA243T GndS361F consumes glucose in presence af
external electron acceptor

The surprising effect thatC. glutamicum ELB-P Apgi ZwfA243T GndS361F hardly
consumed glucose under the established succinaidugiion conditions was further
investigated. Since it was possible to grow aerpibgcultures ofC. glutamicum ELB-P Apgi
ZwWfA243T GndS361F in complex medium for the inoecunlwf the sealed bottles, it was
already proven that the mutation is not lethaliguibd medium. The question occurred, why
resting C. glutamicum ELB-P Apgi ZwfA243T GndS361F cells are not able to survive in
minimal medium or to consume glucose at all. It wastulated that glucose metabolism is
arrested, when carbon flux is driven alone by tR€& Rinder oxygen deprivation conditions,
because the NAD(P)H/NAD(PYatio is too high. To demonstrate titglutamicum ELB-P
Apgi ZwfA243T GndS361F is able to use glucose as casgoamce when NAD(P)H can be
oxidised, two experimental setups were followedtha first, the strain was inoculated to an
ODeoo Of about 15 to a baffled Erlenmeyer flask, coritegrmodified CGXIlI medium plus 3%
(w/v) glucose, and was shaken (rotary shaker, 120 gembically at 30 °C. Under these
circumstances, glucose was consumed, and pyruxagdormed as major product (~160 mM;
Figure 13A). In the second, the bacteria were iatedbon a rotary shaker (120 rpm) at 30 °C
to an ORQo of about 15 in a 100 ml screw cap bottle, contgmodified CGXIl medium
plus 2% /v) glucose and 50 mM nitrate as external electraretor (Figure 13B). Under
these conditions, glucose was also consumed and/gigr (~13 mM), as well as succinate
were formed (~12 mM with apysof 0.86 mol succinate per mol of glucose).

The results obtained with oxygen or nitrogen azme electron acceptor show that
C. glutamicum ELB-P Apgi ZwfA243T GndS361F just did not consume glucosegemwkhe
experiments were performed in absence of an exXteleatron acceptor. In presence of
oxygen or nitrate this effect was abolished, asbabdy the reduction equivalents were
regenerated due to NADPH oxidation by NADPH dehgeérase activity or due to a side
activity of the NADH dehydrogenase (Matsushita ket2801; Molenaar et al. 2000). The
results of these two experiments thereby verifleal dbility of C. glutamicum to metabolize
glucose, using the PPP alone. Afterwards explamsithad to be found, why the influence of
the NAD(P)H/NAD(PJ ratio was that high from the beginning of the isalion under
oxygen deprivation conditions. One explanation rhigh that the NADPH, which is formed
during the PPP cannot be regenerated in the aneemyictions for succinate production,
leading to intracellular NADPH accumulation. Anathexplanation might be that by the
strong NADPH entry of the PPP the GAPDH activitynkibited. Such an observation was
already described by Jojima et al. (2010) and hitseet al. (2012b) for NADH overflow. To
test both possibilities,C. glutamicum ELB-P Apgi ZwfA243T GndS361F was further
modified and investigated as described in the ¥alg sections.
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Figure 13: Cell density substrate consumption and product formation duaimepresentative batexperiment
of C. glutamicum ELB-P Apgi ZwfA243T GndS361fin modified CGXII mediumcontaining 3%w/v) glucose.
The experiments wereegformed in (A 500 ml baffled Erlenmeyer-flaks (aerobioj in (B) 100 ml locked
screw cap flasks, containing 5@M nitrate. A cell density;0 glucose® pyruvat® succinate;¥ malate. At
least two independent fermentations were performsleaywing comparable rest.
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Glucose consumption arrest ofC. glutamicum ELB-P Apgi ZwfA243T GndS361F cannot
be compensated by heterologous overproduction ofteanshydrogenase fromk. coli

Mdh and SDH catalyse the NADH-dependent reactionthé reductive branch of the citric
acid cycle (Figure 2). However, it is known thatl@ast the Mdh is capable to use also
NADPH in vitro (Molenaar et al. 2000), leading to the assumptiah the modification of the
flux distribution between glycolysis and PPP shob&le no negative effect on succinate
production. It was postulated that Mdh consumedNABPH formed in the PPP, while SDH
consumes the NADH formed during glycolysis, sinc®D¥H consumption by SDH is not
reported so far. BuC. glutamicum ELB-P Apgi ZwfA243T GndS361F was not able to
consume glucose under oxygen deprivation (FiguyeHénce, it was postulated that the Mdh
might not be able to use NADPH as electron domowivo. To keep though glucose
consumption active under oxygen deprivation coodgi with C. glutamicum ELB-P Apgi
ZwfA243T GndS361F, conversion of NADPH to NADH skabbe realised within this
mutant by heterologous overproduction of differeahshydrogenases (TH). Figure 14 shows
the theoretical production of 5 mol pyruvate frorm8l of glucose, in presence of a TH and
an external C® source. This calculation implies a maximal theoedtYp;s of 1.67 mol
succinate per mol of glucose, when NADPH can bevedad to NADH by a heterologous
expressed TH, with an excess of still 1 mol of NADP

First, the membrane-bound ATP-dependent TH fEorroli PntAB (encoded bpntAB)
was overproduced i8. glutamicum ELB-P Apgi ZwfA243T GndS361F. For this purpose, the
plasmid pBBpntAB (pBB1, carrying thepntAB genes fromE. coli under control of &
Blombach et al. 2011), was transformed ifoglutamicum ELB-P Apgi ZwfA243T
GndS361F. Successful transformation of the plasnad proven by selection of clones on
chloramphenicol, re-isolation of the plasmid antdsaquent PCR, using a primer pair, which
amplified a fragment, including parts of the plagras well as of thpntAB operon.

2 COZ (ext)

3CO \
3 Glucose —}» GAP + 2 F6P T» 5 Pyruvate—*—» 5 Succinate

6 NADPH 5 NADH

NADPH ﬂijH

5 NADH

A

Figure 14: Schematic course of succinate formation, using®Re for glucose metabolism and a heterologous
overproduced NADPH converting transhydrogenase rébétion: TH, transhydrogenase
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However, introduction of th@ntAB genes did neither improve glucose consumption, nor
succinate production df. glutamicum ELB-P Apgi ZwfA243T GndS361F (data not shown;
Bohm, 2012). It could not be excluded whether #ffsct occurred because of the preference
of PntAB for the reverse reaction: NADH + NADP> NADPH + NAD' (Sauer et al. 2004),
or because of the limitation of ATP under oxygeprdeation conditions. These restrictions
should be circumvented by expressing the geié\, coding for the soluble TH UdhA from
E. coli, in C. glutamicum ELB-P Apgi ZwfA243T GndS361F, instead of those encoding
PntAB. The UdhA catalyses the non-ATP-consumingtiea from NADPH plus NAD to
NADH plus NADFP (Sauer et al. 2004). For heterologous expresdiamlw, the gene from

E coli K12 was amplified via PCR and cloned behind thastitutive R, into the above
described vector pBB1 (Krause et al. 2009). Theltieg plasmid pBBludhA was checked
by sequencing, amplified inE. coli DH5a, and after re-isolation transformed into
C. glutamicum ELB-P Apgi ZwfA243T GndS361F. Successful transformation oBf&idhA
was proven by selection of clones on chloramphénieisolation of the plasmid and
subsequent PCR, using a primer pair, which amgliefragment, including parts of the
plasmid as well as of thahA gene. Activity of UdhA was tested after the metldedcribed
by Kabus et al. (2007), revealing a low, but meaable specific UdhA activity of 0.019 *
0.002 Umg'l(protem) (one unit (U) corresponds to 1 prmoin™) in C. glutamicum ELB-P Apgi
ZwWfA243T GndS361F pBBLdhA. This new strain was then tested under the camditi
established for the parental strains. However, hé&terologous overexpressionuafhA from

E. coli did not result in an improvement of glucose constiom with the PGI negative strain
background, leading to minimal accumulation of suaie or any other product (data not
shown).

In summary, the THs UdhA and PntAB had no bendfi@ffect on glucose
consumption or succinate production ®@yglutamicum ELB-P Apgi ZwfA243T GndS361F.
Therefore, THs oBifidobacterium bifidum S17,B. longum E18 andB. breve S18 should be
additionally tested with C. glutamicum ELB-P Apgi ZwfA243T GndS361F. The
corresponding genes were amplified from genomic DdAhe different bacteria and cloned
into pBB1 (Krause et al. 2009), as described ferdbnstruction of pBBLldhA. However, all
attempts to design one of these constructs endgdaninutated TH gene, for which reason
this idea was not followed further.

Glucose consumption arrest ofC. glutamicum ELB-P Apgi ZwfA243T GndS361F cannot
be compensated by homologous overproduction of thglyceraldehyde-3-phosphate
dehydrogenase

Since all tested THs could not abolish the impagadose consumption d@. glutamicum
ELB-P Apgi ZwfA243T GndS361F, other bottlenecks were invedéd. Another explanation
for the inability of C. glutamicum ELB-P Apgi ZwfA243T GndS361F to consume glucose is
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probably the strong NADPH entry of the PPP, whidreay at the beginning of the
experiment inhibits GAPDH activity. Such an effees already described by Jojima et al.
(2010) and Litsanov et al. (2012b) for an overfloiANADH, and was successfully bypassed
by GAPDH overproduction. Consequently, a potenitdibition of GAPDH by NADPH
overflow should be compensated, overexpressinggése gapA, like reported in the
mentioned publications.

For homologous overexpression gdpA in C. glutamicum ELB-P Apgi ZwfA243T
GndS361F, the plasmid pANgap (Kar’®, expressinggapA under control of B. andlacl;
Litsanov et al. 2012b) was used. Successful tramsfoon of C. glutamicum ELB-P Apgi
ZWfA243T GndS361F was proven by re-isolation of phesmid and subsequent PCR, using
a primer pair, which amplified a fragment, inclugliparts of the plasmid as well as of the
gapA gene. Expression gapA was induced with 0.5 mM IPTG. Although this apmiodad
a beneficial effect on the aerobic growth during greculture in complex medium (data not
shown), C. glutamicum ELB-P Apgi ZwfA243T GndS361F pAN@ap showed neither
enhanced glucose consumption, nor production of @egluct under oxygen deprivation
conditions (data not shown).

Homologous overproduction of GAPDH could thereforet overcome the glucose
consumption arrest of the PGIl-negative mutant ungggen deprivation conditions.
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4, Production of malate and fumarate withC. glutamicum

C. glutamicum ELB-P should be further exploited for the prodactiof the 1,4-dicarboxylic
acids malate and fumarate. The strain was modibedhis purpose and resulting mutants
were analysed.

4.1  Engineering C. glutamicum for anaerobic fumarate production

For anaerobic fumarate production, the reductianth of the TCA cycle if€. glutamicum
ELB-P should be used. To prevent conversion of fateato succinate and consequently
produce fumarate as end-product of anaerobic mitabhothe SDH was inactivated in
C. glutamicum ELB-P.

By deletion of the corresponding gersehA, sdhB andsdhCD (Table 1) the reaction
between succinate and fumarate (Figure 2) wasrugtad, using the method described in
chapter “1. Construction df. glutamicum mutant strains”. For that purpog@, glutamicum
ELB-P was transformed with the vector pKidhsacB-AsdhCAB (pK19mobsacB, carrying a
1.1 kb overlap-extension PCR product, which covéng flanking regions of the
C. glutamicum sdhCAB genes; Litsanov et al. 2012a). The successfutidelevas proven by
colony PCR. In a SDH-negative mutant the oxidatireuit of the TCA cycle is blocked.
During growth under aerobic conditions on acet#ites interruption was expected to be
bypassed by glyoxylate shunt activity. Productibowdd take place during incubation under
oxygen deprivation conditions, using the reducbvanch of the citric acid cycle, as described
for the succinate producers (see above).

C. glutamicum ELB-P AsdhCAB was cultivated in complex medium with 1%v/¥)
acetate. Then, the bacteria were inoculated toRgdof about 15 to Miller-Krempel bottles,
containing modified CGXIl medium with 2.5%wfv) glucose, and incubated on a rotary
shaker (120 rpm) at 30 °C. As shown in Figure &Sslthan 1 mM fumarate, about 20 mM
pyruvate, 4 mM lactate and 8.5 mM malate were predu Furthermore, still 60 mM
succinate accumulated in the supernatants. Espettal latter finding was surprising, since
without acetate in the medium, it should be imgassto form succinate within this strain
background. Additionally, counting the productsethger and confronting them with the total
glucose consumed, a loss of carbon was detectede Mwmn 70 mM of glucose were
converted into unknown by-products, as from ab@®& ®M of the initial carbon (in form of
glucose) just about 350 mM could be found in theesmatants (in form of the named
products) at the end of the experiment.

To test intracellular accumulation of metabolité® whole cultures were spun down at
the end of the experiments. After discarding theesoatants, the cells were lysed igSidy
and the suspension was filtrated (0.2 um). Thd Sokution was then directly investigated via
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high performance liquid chromatography (HPLfor significant concentrations of fumare
or other organic acidsHoweve, no conspicuous accumulation ofnzetabolitc could be
obtained.

Taken togetherthe attempt to produce fumarate under gen deprivation witl
C. glutamicum by interrupting the TCA cycle iC. glutamicum ELB-P was not successful,
no enhancement in fumarate accumulation was oldeive the experiments wit
C. glutamicum ELB-P AsdhCAB. The accumulation of succinate in thgpernatant indicates
the existence of a pathway bypassingsdhCAB deletion.

200 1 100 20 - 150
z

o

150 - g i 2
_ E | B

g o - 100 2

= A . @
E O .-
o 2 > =
» 1001 5 e 2
8 c = 8
5 2 = 3}
O = £ 9
T [l -

o] —

5 E

50 = Q

©

>

2

=

o

0 10 20 30 40 50
Time [h]

Figure 15: Cell density substrate consumption and product formation duarrepresentative anaerobic be
experiment ofC. glutamicum ELB-P AsdhCAB in modified CGXIl medium containing .5% (w/v) glucose.
A cell densityf] glucose® pyruvate:O succinate;¥ malate:> fumaratd® lactatat leastfour independent
fermentations were performed, all of them showiomparable resul.
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4.2  Engineering C. glutamicum for anaerobic malate production

Also for anaerobic malate production, the pyruyai@ducing strainC. glutamicum ELB-P
was used as basis. Malate is under oxygen demvatbnditions an intermediate of the
reductive branch of the TCA cycle. To prevent cosw of malate to fumarate and
consequently produce malate as end-product of abi@emetabolism, the Fum (Figure 2,
Table 1) should be inactivated @ glutamicum ELB-P. Without Fum, the oxidative circuit of
the TCA cycle is blocked, but as described abov€fglutamicum ELB-P AsdhCAB, growth
under aerobic conditions on acetate is possiblpassing the interruption via the glyoxylate
shunt.

The corresponding geneim (Table 1) was deleted, using the method described
“1. Construction of C.glutamicum mutant strains”. Therefore, the suicide vector
pK19mobsacB-Afum (pK19mobsacB, carrying a truncatedum gene; Marcus Persicke,
Bielefeld University, 2010, unpublished) was tramsfed intoC. glutamicum ELB-P. The
successful deletion was proven by colony PCR. Hsallting strainC. glutamicum ELB-P
Afum was precultured in complex medium with 19%\( acetate, but grew very slow (data
not shown). The bacteria were inoculated to and@df about 15 to Miller-Krempel bottles
containing modified CGXIl medium with 2%wv(v) glucose. Figure 16 shows that in contrast
to experiments with the parental straihglutamicum ELB-P, impaired glucose uptake
occurred (42.6 £ 0.76 mM in 48 h). In average ju& + 2.9 mM malate were produced,
besides small amounts of pyruvate (8.6 £ 0.8 mitjtdte (4.0 + 0.6 mM), and succinate (4.5
+ 2mM). Fumarate levels were below the detectionitl (experiments performed in
collaboration with Stephanie Farber, 2011).

As surprisingly succinate accumulated in the sugtants, additionally a mutant devoid
of Fum as well as SDH activity was developed. Sigaavth of theC. glutamicum ELB-P
Afum mutant was very slow, the new strain was develas#tg the above described potential
fumarate producecf. glutamicum ELB-P AsdhCAB as starting point. Théum gene was
deleted in this strain as described above, usiagsthcide vector pKIiobsacB-Afum. The
resulting mutantC. glutamicum ELB-P Afum AsdhCAB was inoculated to an QB of about
15 to Miller-Krempel bottles, containing modifieds&Il medium with 2% {/v) glucose,
and incubated on a rotary shaker (120 rpm) at 30rh@ results obtained with. glutamicum
ELB-P Afum AsdhCAB (data not shown) were similar to those shown Goglutamicum
ELB-P Afum.

In comparison to the parental stra@h ¢lutamicum ELB-P) bothC. glutamicum ELB-P
Afum and C. glutamicum ELB-P Afum AsdhCAB showed under the tested conditions a
drastically lower succinate productivity of 0.1 rrirg@DW)'l-h'l, in contrast tcC. glutamicum
ELB-P with 0.81 mmobcowyh?, and a drastically lower succinatepy of 0.1 mol
succinate per mol of glucose, in contrasCtglutamicum ELB-P with 0.78 mol succinate per
mol of glucose (Table 7).
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Table 7: Yp;sand productivities for succinate and malproduced byC. glutamicum ELB-P, C. glutamicum
ELB-P Afum andC. glutamicum ELB-P Afum AsdhCAB duringanaerobic incubation in Mill-Krempel bottles

. . product Yps production rate product Y ps production rate
C. glutamicum strain ) )
[mol succinate succinate [mol malate malate
/mol glucose [mmol-gpcw) *h™] /mol glucose]  [mmol-gpew) *h™]
ELB-P 0.78 £ 0.0! 0.81+0.06 0.06 + 0.00 0.04 £0.02
ELB-P Afum 0.12+0.0: 0.11+0.01 0.25+0.05 0.23+0.02
ELB-P Afum AsdhCAB 0.10+0.0: 0.10+£0.02 0.23+0.03 0.24 £0.05

It is noteworthy to mentiothatin the first 6 h of the fermentationsdeed malate productivit
increased for both mutants -fold to about 0.24 from 0.04 mmgicowy ~h™, while the
malate ¥sincreased fourfold to about 0.24 from C mol malate per mol of gluco, when
compared to the parental sti (Table 7 performed in collaboration with Stephanierber,
2011).
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Figure 16: Cell density substrate consumption and product formation duarrepresentative anaerobic be
experiment ofC. glutamicum ELB-P Afum in modified CGXII medium, containing 29%w/v) glucose. A cell
density; O glucose® pyruvated succinate;V malate®# fumarat® lactate. At least three independ:
fermentations were performed, all of them showiomparable resul.
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As for fumarate production witl. glutamicum ELB-P mutants, also for malate production
impaired glucose consumption seemed to be the rpapatem. In comparison to the parental
strain C. glutamicum ELB-P, bothC. glutamicum ELB-P Afum and C. glutamicum ELB-P
Afum AsdhCAB have just one NADH-dependent reaction towardgdgered product malate,
catalysed by Mdh. Probably low Mdh activity led endhe tested conditions to less efficient
regeneration of NAD and therefore, to a lowered glucose consumptiter &fe first 6 h of
incubation. To enhance the reductive flux, the pldspBB1cg2613, overexpressingndh,
was transformed into these strains (plasmid andcegoare are described in chapter
“3 Tailoring C. glutamicum as a designer bug for the production of succingie25ff). But
no beneficial effect in any of the mentioned expemtal setups occurred (data not shown).

C. glutamicum ELB-P Afum and C. glutamicum ELB-P Afum AsdhCAB showed a
strong increase of thep)¥ for malate under oxygen deprivation condition€@mparison to
the parental strai@. glutamicum ELB-P. This is the first report of targeted malpteduction
with C. glutamicum. However, the final titre for malate was very lovith less than 10 mM.
Furthermore, the appearance of succinate in sugaertsaof allfum andsdhCAB single and
double mutants constructed during this work indisahe existence of pathways bypassing
these deletions and leading to succinate formation.

Investigation of an alternative succinate forming oute in C. glutamicum ELB-P
derivatives, which is mediated by aspartase

During the course of developing fumarate and malabelucingC. glutamicum mutants, the
reductive TCA cycle was interrupted at the readiorediated by Fum, SDH or both Fum and
SDH. All these strains were expected to be unablproduce an intermediate of the TCA
cycle downstream of the interrupted reactions uadggen deprivation conditions. However,
C. glutamicum ELB-P AsdhCAB, C. glutamicum ELB-P Afum, as well asC. glutamicum
ELB-P Afum AsdhCAB accumulated significant amounts of succinate enghpernatants. At
least a pathway exists, which might bypass a deletif fum, resulting in formation of
succinate. This pathway leads from oxaloacetatasjwartate, which is then converted to
fumarate, using aspartase (AspA) for deaminatiagufe 2). This pathway might be an
overflow valve for carbon flux, when the reducti’€A cycle is interrupted.

To verify this hypothesis, thaspA gene, encoding AspA (Table 1) should be deleted in
C. glutamicum ELB-P Afum. After the method described in “1. Construction of
C. glutamicum mutant strains”, the suicide vector pKidbsacB-AaspA (pK1l8mobsacB,
carrying a truncate@spA gene; Christian Ziert, Bielefeld University, 201dnpublished)
should be transformed in®. glutamicum ELB-P Afum. However, growth ofC. glutamicum
ELB-P Afum was very weak. Therefore, the additional gene taelein this strain was
complicated, and only a mutaft glutamicum ELB-P AaspA with active Fum could be
developed. The successful deletion was proven lmngd®CR.
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It was investigatedf there is already reduction of succinate as produaktring fermentation
under oxygen deprivation conditiowith C. glutamicum ELB-P AaspA in comparison to th
parental strairC. glutamicum ELB-P. The AspA bypass might also function in the mot
strain as overflow valve for the reductive TCA ®dranch During incubatior at an initial
ODeoo of about 15 in 100 ndcrew cap bottles, containimodified CGXII mediun with 3%
(w/v) glucose and 200M NaHCGC;, no difference was obtained concerning succior by-
product formation, except a small increase in fuateafroduction to more than mM (Figure
17). Up to now,the double mutanC. glutamicum ELB-P Afum AaspA could not be
successfully constructedherefore, up to now, an impact of AspA on suc@natoductior
could not be verified.
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Figure 17: Cell density substrate consumption and product formation duarrepresentative anaerobic be
experiment ofC. glutamicum ELB-P AaspA in modified CGXII medium,containing 3% w/v) glucose and
200 mM NaHCQ. A cell density O glucose;® pyruvate® succinat® malate, 4 fumarate. At least two
independent fermentations were performed, sthem showing comparable results.
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5. C. glutamicum tailored for efficient isobutanol production

In a further project of this workC. glutamicum was tailored by metabolic engineering for
efficient isobutanol production under oxygen degtion conditions. This chapter describes
briefly all efforts and achievements made during@ ttonstruction and investigation of
isobutanol-producing. glutamicum mutants, which have been published in Blombachl.et
(2011).

An important precursor for isobutanol productionthwiC. glutamicum is KIV.
Therefore, as mother strairCaglutamicum mutant, tailored for KIV production from glucose
(Krause et al. 2010), was used. Since KIV derivemftwo molecules of pyruvate this strain
was PDHC-deficient. To avoid transamination of KRéilvE gene, encoding transaminase B
(TA) was additionally deleted, leading to auxotrgr branched chain amino acids, but also
to accumulation of KIV. Overexpression of iteBNCD genes, encoding AHAS, AHAIR and
DHAD (Figure 2, Figure 18), respectively, furthdufeed the product spectrum towards KIV.
Although the PQO has been found to be dispensalgrbwth, and a deletion was just
slightly beneficial on L-valine production (Schremmet al. 2006, Blombach et al. 2008), its
inactivation had a highly beneficial effect on Kpvoduction (Krause et al. 2010).

This efficient KIV-producing strairC. glutamicum AaceE Apgo AilvE (pJC4IvBNCD)
(further denoted a€. glutamicum Isol) was further metabolically engineered fobig@anol
production by introduction of a biosynthetic “EleHi pathway” (Figure 18). Since the
formation of 1 mol of isobutanol from 1 mol of ghse requires 1 mol of NADH and 1 mol of
NADPH (Figure 18), isobutanol fermentations weref@ened under oxygen deprivation
conditions to increase NADH availability. Incubatiof C. glutamicum Isol to an Olgyo of
about 15 in Muller-Krempel bottles containing maelif CGXIl medium with 2% W/v)
glucose resulted in significant production of Ltte (~122 mM) and succinate (~29 mM).
No isobutanol was detected, showing tRaiglutamicum naturally is not able to produce
isobutanol (Blombach et al. 2011). Therefore, atlsstic pathway was implemented by
expressingivd, encoding the 2-ketoacid decarboxylase (KIVD) frbactococcus lactis and
adh2, encoding the ADH fron&. cerevisiae (Figure 18), resulting iC. glutamicum AaceE
Apgo AIlVE (pJC4IvBNCD) (pBBlkivd-adh2) (further denoted a<C. glutamicum Is02).
However,C. glutamicum Iso2 showed under oxygen deprivation conditionslar results to
those obtained witlC. glutamicum Isol. Therefore, by deletion d@ihA, the LdhA was
inactivated, preventing L-lactate formation as mgaduct, resulting irC. glutamicum 1so3
(C. glutamicum Iso2 AldhA). C. glutamicum Iso3 was incubated under the same conditions as
the previous strains. The mutant consumed glucosi@nw48 h and produced succinate
(=69 mM) and isobutanol (~26 mM), but no L-lactafbese results showed the functionality
of the synthetic isobutanol pathway (Figure 18Tirglutamicum, as well as the necessity to
inactivate LdhA for isobutanol production under thsted conditions.
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To get rid of the side-product succinate, glutamicum Iso3 was further optimized by
interrupting the reductive branch of the TCA cyclée mdh gene (Table 1), encoding Mdh
was deleted, resulting @. glutamicum Iso4 C. glutamicum Iso3Amdh). When the Mdh was
inactivated to avoid succinate formation, a sevedeiction of glucose consumption occurred
during anaerobic experiments, probably due to abalamced redox state of the cells.
Consequently, th&. coli genespntAB, coding for the membrane-bound ATP-dependent TH
of E.coli, were expressed in the mutant. It could be shokat €. glutamicum Iso5
(C. glutamicum AaceE Apgo AilvE AldhA Amdh (pJC4lvBNCD-pntAB) (pBB1kivd-adh2)) in
contrast toC. glutamicum Iso4 possessed TH activity (O.th.g'l(protem)) and regained the
ability to metabolize glucose efficiently. Henc€, glutamicum Iso5 formed 42 + 1 mM
isobutanol with a ¥s of 0.6 £ 0.02 mol isobutanol per mol of glucosad ashowed with
about 10 mM 86% reduced production of succinater(®lach et al. 2011).

As a next step, it was investigated wheth€rglutamicum exhibits native
isobutyraldehyde-dependent ADH activity and themefgroduces isobutanol without
expressing theadh2 gene fromS cerevisiae. Thus, two new mutants were constructed:
C. glutamicum 1Iso6 (. glutamicum Iso3 without plasmid-borneadh2 gene) and
C. glutamicum Iso7 C. glutamicum Iso5 with plasmid-borne overexpressionaghA from
C. glutamicum instead ofadh2 from S cerevisiae). C. glutamicum Iso6 formed the same
amounts of isobutanol & glutamicum Iso3, indicating that not the ADH frof cerevisiae,
but the endogenous ADH of. glutamicum is responsible for isobutanol production.
C. glutamicum Iso7, showed in comparison to all other straindaeced isobutanol
production of 82+ 1 mM with a & of 0.77 £ 0.01 mol isobutanol per mol of glucose
(Blombach et al. 2011).

Isobutanol
o A
(_ADH N napip)H Glucose
Isobutyraldehyd
= A CcO
K|VD ( 2 NADH
(DHAD ) ( AHAIR ) (AHAS
KIV €&—— <& <~ <«——— 2 Pyruvate

NADPH

Figure 18: Biosynthetic “Ehrlich pathway” to form isobutanflom glucose. Abbreviations: ADH, alcohol
dehydrogenase; AHAIR, acetohydroxyacid isomerortahe; AHAS, acetohydroxyacid synthase; DHAD,
dihydroxyacid dehydratase; KIV, 2-ketovaleric adidyD, 2-ketoacid decarboxylase
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The improvement of isobutanol production pgtAB expression €. glutamicum Iso5 and
C. glutamicum Iso7) indicated that NADPH availability is a ccai factor for isobutanol
production. C. glutamicum Iso3 produced isobutanol without PntAB, pointiry dnother
reaction inC. glutamicum which converts NADH to NADPH. Sauer and EikmanB806)
sketched out a metabolic cycle, causing such aarsion by combining the reactions of PCx
and/or PEPCx, Mdh and MalE. By deletion of the MgEhemalE in C. glutamicum Iso3,
yielding C. glutamicum Iso8, it could be shown that in absence of Matibiganol production
completely stopped. Deletion ofalE in C. glutamicum Iso7 (resulting inC. glutamicum
Is09), led to a reduction of isobutanol by 50% (#2¢1) in Muller-Krempel bottle
experiments. This shows the importance of MalEnemgresence of the TH frof coli.

Finally, biphasic fed-batch fermentations were pernfed withC. glutamicum Iso7 in
300 ml cultures, with an aerobic growth phaseofeéld by an anaerobic production phase,
which was established by stopping aeration andirgiirat 300 rpm. In this experiment
C. glutamicum Iso7 produced about 175 mM isobutanol at a volumgiroductivity of
4.4 mMh™. The Yps was with 0.48 mol isobutanol per mol of glucosede, in comparison
to batch fermentations.

Altogether, C. glutamicum was successfully engineered for the prodnctof
isobutanol. It could be shown that native isobutdghyde-dependent ADH activity alone is
responsible for isobutanol formation and that Mpl&ys a major role to supply the cell with
NADPH under the conditions tested. The highese titf 175 mM isobutanol was obtained
with C. glutamicum Iso7 in fed-batch fermentations. However, with8/3lower Ys;s when
compared to batch fermentations.
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C) DISCUSSION

C. glutamicum has been used in the past to produce a largetywarfeproducts. Besides
classical formation of amino acids, the generaldniee chemical building blocks and fuel
from biomass led to an expansion of the directedipection of chemical compounds, which
may serve as substitute or precursor for diffecammodity or specialty chemicals. White
biotechnology is a promising field for future indual production, with regard to the
restriction of fossil resources (Lorenz and ZinR805). The technical breakthroughs in the
last decade on metagenomias,vitro evolution, functional genomics, transcriptomicsl an
metabolomics, as well as situ process design opened the gate to counterstdeba gocial
and economic crisis, by industrial onset of whitetdéchnology (Lorenz and Zinke, 2005).
Being a well investigated model-organism for Graosipve bacteria with a completely
sequenced genomeg, glutamicum represents a promising workhorse for the prodactb
desired compounds from biomass. The tools for emging C. glutamicum are well-
established and easy to handle. The present wals deer alia with the exploitation of
C. glutamicum for the production of the 1,4-dicarboxylic acidsalate, fumarate and
succinate. For that purpose, the central metabojitevate was recognized as a precursor for
the production of these acids. Therefore, theistagioint of this work was the construction
of a mutant strain, efficiently producing pyruvatéth high yield and productivity. The
stepwise development of the pyruvate produCeglutamicum ELB-P is described and
discussed in detail in Wieschalka et al. 2012a.

Deletion of the geneaceE, pqgo, IdhA, and additional attenuation of the AHAS led step
by step to an efficient aerobically pyruvate-pradgcC. glutamicum mutant. Additionally,
during the stages of developing the mut&higlutamicum ELB-P, alaT and avtA were
sequentially deleted to decrease L-alanine asmioi@dct. This resulted in a gradual reduction
of growth, which could be bypassed by addition @l L-alanine at the beginning of each
experiment (Figure 4). ThouglC. glutamicum ELB-P produced significant amounts of
L-alanine during production phase. It can be caetlthat unspecific activity or an unknown
transaminase compensates the lack of AlaT and A&tAhe beginning of growth phase, the
pyruvate-pool probably is not high enough to add@van unspecific transamination.
Therefore, the whole growth process within thisistibbackground might need a kick off to
cross a certain alanine level. A self-balancingho$ level is imaginable during growth, by
release of D-alanine during cell wall synthesisc@xversion between the L- and D-form of
alanine is anytime possible due to alanine racerfiemech et al. 2002).

The maximal ¥,s of 1.49 mol pyruvate per mol of glucose, obtainedth
C. glutamicum ELB-P in aerobic batch experiments, left roomdptimization of this strain,
as the theoretical pfs for pyruvate production can be calculated to Ineo? per mol with a €
carbon as substrate. The need of a microaerobiseptaring growth, accompanied by a
decreased maximumgp) of 0.97 mol pyruvate per mol of glucose in feddbatermentations,
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pointed to an impact of reductive TCA cycle pathgvay pyruvate production. The Mdh is an
important enzyme irC. glutamicum, exclusively responsible for the reduction of OA&
malate (Molenaar et al. 2000). It was shown preslpthatmdh transcription is 2.7-fold up-
regulated under oxygen deprivation conditions (leual. 2007). As also in shake flasks, at
least at higher cell densities (@of > 10), the cells face oxygen limitation (Zimnremn et

al. 2006), an up-regulation afdh transcription can be expected during batch feratamts of

C. glutamicum ELB-P. Enhancedndh transcription might enable flux towards the redwect
branch of the TCA cycle, also during the aerobmdpiction phase of. glutamicum ELB-P.
This leads in combination with a high availabildy pyruvate possibly to a drain of carbon
towards TCA cycle and aspartate-pathway intermesialo avoid such a reductive flux, the
mdh gene was deleted. Howevet, glutamicum ELB-P Amdh showed reduced pyruvate
production in comparison to the parental straing amstead, formation of about 10 mM
glutamate (Figure 5). These results suggest thadctime Mdh seems to be beneficial for
pyruvate production. It is possible that the remctfrom OAA to malate represents some kind
of excess valve for the fast pyruvate productiod emncomitant formation of NADH during
glycolysis. Malate can afterwards be reconvertepgytuvate, raising the final pyruvate titre.
Throughout the reactions back to pyruvate, eittentens are transferred to the quinone-pool
by MQO, or to NADP by MalE. The latter case would explain the appsagaf the amino-
donor glutamate in the supernatants wineh is deleted, as stopping the NADPH supply may
inhibit transamination reactions with glutamateaasno-donor.

With the characteristics described here and in Wiakka et al. (2012a)C. glutamicum
ELB-P not only is a useful platform for pyruvateoguction, but can be exploited for the
production of pyruvate-derived products. The nexid in this project was the development
of conditions enabling succinate production withstistrain. The first attempt was the
plasmid-borne overproduction of PCx and PEPCx twaane the flux from pyruvate to OAA
under aerobic conditions. This idea was not sufekesss under aerobic conditions
C. glutamicum ELB-P pAN@yc™**®*ppc still accumulated pyruvate and did not produce
succinate at all. This effect can be explained H®y énergetic advantage of the respiratory
chain. The cells transfer electrons from reductiqnivalents gained by conversion of glucose
to pyruvate to the electron carriers in the memérdrhus, proton motif force is generated,
leading to ATP formation. In contrast, the reacsiam the reductive branch of the TCA cycle
just restore redox-balance.

Consequently, the cells were pressured to reshetie redox-balance by reductive TCA
cycle activity. In sealed bottles the bacteria wiaribated in absence of oxygen as external
electron acceptor. The accumulation of lactatecisate and acetate, when oxygen becomes
limiting, was first shown by Dominguez et al. in9B Later, Inui et al. (2004a) used this fact
for the production of organic acids wit@. glutamicum WT under oxygen deprivation
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conditions. In the following decade, different setwand strain modifications were reported,
showing positive effects on succinate productidme Tajor targets were the enhancement of
the succinate production ratio in comparison todtier products, which can be achieved by
addition of bicarbonate (Okino et al. 2005) andckiong of side-product forming reactions.
The latter was achieved by deletion of tdbA gene, stopping the production of L-lactate
under oxygen deprivation conditions and leadinthoformation of 1.24 M succinate with a
Ypss of 1.4 mol succinate per mol of glucose (Okinoakt2008a). However, up to 0.3 M
acetate accumulated as side-product (Okino et G08&). More recently, Litsanov et al.
(2012b) could produce succinate with lower by-paidwoncentrations, additionally
decreasing acetate formation by deletioeatf pgo, and thepta-ack operon.

In the present work, L-lactate formation was alseatbcked by deletion of thelhA
gene inC. glutamicum ELB-P. The strain therefore was used directlysiaccinate production
under oxygen deprivation conditions (Figure 6). 185 ml Muller-Krempel bottles, a
concentration of up to 100 mM succinate from 28fv) glucose was obtained £)¢0.78 mol
succinate per mol of glucose). Besides, small ansowh the TCA cycle intermediates
fumarate (~1 mM) and malate (~7 mM) were produdddjor side-product was pyruvate
(~20 mM), leading to the assumption that there lisn@ation in the reaction steps below the
level of pyruvate. Noteworthy to mention is thetfd@at in comparison to all other published
strains, which were metabolically engineered fog @iroduction of succinate, no acetate
occurred as by-product wit@. glutamicum ELB-P. This can be explained by the deletion of
thepgo gene and especially by the inactivity of the PDIg@venting the formation of acetyl-
CoA as precursor for all other known acetate-fognpathways inC. glutamicum. Lower
acetate formation under oxygen deprivation condgiby deleting theceE gene was also
reported previously by Yasuda et al. (2007). Althlothe Y5 obtained withC. glutamicum
ELB-P and C. glutamicum ELB-P pAN@yc™**%ppc was not very high under oxygen
deprivation conditions, a limitation in succinatgert was excluded since overproduction of
the succinate exporter Suc (Huhn et al. 2011) hadeffect on succinate production.
Though, recentn vivo NMR studies showed that succinate accumulateS. giutamicum
cells after reaching a certain extracellular l€f®ados, ITQB Oeiras; unpublished data).

Also the influence of bicarbonate on anaerobic imate production withC. glutamicum
ELB-P was investigated. Inui et al. (2004a) statesl positive influence of bicarbonate on
succinic acid production. The same group afterwatdsionstrated that the predominant
bicarbonate-dependent enzymednglutamicum is under oxygen deprivation conditions the
PEPCXx (Inui et al. 2004b). Enhanced activity of BERnd consequent positive influence on
succinate production by high GOconcentrations has also been reported for
A. succiniproducens (Samuelov et al. 1991). Figure 7 shows for theedrpental setup used
with C. glutamicum ELB-P that addition of bicarbonate not only hasrdluence on the ¥s
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of succinate, which increased from 0.78 to 0.91 sumcinate per mol of glucose (Table 3,
Table 4), but also negated a limitation of the Hbocaate pool for the carboxylation step
towards OAA, leading to complete consumption of @%) glucose (Figure 7B). The effect
of bicarbonate on the py; disappeared by introduction of pAp&™**®Ppc into the mutant,
probably due to enhanced carboxylation activityb{€a3, Table 4). Although productivity
slightly decreased by addition of NaHE® all cases (Table 3, Table 4), the effect topkee
glucose consumption and succinate production sthbrieg feed of higher substrate (glucose)
amounts, showed the crucial role of bicarbonateilabty for the carboxylation step
towards OAA.

In connection with C@supply to the medium, the origin of bicarbonatehi@ medium
was investigated, which enabl€& glutamicum ELB-P to convert 2%w/v) of glucose to
succinate in absence of an additional,30urce. It turned out that urease, which is able t
degrade urea to ammonia and £C@iewe et al. 1998) seemed to be responsible @y C
availability in modified CGXIl medium (Figure 8). xigeriments with higher urea
concentrations showed the complete consumptioruabge even with initial concentrations
above 2% \{/v) glucose, leading to higher final succinate titresexperiments with lower
concentrations or no urea in the medium glucosswoption decreased, resulting in lowered
succinate accumulation (Figure 8).

For further improvement of the succinate productonditions, the influence of volume and
composition of the gas phase in the headspaceecédhled bottles was investigated. It was
presumed that the cultures became rapidly anaerofmsuming the oxygen in the headspace
(Blombach et al. 2011). However, the short aerpbiase led to less efficient succinate yields
in all different bottle types tested, since exchagghe air gas phase in the headspace by
nitrogen in 125 ml Muller-Krempel as well as in 100 screw-cap bottles had a beneficial
effect (Table 5). The highestp) was obtained by incubation &. glutamicum ELB-P in
100 ml screw cap bottles, replacing the air in beadspace by nitrogen in presence of
NaHCQ; (Table 5). The advanced effect of NaH{Qnh the Y5 obtained in the 100 ml
bottles can be explained by a lower eruption ok @b the gas phase. In the smaller bottles
the pressure is higher and increases the condentratf dissolved C@ A higher
concentration of dissolved GQOn the medium supports diffusion of @@nto the cells.
Therefore, these conditions were used for all frrxperiments. In presence of NaHC e
positive effect of pANByc”**#ppc was surprisingly low (Table 3, Table 4). Thisriscontrast

to other succinate producing@. glutamicum strains, in which additional expression mjic
showed a beneficial effect on succinate productiouni et al. 2004b; Litsanov et al. 2012b),
and in contrast to the postulated importance of @E&nder oxygen deprivation (Inui et al.
2007). However, also the succinate produ&eglutamicum AldhA-pCRA717 did not show an
improvement in succinate production by overexpassif thepyc gene (Okino et al. 2008a).
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Although, this effect could be a consequence of Aiffftation during anaerobic experiments,
the authors of this publication suggested that rdde-limiting step is the provision of
bicarbonate for the carboxylase reaction (Okinale2008a). C@and not HC@ crosses the
membrane, meaning that the transport becomes inaiteay in dependence on carbonic
anhydrase activity, since GOdiffusion is decelerated when the intracellular ,CO
concentration is high (Gutknecht et al. 1977). Eoroli it was calculated that the demand for
bicarbonate during growth is ¥to 1('-fold greater than would be provided by uncatalyzed
intracellular hydration, leading to the assumptiloat carbonic anhydrase activity is essential
(Merlin et al. 2003). These suggestions are fedififor succinate production with
C. glutamicum ELB-P, as the results without addition of NaH{Dow a higher productivity
in comparison to those with NaHG®upply (Table 3, Table 4). The enhanced produgtiai
absence of NaHC{ s probably due to the reaction catalysed by @eabich already forms
carbonate ions as a product in aqueous soluti@iiig to easier accessible bicarbonate,
without dependency on GQliffusion. Of course the medium which is additibywaupplied
with NaHCGQ contains also urea, but the intracellular ureasetion might be lowered by
saturation of the medium with carbonate ions orobyer, probably pH-dependent effects.
Carbonic anhydrases are not well investigate@.iglutamicum. In 2004, Mitsuhashi et al.
identified the genebca andgca coding for putativgs-type andy-type carbonic anhydrases. It
could be shown that tHaca gene product was essential for growth under aerctmditions,
but the overexpression of the identified genesr@mbeneficial effect on L-lysine production,
during which HC@ availability is also a limiting step at the lewwIthe PEP-pyruvate-OAA-
node (Mitsuhashi et al. 2004).

It was decided to investigate the impact of a ceylagion-independent reaction on
succinate production, by plasmid-borne overexpoessf mdh. The aim was to increase the
reductive flux by higher Mdh availability. Due tbet expression on pBB1, transcriptional
regulation ofmdh was additionally bypassed. Such a regulationatedtfor the nativendh
gene, which is activated under oxygen deprivatiomddtions (Inui et al. 2007). The absence
of an effect on succinate production under usagg®imdh overexpressing plasmid pBB1-
€g2613 eliminated the Mdh as bottleneck in the reducli@A cycle branch.

Throughout the anaerobic experiments withglutamicum ELB-P, the carbon balance
was not even, adding the measured products inupersatants in comparison to the glucose
consumed. HPLC analysis revealed that no consitieraimounts of amino acids were
produced (L-alanine and L-valine < 7 mM, L-isoleweiand L-lysine < 2 mM, all others
below detection limit; B6hm, 2012). This fact lexthe assumption that intracellular storage
substances, such as glycogen, are formed. Howewneasurements of the intracellular
glycogen-levels irC. glutamicum ELB-P, after incubation under the for succinatedoiction
established conditions, revealed very low valued 25 mgg(CDW)'l, which is just 10% of
those obtained fo€. glutamicum wildtype, grown under the same conditions (Philigm
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Zaluskowski, Institut fir Mikrobiologie und Bioteoblogie der Universitat Ulm; unpublished
data). Therefore, the lacking carbon (approximai@20%) went into unknown by-products.

To study the relevance for industrial applicationsie-stage fed-batch experiments for
succinate production wittC. glutamicum ELB-P were established on the basis of the
experiences made with this strain during pyruva@-batch fermentation<C. glutamicum
ELB-P showed low glucose consumption and minor isate production when growth was
performed completely under oxygen surplus (30% D@®Mhen the cells could enter a self-
induced microaerobic phase after the second bdtekeatate (Figure 9B), they started in the
following anaerobic production phase to consumeage efficiently and they produced up to
350 mM succinate with apys of 1.02 mol succinate per mol of glucose (Figute Bable 6).
Although the productivity was slightly lower (0.58mokgcpw)-h™) in comparison to sealed
bottle experiments (see Table 5), the,sYremained at a similar level in fed-batch
fermentations. The beneficial effect of introducswgh a microaerobic phase before entering
the oxygen deprivation stage was shown recentlyséwmeral production strains & coli.
Martinez et al. (2010) reported of improvement @fsYtitre and productivity for succinate
production withE. coli SBS550MG (pHL413), introducing a microaerobic ghasthe end of
growth before switching to anaerobic conditionsisTéould be improved with the same strain
by Zhu et al. (2011), using an experimental setufth won-controlled agitation and non-
controlled pH during growth. Under these conditiomself-induced microaerobic phase was
established during growth, accompanied by selfleggd pH conditions, resulting in an about
3-fold higher succinate titre in comparison to pinevious work. Wu et al. (2011) did not run
a microaerobic step for succinate production atdahd of growth, but a low-growth-rate
adjusted setup with a special agitator recyclireguked air from the headspace back into the
medium, leading to significant succinate productiath E. coli NZN111. Combining these
reports with the findings of this work in conjurasti with dual phase and tri-phasic fed-batch
fermentations of strains producing pyruvate (Wiedich et al. 2012a), succinate (see above)
and isobutanol (Blombach et al. 2011), the requdist to an important and complex impact
of the physiological state of the cell on the resipe production processes. Up to now, the
knowledge of transcriptional, translational andyenatic connections within the cells is not
sufficient to understand the complex backgroundedf adaption to the different conditions.
However, better understanding of the physiologieactions on changing conditions, such as
transition from aerobic to oxygen deprivation cdiwgis, will help to optimize process
settings and may significantly improve differenbguction systems used within this work.
Effective fermentation systems for the productiérswuccinate had been established for
sealed bottle batch cultures as well as for fedtb&rmentations in the 400 ml fermenter
system. As a next step, the mutant strain shoultuttkeer improved to compete with other
C. glutamicum succinate producers (reviewed in Wieschalka e2@l2b), such as the above
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mentionedldhA negative andpyc overexpressing metabolic engineer€dglutamicum R
strain C. glutamicum AldhA-pCRA717 (1,240 mM, 1.4 mol succinate per mol aficglse,
27 mMh™®; Okino et al. 2008a). More recently, Litsanov dt €012b) engineered
C. glutamicum ATCC 13032 for succinate production by further rmpng the attempts
shown by Okino et al. (2008a). By deletion of tdbA gene, chromosomal integration of
pyc"**®>and deletion of the genes responsible for acesatéhesis £cat, Apqo, Apta-ack),
strain C. glutamicum BOL-2 was obtained, which produced up to 120 mMcswate with a

Y pss of 1.03 mol succinate per mol of glucose. As ia tase ofC. glutamicum ELB-P (see
below), the relatively low ¥s for succinate revealed an impact of reduction \emjant
limitation. Therefore, by addition of formate toetlmedium and genomic integration of the
fdh gene fromMycobacterium vaccae, coding for a NAD-coupled formate dehydrogenase,
NADH and CQ availability were increased. The resulting str&nglutamicum BOL-3
showed impaired glucose uptake. To increase theobiyc flux, the GAPDH was
additionally overproduced. The final straif,. glutamicum BOL-3/pAN6-gap, produced
1,134 mM succinate with ap¥ of 1.67 mol succinate per mol of glucose during-lbatch
fermentations on a substrate mixture of glucosefandate, complemented with bicarbonate
(Litsanov et al. 2012b). However, the need of fdenas additional carbon source for
production complicates medium composition in congoar to the succinate production
conditions established f@. glutamicum ELB-P.

The same group reported of aerobic succinate ptmuwvith C. glutamicum for the
first time. Deletion of the genes coding for thetbitiated aerobic succinate production via
the oxidative branch of the TCA cycle, but espdgialue to glyoxylate shunt and
concomitant isocitrate lyase activity. Additionahus-down of the pathways for acetate
synthesis Acat, Apgo, Apta-ack) led to the mutanC. glutamicum BL-1 (Litsanov et al.
2012a). Introduction of pAN@yc™**®ppc into this mutant resulted under nitrogen-limited
growth conditions in final succinate titre ang,of 90 mM and 0.45 mol succinate per mol
of glucose, respectively (Litsanov et al. 2012aprérecentlyC. glutamicum BL-1 was used
to produce succinate on glycerol as sole carbomcepwy introduction of the glycerol
utilizing genesglpFKD from E. coli (Litsanov et al. 2012c). The plasmid pVWEgIpFKD
was previously shown to enable growth and amind-gebduction ofC. glutamicum on
glycerol as sole carbon source (Rittmann et al820QD. glutamicum BL-1 pVWEXx1glpFKD
aerobically produced 79 mM succinate with gs¥of 0.21 mol per mol of glycerol (Litsanov
et al. 2012c). However, all attempts to produceisate aerobically resulted in lower yields,
productivities and titres than reported for produtiunder oxygen deprivation.

Also E. coli was used in the past for directed production afcsate; e.g.E. coli
SBS550MG (pHL413) produced under oxygen deprivaB6 mM with a ¥;s of 1.6 mol
succinate per mol of glucose and a productivity oiM-h™ (Martinez et al. 2010). The most
efficient anaerobic succinate produciggeoli strainE. coli SBS550MG/pHL413 (Sanchez et
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al. 2005) yielded 1.6 mol succinate per mol of ghe and produced with almost 350 mM
succinate the same concentration of succinateC.agutamicum ELB-P, however with
formate and acetate as by-products.

Aside from C. glutamicum andE. coli, there are natural succinate producing bacteria,
such asA. succiniproducens ATCC53488 (180 mM, 1.37 mol succinate per mol lofcgse,
9 mM-h® Glassner and Datta, 1992f\ctinobacillus succinogenes (897 mM, 1.26 mol
succinate per mol of glucose, 12 niit Guettler et al. 1996), anill. succiniproducens
(444 mM, 1.16 mol succinate per mol of glucosemM-h™; Lee et al. 2006). However, these
bacteria all have in contrast ©. glutamicum ELB-P the disadvantage to need complex
medium for growth and production, resulting in heghproduction costs. Furthermore,
C. glutamicum ELB-P possesses not only potential for further rmpment of succinate
production from glucose as sole carbon sourceydpresents also a promising platform for
the production of other pyruvate-derived products.

All mentioned natural and non-natural succinatedpoers have in common that theis¥is
above 1 mol succinate per mol of glucose under exydeprivation conditions. This fact is
not astonishing as, taking the known carbon meistinopathways into consideration, also
C. glutamicum ELB-P theoretically should be able to form morarntii mol succinate {out

of 1 mol glucose (g), due to additional carbon fixation (Figure 2).t&kamiting was the
supply of reduction equivalents, leading to a redukalance during succinate production
from glucose under oxygen deprivation conditionig(ffe 10). As a solution a concept was
intended to provide more reduction equivalentsthier reactions catalysed by Mdh and SDH.
By redirection of the carbon flux through the PR&ditional reduction equivalents should be
generated in the reactions catalysed by G6PDH &@DadH. InC. glutamicum ATCC 13032
WT, a carbon flux of 69% through the PPP was olexkfBartek et al. 2011). The flux was
increased in PDHC-deficient mutan@. ¢lutamicum AaceE) to 78%, when grown on glucose
and acetate as carbon sources (Bartek et al. 2Ft).L-valine production optimized
daughter strains of. glutamicum AaceE showed an even more increased flux through the
PPP, of up to 113% (Bartek et al. 2011). This efigas explained by the high NADPH
demand for L-valine formation. However, prelimindry vivo studies withC. glutamicum
ELB-P revealed a reduced impact of the PPP of appadely 5% for this mutant (Rados,
ITQB Oeiras; unpublished data). The differencesgcaomparison to the L-valine producers,
are a highly optimized flux of the branched-chamirao acid pathway in the L-valine
producers, enforcing the demand for NADPH, andubegge of oxygen deprivation conditions
for succinate production witE. glutamicum ELB-P. The latter difference is in line with the
findings of Dominguez et al. (1993), describingraatly reduced flux through the PPP under
oxygen limitation. Albeit, it is theoretically pabte to enhance the PPP flux in
C. glutamicum ELB-P by metabolic engineering, in order to ackiemhanced reductive TCA
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cycle flux. Such interference offers a wider ramjeeduction equivalents, like shown for
L-lysine producers (Ohnishi et al. 2005; Beckeale007).

One target for further modifications was the G6PDIjch is inhibited in its activity
by NADPH, GAP, ATP, Fructose-1,6-bisphosphate (P}, @rythrose-4-phosphate, ribulose-
5-phosphate, and PEP (Moritz et al. 2000; Beckexl.e2007). An amino acid exchange of
Ala243 — Thr in the G6PDH led to a higher affinity of thezgme to its substrate NADP
and a stronger resistance to its inhibitors ATP BEdP (Becker et al. 2007), albeit not to
higher G6P affinity and not to diminished inhibitidy NADPH (Becker et al. 2007). The
latter point caused probably the inefficiency dfae G6PDH deregulation i@. glutamicum
ELB-P. An amino acid exchange of Ser361 Phe in the 6PGDH led to a diminished
allosteric regulation and diminished competitivaiimtion of the enzyme by NADPH, ATP,
GAP and F1,6P (Ohnishi et al. 2005). The doublemmsomal exchange aivf andgnd with
the genes encoding the deregulated derivatives66fDB and 6PGDH led just to a slight
increase of succinate accumulation withglutamicum ELB-P (Figure 11). It is noteworthy
that in all experiments with the double deregulatroutant, the Y¥s (average of 1.07 mol
succinate per mol of glucose) and the producti(dtyerage of 0.79 mmaicow) -h™) were
increased in comparison to the parental strainléf'ap However, with p-values of 0.28 and
0.3, respectively, the enhanceg,srand productivity could not be verified as sigraiit.
Nevertheless, the results suggest a stronger ingh&RGDH deregulation on the redirection
of the carbon flux into the PPP than the deregutatif G6PDH, reflecting the results shown
for L-lysine producing strains o€. glutamicum. C. glutamicum AHP-3, containing the
GndS361F derivative, displayed increased L-lysimedpction by approximately 15%
(Ohnishi et al. 2005), whil€. glutamicum ATCC 13032 lys®", containing the ZwfA243T
derivative, showed no significant increase in Lixgs production (Becker et al. 2007).
However, by overproducing ZwfA243T on a plasmid @ndontrol of thesod promoter, a
40% increased L-lysine production could be obtaifigetker et al. 2007). The same plasmid
was recently tested for succinate production W@tlglutamicum ELB-P, showing no effects
(Bohm, 2012). The expression of the gemeb andgnd, as well as of other PPP genes, is
repressed by the two transcriptional regulatorsR&nand GntR2 (Frunzke et al. 2008).
Gluconate and glucong&actone interfere with the binding of these retpig (Frunzke et al.
2008). Since these effectors are not present iratisence of gluconate as carbon source, a
repression of the PPP by GntR1 and GntR2 is coabkay

By deletion of thepgi gene the carbon flux was forced completely inte BPP. Such a
metabolic modification has already been shown toremse the ys for L-valine with
C. glutamicum, decreasing pyruvate as by-product due to the rexduha availability of
NADPH for the reactions of the branched-chain an@ioid pathway (Bartek et al. 2010). The
same effect was reported for product and by-prottret in L-lysine producers (Marx et al.
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2003). InE. coli apgi deletion leads to the use of the PPP for glucosilmolism (Hua et al.
2003). Interestingly, in such a mutant the amowfitPEPCx-derived OAA are decreased,
while the usage of the glyoxylate shunt increasegstfe formation of sufficient amounts of
OAA (Hua et al. 2003). The PGI negative mutant giesd during this workC. glutamicum
ELB-P Apgi ZwfA243T GndS361F, had a peculiar phenotype, &srihed clumps in liquid
cultures, which could be unclenched by additiongbfcose or fructose to the medium.
FurthermoreC. glutamicum ELB-P Apgi ZwfA243T GndS361F hardly consumed glucose in
the established oxygen deprivation system, leatdirtge production of negligible amounts of
succinate (Figure 12).

The surprising observation th&. glutamicum ELB-P Apgi ZwfA243T GndS361F,
although growing well in aerobic complex medium quiéures, hardly consumed glucose
under oxygen deprivation was investigated. It wgsothesized that glucose metabolism was
lowered due to a redox imbalance within the celislar oxygen deprivation conditions.
Performing batch experiments with. glutamicum ELB-P Apgi ZwfA243T GndS361F in
presence of an external electron acceptor to arodO8f about 15, either in baffled
Erlenmeyer flasks (Figure 13A) or in sealed botflegplemented with 50 mM nitrate (Figure
13B), should compensate such an imbalance. ActuadhktingC. glutamicum ELB-P Apgi
ZWFfA243T GndS361F cells were able to consume glei@s sole carbon source in presence
of an external electron acceptor, forming pyruvase major product (Figure 13). It was
concluded that a surplus of NADPH, generated duRR#, probably blocks metabolism of
C. glutamicum ELB-P Apgi ZwfA243T GndS361F under oxygen deprivation cowodisi,
since glucose consumption in presence of an exteleetron acceptor indicates oxidation of
reduction equivalents. Indeed, there are reports NADPH dehydrogenase activity.
Matsushita et al. described in 2001 NADPH dehydnage activity by an unknown NADH
dehydrogenase Il homolog at acidic pH. In contragie-effects of the type Il NADH
dehydrogenase were reported to be responsible AQMH oxidation even under neutral pH
(Molenaar et al. 2000). Such type Il NADH dehydnogses lack energy coupling sites, bear
flavins but no iron-sulphur clusters (Yagi et ab02) and were shown to transfer electrons
intensively from NADPH to oxygen instead of quinenm C. glutamicum, resulting in
reactive oxygen species (Nantapong et al. 2005gafRiess which enzyme is in charge for
NADPH oxidation, the lowered carbon consumptionaermakygen deprivation conditions by
C. glutamicum ELB-P Apgi ZwfA243T GndS361F indicated a severe redox imlzdarither
by the inability to regenerate NADP or by regulatory effects due to a high
NAD(P)H/NAD(P)' ratio.

The enzymes requiring reduction equivalents in peathway of anaerobic succinate
production are Mdh and SDH. The Mdh usesitro NADPH as well as NADH as cofactor
(Molenaar et al. 2000; Genda et al. 2003), bubssibly not able to oxidise NADP#H vivo.
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Deletion ofmdh probably improved NADH availability and led to aevere redox imbalance
in isobutanol producingC. glutamicum mutants under oxygen deprivation conditions
(Blombach et al. 2011), disclosing the possibiltty circumvent the impaired glucose
consumption ofC. glutamicum ELB-P Apgi ZwfA243T GndS361F by conversion of NADPH
to NADH. Such a conversion can be carried out birdodogous overproduction of a TH
(Figure 14).E. coli possesses two THs: the membrane-bound ATP-depeRdekB and the
soluble UdhA (Sauer et al. 2004). UdhA was showbedcessential for growth of @gi null

E. coli mutant, for which reason overexpressiorudiiA could significantly improve growth
of such a mutant (Sauer et al. 2004; Canonaco.€€204ll). Furthermore, ii. coli Apgi
mutants,udhA was up-regulated, whilpntAB was down regulated after a 50-day adaptive
evolution period, probably due to the higher neeNADH instead of NADPH (Charusanti et
al. 2010). Plasmid-borne overproduction of UdhACirglutamicum ELB-P Apgi ZwfA243T
GndS361F indeed improved growth in aerobic cultuf@ata not shown), but had no
beneficial effect on the situation under oxygen rdgpion conditions, although low TH
activity could be detected i@. glutamicum ELB-P Apgi ZwfA243T GndS361F pBBLdhA.
Probably, the specific activity obtained was tow lto enhance glucose consumption under
the established succinate production conditions.

Another possibility, explaining the lowered carboansumption ofC. glutamicum
ELB-P Apgi ZwfA243T GndS361F, was found to be inhibition b&tGAPDH by the excess
of reduction equivalent<. glutamicum possesses two GAPDH isoforms: GapA and GapB
(Omumasaba et al. 2004). GapA is indispensablegfowth on glucose, while GapB has
greater influence on growth under glyconeogeneaidions (Eikmanns, 1992; Omumasaba
et al. 2004). Recently, Litsanov et al. (2012b)orégd of a carbon metabolism blockage with
a metabolically engineered succinate producerCoflutamicum (see above). In this
publication the GAPDH activity was decreased byacess of NADH. Such an inhibition by
NADH has been proven by several groups (Domingtiet. €998; Omumasaba et al. 2004).
Litsanov et al. (2012b) solved the problem succglysby overproduction of GapA, probably
due to increased total availability this enzymens§amuently, the plasmid was introduced to
C. glutamicum ELB-P Apgi ZwfA243T GndS361F, expecting a similar effect dgrNADPH
excess. However, pAN@Gap had no beneficial effect on succinate productioithw
C. glutamicum ELB-P Apgi ZwfA243T GndS361F. Anyway, the impact of GapA
overproduction under these conditions might notabemportance for thepgi negative
mutant. It was shown in the past thatvitro relative GapA activity is not inhibited during
NADPH excess, but is even enhanced to 122% forsthistrate NAD (Omumasaba et al.
2004). This implies foC. glutamicum ELB-P Apgi ZwfA243T GndS361F pANG@ap either
another regulatory effect due to additional enhdri¢ADH formation by GAPDH, or that the
bottle-neck, lowering carbon consumption, has ttobed elsewhere.

63



Discussion

Reflecting all the observations made under suceinatoducing conditions with the
derivatives of C. glutamicum ELB-P and concerning current publications, thesesiill
potential to improve succinate production by furtisérain development. Considering the
studies ofpgi negativeE. coli mutants, in which PEPCx activity is decreased glgdxylate
shunt activity increased (Hua et al. 2003), inteniee at these points might be beneficial.
Overproduction of PEPCx, PCx, or unlocking of tHgogylate shunt by introduction of a
leaky variant of the PDHC, is imaginable. For th#dr, a promoter exchange construct for
the aceE gene has already been constructed and testedn@rkan, 2010). Furthermore, a
leaky PDHC has the advantage to bypass acetatdrapkg during growth. However, an
active PDHC enables formation of acetate as anaetmpproduct. As a solution for this
problem a deletion of thata-ack operon is recommended, possibly by exchangingpleeon
with the pyc™*®° gene, like done by Litsanov et al. (2012b). A camtion of different
approaches, e.g. subsequent overproduction of UatitAMdh, also might enhance glucose
consumption ofC. glutamicum ELB-P Apgi ZwfA243T GndS361F under oxygen deprivation
conditions.

Biotechnological fumarate production in relevantoamts is up to now just known for
filamentous fungi and biotechnological engineeredsys (Roa Engel et al. 2008; Xu et al.
2012). The production of fumarate with glutamicum ELB-P, using the reductive branch of
the TCA cycle and disrupting the genes encoding S&id not successful. In comparison to
succinate production from glucose, the closed rdmdance towards fumarate seemed to be a
promising approach. However, fumarate was prodirceery low amounts, while succinate
accumulated as major product (Figure 15). Thesairfgs point to a potential toxicity of
fumarate to the cell, probably due to the inabildyactively export this metabolite. A similar
observation was made with coli. The deletion of the genes coding for fumarateictake
led to the production of malate, but not fumaratbkang et al. 2011). The results obtained
with C. glutamicum ELB-P AsdhCAB also point to an alternative reductive succinate
producing pathway, since the deletion smhCAB could not block succinate formation
completely. The existence of such a pathway is ik, as a deletion aindh was also not
sufficient to completely block succinate productionder oxygen deprivation conditions
(Blombach et al. 2011).

Additionally, the approaches to produce malate Witlglutamicum by deletion of either
fum or both fum and sdhCAB in C. glutamicum ELB-P were accompanied by succinate
production (Figure 16). One alternative succinatepcing pathway, at least mdh andfum
negative mutants, is a route from OAA to aspatfisitewed by deamination via AspA. Up to
now, just a deletion oaspA in the parental straif. glutamicum ELB-P was investigated,
leading to no difference in succinate productioo.ifivestigate this in detail, a mutant devoid
of Fum, SDH and AspA should be investigated in feit\ potential impact of the glyoxylate

64



Discussion

shunt as source for succinate can literally beusled as this pathway cannot be sustained in
PDHC negative mutants on glucose as sole carborcesodue to the lack of acetyl-CoA.
However, side-activity of the oxoglutarate dehydnogse complex (ODHC) is conceivable,
converting pyruvate to acetyl-CoA. The ODHC submimitost likely form a supercomplex
with the subunits of the PDHC (Hoffelder et al. @plnd may have the ability to bypass
PDHC deficiency when the pressure on metabolisrhigh enough. In malate-producing
E. coli mutants, an aspartase and glyoxylate shunt bypassgll as activity of an unknown
fumarate reductase or spontaneous dehydration laten@ould be experimentally excluded
as reason for unexpected succinate formation (Zkaagf 2011).

Regarding malate production obtained withglutamicum ELB-P Afum and the double
mutant C. glutamicum ELB-P Afum AsdhCAB, the Yps and the productivity increased
significantly in comparison to the parental str@liable 7). However, glucose consumption
decreased intensely after 6 h, leading to a finalate titre of only about 8 mM (Figure 16).
The weak production phase was more or less comlpaiathat obtained during pyruvate and
succinate fed-batch fermentations when growth werfopmed under oxygen surplus. This
indicates that due to the weak growth of mutantkitey thefum gene, the bacteria do not
undergo the low oxygen tension during growth infledf Erlenmeyer flaks, which was
postulated by Zimmermann et al. (2006), and doupetegulatendh transcription. Therefore,
the reductive branch is most likely not activatetbperly. However, plasmid-borne
overproduction of Mdh in these strains did notHertimprove malate production. The final
titre obtained, is by far not enough to competeéhwither malate-producing microorganisms.
Amongst these are natural malate producers to bedfoe.g.Aspergillus flavus (843 mM
malate with a ¥;s of 1.26 mol per mol of glucose and a volumetriodurctivity of
4.4 mmoll™-h™; Battat et al. 1991), as well as biotechnolog@agineered. coli strains, e.g.
E. coli XZ658 (253 mM malate with apys of 1.42 mol per mol of glucose and a volumetric
productivity of 3.5 mmol™h; Zhang et al. 2011). Nevertheless, this was tts fime and
attempt to engineet. glutamicum for the directed production of malate. Improvemenght
be possible by introducing a leaky variant of tiHE as described for succinate production
(see above). Such interference probably will enaldéate accumulation from two directions,
namely the reductive branch of the TCA cycle asl aslthe glyoxylate shunt, though also
increasing the by-product succinate. Furthermo@nlgning metabolic evolution with
classical strain design appeared to be a promtsioigor the enhanced production of malate,
as described foE. coli (Jantama et al. 2008). Such an approach is alsfercable to
C. glutamicum, starting with the already modified strains forlate production.

Besides production of chemical building blocks frbiromass, also the microbial production
of biofuels is of great economical and industndérest.C. glutamicum was already exploited
in the past to produce ethanol (Inui et al. 2004b)ring this work, in addition to the
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production of the 1,4-dicarboxylic acids, glutamicum was engineered to produce the higher
alcohol isobutanol from glucose. In the last decatd@as shown fokE. coli, B. subtilis and

C glutamicum that the production of isobutanol with these baateeeds the implementation
of a biosynthetic “Ehrlich pathway” (reviewed inddhbach and Eikmanns, 2011). For that
purpose the gendsvd andadh2 encoding KIVD fromL. lactis and ADH fromS. cerevisiae
had to be expressed @ glutamicum, to complement the already existing pathway mediat
by the reactions of AHAS, AHAIR and DHAD (Figure)1&s KIV is an important precursor
of isobutanol, as a starting point the KIV produ€eglutamicum Isol C. glutamicum AaceE
Apqgo AIlVE (pJC4lvBNCD); Krause et al. 2010) was used as a basis. Thefibeh effect of
AHAS, AHAIR and DHAD overproduction on isobutanotopluction was also shown by
Atsumi et al. (2008) witlE. coli and in parallel to the present work, by Smith let{2010)
with C. glutamicum. To prevent L-lactate formation as predominantdpat under oxygen
deprivation conditions (Inui et al. 2004a), addiadly to kivd andadh2 expression, the LdhA
had to be inactivated, leading to a redirectiorcafbon flux towards KIV and isobutanol
(Blombach et al. 2011). The resulting straih glutamicum Iso3 produced isobutanol
(~26 mM) for the first time, but no L-lactate. Suglbeneficial effect on isobutanol formation
was observed before by Smith et al. (2010). Howesgecinate accumulated as by-product.
The Mdh was inactivated to prevent succinate foionaand to increase pyruvate as well as
reduction equivalent availability. But the Mdh nega mutantC. glutamicum Iso4, showed a
severe reduction of glucose consumption, probalbily th a redox imbalance, unless the
pntAB genes oE. coli were expressed within the straf® glutamicum Iso5). PntAB uses the
electrochemical proton gradient across the membi@neduce NADP by NADH oxidation
(Kabus et al. 2007), thus enhancing NADPH availgbiunder oxygen deprivation
conditions.

Investigation of the mutan€. glutamicum Iso6, which harboured all modifications
made withinC. glutamicum Iso3 but was devoid of the ADH & cerevisiae revealed that
solely the native ADH of C.glutamicum was responsible for the reduction of
isobutyraldehyde. Therefore, the mut&htglutamicum Iso7 was generated, overexpressing
adhA instead ofadh2 within the strain background df. glutamicum Iso5. The mutant
showed an increased-¥ of 0.77 mol isobutanol per mol of glucose in limigh observations
of Smith et al. (2010), which revealed also impw&butanol formation of. glutamicum
by overexpression addhA. Atsumi et al. (2010) investigated the role offeliént ADHs on
isobutanol production witl. coli and showed that also & coli the ADH of S cerevisiae
plays a minor role on converting isobutyraldehydecomparison to the native YghD of
E. coli.

Finally, a production process was developed, comdgirbiomass formation and
isobutanol production in a single reactor (one-stBymentation)C. glutamicum Iso7 grew
aerobically and produced isobutanol in a growthedeted manner when aeration was
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stopped. The application of oxygen deprivation dows and low level stirring not only
should enhance reduction equivalent availabilityt, dso prevent a loss of isobutanol by gas
stripping. The reduction of thep) during fed-batch fermentation to 0.48 mol isobotgrer
mol of glucose indicated again the severe impath@fphysiological state of the cells during
transition from aerobic to oxygen deprivation cdimtis, as already discussed for succinate
production (see above). HowevéZ, glutamicum Iso7, was competitive in comparison to
other isobutanol producer strains, sucttasoli JCL260/pSA55/pSA69 (s of 0.86 mol per
mol of glucose; Atsumi et al. 2008}, coli 1993 (pGVferm6) (¥;s of 1.03 mol per mol of
glucose; Bastian et al. 2011), Brsubtilis ULO3 (Yp;s of 0.2 mol per mol of glucose; Li et al.
2011).

Since C. glutamicum does not possess a chromosomally encoded TH (Kabus.
2007), a native TH-like route could be identifiedG. glutamicum, which was sketched out
already by Sauer and Eikmanns (2005) as an ATPrdieioé metabolic cycle, consisting of
pyruvate and/or PEP carboxylase, Mdh and MalE, ingua conversion of NADH and
NADP® to NADPH and NAD. Inactivation of the MalE irC. glutamicum Iso3 abolished
isobutanol production completely. Deletion whlE in C. glutamicum Iso7 was partially
bypassed by PntAB activity, however leading to duntion of isobutanol production by
NADPH limitation, suggesting that such a TH-likeite exists.

For future strain improvement, achievements madelfwaline production can be
exploited. The “Ehrlich pathway” uses almost corgllethe same reactions. For example
NADPH availability can be increased by enhanced R@P(Bartek et al. 2010). However,
the results obtained for succinate production dautims work, indicate that such interference
might cause problems under oxygen deprivation ¢mmdi.
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E) ABBREVIATIONS

6PG:

6PGDH:

AHAIR:
AHAS:
AK:
ADH:
AlaT:
ALDH:
ASpA:
ATP:
AVtA:
BCAAs:
CDW:
cm
CtfA:
CsS:
Dld:
DHAD:
DO:
DOE:
e.g.:

et al.:
F1,6P:
F6P:
FAD:
Fum:
GAP:

GAPDH:

G6P:

G6PDH:

:

h:
HPLC:
ie.:
ICD:
ICL:
IPTG:
Kan™:
KMV:

6-phosphogluconate

6PG dehydrogenase
acetohydroxyacid isomeroreductase
acetohydroxyacid synthase

acetate kinase

alcohol dehydrogenase

alanine aminotransferase
acetaldehyde dehydrogenase
aspartase

adenosine triphosphate
valine-pyruvate aminotransferase
branched-chain amino acids

cell dry weight

chloramphenicol resistance cassette
CoA transferase

citrate synthase
guinone-dependent D-lactate dehydrogenase
dihydroxyacid dehydratase
dissolved oxygen

U.S. Department of Energy

exempli gratia (= for example)

et alii (= and others)
fructose-1,6-bisphosphate
fructose-6-phosphate

flavine adenine dinucleotide
fumarase
glyceraldehyde-3-phosphate

GAP dehydrogenase
glucose-6-phosphate

G6P dehydrogenase

gram

hour

high performance liquid chromatography
id est (= that is)

isocitrate dehydrogenase

isocitrate lyase
IsopropylB-D-thiogalactopyranoside
kanamycin resistance cassette
2-keto-3-methylvalerate

litre
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LdhA:

LIdD:

M:
M-Krempel:
MalE:

min:

mM:

mg:

Pyk:
Ribu5P:
rpm:
SD:
SDH:
SucE:

88

NAD’-dependent L-lactate dehydrogenase
quinone-dependent L-lactate dehydrogenase
molar

Muller-Krempel

malic enzyme

minute

millimolar

milligram

malate synthase

multiple cloning site

monocarboxylic acid transporter

malate dehydrogenase

menaquinone (oxidised)

menaquinone (reduced)

malate:quinone oxidoreductase
nicotinamide adenine dinucleotide (oxidised)
nicotinamide adenine dinucleotide (reduced)
nicotinamide adenine dinucleotide phosphatedjegi)
nicotinamide adenine dinucleotide phospliegduced)
oxaloacetate

oxoglutarate dehydrogenase complex
optical density at a wavelength of 600 nm
oxaloacetate decarboxylase

phosphate

inorganic phosphate

pyruvate carboxylase

pyruvate dehydrogenase complex
phosphoenolpyruvate

PEP carboxykinase

PEP carboxylase

phosphoglucoisomerase

pentose phosphate pathway
pyruvate:quinone oxidoreductase
phosphotransacetylase
tac promoter

phosphotransferase system

pyruvate kinase

ribulose-5-phosphate

rounds per minute

standard deviation

succinate dehydrogenase

succinate exporter



Abbreviations

TA:

TCA:

TH:
Ttrp:

AV
WT:

Yeis

pmol:

transaminase B

tricarboxylic acid

transhydrogenase

tryptophane terminator

unit

gas volume flow per unit of liquid volumerpwainute
weight per volume

wild-type

substrate specific product yield

micromol
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We recently engineered Corynebacterium glutamicum for aerobic production of 2-ketoisovalerate by inacti-
vation of the pyruvate dehydrogenase complex, pyruvate:quinone oxidoreductase, transaminase B, and addi-
tional overexpression of the ilvBNCD genes, encoding acetohydroxyacid synthase, acetohydroxyacid isomer-
oreductase, and dihydroxyacid dehydratase, Based on this strain, we i ed C. gh icum for the
production of isobutanol from glucose under oxygen deprivation conditions by inactivation of L-lactate and
malate dehydrogenases, implementation of ketoacid decarboxylase from Lactococcus lactis, alcohol dehydro-
genase 2 (ADH2) from Saccharomyces cerevisiae, and expression of the pntAB transhydrogenase genes from
Escherichia coli. The resulting strain produced isobutanol with a substrate-specific yield (Ys) of 0.60 = 0.02
mol per mol of glucose. Interestingly, a chromosomally encoded alcohol dehydrogenase rather than the
plasmid-encoded ADH2 from S. cerevisiae was involved in isobutanol formation with C. glutamicum, and
overexpression of the corresponding adhA gene increased the Yp g to 0.77 = 0.01 mol of isobutanol per mol of
glucose. Inactivation of the malic enzyme significantly reduced the Yy, indicating that the metabolic cycle
consisting of pyruvate and/or phosphoenolpyruvate carboxylase, malate dehydrogenase, and malic enzyme is
responsible for the conversion of NADH+H" to NADPH+H™. In fed-batch fermentations with an aerobic
growth phase and an oxygen-depleted production phase, the most promising strain, C. glutamicum AaceE Apgo
AilvE AldhA Amdh(pJC4ilvBNCD-pntAB) (pBB1kivd-adhA), produced about 175 mM isobutanol, with a volu-
metric productivity of 4.4 mM h™", and showed an overall Y5 of about 0.48 mol per mol of glucose in the

production phase.

The shortage of oil resources and steadily rising oil prices
result in the necessity to develop safe and efficient bioprocesses
for the production of biofuels from renewable biomass. Great
efforts have been made for the successful improvement of
cthanol production. However, higher alcohols, like isobutanol,
possess several advantages, such as a lower hygroscopicity,
vapor pressure, and corrosivity, full compatibility with existing
engines and pipelines, and a higher energy density, allowing
safer handling and more efficient use than ethanol (15). Fur-
thermore, isobutanol can serve as a precursor for the produc-
tion of isobutene (34), which nowadays is exclusively produced
in large scale by petroleum refining and is used as a gasoline
additive and for the production of butyl rubber and specialty
chemicals (20).

Corynebacterium glutamicum is a Gram-positive, faculta-
tively anaerobic organism that grows on a variety of sugars and
organic acids and is the workhorse for the production of a
number of amino acids (32, 33, 36, 50). Recent studies also
showed the successful employment of C. glutamicum for the
production of putrescine and cadaverine (26, 27, 45) and of

* Corresponding author. Mailing address: Institute of Microbiology
and Biotechnology, University of Ulm, 89069 Ulm, Germany. Phone:
49 (0)731 50 22708. Fax: 49 (0)731 50 22719. E-mail: bastian.blombach
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T Dedicated to our colleague, partner, and friend Jean-Louis Goer-
gen, who unexpectedly died in December 2010.

Y Published ahead of print on 25 March 2011.

3300

organic acids, ethanol, and xylitol under oxygen deprivation
conditions (24, 38, 39, 42).

Under anaerobiosis, C. glutamicum ferments glucose via gly-
colysis. The major fermentation products are L-lactate, succi-
nate, and small amounts of acetate (37). While L-lactate is
formed from pyruvate by the NADH+H " -dependent L-lactate
dehydrogenase (LdhA; IldhA4 gene product), succinate is
formed via the reductive branch of the tricarboxylic acid
(TCA) cycle from either phosphoenolpyruvate (PEP) or pyru-
vate (37) (Fig. 1). The acetate formed under anaerobic condi-
tions derives from acetyl coenzyme A (acetyl-CoA) (53). De-
letion of the aceE gene, encoding the Elp subunit of the
pyruvate dehydrogenase complex (PDHC), in C. glutamicum R
almost completely abolished acetate formation, indicating a
carbon flux over the PDHC and additional provision of
NADH+H" under anaerobiosis (53) (Fig. 1).

Recently, we identified and functionally characterized the
Elp subunit of the PDHC in C. glutamicum and showed that
the activity of this complex is essential for growth of this or-
ganism on glucose, pyruvate, or L-lactate (46). A PDHC-defi-
cient C. glutamicum strain required either acetate or ethanol as
an additional carbon source for growth (9, 46). Further char-
acterization of the PDHC-deficient C. glutamicum AaceE
strain showed that the mutant, under aecrobic conditions, forms
significant amounts of L-valine, r-alanine, and pyruvate from
glucose when acetate was exhausted from the medium and
growth was stopped (6). Plasmid-bound overexpression of the
ilvBNCE 1-valine biosynthesis genes, encoding acetohydroxy-

95



Appendix

96

Vor. 77, 2011

Glucose

ISOBUTANOL PRODUCTION WITH C. GLUTAMICUM 3301

Glucose-6P — Pentose-P

Fructose-6P
Glyceraldehyde-3P
NADP" NAD*
NADPH+H" NADmH‘

1,3-Bisphosphoglycerate

PéP (AHASD

Acetolactate

Isobutanol
CAIRY e
Isobutyraldehyde

CKIVD

2-Ketoiso- L-Valine

valerate

NADPH+H NADP"

Acetate

@ l!]ﬂb L-lactate
@ b . NADHsH  MADT
yruvate

NAD"

NADP®

TCA cycle
Fumarate
FADH;
@ g-FAD"
Succinate
*.
~

NAD;‘(E*etyl—(:oA Acetyl-P

Citrate

FIG. 1. Enzymes of the central metabolism with the biosynthetic pathway of r-valine in C. gluramicum and the synthetic pathway from
ketoisovalerate to isobutanol. Abbreviations: Adh, alcohol dehydrogenase; AHAIR, acetohydroxyacid isomeroreductase; AHAS, acetohydroxyacid
synthase; AK, acetate kinase: DHAD, dihydroxyacid dehydratase; FUM, fumarase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KIVD,
2-ketoacid decarboxylase from L. lactis; LdhA, 1-lactate dehydrogenase; MalE, malic enzyme; Mdh, malate dehydrogenase; MQO, malate:quinone
oxidoreductase; PCx, pyruvate carboxylase; PDHC, pyruvate dehydrogenase complex: PEP, phosphoenolpyruvate; PEPCk, PEP carboxykinase;
PEPCx, PEP carboxylase; PK, pyruvate kinase; PntAB, membrane bound transhydrogenase from E. coli; PTA, phosphotransacetylase; PQO,
pyruvate:quinone oxidoreductase; SDH, succinate dehydrogenase; TA, transaminase B: TCA, tricarboxylic acid.

acid synthase (AHAS; ilvBN gene product), acetohydroxyacid
isomeroreductase (AHAIR: ilvC gene product), and transam-
inase B (TA; ilvE gene product) (Fig. 1) shifted the product
spectrum toward L-valine (6), and inactivation of pyruvate:
quinone oxidoreductase (PQO; pgo gene product) (Fig. 1) and
of phosphoglucose isomerase (PGI; pgi gene product) in C.
glutamicum AaceE(pJC4ilvBNCE) resulted in even more effi-
cient L-valine production, i.e., up to 410 mM, with a maximum
yield of 0.86 mol per mol of glucose in the production phase
(8). Based on these results, we engineered the wild type of C.
glutamicum for the aerobic, growth-decoupled production of
2-ketoisovalerate (KIV) from glucose by deletion of the aceE
and ilvE genes and additional overexpression of the ilvBNCD
genes (the ilvD gene encodes dihydroxyacid dehydratase
[DHADY]) (Fig. 1) (28). KIV production was further improved
by deletion of the pgo gene. In fed-batch fermentations
at high cell densities, C. glutamicum AaceE Apgo
AilvE(pJC4ilvBNCD) produced up to 188 mM KIV and
showed a volumetric productivity of about 4.6 mM KIV per h
in the overall production phase (28). Since KIV is a precursor
for isobutanol (Fig. 1), C. glutamicum AaceE Apgo AilvE

(pJC4ilvBNCD) seems to be an ideal basis for the production
of isobutanol.

Atsumi et al. (2) engineered Escherichia coli for the produc-
tion of isobutanol from glucose under microaerobic conditions,
by inactivation of competing pathways, overexpression of the
alsS gene (encoding AHAS from Bacillus subtilis) and the
ilvCD gene from E. coli, and implementation of a synthetic
pathway, including a 2-ketoacid decarboxylase (KIVD; kivd
gene product) from Lactococcus lactis and an alcohol dehydro-
genase (ADH2; adh2 gene product) from Saccharomyces
cerevisiae. KIVD catalyzes the reaction from KIV to isobutyr-
aldehyde, which is finally converted to isobutanol by the
NADH-dependent ADH2 (Fig. 1). Further studies showed
that this synthetic pathway can also be used for the production
of other higher alcohols, e.g., isopropanol (23), 3-methyl-1-
butanol (11, 12), 1-butanol and 1-propanol (3, 47), and 2-meth-
yl-1-butanol (10). More recently, Smith et al. (49) engineered
also C. glutamicum for the production of isobutanol, since they
found that this organism possesses an increased tolerance
against isobutanol toxicity compared to that of E. coli. How-
ever, the final titer and the yield of the best producing strain,
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TABLE 1. Bacterial strains used in this study”

Strain Relevant characteristic(s) Source or reference

E. cali DH5a F~ ®80lacZAMIS A(lacZYA-argF) U169 endAl recAl hsdR17 (rk, mk™) 22
supE44 thi-1 gyrA96 relAl phoA

C. glutamicum WT WT strain ATCC 13032, biotin auxotrophic American Type
Culture Collection

C. glutamicum WT with deletion of aceE, pgo, and ilvE genes, encoding the 28
Elp subunit of the pyruvate dehydrogenase complex, the

pyruvate:quinone oxidoreductase, and transaminase B, respectively

C. glutamicum AaceE Apgo AilvE

C. glutamicum AaceE Apgo AilvE C. glutamicum Aacell Apgo AilvE with an additional deletion of the /dhA This work
AldhA gene, encoding L-lactate dehydrogenase
C. glutamicum AaceE Apgo AilvE C. glutamicum AaceE Apgo AilvE AldhA with an additional deletion of the This work
AldhA Amdh mdh gene, encoding malate dehydrogenase
C. glwtamicum AaceE Apgo AilvE C. glutamicum AaceE Apgo AilvE AldhA with an additional deletion of the This work
AldhA AmalE malE gene, encoding malic enzyme
C. glutamicum AaceE Apgo AilvE C. glutamicum AaceE Apgo AilvE AldhA Amdh with an additional deletion This work
AldhA Amdh AmalE of the malE gene, encoding malic enzyme
C. ghetamicum Isol C. glutamicum Aacel Apgo AilvE(p)C4ilvBNCD) This work
C. glutamicum 1so2 C. glutamicum AaceE Apgo NilvE(pIC4ilvBNCD)(pBB1kivd-adh2) This work
C. glutamicum 1so3 C. glutamicum AaceE Apgo AilvE AldhA(pJC4ilvBNCD) This work
(pBBlkivd-adh2)
C. glutamicum Iso4 C. glutamicum AacelEl Apgo AilvE AldhA Amdh(pJC4ilvBNCD) (pBB1kivd- This work
adh2)
C. glhuamicum Tso5 C. glutamicum AaceE Apgo AilvE AldhA Amdh(pIC4ilvBNCD-pntARB) This work
(pBBlkivd-adh2)
C. glutamicum 1s06 C. glutamicum AaceE Apgo AilvE AldhA(pJC4ilvBNCD)(pBBlkivd) This work
C. glutamicum 1so7 C. glutamicum AaceE Apgo AilvE AldhA Amdh(p)C4ilvBNCD- This work
prtAB)(pBBlkivd-adhA)
C. glutamicum 1so8 C. glutamicum AaceE Apgo AilvE AldhA AmalE(pJC4ilvBNCD)(pBB lkivd- This work
adh2)
C. ghaamicum 1509 C. glutamicum AaceE Apgo NilvE AldhA Amdh AmalE(pJC4ilvBNCD- This work

pntAB)(pBBlkivd-adhA)

“ WT, wild type.

C. glutamicum Apyc AldhA(pKS167), were suboptimal (66 mM
isobutanol and 23% of the theoretical maximal yield) and
certainly improvable.

Based on our results for KIV production (28) and also in-
spired by the results of Atsumi et al. (2), we used in this study
a straightforward and iterative engineering approach for the
efficient production of isobutanol with C. glutamicum under
oxygen deprivation conditions. Thereby, we constructed an
efficient isobutanol production strain and found strong indica-
tions for a significant contribution of the transhydrogenase-like
metabolic cycle consisting of pyruvate carboxylase (PCx)
and/or PEP carboxylase (PEPCx), malate dehydrogenase
(Mdh), and malic enzyme (MalE) (Fig. 1) to the overall
NADPH+H™ supply, even in the presence of the transhydro-
genase PntAB of E. coli.

MATERIALS AND METHODS

Bacterial strains, pl and All bacterial strains used
and their relevant characteristics and sources are listed in Table 1. The plasmids
and oligonucleotides (primers) used, their characteristies or sequences, and their
sources or purpose are listed in Table 2.

DNA preparation and transformation. Isolation of plasmids from E. coli was
performed as described previously (17). Plasmid DNA transfer into C. glutami-
cum was carried out by electroporation, and recombinant strains were selected
on Luria-Bertani brain heart infusion (LB-BHI) agar plates containing 0.5 M
sorbitol, 85 mM potassium acetate, and appropriate concentrations of antibiotics
( in, 50 pg ml'; chloramphenicol, 6 ug ml~']) (51). Isolation of chro-
mosomal DNA from C. glutamicum was performed as deseribed previously (17).
Electroporation of E. eoli was carried out with competent cells according to the
method described by Dower et al. (14).

Conditions for growth and isobutanol formation. E. coli was grown aerobically
in 2% tryptone-yeast (TY) e fium (41) at 37°C as 50-ml cultures in
500-ml baffled Erlenmeyer flasks on a rotary shaker at 120 rpm. Precultures of
the different C. glutamicum strains were grown in 2% TY medium containing
0.5% (wt/vol) potassium acetate. For isobutanol fermentations, cells of an over-
night preculture were washed with 0.9% (wt/vol) NaCl and inoculated into
CGXII minimal medium (pH 7.4) (16) with 2% (wt/vol) glucose, 0.5% (wt/vol)
yeast extract, and L-valine, 1-leucine, and L-isoleucine (2 mM each), to give an
optical density at 600 nm (ODgq) of about 15. The cells were cultivated for 4 h
at 30°C as 50-ml cultures in 500-ml baffled Erlenmeyer flasks on a rotary shaker
at 120 rpm. The cells were then washed with 0.9% (wt/vol) NaCl, inoculated into
the same medium, and incubated at 30°C as 50-ml cultures in 125-ml Miller-
Krempel (Miller+ Krempel AG, Biilach, Switzerland) bottles on a rotary shaker
at 120 rpm. Initially, the gas phase in these bottles was acrobic; however, the
cultures became anaerobic by rapidly consuming the oxygen in the gas phase.
Antibiotics were added appropriately (kanamycin, 25 pg ml™'; chloramphenicol,
6 pg ml~'). Samples were taken using a needle and syringe to inhibit the
penetration of oxygen into the culture. The number of grams of cells (dry weight)
was calculated from the QD using a ratio of 0.3 g of cells (dry weight) liter '
pet ODgg (7).

Fed-batch fermentations were performed at 30°C in 300-ml cultures in a
fed-batch Pro fermentation system from DASGIP (Jilich, Germany). The pH
was maintained at 7.4 by online measurement using a standard pH clectrode
(Mettler Toledo, Giessen, Germany) and the addition of 4 M KOH and 4 M
H,S0,. Foam development was prohibited by manual injection of about 20 pl of
1:5-diluted Struktol 674 antifoam (Schill und Seilacher, Hamburg, Germany).
Dissolved oxygen was measured online using an oxygen electrode (Mettler To-
ledo, Giessen, Germany) and adjusted in the growth phase to 30% of saturation
in a cascade by stirring at 300 to 1,000 rpm and aeration with 1 volume of air per
volume of medium per minute (vwm). After complete consumption of acetate,
aeration was completely switched off, and the stirring speed was reduced to 300
rpm. The fermentations were carried out in CGXII minimal medium (pH 7.4)
(16) initially containing 4% (wt/vol) glucose, 1% (wt/vol) acetate, 0.5% (wt/vol)
veast extract, and L-valine, L-leucine, and 1-isoleucine (2 mM each). Antibiotics
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TABLE 2. Plasmids and oligonucleotides used in this study

Plasmid or
oligonucleotide

Relevant characteristic(s) or sequence

Source, reference, or purpose

Plasmids
pK19mobsacB
pK19mobsacB-AldhA
pK19mobsacB-Amdh
pK19mobsacB-Amall
plC4ilvBNCD

pJC4ilvBNCD-pntAB

pBBI

pEKEX2-pmtAB
pBBIpniAB

PSASS

pBBlkivd
pBBladh2
pBBlkivd-adh2

pBBlkivd-adhA

Oligonucleotides
adhdfow

adhZrev
kivdfow

kivdZrev
accheck
kivdchkrevec
adhAfowsall

adhArevsall
pMM36rev

pntABfow
pntABrev
transfow2
transrev2

IdhAl

IdhA2

IdhA3

IdhA4
Idhfow
Idhrev

mdhl

mdh2

mdh3

mdh4
mdhcheckfow
mdhcheckrev
malE1

malE2
malE3
malE4
Co-malE1
Co-malE2

Km', mobilizable (carrying oriT gene). carrying oril’ gene

pK19mobsacB carrying a truncated ldhA gene

pK19mobsacB carrying a truncated mdh gene

pK19mobsacB carrying a truncated mall gene

Kan'; plasmid carrying the ivBNCD genes, encoding the t-valine biosynthetic
enzymes acetohydroxyacid synthase, isomeroreductase, and dihydroxyacid
dehydratase

Kan'; plasmid pJC4 carrying the #vBNCD genes and additionally carrying the pntdB
genes from E. coli, encoding the ne-bound transhydr PntAB;
carrying pntAB genes under the control of P,

Cm*; pBBI is compatible to pJC4ilvBNCD and harbors the P,,. promoter and the
T, terminator; lacl negative

Plasmid pEKEX2 carrying the pntAB genes from E. coli

Cm’; plasmid pBBI carrying the pntAB genes from E. coli; pmiAB under the control

rac

Plasmid for expression of the adh2 gene (encoding alcohol dehydrogenase 2) from
Saccharomyce visiae and the kivd gene (encoding 2-ketoacid decarboxylase)
from Laciococeus lactis

Cm"; plasmid pBBI1 expressing the kivd gene from L. lactis: carrying kivd gene under
the control of P,

Cm’; plasmid pBBI expressing the adh2 gene from S. cerevisiae; carrying adh2 gene
under the control of P,,,,.

Cm"; plasmid pBBI expressing the kivd gene from L. lactis and the adh2 gene from
8. cerevisiae; carrying kivd and adh2 genes under the control of P,

Cm"; plasmid pBBI expressing the kivd gene from L. lactis and the adlt4 gene from
C. glutamicum; carrying kivd gene under the control of P, and adhA gene under
the control of the native promoter

5-AACTGCAGAACCAATGCATTGGAGGAGACACAACATGTCTATTCCAGAA
ACTCAAAAAG-3
5-CCGCTCGAGCGGTTATTTAGAAGTGTCAACAACGTAT-3
5“AACTGCAGAACCAATGCATTGGAGGAGACACAACATGTATACAGTAGG
AGATTACCTAT-3
5"-CCAATGCATTGGTTCTGCAGTTTTATGATTTATTTTGTTCAGCAAAT-3'
5'-CACTCCCGTTCTGGATAATG-3"
5"-CTGAGAGTGTACCATTATAG-3'
5"-ACGCGTCGACGGGAATTGTGTGAATCTTGAAAAG-3"

5"-GCTATGGCCGACGTCGACCAAAGGTCATGCCTTAAGCAGC-3"
53-ACTACCGGAAGCAGTGTG-3"

5"-CATGCCTGCAGTCATCAATAAAACCG-3"
5"-GTACGCTGCAGTCTTACAGAGCTTTCAGG-3"
5'-CTAACATGTATACCCCGCGAATTGCAAGCTGATCCGGGC-3
5'-CTAACATGTATACAAAAAAAAGCCCGCTCATTAGGCGGGCTGGATGCTC
TTACAGAGCTTTCAGGATTGCATCC-3'
5'-CGCCCGGGTTCGGCAACAATGACGGCGAGA-3'
5'-CCCATCCACTAAACTTAAACAGACGGTTTCTTTCATTTTCGATCC-3"
5“TGTTTAAGTTTAGTGGATGGGAAGCAGTTCTTCTAAATCTTTGGCG-3
GCCCGGGGGCATCGACGACATCTGAG-3'
S“TGATGGCACCAGTTGCGATGT-3"
5-CCATGATGCAGGATGGAGTA-3'
5-CCCAAGCTTGTTGCCAGGTCCAGACCTCG-3"
5-CGTCACCGGCGCAGCTGGTCCGAATGCTCAGGAATTGCAGG-3"
5-GACCAGCTGCGCCGGTGACGGTGACCTTCTTGGTGGAGACG-3
5'-CGCGGATCCCGCTTGGACATGCCAGATGC-Y
5'-CCTGATTCCAGGAACGCATC-3"
5'-CCTAACATCTTGCAGGTGAG-3'
5'-CGGGATCCTTGCTGCCTACACCTACCTTG-3"
CCCATCCACTAAACTTAAACACTGCAGGTCGATGGTCATATC-3
TGTTTAAGTTTAGTGGATGGGGTCGCCGAAGCGCAAAACGCTTAA-3
5-CGGGATCCGAAGTGCTGATCCGCGAACC-3'
5-CTTCCAGACACGGAATCAGAG-3'
5-GTGATCCTTCCGAGCGTTCC-3

44
This work
This work
This work
40

This work

29

25
This work

2

This work
This work
This work

This work

Amplification of the adh2 gene

Amplification of the adh2 gene
Amplification of the kivd gene

Amplification of the kivd gene

Primer to verify orientation of the kivd gene

Primer to verify orientation of the kivd gene

Amplification of adhA gene: primer to
verify orientation of adhA gene

Amplification of the adhA gene

Primer to verify orientation of the adhA
gene

Amplification of the pntAB genes

Amplification of the pntAB genes

Amplification of the pntAB genes

Amplification of the pntAB genes

Primer for deletion of the ldhA gene
Primer for deletion of the ldhA gene
Primer for deletion of the ldhA gene
Primer for deletion of the ldhA gene
Primer to verify deletion of the ldhA gene
Primer to verify deletion of the ldhA gene
Primer for deletion of the mdh gene
Primer for deletion of the mdh gene
Primer for deletion of the mdh gene
Primer for deletion of the mdh gene
Primer to verify deletion of the mdh gene
Primer to verify deletion of the mdh gene
Primer for deletion of the malE gene
Primer for deletion of the malE gene
Primer for deletion of the malE gene
Primer for deletion of the malE gene
Primer to verify deletion of the malE gene
Primer to verify deletion of the malE gene

were added at the appropriate concentrations (kanamycin, 25 pg ml '; chlor-
amphenicol, 6 ug ml~'), During the fed-batch processes, adequate amounts of
50% (wtfvol) glucose and 50% (wt/vol) potassium acetate were injected.
Analytics. 1 ml of the culture was harvested by centrifugation (13,000 rpm, 10
min, room temperature [RT]) and the supernatant was used for determination of
aleohols and glucose and/or organic acid concentrations in the culture fluid,
Glucose, acetate, 1-lactate, and succinate concentrations were determined by

enzymatic tests (Roche Diagnostics, Penzberg, Germany). The pyruvate concen-
trations were determined enzymatically according to Lamprecht and Heinz (30).
Alcohols in the culture fluid were quantified with a gas chromatograph (GC;
PerkinElmer Clarus 600) equipped with a flame ionization detector. Separation
of the alcohol compounds was carried out by using a Chromaosorb 101 glass
column (2-m length, 80/100 mesh) at 130°C, with 10 mM acetone as the internal
standard. N, was used as the carrier gas. The injector temperature was 200°C,
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and the detector temperature was 300°C. Analysis of the chromatographic data
was done with PerkinElmer software (TotalChrom chromatography data system
[CDS] software).

Construction of expression plasmids. For construction of plasmid pBBladh2,
the adh2 gene from 8. cerevisiae was amplified from plasmid pSAS5 by PCR with
primer pair adhd4fow/adh2rev. The resulting fragment was digested with Pstl/
Xhol and ligated into Pstl/Xhol-restricted plasmid pBBI. For construction of
plasmids pBB1kivd and pBBl1kivd-adh2, the kivd gene from L. lactis was ampli-
fied from plasmid pSASS by PCR with primer pair kivdfow/kivd2rev. The result-
ing fragment was digested with Pstl and ligated into Pstl-restricted plasmids
pBB1 and pBBladh2, yielding plasmids pBBlkivd and pBBlkivd-udh2. The
correct orientation of the kivd gene was verified via PCR with the primer pair
Ptaccheck/kivdcheckrev. For construction of plasmid pBBlkivd-adhA, the adhA
gene from C. ghetamicum was amplified from chromosomal DNA by PCR with
the primer pair adhAfowsall/adhArevsall. The resulting fragment was digested
with Sall and ligated into the Sall-restricted plasmid pBBlkivd. The correct
orientation of the adhA gene was verified via PCR with the primer pair adhA-
fowsall/pMM36rev. For construction of plasmid pBBlpntAB, a 2,985-bp frag-
ment containing the pntAB genes from E. coli was amplified from plasmid
pEKEX2-pitAB via PCR using the primer pair pntABfow/pntABrev. The result-
ing fragment was cut with Pstl and cloned into the Pstl-restricted plasmid pBBI.
The correct orientation of the pntAB genes was verified via restriction with Xhol,
For construction of plasmid pJC4ilvBNCD-pntAB. the pntAB genes (under the
control of the P, promoter) were amplified from plasmid pBBIpntAB by PCR
with the primer pair Transfow2/Transrev2. The resulting fragment was digested
with Bst11071 and ligated into the Bst11071-restricted plasmid pJC4ilvBNCD. All
cloned fragments were checked by sequencing (MWG Biotech).

Construction of C. glutamicum deletion mutants. Chromosomal inactivation of
the ldhA L-lactate dehydrogenase gene in C. glutamicum AaceE Apgo AilvE strain
and of the malE malic enzyme gene in C. glutamicum aceE Apgo AilvE AldhA and
C. glutamicum aceE Apgo AIVE AldhA Amdh were performed using crossover
PCR and the suicide vector pK19mobsacB. DNA fragments were generated
using the primer pairs 1dhA1/ldhA2 and IdhA3/ldhA4 or primer pairs malE1/
malE2 and malE3/malE4, respectively. The two fragments were purified, mixed
in equal amounts, and subjected to crossover PCR using primer pairs IdhAl/
IdhA4 and malEl/malE4, respectively. The resulting fusion products (containing
the ldhA gene shortened by 917 bp and the malE gene shortened by 1,137 bp)
were ligated into Smal-restricted plasmid pK19mobsacB and transformed into £,
coli. After isolation and sequencing (MWG Biotech), the recombinant plasmids
were introduced by electroporation into the respective C. glutamicum strains. By
application of the method described by Schiifer et al. (44), the intact chromo-
somal JdhA and malE genes were replaced by the truncated genes via homolo-
gous recombination (double crossover). The screening of the deletion mutants
was performed with 2x TY agar plates containing 10% (wt/vol) sucrose and
0.5% (wt/vol) potassium acetate. The replacements at the chromosomal loci were
verified by PCR using primers Idhfow/ldhrev and Co-malE1/Co-malE2, respec-
tively.

Chromosomal inactivation of the md/ malate dehydrogenase gene in C. glu-
tamicum aceE Apgo AilvE AldhA was performed accordingly. DNA fragments
were generated using the primer pairs mdh1/mdh2 and mdh3/mdh4, respectively.
The two fragments were purified, mixed in equal amounts, and subjected to
crossover PCR using primers mdhl and mdh4. The resulting fusion product
(containing the mdh gene shortened by 876 bp) was ligated into the BamHI/
HindlIll-restricted plasmid pK19mobsacB and transformed into E. coli. After
isolation and sequencing, the recombinant plasmid was introduced by electro-
poration into C. ghuamicum AaceE Apqo AilvE AldhA. Double crossover and
screening for the correct mutants were performed as described above. The
replacement at the chromosomal locus was verified by PCR using the primer pair
mdhcheckfow/mdhcheckrev.

Determination of enzyme activities. For determination of enzyme activities,
the relevant strains were cultivated aerobically in shake flasks 10 an OD g of
about 5 (for measurement of Mdh, PntAB, and Adh activities). Adh activities
were also determined under oxygen deprivation conditions. For this purpose, the
cells were cultivated for 6 h with an ODyg, of about 15 in Miiller-Krempel
bottles. For both conditions, 50 ml CGXII medium (pH 7.4) (16) with 2%
(wtfvol) glucose, 0.5% (wt/vol) yeast extract, and L-valine, -leucine, and r-iso-
leucine (2 mM each) was used (see culture conditions). The cells were harvested
Dby centrifugation for 10 min at 4500 % g, washed once with 25 ml of 0.2 M
Tris-HCI (pH 7.4), centrifuged again and resuspended in 1 ml of the same buffer.
The cell suspension was transferred into 2-ml serew-cap vials together with 250
mg of glass beads (diameter, 0.1 mm; Roth) and subjected to mechanical dis-
ruption four times for 30 s each at speed 6.5 with a RiboLyser (Hybaid) at 4°C
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with intermittent cooling on ice for 5 min. Intact cells and cell debris were
removed by centrifugation for 15 min at 4,500 X g and 4°C.

For determination of transhydrogenase activity, the resulting cell extract was
subjected to ultracentrifugation for 45 min at 45,000 X g and 4°C. The sedi-
mented membranes were resuspended in 0.5 ml of 10 mM Tris-HCI (pH 8.0) and
used for measurement of transhydrogenase activity, which was performed ac-
cording to Kabus et al. (25). One unit of activity is defined as 1 pmol of
3-acetylpyridine-NADH formed per min.

Determination of the reductive alcohol dehydrogenase (Adh) activity was
performed using cell extracts with isobutyraldehyde as the substrate according to
Smith et al. (49). One unit of activity is defined as 1 wmol of NADH consumed
per min.

Malate dehydrogenase (Mdh) activity in cell extracts was determined by mea-
suring NAD™ reduction at 30°C at 365 nm in 1 ml of 100 mM phosphate buffer
(pH 9.2), 4.5 mM MgCly, 3 mM NAD™, and 25 mM malate, according to Smith
(48; modified). One unit of activity is defined as | pmol NADH formed per min.

For all tested strains, three biological and two technical replicates were per-
formed. The protein concentration was quantified with a BCA protein assay
(Pierce) with bovine serum albumin as the standard. Assays were linear over time
and proportional to the protein concentration.

RESULTS

Inactivation of LdhA is essential for isobutanol production
with C. glutamicum. Previously, we demonstrated the ability of
C. glutamicum AaceE Apgo AilvE(pJC4ilvBNCD) (referred to
here as C. glutamicum Isol) to produce KIV under aerobic
conditions from glucose (28). As KIV is a precursor for isobu-
tanol production, this strain seemed to be ideally suited for
production of this alcohol with C. glutamicum. Since the for-
mation of 1 mol of isobutanol from 1 mol of glucose requires
1 mol of NADH-+H" and 1 mol of NADPH+H" (Fig. 1), we
performed the isobutanol fermentations under oxygen depri-
vation conditions with the aim of increasing NADH-+H™" avail-
ability. We inoculated C. glutamicum 1Isol to an ODy,, of
about 15, which remained almost constant in the course of the
fermentations. After 48 h, the glucose was completely con-
sumed, and under these conditions C. glutamicum Isol pro-
duced no isobutanol but did produce significant amounts of
L-lactate (122 + 23 mM) and succinate (29 + 3 mM) as major
fermentation products (Fig. 2A). These results show that C.
glutamicum is naturally not able to produce isobutanol and
underline the necessity of implementing a synthetic pathway.
Therefore, we cloned the kivd gene from L. lactis and the adh2
gene from S. cerevisiae on plasmid pBBI1, constructed C. glu-
tamicum AaceE Apgo AilvE(pJC4ilvBNCD)(pBBlkivd-adh?),
C. glutamicum 1s02, and performed isobutanol fermentations
under oxygen deprivation conditions. Within 48 h, C. glutami-
cum Iso2 consumed the glucose completely, but again
produced no isobutanol and formed significant amounts of
L-lactate and succinate (data not shown). To avoid L-lactate
formation and to increase pyruvate and NADH+H " availa-
bility, we additionally eliminated LdhA activity by deletion
of the corresponding gene in C. glutamicum Iso2. The
resulting strain, C.  glutamicum AaceE  Apgo  AivE
AldhA(pIC4ilvBNCD)(pBB1kivd-adh2), or C. glutamicum
Iso3, metabolized the glucose within 48 h completely and pro-
duced no L-lactate anymore, but formed 69 + 8 mM succinate,
which is about two times more than that formed by C. glutami-
cum Isol and Iso2. Furthermore, C. glutamicum 1s03 formed
26 = 4 mM isobutanol with a substrate-specific yield (Yy,) of
0.22 + 0.05 mol per mol of glucose (Fig. 2B). These results
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FIG. 2. OD, glucose consumption, and [-lactate, succinate, and isobutanol formation of (A) C. glutamicum AaceE Apgo AilvE(pIC4ilvBNCD)
(C. glutamicum lIsol) and (B) C. glutamicum AaceE Apgo AilvE AldhA(pIC4ilvBNCD)(pBBI1kivd-adh2) (C. glutamicum lIso3) cultivated in
Miiller-Krempel bottles filled with CGXII medium containing about 100 mM glucose, 0.5% (wt/vol) yeast extract, and L-valine, L-isoleucine, and
L-leucine (2 mM each). ¥, OD,,; B, glucose; [, succinate; ¢, 1-lactate; @, isobutanol. Three independent fermentations were performed. Error

bars show standard deviations.

show that inactivation of LdhA is essential for isobutanol pro-
duction with C. glutamicum under the conditions tested.
Deletion of the mdh Mdh gene in combination with the
expression of the pniAB transhydrogenase genes further im-
proves isobutanol production. To climinate succinate as a by-
product and to further increase the availability of pyruvate and
NADH+H", we eliminated Mdh activity by deletion of the
mdh gene in C. glutamicum Iso3. The resulting strain, C. glu-
tamicum AaceE Apgo AilvE AldhA Amdh (pJC4ilvBNCD)
(pBBlkivd-adh2), or C. glutamicum Iso4, showed no detectable
specific Mdh activity, whereas the parental strain C. glutami-
cum Iso3 exhibited 0.46 + 0.03 U per mg protein. However, in
Miiller-Krempel bottles, C. glutamicum Iso4 consumed only
small amounts of glucose (26 mM in 48 h) and produced
neither L-lactate nor succinate or isobutanol in significant
amounts (Fig. 3A). We speculated that the low glucose con-
sumption is due to a redox imbalance under oxygen depriva-
tion conditions and therefore ligated the pntAB operon, en-
coding the membrane-bound transhydrogenase from E. coli,
into plasmid pJC4ilvBNCD, and constructed C. glutami-
cum  AaceE  Apgo  AivE  AldhA - Amdh(pJC4ilvBNCD-
prtAB)(pBBlkivd-adh2), or C. glutamicum Iso5. To verify the
successful expression of pntAB, we determined the specific
transhydrogenase activities in the membrane fraction of C.
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glutamicum Iso5. Whereas C. glutamicum Iso4 showed no de-
tectable transhydrogenase activity, C. glutamicum Iso5 pos-
sessed 0.20 + 0.03 U per mg protein. Isobutanol fermentations
of C. glutamicum Iso5 under oxygen deprivation conditions
revealed that this strain regained the ability to metabolize
glucose efficiently and that the cells produced 2 = 0.1 mM
pyruvate (not shown) and 10 = 1 mM succinate, which is 86%
less than that for C. glutamicum Iso3. Furthermore, within
48 h, C. glutamicum Tso5 produced 42 * 1 mM isobutanol with
a Yps of 0.60 = 0.02 mol per mol of glucose (Fig. 3B), which
is about 3-fold higher than that for C. glutamicum Iso3. These
results demonstrate that, on the one hand, inactivation of Mdh
reduces succinate formation and therefore obviously increases
pyruvate and/or NADH+H" availability. On the other hand,
expression of the pntAB transhydrogenase genes probably re-
sults in a more balanced redox state, with a regaining of effi-
cient glucose utilization of C. glutamicum Iso4, and improves
isobutanol production with C. glutamicum under oxygen depri-
vation conditions.

AdhA of C. glutamicum is a bottleneck for isobutanol
production. To investigate whether C. glutamicum po-
ssesses  isobutyraldehyde-dependent Adh activity, we
constructed C. glutamicum AaceEl Apgo  AilvE AldhA
(pJC4ilvBNCD)(pBBlkivd), or C. glutamicum Iso6 (without
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FIG. 3. OD, glucose consumption, and L-lactate, succinate, and isobutanol formation of (A) C. glutamicum AaceE Apgo AivE AldhA

glutamicum 1Iso4) and (B) C. glutamicum AaceE Apgo AilvE  AldhA  Amdh(pJCAilvBNCD-

prtAB)(pBBlkivd-adh2) (C. glutamicum 1s05) cultivated in Miiller-Krempel bottles filled with CGXII medium containing about 100 mM glucose,
0.5% (wt/vol) yeast extract, and L-valine, L-isoleucine, and L-leucine (2 mM each). ¥, OD,,; B, glucose; [J, succinate; ©, L-lactate; @, isobutanol.
Three independent fermentations were performed. Error bars show standard deviations.
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FIG. 4. OD, glucose consumption, and L-lactate, succinate, and isobutanol formation of (A) C. glutamicum AaceE Apgo AilvE
AldhA(pIC4ilvBNCD)(pBB1kivd) (C. glutamicum 1so06) and (B) C. glutamicum AaceE Apgo AilvE AldhA Amdh(pJC4ilvBNCD-pniAB)(pBB1kivd-
adhA) (C. glutamicum Iso7) cultivated in Miller-Krempel bottles filled with CGXII medium containing about 100 mM glucose, 0.5% (wt/vol) yeast
extract, and L-valine, L-isoleucine, and L-leucine (2 mM each). ¥, ODy,,; B, glucose; [, succinate; ¢, L-lactate; @, isobutanol. Three independent

fermentations were performed. Error bars show standard deviations.

the plasmid-bound adh2 gene), and analyzed substrate utiliza-
tion and the product spectrum of this strain under oxygen
deprivation conditions. As shown in Fig. 4A, C. glutamicum
Iso6 consumed the glucose completely within 24 h, produced
47 = 2 mM succinate, and formed 28 = 1 mM isobutanol.
Since C. glutamicum Isob (without the plasmid-bound adh2
gene) produced about as much isobutanol as C. glutamicum
Iso3 (with plasmid-bound kivd and adh2 genes), these results
indicated that ADH2 from S. cerevisiae does not significantly
contribute to isobutanol formation in C. glhetamicum. This hy-
pothesis was corroborated by determination of the specific
isobutyraldehyde-dependent Adh activities in C. glutamicum
Iso6 and Iso3, which were nearly identical under oxygen de-
privation conditions (0.40 = 0.03 and 0.35 = 0.04 U per mg of
protein, respectively) and slightly lower in aerobically grown
cells (0.17 = 0.02 and 025 = 0.06 U per mg of protein,
respectively). Although transcription of the adh2 gene in C.
glutamicum Iso3 was verified by reverse transcription-PCR
(data not shown), the specific ADH activities indicate that
ADH?2 is not functionally expressed in C. glutamicum. This
result is in accordance with recent findings for E. cofi (4).
These data, in combination with those of Smith et al. (49),
indicate that one of the endogenous Adh enzymes of C. glu-
tamicum is responsible for isobutanol formation from isobu-
tyraldehyde. Furthermore, oxygen deprivation conditions ob-
viously increase adhA expression in C. glutamicum, since the
specific isobutyraldehyde-dependent Adh activities of C. glu-
tamicum Iso6 under oxygen-deprived conditions were more
than twice as high than those under aerobic conditions.
Smith et al. (49) already observed that overexpression of the
adhA gene is favorable for isobutanol production with C.
glutamicum. Therefore, we cloned the adhA gene of C. glu-
tamicum on plasmid pBBlkivd and constructed C. glutami-
cum  AaceE Apgo  AivE  AldhA  Amdh(p)C4ilvBNCD-
prtAB)(pBBlkivd-adhA), or C. glutamicum Iso7. To verify
successful expression of the C. glutamicum adhA gene, we
determined the specific isobutyraldehyde-dependent Adh ac-
tivity of C. glutamicum 1so7. C. glutamicum 1so7 showed 0.94 +
0.11 U per mg protein, which is about 3-fold higher than
that for C. glutamicum AaceE  Apgo AilvE  AldhA
Amdh(plC4ilvBNCD-pntAB)(pBB1kivd-adh2) (0.33 + 0.04 U
per mg protein). To test for the effect of adhA gene overex-

pression on isobutanol formation, we cultivated C. glutamicum
Iso7 in Miiller-Krempel bottles. As shown in Fig. 4B, C. glu-
tamicum Iso7 consumed the glucose rapidly within 30 h and
produced 16 = 1 mM succinate and 82 = 1 mM isobutanol,
with a Y4 of 0.77 = 0.01 mol per mol of glucose. Taken
together, these results show that plasmid-encoded ADH2 from
§. cerevisiae does not contribute to isobutanol production with
C. glutamicum. In accordance with the results by Smith et al.
(49), we show that AdhA of C. glutamicum is a bottleneck and
that plasmid-bound overexpression of the adhA gene signifi-
cantly improves isobutanol production with C. ghuamicum.
The role of malic enzyme (MalE) for isobutanol production
with C. glutamicum. The improvement of isobutanol produc-
tion by expression of the pntAB transhydrogenase genes (C.
glutamicum 1so5 and C. glutamicum Iso7) (Fig. 3B and 4B)
indicated that NADPH+H™ supply might be a critical factor
for isobutanol production with C. glutamicum. However, C.
glutamicum 1s03 produced isobutanol without expression of
transhydrogenase genes; thus, this strain should have the abil-
ity to convert NADH+H™ to NADPH-+H™. As outlined in a
review by Sauer and Eikmanns (43), one proposed transhydro-
genase-like route consists of the combined reactions of PCx
and/or PEPCx, Mdh, and MalE (Fig. 1). To test this hypothe-
sis, we inactivated MalE by deletion of the corresponding gene
in C. glutamicum 1s03, yielding C. glutamicum AaceE Apgo
AilvE  AldhA  AmalE(pIJC4ilvBNCD)(pBBlkivd-adh2), here
called C. glutamicum Iso8. Under oxygen deprivation condi-
tions, C. glutamicum 1so8 consumed only about half of the
glucose within 48 h and produced 59 + 3 mM succinate; how-
ever, no isobutanol was observed (Fig. 5A). This result suggests
that inactivation of MalE interrupts the transhydrogenase-like
cycle consisting of PCx/PEPCx, Mdh, and MalE, and therefore
is essential for providing NADPH-+H " for isobutanol produc-
tion. We also investigated the role of MalE in a pntAB gene-
expressing strain and deleted the malE gene in C. glutamicum
Iso7 to obtain C. glutamicum AaceE Apgo AilvE AldhA Amdh
AmalE(pJC4ilvBNCD-pntAB)(pBBlkivd-adhA), C. glutami-
cum 1s09. Within 48 h, C. glutamicum 1s09 consumed the
glucose almost completely and produced 15 = 2 mM succinate
and 24 + 4 mM isobutanol (Fig. 5B), which is about half of the
concentration of isobutanol observed with C. glutamicum Iso7.
These results again underline the importance of the transhy-
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FIG. 5. OD, glucose consumption, and L-lactate, succinate, and isobutanol formation of (A) C. glutamicum AaceE Apgo AilvE AldhA
AmalE(pIC4ilvBNCD)(pBB1kivd-adh?) (C. glutamicum 1s08) and (B) C. glutamicum AaceE Apgo NilvE AldhA Amdh AmalE(pJCAilvBNCD-
ptAB)(pBBl1kivd-adhA) (C. glutamicum Iso9) cultivated in Miiller-Krempel bottles filled with CGXII medium containing about 100 mM glucose,
0.5% (wt/vol) yeast extract, and L-valine, L-isoleucine, and L-leucine (2 mM cach). ¥, OD,,; B, glucose; [, succinate; O, L-lactate; @, isobutanol.
Three independent fermentations were performed. Error bars show standard deviations.

drogenase-like cycle for the NADPH+H " supply for isobuta-
nol production with C. glutamicum, even in the presence of
transhydrogenase. The fact that C. glutamicum 1s09 and also C.
glutamicum 1503, in spite of the inactivation of Mdh, still pro-
duced succinate is surprising and indicates the presence of an
alternative route for succinate formation in C. glutamicum.
Fed-batch fermentations with C. glutamicum AaceE Apqo
AilvE AldhA Amdh(pJC4ilvBNCD-pntAB) (pBBlkivd-adhA). To
test the suitability of C. glutamicum AaceE Apgo AilvE AldhA
Amdh(p]C4ilvBNCD-pntAB)(pBBlkivd-adhA), or C. glutami-
cum Iso7, for an improved isobutanol production process, we
established a fed-batch fermentation based on mixed substrate
divided in an aerobic growth phase and a production phase
under oxygen deprivation conditions (Fig. 6). These fermenta-
tions were carried out using CGXII medium initially contain-
ing 4% (wt/vol) glucose, 1% (wt/vol) acetate, 0.5% (wt/vol)

yeast extract, and L-valine, L-leucine, and L-isoleucine (2 mM
each). To allow growth to a high cell density, after 6.5 h, an
adequate amount of a 50% (wt/vol) acetate stock solution was
added to the growing cells, resulting in an OD,,, of about 45
after 9.5 h (Fig. 6). During the growth period, about 60 mM
glucose were consumed in addition to acetate; however, no
isobutanol, pyruvate, 1-lactate, or succinate was excreted into
the medium. After complete consumption of acetate (at 9.5 h),
we added about 330 mM glucose (applied as 50% [wt/vol] stock
solution) into the medium, switched off acration, and reduced
the stirring speed to 300 rpm. The pO, dropped to 0% within
less than 1 min (and remained at 0% during the rest of the
experiment), and the cells started to excrete isobutanol into the
medium. As shown in Fig. 6, the cells accumulated about 175
mM isobutanol within 39.5 h with a volumetric productivity of
44 mM h™" and an overall yield in the production phase
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FIG. 6. Isobutanol accumulation during a representative fed-batch fermentation of C. glutamicum AaceE Apgo AilvE  AldhA
Amdh(pJC4ilvBNCD-pntAB)(pBBlkivd-adhA) (C. glutamicum Iso7) on CGXII medium initially containing 4% (wt/vol) glucose, 1% (wtivol)
acetate, 0.5% (wt/vol) yeast extract, and 2 mM L-valine, L-isoleucine, and L-leucine, respectively. After 9.5 h, the aeration was switched off and the
stirring speed was reduced to 300 rpm. ¥, OD,,,; W, glucose; O, acetate; [, succinate; ¢, pyruvate; @, isobutanol. Three independent fed-batch

fermentations were performed, all three showing comparable results.
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(between 9.5 h and 49 h) of about 0.48 mol of isobutanol per
mol of glucose. In addition to isobutanol, the cells excreted
about 7mM pyruvate and 67 mM succinate into the medium,
indicating that isobutanol production by C. glutamicum Iso7
can be further increased. Taken together, these results dem-
onstrate that C. glutamicum AaceE Apgo AilvE AldhA
Amdh(pJCailvBNCD-pntAB)(pBBl1kivd-adhA) is a very use-
ful platform for optimizing isobutanol production with C.
glutamicum under oxygen deprivation conditions.

DISCUSSION

Recently, we engineered C. glutamicum for efficient aerobic
production of KIV from glucose (28). Atsumi et al. (2) showed
with E. coli that KIV can serve as a precursor for isobutanol
production and that implementation of a synthetic pathway,
consisting of the broad-range 2-ketoacid decarboxylase from L.
lactis and ADH2 from S§. cerevisiae in combination with the
expression of the alsS gene (encoding AHAS) from B. subtilis
and the ilvCD gene from E. coli results in efficient isobutanol
production from glucose. More recently, Smith et al. (49) used
a similar approach with C. glutamicum. The authors showed
that this organism possesses a higher isobutanol tolerance than
E. coli and concluded that C. glutamicum might be the superior
host for isobutanol production. In growth experiments with
CGXII minimal medium with 2% (wt/vol) glucose and increas-
ing isobutanol concentrations, we also found that the C. glu-
tamicum wild type tolerates about 1% (vol/vol; i.e., 108 mM)
isobutanol, yielding a growth rate (p) of about 0.35 h ™', which
is slightly reduced compared to growth without isobutanol
(0.40 h™"). Furthermore, we observed that the addition of
0.5% (wt/vol) yeast extract in the medium promotes the toler-
ance of isobutanol up to 2% (vol/vol; i.e., 216 mM), yielding a
w of about 0.28 h™', which is two times higher than that for
medium without yeast extract (data not shown). The reasons
for this effect remain unclear so far; however, we characterized
our producer strains by using CGXII minimal medium with
0.5% (wt/vol) yeast extract, and to improve NADH+H™ avail-
ability for isobutanol formation, we additionally applied oxy-
gen deprivation conditions.

C. glutamicum AaceE Apgo AilvE(pJC4ilvBNCD)(pBB1kivd-
adh2) excreted significant amounts of L-lactate and succinate,
but no isobutanol, indicating that pyruvate was not effectively
directed toward KIV and isobutanol. Consequently, we inacti-
vated the LdhA gene in this strain, resulting in isobutanol
production with a Y, of about 0.22 = 0.05 mol per mol
glucose. A beneficial effect on isobutanol formation by inacti-
vation of LdhA was observed before by Smith et al. (49). To
further increase pyruvate and/or NADH+H" availability and
to avoid succinate formation, we additionally inactivated Mdh.
Interestingly, the resulting strain showed a severe reduction of
glucose consumption, possibly due to an unbalanced redox
state of the cell under the oxygen deprivation conditions ap-
plied. One possibility to regenerate NAD™ and simultaneously
increase NADPH+H " availability in C. glutamicum would be
the expression of the pntAB genes encoding the membrane-
bound transhydrogenase from E. coli. This enzyme uses the
proton gradient across the cytoplasmic membrane to drive the
reduction of NADP" by oxidizing NADH+H " (Fig. 1) and
previously was shown to improve L-lysine production with C.
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glutamicum under aerobic conditions (25). Expression of the
pntAB genes in C. glutamicum AaceE Apgo AilvE AldhA
Amdh(pJC4ilvBNCD)(pBB1kivd-adh2) in fact recovered effi-
cient glucose utilization, led in combination with the inactiva-
tion of Mdh to efficient reduction of succinate formation, and
strongly improved isobutanol production (Y of 0.60 + 0.02
mol per mol of glucose). The results indicate that under oxygen
deprivation conditions, the expression of the pntAB genes re-
sults in the conversion of NADH+H" to NADPH+H" and
therefore contributes to maintaining a balanced redox state for
isobutanol production. Also, Smith et al. (49) tried to increase
NADPH-+H "-availability for isobutanol production, by redi-
recting the carbon flux in the C. glutamicum AaceE AldhA
strain (pKS167) through the pentose phosphate pathway by
inactivation of PGI. Unfortunately, this attempt to increase
NADPH-+H" availability did not improve isobutanol produc-
tion, probably generating an imbalance in the redox state of
the cell (49).

Since C. glutamicum possesses no chromosomally en-
coded transhydrogenases (25), we speculated that in C. glu-
tamicum AaceE Apgo AilvE AldhA(pJC4ilvBNCD)(pBB1kivd-
adh?2), a transhydrogenase-like route consisting of the enzymes
PCx/PEPCx, NADH+H "-dependent Mdh, and NADP"-de-
pendent MalE (Fig. 1) is responsible for NADPH+H " supply.
Such a cycle was previously assumed to play a role in
NADPH+H" supply for aerobic r-lysine production (13). In
fact, inactivation of MalE in our strain led to a complete
inability to form isobutanol and, thus, gives further indication
of the functionality of a transhydrogenase-like cycle in C.
glutamicum. Even in the pntAB gene-expressing strain C.
glutamicum AacelE Apgo AilvE AldhA Amdh(pJC4ilvBNCD-
pntAB)(pBBlkivd-adhA), inactivation of MalE reduced the
Yy, for isobutanol about 2-fold. This finding is surprising,
since inactivation of the Mdh should interrupt the proposed
transhydrogenase-like route. However, since C. glutami-
cum AaceE  Apgo  AilvE  AldhA  Amdh(pJC4ilvBNCD-
pntAB)(pBBlkivd-adhA) still produced succinate, the presence
of malate as substrate for MalE is likely. Therefore, these
results indicate that MalE is an important enzyme for
NADPH+H" generation. This, in consequence, means that
MalE does not work in the reverse (malate-forming) direction
under these conditions, as was previously proposed (5, 21), and
indicates the existence of an alternative route for the formation
of succinate and/or malate, as proposed by Inui et al. (24).
However, due to the finding that MalE plays a crucial role for
the generation of NADPH+H™, it is obvious that overexpres-
sion of the malE gene might be an opportunity to replace
expression of the pntAB genes, thereby reducing the amount of
the undesired by-product succinate and improving isobutanol
production with C. glutamicum.

Atsumi et al. (4) investigated the role of different Adhs on
isobutanol production with E. coli and showed that the chro-
mosomally encoded YqhD is the major isobutyraldehyde-con-
verting enzyme, and ADH2 from S. cerevisiae contributes only
to a minor extent to isobutanol production with £. coli. We
found that under aerobic and also under oxygen deprivation
conditions, ADH2 does not contribute at all to the isobutyral-
dehyde-dependent Adh activity in C. glutamicum. C. glutami-
cum AaceE Apgo AilvE(pJC4ilvBNCD)(pBBlkivd) produced
as much isobutanol as the same strain additionally expressing
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the adh2 gene, showing that an Adh enzyme must be the
predominant enzyme for the last step in isobutanol production
with C. glutamicum. Smith et al. (49) showed that overexpres-
sion of the adhA gene, encoding the NADH+H "-dependent
AdhA (1), increases isobutanol production with C. glutamicum.
Consequently, we overexpressed the adhA gene and found that
the resulting strain with the plasmid-bound adhA gene showed
an improved Yy, of 0.77 * 0.01 mol isobutanol per mol of
glucose, which is as high as that previously reported for the
optimally isobutanol-producing E. coli strain (2).

A suitable production process on the industrial scale might
be the combination of biomass formation and isobutanol pro-
duction in a single reactor. Therefore, we established a fed-
batch fermentation with C. glutamicum AaceE Apgo AilvE
AldhA Amdh(pJC4ilvBNCD-pntAB)(pBBlkivd-adhA). During
the aerobic growth phase, neither isobutanol nor pyruvate or
succinate were formed. This is in accordance with previous
results obtained with PDHC-deficient C. glutamicum L-valine
producer strains, which also did not secrete L-valine during
growth (6, 8). The nonproduction phenotype is due to reduced
glucose uptake in the presence of acetate, mediated by the
global regulator SugR (9, 18). Inactivation of SugR or replace-
ment of acetate by ethanol resulted in L-valine production
during growth (9) and might be also useful to improve isobu-
tanol production with PDHC-deficient C. glutamicum strains.
However, production during the aerobic growth phase proba-
bly is not very useful, since aeration would result in a loss of
isobutanol by gas stripping. Furthermore, we applied oxygen
deprivation conditions to improve NADH+H" availability.
The presence of succinate as a (major) by-product gives evi-
dence for a surplus of pyruvate and of NADH+H " and indi-
cates that isobutanol production with C. glutamicum can be
further improved by, e.g., overexpression of the malE gene (see
above). Between 9.5 h and 32 h, the C. glutamicum AaceE Apgo
AiVE AldhA Amdh strain (pJC4ilvBNCD-pntAB) (pBB1kivd-
adhA) showed a volumetric productivity of about 5.9 mM h™*,
which is similar to that of 1-butanol production with different
Clostridium stains (31). After 32 h of fermentation, the glucose
consumption rate dropped from 1.1 to 0.4 mmol of glucose h™
(g of cells [dry weight])™', and the volumetric productivity
decreased to about 4.4 mM h™! (between 9.5 and 49 h) (Fig.
6). However, the Y, remained constant in the course of the
whole fermentation. The reason for this behavior remains un-
clear but might be attributed to isobutanol toxicity for the cells.
Cell toxicity might be avoided by integrated product removal
by gas stripping with N, and product recovery by continuous
condensation, which was successfully applied for 1-butanol
production with Clostridium beijerinckii (19). Such a process
will probably allow the system to maintain its high productivity.

The fact that the fed-batch fermentations of C. glutami-
cum AaceE Apgo  AilvE  AldhA  Amdh(p)C4ilvBNCD-
prtAB)(pBBlkivd-adhA) showed a significantly reduced Y
compared to that from the Miller-Krempel bottles indicates
that the physiological state of the cells during the transition
from aerobic to oxygen-deprived conditions may have an im-
pact on the overall production behavior. In favor of this hy-
pothesis, Vemuri et al. (52) found in a combined (consecutive)
aerobic/anaerobic succinate production process with E. coli
that Yy,s for succinate changed in response to altered culture
conditions in the growth phase. The authors attributed this

ISOBUTANOL PRODUCTION WITH C. GLUTAMICUM 3309

observation to the physiological state of the cells entering the
transition from aerobic to anaerobic conditions. Recently,
Martinez et al. (35) investigated more precisely the role of the
physiological state of the cell in a similar approach for succi-
nate production with E. coli. These authors found that the
introduction of a microacrobic phase at the end of the aerobic
growth phase led to an adjusted enzymatic machinery for the
anaerobic production phase, which resulted in increased suc-
cinate yields, and they concluded that besides the genetic mod-
ification of a strain, process optimization is crucial for reaching
high yields in such a system. This, in consequence, opens the
possibility of improving our C. glutamicum production process,
e.g., by the introduction of oxygen-limited conditions at the
end of the growth phase.
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Abstract A Corynebacterium glutamicum strain with inac-
tivated pyruvate dehydrogenase complex and a deletion of
the gene encoding the pyruvate:quinone oxidoreductase
produces about 19 mM L-valine, 28 mM L-alanine and about
55 mM pyruvate from 150 mM glucose. Based on this
double mutant C. glutamicum “aceE “pqo, we engineered
C. glutamicum for efficient production of pyruvate from
glucose by additional deletion of the IdhA gene encoding
NAD"-dependent i-lactate dehydrogenase (LdhA) and in-
troduction of a attenuated variant of the acetohydroxyacid
synthase (£C-T IlvN). The latter modification abolished
overflow metabolism towards L-valine and shifted the prod-
uct spectrum to pyruvate production. In shake flasks, the
resulting strain C. glutamicum *aceE 2pgo 2ldhA 2C-T
ilvN produced about 190 mM pyruvate with a Ypg of
1.36 mol per mol of glucose; however, it still secreted
significant amounts of L-alanine. Additional deletion of
genes encoding the transaminases AlaT and AvtA reduced
L-alanine formation by about 50%. In fed-batch fermenta-
tions at high cell densities with adjusted oxygen supply
during growth and production (0-5% dissolved oxygen),
the newly constructed strain C. glutamicum 2aceE pgo
aldhA 4C-T ilvN talaT saviA produced more than
500 mM pyruvate with a maximum yield of 0.97 mol per
mole of glucose and a productivity of 0.92 mmol gicpw, ' h'
(i.e., 0.08 g gcpw, | h') in the production phase.

S. Wieschalka - B. J. Eikmanns (5)

Institute of Microbiology and Biotechnology, University of Ulm,
89069 Ulm, Germany

e-mail: bernhard.eikmanns@uni-ulm.de

B. Blombach

Institute of Biochemical Engineering, University of Stuttgart,
70569 Stuttgart, Germany

Published online: 08 January 2012

Keywords Corynebacterium glutamicum - Pyruvate
production - Pyruvate dehydrogenase complex - Pyruvate:
quinone oxidoreductase - NAD"-dependent L-lactate
dehydrogenase - Acetohydroxyacid synthase -
Transaminases - Industrial biotechnology

Introduction

Pyruvate is widely used, e.g., for the synthesis of various
chemicals and polymers or as ingredient or additive in food,
cosmetics, and pharmaceuticals (Li et al. 2001; Zhu et al.
2008). Furthermore, it is used for other applications, e.g.,
weight loss diets (Stanko et al. 1992a; Stanko et al. 1992b;
Roufs 1996), exercise endurance (Stanko et al. 1990), anti-
acne and anti-ageing skin treatment (Cotellessa et al. 2004;
Ghersetich et al. 2004), and it serves as antioxidant (DeBoer
et al. 1993) and acts positively on graft tolerance (Cicalese
et al. 1997; Cicalese et al. 1999). Chemical production of
pyruvate is realized by dehydration and decarboxylation of
tartaric acid (Howard and Fraser 1932). However, this pro-
cess is not very cost efficient (Li et al. 2001) and therefore,
fermentative production of pyruvate is of strong interest and
has been implemented successfully with metabolically engi-
neered Escherichia coli strains and with multi-auxotrophic
yeasts (Li et al. 2001, Wendisch et al. 2006).
Corynebacterium glutamicum is a facultatively anaerobic
Gram-positive rod-shaped soil bacterium that grows on a
variety of sugars and organic acids and is widely used for
the production of various amino acids, such as L-glutamate
and L-lysine (Eggeling and Bott 2005; Leuchtenberger et al.
2005; Liebl 2006; Nishimura et al. 2007; Takors et al. 2007,
Stansen et al. 2005). In recent years, the organism has been
engineered to widen the biotechnological product spectrum,
e.g., to produce organic acids, such as lactic and succinic
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acid (Inui et al. 2004a; Okino et al. 2008a; Okino et al.
2008b, Litsanov et al. 2011), 2-ketoisovalerate, ethanol,
isobutanol, or xylitol (Krause et al, 2010; Inui et al.
2004b; Smith et al. 2010; Blombach et al. 2011; Sasaki et
al. 2010) or putrescine and cadaverine (Schneider and
Wendisch 2010; Mimitsuka et al. 2007, Schneider and
Wendisch 2011). However, to our knowledge, the targeted
production of pyruvate with C. glutamicum has not been
reported and so far there were no efforts to produce pyruvate
with this organism.

The phosphoenolpyruvate-pyruvate-oxaloacetate node
in C. glutamicum displays a tangled network, connect-
ing major pathways of carbon and energy metabolism
(for a review see Sauer and Eikmanns, 2005) and serv-
ing precursors for synthesis of the pyruvate and aspar-
tate family of amino acids (Fig. 1). In an approach to
metabolically engineer C. glutamicum for L-valine pro-
duction, we found that the pyruvate dehydrogenase
complex- (PDHC-) deficient strain C. glutamicum
Ageek shows a relatively high intracellular concentration
of pyruvate (when compared with the parental wildtype
strain) and aside from L-valine secretes significant
amounts of L-alanine and pyruvate from glucose (Blombach
et al. 2007b). This phenotype already indicated an intra-
cellular surplus of pyruvate. In further approaches, we
additionally observed a positive effect on L-valine pro-
duction by the inactivation of the pyruvate:quinone ox-
idoreductase (PQO, Fig. 1) gene pgo in C. glutaniicum
Ageek, probably again due to increased pyruvate availability
(Blombach et al. 2008). Having these results in mind, C.
glutamicum 2aceE “pgo (Schreiner et al. 2005) seemed to
be an ideal basis to develop efficient pyruvate overproducing
C. glutamicum strains.

In this study, we constructed efficient pyruvate pro-
ducing derivatives from C. glutamicum “aceE “pgo by
introduction of a leaky (low activity) variant of the
acetohydroxyacid synthase (AHAS) and additional de-
letion of the LdhA gene /dhA to prevent L-lactate
formation. L-alanine formation was reduced by addi-
tional inactivation of the transaminases AlaT and AvtA.
Finally, we established an industrially feasible produc-
tion process with relevant final pyruvate titers, yields,
and productivities.

Materials and methods

Bacterial strains and plasmids

All bacterial strains and plasmids and their relevant
characteristics and sources are given in Table 1. The

oligonucleotides used and their sequences are also listed
in Table 1.

@ Springer

DNA preparation and transformation

The isolation of plasmids from E. coli was performed as
described before (Eikmanns et al. 1994). Plasmid DNA
transfer into C. glutamicum was carried out by electropora-
tion and the recombinant strains were selected on Brain
Heart Infusion (BHI) agar plates containing 0.5 M sorbitol,
83 mM potassium acetate [corresponds to 0.5% (w/v)] and
kanamycin (50 pg ml ') (van der Rest et al. 1999). Electro-
poration of £. coli was performed with competent cells
according to the method of Dower et al. (1988).

Construction of deletion mutants

C. glutamicum strains with chromosomal deletions of ldhA,
alaT, and aviA as well as inactivation of the C-terminal
(regulatory) domain of IlvN were constructed using the
suicide vector pK19mobsacB. The recombinant plasmids
were isolated from E. coli and introduced by electroporation
into C. glutamicum. Using the method described by Schiifer
et al. (1994), the chromosomal /dhA, alaT, avid, and ilvN
genes were replaced by truncated versions via homologous
recombination (double crossover). Screening of the
respective mutants was performed on 2xTY agar plates
containing 10% (w/v) sucrose and 0.5% (w/v) potassium
acetate. The replacement of the native genes was veri-
fied in sucrose-resistant, kanamycin-sensitive clones by
colony-PCR using the primer pairs ldhAFow/ldhARev,
PD1/PD2, alaTFow/alaTRev, and avtalfow/avtalrev (see
Table 1).

Culture conditions

C. glutamicum was grown aerobically at 30°C as 50-ml
cultures in 500-ml baffled Erlenmeyer flasks on a rotary
shaker at 120 rpm or as 300-ml cultures in a glass bioreactor
(see below). Precultures were grown on 2xTY medium con-
taining 0.5% (w/v) potassium acetate. For pyruvate fermenta-
tions in shake flasks, sedimented cells (4,500xg; 10 min; 4°C)
of an overnight preculture were resuspended in 0.9% (w/v)
saline and inoculated into 50 ml modified CGXII minimal
medium (pH 6.8; adjusted with 5 M KOH) (Eikmanns et al.
1991), with (NH4),SO, (5 g/1) and MnSO,4*H,0 (0.1 mg/l),
supplied with 3% (w/v) glucose and 0.5% (w/v) potassium
acetate as carbon sources. For growth of AalaT and AalaT
Aavt4 mutant strains, the minimal medium was additionally
supplied with 2 mM L-alanine. Cell dry weight (CDW) was
calculated from the ODggq using a ratio of 0.3 gicpw, I per
ODgqo (Blombach et al. 2007a).

For fed-batch fermentations, 400 ml bioreactors were
used in a fed-batch Pro fermentation system from DASGIP
(Jitlich, Germany). The initial working volume was 300 ml.
The temperature was kept at 30°C, and the pH was
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Fig. 1 The phosphoenol-pyruvate-oxaloacetate node in C. glutami-
cum with the corresponding enzymes for major pathways of carbon
metabolism (Sauer and Eikmanns, 2005). Abbreviations: AHAS aceto-
hydroxyacid synthase, AK acetate kinase, AlaT alanine aminotransfer-
ase and AvtA, valine-pyruvate aminotransferase (Marienhagen and
Eggeling 2008); BCAAs branched-chain amino acids, Cat CoA trans-
ferase (Veit et al. 2009), Cod Coenzyme A, Did quinone-dependent
p-lactate dehydrogenase (Kato et al. 2010), Ldh4d NAD -dependent

maintained at 7.0 by online measurement using a standard
pH electrode (Mettler Toledo, Giessen, Germany) and addi-
tion of 4 M H,S0, and 4 M KOH, respectively. Diluted
Struktol 674 antifoam (Schill und Seilacher, Hamburg,
Germany) (1:20) was added manually dropwise (~20 pl)
when necessary. Dissolved oxygen (DO) was measured
online, using an oxygen electrode (Mettler Toledo, Giessen,
Germany) and adjusted during growth to 30% of satu-
ration by stirring at 400 to 1,040 rpm and aeration with
1 volume of air per volume of medium per minute
(vvm). In experiments with low oxygen conditions, the
DO was allowed to drop down to levels around 0-5%
by stirring at 400 to 750 rpm, while gassing with
0.25 vvm. When acetate concentrations of the last batch
drew near 0 mM, the agitation was set to 500 rpm.
During the fed-batch process, adequate amounts of 50%
(w/v) acetate (growth phase) and 50% (w/v) glucose
(production phase) were injected.

Analytical procedures

Cell growth was monitored by measuring the optical
density at 600 nm (ODggq) using a spectrophotometer

L-lactate dehydrogenase, LIdD quinone-dependent L-lactate dehydro-
genase (Stansen et al. 2005), MalE malic enzyme, McrC monocarbox-
ylic acid transporter (Jolkver et al. 2009), ODx oxaloacetate
decarboxylase, PCx pyruvate carboxylase, PDHC pyruvate dehydro-
genase complex, PEP phosphoenolpyruvate, PEPCk PEP carboxykinase,
PEPCx PEP carboxylase, POO pyruvate:quinone oxidoreductase, P74
phosphotransacetylase, PTS phosphotransferase system, Pvk pyruvate
kinase, T'CA tricarboxylic acid

(Ultrospec® 3000 pro, Amersham Pharmacia Biotech
GmbH, Freiburg).

For quantification of substrate consumption and product
formation, I ml samples (2 ml in fed-batch fermentations) of
the culture were harvested and spinned down (17,000xg,
10 min, RT). The resulting supernatants were used for
determination of glucose, organic acid, and amino acid
concentrations in the culture fluid. Glucose and organic
acids (acetate, pyruvate, lactate, malate, fumarate, succinate)
were measured via high-pressure liquid chromatography
on an Agilent 1100 LC system (Agilent Technologies,
Waldbronn Germany) equipped with a 300=8 mm organ-
ic acid-resin column (polystrol-divinylbenzol copolymer;
CS—Chromatographie Service GmbH, Langerwehe,
Germany) and a corresponding guard cartridge (40%
8 mm). Separation was carried out under isocratic con-
ditions for 38 min at 40°C with 100 mM sulfuric acid at
a flow rate of 0.4 ml/min. Organic acids were detected
with an Agilent 1100 Variable Wavelength Detector at
215 nm and glucose with an Agilent 1100 Refractive
Index Detector. Quantification was done by calculation
of the peak area, using an 8-point calibration curve as
external standard for each substance.
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Table 1 Strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or oligonucleotide

Relevant characteristic(s) or sequence

Source, reference, or purpose

Strains
E. coli DH5a

C. glutamicum AaceE Apgo

C. glutamicum Aacel Apqo AldhA

C. glutamicum AaceE Apgo
AldhA AC-T ilvN

C. glutamicum AaceE Apgo
AldhA AC-T ilvN AalaT

C. glutamicum AaceE Apgo
AldhA AC-T ilvN AalaT Aavt4

Plasmids

pK19mobsacB AldhA
pK19mobsacB AC-T ilvN
pK19maobsacB AalaT
pK19mobsacB Aavid
Oligonucleotides

F~ O80lacZAMLS A(lacZYA-argF) U169 endAl recAl hsdRI7
(tk ", mk") supE44 thi-1 gyrAd96 reldl phod

Derived from C. glutamicum ATCC13032 with deletion of acek,
encoding the Elp subunit of the PDHC and deletion of pgo,
encoding the pyruvate:quinone oxidoreductase

C. glutamicum Aacef Apgo with additional deletion of ldhd,
encoding the L-lactic acid dehydrogenase

C. glutamicum AaceE Apgo AldhA with additional deletion of the
last 249 bp of the C-terminal domain of i/vN, encoding the small
subunit of the acetohydroxyacid synthase (AHAS)

C. glutamicum AaceE Apgo AldhA AC-T iivN with additional
deletion of alaT, encoding the alanine aminotransferase

C. glutamicum AaceE Apgo AldhA AC-T ilvN AalaT with deletion
of avtA, encoding the valine:pyruvate aminotransferase

pK19mobsacB carrying a truncated /dh4 gene
PK19mobsacB carrying a truncated iflvN gene (shortened by 249 bp)
pK19mobsacB carrying a truncated alaT gene
pPK19mobsacB carrying a truncated avid gene

Hanahan 1983

Schreiner et al. 2006

This study

This study

This study

This study

Blombach et al. 2011
Blombach et al. 2009
Marienhagen et al. 2005
Marienhagen et al. 2005

Primer to verify ldhA4 deletion
Primer to verify ldhA deletion
Primer to verify AC-T ilvN deletion
Primer to verify AC-T ilvN deletion
Primer to verify alaT deletion
Primer to verify alaT deletion

Primer to verify avt4 deletion

ldhAFow 5 -TGTGGGTTGTCCGGTTAG-3"

ldhARev 5-TGGTAGTCAAGCGGGTAG-3'

PDI 5-CCAAGATGGCTAATTCTGACGTCACC-3'
PD2 5-GACTAGTCACATTTATGCAGCAGGTGC-3
alaTFow 5'-CGAGGAACGGCAATAATC-3"

alaTRev 5'-AGCAAGACCTGACATACC-3'

avtalfow 5-TCCGATAGCTGCAACAACTG-3

avtalrev 5'-TACCGCACTCAATGCTGAAG-3

Primer to verify avtd deletion

For some shake flask experiments, glucose, acetate,
and pyruvate concentrations were alternatively deter-
mined by enzymatic test kits (Roche Diagnostics, Penz-
berg, Germany) or by the method of Lamprecht and
Heinz (1983), respectively. For the latter, 500 pl of
100 mM Tris (pH 7.4), 100 pl of 3 mM NADH,
290 ul of H,0, and 100 ul adequately diluted samples
were mixed in a 1 ml-cuvette, and extinction was mea-
sured at 365 nm against an offset value to determine a
blank value (E,). Afterwards, 10 ul of r-lactic acid
dehydrogenase from porcine heart (Sigma, Steinheim)
diluted 1:10 in 2.5 M (NH4),80, were added to the
cuvette. After 10 min of incubation at RT, extinction
was measured again at 365 nm (E,). The concentration
of pyruvate was calculated by the law of Lambert and
Beer, dividing the difference of £, and £, by the product
of the linear extinction coefficient of NADH enapn

(3.4 mM ' em ') and the thickness of the cuvette (1 cm).

The amino acid concentrations were determined by
reversed-phase high-pressure liquid chromatography as de-
scribed previously (Blombach et al. 2007b).

@ Springer

Results

Pyruvate production by C. glutamicum 2aceE “pgo and C.
glutamicum “aceE 2pgo 2ldhA

To test C. glutamicum >“aceE “pgo for its ability to
form organic acids and/or amino acids from glucose
and acetate, we carried out shake-flask fermentations
in modified CGXII medium with 3% (w/v) glucose
and 1% (w/v) potassium acetate. Growth, glucose, and
acetate utilization as well as organic acid and amino
acid accumulation were monitored over the course of
the experiment. Within 10 h, C. glutamicum »aceE
apgo grew exponentially with a g of about 0.40 h™'
to an ODggq of about 17, consuming acetate and glu-
cose. After complete consumption of the acetate, the
cells stopped growing but continued to metabolize glu-
cose and produced 19 mM L-valine, 27 mM L-alanine,
and 55 mM pyruvate within 40 h with a Yp;5 of about
0.48 mol pyruvate per mole glucose (Fig. 2). The cells
did not secrete any succinate, acetate, or lactate in the

109



Appendix

110

Appl Microbiol Biotechnol

course of the experiment. However, to prevent lactate
formation in further optimized producer strains, we de-
leted the ldhA gene in C. glutamicum “aceE “pgo. In
modified CGXII medium with 3% (w/v) glucose and 1%
(w/v) potassium acetate, the resulting strain C. glutami-
cum SaceE tpgo “ldhA showed similar growth and the
comparable (by)product spectrum and Yps when com-
pared to the parental strain C. glutamicum 2aceE 4pgo
(data not shown).

Deletion of the C-terminal domain of the regulatory subunit
IIvN of the AHAS increases pyruvate formation

As described above, C. glutamicum “aceE “pgo “ldhA
produced significant amounts of L-valine as by-product. To
avoid L-valine production without generating an auxotrophy
for L-valine, we replaced the AHAS with a leaky variant,
lacking the C-terminal domain of the regulatory subunit
IIlvN and showing an about twofold lower K, for the sub-
strate pyruvate and an about fourfold lower V. (Blombach
etal. 2009). The AHAS is the key enzyme for the formation
of branched-chain amino acids (BCAAs), consuming either
two molecules of pyruvate for L-valine and L-leucine syn-
thesis or one molecule of pyruvate and one molecule of
ketobutyrate for L-isoleucine synthesis. We introduced the
AC-T ilvN deletion into C. glutamicum “aceE “pgo 2ldhA
and performed shake-flask fermentations in modified CGXII
medium with 3% (w/v) glucose and 1% (w/v) potassium
acetate with the resulting strain C. glutamicum “aceE pgo
aldhA ~C-T ifvN. Within 10 h this strain grew exponentially
with a ¢ of about 0.40 h™' to an ODgqg of about 15. After

Fig. 2 Growth, substrate 250 4 100
consumption, and product
formation during a representative
shake-flask batch cultivation of
C. glutamicum “aceE 2pgo on 200 1
modified CGXII medium
containing 3% (w/v) glucose and
1% (w/v) potassium acetate.
(Filled triangle) growth; (empty
square) glucose; (filled square)
potassium acetate;
(nultiplication symbol) L-
alanine; (plus symbol) L-valine;
(empiy circle) pyruvate. At least
three independent fermentations
were performed, showing
comparable results

150 1

100 4

Glucose [mM], Acetate [mM]
Growth [ODy ]
]

[
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complete consumption of the acetate, the cells stopped grow-
ing, consumed the glucose within the next 48 h completely,
and produced about 9 mM v-alanine, | mM L-valine, and
about 193 mM pyruvate, with a Yps of 1.36 mol pyruvate
per mole of glucose (Fig. 3). Thus, C. glutamicum »acek
spgo 2ldhA 2C-T ilvN showed a more than 90% reduction
of L-valine formation, a more than 70% reduction of L-alanine
formation, and an about threefold increased substrate specific
pyruvate yield, when compared with the parental strain.

Inactivation of the transaminases AlaT and AvtA further
reduces by-product formation

Aside from pyruvate, C. glutamicum “aceE Spgo 2ldhA
AC-T ilvN still secreted significant amounts of L-alanine
as by-product. Marienhagen et al. (2005) and Marienhagen
and Eggeling (2008) identified the transaminases AlaT
and AvtA as major L-alanine supplying enzymes. To
avoid or to reduce L-alanine formation, we constructed
an AlaT— and an AlaT/AvtA— mutant by deletion of the
respective genes in C. glutamicum 2aceE 2pgo 2ldhA
aC-T ilvN and performed shake-flask cultivations with
both C. glutamicum 2aceE tpgo 2ldhd 4C-T ilvN
aglaT and C. glutamicum “aceE 4pgo &ldhA ~C-T ilvN
AalaT 2avid in modified CGXII medium with 3% (w/v)
glucose and 1% (w/v) potassium acetate. Without sup-
plementation of L-alanine to the minimal medium, both
strains showed only very restricted growth [;0 of about
0.12 h™', final ODggs of about 5 (2alaT) and 3 (2alaT
aqvtd) (data not shown)]. When adding 2 mM L-alanine
to the medium, both strains grew with a pu of about
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Fig. 3 Growth, substrate 250 100

consumption, and product
formation during a representative
shake-flask batch cultivation of
C. glutamicum 2aceE “pgo
aldhA 4C-T ilvN on modified
CGXII medium containing 3%
(w/v) glucose and 1% (w/v) po-
tassium acetate. (Filled triangle)
growth; (empty square) glucose;
(filled square) potassium acetate;
(multiplication symbol) 1 -ala-
nine; (plus symbol) L-valine;
(empty circle) pyruvate. At least
three independent fermentations
were performed, showing
comparable results
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o
o

0.35 h'' to an ODggo of about 12 after 8 h (Fig. 4,
representative for both strains). Within 48 h, both strains
completely consumed the glucose and produced nearly
200 mM pyruvate (Fig. 4) with a ¥p5 of 1.49 mol pyruvate
per mole of glucose. Furthermore, the inactivation of AlaT
and AvtA resulted in a cumulative reduction of L-alanine
formation by about 50%, when compared to the parental
strain C. glutamicum 2aceE 2pgo 2ldhA ~C-T ilvN, and
therefore might improve product purity in the subsequent
downstream process.

Comparison of pyruvate accumulation, substrate-specific
pyruvate yields, and by-product formation in shake-flask
batch fermentations

Figure 5 summarizes the final pyruvate titers, the substrate-
specific pyruvate yields and by-product (L-alanine and L-
valine) formation during the production phases of C. gluta-
micum “acekE “pgo and its derivatives in shake-flask experi-
ments. The results show that the critical step for pyruvate
production is the disruption of the C-terminal domain of the
regulatory subunit IlvN of the AHAS. Additional deletion of
alaT or both alaT and avtd had a further beneficial effect on
the reduction of the by-products L-alanine and L-valine.

Fed-batch fermentations with C. glutamicum “acekE *pgo
Aldhd 2C-T ilvN 2alaT “avid in bioreactors

To study the relevance for an industrial application, we
established fed-batch fermentations with C. glutamicum
sacel 2pgo 2ldhA 2C-T ilvN 2alaT 2aviA in modified
CGXII medium, initially containing 4% (w/v) glucose, 1%
(w/v) potassium acetate, and 6 mM L-alanine. To reach
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higher cell densities, we added adequate amounts of a 50%
(w/v) acetate stock solution at given time points to the
growing cells. When we cultivated C. glutamicum “acell
Apgo 8ldhA 2C-T ilvN 2alaT 2avt4 under oxygen surplus
conditions, i.e., with a constant pO, of >30%, the cells grew
with a u of about 0.28 h™' to an ODggo of 30, but in the
production phase after complete consumption of the acetate,
we observed a low glucose consumption rate of only
0.23 mmol gcpw, ' h'. Furthermore, C. glutamicum
saceE spgo 2ldhA 2C-T ilvN calaT 2avtA produced only
50 mM of pyruvate with a Yp5 of about 0.8 mol pyruvate
per mole of glucose (data not shown), which is about two
times lower when compared to that of the shake-flask fer-
mentations with this strain. However, when we performed
fed-batch fermentations, allowing oxygen deprivation con-
ditions during mid- and late-growth phase (for details see
“Materials and methods™), C. glutamicum 2aceE “pgo
aldhd 2C-T ilvN salaT ~avt4 grew with a p of about
0.32 h'' to a maximal ODgp of about 63 within 14 h
(Fig. 6a). Within 5 h, the pO, dropped from about 100%
to about 0% of saturation and remained at this value until the
acetate was completely consumed and the production phase
started (Fig. 6). In this phase, the cells continued to metab-
olize the glucose efficiently with a consumption rate of
0.81 mmol g(cnw,’l h'!, which is more than three times
higher compared to that of the previous experiments with a
constant pO, of about 30% of saturation during growth.
Within 105 h, C. glutamicum ~aceE 4pgo 4ldhA 2C-T ilvN
salaT ~avid produced about 15 mM malate, 18 mM L-
valine, 20 mM L-alanine (data not shown), and up to
512 mM pyruvate (Fig. 6a) with a Ypg of about 0.97 mol
pyruvate per mole of glucose and a productivity of about
0.92 mmol gcpw) ' h!
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Fig. 4 Growth, substrate
consumption, and product
formation during a
representative shake-flask batch
cultivation of C. glutamicum
sacek spgo 2ldhA ~C-T ilvN
AalaT 4avt4 on modified
CGXII medium containing 3%
(wiv) glucose, 1% (w/v) potas-
sium acetate and 2 mM L-
alanine. (Filled rriangle)
growth; (empty square) glu-
cose; (filled square) potassium
acetate: (multiplication symbol)
L-alanine; (plus symbol) L-va-
line; (empty circle) pyruvate, At
least six independent fermenta-
tions were performed, all of
them showing comparable
results
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When comparing the results obtained during fed-batch
fermentations in bioreactors with those obtained in shake-
flask batch fermentations (Table 2), the growth rates as well
as the biomass yields per mole carbon were slightly lower
under fed-batch conditions. However, although the glucose
consumption rate in the bioreactor was higher under fed-
batch conditions, the production rate of pyruvate was slight-
ly reduced and the Yps diminished to about 65% (Table 2),
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Discussion

Based on previous experience on tailoring C. glutamicum
for L-valine production and on the observation that L-valine-
producing strains form pyruvate as an undesired by-product
(Blombach et al. 2007b, Blombach et al. 2008), we con-
structed here for the first time C. glutamicum strains effi-
ciently producing pyruvate with high yields and

A Pyruvate [mM) B
0 1?0 2?0 3?0
(=1 ;

gbgg:fam{cumAaer I =] Vr:‘l“’::e 7////////////////////////////;%
C. glutamicum AaceE |
Apgo AldhA %
C. glutamicum AaceE ; I |
Apgo AldhA AC-T ilvN "l"
STt ==
T B
Ry +
AEE Aava T HH

0.0 0:5 :fo 1T5 20

Y ae [mol pyruvate/ mol glucose]

Fig. 5 a Comparison of final pyruvate concentrations and substrate
specific yields (mole pyruvate per mole glucose) of pyruvate over-
producing C. glutamicum strains at the end of production phase in
shake-flask experiments. b Overview of the effects, resulting from

L-Alanine [mM], L-Valine [mM]
stepwise inactivation of PDHC and PQO, LdhA, attenuation of the

AHAS and additional deletion of alaT and avtd, on the formation of
the byproducts L-alanine and L-valine
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Fig. 6 a Growth, glucose consumption, and pyruvate formation, and b
acetate consumption and the course of the pO, of C. glutamicum
saceE spgo cldhA AC-T ilvN 2alaT ~avid during a representative
fed-batch cultivation with modified CGXII medium initially containing

productivities. The most efficient pyruvate-producing strain
was constructed stepwise from the PDHC- and PQO-
deficient C. glutamicum “aceE “pqo, by deletion of the
LdhA gene, exchange of the native AHAS by a truncated
enzyme with lower activity and by deletion of the genes
encoding the transaminases AlaT and AvtA. C. glutamicum
sacek 2pgo already produced pyruvate but secreted signif-
icant amounts of L-valine and L-alanine (see Fig. 2). The
introduction of the leaky AHAS variant 4C-T i/vN into this
C. glutamicum host almost completely abolished the carbon
overflow towards L-valine, led to drastically increased pyru-
vate production and turned out to be highly beneficial for
pyruvate overproduction without generating an auxotrophy
for the BCAAsS.

We previously replaced the native AHAS by the aC-T
ilvN AHAS variant in L-lysine-producing strains of C.
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4% (w/v) glucose, 1% (w/v) acetate, and 6 mM L-alanine. a (Filled
triangle) growth; (empty square) glucose; (empty circle) pyruvate; b
gray line acetate; black line pO,. At least three independent fermenta-
tions were performed, showing comparable results

glutamicum, resulting in an efficient redirection of the car-
bon flux towards L-lysine and thus, in increased L-lysine
formation by more than 40% (Blombach et al. 2009). L-
lysine originates from pyruvate and oxaloacetate (which
also is formed from pyruvate by the pyruvate caboxylase
reaction; Peters-Wendisch et al. 1997 and 1998) and thus,
the positive effect of decreased AHAS activity for pyruvate
and for L-lysine production should be at least partially due to
reduced carbon flow from pyruvate towards the BCCAs.
However, the positive effect of the decreased AHAS activity
on both pyruvate accumulation by C. glutamicum “acel
apgo 4ldhA #C-T ilvN and on L-lysine accumulation by the
L-lysine producer with the 4C-T ilvN AHAS variant
(Blombach et al. 2009) cannot be exclusively explained by
diminishing the drain off of pyruvate in the direction of
BCAAs, since the pyruvate and also the L-lysine titers

Table 2 Relevant process
parameters of shake flask culti-
vations and fed-batch fermenta-

Process parameters

Growth condition

tions with C. glutamicum sacek 500 ml 400 ml bioreactor
spgo cldhA sC-T ilvN 2alaT shake flask (fed-batch)
savid
Growth rate ;2 [h™'] 0.35+0.01 0.32+0.01
Biomass yield [gcpw, mole 1 11.6+1.82 9.97+0.8
Glucose consumption rate during production phase 0.58+0.09 0.81+0.05
[mmol gepw, ' h']
Production rate [mmol gicpyy, ' h'] 1.06+0.20 0.92+0.01
Product Yps [mole pyruvate/mole glucose] 1.49+£0.20 0.97+0.10
By-product Yp5 [mole L-alanine/mole glucose] 0.03=0 0.11+0.03
By-product Yps [mole L-valine/mole glucose] 0.01+0 0.11+0.05
ringer
D spring
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observed with the newly constructed strains exceeded
by far the titers of pyruvate plus L-valine or of L-lysine
plus BCAAs observed with the original strains with
native AHAS.

The improvement of pyruvate production in C. glutami-
cum “aceE 2pgo ~ldhA by substitution of the native AHAS
was accompanied by a severe reduction of L-valine and L-
alanine formation. The lower L-alanine formation was sur-
prising, but might be explained by the action of the trans-
aminases AlaT and AvtA, which are the major L-alanine
supplying enzymes in C. glutamicum (Marienhagen et al.
2005; Marienhagen and Eggeling 2008). Marienhagen and
Eggeling (2008) showed that inactivation of either AlaT or
AvtA has no influence on growth of C. glutamicum, found
that the double mutant is unable to grow without supplemen-
tation of L-alanine and postulated an amino group distribu-
tion system, due to overlapping substrate specificities of
AlaT and AvtA. This system allows a cascade of amino
transfers between L-glutamate, L-alanine, and L-valine in
both directions using 2-oxoglutarate, pyruvate, and 2-
ketoisovalerate as substrates, conferring flexibility to the cell
(Marienhagen and Eggeling 2008). Since L-valine acts as
amino donor for the AvtA reaction, a limitation in L-valine
availability, due to introduction of the leaky AHAS, could be
the reason for reduced L-alanine formation by C. glutamicum
sacel spgo &ldhA 4C-T ilvN. The reduced carbon flux
towards the BCAAs and thus, the reduced availability of L-
valine for AvtA also might explain our observation that
inactivation of AlaT i C. glutamicum “acek’ ~pgo “ldhA
AC—T ilvN resulted in weak growth. Surprisingly, C. gluta-
micum 2aceE 2pgo 2ldhA ~C-T ilvN 2alaT 2avtd, devoid
of both aminotransferases AlaT and AvtA, still showed
growth in minimal medium without L-alanine, although
at a low g of about 0.12 h ', This result indicates that a
further transaminase in C. glutamicum is able to com-
pensate the functions of AlaT and AvtA under these
conditions. However, effective growth of C. glutamicum
saceE 2pgo 2ldhd 2C-T ilvN 2alaT “avt4 was restored
by the addition of 2 mM L-alanine and deletion of the
genes alal and avid significantly reduced L-alanine
formation.

When we transferred C. glutamicum 2acek “pgo 2ldhA
aC-TilvN talaT “aviA into a bioreactor and performed fed-
batch fermentations under oxygen surplus, we observed sig-
nificant lower glucose consumption rates and product-specific
yields than in shake-flask cultivations. It can be assumed that
in shake flasks, at least at higher cell densities (ODgq 0of >10),
the cells face oxygen limitation (Zimmermann et al. 2006)
and therefore, we tested the effect of low oxygen ten-
sion in the bioreactor from the middle to the end of the
growth phase. Under these conditions, the cells showed
slightly lower growth rates and biomass yields and in
the production phase slightly lower production rates,

significantly lower Yps and significantly higher glucose
consumption rates (see Table 2). Recently, Martinez et
al. (2010) reported a similar observation for a succinate
production process with E. coli. This process was split into
an aerobic growth phase and an anaerobic production phase
(dual phase fermentation) and the authors found that the
introduction of a microaerobic phase at the end of the growth
phase improved yield, titer and volumetric productivity. More
recently, we engineered C. glutamicum for the anaerobic
production of isobutanol and also observed a reduced Yp5 in
dual phase fermentations compared to cultivations in shaken
bottles (Blombach et al. 2011). These findings demonstrate
the importance and impact of the physiological state of the cell
on the overall production behavior in such processes. How-
ever, a deeper understanding of the adaption of the cell's
transcriptional, translational, and enzymatic machinery to
changing conditions (such as a shift from growth to produc-
tion or a shift from aerobic to oxygen deprivation conditions)
is required. Such knowledge in consequence will help to
optimize process conditions and may significantly improve
our pyruvate production system.

Several studies focused on the biotechnological produc-
tion of pyruvate with multi-auxotrophic yeasts and E. coli
strains (reviewed in Li et al. 2001). Production processes
with yeasts need a complex fermentation set-up, as mainte-
nance of vitamin concentrations within the medium is cru-
cial to direct carbon flux towards pyruvate; however, they
led in 56 h to titers up to 784 mM (i.e., 69 g/l) (Li et al.
2001). The highest known Y5 values with E. coli mutants
in shake flasks were at about 1.9 mol pyruvate per mole
glucose (Zeli¢ et al. 2003). More recently, Zhu et al. (2008)
engineered E. coli for the production of pyruvate and ob-
served under optimized process conditions 1,022 mM (i.e.,
90 g/1) with a Yp/5 of 1.39 mol pyruvate per mole of glucose.
These impressing production characteristics were based on
the improvement of the glycolytic flux. Previous studies
also showed successfully improved production of pyruvate
by metabolic engineering strategies at glycolysis (Yokota et
al. 1994a; Yokota et al. 1994b; Causey et al. 2004; Zhu et al.
2008). These strategies were also applied to C. glutamicum,
leading to improved glutamate production with pyruvate
as by-product (Sekine et al. 2001). However, under non-
optimal process conditions C. glutamicum “aceE *pgo
aldhAd 2C-T ilvN 2alaT ~avtA showed a pyruvate pro-
duction rate of more than 1 mmol g(c[)w]" h! and a
Ypis of 1.49 mol per mole of glucose, and in non-
optimized fed-batch fermentations the cells produce final
titers of more than 500 mM (i.e., 45 g/l). With these
characteristics, this strain not only is a useful platform
for pyruvate production but can probably also be
exploited for the production of pyruvate-derived prod-
ucts, such as the dicarboxylic and tricarboxylic acids of
the citric acid cycle.
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Summary

The shortage of oil resources, the steadily rising oil prices and the impact of its use
on the environment evokes an increasing political, industrial and technical interest for
development of safe and efficient processes for the production of chemicals from
renewable biomass. Thus, microbial fermentation of renewable feedstocks found its
way in white biotechnology, replacing more and more traditional crude oil-based
chemical processes. Rational strain design of appropriate microorganisms has
become possible due to steadily increasing knowledge on metabolism and pathway
regulation of industrially relevant organisms and, aside from process engineering and
optimization, has an outstanding impact on improving the performance of such hosts.
Corynebacterium glutamicum is well known as workhorse for the industrial production
of numerous amino acids. However, recent studies also explored the usefulness of
this organism for the production of several organic acids and great efforts have been
made for improvement of the performance. This review summarizes the current
knowledge and recent achievements on metabolic engineering approaches to tailor
C. glutamicum for the bio-based production of organic acids. We focus here on the
fermentative production of pyruvate, L- and D-lactate, 2-ketoisovalerate, 2-
ketoglutarate, and succinate. These organic acids represent a class of compounds
with manifold application ranges, e.g. in pharmaceutical and cosmetics industry, as
food additives, and economically most interesting, as precursors for a variety of bulk
chemicals and commercially important polymers.

Introduction

The depletion of earth’s fossil energy resources, accompanied by the strong impact
of their use on the environment, particularly in form of higher CO, emissions, raises
the demand for sustainable, safe and efficient substitution of hitherto crude oil
derived chemicals and chemical building blocks from renewable resources. Besides
chemical manufacturing of renewable feedstocks to valuable compounds,
biotechnological processes afford more and more opportunities to produce fuels,
building blocks, and solvents in a cost effective way from biomass (Bozell and
Petersen, 2010). Chemical buildings blocks, such as some organic acids, serve as
precursors for a variety of bulk chemicals and commercially important polymers
(Werpy and Petersen, 2004). The cost effective bio-based production of these
chemicals is a most relevant goal for the future and has to meet economic and
environmental requirements. Therefore, the microbial production systems have to
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perform excellent with regard to yield, productivity, product purity and flexibility to
substrate consumption.

Corynebacterium glutamicum is a Gram-positive facultative anaerobic organism
that grows on a variety of sugars, organic acids, and alcohols as single or combined
carbon and energy sources (Eggeling and Bott, 2005; Liebl, 2006; Nishimura et al.,
2007; Takeno et al., 2007). The organism is generally regarded as safe (GRAS
status) and is traditionally employed for large scale production of amino acids, such
as L-glutamate (> 2 million t/a) and L-lysine (> 1.4 million t/a) (Eggeling and Bott,
2005; Takors et al., 2007; Ajinomoto Co., 2010; 2011). In order to improve the
production performance by metabolic engineering approaches, the central carbon
metabolism, the physiology and the regulation of main and specific pathways of C.
glutamicum were analyzed in detail and genetic tools as well as systems biology
approaches on the ‘omics’ level have been developed and employed (overviews in
Sauer and Eikmanns, 2005; Wendisch et al., 2006a; Eggeling and Bott, 2005; Takors
et al., 2007; Bott, 2007; Burkowski 2008; Kirchner and Tauch, 2003; Brinkrolf et al.,
2010; Teramoto et al., 2011; Becker and Wittmann, 2011; Vertes et al., 2012). Since
C. glutamicum is regarded as a robust and easily manageable production host,
recent studies also focused on the suitability of this organism for the production of
other commodity chemicals, such as the biofuels isobutanol and ethanol (Blombach
et al., 2011; Blombach and Eikmanns, 2011; Smith et al., 2010; Inui et al., 2004b),
the diamines cadaverine and putrescine (Mimitsuka et al., 2007; Kind et al., 2010a;
2010b; Kind and Wittmann, 2011; Schneider and Wendisch, 2010; 2011), the sugar
alcohol xylitol (Sasaki et al., 2010), and also several organic acids (reviewed in this
article).

Six years ago, Wendisch et al. (2006b) reviewed the metabolic engineering of C.
glutamicum and Escherichia coli for the biotechnological production of organic acids
and amino acids. At that time, E. coli was the superior platform organism for the
production of organic acids and it was hardly known that C. glutamicum forms lactate
and succinate under oxygen-deprivation conditions (Dominguez et al., 1993; Inui et
al., 2004a; Okino et al., 2005). However, it was foreseeable that genetically modified
C. glutamicum strains will become promising biocatalysts for the production of at
least some organic acids. As outlined in the following, great efforts have been made
in the last seven years to successfully implement and/or to improve the production of
several organic acids with C. glutamicum. This review focuses on the
metabolic/genetic engineering approaches to tailor C. glutamicum for the
fermentative production of pyruvate, D- and L-lactate, 2-ketoisovalerate, 2-
ketoglutarate, and succinate from renewable carbon sources. Figure 1 gives an
overview on pathways and enzymes of the central metabolism of C. glutamicum,
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including the pathways for the degradation of selected substrates and those for the
synthesis of organic acids produced with this organism.

Production of pyruvate

Pyruvate is broadly used as ingredient or additive in food, cosmetics and
pharmaceuticals, but also for the synthesis of various chemicals and polymers (Li et
al.,, 2001; Zhu et al., 2008). Chemical production of pyruvate is realized by
dehydration and decarboxylation of tartaric acid, but in a cost-ineffective way (Li et
al., 2001; Howard and Fraser, 1932). Different approaches were made for pyruvate
production with eukaryotic microorganisms like multi-auxotrophic yeasts (reviewed in
Li et al., 2001), however, prokaryotic microorganisms, such as E.coli and
C. glutamicum, also were successfully engineered to produce pyruvate.

Pyruvate is a central intermediate in the carbon and energy metabolism (see Fig.
1) in all organisms and thus, for construction of an efficient pyruvate-producing C.
glutamicum strain, the major pyruvate-drawing reactions had to be down-regulated or
even eliminated. In the course of the molecular analysis of the pyruvate
dehydrogenase complex (PDHC), Schreiner et al. (2005) inactivated this complex in
C. glutamicum by deletion of the aceE gene, encoding the E1lp subunit of the PDHC.
The resulting strain C. glutamicum AaceE required acetate or ethanol as an
additional carbon source for growth on glucose (Schreiner et al., 2005; Blombach et
al., 2009). In an approach to engineer C. glutamicum for L-valine production,
Blombach et al. (2007) observed that C. glutamicum AaceE showed a relatively high
intracellular concentration of pyruvate and, when acetate was exhausted from the
medium and growth stopped, secreted significant amounts of L-alanine (30 mM), L-
valine (30 mM), and pyruvate (30 mM) from glucose. In subsequent studies, the
PDHC-deficient strain turned out to be an excellent starting point to engineer
C. glutamicum for the efficient production of L-valine (Blombach et al., 2007; 2008;
2009; Krause et al., 2009), isobutanol (Blombach et al.,, 2011), and also of 2-
ketoisovalerate (Krause et al., 2010; see below), succinate (see below) and pyruvate.
The additional inactivation of the pyruvate:quinone oxidoreductase (PQO) and
NADH-dependent L-lactate dehydrogenase (L-LDH) significantly improved pyruvate
formation (Wieschalka et al., 2012). In shake-flask experiments, C. glutamicum
AaceE Apgo AldhA accumulated in a growth-decoupled manner about 50 mM
pyruvate with a substrate specific product yield (Yp;s) of 0.48 mol per mol of glucose,
aside from L-alanine (29 mM) and L-valine (21 mM) as by-products (Wieschalka et
al., 2012). To abolish overflow metabolism towards L-valine, the native
acetohydroxyacid synthase (AHAS) was substituted by a leaky variant (AC-T IlvN)
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leading to an almost threefold increased Yps of 1.36 mol pyruvate per mol of
glucose, and a strong increase of pyruvate production (up to 193 mM), while L-valine
and L-alanine formation were reduced to 1 mM and 9 mM, respectively (Wieschalka
et al., 2012). Additional deletion of the genes encoding alanine aminotransferase
(AlaT) and valine-pyruvate aminotransferase (AvtA) resulted in cumulative reduction
of L-alanine as undesired by-product by 50%. With the final strain C. glutamicum
AaceE Apqgo AldhA AC-T ilvN AalaT AavtA (designated as C. glutamicum ELB-P; see
Fig. 2) up to 200 mM pyruvate were formed in shake-flask experiments, with a Yps of
1.49 mol per mol of glucose. The yields of the by-products L-alanine and L-valine
were evanescent low with 0.03 and 0.01 mol per mol of glucose, respectively
(Wieschalka et al., 2012). To study the relevance for industrial applications, fed-batch
fermentations were performed with C. glutamicum ELB-P. When C. glutamicum
ELB-P was cultivated with a constant pO, of about 30% a two-fold lower glucose
consumption rate (0.28 mmol g(CDW)'l h) and a significantly lower Yps (0.8 mol
pyruvate per mol of glucose) were observed when compared to shake flask
experiments (0.58 mmol gcpwy™ h™* and 1.49 mol pyruvate per mol of glucose,
respectively). Implementation of low oxygen tension from the middle until the end of
growth phase restored the production performance and led to the formation of more
than 500 mM (45 g/l) pyruvate with a Yp;s of 0.97 mol pyruvate per mol of glucose in
the production phase (Wieschalka et al., 2012). In comparison, the best pyruvate-
producing E. coli strains (E. coli YYC202 and ALS1059) produced under optimized
process conditions about 720 mM (63 g/l) and 1 M (90 g/l) pyruvate, with Ysp/s of
1.74 and 1.39 mol pyruvate per mol of glucose, respectively (Zelic et al., 2003; Zhu et
al., 2008). Since the yield of C. glutamicum ELB-P in shake flask experiments is in
the same range as in these E. coli strains, further process optimization might disclose
the whole potential of C. glutamicum ELB-P for a further improved pyruvate
production process.

Production of lactate

Lactate is widely used as both D- and L-isomers for pharmaceutical, cosmetic,
leather and textile, chemical, biomedical and food industries, as well as for green
solvent and biodegradable fiber and polymer production (Hofvendahl and Hahn-
Hagerdal, 2000; Okano et al., 2010; Bozell and Petersen, 2010). Especially the latter,
in form of D- and L-polylactic acid is a fully biodegradable substitute for polyethylene
terephthalates and therefore, of great economical interest (Dodds and Gross, 2007,
Lorenz and Zinke, 2005). In the past and still today, wildtype and recombinant lactic
acid bacteria have been mainly employed for the production of both D- and L-lactate
(reviewed in Okano et al.,, 2010). However, these bacteria have a demand for
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complex media, which makes the cultivation of the organisms and the purification of
the product relatively cost-intensive. Therefore, other less fastidious organisms, such
as metabolically engineered E. coli, Saccharomyces cerevisiae and C. glutamicum
have also been developed for efficient L- and D-lactic acid production (Okano et al.,
2010).

C. glutamicum is facultatively anaerobic and grows aerobically and anaerobically
in the presence of oxygen and nitrate, respectively (Nishimura et al., 2007; Takeno et
al.,, 2007). The lack of oxygen or nitrate as external electron acceptors results in
growth arrested cells, which still have the capability to ferment C6 sugars to L-lactate
and succinate as major products. Dominguez et al. (1993) firstly reported that C.
glutamicum forms lactate, succinate and acetate at small amounts when oxygen is
limited during aerobic growth. Inui et al. (2004a) further studied this phenomenon in
an attempt to utilize corynebacterial properties for the industrial production of lactate
and succinate. These authors reported of organic acid production with
C. glutamicum strain R and described that the bacteria showed no growth under
oxygen-deprivation conditions, but produced significant amounts of L-lactate
(~220 mM) and succinate (~20 mM) from about 130 mM glucose. Addition of
bicarbonate to the medium led to an increase of the NAD*/NADH ratio and, probably
as consequence of a derepression of the glyceraldehyde-3-phosphate
dehydrogenase gene gapA, to an increased glucose consumption (Inui et al., 2004a).
Furthermore, the addition of bicarbonate led to an altered product spectrum, i.e., the
formation of succinate and lactate increased by a factor of two to four and significant
concentrations (about 10 mM) of acetate were formed (Inui et al., 2004a; Okino et al.,
2005). In a high cell density [30 g dry cell weight ocw)/l] fed-batch system, C. glutamicum
R already produced 574 mM L-lactate (i.e., 53 g/l), with only small amounts (< 10
mM) of succinate and acetate as side-products (Okino et al., 2005). Addition of
400 mM bicarbonate raised the L-lactate concentration to more than 1 M (97.5 g/l),
but also the concentrations of the by-products succinate (192 mM) and acetate
(50 mM) (Okino et al., 2005). Even without genetic modification of C. glutamicum, the
resulting L-lactate titer from glucose and the Yp;s of 1.79 mol L-lactate per mol of
glucose (i.e., 0.90 g/g) are highly competitive as e.g., the best known metabolically
engineered L-lactate-producing E. coli strain SzZ85 (pflB, frdBC, adhE, ackA,
I[dhA:ldhL, overexpressed IdhL gene from Pediococcus acidilactici) accumulated
505 mM L-lactate (i.e., 46 g/l) with a Yp;s of 1.9 mol per mol of glucose (i.e., 0.95 g/g;
Zhou et al., 2003b) (see Table 1).

For D-lactate production with C. glutamicum, a L-LDH-deficient mutant was
constructed, expressing the D-lactate dehydrogenase (D-LDH) from Lactobacillus
delbrueckii (Okino et al., 2008b). Under oxygen-deprivation conditions, this mutant
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(C. glutamicum R AldhA/pCRB204) produced in a high cell density system (60 gpcw)
Iy about 1.34 M D-lactate (i.e. 120 g/l) within 30 h with a Yp/s of 1.73 mol per mol of
glucose. But also significant amounts of succinate (146 mM) and actetate (52 mM)
were formed, underlining product purity as major problem (Okino et al., 2008b).
However, C. glutamicum R AldhA/pCRB204 produced more D-lactate than E. coli
JP203 (pta, ppc) (Chang et al.,, 1999) and SzZ63 (W3110; pflB, frdBC,adhE, ackA)
(Zhou et al., 2003a) (Tab. 1), the best known genetically defined D-lactate producing
E. coli strains, harboring the native D-LDH of E. coli. With about 690 mM (62 g/l) and
530 mM (48 g/l), these strains formed approximately half of the titer obtained with
C. glutamicum R AldhA/pCRB204, however, with comparable Ysp;s of between 1.76
and 1.92 mol D-lactate per mol of glucose (0.90 to 0.99 g D-lactate per g of glucose;
Chang et al., 1999; Zhou et al., 2003a).

It has to be noted that all described C. glutamicum and E. coli processes have to
compete with those using recombinant yeast strains (Saccharomyces and
Kluyveromyces) that produce L-lactic acid with titers of up to 1.3 M and Ysg;s of up to
1.6 mol L-lactate per mol of glucose (Saitoh et al., 2005; Okano et al., 2010).

Production of 2-ketoisovalerate and 2-ketoglutarate

In nature, 2-ketoisovalerate (3-methyl-2-oxobutanoic acid) is a precursor for L-valine,
L-leucine, and pantothenate synthesis in bacteria and plants. In these organisms, it is
formed from two molecules of pyruvate via the reactions catalyzed by AHAS,
acetohydroxyacid isomeroreductase (AHAIR), and dihydroxyacid dehydratase
(DHAD) (see Fig. 1). 2-Ketoisovalerate is used as substitute for L-valine or L-leucine
in chronic kidney disease patients (Aparicio et al., 2009; Aparicio et al., 2012; Feiten
et al., 2005; Teschan et al., 1998) and also has been used in therapy for uremic
hyperphosphatemia (Schaefer et al., 1994). To our knowledge, 2-ketoisovalerate for
these purposes is mainly synthesized chemically by different methods (Cooper et al.,
1983) and only very recently, directed fermentative production of 2-ketoisovalerate
with microorganisms has been reported for the first time (Krause et al., 2010; see
below).

Since 2-ketoisovalerate stems from two molecules of pyruvate (see Fig. 1) and a
PDHC-deficient C. glutamicum secreted significant amounts of pyruvate and L-valine
(see above), C. glutamicum AaceE was an excellent basis to engineer C. glutamicum
for the production of this 2-ketoacid. To avoid transamination of 2-ketoisovalerate to
L-valine, the ilvE gene encoding transaminase B was deleted, leading to an
auxotrophy for branched chain amino acids. Aerobically, C. glutamicum AaceE AilvE
formed about 76 mM pyruvate, 25 mM L-alanine, and 40 mM 2-ketoisovalerate in a
growth-decoupled manner from glucose (Krause et al., 2010). Overexpression of the
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AHAS, AHAIR, and DHAD genes shifted the product spectrum towards 2-
ketoisovalerate and the resulting strain C. glutamicum AaceE AilvE (pJC4ilvBNCD)
produced in fed-batch fermentations about 85 mM 2-ketoisovalerate with a volumetric
productivity of 1.9 mM h™ and a Yps of about 0.38 mol per mol of glucose. Although
the PQO has been found to be dispensable for growth and a deletion was only
slightly beneficial on L-valine production (Schreiner et al., 2006, Blombach et al.,
2008), PQO inactivation turned out to be highly beneficial for 2-ketoisovalerate
production. Compared to the parental strain, C. glutamicum AaceE AIlvE Apgo
(pJC4ilvBNCD) showed in fed-batch fermentations more than two times higher final
titers (up to 220 mM = 25.5 g/l) and volumetric productivities of 4.6 mM h™ (Krause et
al., 2010; Tab. 1).

It is noteworthy to mention that the 2-ketoisovalerate-producer C. glutamicum
AaceE AIlVE Apgo (pJC4ilvBNCD) was used as a basis for the generation of a series
of C. glutamicum strains producing isobutanol via the so-called “Ehrlich pathway”
(Blombach et al., 2011; Blombach and Eikmanns, 2011). The most promising strain
of this series, C. glutamicum Iso7, carries additional deletions of the L-LDH and
malate dehydrogenase genes (AldhA and Amdh, respectively) and overexpresses
additionally the E. coli transhydrogenase genes pntAB, the Lactococcus lactis
ketoacid decarboxylase gene kivD, and the homologous alcohol dehydrogenase
gene adhA (Blombach et al., 2011).

2-Ketoglutarate is an intermediate of the tricarboxylic acid (TCA) cycle and the
precursor for the synthesis of glutamate and the glutamate family of amino acids. 2-
Ketoglutarate is used in dairy industry (Banks et al., 2001; Gutiérrez-Mendéz et al.,
2008) and also is suitable to treat chronic renal insufficiency in hemodialysis patients
(Riedel et al., 1996). An enzymatic process to synthesize 2-ketoglutarate from
glutamate via the coupled reactions of glutamate dehydrogenase and NADH oxidase
has been established (Odmann et al., 2004), however, this bioconversion seems not
very efficient. Therefore, Jo et al. (2012) very recently used a glutamate-
overproducing mutant of C. glutamicum for the construction of a 2-ketoglutarate-
producer. Inactivation of the genes encoding glutamate dehydrogenase, glutamate
synthase and isocitrate lyase (gdh, gItB, and aceA, respectively) led to abolition of
glutamate formation and concomitantly to 2-ketoglutarate accumulation to
concentrations of up to 325 mM (47.5 g/l) after 120 h of cultivation in medium
containing glucose, molasses, glutamate, and soybean hydrolysate (Jo et al., 2012).
To our knowledge, there were no other approaches to produce 2-ketoglutarate by
fermentation with any other bacterium. However, Zhou et al. (2012) recently reported
efficient 2-ketoglutarate production (up to about 380 mM) with a recombinant (“non-
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conventional”) yeast strain of Yarrowia lipolytica with enhanced acetyl-CoA
availability.

Production of succinate

The C4 dicarboxylate succinate has been denoted as “a LEGO® of chemical industry”
(Sauer et al., 2008) and as such, can be used as precursor for known petrochemical
bulk products, such as 1,4-butanediol, tetrahydrofuran, y-butyrolactone, adipic acid,
maleic anhydride, various n-pyrrolidinones, and linear aliphatic esters (Bozell and
Petersen, 2010; Sauer et al., 2008; Zeikus et al., 1999). Moreover, succinate (or
succinic acid) is directly used as surfactant, ion chelator, and as an additive in
pharmaceutical, and food industry (McKinlay et al. 2007). The market potential for
succinic acid and its direct derivatives has been estimated to be 245,000 tons per
year, that for succinic acid-derived polymers about 25,000,000 tons per year, and
with the transition to cost-efficient bio-based production of succinate or succinic acid,
the market is predicted to steadily increase (Werpy and Petersen 2004; Bozell and
Petersen, 2010).

Aside from L-lactate and acetate, succinate is a natural fermentative endproduct
of the wildtype of C. glutamicum, when incubated with glucose under oxygen
deprivation (Dominguez et al., 1993; Inui et al. 2004a). Under these conditions,
succinate is formed via glycolysis, carboxylation of phosphoenolpyruvate (PEP) or
pyruvate to oxaloacetate (OAA) by PEP carboxylase (PEPCx) and/or pyruvate
carboxylase (PCx), and subsequent conversion of OAA by malate dehydrogenase
(Mdh), fumarase (Fum), and succinate dehydrogenase (SDH) (Inui et al. 2004a; see
Fig. 1).

A two-stage succinate production process with C. glutamicum strain R was
developed by Okino et al. (2008a), using a derivative devoid of LDH activity and
overexpressing the native PCx gene (pyc), C. glutamicum R AldhA pCRA717. In a
first step, cells of this strain were grown under fully aerobic conditions. Then, the cells
were harvested, washed and transferred to closed bottles, to give a high cell density
of about 50 gpew) ™. With repeated intermittent addition of glucose and sodium
bicarbonate, a final titer of 1.24 M succinate (146 g/l) was obtained within 46 h, with a
Ypis of 1.4 mol per mol of glucose (Okino et al. 2008a). The cells did not form any
lactate, however they produced significant amounts of acetate (0.3 M = 16 g/l) as by-
product.

Recently, also Litsanov et al. (2012b) engineered C. glutamicum ATCC 13032 for
high yield succinate production by further extending the experimental approach by
Okino et al. (see above). Deletion of the LDH gene, chromosomal integration of an
allele for a deregulated PCx (pyc”°®%) and deletion of the genes encoding enzymes
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responsible for acetate synthesis (Acat, Apqo, Apta-ack) resulted in C. glutamicum
BOL-2, that produces up to 116 mM succinate with a Yp;s of 1.03 mol per mol of
glucose, and pyruvate (23 mM) as well as 2-ketoglutarate (12 mM) as major by-
products (Litsanov et al., 2012b). To increase NADH and CO, availability and to
increase the glycolytic flux, the authors then integrated the formate dehydrogenase
gene fdh from Mycobacterium vaccae into the genome of C. glutamicum BOL-2 and
additionally  overexpressed the  homologous  glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene (gapA) from plasmid. In a fed-batch fermentation with
glucose, formate and bicarbonate as substrates, the ultimate strain C. glutamicum
BOL-3/pAN6-gap (see Fig. 3) produced 1.13 M succinate (134 g/l) with a Yp;s of
1.67 mol per mol of glucose (Litsanov et al. 2012b). Aside from succinate, 2-
ketoglutarate (35 mM), malate (33 mM), acetate (20 mM), fumarate (13 mM), and
pyruvate (6 mM) were formed as by-products.

In a further approach, the pyruvate-producing strain C. glutamicum ELB-P (see
above and Fig. 2) was employed for succinate production (Wieschalka and
Eikmanns, unpublished). Due to the inactivation of the PDHC, PQO, and LDH, this
strain does not form significant amounts of acetate or lactate as by-products under
any aerobic and anaerobic condition tested (Wieschalka et al., 2012). In contrast to
the two-stage-processes described above (i.e., aerobic growth in complex or minimal
media and, after harvest of the cells and resuspension in new medium, transfer to
sealed bottles or fermenters, respectively; Okino et al., 2008; Litsanov et al., 2012b),
a one-stage fed-batch fermentation process with C. glutamicum ELB-P was
established, combining biomass formation and succinate production in a single
bioreactor. This process includes three phases: (i) an aerobic growth phase on
glucose plus acetate, (ii) a self-induced microaerobic phase at the end of the
exponential growth by minimal aeration, and (iii) an anaerobic production phase,
realized by gassing the fermenter with CO, (Fig. 4). This optimized process led to
growth-decoupled succinate production of more than 330 mM (i.e., 39 g/l) with a Yp/s
of 1.02 mol succinate per mol of glucose. The final Yp;s obtained, together with the
formation of pyruvate (about 30 mM) as by-product, however, still indicates a
limitation, which might be overcome by increasing the carbon flux from PEP/pyruvate
to OAA or by integration of the fdh gene and the use of formate as an additional
substrate for reduction equivalents, as described above by Litsanov et al. (2012b).

The experimental setup of a one-stage process (consecutive aerobic growth and
anaerobic production in a single bioreactor) as done with C. glutamicum ELB-P, see
above) represents an industrially feasible process. However, a recent study on
isobutanol production with C. glutamicum disclosed the differences in the production
performance between two-stage fermentations (aerobic growth in complex or minimal

126



Appendix

media and anaerobic production in different containments, see above) and one-stage
fermentations in a single bioreactor: The isobutanol Yps in the one-stage
fermentation was significantly lower (0.48 mol vs. 0.77 mol of isobutanol per mol of
glucose), indicating that the transition from the aerobic environment (growth phase)
to the anaerobic environment (production phase) has a strong impact on the overall
production behavior (Blombach et al.,, 2011; Blombach and Eikmanns, 2011). A
strong negative impact was also seen on pyruvate production with C. glutamicum
ELB-P cells grown up at constant high pO, (> 30 % saturation) in a fermenter instead
of grown up in shake flasks, when the cells face increasing oxygen-limitation in the
late exponential growth phase (see above; Wieschalka et al., 2012). Similarly,
Martinez et al. (2010) recently observed that introducing a microaerobic phase at the
end of the aerobic growth phase of an E. coli succinate-producer led to an
adjustment of the enzymatic machinery and to improved succinate production under
anaerobic conditions. To our knowledge, the physiological changes of C. glutamicum
during a (slow or fast) shift from aerobic to anaerobic conditions have so far not been
investigated. However, it can be foreseen that the insight into the metabolic
adaptation of the cells to such alternating culture conditions will help to further
optimize organic acid production by novel metabolic engineering approaches and
also by applying optimally adapted process conditions.

The Ysp/s of the most efficient E. coli strains producing succinate under anaerobic
conditions, E. coli SBS550MG/pHL413 and E. coli KJ134, were 1.60 mol and 1.53
mol succinate per mol of glucose, respectively (Sanchez et al. 2005; Jantama et al.,
2008; Tab. 1). Thus, both recombinant E. coli strains and in particular, C. glutamicum
BOL-3/pAN6-gap (Tab. 1) showed higher Ysps than all known natural succinate-
producing bacteria, such as Anaerospirillium succiniproducens (1.37 mol/mol of
glucose; Glassner and Datta, 1992) or Mannheimia succiniproducens (1.16 mol /mol
glucose; Lee et al.,, 2006). A further advantage of employing the recombinant C.
glutamicum or E. coli strains is the potential use of mineral media, keeping production
and purification costs lower than with Mannheimia or Anaerospirillum, which both
require complex media. C. glutamicum BOL-3/pAN6-gap and C. glutamicum R AldhA
pCRA717 produced about threefold higher succinate titers than E. coli
SBS550MG/pHL413 (Tab. 1) and thus, Corynebacterium seems to be the superior
organism for succinate production.

Very recently, Litsanov et al. (2012a) reported also on aerobic succinate
production with C. glutamicum for the first time. Deletion of the SDH genes initiated
aerobic succinate production in C. glutamicum via glycolysis, PEP and/or pyruvate
carboxylation, the oxidative branch of the TCA cycle, and the glyoxylate shunt.
Acetate formation was mostly prohibited by shut-down of the known pathways for
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acetate synthesis, resulting in C. glutamicum BL-1 (genotype: AsdhCAB, Acat, Apqo,
Apta-ack; Litsanov et al.,, 2012a). To reduce carbon-loss into cell mass, nitrogen-
limited growth conditions were established, forcing the cells into a resting state after a
certain period. With additional, plasmid-bound overproduction of both PEPCx and the
PCx"*®.variant, final succinate titers and Ysps of up to 90 mM and 0.45 mol
succinate per mol of glucose, respectively, were observed (Litsanov et al., 2012a;
Tab. 1). Concerning the specific productivity of 1.6 mmol g(CDW)'l h*, C. glutamicum
BL-1/pAN6-pyc”*®5ppc showed the highest value described so far for aerobic
succinate production from glucose with bacteria.

In comparison to other bacterial succinate producers, C. glutamicum BL-1/pAN6-
pyc”4*85ppc is exceedingly competitive in aerobic succinate production (Tab. 1). Lin
et al. (2005) described various E. coli strains approaching the maximal theoretical
Ypis Of about 1 mol succinate per mol of glucose under aerobic conditions.
C. glutamicum BL-1/pAN6-pyc”™**®ppc did not reach this high Yps, but the
recombinant C. glutamicum strains produced significantly higher final succinate titers
in minimal instead of complex media (Tab. 1).

Production of organic acids with C. glutamicum from alternative substrates

Economical relevant and sustainable production of organic acids with
microorganisms in an industrial scale is dependent on the use of low-cost carbon
sources, in particular from renewable resources. So far, we focused on the
fermentative organic acid production from pre-treated and purified carbon sources,
such as glucose and glucose plus formate, since the most promising attempts to
produce organic acids with C. glutamicum were made with these substrates. To
simplify feedstock purchase and to improve the economic efficiency, utilization of
alternative, crude materials is of great interest. However, C. glutamicum naturally
cannot utilize certain industrially relevant substrates, such as glycerol, starch (from
corn, wheat, rice, or potato), whey, straw, or hemi- and lignocellulose. Especially
lignocellulose, consisting largely of cellulose, hemicellulose, and lignin, is a widely
abundant and potentially attractive source of renewable feedstock. Hemicellulose,
consisting mainly of glucose but also to a significant portion of Cs sugars (xylose and
arabinose) (Wiselogel et al.,, 1996; Aristidou and Penttila, 2000), can be
depolymerized by chemical or enzymatic processes, and the resulting sugar mixtures
are also of interest as alternative feedstock for C. glutamicum. Whereas some
organisms (e.g., E. coli) are naturally able to consume the majority of sugars in the
mixtures resulting from saccharification from hemicellulose, C. glutamicum needs
metabolic engineering to expand the spectrum of sugars that can be utilized. Thus,
the extension of the substrate spectrum of C. glutamicum to cheap, easily accessible
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and renewable monomeric and polymeric carbon sources is desired and therefore,
an ongoing field of intensive research (Wendisch et al., 2006; Rumbold et al., 2010;
Okano et al., 2010; Blombach and Seibold, 2010; Becker and Wittmann, 2011).

Several attempts have been made to broaden the natural substrate spectrum of
C. glutamicum towards starch (Seibold et al., 2006; Tateno et al., 2007), whey (Barret
et al., 2004), rice straw and wheat bran hydrolysates (Gopinath et al., 2011),
glucosides and D-cellobiose (Kotrba et al., 2003), glycerol (Rittmann et al., 2008), or
pentose sugars for growth and for the production of amino acids or other value-
added products (Blombach and Seibold, 2010; Gopinath et al., 2012; Jojima et al.,
2010; Schneider et al., 2011; Buschke et al., 2011). The first approaches to extend
the substrate spectrum especially for organic acid production were performed by
Kawagutschi et al. (2006; 2008) and Sasaki et al. (2008; 2009). Plasmid-bound
introduction of the xylose isomerase and xylulokinase genes (xylA and xylB,
respectively) from E. coli into C. glutamicum R enabled both aerobic growth on
xylose as sole carbon source and production of L-lactate and succinate with resting
cells under oxygen deprivation conditions (Kawagutchi et al., 2006). Although the
sugar consumption rate and the specific productivity of the recombinant
C. glutamicum CRX2 was lower with xylose than with glucose, the Yp/s for succinate
was even higher on xylose (0.42 mol/mol) than on glucose (0.23 mol/mol). In
contrast, the Yp;s for L-lactate was lower with xylose as substrate (1.06 and 1.36
mol/mol, respectively; Kawagutchi et al., 2006). A similar behavior was shown for
succinate and L-lactate production from arabinose with C. glutamicum CRA1, which
expresses the E. coli genes araA, araB, and araD (encoding L-arabinose isomerase,
L-ribulokinase, and L-ribulose-5-phosphate 4-epimerase, respectively) and therefore
is able to metabolize this C5 sugar (Kawagutchi et al., 2008). In this case, with 200
mM arabinose as substrate, the Ysp/s for succinate and L-lactate were 0.67 mol/mol
and 0.75 mol/mol, respectively (Kawagutchi et al. 2008).

Co-utilization of different C5 sugars with C6 sugars was investigated to study
catabolite repression effects in C. glutamicum and to expand sugar utilization on
conditioned hemi- and lignocellulosic biomass hydrolysates (Sasaki et al., 2008).
These efforts resulted in a C. glutamicum strain harbouring xylA and xyIB as well as
bglF"*"» and bglA (encoding PTS B-glucoside-specific enzyme IBCA component
and phospho-B-glucosidase, respectively). This strain produced from a mixture of
D-cellobiose (10 g/l), glucose (40 g/l), and D-xylose (20 g/l) about 460 mM L-lactate,
110 mM succinate, and 30 mM acetate under anaerobic conditions, with a combined
yield of 0.85g acids per g of sugar (Sasaki et al.,, 2008). A combined strain,
containing all named modifications for D-xylose, L-arabinose and D-cellobiose
consumption, and additionally overexpressing the arabinose transporter gene arakE
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from C. glutamicum ATCC31831, was even able to consume glucose (35 g/l),
D-xylose (17.5 g/l), L-arabinose (7 g/l), and cellobiose (7 g/l) simultaneously and
completely under oxygen-deprived conditions within 14 h (Sasaki et al., 2009).

Recently, Sasaki et al. (2011) developed a C. glutamicum strain overexpressing
the mannose 6-phosphate isomerase and fructose permease genes manA and ptsF,
respectively. This strain consumed mannose and glucose simultaneously and
produced about 400 mM L-lactate, 100 mM succinate and 30 mM acetate from a
sugar mixture of 200 mM glucose and 100 mM mannose under oxygen deprivation
conditions (Sasaki et al., 2011).

Litsanov et al. (2012c) very recently showed aerobic succinate production with
glycerol as sole carbon source, by plasmid-bound transfer of the glycerol utilizing
genes glpFKD from E. coli into C. glutamicum BL-1. Glycerol is a main by-product of
biodiesel and bioethanol production (Yazdani and Gonzales, 2007) and using this
carbon source for the production of value-added chemicals (such as succinate), the
economic efficiency of these biofuel production processes can be increased
(Wendisch et al., 2011). Plasmid pVWEXx1-glpFKD has previously been shown to
enable growth and amino acid production of C. glutamicum on glycerol as sole
carbon source (Rittmann et al.,, 2008). Consequently, using the conditions
established for C. glutamicum BL-1/pAN6-pyc”™**®Sppc (see above), C. glutamicum
BL-1 (pVWEX1-glpFKD) aerobically produced up to 79 mM succinate (9.3 g/l) with a
Ypis of 0.21 mol per mol of glycerol (Litsanov et al. 2012c). The specific succinate
productivity of C. glutamicum BL-1 pVWEXx1-glpFKD on glycerol was as high as for
C. glutamicum BL-1/pAN6-pyc”™*®ppc on glucose with 1.6 mmol gcowy’ h™
However, the volumetric productivity of 3.59 mM h™ is the highest productivity so far
described for aerobic succinate production (Litsanov et al., 2012c; Tab. 1).

In summary, the above mentioned studies showed the feasibility to expand the
substrate spectrum of C. glutamicum to the main C5 and C6 sugars found in
agricultural residues, in hydrolyzed hemicellulose and lignocellulosic biomass, and to
glycerol. For directed production of organic acids from hemicellulose feedstock, the
modifications made for broadening the substrate spectrum and those made for
optimal carbon flux to a desired organic acid must be combined. The successful
aerobic production of succinate from glycerol instead of glucose by introduction of the
glycerol utilizing genes from E. coli to C. glutamicum (Litsanov et al. 2012c; see
above), is one such example and promises the feasibility of such approaches.

Summary and outlook

Driven by old and new knowledge and genome-based metabolic and genetic
engineering strategies, C. glutamicum has become a major candidate as platform
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organism for bio-based, industrial production of a variety of organic acids from
renewable biomass. As outlined above and highlighted in Table 1, titers, Ysg/s, and
productivities of recently developed C. glutamicum producer strains are highly
competitive, in several cases already superior in comparison to other bacterial, well
established production systems. From current studies on transcriptome, proteome,
metabolome, and intracellular fluxes, and from recent advances in evolutionary
engineering tools it can be expected that a variety of further metabolic (or genetic)
targets for strain development/improvement will be identified in C. glutamicum. Future
approaches to optimize organic acid production certainly will not only aim at substrate
flexibility (low cost and eco-efficient feedstocks), product extension (e.g., fumarate,
malate, or itaconate), and/or the paths from a substrate or substrate mixtures to the
desired products (i.e., substrate uptake, central metabolism, precursor supply,
synthetic pathways, and export of the respective organic acid). They will also focus
on maintenance of a well-balanced redox state within the cells, on optimal adaptation
of the cells to alternating culture conditions (e.g., shift from aerobic to anaerobic
conditions), on strain robustness, and on an increased acid-resistance of the
producer strains. Tolerance to organic acid stress represents a highly relevant factor
for process design and downstream processing of large-scale production processes,
since organic acid recovery from low pH fermentation broth in general is more cost-
efficient than from neutral broth. However, the achievements obtained in the last 6
years and the wealth of new knowledge about the physiology, the metabolism and its
regulation, and the proven production capabilities of C. glutamicum bode well for the
implementation of this organism as a platform for new and even more (cost) efficient
processes for the production of a variety of organic acids and also of other specialty,
fine, and bulk chemicals.
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Figure legends

Fig. 1. Schematic presentation of the central carbon metabolism of C. glutamicum including
pathways for the degradation of carbon sources (glucose, glycerol, D-cellobiose, L-
arabinose, D-xylose, mannose, formate, acetate) used for the production of pyruvate, D,L-
lactate, 2-ketoisovalerate and succinate. Ellipses represent enzymes and transport systems
present in C. glutamicum. Rectangles represent heterologous enzymes. Abbreviations:
Coding genes are given in brackets. 6PG, 6P-gluconate; 6PGDH (gnd), 6PG
dehydrogenase; AHAIR (ilvC), acetohydroxyacid isomeroreductase; AHAS (ilvBN),
acetohydroxyacid synthase; AK (ack), acetate kinase; AlaT (alaT), alanine aminotransferase;
AraA (araA from E. coli), arabinose isomerase; AraB (araB from E. coli), ribulokinase; AraD
(araD from E. coli), L-ribulose-5-phosphate 4-epimerase; ArakE (araE from E. coli), L-
arabinose transporter; AvtA (avtA), valine-pyruvate aminotransferase; BgIA (bglAl, bglA2),
phospho-B-glucosidases; BglF (bglF"**™*), mutated PTS permease enabling D-cellobiose
import; CtfA (cat), CoA transferase A; DHAD (ilvD), dihydroxyacid dehydratase; DHAP,
dihydroxyacetone-P; F1,6P, fructose-1,6P; F6P, fructose-6P; FDH (fdh from Mycobacterium
vaccae), formate dehydrogenase; Fum (fum), fumarase; GAP, glyceraldehyde-3P; GAPDH
(gapA), GAP dehydrogenase; GlpD (glpD from E. coli), glycerol-3P dehydrogenase; GlpF
(glpF from E. coli), glycerol facilitator; GlpK (glpK from E. coli), glycerol kinase; G6P, glucose-
6P; G6PDH (zwf, opcA), G6P dehydrogenase; ICD (icd), isocitrate dehydrogenase; ICL
(aceA), isocitrate lyase; LDH (native IdhA or IdhA from L. delbrueckii), L- and D-lactate
dehydrogenase, respectively; MalE (malE), malic enzyme; MctC (mctC) monocarboxylic acid
transporter; Mdh (mdh), malate dehydrogenase; MQO (mgo), malate:quinone
oxidoreductase; MS (aceB), malate synthase; ODHC (odhA, aceF, Ipd), 2-oxoglutarate
dehydrogenase complex; ODx (odx), oxaloacetate decarboxylase; PCx (pyc), pyruvate
carboxylase; P, phosphate; PDHC (aceE, aceF, Ipd), pyruvate dehydrogenase complex; PEP
phosphoenolpyruvate; PEPCk (pck), PEP carboxykinase; PEPCx (ppc), PEP carboxylase;
Pyk (pyk), pyruvate kinase; PMI (manA), phosphomannose isomerase; PQO (pqo),
pyruvate:quinone oxidoreductase; PTA (pta), phosphotransacetylase; PTS (ptsG, hpr; ptsl),
phosphotransferase system; Rpe (rpe), ribulose-5-phosphate epimerase; SDH (sdhABC),
succinate dehydrogenase; TA (ilvE), transaminase B; XylA (xylA from E. coli), xylose
isomerase; XyIB (xyIB from E. coli), xylulokinase.

Fig. 2. Schematic presentation of the central carbon metabolism of C. glutamicum ELB-P
with the corresponding enzymes and modifications, leading to pyruvate production under
aerobic conditions and reductive succinate production under anaerobic conditions. For most
abbreviations see legend to Fig. 1. Further abbreviations: BCAAs, branched-chain amino
acids; LdhA, NAD"-dependent L-lactate dehydrogenase; SucE, succinate exporter; TCA,
tricarboxylic acid. Down arrow at AHAS indicates decreased activity of the truncated AHAS
derivative, crosses indicate inactivation of the enzyme by deletion of the respective gene.
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Fig. 3. Schematic presentation of the central carbon metabolism of C. glutamicum BOL-
3/pAN6-gap during anaerobic succinate production. For most abbreviations see legend to
Fig. 1. Further abbreviations: BCAAs, branched-chain amino acids; LdhA, NAD*-dependent
L-lactate dehydrogenase; SucE, succinate exporter; TCA, tricarboxylic acid. Dark ellipses
indicate homologous/heterologous enzymes, crosses indicate inactivation of the enzyme by
deletion of the respective gene.

Fig. 4. Growth, glucose consumption, and product formation (A) and acetate consumption
and the course of the pO2 (B) during a representative pH-controlled tri-phasic fed-batch
cultivation of C. glutamicum ELB-P in a 400 ml bioreactor with minimal medium, initially
containing 4% (w/v) glucose, 1% (w/v) acetate and 6 mM L-alanine. A growth; O glucose; @
pyruvate; O succinate; ¥ malate; @ lactate: Roman numerals indicate (l) aerobic growth
phase, (Il) self-induced microaerobic phase, and (lll) oxygen deprivation by CO, gassing.
The pO, peak at the end of the microaerobic phase (marked with the asterisk in 4B) indicated
the end of aerobic growth, as O, consumption stopped, leading to increasing DO in the
medium. Immediately, aeration was replaced by CO, sparging and the production phase
started. A batch of glucose at the beginning of phase Il should ensure carbon availability for
succinate production. At least five independent fermentations were performed, showing
comparable results.
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Table 1. Maximal titers, substrate specific yields (Yp/s), productivities, by-products and the respective references of the so far most
efficient processes for organic acid production with C. glutamicum and E. coli strains.

Maximal titer

Yris

Productivity®

Strain Medium mol er By-products® Reference
[MM] [ product P [MM h'l] y-p
MOlsubstrate]
Pyruvate
C. glutamicum ELB-P minimal medium, glucose 512 1.49 5.6 - Wieschalka et al., 2012
E. coli ALS1059 minimal medium, glucose, 1022 1.39 23.9 - Zhu et al., 2008
L-isoleucine, betaine
E. coli YYC202 minimal medium, glucose 720 1.74 37 - Zelic et al., 2003
L-Lactate
C. glutamicum R minimal medium, glucose 574 1.42 71.8 - Okino et al., 2005
C. glutamicum R minimal r_ned|um, glucose, 1061 1.79 176.8 acetate, succinate  Okino et al., 2005
bicarbonate
E. coli SZ85 minimal medium, glucose 505 1.90 7.2 - Zhou et al., 2003b
D-Lactate
C. glutamicum R AldhA pCRB204 minimal medium, glucose 1340 1.73 445 acetate, succinate  Okino et al., 2008b
complex medium,
E. coli JP203 P 691 1.80 11.6 - Chang et al., 1999
glucose
E. coli SZ63 minimal medium, glucose 528 1.92 9.8 - Zhou et al., 2003a

2-ketoisovalerate
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C. glutamicum AaceE Apqo AilvVE
(pJC4ilvBNCD)

2-ketoglutarate

C. glutamicum R Agdh AgltB AaceA

Succinic acid (anaerobic)

C. glutamicum R AldhA pCRA717
C. glutamicum ELB-P

C. glutamicum BOL-3/pAN6-gap
E. coli SBS550MG/pHL413

E. coli KJ134

Succinic acid (aerobic)

C. glutamicum BL-1/pAN6-pyc”***5ppc

C. glutamicum BL-1 pVWEX1-glpFKD

E. coli HL51276k(pKK313)

E. coli HL27659K(pKK313)

minimal medium, glucose,
yeast extract

complex medium, glucose,
molasses, soybean hydrolysate

minimal medium, glucose,
bicarbonate

minimal medium, glucose

saline, glucose, formate,
bicarbonate

complex medium, glucose

minimal medium, glucose

minimal medium, glucose

minimal medium, glycerol

complex medium, glucose,
bicarbonate

complex medium, glucose,
bicarbonate

188

325

1240

330

1134

330

606

90

79

70

60

0.56

n.s.

1.40

1.02

1.67

1.61

1.53

0.45

0.21

1.09

0.95

4.6

2.7

27

5.6

21

10

6.4

0.8

3.6

1.2

2.3

L-valine Krause et al., 2010

- Joetal., 2012
acetate Okino et al., 2008a
pyruvate own unpublished data

2-oxoglutarate, acetate

' Litsanov et al., 2012b
fumarate, malate

acetate, formate Sanchez et al., 2005

acetate, pyruvate,

Jantama et al., 2008
malate

2-oxoglutarate, acetate

pyruvate ' Litsanov et al., 2012a

acetate Litsanov et al., 2012c

acetate, pyruvate Lin et al., 2005

acetate Lin et al., 2005

2 during production phase, ° significant concentrations above 10 mM, ¢ n.s. = not specified
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