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ABSTRACT: Derivatives of Escherichia coli C were engi-
neered to produce primarily succinate or malate in mineral
salts media using simple fermentations (anaerobic stirred
batch with pH control) without the addition of plasmids or
foreign genes. This was done by a combination of gene
deletions (genetic engineering) and metabolic evolution
with over 2,000 generations of growth-based selection. After
deletion of the central anaerobic fermentation genes (IdhA,
adhE, ackA), the pathway for malate and succinate produc-
tion remained as the primary route for the regeneration of
NAD+. Under anaerobic conditions, ATP production for
growth was obligately coupled to malate dehydrogenase and
fumarate reductase by the requirement for NADH oxida-
tion. Selecting strains for improved growth co-selected
increased production of these dicarboxylic acids. Additional
deletions were introduced as further improvements (focA,
PfIB, poxB, mgsA). The best succinate biocatalysts, strains
KJ060(IdhA, adhE, ackA, focA, pfiB) and KJ073(IdhA, adhE,
ackA, focA, pflB, mgsA, poxB), produce 622-733 mM of
succinate with molar yields of 1.2—1.6 per mole of metabolized
glucose. The best malate biocatalyst, strain KJ071(IdhA, adhE,
ackA, focA, pflB, mgsA), produced 516 mM malate with molar
yields of 1.4 per mole of glucose metabolized.
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Introduction

The fermentative production of succinate from renewable
feedstocks will become increasingly competitive as petro-
leum prices increase. Succinate can serve as a substrate for
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transformation into plastics, solvents, and other chemicals
currently made from petroleum (Lee et al., 2004; Lee et al,,
2005; McKinlay et al., 2007; Wendisch et al., 2006; Zeikus
et al., 1999). Many bacteria have been described with the
natural ability to produce succinate as a major fermentation
product (Guettler et al., 1998; Table I). Some of these such as
Actinobacillus succinogenes (Guettler et al., 1996a,b; Meynial-
Salles et al., 2007), Anaerobiospirillum succiniciproducens
(Glassner and Datta, 1992), and Mannheimia succinicipro-
ducens (Lee et al., 2006; Song et al., 2007) can produce at
high rates (up to 4 g L™' h™') with impressive titers
of succinate (300-900 mM) and high yields (>1.1 mol
succinate/mol glucose). However, these natural producers
require complex media ingredients, which add cost asso-
ciated with production, purification, and waste disposal.
A variety of genetic approaches have been used to
engineer strains of Escherichia coli for succinate production
with varying degrees of success (Table I). Again complex
ingredients have been used in the media with these
recombinants. Many succinate-producing strains have been
developed by deleting competing pathways and over-
expressing native genes using plasmids. Strain NZN111
was engineered by inactivating two genes (pflB encoding
pyruvate-formate lyase and IdhA encoding lactate dehy-
drogenase), and over-expressing two E. coli genes, malate
dehydrogenase (mdh) and phosphoenolpyruvate carbox-
ylase (ppc), from multicopy plasmids. This strain produced
108 mM succinate with a molar yield of 0.98 mol succinate
per mole of metabolized glucose (Chatterjee et al., 2001;
Millard et al., 1996; Stols and Donnelly, 1997). Strain
HL27659k was engineered by mutating succinate dehydro-
genase (sdhAB), phosphotransacetylase (pta), acetate kinase
(ackA), pyruvate oxidase (poxB), glucose transporter (ptsG),
and the isocitrate lyase repressor (icIR). This strain produced
less than 100 mM succinate and required oxygen-limited
fermentation conditions (Cox et al., 2006; Lin et al.,
2005a,b,c; Yun et al., 2005). Analysis of metabolism in silico
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Table 1.

Comparison of succinate production by microbial biocatalysts®

Succinate  Succinate yield

Organism Medium/condition titer (mM)°® (mol/mol) Reference

E. coli KJ060 (IdhA, adhE, ackA, focA, pfIB) Glucose AM1 (100 g/L) with 10 g/L NaHCOs3, 733 [0.90] 1.41 This article
simple batch fermentation, 120 h incubation,
pH maintained with 1:1 mixture of
6 M KOH + 3 M K,CO;

E. coli KJ073 (IdhA, adhE, ackA, focA, pflB, Glucose AM1 (100 g/L) with 10 g/L NaHCOs3, 668 [0.82] 1.20 This article

mgsA, poxB) simple batch fermentation, 96 h incubation,
pH maintained with 1:1 mixture of
6 M KOH + 3 M K,CO;
E. coli KJ060 (IdhA, adhE, ackA, focA, pfIB) Glucose AM1 (100 g/L) with 10 g/L NaHCOs3, 622 [0.61] 1.61 This article
high inoculum (200 mg CDW LY simple batch fermentation, 120 h incubation,
pH maintained with 1:1 mixture of
6 M KOH + 3 M K,CO;

Actinobacillus succinogenes FZ53 Glucose (130 g/L) supplemented with 15 g/L 898 [1.36] 1.25 Guettler et al.
CSL and 5 g/L YE, 80 g/L MgCOs3, anaerobic (1996a)
batch fermentation, 78 h incubation

E. coli AFP111 (pflAB, IdhA, ptsG) Glucose (40 g/L; 90 g total glucose) in medium 841 [1.31] 1.68 Vemuri et al.

Rhizobium etli pyc overexpressed supplemented with 20 g/L tryptone, 10 g/L (2002a,b)
YE and 40 g/L MgCOs, dual phase-fed batch
fermentation, 76 h incubation
Anaerobiospirillum succiniciproducens Glucose (120 g/L) in peptone/YE-based medium, 703 [0.55] 1.35 Meynial-Salles
ATCC 53488 integrated membrane-bioreactor-electrodialysis et al. (2007)
with CO, sparging, 150 h incubation

A. succinogenes 130Z Glucose (100 g/L) supplemented with 15 g/L 678 [2.05] 1.37 Guettler et al.
CSL and YE, 80 g/L MgCO3, anaerobic batch (1996b)
fermentation, CO, sparging, 39 h incubation

E. coli HL27659k/pKK313 (icIR, sdhAB, Glucose (106 g/L) in medium supplemented with 499 [1.00] 0.85 Lin et al.

ackA-pta, poxB, pstG) Sorghum vulgare 20 g/L tryptone, 32 g/L YE and 2 g/L NaHCO;, (2005d)
pepc overexpressed fed batch fermentation under complete aerobic
condition, 59 h incubation

A. succiniciproducens ATCC 53488 Glucose (50 g/L) and 10 g/L CSL, CO, sparging 426 [2.09] 1.37 Glassner and
and 300 mM Na,COj3, batch fermentation, Datta (1992)
24 h incubation

Mannheimia succiniciproducens Glucose (63 g/L) in MMH3 (yeast extract 444 [1.75] 1.16 Lee et al.

(IdhA, pfIB, pta-ackA) based medium), fed batch fermentation, (2006)
0.25 vol/vol/min CO, sparging, 30 h incubation

Bacterial isolate 130Z ATCC 55618 Glucose (50 g/L) supplemented with 1% CSL, 388 [1.55] 1.40 Guettler et al.
0.6% YE, and 2 g/L MgCOj; neutralized with (1998)

10 N NaOH, 0.3 atm of CO,, 29.5 h incubation

E. coli SBS550MG (IdhA, adhE, iclR, Glucose (20 g/L; 100 g total glucose) LB 339 [0.42] 1.61° Sanchez et al.

ackA-pta), L. lactis pyc, Bacillus supplemented with 1 g/L NaHCO3, 200 mg/L (2005a), Cox
subtilis citZ ampicillin, and 1 mM IPTG. 100% CO, at et al. (2006)
1 L/min STP headspace, repeated fed-batch
fermentation, 95 h incubation

E. coli AFP184 (pfIB, IdhA pts) Glucose (102 g/L) supplemented with 15 g/L 339 [1.27] 0.72° Andersson
CSL, dual phase aerobic growth and anaerobic et al. (2007)
production, sparging with air followed by
CO,, 32 h incubation

A. succinogenes ATCC 55618 Glucose (70 g/L) with flour hydrolysate and 302 [0.55] 1.18 Du et al.

5 g/L YE, anaerobic batch fermentation with (2007)
4% inoculum, 65 h incubation

A. succiniciproducens ATCC 53488 Glucose (50 g/L), 2% CSL, and 25 ppm 289 [1.16] 1.04 Guettler et al.
tryptophan, neutralized with 5.5 M NaCOs, (1998)
saturated medium of 0.3 atm partial pressure
of CO,, 29.5 h incubation

Succinivibrio dextrinosolvens ATCC 19716 CSL (15 g/L) and YE (15 g/L), 100 g/L 226 [0.74] NR Guettler et al.
glucose, and 80 g/L MgCOs, batch (1998)
fermentation, 36 h

Corynebacterium glutanicum R Glucose (40 g/L; 121 g total glucose) in 195 [3.83] 0.29 Okino et al.
defined mineral salt medium with 400 mM (2005)
NaHCOs, fed batch fermentation, 6 h incubation
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Table I. (Continued)

Succinate  Succinate yield
Organism Medium/condition titer (mM)® (mol/mol) Reference
Prevotella ruminocola ATCC 19188 CSL (15 g/L) and YE (15 g/L), 100 g/L 160 [0.52] NR Guettler et al.
glucose, and 80 g/L MgCOs3, batch (1998)
fermentation, 36 h incubation
E. coli SBS550MG (IdhA, adhE, icIR, Glucose LB (20 g/L) supplemented with 1 g/L 162.6 [0.80] 1.61¢ Sanchez et al.
ackA-pta), L. lactis pyc, B. subtilis citZ NaHCOs3, 200 mg/L ampicillin, and 1 mM (2005a), Cox
IPTG. 100% CO, at 1 L/min STP headspace, et al. (2006)
batch fermentation, 24 h incubation
M. succiniciproducens MBEL55E Glucose (18 g/L) in MH4 (YE-based medium) 144 [2.83] 1.44 Song et al.
KCTC 0769BP supplemented with 119 mM NaHCOs, a (2007)
continuous-cell-recycle membrane reactor
with the CO, partial pressure of 101.3 kPa
gas (100% CO,), 6 h incubation
E. coli SBS110MG (ldhA, adhE), Glucose LB (20 g/L) supplemented withl.5 g/L 130 [0.09] 1.24° Sanchez et al.
Lactococcus lactis pyc NaHCO; and 0.5 g MgCOs3, 200 mg/L (2005a),
ampicillin, and 1 mM IPTG. Dual phase with Sanchez
100% CO, at 1 L/min STP headspace, et al. (2006)
168 h incubation
E. coli NZN111 (W1485 pfIB, ladhA), Glucose LB (20 g/L) supplemented with 108 [0.22] 0.98¢ Stols and
E. coli mdh overexpressed 0.5 g MgCOs, 1.5 g/L NaOAg, 0.1 g/L Donnelly
ampicillin, and 10 uM IPTG, 44 h incubation, (1997)
sealed serum tube
E. coli JCL1208, E. coli ppc overexpressed Glucose LB (11 g/L) supplemented with 91 [0.60] 0.44° Millard et al.
0.15 g MgCOs3, 0.1 g/L carbenicillin, and (1996)
0.1 mM IPTG, 44 h incubation, anoxic CO,
charging at 1 atm headspace, 18 h incubation
E. coli GJT-Sorghum pepC Glucose LB (40 g/L) supplemented with 80 [no data] 0.42° Lin et al.
27.78 g/L MgCOs3, simple batch fermentation (2005¢)
in sealed airtight flask
E. coli HL51276k (icIR, icd, sdhAB, ackA-pta,  Glucose LB (10.8 g/L) supplemented with 68 [0.16] 1.09° Lin et al.
poxB, pstG), Sorghum 2 g/L NaHCOs3, 50 mg/L kanamycin, 1 mM (2005b)
sp. pepC S8D mutation IPTG, aerobic batch reactor, 50 h incubation
E. coli SBS880MG (IldhA, adhE, AfdhF), Glucose LB (20 g/L) supplemented withl.5 g/L 60 [0.04] 0.94° Sanchez et al.

L. lactis pyc

NaHCO; and 0.5 g MgCOs, 200 mg/L ampicillin,

(2005b)

and 1 mM IPTG. Dual phase with 100% CO,
headspace, 168 h incubation

*Abbreviations: CSL, corn steep liquor; YE, yeast extract; NR, not reported.

b Average volumetric productivity is shown in brackets [g L™ h™].

“The molar yield was calculated based on the production of succinate from metabolized sugar during both aerobic and anaerobic conditions. Biomass was
generated predominantly during aerobic growth. Succinate was produced primarily during anaerobic incubation with CO,, H,, or a mixture of both.

has been used to design gene knockouts to create a pathway
in E. coli that is analogous to the native succinate pathway in
M. succiniciproducens (Lee et al., 2005, 2006). The resulting
strain, however, produced low levels of succinate. Andersson
et al. (2007) reported the highest levels of succinate
production by an engineered E. coli (339 mM) containing
only native genes.

Other researchers have pursued alternative approaches
that express heterologous genes from plasmids in recombi-
nant E. coli (Table I). The Rhizobium etli pyruvate
carboxylase (pyc) was over-expressed from a multicopy
plasmid to direct carbon flow into succinate (Gokarn et al.,
2000; Vemuri et al., 2002a,b) and produced high levels of
succinate (841 mM succinate). Strain SBS550MG was
constructed by inactivating the isocitrate lyase repressor
(icIR), adhE, IdhA, and ackA, and over-expressing Bacillus
subtilis citZ (citrate synthase) and R. etli pyc from a
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multicopy plasmid (Sanchez et al., 2005a) to achieve a very
high yield, 1.6 mol succinate/mol glucose.

Complex, multi-stage fermentation processes have also
been investigated to improve succinate production using
recombinant E. coli (Table I). In many of these, aerobic
growth phase is followed by an anaerobic fermentation
phase and includes sparging with CO,, H,, or both
(Andersson et al,, 2007; Nghiem et al., 1999; Sanchez
et al., 2005a,b; Sanchez et al., 2006; Vemuri et al., 2002a,b).
In a recent study with a native succinate producer,
A. succiniciproducens, electrodialysis, sparging with CO,,
cell recycle, and batch feeding were combined (Meynial-
Salles et al., 2007).

In this article, we describe novel strains of E. coli C that
produce succinate at high titers and yields in mineral salts
media during simple, pH-controlled, batch fermentations
without the addition of heterologous genes or plasmids.



During development, an intermediate strain was character-
ized that produced malate as the dominant product.

Materials and Methods

Strains, Media, and Growth Conditions

Strains used in this study are summarized in Table II.
Derivatives of E. coli C (ATCC 8739) were developed for

Table Il. Escherichia coli strains, plasmids, and primers used in this study

succinate production by a unique combination of gene
deletions and selections for increased productivity. Cultures
were grown at 37°C in modified Luria—Bertani (LB) broth
(per liter: 10 g Difco tryptone, 5 g Difco yeast extract, 5 g
sodium chloride) (Miller, 1992) only during strain con-
struction. Antibiotics were included as appropriate.

NBS mineral salts medium (Causey et al, 2004)
supplemented with 100 mM KHCO3;, 1 mM betaine HCI,
and sugar (2—-10%) was used as a fermentation broth in most
studies and for maintenance of strains. A new low salt

Escherichia coli strains

Relevant characteristics Sources
Strain C Wild type (ATCC 8739) ATCC
KJo012 strain C, AldhA:FRT AadhE:FRT AackA::FRT This study
KJjo17 KJ012, improved strain selected from 10% glucose, NBS This study
KJj032 KJ017, AldhA::FRT AadhE::FRT AackA::FRT A(focA-pfIB)::FRT This study
KJ060 KJ032, improved strain selected from 10% glucose without initial acetate, NBS This study
KJ070 KJ060, AmgsA This study
KJo71 KJ070, improved strain selected from 10% glucose, NBS This study
KJ072 KJ071, ApoxB This study
KJo73 KJ072, improved strain selected from 10% glucose, AM1 This study
S7204 A(focA-pfIB)::FRT-kan-FRT Zhou et al. (2003)
Plasmids
pKD4 bla FRT-kan-FRT Datsenko and
Wanner (2000)
pKD46 bla y B exo (Red recombinase), temperature-conditional replicon Datsenko and
Wanner (2000)
pFT-A bla flp temperature-conditional replicon and FLP recombinase Posfai et al. (1997)
pEL04 cat—sacB targeting cassette Lee et al. (2001),
Thomason
et al. (2005)
pLOI3421 1.8 kbp Smal fragment containing aac Wood et al. (2005)
pLOI4151 bla cat; cat—sacB cassette This study
pCR2.1-TOPO bla kan; TOPO TA cloning vector Invitrogen
pLOI4228 bla kan; yecT'-mgsA-helD’ (PCR) from E.coli C cloned into pCR2.1-TOPO vector This study
pLOI4229 cat—sacB cassette PCR amplified from pLOI4151 (EcoRV digested) cloned into mgsA in pLOI4228 This study
pLOI4230 PCR fragment amplified from pLOI4228 (using mgsA-1/2 primers), kinase treated, then self-ligation This study
pLOI4274 bla kan; poxB (PCR) from E.coli C cloned into pCR2.1-TOPO vector This study
pLOI4275 cat-sacB cassette PCR amplified from pLOI4151 (EcoRV digested) cloned into poxB of pLOI4274 This study
pLOI4276 PCR fragment amplified from pLOI4274 (using poxB-1/2 primers), kinase treated, then self-ligation This study
Primer sets
IdhA 5’ ATGAACTCGCCGTTTTATAGCACAAAACAGTACGACAAGAAGTACGTGTAGGCTGGAGCTGCTTC3 This study
5'TTAAACCAGTTCGTTCGGGCAGGTTTCGCCTTTTTCCAGATTGCTCATATGAATATCCTCCTTAG3’
adhE 5’ ATGGCTGTTACTAATGTCGCTGAACTTAACGCACTCGTAGAGCGTGTGTAGGCTGGAGCTGCTTC3' Zhou et al. (2003)
5'TTAAGCGGATTTTTTCGCTTTTTTCTCAGCTTTAGCCGGAGCAGCCATATGAATATCCTCCTTAG3'
ackA 5'ATGTCGAGTAAGTTAGTACTGGTTCTGAACTGCGGTAGTTCTTCAGTGTAGGCTGGAGCTGCTTC3' Zhou et al. (2003)
5'TCAGGCAGTCAGGCGGCTCGCGTCTTGCGCGATAACCAGTTCTTCCATATGAATATCCTCCTTAG3'
focA-pfIB 5'TTACTCCGTATTTGCATAAAAACCATGCGAGTTACGGGCCTATAAGTGTAGGCTGGAGCTGCTTC3 This study
5'ATAGATTGAGTGAAGGTACGAGTAATAACGTCCTGCTGCTGTTCTCATATGAATATCCTCCTTAG3'
JMcatsacB 5'TTAGCTAGCATGTGACGGAAGATCACTTCG3' This study
5'CCGCTAGCATCAAAGGGAAAACTGTCCATAT3
cat-up 5’ AGAGAGGATATCTGTGACGGAAGATCACTTCG3' This study
5'AGAGAGGATATCGAATTGATCCGGTGGATGAC3'
mgsA-up/down  5’CAGCTCATCAACCAGGTCAA3' This study
5'AAAAGCCGTCACGTTATTGG3'
mgsA1/2 5’ AGCGTTATCTCGCGGACCGT?3' This study
5'AAGTGCGAGTCGTCAGTTCC3'
poxB-up/down 5'AAGCAATAACGTTCCGGTTG3' This study
5'CCACTTTATCCAGCGGTAGC3'
poxB-1/2 5'GACGCGGTGATGAAGTGAT3’ This study
5'TTTGGCGATATAAGCTGCAA3'
Jantama et al.: Combining Metabolic Engineering and Metabolic Evolution to Produce Succinate 1143
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medium, AM1 (4.2 g L™ total salts; Martinez et al., 2007),
was developed during the latter stages of this investigation
and used in fermentations with KJ060 and KJ073. This
medium was supplemented with 100 mM KHCOj; and sugar
as indicated and includes 1 mM betaine when initial sugar
concentrations are 5% or higher. No genes encoding
antibiotic resistance, plasmids, or other foreign genes are
present in strains developed for succinate production except
as intermediates during construction.

Genetic Methods

Plasmids and primers used in this study are summarized in
Table II. Methods for chromosomal deletions, integration,
and removal of antibiotic resistance genes have been
previously described (Datsenko and Wanner, 2000; Grabar
et al., 2006; Posfai et al., 1997; Zhou et al., 2006a). Sense
primers contain sequences corresponding to the N-terminus
of each targeted gene (boldface type) followed by 20 bp
(underlined) corresponding to the FRT-kan-FRT cassette.
Anti-sense primers contain sequences corresponding to the
C-terminal region of each targeted gene (boldface type)
followed by 20 bp (underlined) corresponding to the
cassette. Amplified DNA fragments were electroporated into
E. coli strains harboring Red recombinase (pKD46). In
resulting recombinants, the FRT-kan-FRT cassette replaced
the deleted region of the target gene by homologous
recombination (double-crossover event). The resistance
gene (FRT-kan-FRT) was subsequently excised from the
chromosome with FLP recombinase using plasmid pFT-A,
leaving a scar region containing one FRT site. Chromosomal
deletions and integrations were verified by testing for anti-
biotic markers, PCR analysis, and analysis of fermentation
products. Generalized P1 phage transduction (Miller, 1992)
was used to transfer the AfocA-pfIB::FRT-kan-FRT mutation
from strain SZ204 into strain KJ017 to produce KJ032.

Deletion of mgsA and poxB Genes

A modified method was developed to delete E. coli
chromosomal genes using a two-step homologous recom-
bination process (Thomason et al., 2005). With this method,
no antibiotic genes or scar sequences remain on the
chromosome after gene deletion. In the first recombination,
part of the target gene was replaced by a DNA cassette
containing a chloramphenicol resistance gene (cat) and a
levansucrase gene (sacB). In the second recombination, the
cat—sacB cassette was replaced with native sequences
omitting the region of deletion. Cells containing the sacB
gene accumulate levan during incubation with sucrose and
are killed. Surviving recombinants are highly enriched for
loss of the cat—sacB cassette.

A cassette was constructed to facilitate gene deletions. The
cat—sacB region was amplified from pEL04 (Lee et al., 2001;
Thomason et al., 2005) by PCR using the JMcatsacB primer
set (Table II), digested with Nhel, and ligated into the
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corresponding site of pLOI3421 to produce pLOI4151. The
cat—sacB cassette was amplified by PCR using pLOI4151
(template) and the cat-up primer set (EcoRV site included in
each primer), digested with EcoRV, and used in subsequent
ligations.

The mgsA gene and neighboring 500 bp regions (yccT’-
mgsA-helD’, 1,435 bp) were amplified using primer set
mgsA-up/down and cloned into the pCR2.1-TOPO vector
(Invitrogen, Carlsbad, CA) to produce plasmid pLOI4228. A
1,000-fold diluted preparation of this plasmid DNA served
as a template for inside-out amplification using the mgsA-1/
2 primer set (both primers within the mgsA gene and facing
outward). The resulting 4,958 bp fragment containing the
replicon was ligated to the amplified, EcoRV-digested cat—sacB
cassette from pLOI4151 to produce pLOI4229. This 4,958 bp
fragment was also used to construct a second plasmid,
pLOI4230 (phosphorylation and self-ligation). In pLOI4230,
the central region of mgsA is absent (yccT’-mgsA’-mgsA”-
helD)).

After digestion of pLOI4229 and pLOI4230 with Xmnl
(within the vector), each served as a template for amplification
using the mgsA-up/down primer set to produce the linear
DNA fragments for integration step I (yccT'-mgsA’-cat-sacB-
mgsA”-helD') and step 11 (yecT'-mgsA’-mgsA” -helD)), respec-
tively. After electroporation of the step I fragment into KJ060
containing pKD46 (Red recombinase) and 2 h of incubation at
30°C to allow expression and segregation, recombinants were
selected for chloramphenicol (40 mg L") and ampicillin
(20 mg L") resistance on plates (30°C, 18 h). Three clones
were chosen, grown in Luria broth with ampicillin and 5% w/v
arabinose, and prepared for electroporation. After electro-
poration with the step II fragment, cells were incubated at
37°C for 4 h and transferred into a 250-mL flask containing
100 mL of modified LB (100 mM MOPS buffer added and
NaCl omitted) containing 10% sucrose. After overnight
incubation (37°C), clones were selected on modified LB plates
(no NaCl; 100 mM MOPS added) containing 6% sucrose
(39°C, 16 h). Resulting clones were tested for loss of ampicillin
and chloramphenicol resistance. Construction was further
confirmed by PCR analysis. A clone lacking the mgsA gene was
selected and designated KJ070.

The poxB gene was deleted from KJ071 in a manner
analogous to that used to delete the mgsA gene. Additional
primer sets (poxB-up/down and poxB-1/2) used to construct
the poxB deletion are included in Table II together with
the corresponding plasmids (pLOI4274, pLOI4275, and
pLOI4276). The resulting strain was designated KJ072.

Fermentations

Seed cultures and fermentations were grown at 37°C, 100 rpm
in NBS or AM1 mineral salts medium containing glucose,
100 mM KHCO; and 1 mM betaine HCl. These were
maintained at pH 7.0 by the automatic addition of KOH
during initial experiments. Subsequently, pH was main-
tained by adding a 1:1 mixture of 3 M K,COj3 and 6 N KOH.
Fermentations were carried out in small fermentation vessels



with a working volume of 350 mL. Fermentations were  sugars were determined by using high performance liquid
inoculated at either an initial ODsso of 0.01 (3.3 mg  chromatography (Grabar et al., 2006).

CDW L") or 0.1 (33.3 mg CDW L") as indicated. No
antibiotic resistance genes were present in the strains that
were tested. Fermentation vessels were sealed except for a
16-gauge needle, which served as a vent for sample removal.
Anaerobiosis was rapidly achieved during growth with
added bicarbonate serving to ensure an atmosphere of CO,.

Results and Discussion

Construction of KJ012 for Succinate Production by
Deletion of /dhA, adhE, and ackA

E. coli produces a mixture of lactate, acetate, ethanol, and
succinate during glucose fermentation (Fig. 1A). Major
pathways leading to lactate, acetate, and ethanol were
Cell mass was estimated from the optical density at 550 nm  eliminated by deleting genes encoding p-lactate dehydro-
(OD 1.0 =333 mg of cell dry weight L™") with a Bausch &  genase, acetate kinase, and alcohol dehydrogenase to
Lomb Spectronic 70 spectrophotometer. Organic acids and  construct KJO12(AldhA:FRT AadhE:FRT AackA::FRT).
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Figure 1. Fermentation of glucose to succinate. A: Central metabolism indicating genes deleted in constructs engineered for succinate production. Solid arrows represent
central fermentative pathways. Dashed arrow represents microaerophilic pathway (poxB). Dotted arrows show pathways that normally function during aerobic metabolism,
pyruvate dehydrogenase (pdh) and the glyoxylate bypass (aceAB). Crosses represent the gene deletions performed in this study to obtain KJ012 (/dhA, adhE, ackA), KJ032 (/dhA,
adhE, ackA, focA, pfIB), and KJO70 (/dhA, adhE, ackA, pflB, mgsA), and KJ072 (IdhA, adhE, ackA, focA, pflB, mgsA, poxB). Genes and enzymes: /dhA, lactate dehydrogenase; focA,
formate transporter; pfIB, pyruvate-formate lyase; pta, phosphate acetyltransferase; ackA, acetate kinase; adhE, alcohol dehydrogenase; ppc, phosphoenolpyruvate carboxylase;
pdh, pyruvate dehydrogenase complex; gltA, citrate synthase; mdh, malate dehydrogenase; fumA, fumB, and fumC, fumarase isozymes; frdABCD, fumarate reductase; fdh, formate
dehydrogenase; mgsA, methylglyoxal synthase; gloAB, glyoxylase | and II; poxB, pyruvate oxidase; aceAB, isocitrate lyase; acnAB, aconitase; acs, acetyl-CoA synthase, aldA and
aldB, aldehyde dehydrogenase isozymes; and icd, isocitrate dehydrogenase. B: Coupling of ATP production and growth to succinate and malate production in engineered strains of
E. coli. Solid arrows connect NADH pools. Dotted arrows connect NAD " pools. During glycolysis under anaerobic conditions, the production of ATP for cell growth is obligately
coupled to the oxidation of NADH.
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This strain retained only the succinate pathway with malate
dehydrogenase and fumarate reductase as primary routes for
NADH oxidation (Fig. 1B). Although strain KJ012 grew well
in complex media (not shown), poor growth was observed
in mineral-based media such as NBS and acetate was
produced as the most abundant product from sugar
metabolism (Table III). In this NBS mineral salts medium,
succinate titer and cell yield for KJ012 were eightfold to
sevenfold lower than the unmodified parent, E. coli C.
Poor growth and glucose fermentation could result from
insufficient capacity to oxidize NADH using only the
succinate pathway (Fig. 1A), from a deficiency of metabolites
and precursors for biosynthesis (error in metabolic partition-
ing) due to shifts in pool sizes resulting from gene deletions,
or a combination of both. Growth was increased fivefold
(Table III) in the same medium (plus 100 mM MOPS for pH
control) by providing mild aeration (100 rpm, 100 mL NBS
broth, 250-mL flask) indicating that the NADH oxidation
capacity limited growth. Growth was also increased
(fivefold) by replacing NBS mineral salts medium with
Luria broth indicating a deficiency in metabolic partition-
ing. With the complex nutrients of Luria broth, succinate
titers were increased 18-fold over NBS medium indicating
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that the succinate pathway served as the primary route
for NADH oxidation in KJ012. From these results, we
concluded that the poor performance of KJ012 under
anaerobic conditions is a complex problem resulting
primarily from suboptimal metabolic partitioning of carbon
between growth and fermentation products.

It is likely that similar observations have been made by
previous investigators with E. coli engineered for succinate
production and that this is the basis for their reliance on
complex medium and two-phase process (aerobic growth
and anaerobic production). In the absence of a clear
approach to decrease the complexity of this problem in
engineered E. coli, we elected to pursue an adaptive genetic
strategy termed “metabolic evolution.” Rather than incre-
mental studies to identify and solve specific problems in
metabolic partitioning, natural selection was used to solve
the aggregate problem. The production of ATP for growth
by KJ012 and all subsequent derivatives in this article is
obligately coupled to malate and succinate production
during the oxidation of NADH (Fig. 1B). Selection for
improved growth and ATP production during serial cultiva-
tion provides a route to co-select improved growth and
improved production of these dicarboxylic acids. Analogous
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approaches have been used to develop E. coli strains for the
production of r-alanine (Zhang et al., 2007) and lactate
(Zhou et al., 2003; Zhou et al., 2006a,b).

Improvement of KJ012 by Metabolic Evolution

Metabolic evolution was carried out by sequentially
subculturing under various regimens using small, pH-
controlled fermentors (Fig. 2). Selection was begun using
5% (w/v) glucose with serial transfers at 120-h intervals
(Figs. 3A and 4A). Addition of betaine, a protective osmolyte
(Purvis et al., 2005; Underwood et al., 2004; Zhou et al.,
2006b), increased cell growth and cell yield and allowed
more frequent transfers. Beginning at transfer 27, a
bicarbonate solution was used to maintain pH and provide
additional CO, for succinate production. The rapid sub-
sequent improvement confirmed that CO, had become
limiting (Fig. 4A). With further selection in 5% (w/v)
glucose, molar yields of succinate improved to 0.73 per mole
of glucose metabolized (Table III). The glucose concentra-
tion was doubled and transfers continued (Figs. 3B and 4B)
with modest improvement in growth (initial 24 h) and a
small decline in succinate yield. With 10% (w/v) glucose,
unwanted co-products (acetate, formate, and lactate) were

abundant despite the absence of the primary lactate dehydro-
genase (IdhA) and acetate kinase (ackA) (Table IIT). A clone
was isolated from the last transfer and designated
KJ017(AldhA::FRT AadhE::FRT AackA::FRT).

Construction of KJ032 and KJ060

The gene encoding pyruvate formate-lyase (pfIB) was
deleted from KJ017 to eliminate the loss of reductant as
formate and excessive production of acetyl-CoA, a potential
source of acetate. The upstream formate transporter (focA)
in this operon was also deleted. As expected, this deleted
strain (KJ032) did not grow without acetate (Fig. 3C).
Deletion of pflIB is well-known to cause acetate auxotrophy
under anaerobic conditions (Sawers and Bock, 1988).
Growth and succinate production by KJ032 were restored by
the addition of 20 mM acetate (Figs. 3C and 4C). Production
of formate and acetate were substantially reduced as a result
of pfiB (and focA) deletion. Although this strain required
acetate for growth, additional acetate was also produced
during fermentation. The same phenomenon was previously
reported for pfIB-deleted strains during the construction of
E. coli K-12 biocatalysts for pyruvate production (Causey
et al.,, 2004). Lactate levels were also reduced in KJ032
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Figure 2. Diagram summarizing steps in the genetic engineering and metabolic evolution of E. coli C as a biocatalyst for succinate and malate production. This process
represents 261 serial transfers providing over 2,000 generations of growth-based selection. Clones were isolated from the final culture of each regimen and assigned strain

designations, shown in parentheses in Table IIl.
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Figure 3. Growth during metabolic evolution of KJ012 to produce KJ017, KJ032, and KJ060. Strain KJ012 was sequentially transferred in NBS medium containing 5% (w/v)
(A) and 10% (w/v) (B) glucose, respectively to produce KJ017. After deletion of focA and pfiB, the resulting strain (KJ032) was initially subcultured in medium supplemented with
acetate (C). Acetate levels were decreased and subsequently eliminated during further transfers to produce KJ060. Broken line represents fermentation by KJ017 without acetate,

added for comparison. Symbols: optical density at ODssp nm, @-

(Table III; Fig. 4C). Subsequent transfers were accompanied
by improvements in growth and succinate production.
Added acetate was reduced, inocula size was reduced, and
glucose concentration was doubled (10% w/v) during
subsequent transfers (Fig. 4D). After reducing added acetate
to 5 mM, an unstable population emerged that produced
elevated levels of malate at the expense of succinate. After
further transfers, acetate was omitted and a strain was
developed that was no longer auxotrophic. However,
succinate yields declined upon elimination of added acetate
while malate and acetate levels increased. A small amount of
pyruvate was also produced. A clone was isolated from the

last transfer and designated, KJ060(AldhA::FRT AadhE::FRT
AackA::FRT AfocB-pflB::FRT).

Construction of KJ070 and KJO71 by Deletion of
Methylglyoxal Synthase (mgsA)

The small amount of lactate present in the fermentation
broths of various strains is presumed to originate from the
methylglyoxal synthase pathway (Fig. 1A; Grabar et al,
2006). Although this represents a small loss of yield, lactate
production by this pathway is indicative of methylglyoxal
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metabolic evolution of KJ032. No formate and lactate were detected during metabolic evolution of KJO70 and KJ072. A: (5% w/v glucose) and (B) (10% w/v glucose), KJ012 to KJ017;
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accumulation, an inhibitor of both growth and glycolysis
(Egyud and Szent-Gyorgyi, 1966; Grabar et al., 2006;
Hopper and Cooper, 1971). Production of methylglyoxal
and lactate were eliminated by deleting the mgsA gene
(methylglyoxal synthase) in KJ060 to produce KJ070(AldhA::
FRT AadhE::FRT AackA::FRT AfocA-pfIB:FRT AmgsA). Strain
KJ070 was initially subcultured in 5% (w/v) glucose (Fig. 4E).
Deletion of mgsA is presumed to have increased glycolytic
flux as evidenced by the accumulation of pyruvate in the
medium (Table IIT). This increase in glycolytic flux may also
be responsible for the further decline in the succinate/malate
ratio due to increased production of oxaloacetate, an
allosteric inhibitor of fumarate reductase (Iverson et al.,
2002; Sanwal, 1970).

At transfer 21, glucose was doubled to 10% (w/v) and
transfers continued. This higher level of glucose and
subsequent transfers resulted in further increases in malate
production, exceeding succinate in latter transfers (Fig. 4E).
Increased production of malate versus succinate in 10% w/v
glucose is also consistent with increased glycolytic flux and
inhibition of furmarate reductase by oxaloacetate. At
transfer 50, 1.3 moles of malate and 0.71 moles of succinate
were produced per mole of glucose metabolized (Table III).
Significant amounts of acetate were also produced. A new
strain was isolated from the final subculture and designated
KJO71(AldhA:FRT AadhE:FRT AackA:FRT AfocA-pflB:
FRT AmgsA). This strain may be useful for malate
production.

Construction of KJ072 and KJ073 by Deletion of poxB

Although conversion of glucose to acetate is redox neutral,
partitioning of carbon to acetate decreases the yield of
succinate and malate. Pyruvate oxidase represents a
potential source of acetate and CO, during incubation
under microaerophilic conditions (Causey et al., 2004) and
was targeted for gene deletion. However, deletion of poxB
to produce KJ072(AldhA::FRT AadhE:FRT AackA::FRT
AfocA-pflB::FRT AmgsA ApoxB) did not reduce acetate

involved. Eliminating poxB resulted in unexpected changes
in fermentation products, an increase in succinate and
decrease in malate (Table III; Fig. 4F). The mechanism for
this improvement in succinate production is unknown but
may be related to other activities of pyruvate oxidase such as
acetoin production, decarboxylation, and carboligation (Ajl
and Werkman, 1948; Chang and Cronan, 2000).

Strain KJ072 was subjected to 40 further rounds of
metabolic evolution in AM1 medium, a lower salt medium,
with 10% (w/v) glucose (Table III; Fig. 4F). Improvements
in growth, cell yield, and succinate production were
observed during these transfers. Malate, pyruvate, and
acetate levels also increased. A clone was isolated from the
final transfer and designated KJ073(AldhA::FRT AadhE::
FRT AackA:FRT ApfIB::FRT AmgsA ApoxB).

Fermentation of KJ060 and KJ073 in AM1 Medium
Containing 10% (w/v) Glucose

Figure 5 shows batch fermentations with KJ060 and KJ073,
the two best biocatalysts for succinate production. Although
growth was completed within the initial 48 h of incubation,
succinate production continued for 96 h. One-third of
succinate production occurred in the absence of cell growth.
These strains produced succinate titers of 668—733 mM, with
a molar yield of 1.2-1.6 based on glucose metabolized.
Acetate, malate, and pyruvate accumulated as undesirable
co-products and detracted from the potential yield of
succinate (Table III). The maximum theoretical yield of
succinate from glucose and CO, (excess) is 1.71 mol per
mole glucose based on the following equation:

7 C¢H12,06 + 6 CO, — 12 C4HgO4 + 6 H,O

Conversion of Other Substrates to Succinate

Although this study primarily focused on the conversion of
glucose to succinate. It is well known that E. coli has the

production indicating that alternative pathways are  native ability to metabolize all hexose and pentose sugars
g g g
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Figure 5. Production of succinate and malate in mineral salts media (10% glucose) by derivatives of E. coli C. A: Succinate production by KJ060 in AM1 medium. B: Succinate
production by KJ073 in AM1 medium. C: Production of malate by KJ071 in NBS medium. Fermentations were inoculated at a level of 33 mg DCW L~". Symbols for all: O, glucose; @,

succinate; |, malate; A, cell mass.
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that are constituents of plant cell walls (Asghari et al., 1996;
Underwood et al., 2004). Some strains of E. coli can also
metabolize sucrose (Moniruzzaman et al., 1997). Strain
KJ073 was tested for utilization of hexoses, pentoses, and
using tube cultures containing 2% sugar. In all cases, these
sugars were converted primarily to succinate. Strain KJ073
also metabolized glycerol to succinate. During incubation
with 2% glycerol, 143 mM glycerol was metabolized to
produce 127 mM succinate with a molar yield of 0.89, 89%
of the theoretical maximum.

Production of Malate in NBS Medium
Containing 1 mM Betaine and 10% Glucose

During growth-based selections, cultures were observed to
vary in their production of malate (Table III), a potentially
useful alternative product. Malate was the most abundant
product from KJ071 with 10% glucose (Table III; Fig. 4E),
almost double that of succinate. This strain produced
516 mM malate with a molar yield of 1.44 based on
metabolized glucose.

Conclusions

The fermentative metabolism of E. coli is remarkably
adaptable. Derivatives can be readily engineered and evolved
to circumvent numerous deletions of genes concerned with
native fementation pathways and increase fluxes through
remaining enzymes to maintain redox balance, ATP
production, and growth. Though arguably more challen-
ging, cells can make such adaptive changes in mineral salts
media while balancing carbon partitioning for biosynthetic
needs. After eliminating the primary routes for NADH
oxidation (lactate dehydrogenase, alcohol dehydrogenase)
and acetate production (acetate kinase), growth and ATP
production remain linked to NADH oxidation and the
production of malate or succinate (Fig. 1B). Growth-based
selections for NADH oxidation and ATP production cannot
readily distinguish between malate and succinate as end
products, since the precursors of both serve as electron
acceptors. During these investigations, KJ071 was developed
that produces more malate than succinate. This strain and
further derivatives may be useful for malate production.
Other strains such as KJ073 and KJ060 may be useful for
succinate production.

Deletion of pfIB, the primary source of acetyl-CoA during
anerobic growth, resulted in an auxotrophic requirement for
acetate (Sawers and Bock, 1988). This requirement was
eliminated through metabolic evolution, presumably due
to increased production of acetyl-CoA by other routes such
as pyruvate dehydrogenase (de Graef et al., 1999). Many
shifts in metabolic products were unanticipated. The
increase in malate during selections after deletion of mgsA
is unexplained. Methylglyoxal is a metabolic inhibitor that is
produced in response to an imbalance in metabolism

Jantama et al.: Combining Metabolic Engineering and Metabolic Evolution to Produce Succinate

(Grabar et al., 2006). Elimination of methylglyoxal
production may have provided a growth-related advantage
such as increased growth rate, a shorter lag after inoculation,
etc. The reduction in malate and shift to higher succinate
production after a poxB deletion was also surprising. Little
change in the acetate level was observed indicating that
either this enzyme was a minor source of acetate or that it
was functionally replaced by other routes for acetate
production. After deletion of poxB, succinate was again
produced as the dominant dicarboxylic acid. With the best
strains for succinate production, KJ060 and KJ073, malate
and acetate remained as abundant co-products (Table III;
Fig. 4D and F). Elimination of these represents a further
opportunity to increase yields.

All previously engineered E. coli developed for succinate
production have used complex media and plasmids with
antibiotics for maintenance. Most have achieved only low
titers of succinate in simple batch fermentations, requiring
more complex processes to achieve higher titers (Table I). A
variety of genetic approaches have been reported that
increase succinate production from glucose by recombinant
E. coli in complex medium. In our initial construct, growth
and sugar metabolism were very poor in mineral salts
medium but very robust in complex, LB medium. It is likely
that similar observations led previous investigators to their
reliance on complex nutrients (Table I). Complex media
containing vitamins, amino acids, and other macromole-
cular precursors may mask potential regulatory problems in
metabolism and biosynthesis that were created by metabolic
engineering.

Many investigators have also used heterologous genes and
complicated processes that include sparging with gas
(CO,, H,, O,, or air) and dual aerobic and anaerobic
process steps. This complexity of process and nutrients
would be expected to increase the cost of construction,
materials, purification, and waste disposal. In contrast,
strains KJ060 and KJ073 produced high titers of succinate
(600-700 mM) in simple batch fermentations (10% sugar)
using mineral salts medium without any complex nutrients
or foreign genes.
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