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Abstract During aerobic growth on glucose, Escherichia
coli produces acetate in the so-called overflow metabolism.
DNA microarray analysis was used to determine the global
gene expression patterns of chemostat cultivations of E. coli
MG1655 that were characterized by different acetate
formation rates during aerobic growth on glucose. A
correlation analysis identified that expression of ten genes
(sdhCDAB, sucB, sucC, acnB, IpdA, fumC and mdh)
encoding the TCA cycle enzymes succinate dehydrogenase,
a-ketoglutarate dehydrogenase, succinyl-CoA synthetase,
aconitase, fumarase and malate dehydrogenase, respective-
ly, and of the acs—yjcH—actP operon for acetate utilization
correlated negatively with acetate formation. Relieving
transcriptional control of the sdhCDAB-b0725—sucABCD
operon by chromosomal promoter exchange mutagenesis
yielded a strain with increased specific activities of the
TCA cycle enzymes succinate dehydrogenase, x-ketoglu-
tarate dehydrogenase and succinyl-CoA synthetase, which
are encoded by this operon. The resulting strain produced
less acetate and directed more carbon towards carbon
dioxide formation than the parent strain MG1655 while
maintaining high growth and glucose consumption rates.
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Introduction

Escherichia coli is able to utilize a variety of carbohydrates
and organic acids as sole carbon and energy sources. Rapid
aerobic growth of E. coli on glucose, but also on serine,
pyruvate, lactate, glucuronate and gluconate, and glucose
excess conditions are characterized by the formation and
excretion of acetate. This phenomenon, which does not
occur during growth on glycerol or fructose, is referred to
as overflow metabolism or ‘bacterial Crabtree effect’ (El-
Mansi and Holms 1989; Rinas et al. 1989; Luli and Strohl
1990; Holms 1996; Xu et al. 1999a,b; El-Mansi 2004).
Upon depletion of acetogenic (acetate-producing) carbon
sources, E. coli switches to utilization of the excreted
acetate as a source of carbon and energy. Wolfe (2005)
defined the acetate switch as the moment when acetate
formation equals acetate utilization. In a batch culture using
buffered media with glucose, acetate is formed until
glucose is nearly exhausted and, after the switch occurred,
acetate is co-utilized with glucose. In a batch culture with
tryptone-based complex medium, serine and aspartate are
utilized first with concomitant acetate formation and
when tryptophan is utilized, acetate is re-utilized (Wolfe
2005).

Aerobic acetate production, which increases at high
growth rates (El-Mansi and Holms 1989; Majewski and
Domach 1990; Holms 1996; Kayser et al. 2005), is
supposed to arise from an imbalance between glucose
utilization and the demands for biosynthesis and energy
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metabolism, and several explanations such as improperly
controlled glucose uptake, TCA cycle activity or respiratory
capacity have been proposed (El-Mansi and Holms 1989;
Holms 1996). Under aerobic conditions, acetate is generat-
ed from pyruvate either by oxidative decarboxylation by the
pyruvate dehydrogenase complex and the following con-
version of acetyl-CoA to acetate by phosphotransacetylase
and acetate kinase with concomitant formation of ATP
(Hansen and Henning 1966). Alternatively, during the
transition from exponential growth to the stationary growth
phase, pyruvate may be decarboxylated to acetate directly
by pyruvate oxidase (Chang et al. 1994). After the acetate
switch occurred, acetate is assimilated by acetyl-CoA
synthetase, which activates acetate to acetyl-CoA with the
concomitant conversion of ATP to AMP and pyrophosphate
(Brown et al. 1977; Kumari et al. 1995). The formed acetyl-
CoA is metabolized in the TCA cycle to generate energy
and reduction equivalents. To fulfill the anaplerotic de-
mand, acetate-growing cells require the glyoxylate cycle.
The glyoxylate cycle with its key enzymes isocitrate lyase
and malate synthase bypasses the two decarboxylation steps
of the TCA cycle catalyzed by isocitrate dehydrogenase and
«-ketoglutarate dehydrogenase, and the reaction catalyzed
by succinyl-CoA synthetase. The reactions of the gly-
oxylate cycle catalyze a net formation of a four-carbon
biosynthetic precursor from two molecules of acetyl-CoA.

With excess glucose, acetate can accumulate to high
concentrations. Acetate and other short-chain fatty acids
inhibit growth and deteriorate production (Jensen and
Carlsen 1990) as they uncouple the transmembrane proton
potential and thus interfere with efficient energy metabo-
lism. Acetic acid diffuses across the plasma membrane and
in the cytoplasm a proton is released to form the acetate
anion resulting in a decrease of the transmembrane proton
potential (Axe and Bailey 1995). To gain insight into the
response of E. coli to environmental challenges at the
expression level, global gene expression analyses using
DNA microarrays (Rhodius et al. 2002; Khodursky et al.
2003) were widely used, e.g. to characterize the responses
to exposure to hydrogen peroxide (Zheng et al. 2001) or to
elucidate the involved gene regulatory circuits, e.g. by the
central regulators of nitrogen metabolism NtrC and Nac
(Zimmer et al. 2000) or by the sigma-factor of the general
stress response o> (Weber et al. 2005). DNA microarray
analyses revealed the gene expression pattern characterizing
the utilization of acetate as a carbon and energy source (Oh
et al. 2002). The sole presence of acetate elicited specific
gene expression changes, e.g. increased expression of the
chemotaxis and flagella genes and motility at neutral pH
(Polen et al. 2003). On the other hand, acetic acid is often
used as an acidifying agent in acid shock experiments. At
low pH, expression of the chemotaxis and flagella, genes
and motility increased (Soutourina et al. 2002; Maurer et al.

2005). Moreover, at low pH, the specific acid resistance
genes, e.g. gadA, gadBC, the hde genes, which encode
glutamate decarboxylase A and B, a glutamate-dependent
transport protein and periplasmic proteins, and their
regulatory genes gadE, gadX, and gadW are induced and
are essential for acid resistance (reviewed in Foster 2004).
Acidification of E. coli cultures by aerobic acetate
formation during overflow metabolism impairs growth.
The inhibitory effects of acetate vary with the carbon
source (Lasko et al. 2000), but even under neutral pH
conditions, growth and production performance are deteri-
orated by acetate (Jensen and Carlsen 1990).

E. coli is used in biotechnology for the production of
heterologous proteins (Swartz 2001) since recombinant
DNA technology has become available (Cohen et al.
1973). E. coli strains were also engineered for the
production of fine chemicals and building blocks (Wendisch
et al. 2006), e.g. L-phenylalanine (Bongaerts et al. 2001),
shikimic acid (Kramer et al. 2003) and L-threonine
(Debabov 2003) and 1,3-propanediol (Nakamura et al.
2000), 1,2-propanediol (Altaras and Cameron 1999),
succinic acid (Vemuri et al. 2002; Sanchez et al. 2005),
D-lactic acid and L-lactic acid (Chang et al. 1999a; Zhou et
al. 2003), ethanol (Underwood et al. 2002) and adipic acid
(Niu et al. 2002). Because in these production processes
media containing glucose as a convenient and inexpensive
carbon and energy source for E. coli are typically used,
aerobic acetate formation is often observed. To reduce
acetate formation, a number of strategies ranging from
rational strain improvement to strain selection and process
control were followed. E. coli B strains presumably produce
less acetate compared to K strains as they constitutively
express the glyoxylate cycle genes (Phue and Shiloach
2004), while reduced acetate formation by E. coli Rv308 is
not understood (Maurer et al. 1980; Nellis et al. 2005).
Glucose uptake was reduced by feeding low glucose
concentrations in fed-batch cultivations (Akesson et al.
2001) or by decreasing the expression of ptsG encoding the
glucose-specific enzyme II of the phosphoenolpyruvate-
dependent phosphotransferase system through overexpres-
sion of the transcriptional regulator gene mlc (Hosono et al.
1995; Cho et al. 2005) or by ptsG mutations (Flores et al.
2002). Enhancing anaplerosis via increasing phosphoenol-
pyruvate carboxylase and/or glyoxylate cycle enzyme
levels reduced acetate formation and glucose uptake
(Farmer and Liao 1997). Carbon flux towards acetate was
redirected to other, in general less toxic by-products such as
acetone (Bermejo et al. 1998), acetoin (Aristidou et al.
1994), lactate (Chang et al. 1999b), polyhydroxybutyrate
(Chang et al. 1999b) or ethanol (Diaz-Ricci et al. 1991).
However, reducing glucose uptake or redirecting flux to
other by-products avoids acetate formation symptomatically,
but does not identify its molecular cause.
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In the present study, DNA microarray analyses revealed
gene expression changes correlating with increasing acetate
formation in aerobic chemostat cultivations of E. coli
MG1655. Consequently, a strain was constructed by
directed promoter replacement. This strain produced less
acetate and did not produce other incomplete oxidation
products. Reduced aerobic acetate formation was achieved
while maintaining a high glucose uptake rate.

Materials and methods

Bacterial strains and plasmids The strains and plasmids
used in this study are listed in Table 1. Standard methods
were used for PCR amplification, plasmid construction and
analysis of DNA fragments (Sambrook and Russel 2001).
E. coli DH5x was used for cloning. Transformations were
performed by the RbCl, method (Hanahan 1983) or by
electroporation (Datsenko and Wanner 2000). To obtain E.
coli MG1655 derived strains carrying deletions of gadF,
yjcH-actP, yjeJ or sucCD, the primers listed in Table 2 and
plasmids pKD13 or pKD4 were used (Datsenko and
Wanner 2000). To obtain a APsdh::Ptet mutant derivative
of E. coli MG1655, the gene replacement procedure
described by Datsenko and Wanner 2000 was used. The
FRT-flanked kanamycin-resistance gene of plasmid pKD4
was amplified by PCR using a pair of primers with 44-nt
(sdh-up-for) and 50-nt (sdh-up-rev) homology extensions,
respectively, and cloned into pGEM-T. The extensions
included the DNA regions adjacent to the sdh-promoter and
an EcoRI site suitable for cloning (Table 2). The promoter
Ptet was amplified from pK19::clpP (Engels et al. 2004)
using primers tet-for and tet-rev and cloned into the EcoRI

Table 1 Bacterial strains and plasmids used in this study

restriction site of pGEM-T—sdh—kan. A DNA fragment
containing Pret, the kanamycin resistance cassette and the
homology extensions was amplified using primers pak-for
and pak-rev from pGEM-T-P,,sdh—kan, treated with
Dpnl, purified and transformed to MG1655 WT carrying
pKD46. Kanamycin-resistant clones were selected and
verfied by PCR. Afterwards, the kanamycin resistance gene
was removed by the pCP20-encoded recombinase. The
resulting strain was designated MG1655APsdh::Ptet. The
promoter exchange was verified by PCR using primers
sdhC-1 and sdhC-2. Sequence analysis confirmed that no
mutations had been introduced by PCR.

Batch cultivations All batch cultivations were performed in
LB (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl)
containing 50 mM MOPS, pH 7.2 or in mineral salts
medium containing 2 mM KH,PO,4, 0.275 mM K,SO,,
50 mM NaCl, 9.52 mM NH,CI, 0.52 mM MgCl,, 0.5 uM
CaCl,, 0.01 mM FeSO,, 0.3 mM thiamine, 4 mM tricine,
pH 7.2, and 10 or 100 mM glucose as carbon and energy
source. 4-Morpholinopropanesulfonic acid (40 mM,
pH 7.2) was added when needed for pH control. Precultures
were inoculated from a fresh LB plate and grown in 60 ml
of mineral salts medium at 37°C and 120 rpm on a rotary
shaker in 500 ml baffled shake flasks. Cells were harvested
at mid-exponential phase and used to inoculate a 7.5 1
fermenter (Infors, Switzerland) containing 5 1 mineral salts
medium with 10 mM glucose. Fermentations were con-
ducted in batch-mode at 37°C with an agitation speed of
500 rpm and an air flow rate of 1 1 per liter of culture
volume an hour. Antifoam 204 (Sigma) was used as
antifoam reagent. The pH was kept constant at 7.2 by the
addition of 2 M NaOH and 1 M HCL The pO, was above

Strain or plasmid Relevant characteristics

Source or reference

Strains

MG1655 Wild type CGSC 6300
MG1655APsdh::Ptet Chromosomal sdh promoter is replaced with Ptet This work
MG1655AsucCD Deletion of sucC and sucD in E. coli MG1655 This work

MGI1655AyhiE Deletion of yhiE in E. coli MG1655 This work

MG1655Ayje] Deletion of yjeJ in E. coli MG1655 This work
MG1655AyjcHactP Deletion of actP and yjcH in E. coli MG1655 This work

DH5x thi-1, endARI, hsdR17(r , m"), relAl, supE44, recAl, gyrA96 Hanahan 1983

Plasmids

PGEM-T General cloning vector Promega

pKD4 OriRy, kan, bla Datsenko and Wanner 2000
pKD13 oriRy, bla Datsenko and Wanner 2000
pCP20 Thermosensitive replicon, yeast flp recombinase, bla Datsenko and Wanner 2000
pKD46 RepA101(ts), araBP—gam—bet—exo, oriR101, bla Datsenko and Wanner 2000
pK19::clpP Template plasmid, Ptet, pK19mobsacB derivative Engels et al. 2004

PGEM-T-sdh—kan
PGEM-T-Ptet—sdh—kan

FRT-flanked kan resistance gene of pKD4 cloned into pGEM-T
Ptet inserted into pGEM-T (sdh—kan)

This work
This work
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Table 2 Oligonucleotides used in this study

Oligo Sequence(5'—3)? Basepairs " Enzyme
tet-for CGGAATTCTTTTGTTGACACTCTATCATG (EcoRl)
tet-rev CGGAATTCTTTCTCTATCACTGATAGGG (EcoRl)
sdh-up-for XETC:QFEA(?%%ACTTTGTTGAATGATT_GTCAAATIAGATGATTAAAGAATTCGTGTAGGCTGG 754026-754069 (EcoRl)
sdh-up-rev ATGGTCTGTAGGTCCAGATTAACAGGTCTTTGTTITTTCACATATGAATATCCTCCTTA 754452-754400
pak-for ATGGTCTGTAGGTCCAGATTAACAGGTCTTIGTTTITTITCACATTTCTTATCATATGAATATC 754452-754400

CTCCTTAG :
pak-rev TTTGTAACAACTTTGTTGAATGATTGTCAAATTAGATGATAAG 754026-754065
yhiE-for g%ETgT%AéA%%%ATAACG GCTAAGGAGCAAGTTATGATTTITCTCATGACGGTGTAGGCTG 3655964-3656013
yhiE-rev ?ggg?gg;;‘g%‘rcCTGACTAAAAATAAGATGTGATACCCAGGGTGACGATGATTCCGGGGA 3656539-3656490
yjed-for ATTTAATTGAGAAATGGTTAGGGAGAACCTACATGGCCATAAGCATCAAGGTGTAGGCTG )

GAGCTGCTTCG 4371844-4371795
yied-rev ATTAGCAAAGATGAGATTATTTCGCCTGTGGTGCAGTTTTGCTGGTGGATATICOGGGEA 4o o oo

TCCGTCGACC
yjcHactP-for

CCCTACATTACCTCTGGAGAATCTGTGATGAATGGCACGTGTAGGCTGGAGCTGCTTCG

yjcHactP-rev

4282819-4282782
4280824-4280861

sdhC-1 GTGAAATACCGACTTCATAAC 753974-753994
sdhC-2 ACTGCAACAAAGGTGATCAC 754523-754503
yhiE-1 GAACAACGATTCGGACAAGG 3655920-3655939
yhiE-2 CATCTGCATCCCTCGTCATG 3656575-3656556
yjed-1 GAGTGAGTACGGCTATTTATG 4371924-4371904
yjed-2 CAACGATCACGTTATCAGTC 4370879-4370898
yjcHactP-1 GTTTGTAGGCCTGATAAGAC 4282861-4282842
yjcHactP-2 AGGCATATTCTCTGCATTATC 4280685-4280705
?....=E. coli genomic sequence; _ =enzymatic restriction site

® E. coli genome sequence version M52 taken from the EMBL/GenBank/DDBJ entry U00096, dated October 16, 1997, which is accessible under

http://genolist.pasteur.fr/Colibri/

54% throughout the fermentations and above 78% at points
of cell harvest. An ODgoo of 1 was determined to
correspond to 0.39 g/l dry mass.

Chemostat cultivations For precultures and continuous
cultivation of E. coli MG1655 a minimal medium was
used according to the culture medium for enterobacteria
(Neidhardt and Umbarger 1996). This medium allowed
concentration settings of nitrogen, phosphorus or sulfur
separately for desired growth limitation in chemostat
studies using the same basic media composition. The
minimal medium used contained 3-MOPS (4x107° M),
tricine (4x107° M), FeSO4 (1x107° M), MgCl, (1x
107 M), NaCl (5x107% M), CaCl, (5x1077 M), tracer
salts (3x107° M (NHy)g(MO7)p4, 41077 M H;3BOy, 3%
10 M CoCly, 1x10% M CuSO,, 8x10° % M MnCl,, 1x
10® M ZnSO,) and cofactor thiamine (0.1 g/I). The
standard concentration for N-rich, P-rich and S- rich media
were 9.5x107° M NH,CI, 1.32x107° M K,HPO, and
0.29x107> M K,SO,, respectively. The stock solutions of
3-MOPS and tricine were adjusted to pH 7.2 using KOH.
For precultures, the standard concentrations of N-rich,
P-rich and S- rich media and 20 mM glucose as sole
carbon source were used. For continuous N-limited culti-
vation, 2.5 mM NHyCl was used and the glucose
concentration in the feed medium was varied from 1.67 to
8.34 mM. Stock solutions and medium for precultures were

autoclaved. For continuous culture, 40 L medium were
prepared followed by sterile filtering at room temperature
(SARTOBRAN P Filter, Sartorius, Gottingen) in autoclaved
50-L bottles (Merck, Darmstadt, Germany).

The continuous cultivations with 2.5 L working volume
were performed in a 7.5-L jar LABFORS (INFORS GmbH,
Einsbach, Germany) equipped for the control of pH,
dissolved oxygen and temperature. The temperature was
maintained at 37°C and pH at 7.2+0.1 using 2 M NaOH
and 1 M HCIL The agitation speed was kept between 350
and 650 rpm. The aeration rate was set to 0.8 1//min.
Dissolved oxygen was above 70% compared to the
dissolved oxygen obtained at saturation with air bubbling
throughout the cultivation. The antifoam reagent Struktol
J650 (Schill+Seilacher, Hamburg, Germany) was added at
10 ppm to the prepared fermenter medium.

Precultures were carried out in baffled flasks (500 ml)
containing 60 ml minimal medium inoculated from stock
culture (—70°C) and grown overnight at 37°C. The
fermenter inocula for initial ODgy, of about 0.05 were
prepared by preculture centrifugation (10 min, 4,500%g)
and resuspending the cells in the medium used for
continuous culture (2.5 mM NH4Cl) but without glucose.
The continuous culture (2.5 L+0.5%) was inoculated and
operated in batch-mode in the first 10 h. Subsequently, the
continuous mode was started and the dilution rate was
increased in three steps until 0.3 h™' was reached after 15 h.
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This dilution rate was chosen to avoid aerobic acetate
formation at carbon limited conditions (El-Mansi and
Holms 1989). The glucose feed concentrations tested were
1.67, 3.33, 3.90, 4.45, 4.72, 5.56 and 8.34 mM. Sterile
metal couplers (Stidubli Tec-Systems GmbH, Germany)
enabled changing of the reservoir bottles to switch to a
new glucose feed. At each condition, the ODgyy was
constant after five medium replacements. For steady-state
conditions and minimizing oscillatory effects, each glucose
feed concentration was applied for 15 medium replace-
ments. After 14 medium replacements, several ~35 ml
samples were taken (delay >20 min), chilled on 15 g of ice
(—20°C) and centrifuged (3 min, 4,500x g, 4°C). The pellets
were frozen using liquid nitrogen and stored at —20°C for
RNA extraction.

Cell growth during cultivation was monitored as the
ODgoo (UV 1202, Shimadzu) of appropriate diluted
samples taken from the culture vessel. CO, in the fermenter
off-gas was measured online by infrared light (Uras 10 E,
Hartmann and Braun). The cell-free culture medium
obtained by centrifugation of cell culture aliquots (10 min,
6,000% g) and inactivation (15 min, 80°C) was assayed for
D-glucose, organic acids and ammonia.

Analysis of culture supernatants During cultivation, resid-
ual glucose and acetate concentrations were determined
enzymatically using kits according to the manufacturer’s
instructions (R-Biopharm, Darmstadt, Germany). For de-
termination of excreted organic acids a reverse-phase
HPLC Merck Hitachi D-7000 HPLC-system equipped with
an Aminex HPX-87H column (150x7.8 mm, BioRad) was
used. Isocratic elution was performed with 6 mM H,SO, at
a flow rate of 0.6 ml/min and absorption at 215 nm was used
for detection. Residual ammonia concentrations were deter-
mined by ion chromatography using columns IONPAC
CG12A and IONPAC CS12A (4x50 mm, 4x250 mm,
Dionex GmbH). Elution was performed at room temperature
with 20 mM methanesulfonic acid at a flow rate of 1 ml/min
and conductivity was used for detection (ED 40, Dionex
GmbH). Analysis of supernatants by "H and '>C NMR was
performed as decribed previously (Wendisch et al. 1997).

Enzyme assays Cells were disrupted in a French cell press
(207 mPa, SLM Aminco Spectronic Instruments). Succi-
nate dehydrogenase was measured at 37°C according to
Spencer and Guest 1973 after activation for 20 min with
20 mM succinate.

Succinyl-CoA synthetase was assayed spectrophotomet-
rically at 230 nm according to Bridger and Cohen 1969.
«-Ketoglutarate dehydrogenase was measured as described
by Guest and Creaghan 1973. The reaction was started with
CoA. The measurement was performed at 363 nm and an
extinction coefficient of 6,190 M 'em ! was used. 1 U of

@ Springer

specific enzyme activity was defined as the amount of
enzyme required to convert 1 umol of substrate into specific
product per minute per milligram of protein. Citrate synthase
was measured according to Weitzman and Dunmore 1969.

Global gene expression analysis Preparation of RNA and
cDNA synthesis were carried out as described (Wendisch et
al. 2001; Polen et al. 2003). Equal amounts of total RNA
(15-25 pg) were used for random hexamer-primed synthe-
sis of fluorescently labeled cDNA with the fluorescent
nucleotide analogues Cy3-dUTP or Cy5-dUTP (Amersham
Pharmacia) (Wendisch et al. 2001; Khodursky et al. 2003).
The microarrays used (Lehnen et al. 2002; Polen et al.
2003, 2005; Polen and Wendisch 2004) were prepared by
robotically spotting PCR products that were generated
using the Genosys ORFmer primer set (Genosys Biotech-
nologies, Cambridgeshire, England) onto poly-L-lysine
coated glass microscope slides as described (Khodursky et
al. 2000, 2003; Zimmer et al. 2000; Wendisch et al. 2001)
and allowed to determine mRNA levels of nearly every
gene (94%) of the E. coli MG1655 genome. DNA micro-
arrays were hybridized for 10 h at 65°C to mixtures of Cy3-
labeled and Cy5-labeled ¢cDNA probes containing 1 g1
polyA (Sigma, Germany) as competitor, 3X SSC (0.45 M
sodium chloride, 0.045 M sodium citrate, nuclease-free)
and 25 mM HEPES. After hybridisation arrays were
washed in a solution containing 1X SSC and 0.03% SDS
and finally in 0.05X SSC. After washing, slides were dried
by centrifugation (5 min, 50xg). Detailed procedures for
microarray hybridisation and stringent washing were
described (Rhodius et al. 2002; Khodursky et al. 2003).
After drying, fluorescence at 532 nm (Cy3-dUTP) and
635 nm (Cy5-dUTP) was determined at 10-um resolution
using an Axon GenePix 4,000 laser scanner (Axon Instru-
ments, CA, USA). Acquired raw fluorescence data were
analyzed using GenePix Pro 4.1 (Axon Instruments). For
each spot, the background subtracted Cy5/Cy3-ratio of
medians was calculated, log-transformed and normalized
based on the fluorescence signals of E. coli MG1655
genomic DNA spots (Khodursky et al. 2000, 2003; Zimmer
et al. 2000; Wendisch et al. 2001; Polen et al. 2003). For
each DNA microarray experiment, these ratios and addi-
tional image and experimental data were stored in a mySQL
database for further analysis (Polen and Wendisch 2004).
For hybridization signals exceeding background noise by at
least a factor of three, the log-transformed and normalized
Cy5/Cy3-ratio of medians were taken to reflect relative
RNA level abundance. When Cy3-fluorescence and Cy5-
fluorescence signals were less than threefold above back-
ground, signals were not considered further.

For statistical analysis of global gene expression (Arfin
et al. 2000; Hommais et al. 2001), p values were calculated
based on the Student’s ¢ test using normalized log-trans-
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formed RNA levels determined in two independent repli-
cate experiments on the one hand, and the normalized log-
transformed ratios of hybridization signals of the genomic
DNA spots on the other hand (Polen et al. 2003; Polen and
Wendisch 2004). From all gene expression changes, only
the genes having at least a twofold expression change
(average of the repeated determination) and a p value of
p<0.05 under at least one steady-state growth condition
were considered for further analysis. A standard Pearson
correlation analysis of gene expression data was used as
described (Mansson et al. 2004) to determine to what extent
the expression differences determined by DNA microarray
experiments and the acetate formation rates of the steady-
state conditions of the continuous cultivation correlated. In
addition, slopes were calculated from plots of the expres-
sion differences of each gene against the differences of the
acetate formation rate. As described previously (Mansson et
al. 2004), genes that showed high and correlated expression
changes were identified by plotting these slopes against the
Pearson correlation coefficients.

Results

Aerobic acetate formation of E. coli MG1655 in continuous
culture with varied glucose feed concentrations

Aerobic continuous cultivations were performed to character-
ize the gene expression pattern of £. coli MG1655 cells that is
specific for aerobic acetate formation during glucose over-
flow metabolism. Under the well-defined conditions of
chemostat-mode continuous cultivation, secondary effects
e.g. due to pH shifts, different aeration or different growth
rates are minimal. The dilution rate of the 2.5 | continuous
culture of E. coli MG1655 was set to 0.3 h™' as carbon-
limited chemostat cultures of E. coli K-12 typically do not
produce acetate at this dilution rate (El-Mansi and Holms
1989). 2.5 mM NH4CI were used as nitrogen source. The
glucose concentration in the feed medium was varied from
1.67 to 8.34 mM (Table 3). After having changed the glucose
feed concentration, 15 medium replacements were performed
to achieve steady-state conditions. Only then were samples
withdrawn for gene expression and metabolite analyses. At
glucose feed concentrations of 3.33 mM and above, growth
was nitrogen-limited and no residual ammonium could be
detected in culture supernatants. The acetate formation rate
increased steadily from <0.05 to 9.52 mmol g ' h™' with
increasing glucose feed concentrations from 3.33 to
5.56 mM. At glucose feed concentrations of 8.34 mM and
more, the acetate formation rate remained at about 11 mmol
g ' h! and residual glucose could be detected in the culture
supernatant (Table 3 and data not shown).

Table 3 Aerobic growth parameters of the glucose fed chemostat
cultures of E. coli MG1655 wild type

Glucose feed Yy Consumption or formation rate g

concentration  [g/g] [mmol g ' h™']
[mM]

Glucose  Acetate - CO,

Ketoglutarate

1.67 0.24 6.95 <0.05 2.44 12.9
3.33 0.22 7.58 <0.05 1.36 15.1
3.90 0.21 7.79 0.90 0.78 159
4.45 0.20 8.23 3.52 0.63 16.2
4.72 0.19 8.59 4.36 0.57 17.6
5.56 0.19 8.82 9.52 0.58 12.1
8.34 0.18 9.83 10.66 0.47 13.1

Gene expression changes during increased aerobic acetate
formation

The aerobic growth parameters (Table 3) allowed to group
the seven steady-state conditions of the continuous cultiva-
tion into three groups: (1) glucose-limited growth without
aerobic acetate formation (1.67 mM glucose feed; residual
concentrations in the culture supernatant were 0.66 mM for
ammonium and <0.006 mM glucose); (2) N-limited growth
with gradually increased aerobic acetate formation
corresponding to gradually increased glucose feed (3.33 to
5.56 mM glucose feed; ammonium and glucose concen-
trations in the culture supernatants were <0.006 mM); (3)
N-limited growth with the maximal aerobic acetate forma-
tion (8.34 mM glucose feed; residual concentrations in the
culture supernatant were <0.006 mM for ammonium and
2.34 mM glucose). The transcriptome analyses revealed
differential expression of 244 genes, which showed statisti-
cally significant (p<0.05) expression changes of a factor of
two or more and which can be divided into three groups:
conditions of N-excess (19 genes), C-excess (9 genes) and
of gradually increasing acetate formation rates (216 genes).
Under N-excess conditions, 16 genes of the NtrC regulon
showed decreased expression (glnK, amtB, nac, nagA,
yhhQ, cbl, ginG, b0296, b1008, b1011-12, b1036, b1486—
87, b1932, b1973) and three genes increased expression
(osmY, csgD, csgG, see also the Supplementary Table
containing the normalized gene expression ratios of all
hybridization experiments) as was observed when compar-
ing the transcriptomes at 3.33 and 1.67 mM glucose feed.
Under C-excess conditions, five genes (glnH, argT, ginA,
atoA, atoB) showed reduced mRNA levels and four genes
(gadA, gadB, xasA, yhiM) showed increased mRNA levels
(Supplementary Table) as revealed by comparing the
transcriptomes at 8.34 and 5.56 mM glucose feed.
Comparisons of the transcriptomes at 5.56, 4.72, 4.45 and
3.9 mM, respectively, to that at 3.33 mM glucose feed
revealed 216 genes that changed expression under con-
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ditions characterized by increasing acetate formation, but
not due to N-excess or C-excess (Fig. 1). As revealed by a
Pearson correlation analysis, the expression of some genes
correlated either positively or negatively with the acetate

Fig. 1 Correlation analysis of

gene expression differences and
acetate formation rates. The data
were obtained from the chemo-
stat fermentations summarized
in Table 3. (a) The Pearson
correlation coefficients are plot-
ted on the abscissa and the
slopes calculated from plots of
the expression differences of
each gene against the differ-
ences of the acetate formation
rate are plotted on the ordinate
(see “Materials and methods”
for details). The genes yhiE,
yjeJ, the acs—yjcH—-actP operon
and the TCA cycle genes are
plotted as black diamonds.

(b) Genes and operons showing
either negative or positive cor-
relation between expression and
acetate formation are listed. The
names of genes depicted in

(a) as white circles or black
diamonds are given in bold
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formation rate (Fig. 1). The function of most of the genes
showing a positive correlation to acetate formation was
hypothetical or unknown, ten genes belonged to nitrogen
and amino acid metabolism. Expression of gadE(yhiE),
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Genes showing a negative correlation between expression and acetate formation

TCA-cycle and energy
metabolism:

acetate metabolism:

central intermediary
metabolism:

degradation:

transport:

regulator:

other categories:

hypothetical/unkown:

sdhCDAB, sucABCD, fumC, mdh, acnB, atpIBEFHAGDC, hyaABCDEF,
nuoABCEFGHIJ KLMN, aldA, pdhR-aceEF- lpdA

acs-yjcH-actP
pckA, glcDFGB, aceBAK, aphA, agp, goaG, aspA

pepQ, thalLAB, gatYZABCD, fadD, fadBA, malPQ, prpBCDE

livKHMGF, liv], ptsG, manXYZ, araFGH, mgIBAC, fadL, xapABR, ptsl-crr,
srlAE BD-gutM-srIR- gutQ, ugpBAECQ, dctA, xylFGHR, lldP, uhpT,
rbsDACBK, malEFG, malK-lamB-malM, ptsA-talC-gldA, nupC, mgtA,
fecIRAB CDE

cstA, mlc, IrhA

rihC, ndk, pyrBI, figBCDEFGHI JK, fliCAZ, trg, mokB, alIDC-ylbA, ucpA,
maeB, b0259, b0656, hcaR

b0282-86, b0380, b0725, b1256, b1299, b1302, b1422-23, b1456-57, b1497-
98, b1513-16-18, b1976, b2125-26, b2146-47,b2341-42, b2844, b2882-83-85,
b2975, b3001, 3020, b3081, b3485-86-87, b3520, b3523, b3832,b3962,
b4145,b4183-84-86, b4189, b4216, b4243, b4342, spr, yobD

Genes showing a positive correlation between expression and acetate formation

nitrogen / amino acid
metabolism:
degradation:
transport:

global regulator:

acid stress

other categories:

hypothetical/unkown:

thrABC, metBL, avtA, kbl-tdh, dppABCDF

galETKM

galP, gltS, chaBC

dps

yhiE, yhiW, yhiX, hdeAB

yadB, bisC, grxC, cbpA, cfa, osmB, ompX, ompC, gmk, rpoZ-spoTU-recG,
metK, metF, rfaDFCL, thiCEFGH

b0753, b0815, b0821, b1259, b1297,b1408-11, b1596, b1783-84,11962-63,
b2210, b2549, b2924, b3073,b3370-71-72, b3513-14, b3548, b3550, b3553,
b3555, b3561, b3598, b3606, b3612-13, b3614, b3644, b3654, b3655, b3674-
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which encodes an acid stress regulator, along with that of
further acid stress genes (yhiW, yhiX and hdeAB) correlated
positively to acetate formation (Fig. 1). Therefore, gadFE
(yhiE) was included in the further analysis. Besides a large
number of genes of hypothetical or unknown function,
genes showing reduced expression with increased acetate
formation belonged to six groups: acetate metabolism, TCA
cycle and energy metabolism, central intermediary metab-
olism, degradation, transport and regulators (Fig. 1). It was
noted previously that growth on minimal media with
sufficient glucose is characterized by high transcript levels
of genes for excretion and metabolism of acetate (Tao et al.
1999). Here, the mRNA levels of the acs—yjcH-actP
operon for acetate uptake and utilization (Gimenez et al.
2003) were low with sufficient glucose and increased as
acetate formation decreased at limiting glucose concen-
trations. The acs—yjcH-actP operon and yjeJ cluster
together in a Pearson correlation analysis (Fig. 1). Another
group of genes, mostly codes for transport systems for
uptake of carbon sources, e.g. glucose, ribose, mannose,
arabinose, maltose and L-lactate. Expression of these genes
is known to be low with sufficient glucose, but increases as
the carbon source quality declines (Liu et al. 2005) or, as
seen here, as glucose becomes limiting (Fig. 1). Moreover,
expression of ten genes (acnB, IpdA, sucB, sucC,
sdhCDAB, fumC and mdh) decreased with increasing
acetate formation and showed a more dispersed clustering
in the Pearson correlation analysis, however, all of them
code for enzymes of the TCA cycle (Fig. 1).

Acetate formation of gadFE, yjcH—actP, yjeJ or sucCD
deletion strains

Based on the expression analysis, the role of selected genes
for overflow metabolism was studied by deletion mutagen-
esis. gadE was selected based on the assumption that it
might have a regulatory role in overflow metabolism
besides being a key regulator of the acid shock response.
Mutants carrying deletions of yjcH-actP and yjeJ were
generated as these genes showed a very similar expression
pattern and clustered together in the Pearson correlation
analysis (Fig. 1). As acs encodes acetyl-CoA synthetase for
the activation of acetate to acetyl-CoA and therefore is not
involved in acetate synthesis, only the genes yjcH—actP of
the acs—yjcH-actP operon were deleted. A strain carrying a
deletion of sucCD was generated as overflow metabolism
also occurs under conditions characterized by the non-
cyclic, branched TCA cycle, i.e. when oxaloacetate is
formed by anaplerosis and «-ketoglutarate by the oxidative
branch of the TCA cycle (Amarasingham and Davis 1965;
Schmidt et al. 1999; Fischer and Sauer 2003). A deletion
strategy was chosen to generate stable strains and to avoid
plasmid copy number effects. To test whether deletion of

gadE, yjcH—-actP, yjeJ or sucCD affects glucose overflow
metabolism, growth, glucose consumption and acetate
formation of the mutants and the wild type were compared
in batch cultivations with minimal or complex medium
containing excess glucose, as overflow metabolism is
known to be important under these conditions (El-Mansi
and Holms 1989; El-Mansi 2004; Wolfe 2005). On LB+
100 mM glucose, MG1655AgadE showed slightly in-
creased glucose consumption and acetate accumulation
than MG1655, while growth rates, biomass formation,
acetate accumulation and glucose consumption of strains
MG1655AyjeJ and MG1655AyjcH-actP on LB+100 mM
glucose did not differ from those of the parent strain. On
glucose minimal medium, growth rates, biomass formation,
acetate accumulation and glucose consumption of strains
MG1655AgadE, MG1655AyjeJ and MG1655AyjcH-actP
did not differ from those of the parent strain E. coli
MG1655 (Table 4).

However, E. coli MG1655AsucCD showed higher
acetate accumulation and lower biomass formation than
the parent strain on minimal glucose (Table 4). E. coli
MG1655AsucCD was not able to use acetate as sole carbon
and energy source (data not shown), which is in accordance
with the finding that transposon mutants that are unable to
grow aerobically on acetate carried insertions in the suc
locus (Mat-Jan et al. 1989). On LB medium with 10 mM
glucose, the growth of E. coli MG1655 was characterized
by an acetate switch (Fig. 2a) as described previously for
tryptone broth (Wolfe 2005). In contrast, MG1655AsucCD
could not re-utilize the acetate formed during growth on
minimal medium or LB medium with 10 mM glucose
(Fig. 2a,c). On LB medium with 100 mM glucose, a growth
condition characterized by the non-cyclic, branched TCA
cycle (Amarasingham and Davis 1965; Schmidt et al. 1999;
Fischer and Sauer 2003), MG1655AsucCD and MG1655
grew and accumulated acetate comparably (Fig. 2b). How-
ever, on minimal medium with 100 mM glucose,
MG1655AsucCD accumulated acetate faster and to higher
concentrations than the wild type (Fig. 2d).

Role of increased expression of the sdhCDAB-b0725—
sucABCD operon for acetate formation by E. coli MG1655

As the expression of genes for the TCA cycle enzymes
succinate dehydrogenase, o-ketoglutarate dehydrogenase
and succinyl-CoA synthetase decreased with increasing
acetate formation, a strain constitutively expressing the
sdhCDAB-b0725-sucABCD operon encoding these
enzymes was constructed. The strain MG1655Psdh::Ptet
was derived from MGI1655 by replacing the native
promoter of the sdhCDAB-b0725—sucABCD operon, Psdh,
including one CRP and two ArcA binding sites, by the
strong promoter Ptet, which is constitutively active in the

@ Springer



414

Appl Microbiol Biotechnol (2007) 74:406-421

Table 4 Growth rate, biomass formation, acetate formation and glucose consumption of E. coli MG1655 and isogenic mutants grown in shake
flasks on LB medium with 100 mM glucose or on minimal medium with 100 mM glucose

Strain Growth rate Biomass formed Acetate accumulated Glucose consumed
[h] (/1] [mM] [mM]
LB medium with 100 mM glucose
MG1655 1.6+0.0 3.5+0.0 38.7+1.8 28.8+2.1
MG1655AgadE 1.6+0.1 3.5+£0.0 45.4+— 39.0+—
MG1655Ayje] 1.6+0.1 3.5+0.0 38.5+— 31.3+—
MG1655AyjcHactP 1.6£0.1 3.540.0 41.8+— 3.4+
MG1655AsucCD 1.5£0.0 3.4+0.2 42.4+3.4 30.3£2.5
MG1655APsdh::Ptet 1.6+0.1 4.7+0.1 8.4+3.3 48.4+3.5
Minimal medium with 100 mM glucose
MG1655 0.7£0.0 1.4+0.0 5.6+0.5 19.3£2.6
MG1655AgadE 0.7£0.0 1.3+0.0 7.7£1.8 20.7+1.7
MG1655Ayje] 0.7+0.0 1.4+0.0 5.8+0.8 18.4+0.5
MG1655AyjcHactP 0.7+0.0 1.4+0.0 6.9+0.7 22.8+3.7
MG1655AsucCD 0.7+0.0 1.2+0.0 15.9+0.8 17.4+1.2
MG1655APsdh::Ptet 0.7£0.0 1.4£0.0 0.2+0.0 20.9+£2.8
Fig. 2 Growth (boxes) and ace- a) LB +10 mMglucose b) LB +100 mM glucose
tate accumulation (triangles) of 10 4 50 10 4 50
E. coli MG1655 (solid boxes and
triangles) and MG1655AsucCD
(open boxes and triangles) on LB 40 - 40
medium with 10 mM glucose (a)
or 100 mM glucose (b), and on 1
minimal medium with 10 mM 0E L300 5
glucose (¢) or 100 mM £ g £
glucose (d) = & %
08 © L 20 3
< <
0.1 4
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absence of TetR (Fig. 3 and “Materials and methods”).
DNA microarray analysis was used to compare the mRNA
levels of genes of the sdhCDAB-b0725—sucABCD operon
in the E. coli strains MG1655 and MG1655APsdh::Ptet
during growth on minimal medium containing 10 mM
glucose. The mRNA levels of sdhD, sdhA, sdhB, b0725,
sucC, sucD and of the citrate synthase gene glt4, which is
adjacent to the sdhCDAB-b0725—sucABCD operon and
transcribed divergently, were shown to be 3.1, 3.9, 3.1, 3.2,
4.8 and 1.6-fold, respectively, higher in MG1655APsdh::
Ptet than in MG1655. Accordingly, the specific activities of
succinate dehydrogenase (encoded by sdhCDAB), o-keto-
glutarate dehydrogenase (sucAB), succinyl-CoA synthetase
(sucCD) and citrate synthase (g/t4) were higher in E. coli
MG1655APsdh::Ptet than in the wild type during growth
on LB and on minimal medium with 10 mM glucose (data
not shown and Table 5). Thus, introducing the promoter
Ptet instead of the native promoter region of the sdhCDAB—
b0725—-sucABCD operon likely circumvented the transcrip-
tional control of PsdhC and resulted in increased expression
of this operon, and as a consequence in increased levels of
active enzymes encoded by this operon.

To test whether the high levels of these TCA cycle
enzymes led to reduced acetate formation by E. coli
MG1655APsdh::Ptet, we performed growth experiments
in LB medium with 10 or 100 mM glucose and in minimal
medium with 10 or 100 mM glucose (Fig. 4, Table 4). In LB
medium with 100 mM glucose, E. coli MG1655APsdh::
Ptet formed less acetate, but more biomass and utilized more
glucose than the wild type (Table 4, Fig. 4b). Moreover, E.

Fig. 3 Strategy of the chromo-
somal replacement of the Psdh
promoter by the Ptet promoter in
E. coli MG1655. DNA se-
quences of E. coli strains
MG1655 and MG1655APsdh::
Ptet upstream of sdhC are listed
above and below, respectively,
the scheme of the genomic
locus. DNA sequences present
in both strains are given in white
letters and grey shading, the

coli MG1655APsdh::Ptet was able to re-utilize the formed
acetate partially (Fig. 4b). In minimal medium with 100 mM
glucose, E. coli MG1655APsdh::Ptet formed less acetate
than the wild type, while biomass formation and glucose
utilization were unchanged (Table 4, Fig. 4d). On minimal
medium or LB medium containing 100 mM glucose, E. coli
MG1655 accumulated acetate until the end of cultivation and
was not able to utilize glucose completely (Table 4, Fig. 4b,d).
On the other hand, when 10 mM glucose was present in
minimal medium or LB medium, glucose was utilized
completely by E. coli MG1655 and acetate was formed only
transiently (Fig. 4a,c). Under these conditions, the transient
acetate accumulation by E. coli MG1655APsdh::Ptet was less
pronounced than that by MG1655 (Fig. 4a,c). Taken together,
E. coli MG1655APsdh::Ptet formed less acetate than E. coli
MG1655 on both minimal and complex media when glucose
was present at 10 mM or 100 mM, while maintaining high
growth and glucose consumption rates.

To characterize growth, glucose consumption, acetate
excretion and CO, formation, 5 1 batch cultivations of E. coli
MG1655APsdh::Ptet and E. coli MG1655 (three independent
cultivations each) were performed at a constant pH of 7.2
with specific aeration of 1 1 h™' I"! and quantification of CO,
in the gas phases. Under these conditions, E. coli MG1655
grew with a growth rate of 0.64+0.03 h™', consumed glucose
at a rate of 147+7 nmol min ' (mg dry weight) ' and
excreted acetate at 100+15 nmol min~' (mg dry weight) .
While E. coli MG1655APsdh::Ptet showed a similar growth
rate (0.61+0.02 h™") and glucose uptake rate (149+5 nmol
min~' (mg dry weight) "), the acetate production rate was
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Table 5 Specific activities of succinate dehydrogenase, x-ketoglutarate dehydrogenase, succinyl-CoA synthetase and citrate synthase of E. coli
MG1655 and MG1655APsdh::Ptet during exponential growth on minimal medium with 10 mM glucose

Strain Specific activity [wmol min~' (mg protein) ']

Succinate dehydrogenase «-Ketoglutarate dehydrogenase Succinyl-CoA synthetase Citrate synthase
MG1655 0.09+0.03 0.03+0.00 0.35+0.02 0.09+0.02
MG1655APsdh::Ptet 0.38+0.01 0.05+0.00 1.46+0.04 0.27+0.01

The values are averages from two independent batch-fermenter cultivations.

decreased about twofold (39+1 nmol min' (mg dry
weight) ) compared to E. coli MG1655.

Analysis of supernatants by '*C and "H NMR did not
indicate formation of other incomplete oxidation products
besides acetate (data not shown). As can be seen from the
carbon balance (Fig. 5), concomitant with reduced conver-
sion of glucose to acetate a higher fraction of the glucose
carbon was used for CO, production by E. coli

MG1655APsdh::Ptet compared to the wild type strain

Fig. 4 Growth (boxes) and ac-

a) LB +10 mM glucose

MG1655. While the growth rate and the glucose uptake
rate of MG1655APsdh::Ptet remained as high as those of
MG1655, MG1655APsdh::Ptet directed less carbon to
acetate excretion (8.6% compared to 17.7%) and more
carbon to CO, production (38.7% compared to 31.8%).
Thus, while as much glucose carbon is directed to biomass
formation, the split of by-products between acetate and CO,
was altered to the latter, which is beneficial since acetate

b) LB +100 mM glucose

etate accumulation (friangles) of 10 50 10 ~ 50
E. coli MG1655 (solid boxes ] 3
and triangles) and
MG1655APsdh::Ptet (open 40 L 40
boxes and triangles) on LB
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a) MG1655 WT !
I0mass
7 439 %

acetate —

17.7 % N— CO,

31.8 %

b) MG1655APsdh::Ptet b
iomass
7 428%

acetate —
8.6 %

~N— CO,
38.7 %

Fig. 5 Carbon balances of batch fermentations of E. coli MG1655 (a)
and MGI1655APsdh::Ptet (b) on minimal medium with 10 mM
glucose. Values are averages from three independent cultivations of
each strain during the exponential growth phase. The fermenter
volume was 3.5 1 and CO, was measured in the gas phases using an IR
spectrometer

not only wastes carbon but can have a negative effect upon
the cell by dissipating the proton potential.

Discussion

Global gene expression was used to characterize acetate
formation during glucose overflow metabolism. Expression
of the sdhCDAB-b0725-sucABCD operon on the one hand,
and of the acs—yjcH-actP operon on the other hand
correlated negatively with acetate formation during glucose
overflow metabolism in chemostat cultivations (Fig. 1).
Subsequently, it was revealed that relieving transcriptional
control of the sdhCDAB-b0725—sucABCD operon by
chromosomal promoter exchange mutagenesis led to
increased specific activities of the TCA cycle enzymes
succinate dehydrogenase, «-ketoglutarate dehydrogenase
and succinyl-CoA synthetase and in turn to reduced acetate
formation in glucose overflow metabolism.

An imbalance between the TCA cycle and glucose
uptake or its utilization in glycolysis was previously
proposed as a cause of aerobic acetate formation (El-Mansi
and Holms 1989). Such imbalances may arise by exceed-
ingly high glucose uptake, a limited TCA cycle capacity or
a limited respiratory capacity (El-Mansi and Holms 1989;
Majewski and Domach 1990; Holms 1996). A limited TCA
cycle capacity was proposed to be due to decreased

availability of free CoA upon accumulation of acetyl-
CoA, which in turn could lead to a bottleneck in the CoA-
dependent conversion of o-ketoglutarate to succinyl-CoA
as CoA is sparse (ElI-Mansi 2004). On the other hand, low
activities of «-ketoglutarate dehydrogenase (Amarasingham
and Davis 1965; Majewski and Domach 1990) or citrate
synthase could lead to low TCA cycle capacities (Holms
1996). However, although flux via citrate synthase was
lower on glucose than on fructose, a substrate that does not
lead to acetate formation (Holms 1996), overexpression of
the citrate synthase gene g/t4 from an adjustable expression
vector did not alter the carbon flux distribution during
growth on glucose (Walsh and Koshland 1985). The effect
of overexpression of only the x-ketoglutarate dehydroge-
nase genes sucAB on acetate formation has not been tested
previously. Here, replacing the promoter of the sdhCDAB—
b0725—sucABCD operon, PsdhC, by the constitutively
active Pfet relieved transcriptional control of this operon
and presumably also of the oppositely oriented glt4 gene.
Consequently, the specific activities of the encoded succi-
nate dehydrogenase, o-ketoglutarate dehydrogenase and
succinyl-CoA synthetase, which convert o-ketoglutarate to
fumarate, and of citrate synthase were higher in
MG1655APsdh::Ptet than in the wild type. E. coli
MG1655APsdh::Ptet maintained the high growth and
glucose consumption rates of MG1655, but directed more
carbon to CO, and less carbon to acetate. The chosen strain
improvement strategy, namely, promoter exchange, yielded
a stable and marker-free strain exhibiting higher specific
activities of four enzymes (succinate dehydrogenase,
«-ketoglutarate dehydrogenase, succinyl-CoA synthetase
and citrate synthase). While higher speficic activities of
citrate synthase alone were not sufficient to reduce acetate
formation (Walsh and Koshland 1985), it remains to be
studied whether increased levels of all four enzymes or of
only some of them are required. In summary, we could
show that maintaining a high capacity of the oxidative part
of the TCA cycle reduces acetate formation and that acetate
formation during glucose overflow metabolism is caused by
expression control of the sdhCDAB-b0725-sucABCD
operon. Proteome and transcriptome analyses revealed that
E. coli mutants, which are unable to excrete acetate as they
lack acetate kinase and/or phosphotransacetylase, showed
increased expression of TCA cycle genes (Kirkpatrick et al.
2001; Wolfe 2005). It is intriguing to note that E. coli
excretes acetate as a result of reduced expression of the
sdhCDAB-b0725-sucABCD operon, while expression of
this operon and of other TCA cycle genes increases as a
consequence of the inability to excrete acetate.

Currently, the transcriptional regulation of the
sdhCDAB-b0725-sucABCD operon during glucose over-
flow metabolism is not fully understood (Wolfe 2005).
Transcription mainly initiates from PsdhC, but also from
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the weaker, internal promoter PsucAB. Transcription from
the main promoter, PsdhC, is thought to be activated by
cAMP-CRP and was shown to be activated by reduced
FNR and phosphorylated ArcA (Park et al. 1997; Shen and
Gunsalus 1997; Cunningham and Guest 1998). The
putative binding sites for cAMP-CRP and the experimen-
tally verified binding sites for ArcA within PsdhC are
absent from E. coli MG1655APsdh::Ptet. As the described
fermenter cultivations were performed aerobically with a
O, exceeding 60%, regulation by ArcA and FNR, which
control the aerobic/anaerobic switch is likely to be of minor
importance as discussed previously (Park et al. 1997
Perrenoud and Sauer 2005).

The chemostat experiments differed by the glucose
concentration of the feed medium, but under the equilibri-
um conditions for which a negative correlation between
expression of the TCA cycle genes and acetate formation
was observed, no residual glucose could be detected in the
cultivation broth. However, as these conditions differed by
glucose utilization rates, a glucose repression effect on the
transcription of sdhCDAB-b0725—sucABCD operon could
be important. The presence of a putative cAMP-CRP
binding site, sdh—galK fusion analyses and DNA micro-
array experiments revealed that glucose repression of Psdh
is in part cCAMP-CRP dependent (Wilde and Guest 1986;
Gosset et al. 2004; Zheng et al. 2004). In addition, sdh—
lacZ fusion analyses and DNA microarray experiments
revealed carbon control independent of cAMP-CRP and
FruR (Park et al. 1995; Takeda et al. 1999). Under aerobic
conditions with excess glucose, control of sdhCDAB-
b0725—sucABCD transcription by Arc, FNR, FruR and
cAMP-CRP will play a minor role and, thus, reduced
expression of this operon during glucose overflow metab-
olism is likely due to the control by the cAMP-CRP
independent catabolite control system. This cAMP-CRP
independent regulation of sdhCDAB-b0725-sucABCD
transcription involves the glucose PTS EIICB®' (Takeda
et al. 1999). Dephosphorylated EIICB®" sequesters Mic,
which represses ptsG and genes for uptake and utilization
of certain other carbohydrates (Plumbridge 2002). Howev-
er, control of sdhCDAB-b0725—sucABCD transcription by
EIICBC" is independent of Mlc (Takeda et al. 1999). In the
chemostat experiments described here, expression of
sdhCDAB-b0725—sucABCD was negatively correlated to
acetate formation on the one hand, and to the glucose
consumption rate on the other hand (Fig. 1, Table 3). Thus,
it appears plausible that the more glucose is transported via
EIICB®", the more pronounced is repression of the
sdhCDAB-b0725-sucABCD operon. The fact that ptsG
mutants excrete less acetate than parental strains is typically
explained by the reduced glucose uptake in these mutants.
However, altered regulation of sdhCDAB-b0725—sucABCD
expression by EIICB" in these mutants likely contributes
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to the reduction of acetate formation. It is not known
whether control by EIICB" is direct or indirect or whether
metabolites derived from pentoses or trioses (Loomis and
Magasanik 1966) or o-ketoglutarate (Daniel and Danchin
1986) are involved. Clearly, more studies are needed to
characterize cAMP-CRP independent glucose repression by
EIICBY".

Transcription control of acs—yjcH—-actP is complex and
the intergenic region between acs and nrf4 is bound by
CRP, FNR, IHF, FIS and NarL or NarP and is folded into
an ordered nucleoprotein structure that permits the two
divergent promoters to be regulated independently (Browning
et al. 2002). CRP-dependent activation of the acs promoter
acsP2 is counteracted by the binding of FIS or IHF
(Browning et al. 2004). As FIS levels are maximal after a
shift to fresh medium but decrease during exponential
growth, while THF is present at high levels in the stationary
phase, CRP-dependent activation of acs transcription is
maximal at the transition from the exponential to the
stationary growth phase (Browning et al. 2004). Thus,
during batch growth cultivation with glucose minimal media,
acs transcription peaks when the acetate concentration is
highest. The adjacent genes yjcH and actP are cotranscribed
with acs and the acetate permease encoded by actP was
shown to catalyze acetate uptake (Gimenez et al. 2003). In
the chemostat experiments performed in this study, it is
unlikely that levels of IHF or FIS varied at the constant
dilution rates. The observed negative correlation between
acetate formation and transcription of acs—yjcH-actP can
be explained by CRP dependent activation as different
glucose concentrations were present in the feed medium.
Transcription of acs—yjcH—-actP initiation depends absolutely
upon cAMP-CRP (Beatty et al. 2003). In the presence of
excess glucose, cAMP levels are low and cAMP-CRP thus is
unavailable. Therefore, aerobic acetate formation in the
presence of excess glucose is negatively correlated with
transcription of acs—yjcH—-actP due to cAMP-CRP dependent
regulation.

With increasing acetate formation, expression of many
genes known to be differentially expressed in glucose-
grown and acetate-grown cells (Oh et al. 2002) or in cells
lacking CRP (Gosset et al. 2004) decreased. For example,
the PEP carboxykinase gene pckA, the tryptophanase gene
tnaA, and the aspartase gene aspA showed lower expression
when acetate is formed in overflow metabolism (Fig. 1) and
their expression is lower in glucose-grown cells than in
acetate-grown cells (Oh et al. 2002) and it is lower in cells
lacking CRP (Gosset et al. 2004). Thus, the observed
expression patterns for pckA, tnaA, aspA and others under
conditions of aerobic acetate formation can be explained by
cAMP-CRP dependent regulation.

Expression of gadE increased with increasing aerobic
acetate formation. Formation of acetate during aerobic
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growth reduces the pH of the surrounding medium if not
buffered. E. coli possesses four different systems of acid
resistance. Besides a glucose-repressible system, an argi-
nine-dependent and a lysine-dependent system, a gluta-
mate-dependent system exists and is the most effective
(Foster 2004). The expression of glutamate-dependent acid
resistance genes is induced at low pH and is subject to
regulation by GadE, GadW, GadX, TrmE, HNS, TorR, Crp,
YdeO, the EvgSA two-component regulatory system and
the sigma factor RpoS (reviewed in Foster 2004). This
regulation is complexly exhibiting a modular architecture as
e.g. induction of the acid resistance genes gadA4, gadBC,
and hdeBAD in the stationary phase is RpoS-dependent, but
induction upon acidic shift is not (Weber et al. 2005).
Moreover, expression of the acid resistance genes increased
at neutral pH either when acetate was added or when it was
formed during overflow metabolism (this work and Polen
et al. 2003). As acetate formation by a mutant strain lacking
the acid stress regulator gene gadE was comparable to that
of the parent strain (Table 4), increased gadE expression is
a consequence of acetate formation but does not affect
acetate formation. It is conceivable that intracellular
acidification during aerobic acetic acid formation might be
counteracted by the proton-consuming decarboxylation of
glutamate to 'y-aminobutyrate by gad4 and gadB encoded
glutamate decarboxylases even though the pH of the
medium is still neutral.

As biotechnological production of fine chemicals and
recombinant proteins using E. coli (Wendisch et al. 2006) is
often deteriorated by acetate formation, the strain improve-
ment described here might prove useful to optimize industrial
producer strains. Relief of transcriptional regulation of the
sdhCDAB-b0725-sucABCD operon by replacing the endog-
enous promoter with a constitutively active promoter resulted
in decreased acetate formation, while maintaining high
growth and glucose consumption rates. Moreover, this
genetic strategy can be easily applied to producer strains
endowing them with a reduced capacity to form acetate while
maintaining all other characteristics necessary for a high
production capability.
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