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Abstract The pyruvate dehydrogenase complex was
deleted to increase precursor availability in Corynebac-
terium glutamicum strains overproducing L-valine. The
resulting auxotrophy is treated by adding acetate in
addition glucose for growth, resulting in the puzzling
fact of gluconeogenic growth with strongly reduced
glucose uptake in the presence of acetate in the medium.
This result was proven by intracellular metabolite anal-
ysis and labelling experiments. To increase productivity,
the SugR protein involved in negative regulation of the
phosphotransferase system, was inactivated, resulting in
enhanced consumption of glucose. However, the surplus
in substrate uptake was not converted to L-valine;
instead, the formation of up to 289 uM xylulose was
observed for the first time in C. glutamicum. As an
alternative to the genetic engineering solution, a straight-
forward process engineering approach is proposed. Acetate
limitation resulted in a more efficient use of acetate as
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Introduction

L-Valine is an essential amino acid mainly used for phar-
maceutical purposes. It is found in infusion solutions and is
a component of antiviral drugs such as Valacyclovir and
Lopinavir. Although fermentative production by randomly
mutated strains has been the subject of research since the
1950s [1], L-valine is mainly produced by the hydrolysis of
natural proteins derived from animals (e.g., chicken
feathers) [2] or from the enzymatic conversion of p,L-acyl-
valine [3]. Today, L-valine production by fermentation is
preferred thus avoiding the use of animal sources. Hence,
several approaches are undertaken in order to optimise the
fermentative production.

For several decades, Corynebacterium glutamicum has
been the workhorse of amino acid fermentation and this
organism is also used for L-valine production [4]. The
starting point for fermentation development was an
increase in precursor availability (i.e., pyruvate), which
can be achieved by pantothenate limitation [5, 6] or by
the deletion of the aceE gene encoding the E1p subunit of
the pyruvate dehydrogenase complex (PDHC) [7]. Both
attempts resulted in an increase of intracellular pyruvate,
whereby aceE deletion led to the successful accumulation
of pyruvate and decoupled growth and production phase.
The auxotrophy for acetyl-CoA resulting from the
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deletion of the aceE gene encoding the El1 subunit of
PDHC was overcome by supplementation with acetate.

For L-valine biosynthesis, two molecules of pyruvate
are condensed to acetolactate, which is further metabo-
lised to L-valine. The accumulated pyruvate is channelled
towards L-valine, achieved by overexpressing the respec-
tive L-valine biosynthetic genes [6, 8]. A further increase in
L-valine yield is achieved by enhanced availability of the
cofactor NADPH [9, 10].

However, C. glutamicum AaceE did not take up glucose in
the presence of acetate and no L-valine was formed [7]. This
observation in PDHC-deficient strains contracts the results
for the wild type C. glutamicum ATCC 13032 obtained by
Wendisch et al. [11], who describe the parallel uptake of
glucose and acetate. Compared to the consumption rates of
glucose or acetate alone, the uptake rates in the presence of
both substrates were reduced to about 50% for each sub-
strate. Hence, glucose uptake may be the starting point for
further optimisation of L-valine formation.

Glucose is mainly taken up in C. glutamicum by the
phosphotransferase system (PTS). The genes for the glucose-
specific uptake system (PTSY'), fructose-specific uptake
system (PTS™) and sucrose-specific uptake system
(PTS®") are constitutively expressed [12, 13]. Recently, the
regulation of the different PTSs in C. glutamicum has been
described by several authors [14-16]. In the presence of
gluconeogenic substrates such as acetate, the regulator pro-
tein SugR binds at the DNA upstream of the pzsG gene and
inhibits its expression. When glucose is present in the med-
ium and taken up by the cell, the intracellular concentration
of fructose-6-phosphate (F6P) is elevated. F6P binds to SugR
and induces a change in conformation, which releases SugR
from the DNA [14]. Hence, the genes encoding the PTS are
transcribed. Apart from F6P, fructose-1-phosphate (F1P) is
also discussed as an effector of SugR [15].

The basis for further optimisation of L-valine production
should be the analysis and optimisation of glucose uptake
in the presence of acetate. We used metabolomics for the
determination of metabolites in the presence and absence
of acetate to understand the behaviour of the cell [17]. The
use of LC-MS/MS for quantitative target analysis led to
the quantification of known metabolites of the central
metabolic pathways at nanomolar intracellular concentra-
tions [18]. The application of GC-TOF-MS for metabolic
profiling allowed the unbiased analysis of a broad range of
metabolic compounds [19] in order to unravel the
byproduct spectra concerning most likely known, but
unexpected compounds.

In the present study, we used metabolome analysis in the
presence and absence of acetate in order to understand
L-valine formation before and after depletion of acetate. The
insights gained into the intracellular metabolism were the
basis for further research. The downregulation of glucose
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consumption can be accompanied by further genetic
modifications of the production strain or by procedural
attempts within process control. Process control should
create environmental conditions for the production cell,
allowing the formation of L-valine in parallel to growth in
order to increase the productivity. In this study, the PTS
was deregulated by deletion of the sugR gene and the
resulting strains were characterised by fermentation,
GC-TOF and LC-MS/MS analysis. In a further attempt to
increase L-valine formation, we optimised the fermentation
regime by changing the acetate feed.

Materials and methods
Organisms and cultivation

For the present study the wild type C. glutamicum ATCC
13032 and several genetically modified L-valine producers
were used. Pantothenate synthesis has been inactivated in
the strain C. glutamicum AilvA ApanB pJC4ilvBNCD [6] to
enhance pyruvate availability.

Increased intracellular pyruvate concentrations were
also achieved by inactivation of the PDHC in the strains
C. glutamicum AaceE [20], C. glutamicum AaceE pJC4il-
vBNCE [7], and C. glutamicum AaceE Apgo Apgi
pJC4ilvBNCE [10]. Additionally, the gene encoding the
PTS regulator SugR was deleted in the strains C. glutam-
icum AaceE AsugR pJC4ilvBNCE and C. glutamicum
AaceE Apgo AsugR pJC4ilvBNCE [21].

Deletion of the sugR gene in the strain C. glutamicum
AaceE pJC4ilvBNCE was performed as described for
the strain C. glutamicum AaceE Apqgo pJC4ilvBNCE [21].
The successful deletion of sugR was proven by PCR using
the primers sugRfow (5-GTTCGTCGCGGCAATGATTGA
CG-3) and sugRrev (5-CTCACCACATCCACAAAC
CACGC-3).

The cells were cultivated in a 3.6 1 bioreactor (Infors) in
CGXII minimal medium containing 225 mM (40 g/1) glu-
cose and 100 mM (6 g/L) acetate as described [9]. After
the initial 100 mM acetate was depleted, acetate was fed to
promote cell growth in acetyl-CoA deficient strains in
order to achieve sufficient cell density for metabolome
analysis. 9.8 mmol/l h glacial acetic acid was supplemented
as acetate source. Acetate feed rates using glacial acetic acid
between 76.3 and 10 mmol/l h (4.5 and 0.29 g/l h) were
analysed as part of process development.

Determination of biomass, product and by-product
formation

The biomass concentration was analysed as described
previously by measuring optical density (OD) at
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A = 546 nm [5]. Cell dry mass was calculated from the OD
using the experimentally determined factor of 0.33. Glu-
cose was measured using the AccuChek sensor or the Ebio
compact system (Eppendorf) as described previously [22,
23]. Organic acids and amino acids were determined by
HPLC measurements as described [22, 24].

Determination of intracellular metabolite
concentrations

Intracellular metabolite concentrations were determined as
described [5]. The metabolic quenching method according
to de Koning and van Dam [25] was used to stop metabolic
activities. Samples were measured by LC-MS/MS using
the method of Luo et al. [18] for intermediates of the
central metabolism or the method of Stein [26] for the
analysis of intracellular amino acid concentrations.

The specific cell volume varies according to growth
phase and osmolality [27]. For the calculation of intracel-
lular metabolite concentrations, a factor of 1.4 ml/g cell
dry weight (CDW) was used for samples taken during the
growth phase and a factor of 1.0 ml/g CDW for samples
taken during the transition or stationary phase.

Analysis of substrate uptake by labelling experiments

Shake flask experiments with '*C-labelled substrates were
performed to analyse whether glucose, acetate, or both
substrates were used for growth. After preculture in LB
medium [28], shake flasks with CGXII medium containing
100 mM (6 g/1) acetate and 55 mM (10 g/l) glucose were
inoculated to obtain an OD of 0.1. Before inoculation, the
cells were washed with 0.9% sodium chloride to avoid
effects by the preculture medium. The medium contained
either U-"C glucose and unlabelled acetate or U-'>C
acetate and unlabelled glucose.

The cells were harvested when an OD between one and
two was reached. 5 ml of biomass suspension was hydro-
lysed in 6 M hydrochloric acid solution to analyse the
labelling pattern of proteinogenic amino acids [29]. The
labelling pattern of cytoplasmic intermediates was ana-
lysed by quenching the cells with methanol. The fraction of
different isotopomers was determined by LC-MS/MS
measurements.

GC-TOF measurements for the analysis
of the fermentation medium

Samples of the fermentation supernatant from the end of
the cultivations were analysed by GC-TOF (chromatog-
raphy: Agilent 6890N, Agilent; mass spectrometry: GCT
Premier, Waters) to look for yet unknown by-products. The
samples were treated as described by Strelkov et al. [30]

and derivatised with methoxyamine-HCl and N-methyl-N-
trimethylsilyl trifluoroacetamide. The resulting chromato-
grams were analysed comparing the mass spectra and the
retention indices using the public database from MPI Golm
[31], the NIST database (version 2005) and our in-house
spectral database covering commonly observed compounds
(JuPOD, unpublished).

LC-MS/MS measurements for the analysis
of extracellular saccharides

Samples of the supernatant from the end of the cultivations
were also measured by LC-MS/MS (Agilent 1100 system
and QTrap4000 Applied Biosystems) to confirm the find-
ings of GC-TOF analysis and to quantify the saccharides.
The method of Rogatsky et al. [32] was used with fructose,
galactose, lactose, maltose, mannose, sucrose, trehalose,
xylose and xylulose as standards.

Results

Analysis of cytoplasmic intermediates
in PDHC-deficient L-valine production strains

The product yield in L-valine fermentations with C. glu-
tamicum is based on precursor availability [7]. The accu-
mulation of the precursor pyruvate was achieved by
deletion of the aceE gene, resulting in acetyl-CoA defi-
ciency. This can be overcome by supplementation with
acetate. However, in the presence of acetate, almost no
glucose is taken up and no L-valine is formed. This phe-
nomenon in PDHC-deficient strains is not observed in the
wild type C. glutamicum ATCC 13032, which consumes
both substrates in parallel [11].

For further analysis, the metabolome of the L-valine
production strain C. glutamicum AaceE pCJ4ilvBNCE was
analysed during the growth, early and late production phase
(Table 1). Reduced concentrations of most glycolytic and
pentose phosphate pathway (PPP) intermediates were
found during the growth phase when compared to the
production phase. Within the production phase, a further
increase in metabolite concentrations was detected. Espe-
cially cytoplasmic pyruvate increased during production
from 1.0 to 17.8 mM. A remarkable enhancement was also
observed for o-ketoglutarate (from 146 to 2864 uM) and
other tricarboxylic acid cycle (TCA cycle) intermediates,
whereas no uniform trend was observed for TCA metab-
olites in general.

The absence of pyruvate in the presence of acetate
during the growth phase was further analysed by compar-
ing the situation in different L-valine producers (Table 2).
In the wild type C. glutamicum ATCC 13032, cytoplasmic

@ Springer



876

Bioprocess Biosyst Eng (2010) 33:873-883

Table 1 Intracellular concentrations of intermediates from glycolysis, PPP and TCA cycle during different growth phases in C. glutamicum
AaceE pJC4ilvBNCE (n.d.: not detected)

Metabolite Metabolite concentrations

Growth phase® (14 h) [uM] Production phase® (25 h) [uM] Production phase® (33 h) [uM]
G6P 124.6 £ 414 521.5 £ 174.7 870.3 £ 370.0
FoP 5.6+ 49 188.7 £ 34.6 219.6 £ 77.1
FBP n.d. 462.1 + 139.8 534.0 £ 62.7
GAP n.d. n.d. n.d.
DHAP n.d. 239.5 £ 459 196.3 £ 71.3
2PG/3PG 0.3 £ 0.0 1.0 £ 0.2 1.2 4+0.2
PEP 3.0+ 3.1 554+ 42 73.0 £ 9.6
Pyruvate n.d. 1027.3 4+ 203.9 177774 + 2161.6
AcCoA 114+ 33 5.1 £ 1.6 45+ 09
6PG n.d. n.d. n.d.
R5P n.d. 103.0 £ 19.3 81.2 +94
S7pP n.d. 1173.7 £ 349.3 1711.3 £ 251.3
E4P 1.0+ 19 260.6 £ 166.6 269.2 £+ 64.2
Ru5P/Xy5P 6.2 +33 75.0 £ 17.0 784 + 14.7
Citrate/isocitrate 1728.7 £ 940.5 382.5 £ 70.7 1670.1 4+ 68.6
cis-Aconitate n.d. 28.0 £ 6.3 65.8 + 6.2
a-Ketoglutarate 146.2 £+ 130.1 486.0 + 103.5 2864.6 + 261.3
Glyoxylate 2562.2 £ 34.5 1011.6 £+ 41.5 2140.0 £+ 210.9
Succinate 66.1 + 21.8 3715 £ 119.2 623.1 £ 59.0
Malate n.d. 3229 £ 854 241.2 £ 24.7

* The given concentrations are based on one experiment with four analytical replicates. The results of a second experiment with the same strain
and a larger amount of acetate as well as of the same experiments with the strain C. glutamicum AaceE Apgo Apgi pJC4ilvBNCE are in good
agreement (not shown)

Based on Luo et al. [18] and the given experimental conditions, the detection limits in the cytoplasm were 0.7 uM FBP, 6.9 uM GAP, 1.2 uM

DHAP, 24 uM pyruvate, 2.2 uM 6PG, 0.2 uM R5P, 0.3 uM S7P, 2.1 uM cis-aconitate and 12.6 M malate

pyruvate concentration was not influenced by the presence
of acetate, showing concentrations of 0.51-0.55 mM. The
pantothenate auxotrophic strain C. glutamicum ApanB
AilvA pJC4ilvBNCD even showed a roughly 50% decrease
in pyruvate concentration in the presence of acetate. As
expected, neither PDHC-deficient strain was able to grow
without acetate supplementation. An intracellular pyru-
vate concentration below the detection limit of 0.024 mM
in the presence of acetate was also found for the second

PDHC-deficient strain C. glutamicum AaceE Apgo Apgi
pJC4ilvBNCE.

Within the growth phase, no pyruvate was detected in
PDHC-deficient strains, which may explain the absence of
L-valine formation. L-valine overproduction is impossible
without the crucial precursor pyruvate. However, a small
flux via pyruvate towards the branched-chain amino acids
is obviously present, since cell growth is observed
(u = 0.33 1/h) although no branched chain amino acids

Table 2 Intracellular pyruvate concentration during growth phase in different strains

Strain Intracellular pyruvate without acetate (mM)* Intracellular pyruvate with acetate (mM)*
C. glutamicum ATCC 13032 0.51 + 0.02 0.55 + 0.05

C. g. ApanB AilvA pJC4ilvBNCD 1.05 + 0.23 0.47 + 0.21

C. g. AaceE pJC4ilvBNCE No growth n.d.

C. g. AaceE Apgo Apgi pJC4ilvBNCE No growth n.d.

For PDHC-deficient strains, no growth can be observed without acetate

? The results shown were obtained from one experiment with two analytical replicates (wild type) or from one experiment with at least four

analytical replicates (modified strains)

Based on Luo et al. [18] and the given experimental conditions, the cytoplasmic detection limit of pyruvate was 0.024 mM
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were added to the medium. The increased uptake of glucose
in the presence of acetate is required to enable L-valine
formation in parallel to growth.

Fermentative characterisation of PDHC-
and SugR-deficient L-valine producers

The results described above indicate that in PDHC-defi-
cient strains L-valine formation during growth is restricted
by an insufficient supply of pyruvate, probably due to a
reduced uptake of glucose. Hence, the gene encoding the
PTS repressor SugR was deleted to deregulate glucose
uptake. This deletion should result in higher glucose uptake
and L-valine formation during growth in the presence of
acetate. The strains C. glutamicum AaceE AsugR pJC4il-
vBNCE and C. glutamicum AaceE Apqo AsugR pJC4il-
vBNCE were newly constructed.

As shown in Table 3, glucose uptake was successfully
increased from 1.04 mmol/h g CDW by 78% to
1.86 mmol/g h CDW by deleting the sugR gene in the
strain C. glutamicum AaceE pJC4ilvBNCE (Table 3). A
difference of as much as 55% with respect to glucose
uptake was observed for the strains C. glutamicum AaceE
Apgo pJC4ilvBNCE and C. glutamicum AaceE Apgo
AsugR pJC4ilvBNCE. In both AsugR strains, glucose was
already consumed in the presence of acetate (Fig. 1b).
However, the glucose uptake rate was still significantly
below 3.73 mmol/g h CDW, as detected for the wild type
without acetate (Table 3).

In parallel, more biomass was formed and the supple-
mented acetate was used more efficiently. The biomass yield
on acetate increased from Yy,a. = 0.89 g CDW/g ace-
tate (C. glutamicum AaceE Apqo pJC4ilvBNCE) to
Yx/ac = 2.08 g CDW/g acetate after introducing the dele-
tion of sugR. The strain C. glutamicum AaceE AsugR
pJC4ilvBNCE consumed 110 mM acetate for 15 h,
whereas it only took 8 h for the original strain C. glutam-
icum AaceE pJC4ilvBNCE to consume a comparable
amount of acetate (Fig. 1a).

Growth stopped between 4 and 6 h after the depletion of
acetate (Fig. 1). The continued growth without acetate may

—
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Fig. 1 a, b Fermentation of the strains C. glutamicum AaceE
pJC4ilvBNCE (top) and C. glutamicum AaceE AsugR pJC4ilvBNCE
(bottom). Symbols filled square OD [g/1]; open square glucose [mM];
filled triangle 1-valine [mM]; open triangle acetate [mM]

be explained by its intracellular accumulation or accumu-
lation of other metabolites due to the fast uptake of acetate.
Presumably, growth is no longer possible after the deple-
tion of these metabolites. However, metabolome analysis
showed slightly increased pools for citrate and glyoxylate
(Table 1). Neither the intracellular concentration of acetate
or nor that of acetate-phosphate were not analysed [33].
The main objective of the deregulation of glucose
uptake was early L-valine formation. Though slight for-
mation was observed in both AsugR-strains during the
production phase, product formation over the whole pro-
cess decreased dramatically by around 50%. The L-valine
yield of the strain C. glutamicum AaceE pJC4ilvBNCE

Table 3 Specific glucose uptake rate og. during the r-valine production phase, biomass yield on acetate (Yx/acetare) and L-valine yield on

glucose (Yp/gic) for different strains

Yx/ac (g CDW/g Ac)* Yp/Gie (mol Val/mol Glc)?

Strain oGl (mmol Glc/h g CDW)*
C. glutamicum ATCC 13032 3.73 £ 141
C. g. AaceE pJC4ilvBNCE 1.04 + 0.03
C. g. AaceE AsugR pJC4ilvBNCE 1.86 £+ 0.63
C. g. AaceE Apgo pJC4ilvBNCE 0.86 + 0.15
C. g. AaceE Apgo AsugR pJC4ilvBNCE 1.33 £ 0.33

n.d. 0.006 £ 0.007
1.02 £ 0.09 0.50 £ 0.07
2.02 £0.21 0.23 £ 0.03
0.89 £0.13 0.45 £ 0.06
2.08 £ 0.28 0.32 £ 0.08

? The results shown are average values from three independent fermentations (C. glutamicum AaceE AsugR pJC4ilvBNCE two fermentations)

@ Springer



878

Bioprocess Biosyst Eng (2010) 33:873-883

decreased from 0.50 mol Val/mol Glc to 0.23 mol Val/mol
Glc by the strain C. glutamicum AaceE AsugR pJC4il-
vBNCE. The same negative effect was observed for
L-valine formation with C. glutamicum AaceE Apqo AsugR
pJC4ilvBNCE.

The low formation of L-valine after deregulation of
glucose uptake led to the assumption that new by-products
may be formed. Although glucose consumption was
increased as intended by deletion of the sugR genes, a
negative result was obtained for L-valine formation.

Metabolome analysis of AsugR strains

Intracellular metabolite concentrations of the L-valine pro-
duction strains were analysed by LC-MS/MS during the late
production phase without acetate present in the medium to
identify the cause of decreased L-valine formation. The wild
type and the strain C. glutamicum AsugR were analysed
during the growth phase. A significant difference between
the strains analysed (C. glutamicum ATCC 13032, C. glu-
tamicum AsugR, C. glutamicum AaceE pJC4ilvBNCE and
C. glutamicum AsugR AaceE pJC4ilvBNCE) was found for
pyruvate. Based on one fermentation and four analytical
replicates, a pyruvate concentration of 1.8 £ 0.5 mM was
found in the wild type. The cytoplasmic pyruvate availability
increased after inactivation of PDHC to 20.5 + 2.3 mM in
C. glutamicum AaceE pJC4ilvBNCE. A further accumula-
tion of pyruvate was found after deletion of both genes, aceE
and sugR, up to 164.9 £+ 2.9 mM (C. glutamicum AsugR
AaceE pJC4ilvBNCE). However, deletion of the sugR gene
in the wild type showed no difference concerning pyruvate
compared to the wild type (1.9 £ 0.3 mM). Hence, it can be
concluded that excessive accumulation of pyruvate might
not be beneficial for L-valine formation.

Analysis of by-product formation of C. glutamicum
AaceE AsugR strains by GC-TOF measurements

Less L-valine was formed after deletion of the gene
encoding SugR (Fig. la, b). However, the cytoplasmic
pyruvate concentration was about 165 mM and the carbon

balance of different AsugR-strains could not be closed. In
some cases, only 60% of the initial carbon was found at the
end of the experiment. Therefore, the fermentation super-
natant at the end of the cultivation was analysed by GC-
TOF to identify the unknown by-products. Two samples
taken at the end of the cultivation of four different strains
were analysed.

Compared to the chromatograms of the original strain,
the chromatograms of the AsugR-strains showed additional
peaks at retention times of 9.98, 15.59 and 16.23 min,
which were not found in the supernatant of the strains with
the sugR gene. They were identified by database analysis as
xylulose and trehalose. The identification of both saccha-
rides was verified by analysing standards of xylulose and
trehalose by GC-TOF, showing the same retention indices
and fragmentation pattern.

The extracellular formation of xylulose has not yet been
described for C. glutamicum. The formation was quantified
for C. glutamicum AaceE Apgo AsugR pJC4ilvBNCE by
LC-MS/MS analysis, revealing the formation of at least
543 pM trehalose and 249 uM xylulose (Table 4).

The formation of both saccharides was also analysed for
the strains C. glutamicum AsugR (100 uM trehalose, 72 uM
xylulose), C. glutamicum AaceE AsugR pJC4ilvBNCE
(1670 uM trehalose, 171 uM xylulose), for the wild type
C. glutamicum ATCC 13032 (160 uM trehalose) and for
C. glutamicum AaceE Apqgo pJC4ilvBNCE (215 pM treha-
lose). Both saccharides were formed during the growth phase.
Xylulose was formed only after deletion of the sugR gene and
not in the wild type. Trehalose was consumed during the
stationary phase by the strains still containing the sugR gene,
whereas the concentration of the strains with deregulated PTS
showed a constant concentration or a slow increase.

13C labelling experiments for analysis of substrate
uptake

The absence of glucose uptake in the presence of acetate in
the strain C. glutamicum AaceE pJC4ilvBNCE during the
growth phase contradicts the results of Wendisch et al.
[34]. These authors showed slower, but still significant

Table 4 Extracellular

concentrations of trehalose and Strain Trehalose (LM) Xylulose (LM)
xylulose of different strains and C. glutamicum ATCC 13032 160 nd
experiments at the end of ' . . o
growth phase measured C. glutamicum AaceE Apqgo pJC4ilvBNCE 215 n.d.
by LC-MS/MS C. glutamicum AsugR (1) 100 72
C. glutamicum AsugR (2) 15 181
One analytical replicate was C. glutamicum AsugR AaceE pJC4ilvBNCE 1,670 171
analysed for several samples C. glutamicum AsugR AaceE Apqo pJC4ilvBNCE (1) 543 289
during the whole cultivation C. glutamicum AsugR AaceE Apqo pJC4ilvBNCE (2) 677 249

process
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glucose uptake in the presence of acetate in the wild type of
C. glutamicum. We performed experiments using the
strains C. glutamicum ATCC 13032, C. glutamicum AaceE
pJC4ilvBNCE and C. glutamicum AaceE AsugR pJC4il-
vBNCE in the presence of both substrates for a deeper
understanding of carbon utilisation in the modified strains.
Either U'C labelled glucose and unlabelled acetate or
unlabelled glucose and U'C labelled acetate were
employed to determine which substrate is preferably used
during the growth phase by different strains.

One metabolite derived from glycolysis and one from
anaplerosis was chosen for the analysis of the labelling
pattern. The samples of the amino acids L-serine (glycol-
ysis) and aspartate (anaplerosis/TCA cycle) were obtained
from biomass hydrolysis. Two experimental replicates and
two analytical replicates were performed for each strain
and each combination of substrates.

Analysing the isotopomer distribution of the wild type in
the presence of labelled glucose and unlabelled acetate
(Table 5a), it can be concluded that in the wild type L-serine
was partly formed from glucose and partly from acetate, if
both substrates were present. 31.3% of L-serine was uni-
formly labelled in the presence of labelled glucose. In the
presence of labelled acetate and unlabelled glucose, 49.0%
of L-serine was completely labelled, indicating that the car-
bon skeleton of L-serine was derived to a larger extent from
acetate than from glucose. A further shift towards acetate as

the source of L-serine was observed in the L-valine producer
C. glutamicum AaceE pJC4ilvBNCE. 60.1% of L-serine
was totally labelled in the strain C. glutamicum AaceE
pJC4ilvBNCE in the case of labelled acetate.

L-Serine was formed almost exclusively from glucose
after the additional deletion of the sugR gene. This can be
seen from the 69% labelled L-serine in the presence of
labelled glucose and the reverse relation with labelled
acetate (82.1% of L-serine completely unlabelled).

L-Aspartate is formed by the transamination of
oxaloacetate, which can be formed from malate within
the TCA cycle or by anaplerotic reactions from phos-
phoenolpyruvate (PEP) or pyruvate (Fig. 2). The label-
ling pattern of aspartate after biomass hydrolysis of the
wild type C. glutamicum ATCC 13032 indicated that this
amino acid was mainly formed from acetate. In the
presence of labelled glucose, 70.3% of L-aspartate was
not labelled and in the presence of labelled acetate, the
same amount of L-aspartate was completely labelled.

The labelling pattern found for the modified strain
C. glutamicum AaceE pJC4ilvBNCE agreed with the results
from the wild type. L-Aspartate was again predominantly
formed from acetate. After deregulation of glucose uptake,
carbon atoms derived from glucose were incorporated to a
large extent. In the presence of labelled glucose, only
39.0% of the L-aspartate was unlabelled and several iso-
topomers were found.

Table 5 Labelling pattern of L-serine (a) and L-aspartate (b) during the early growth phase of the strains C. glutamicum ATCC 13032,
C. glutamicum AaceE pJC4ilvBNCE and C. glutamicum AaceE AsugR pJC4ilvBNCE in shake flask experiments with glucose and acetate as

substrate

Strain Substrate Serine +0 Serine +1 Serine +2 Serine +3
(@)

ATCC 13032 Gle* + Ac 55.8 £2.8 74 +£0.7 54+15 313+ 26
AaceE pJC4ilvBNCE Glc* + Ac 476 £ 1.6 8.8 £0.6 6.3 +0.2 373+ 1.1
AaceE AsugR pJC4ilvBNCE Glc* + Ac 18.8 +£ 1.0 6.6 £ 0.5 5.7+ 0.7 68.9 + 1.6
ATCC 13032 Glc + Ac* 36.5 £ 1.3 5.6 £ 0.7 89 +£0.8 490 £ 04
AaceE pJC4ilvBNCE Glc + Ac* 283 £ 1.7 42 +£0.38 74 £1.0 60.1 £ 3.5
AaceE AsugR pJC4ilvBNCE Glc + Ac* 82.1 £ 24 6.5 £ 0.5 5.8+0.8 56 1.6
Strain Substrate Aspartate +0 Aspartate +1 Aspartate +2 Aspartate +3 Aspartate +4
(b)

ATCC 13032 Glc* + Ac 709 £ 2.2 13.0 £ 1.1 74 £ 1.0 73 £0.7 14+£03
AaceE pJC4ilvBNCE Glc* + Ac 75.7 £ 0.8 109 £ 0.3 54 +02 7.1+£03 0.9 £+ 0.1
AaceE AsugR pJC4ilvBNCE Glc* + Ac 39.0 £ 0.9 21.7 £ 0.5 16.6 + 0.2 174 £ 0.6 54 +0.7
ATCC 13032 Glc + Ac* 84 + 3.8 3.6 £0.8 53405 134 £ 1.1 693+ 1.5
AaceE pJC4ilvBNCE Glc + Ac* 54+02 19 +£0.2 2.8 £ 0.6 105 £ 1.6 794 + 22
AaceE AsugR pJC4ilvBNCE Glc + Ac* 26.7 £ 2.0 13.8 £ 2.8 204 £ 23 20.7 £ 0.7 18.3 + 3.1

Serine 40 (or aspartate +0) consists of 12C carbon and is unlabelled; 4+1 (42 etc.) indicates the number of incorporated 13C carbon atoms

The results shown are the mean values of two independent experiments with at least two analytical replicates

Asterisk indicate that substrate was used in its '>C labelled form
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Fig. 2 Glycolysis and entry into the citric acid cycle in Corynebac-
terium glutamicum. Relevant enzymes are given in grey ellipses; the
regulator of PTS, SugR, is shown in a black ellipse. Metabolites with
analysed labelling patterns are highlighted in grey, and as the desired
product L-valine is marked by a box. PTS phosphotransferase system,
PQO pyruvate-quinone oxidoreductase, PDHC pyruvate dehydroge-
nase complex, CS citrate synthase, KGDHC o-ketoglutarate dehy-
drogenase complex

Minimising acetate feed rate for early L-valine
formation

The desired effect of L-valine formation in the presence of
acetate was not achieved by the deregulation of glucose
uptake, thus an alternative may be found in optimising the
production process. In a first approach to facilitate L-valine
formation and growth in parallel, different acetate feed
rates were analysed. Acetate feed was started after 100 mM
of initial acetate was depleted. No notable changes of the
total biomass concentration were observed with decreasing
feed rates (around 25 g/l) when analysing the strain
C. glutamicum AaceE pJC4ilvBNCE (Table 6a). However,
the biomass yield on acetate Yx,a. increased from 0.51 g
CDW/g acetate (feed rate of 4.50 g/l h) to 0.82 g CDW/g
acetate (0.58 g/l h feed rate). In parallel, the final L-valine
concentration increased from 163.8 to 324 mM with
decreasing acetate feed, also resulting in an increased
L-valine yield on glucose Yvy.Gic-

The same experiment was performed using the strain
C. glutamicum AaceE AsugR pJC4ilvBNCE with even

@ Springer

lower acetate feed rates (Table 6b). Decreasing the feed
rate from 0.87 to 0.29 g/l h resulted in decreased biomass
formation (24.5 and 14.3 g/l, respectively). However, the
biomass yield on acetate Yx,o. was increased at reduced
feed rates. No trend was observed concerning L-valine
formation and L-valine yield on glucose Yv,Gic- The strain
C. glutamicum AaceE AsugR pJC4ilvBNCE showed an
L-valine yield on glucose of Yv.gic of 0.15 mM/mM with
the analysed feed rates, which was again below the values
obtained with the strain C. glutamicum AaceE pJC4il-
vBNCE (0.35 and 0.56 mM/mM with the same feed rates).

Discussion

The efficient production of L-valine depends on the suc-
cessful enhancement of precursor availability, which can
be achieved, for example, by the inactivation of the PDHC
[7]. PDHC inactivation results in reduced glucose uptake
and reduced cytoplasmatic concentrations of glycolytic and
PPP metabolites in the presence of acetate. Although the
conclusion from fluxes to metabolite pools is not valid,
increased metabolite pools during the production phase as
observed may be explained by the increased glucose uptake
during the production phase. Some pools of glycolytic and
PPP intermediates increased during the production phase,
especially pyruvate accumulated from 1.0 mM 25 h after
inoculation to 17.8 h within 8 h. The first concentration is
in good agreement with 2.3 mM pyruvate determined in
earlier measurements [7]. However, the difference to the
second measurement point indicates that intracellular pool
sizes change over time and that the exact description of
cultivation conditions should be taken into account.

PDHC inactivation results in auxotrophy for acetyl-
CoA, which is treated by acetate supplementation. How-
ever, no glucose is consumed and therefore no product is
formed in the presence of acetate by the strain C. glu-
tamicum AaceE pJC4ilvBNCE. In contrast, the wild type
C. glutamicum ATCC 13032 is capable of consuming
glucose and acetate in parallel [34]. These results obtained
by Wendisch et al. are in good agreement with our find-
ings concerning the wild type and the L-valine producer
C. glutamicum AilvA ApanB pJC4ilvBNCD. However, no
intracellular pyruvate was found for the strain C. glutam-
icum AaceE pJC4ilvBNCE in the presence of acetate and
the cytoplasmic concentrations of glycolytic and PPP
intermediates are strongly reduced. The labelling pattern of
this strain in the presence of labelled acetate revealed
labelled r-serine and labelled PSP, indicating gluconeo-
genic growth to a significant extent.

These findings contrast with those found for the wild
type and may be ascribed to the inactivation of the PDHC.
In L-valine producers based on the deletion of pantothenate
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Table 6 Effect of different acetate feed rates on biomass, biomass yield Yx/ac, L-valine formation and L-valine yield on glucose Yy, g for the
strains C. glutamicum AaceE pJC4ilvBNCE (A) and C. glutamicum AaceE AsugR pJC4ilvBNCE (B) with 100 mM initial acetate and around

500 mM glucose

Acetate feed
rate (g/1 h)

Biomass (g/1)

Biomass yield on acetate
Yx/ac (g CDW/g acetate)

L-Valine (mM) L-Valine yield on glucose

Yvaygle (mM/mM)

A)

4.50 28.8 0.51
1.78 24.9 0.60
0.87 24.5 0.65
0.58 24.1 0.82
(B)

0.87 24.5 1.06
0.58 17.6 1.06
0.45 16.6 1.15
0.29 14.3 1.30

163.8 (302.2)* 0.47*
186.2 0.38
193.8 0.35
324.4 0.56
37.1 0.15
40.7 0.15
29.9 0.12
353 0.15

% 230 mM glucose was added to the experiment at an acetate feed rate of 4.50 g/l h, after the initial amount of glucose had been depleted.

163.8 mM L-valine was formed using the primary 450 mM glucose

The biomass yield on acetate Y. was calculated using the initial amount of acetate and the biomass concentration at the end of the cultivation

biosynthesis, intracellular pyruvate is detected even in the
presence of acetate. In parallel to the PDHC-deficient
L-valine producer, the formation of L-lysine, L-valine and
pyruvate in the PDHC-deficient L-lysine producer C. glu-
tamicum DM1729-BB1 also begins after depletion of
acetate [35].

The combination of the intracellular metabolite con-
centration of these strains with the labelling pattern of
several metabolites in the presence of labelled glucose or
labelled acetate revealed a coherent picture of the behav-
iour of PDHC-deficient strains in the presence of both
substrates. The observed growth of this strain and the
formation of r-valine in the presence of acetate by the
strain C. glutamicum AilvA ApanB pJC4ilvBNCD indicate
that neither the L-valine pathway nor the L-valine exporter
is explicitly affected by the presence of acetate. However,
there is still no explanation for this phenomenon and the
cellular regulation enabling sufficient L-valine formation
for growth without product formation in PDHC-deficient
strains will be the subject of further research.

The target of the early start of product formation was
followed by the deletion of sugR in the PDHC-deficient
L-valine producers. The protein SugR has been shown to
deregulate the PTS [14]. The deletion resulted in the
desired enhancement of glucose uptake and L-valine for-
mation in the presence of acetate. Glucose uptake was
dramatically enhanced between 55 and 78% and the strains
involved showed a reduced utilisation of acetate for the
formation of PPP or glycolysis intermediates if both sub-
strates are present. We determined a specific glucose
uptake rate of 3.73 mmol/g h for the wild type C. glu-
tamicum ATCC 13032, which is slightly less than the
4.8 mmol/g h determined for the wild type C. glutamicum

ATCC 17965 [36]. The specific glucose uptake rate of
1.8 mmol/g h observed for the strain C. glutamicum AaceE
AsugR pJC4ilvBNCE is below this value. However,
1.8 mmol/g h was still sufficient for enhanced L-valine
formation as the main carbon sink since growth is not
possible without acetate.

The enhanced glucose uptake in the SugR-deficient
strain resulted in the intracellular accumulation of
165 mM pyruvate and reduced product formation. The
decrease in L-valine formation may be explained by the
inhibitory effects of pyruvate. Most likely, the accumu-
lation of 165 mM pyruvate has regulatory and osmotically
effects, since the formation of trehalose and xylulose is
observed in SugR-deficient strains. The extracellular for-
mation of xylulose has not been observed in C. glutami-
cum yet, hence, its function is not yet known. Xylulose-
5-phosphate is known as an intermediate of the PPP and
1-deoxy-p-xylulose-5-phosphate as an intermediate of the
cell wall biosynthesis of prokaryotes [37]. Trehalose acts
as an osmoregulator and is formed as result of hyperos-
motic conditions [38]. It is likely that the extracellular
formation of trehalose is a reaction to the accumulation of
pyruvate.

The detection of xylulose and trehalose is not sufficient to
close the carbon balance of the PDHC and SugR deficient
strain. The secretion of pyruvate would be expected in the
presence of 165 mM cytoplasmic pyruvate. However, it is
assumed that pyruvate cannot pass the cell membrane by
diffusion and an active export system has not been identified
so far [39]. Therefore, it may be possible that the high
pyruvate concentration accumulate without export into the
medium. The formation of xylulose and trehalose indicated
that the effects from the obtained genetic modifications are
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not tolerable for the cellular metabolism. At least, this
deletion is unfavourable for L-valine production.

Since the molecular genetic approach was not successful
in achieving early L-valine formation, process development
was now undertaken to optimise the product formation. In
the first experiments, different acetate feed rates were ana-
lysed. Acetate feed is necessary to achieve high cell densities
due to the inhibitory effects of high acetate concentrations
[33]. An optimisation of biomass yield on acetate was suc-
cessfully achieved using different linear feed rates. Using
increased feed rates resulted in enhanced carbon dioxide
formation, but showed no positive effect on biomass for-
mation. A similar effect was observed to provide acetate
concentrations between 20 and 200 mM for the batch phase
of the fermentation; the same biomass yield was achieved
from different batch concentrations (not shown). Thus,
minimisation of the acetate feed in order to increase the
biomass yield on acetate Yx/a. 1S an important tool in the
development of an efficient L-valine production process. The
optimisation of the fermentation regime showed to be an
appropriate alternative if genetic modifications are not
successful.

No acetate was detected during the acetate feed; it was
immediately consumed by the cells. It can be assumed that
the observed absence of glucose uptake in the presence of
acetate in PDHC-deficient strains is influenced by the con-
centration of acetate or the amount of acetate consumed.
Taking this assumption into account, reduced acetate con-
centrations or reduced feed rates will allow an increased
glucose uptake, what is followed by increased L-valine for-
mation. The benefit of low acetate feed rates in order to
establish an efficient process was also shown by the
enhanced L-valine formation under these conditions. For the
production phase, a yield of Yy, g = 0.56 mol/mol was
achieved by applying an acetate feed rate of 0.58 g/l h. This
yield is close to the theoretically possible yield of Yy,
Gic = 0.86 mol/mol [9], but further optimisation is still
necessary. This may be achieved by optimising NADPH
supply, which was shown to be beneficial.

Further changes in the fermentation regime may be of
benefit for optimised production. The use of an exponential
feed strategy employing a minimised acetate feed rate
could result in an increase of total productivity due to faster
cell growth in parallel to product formation. For the future,
the analysis of alternative carbon sources such as ethanol
may also be an option for overcoming the negative aspects
of acetate supplementation [21].

Conclusion

Different methods were used within the present study to
analyse the effect of the inactivation of the PDHC and of

@ Springer

the PTS-regulating protein SugR. The analysis of the
labelling pattern of amino acids in different strains
showed a coherent view of the substrate uptake of
PDHC-deficient strains. Furthermore, the combination
of advanced analytical methods such as GC-TOF and
LC-MS/MS analysis allowed the identification of the
xylulose metabolite, which is as yet unknown in C. glu-
tamicum. In view of an assumed extended application of
these analytical techniques, a better understanding of the
used biological systems and thus a selective construction
of production strains can be expected for the future.
However, the deletion of the sugR gene resulted in a
decline in L-valine yield, whereas modifications of the
fermentation regime achieved an L-valine yield of
0.56 mol L-valine per mol glucose suggesting a promis-
ing approach for process optimisation.
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