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An in-depth analysis of the intracellular metabolite concentrations, metabolic fluxes, and gene expression
(metabolome, fluxome, and transcriptome, respectively) of lysine-producing Corynebacterium glutamicum ATCC
13287 was performed at different stages of batch culture and revealed distinct phases of growth and lysine
production. For this purpose, '*C flux analysis with gas chromatography-mass spectrometry-labeling mea-
surement of free intracellular amino acids, metabolite balancing, and isotopomer modeling were combined
with expression profiling via DNA microarrays and with intracellular metabolite quantification. The phase
shift from growth to lysine production was accompanied by a decrease in glucose uptake flux, the redirection
of flux from the tricarboxylic acid (TCA) cycle towards anaplerotic carboxylation and lysine biosynthesis,
transient dynamics of intracellular metabolite pools, such as an increase of lysine up to 40 mM prior to its
excretion, and complex changes in the expression of genes for central metabolism. The integrated approach was
valuable for the identification of correlations between gene expression and in vivo activity for numerous
enzymes. The glucose uptake flux closely corresponded to the expression of glucose phosphotransferase genes.
A correlation between flux and expression was also observed for glucose-6-phosphate dehydrogenase, transal-
dolase, and transketolase and for most TCA cycle genes. In contrast, cytoplasmic malate dehydrogenase
expression increased despite a reduction of the TCA cycle flux, probably related to its contribution to NADH
regeneration under conditions of reduced growth. Most genes for lysine biosynthesis showed a constant
expression level, despite a marked change of the metabolic flux, indicating that they are strongly regulated at
the metabolic level. Glyoxylate cycle genes were continuously expressed, but the pathway exhibited in vivo
activity only in the later stage. The most pronounced changes in gene expression during cultivation were found
for enzymes at entry points into glycolysis, the pentose phosphate pathway, the TCA cycle, and lysine biosyn-
thesis, indicating that these might be of special importance for transcriptional control in C. glutamicum.

The gram-positive bacterium Corynebacterium glutamicum is
widely used for the industrial production of different amino
acids (4). Hereby lysine is one of the major products, with
worldwide production of about 400,000 tons per year and an
annual market increase of about 10 to 15% (6). Extensive
investigation and optimization of lysine-producing strains of C.
glutamicum have been done for several decades. Recent DNA
technologies give the opportunity for the rational strain im-
provement of C. glutamicum by the targeted modification of
genes (30). The large potential of this approach was illustrated
by a recent study in which a tremendous increase in lysine
production was obtained by the mutation of only three genes in
the wild-type C. glutamicum strain ATCC 13032 (29). One of
the key tasks in targeted strain optimization is the identifica-
tion of genetic modifications that lead to improved strain char-
acteristics. The experience of the past clearly shows that a
detailed quantitative knowledge of metabolic physiology is re-
quired for the rational design of superior production strains.
Especially for amino acid production by C. glutamicum, which
is characterized by a close connection between central metab-
olism and product biosynthetic pathways, an understanding of
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global metabolic regulation has turned out to be crucial for
effective strain improvement.

Extensive research has been used to sequence the whole
genome of C. glutamicum and to investigate its genetic reper-
toire (2, 9, 23, 27, 35). Metabolic reconstruction via functional
gene annotation revealed fascinating insights into this organ-
ism, including functional predictions for >60% of the identi-
fied genes (14). Gene expression (transcriptome) analysis with
C. glutamicum has recently been realized by the development
of specific DNA microarrays (14) and was used to investigate
gene expression during the growth of C. glutamicum on glucose
and acetate (10, 26) and during the production of valine (18).
Expression profiles of selected genes of central metabolism
(19) and amino acid production (7) of C. glutamicum were
determined. For proteome analysis of C. glutamicum, two-
dimensional gel electrophoresis was recently used to identify
different proteins (11, 12, 13, 31) and to study the influence of
nitrogen starvation on the proteome (32). For the quantifica-
tion of metabolic fluxes (the fluxome), comprehensive ap-
proaches combining '*C tracer experiments, metabolite bal-
ancing, and isotopomer modeling have been developed (16, 42,
43, 48) and applied to C. glutamicum, involving, e.g., compar-
ative fluxome analysis during growth, glutamate, and lysine
production (21, 34), during lysine production in batch cultures
(45), of different mutants of a lysine-producing strain geneal-
ogy (47), during growth on acetate and/or glucose (40), and
during lysine production on different carbon sources (17).
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For a full description of the physiological state of a biolog-
ical system, not one, but all, components (the genome, tran-
scriptome, proteome, intracellular metabolite concentrations
[metabolome], and fluxome) have to be analyzed. The different
profiling tools have, however, mainly been applied separately
to C. glutamicum. Very few studies have used the combined
application of different profiling techniques (7). Therefore, our
knowledge about metabolic control in C. glutamicum involving
the understanding of the links between its different compo-
nents, e.g., between the transcriptome (expression level of a
certain gene) and the fluxome (flux catalyzed by the corre-
sponding enzyme), is still limited.

For the present work, in-depth profiling of lysine production
by C. glutamicum was performed with batch cultures by the
combined analysis of the metabolome, transcriptome, and flux-
ome. The characterization was performed at different phases
of the cultivation so that the alteration of gene expression,
metabolic fluxes, and intracellular metabolite concentrations
during the process could be simultaneously estimated.

MATERIALS AND METHODS

Bacterial strain. Lysine-producing C. glutamicum ATCC 13287 was obtained
from the American Type Culture Collection (Manassas, Va.). This homoserine
auxotrophic strain was derived from wild-type C. glutamicum ATCC 13032 by
UV mutagenesis and selection (28). It overproduces lysine in the absence of
threonine due to the release of aspartokinase from concerted feedback inhibition
by threonine and lysine.

Media and growth conditions. Precultures from cells grown on LB5G agar
plates (36) were incubated overnight with shaking at 150 rpm at 30°C in a 500-ml
baffled shake flask containing 50 ml of LB5G medium. Subsequently, cells were
harvested by centrifugation (10,000 X g, 2 min), washed twice, resuspended in
0.9% NaCl, and used as an inoculum for the main culture. The main culture was
performed in a 250-ml bioreactor (Meredos, Bovenden, Germany) at 30 = 0.1°C
and shaking at 800 rpm with 125 ml of PMB medium (36) containing 80 mM
glucose, 1.3 mM threonine, and 0.2 mM methionine, with the amino acids being
added due to the auxotrophy of C. glutamicum ATCC 13287 for homoserine. In
tracer experiments, a mixture of 41.4 mM ['*Cg]glucose and 40.3 mM [1-'3C]glu-
cose was used as the carbon source. The pH was controlled at 7.00 =+ 0.05 by the
addition of 2 M NaOH. For aeration of the bioreactor, pressurized air from a
compressor supply system was used. The gas buffer tank was periodically refilled
with compressed air from outside, which led to periodic carbon dioxide concen-
tration changes in the aeration gas between about 400 and 800 ppm. As shown
below, this input of nonlabeled carbon dioxide was considered in the metabolic
model. The aeration rate was maintained at 125 ml min~' by a mass flow
controller (Brooks Instruments, Veenendaal, The Netherlands).

Intracellular metabolite extraction. For the extraction of intracellular metab-
olites, cells with between 1 and 4 mg of cell dry mass (CDM) contained in about
0.2 to 2 ml of culture broth were separated from the medium by fast vacuum
filtration, four washing steps with 4 ml of 0.9% NaCl each (cellulose nitrate,
0.45-pwm-pore-size, 25-mm-diameter filter; Sartorius, Gottingen, Germany), and
incubation of the filter with the attached cells for 15 min in 2 ml of boiling water
as previously described (49). The extracts were used directly for amino acid
quantification with high-performance liquid chromatography (HPLC) or were
further processed for labeling analysis with gas chromatography-mass spectrom-
etry (GC/MS) (47).

Analytics. The optical density (OD) and CDM were determined as described
previously (17). The correlation of OD to CDM was as follows: CDM = 0.353 X
OD (grams per liter). The CDM was converted into a cell volume for calculation
of intracellular concentrations via a correlation factor of 1.95 ul of cytoplasm mg
of CDM ™! (8). For the quantification of extracellular concentrations, about 1 ml
of culture supernatant was separated by filtration (polyvinylidene fluoride mem-
brane, 0.45-um pore size; Roth, Karlsruhe, Germany) and diluted 1:10 on an
analytical balance. The analysis of organic acids and amino acids was done by
HPLC (17). Trehalose and glucose were measured by use of an HPLC apparatus
(Biotek, Neufahrn, Germany) equipped with an Aminex HPX 87 H 300- by
7.8-mm column (Bio-Rad, Hercules, Calif.) as the stationary phase and 5 mM
H,SO, as the mobile phase and by refractive index detection. Glycerol and
dihydroxyacetone were quantified enzymatically (Boehringer-Mannheim, Darm-
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stadt, Germany). Mean relative errors were 5% (for OD and CDM) and 3% (for
sugars, amino acids, and organic acids).

The labeling patterns of free intracellular amino acids glutamate, valine, ala-
nine, and lysine in cell extracts of C. glutamicum were analyzed by GC/MS after
derivatization with N-methyl-N-¢-butyldimethyl-silyl-trifluoroacetamide (MBD-
STFA; Macherey-Nagel, Diiren, Germany) (46). For the analysis, 400 ul of cell
extract was lyophilized, dissolved in 20 pl of dimethylformamide (0.1% pyridine),
and derivatized with 20 pl of MBDSTFA. Mass isotopomer distributions of the
derivatized amino acids were quantified by selective ion monitoring at m/z 432 to
437 (glutamate), m/z 232 to 234 (alanine), m/z 288 to 293 (valine), and m/z 431
to 437 (lysine). For glutamate, valine, and lysine, the measured ion clusters
resulted from the release of a t-butyl group from the derivatization residue and
therefore contained the entire carbon skeleton of the amino acid, whereas the
alanine ion cluster represented a fragment ion containing alanine carbons C-2
and C-3. The relative measurement errors of single mass isotopomer fractions,
defined as M,, (relative amount of nonlabeled mass isotopomer fraction), M,
(relative amount of singly labeled mass isotopomer fraction), and corresponding
terms for higher levels of labeling, were 0.29% (M,), 0.27% (M), and 0.36%
(M,) for alanine; 0.24% (M,), 0.10% (M), 0.16% (M), 0.16% (M), 0.16% (M),
and 0.18% (M) for valine; 0.24% (M), 0.16% (M), 0.13% (M,), 0.13% (M),
0.10% (M,), and 0.19% (M) for glutamate; and 1.45% (M), 0.71% (M), 0.37%
(M), 0.66% (M3), 0.44% (M,), 0.49% (M), and 1.09% (M) for lysine.

Calculation of yields. As described previously, yields were calculated for each
time point from sampling points before and after the examined time point (36).
To minimize the effect of measurement errors for single data points, we used the
Spline Toolbox of Matlab (Mathworks Inc., Natick, Mass.) to smooth concen-
trations.

Fluxome analysis. The distributions of intracellular fluxes during cultivation
were estimated by a tracer experiment combined with GC/MS labeling analysis,
metabolite balancing, and isotopomer modeling (47). In order to estimate actual
flux distributions at different time points, we considered mass isotopomer distri-
butions of free intracellular amino acids. These pools are permanently renewed
and thus reflect the actual flux state of the cell. In addition to labeling data,
stoichiometric data were included in the flux estimation. These were derived by
calculating actual yields for secreted products and actual stoichiometric demands
for anabolic precursors at each examined time point from measured extracellular
concentrations, as previously described (36). Metabolic fluxes were calculated
with a metabolic network model in MATLAB 6.1 and SIMULINK 3.0 (Math-
works Inc.). The mathematical details of the model were described by Wittmann
and Heinzle (44, 47). In addition to previous work, an influx of nonlabeled CO,
was included in the model to reflect the relatively high CO, content in the
aeration gas, which contributed to the actual CO, labeling in the fermentor and,
via CO, incorporation by carboxylating reactions, also to the labeling of intra-
cellular metabolites. The consideration of this reaction markedly improved the fit
in all cases. For the calculation of anabolic precursor demands, the cellular
composition of C. glutamicum according to Marx et al. (20) was used. For
parameter estimation, the boundaries for flux reversibilities were set at 0 (irre-
versible) and 25 (highly reversible). Thus, a back flux can reach the 25-fold value
compared to the net flux of the regarded reversible reaction.

Transcriptome analysis. Samples for RNA extraction were taken at different
time points during fermentation. Cells were harvested by centrifugation at the
cultivation temperature (30°C, 10,000 X g, 1 min), separated from the superna-
tant, and rapidly frozen in dry ice-acetone (—50°C). The samples were stored at
—70°C until analysis. Preparation of the DNA arrays was done as follows. Based
on sequence information provided by BASF AG (Ludwigshafen, Germany), the
amplification of annotated open reading frames from C. glutamicum involved the
design and synthesis (Eurogentec, Seraing, Belgium) of specific primer pairs for
the amplification of DNA fragments of approximately 500 bp from each protein-
specifying gene (26). Genomic DNA (0.5 ng) was used as a template in standard
PCRs. Thirty-five cycles of denaturation at 95°C for 30 s, annealing at 55°C for
60 s, and polymerization at 72°C for 60 s were conducted. A 2-ul aliquot of each
PCR was analyzed by agarose gel electrophoresis. More than 97% of the result-
ant PCR products displayed bands of the correct sizes. cDNA glass arrays were
subsequently produced by spotting of the PCR products with a Microgrid II
robot (Biorobotics, Cambridge, United Kingdom) equipped with an SMP3 pin
(Arraylt, Sunnyvale, Calif.). The array layout included 384 PCR products from
Saccharomyces cerevisiae with no homology to C. glutamicum as negative con-
trols. Additionally, each C. glutamicum open reading frame was present at two
separate positions on the array. For transcriptome analysis, 15 pg of RNA from
each sample was labeled with a Cyscribe direct labeling kit (Amersham, Little
Chalfont, United Kingdom) according to the manufacturer’s protocol. Each
sample was competitively hybridized to the cDNA array together with a z-pool
consisting of a pool of all samples. For each time point of the cultivation,
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duplicate transcriptome analyses were performed. Scanning was performed with
a microarray scanner from Agilent Technologies (Waldbronn, Germany). Each
gene’s measured intensity was divided by its control channel value for each
sample. If the control channel value was <0.1, then 0.1 was used instead. If the
control channel and signal channel values were both <0.1, then no data were
reported. Values below 0 were set to 0. The values given in this publication are
the geometric means of two ratios (sample to z-pool) determined in independent
measurements.

Chemicals. Tryptone and yeast extract were purchased from Difco (Detroit,
Mich.). All other chemicals were of analytical grade and were purchased from
Griissing (Filsum, Germany), Acros Organics (Geel, Belgium), Merck (Darm-
stadt, Germany), Aldrich (Steinheim, Germany), and Fluka (Buchs, Switzer-
land). The tracer substrates 99% [1-'*C]glucose and 99% ['*Cg]glucose were
supplied by Campro Scientific (Veenendaal, The Netherlands).

RESULTS AND DISCUSSION

Cultivation profile of lysine-producing C. glutamicum. The
cultivation profile of C. glutamicum ATCC 13287 is displayed
in Fig. 1. During 15 h of cultivation, 9.0 mM lysine and 4.5 g of
CDM liter ! were produced from 70.2 mM glucose. The cor-
responding yields for lysine and biomass were 0.13 cmol
cmol ! and 0.04 cmol cmol %, respectively. The cultivation can
be divided into two major phases. For the first 6 h of cultivation
(growth phase), exponential growth was observed. With the
depletion of essential threonine and methionine from the me-
dium, growth was markedly reduced and the production of
lysine started (production phase). The shift between the two
phases is indicated by a vertical line in Fig. 1. During the
growth phase, the specific growth rate was 0.40 h™*', corre-
sponding to a doubling time of 2.1 h. The biomass yield during
this phase was 0.08 cmol cmol . The growth phase was further
characterized by the accumulation of different by-products,
with glycine (0.3 mM) and acetate (1.0 mM) showing the larg-
est increases. After 4 h of cultivation, the depletion of citrate,
present in the medium as a complexing agent, led to a transient
drop in the volumetric carbon dioxide evolution rate, Qco»
(Fig. 1A). After 6.2 h, the essential amino acids threonine and
methionine were completely consumed from the medium, re-
sulting in a drastic alteration of the cultivation profile (Fig.
1B). This was due to the fact that the depletion of threonine
leads to the release of aspartokinase from concerted feedback
inhibition by threonine and lysine (15). The shift in metabolism
was indicated by distinct changes in the Q¢ (Fig. 1A). De-
spite the depletion of threonine and methionine from the me-
dium, cells still continued to grow. During the production
phase, the specific growth rate, however, was only 0.07 h~* and
thus significantly lower than that of the growth phase. Inter-
estingly, the accumulation of lysine in the medium was delayed
about 30 min compared to threonine and methionine con-
sumption. The biomass yield during this second phase was as
follows: Yy,s = 0.02 cmol cmol '. It was thus significantly
lower than that for the growth phase. The lysine yield during
this phase was as follows: Y5 = 0.18 cmol cmol ~'. Together
with lysine secretion, other by-products, such as alanine, valine,
dihydroxyacetone, and glycerol, accumulated in the medium
(Fig. 1C and D). This might have been due to an overflow of
central metabolic pathways and was probably a consequence of
the disturbed growth of C. glutamicum. The dominant by-
product was dihydroxyacetone, with a final concentration of 4.3
mM. Significant accumulation of this compound was previously
observed during lysine production of C. glutamicum ATCC
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21526 on fructose and glucose (17) and during growth of C.
glutamicum ATCC 17865 on fructose (5). Enzymes catalyzing
the formation of dihydroxyacetone, such as a dihydroxyacetone
phosphatase or dihydroxyacetone kinase, have not yet been
clearly identified. Currently, two database entries relate to
dihydroxyacetone kinase, whereas dihydroxyacetone phospha-
tase has not yet been annotated for C. glutamicum (http://www3
.ncbi.nlm.nih.gov/Taxonomy/). In addition, other organic acids
and alcohols such as glycerol and acetate were observed. Tre-
halose and lactate accumulated to final concentrations of 0.4
and 0.5 mM, respectively, independently of the cultivation
phase (data not shown). The secretion of alanine and valine
was restricted to the production phase, whereas glycine was
mainly accumulated during the growth phase (Fig. 1C). The
calculation of specific rates of glucose consumption (gg,.) and
lysine production (g ) provided additional insights into the
cultivation profile (Fig. 2). Between 5 and 6 h of cultivation,
g rTemained almost constant, at 4 mmol g~ h~'. However,
it was significantly reduced during the lysine production phase.
Directly with the consumption of threonine and methionine,
g started to decrease and approached a value of 1 mmol g ™!
h™! towards the end of the cultivation. The specific lysine
production rate, gy ., was zero during the growth phase. After
6 h, it increased to a maximum value of 0.65 mmol g~' h™!
within 60 min, followed by a subsequent decrease. As shown by
the insert in Fig. 2, g, and gy . were closely correlated during
the production phase between 7 and 15 h. The product yields
at different time points of the cultivation are given in Table 1.
The metabolism of C. glutamicum concerning the stoichiome-
try of growth and product formation changed markedly over
time. The biomass yield during the growth phase after 5.8 h
was 86.1 mg of CDM mmol of glucose ' and was thus signif-
icantly higher than the values during the phase shift and lysine
production. This was mainly due to the auxotrophy of C. glu-
tamicum ATCC 13287 leading to growth reduction with the
depletion of threonine and methionine in the medium. The
most remarkable difference between the growth and lysine
production phases was observed for the lysine yield, which
increased from 0 to about 185 mmol mol glucose *. Interest-
ingly, the actual lysine yield was almost constant at different
time points of the lysine production phase. Despite the re-
duced specific glucose uptake rate, the cells maintained a con-
stant relative flux towards the desired product. In addition to
lysine, different by-products were formed. These by-products
stemmed from different parts of the central metabolism,
such as glucose 6-phosphate (trehalose), upper glycolysis
(glycine, glycerol, and dihydroxyacetone), pyruvate (alanine,
valine, and pyruvate), acetyl-coenzyme A (CoA) (acetate),
and the tricarboxylic acid (TCA) cycle (oxoglutarate and suc-
cinate). The overall secretion of by-products was relatively low
during the growth phase but increased during further cultiva-
tion. Linked to the biomass yield, the anabolic demand of
different precursor metabolites showed a distinct decrease
from the growth phase to the production phase (Table 2).

Metabolome profile of lysine-producing C. glutamicum. In-
tracellular concentrations of free amino acids in lysine-produc-
ing C. glutamicum were assessed by metabolite extraction and
HPLC (Fig. 3). Below we describe the observed dynamics
whereby the measured amino acids were grouped according to
their biosynthetic pathways.
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FIG. 1. Profile of batch cultivation of lysine-producing C. glutamicum ATCC 13287. (A) Volumetric carbon dioxide production rate (Qco»),
concentrations of glucose and citrate, and CDM. (B) Concentrations of methionine, threonine, and lysine. (C) Concentrations of glycine, alanine, and
valine. (D) Concentrations of glycerol, dihydroxyacetone, and acetate. The beginning of the lysine production phase is marked by a vertical line.

(i) Aspartate family. A fascinating insight into the regulation
of lysine biosynthesis was provided by the intracellular and
extracellular concentrations of threonine and lysine (Fig. 1B
and 3A and E). Linked to the depletion of threonine from the
medium, the intracellular threonine level also decreased, from
7 mM after 5 h to <2 mM after 6 h, and approached almost

zero towards the end of the cultivation. During the initial
growth phase, the intracellular lysine level remained at about 1
mM. About 60 min before lysine accumulated in the medium,
marked changes in the intracellular lysine concentration were
observed. Within 1 h, the intracellular lysine pool drastically
increased to about 40 mM. It stayed at this elevated level for
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FIG. 2. Specific glucose uptake rate (¢gc) and lysine production rate (qy,), shown in millimoles per gram per hour, during batch cultivation
of lysine-producing C. glutamicum ATCC 13287. The beginning of the lysine production phase is marked by a vertical line. The insert in the figure
displays the relationship between gg,. and gy, during hours 7 to 15 of cultivation.

about 30 min before it again dropped to about 15 mM and
remained almost constant during the lysine production phase.
Hereby the intracellular decrease coincided with the secretion
of lysine into the medium. The actual beginning of lysine pro-
duction was therefore much earlier than was suggested by
extracellular accumulation. Isoleucine, which is solely derived
from supplemented threonine by the homoserine dehydroge-
nase-negative strain C. glutamicum ATCC 13287, had a profile
that was very similar to that of threonine, characterized by a
decrease during the growth phase and a constant pool during
the production phase. In contrast to threonine, methionine was
rather constant, at about 0.8 mM, during the growth phase and
exhibited a minor decrease until the end of the cultivation.
Aspartate, one of the precursors of lysine, was maintained at
an almost constant level of about 2 mM, even during the phase
shift with the drastically increasing demand for lysine forma-

TABLE 1. Yields of biomass and secreted products of
lysine-producing C. glutamicum ATCC 13287 at
different time points of batch cultivation

Yield (mmol mol ') at indicated time®

Product

5.8h 6.9 h 8.1h 9.2 h
Biomass 86.1 68.1 55.5 56.2
Lysine 0.0 191.0 181.9 184.0
Valine 0.0 0.0 8.6 15.2
Alanine 0.0 0.0 3.1 17.4
Glycine 8.3 0.0 1.7 39
Glutamate 0.0 0.0 0.0 0.0
Glycerol 6.5 75.7 54.1 62.0
Trehalose 3.9 7.9 3.1 7.4
a-Ketoglutarate 0.6 1.7 0.5 1.0
Succinate 11.4 0.0 12.3 0.0
Acetate 24.1 50.8 23.7 31.1
Lactate 0.9 0.0 0.0 0.0
Pyruvate 0.0 0.0 0.0 0.0

“ Data for biomass are given in milligrams of dry biomass per millimole.

tion. The amount of lysine which accumulated between 5.8 and
6.2 h was about 10 times larger than the actual pool size of
aspartate, indicating an effective supply of aspartate in C. glu-
tamicum.

(ii) Glutamate family. Glutamate exhibited by far the high-
est intracellular concentration among all of the amino acids
(Fig. 3D). During the growth phase, the glutamate pool was
rather constant, at about 190 mM. Between 5.8 and 6 h, the
initial period of intracellular lysine accumulation, the gluta-
mate pool decreased about 40 mM. This might have been
caused by the increase in lysine biosynthesis and the corre-

TABLE 2. Anabolic demand for intracellular metabolites
of lysine-producing C. glutamicum ATCC 13287 at
different time points of batch cultivation

Demand for precursor (mmol mol of
glucose ™) at indicated time®

Precursor

58 h 6.9 h 8.1h 9.2h
Glucose 6-phosphate 17.7 14.0 11.4 11.5
Fructose 6-phosphate 6.1 4.8 39 4.0
Pentose 5-phosphate 75.7 59.9 48.8 49.4
Erythrose 4-phosphate 23.1 18.3 14.9 15.1
Glyceraldehyde 3-phosphate 11.1 8.8 7.2 7.2
3-Phosphoglycerate 111.3 88.1 71.7 72.7
Pyruvate-phosphoenolpyruvate 171.6 135.7 110.6 112
a-Ketoglutarate 147.2 116.5 94.9 96.1
Oxaloacetate 77.8 61.6 50.2 50.8
Acetyl-CoA 2153 170.2 138.7 140.5
Diaminopimelate® 12.6 9.9 8.1 8.2
Lysine” 17.4 13.8 11.2 11.4

“ The estimation of precursor demands was based on the actual biomass yield
at the different time points of the cultivation (Table 1) and the biomass compo-
sition previously measured for C. glutamicum (20).

® Diaminopimelate and lysine are regarded as separate anabolic precursors.
This is due to the fact that anabolic fluxes from pyruvate and oxaloacetate into
diaminopimelate (cell wall) and lysine (protein) contribute, in addition to the
flux of lysine secretion, to the overall flux through the lysine biosynthetic path-
way.
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FIG. 3. Intracellular and extracellular amino acid concentrations during batch cultivation of lysine-producing C. glutamicum ATCC 13287.

(A) Intracellular concentrations of isoleucine, threonine, aspartate, m

ethionine, and serine. (B) Intracellular concentrations of tyrosine, trypto-

phan, and phenylalanine. (C) Intracellular concentrations of alanine, leucine, and valine. (D) Intracellular concentrations of glutamine, arginine,
and glutamate. (E) Intracellular concentration of lysine and extracellular concentrations of lysine and threonine. The beginning of the lysine

production phase is marked by a vertical line.

sponding demand for glutamate as an ammonium donor. The
intracellular lysine pool increased about 15 mM, which is
equivalent to a glutamate demand of 15 mM via the dehydro-
genase pathway and 30 mM via the succinylase pathway. The
glutamate pool, however, was rapidly refilled after this initial
decrease. The concentrations of glutamine and arginine re-
mained almost constant during the cultivation.

(iii) Pyruvate family. Intracellular alanine and valine stayed
constant during the growth phase, at 5 and 2 mM, respectively

(Fig. 3C). After the phase shift, both pools increased. Inter-
estingly, the intracellular accumulation of alanine and valine
correlated well with their extracellular accumulation, a behav-
ior that was very different from that of lysine. During the lysine
production phase, intracellular alanine and valine were main-
tained at elevated levels of about 14 and 7 mM. It seems that
both compounds formed from pyruvate are overflow metabo-
lites and may accumulate because of the down-regulation of
central metabolic pathways during reduced growth.



VoL. 186, 2004

(iv) 3-Phosphoglycerate family. The intracellular profiles of
glycine and serine, both originating from 3-phosphoglycerate,
showed a strong correlation (Fig. 3A and B). The two amino
acids exhibited a decrease just before the start of intracellular
lysine accumulation, a fast replenishment of their intracellular
pools during the following phase shift, and constant pools
during the rest of the process. The level of serine during the
growth phase (0.7 mM) was lower than that during the lysine
production phase (1.2 mM). The opposite was found for gly-
cine.

(v) Aromatic amino acid family. The pool sizes of tyrosine,
phenylalanine, and tryptophan were small throughout the
whole cultivation (Fig. 3B). Tryptophan levels remained al-
most constant during the process. Tyrosine and phenylalanine
exhibited a slight increase during the phase shift and stabilized
at about 2.5 and 0.4 mM, respectively, towards the end of the
cultivation.

In summary, the metabolic switch from growth to lysine
production in C. glutamicum was accompanied by drastic
changes in intracellular amino acid pools. The alterations of
the different amino acids did not follow a general trend, but
instead revealed a complex pattern. In contrast, the lysine
production phase was characterized by rather constant intra-
cellular pools until the end of the cultivation.

Fluxome profile of lysine-producing C. glutamicum. (i) *C
labeling analysis of free intracellular amino acids by MS. For
an estimation of intracellular flux distributions during the cul-
tivation of lysine-producing C. glutamicum, an MS analysis of
free intracellular amino acids in cell extracts, taken at different
time points from the reactor, was performed (Table 3). Glu-
tamate, alanine, and valine were detected with high signal
intensities in all samples (data not shown). Lysine labeling was
quantified in all samples except the first one during the growth
phase, which is likely caused by the initially low intracellular
lysine concentration (Fig. 3E). The easy measurability of glu-
tamate, alanine, and valine is probably due to their high intra-
cellular pool sizes. Signals of other amino acids with lower
intracellular abundance were less intense. Such low-intensity
signals were not considered for the flux calculation due to the
increased probability of background interference (3).

(ii) Estimation of intracellular flux distributions. Some of
the key tasks of the present work were the quantification of
metabolic fluxes at different time points of the cultivation and
the elucidation of dynamic changes in the metabolic activity of
C. glutamicum. For these purposes, experimental data ob-
tained after 5.8 h (growth phase), 6.9 h (phase shift), and 8.2
and 9.2 h (lysine production phase) of cultivation were used to
calculate metabolic flux distributions. For the assessment of
the actual fluxome at different time points, free intracellular
pools of alanine, valine, lysine, and glutamate were used for
labeling measurements. The flux calculations are based on the
assumption of a metabolic and isotopic steady state. Clearly,
the labeling state of free amino acids is more responsive and
much better suited to fit dynamic phenomena than the labeling
state of amino acids in cell hydrolysate, which is usually used
for metabolic flux analyses. However, some factors that poten-
tially influenced the fluxes obtained in the present study should
be mentioned. Whereas a metabolic pseudo-steady-state in
free amino acid pools is probably reached quickly, the isotopic
steady state might take longer, especially for multiply labeled
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isotopomers. The time constants of intracellular pools of ala-
nine and lysine in C. glutamicum, calculated from the pool sizes
and anabolic demands (49), are in the range of about 4 min
and are thus relatively low. Alanine, valine, and lysine are
overproduced during the major part of the cultivation, so that
efficient renewal of their intracellular pools is guaranteed. The
time constant for glutamate in C. glutamicum, however, is
about 1 h and is thus significantly higher (49). Although it can
be expected that this number is reduced in practice due to
various transamination reactions, this time constant might still
be nonnegligible. Of further potential relevance is protein
turnover, which could (to a certain extent) result in back feed-
ing of historically labeled amino acids into free metabolite
pools. We consider the chosen simplified approach to be jus-
tified for the phases before and after the shift from growth to
lysine production, as each was characterized by relatively con-
stant cultivation parameters, i.e., intracellular amino acid
pools. This holds true for flux estimations at 5.8 h (growth
phase before the shift) and at 8.2 and 9.2 h (production phase
after the shift). More significant changes (e.g., in intracellular
amino acid pools) were observed during the phase shift. Thus,
the influence of intracellular concentration changes on flux
estimation might be more pronounced for the flux estimation
at 6.9 h. The flux data obtained at 6.9 h, directly after the shift,
might therefore not be as accurate as the data for the other
time points, which should be considered when the flux data are
evaluated. To account for the potential influence of system
dynamics, we used all flux data with one digit less than is
usually done. We are aware of the fact that a complete flux
analysis in a dynamic case would require the description of all
important metabolic steps with their complete kinetics, involv-
ing measurement of the dynamics of concentrations and label-
ing patterns of all significant metabolites. Such complete dy-
namic analyses, however, entail a tremendous experimental
and computational effort.

Approaches based on the labeling of free intracellular amino
acids have proven useful in previous studies of metabolic fluxes
of C. glutamicum in batch cultures. Nuclear magnetic reso-
nance (NMR)-measured labeling of free intracellular gluta-
mate was included in a *C flux analysis of C. glutamicum
grown on fructose (5), whereas free intracellular alanine and
glutamate were analyzed by NMR for a flux estimation during
the growth and overproduction of amino acids of C. glutami-
cum in batch cultures (34). Admittedly, the fluxes estimated for
the present work and for previous studies may to a certain
extent be influenced by process dynamics, but they are still very
valuable for investigations of metabolic physiology in batch
cultures.

Parameter estimation was done by minimizing the deviation
between experimental and calculated mass isotopomer frac-
tions of intracellular glutamate, alanine, valine, and (except for
the growth phase) lysine. The considered mass isotopomer
distributions provided 10 labeling constraints for flux estima-
tion during the growth phase and 15 labeling constraints during
the phase shift and the lysine production phase, which led to an
over-determined network in all cases that could be solved by a
least-squares approach. The approach we performed utilized
metabolite balancing during each step of the optimization,
involving stoichiometric data on product formation (Table 1)
and stoichiometric data on precursor demand for biomass for-
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mation (Table 2). The set of intracellular fluxes that gave the
minimum deviation between experimental and simulated la-
beling patterns was taken as the best estimate for the intracel-
lular flux distribution. For all time points, identical flux distri-
butions were obtained with multiple initialization values for
the flux parameters, suggesting that global minima were iden-
tified in all examined cases. Obviously, a high level of agree-
ment between experimentally determined and calculated mass
isotopomer ratios was achieved (Table 3). The actual intracel-
lular flux distributions during the cultivation of lysine-produc-
ing C. glutamicum are shown in Fig. 4. All values are expressed
as specific fluxes, in millimoles per gram per hour. The influxes
of nonlabeled CO, from the aeration gas (see above) were
determined to be 8.8 mmol g~ h™* (5.8 h), 2.6 mmol g ' h~!
(6.9h),2.7mmol g "h ' (8.2 h),and 2.2 mmol g ' h™' (9.2 h).

(iii) Glucose uptake flux. The flux for glucose uptake re-
vealed a tremendous decrease during the process. The glucose
uptake flux was 4.3 mmol g~! h™! after 5.8 h but significantly
decreased after the depletion of threonine and methionine
(Fig. 4). After 9.2 h, it was reduced almost 60%. The uptake
flux for the sole carbon and energy source can be regarded as
an important indicator of cellular activity. For lysine-producing
C. glutamicum, the deregulation of lysine biosynthesis, which is
caused by the absence of essential amino acids, was obviously
coupled to a loss of metabolic activity. This had a strong impact
on the productivity of the strain, because, despite an almost
constant relative flux to lysine biosynthesis during the produc-
tion phase (Table 1), the corresponding absolute flux markedly
decreased (Fig. 4).

(iv) Flux to glycolysis and PPP. The flux partitioning be-
tween glycolysis and the pentose phosphate pathway (PPP) is
of special importance for lysine production because PPP is the
major source of NADPH, which is required in large amounts
for lysine biosynthesis. During the later growth phase, at 5.8 h,
relatively large fluxes through glycolysis and PPP resulted (Fig.
4). The switch to lysine production was accompanied by a
strong reduction in the PPP flux within 1 h. During this time,
the glycolytic flux towards fructose 6-phosphate, however, was
kept almost constant. The reduction in the glucose uptake flux
during the rest of the cultivation mainly caused a reduction in
the PPP flux, which dropped by about 70% of its initial value,
whereas the glycolytic flux to fructose 6-phosphate decreased
only slightly. The decrease in the absolute flux to PPP resulted
in a 70% reduction of the net flux through transaldolase and
transketolase to PPP (Fig. 4). During the production phase, the
enhanced secretion of dihydroxyacetone and glycerol caused
an additional withdrawal of carbon from glycolysis. These com-
pounds were previously observed as by-products of C. glutami-
cum, especially when grown on fructose, but also to a smaller
extent when grown on glucose (5, 17). Previously, a reduction
in the flux capacity of glyceraldehyde dehydrogenase was re-
garded as the reason for the overflow of dihydroxyacetone (5).
Probably as a consequence of the reduced glucose uptake, the
flux through lower glycolysis decreased during cultivation.
Note that these fluxes were affected immediately after the
depletion of threonine and methionine in the medium.

Transaldolase and transketolase 1 fluxes were found to be
reversible, whereas the transketolase 2 flux was found to be
irreversible (Fig. 4). Throughout the growth phase, the phase
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FIG. 4. Intracellular flux distribution of lysine-producing C. glutamicum after 5.8, 6.9, 8.1, and 9.2 h of cultivation (displayed in this order from
top to bottom for each reaction). All fluxes are given in millimoles per gram per hour. For reversible reactions, dashed arrows indicate the direction
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shift, and initial lysine production, the values obtained were less, the obtained changes in flux reversibility of transaldolase
rather similar, whereas the reversibilities of transaldolase and and transketolase 1 after 9.2 h might have indicated changes in
transketolase 1 changed significantly after 9.2 h of cultivation. intracellular concentrations of PPP intermediates that might

It is known that the degree of reversibility can generally be have had an influence on the reversibility of the corresponding
quantified only with a high level of uncertainty (41). Neverthe- enzyme.
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(v) Flux around the pyruvate node—link between glycolysis,
TCA cycle, lysine formation, and anabolism. Pyruvate is one of
the key metabolites in the central metabolism of C. glutamicum
(15). The pool of pyruvate connects glycolysis, the TCA cycle,
anaplerosis, lysine synthesis, and pathways with different by-
products. During cultivation, drastic changes in the fluxes
around the pyruvate node were observed (Fig. 4). The fraction
of carbon entering the lysine biosynthetic pathway from the
pyruvate node exhibited a sevenfold increase during the phase
shift between 5.8 and 6.9 h. With the reduction in the absolute
glucose uptake flux during further cultivation, the flux into the
lysine pathway declined (Fig. 4). A relatively high anaplerotic
net flux of 1.2 mmol g~ ' h™! resulted during the growth phase
in order to maintain a sufficient supply of oxaloacetate for
anabolism (Fig. 4). The anaplerotic net flux increased to 1.3
mmol g~! h™! during the phase shift, reflecting the high de-
mand for oxaloacetate for biomass formation and lysine secre-
tion. During further cultivation, the anaplerotic net flux de-
clined to 0.8 mmol g~ h™! (at 8.2 h). Interestingly, it was
significantly reduced to 0.5 mmol g~ ' h™! after 9.2 h, even
though about 0.4 mmol of oxaloacetate g~ * h™' was still re-
quired for lysine biosynthesis. This reflects the induction of the
glyoxylate pathway at this stage of the cultivation, which con-
tributed about 40% of the combined flux via anaplerotic car-
boxylation and the glyoxylate pathway towards oxaloacetate.
The flux of pyruvate dehydrogenase decreased almost twofold
during the shift from growth to lysine production. Concerning
flux partitioning between pyruvate dehydrogenase and anaple-
rotic carboxylation, the relative flux through pyruvate dehydro-
genase decreased from 78% (5.8 h) to 63% (6.9 h), which
reflects a significant redirection of the carbon flux from energy
metabolism to lysine production. After 9.2 h, it increased again
to 77% due to the fact that a significant fraction of the flux
towards oxaloacetate was channelled through pyruvate dehy-
drogenase and the glyoxylate pathway instead of through ana-
plerotic carboxylation. The reversibility of the flux between the
pools of pyruvate and oxaloacetate (ratio of back flux to net
flux) was at a relatively high value (1.4) during the growth
phase. In contrast, the reversibility was only 1.0 (6.9 h) or 0.6
(8.2 and 9.2 h) during lysine production. This is probably
linked to lysine production. Previously, a comparative flux anal-
ysis of different lysine-producing mutants of C. glutamicum
revealed a clear correlation between a reduced flux reversibil-
ity between the pools of pyruvate and oxaloacetate and an
increased lysine yield (47).

(vi) Flux through the TCA cycle. During growth (5.8 h), C.
glutamicum exhibited a large amount of flux through the TCA
cycle, at 3.0 mmol g~ * h™* (Fig. 4). Significantly smaller values
were found during lysine production, with a sharp decrease of
about 50% during the phase shift. The observed growth reduc-
tion and the corresponding decreased ATP demand were
therefore directly reflected by a reduced flux through the TCA
cycle. As a consequence of the reduced TCA cycle flux during
lysine production, less NADPH was supplied by isocitrate de-
hydrogenase. The decrease in the TCA cycle net flux was
accompanied by a decrease in the reversibility of the TCA cycle
enzymes malate dehydrogenase (MDH) and fumarate hy-
dratase.

(vii) Flux through the glyoxylate pathway. The glyoxylate
pathway was not active during growth and initial lysine pro-
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duction (Fig. 4). Small but significant fluxes, of 0.1 and 0.2
mmol g~ h™!, were observed after 8.2 and 9.2 h, respectively.
Flux partitioning between isocitrate dehydrogenase and isocit-
rate lyase showed that the major carbon flux (>90%) was still
channelled through the TCA cycle. In previous flux studies of
the lysine production phase of different C. glutamicum strains,
a low level of activity of the glyoxylate pathway was observed
(47).

(viii) Flux through lysine biosynthesis. During growth, a
relatively small amount of flux into the lysine biosynthetic
pathway (0.1 mmol g~! h™') was observed. This flux was ex-
clusively directed towards anabolism, because lysine secretion
into the medium did not take place at this stage of the culti-
vation. During the phase shift between 5.8 and 6.9 h, the flux
into lysine biosynthesis had a sevenfold increase due to the
release of the strain from concerted feedback inhibition by
lysine and threonine. Despite an almost constant molar lysine
yield between 6.9 and 9.2 h (Table 1), the absolute flux through
the lysine biosynthetic pathway decreased.

Transcriptome profile of lysine-producing C. glutamicum.
During the tracer experiment, samples were taken for tran-
scriptome analysis after 5.6 h (growth phase), after 6.2, 6.5, 6.8,
and 6.9 h (phase shift), and after 7.0, 7.3, and 7.7 h (lysine
production). Expression data for selected enzymes of central
carbon and energy metabolism and lysine production are
shown in Tables 4 and 5. Additional transcriptome data, ob-
tained in this study and discussed below, which could not be
included in this article for the sake of brevity, are accessible
online (http://www.uni-saarland.de/fak8/heinzle). All data are
given as relative expression levels compared to a pool of all
samples. Most expression levels showed a high level of repro-
ducibility, as indicated by the errors given.

(i) Expression of genes of glucose uptake. In C. glutamicum,
glucose is taken up by a phosphotransferase system (PTS).
The glucose-specific IIABC component and the B-glycoside
permease ITABC, which encode parts of the glucose PTS
system, had parallel expression profiles during cultivation,
which indicates a concerted regulation of gene expression for
these PTS components (Table 4). The switch from growth to
lysine production was characterized by a strong increase in the
expression levels of these two genes. During further cultiva-
tion, their expression levels gradually decreased.

(ii) Expression of glycolytic genes. The expression of glyco-
lytic genes exhibited distinct dynamics during cultivation (Ta-
ble 4). During the growth phase, genes encoding glucose
6-phosphate isomerase, triosephosphate isomerase, and glyc-
eraldehyde 3-phospate dehydrogenase had distinct increases in
transcript level. Other genes, such as those for phosphofruc-
tokinase and fructosebisphosphate aldolase, exhibited rela-
tively constant expression levels during this phase. The phase
shift was characterized by a general decrease in the expression
of glycolytic genes. This correlated with the decreasing sub-
strate uptake flux and the decreasing expression levels of the
PTS genes. During the lysine production phase, the levels of
transcription of glycolytic genes were more or less unchanged.

(iii) Expression of PPP genes. The genes coding for glucose
6-phosphate dehydrogenase, 6-phosphogluconate dehydroge-
nase, transketolase, and transaldolase showed similar expres-
sion characteristics (Table 4). This is especially interesting with
regard to the fact that the genes are located in different regions
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TABLE 4. Expression profiles of genes of central carbon and energy metabolism during batch cultivation of
lysine-producing C. glutamicum ATCC 13287¢
Expression (relative level = SD) at indicated time
Enzyme EC no.
563 h 622 h 6.48 h 6.75 h 6.85 h 7.02 h 725 h 773 h

PTS uptake

Glucose-specific IIABC component  2.7.1.69  0.93 = 0.03 1.77 +£0.18 143 £0.05 1.04 =0.10 0.90 = 0.04 0.98 £0.03 0.81 =0.01 0.62 = 0.01

B-Glycoside permease IIABC 0.57 +£0.02 1.27£0.07 1.63 =0.08 1.25*0.13 1.06 +0.04 1.16 =0.08 1.02=0.09 0.83 +0.02
Glycolysis

GO6P isomerase 5319  072%0.02 153+0.07 1.14+0.06 0.85=0.05 0.69*0.02 0.71 +0.08 0.64 =0.01 0.62 = 0.02

6-Phosphofructokinase 27111 130 =0.00 1.30*=0.09 0.88+0.08 092=*0.07 0.97*0.01 1.18+0.11 1.08=0.08 1.26*0.03

FBP aldolase 41213 136*0.06 1.70*+0.22 1.08+0.06 1.01 £0.16 1.11*=0.15 0.87 +0.02 0.93 *£0.06 0.93 = 0.02

TP isomerase 53.1.1 099 =0.24 142=*0.11 143 +0.06 1.22*+0.02 0.99 £0.01 1.10 =0.08 0.94 =0.04 0.82 = 0.05

GA3P DH 112112 0.83 =0.01 1.37 £0.18 1.05*0.08 1.00*0.17 0.96 = 0.06 0.99 =0.05 1.08 =0.06 1.12+0.03

Pyruvate DH 1.2.2.2 1.62£0.08 133 +0.08 1.47+0.09 1.49*0.02 0.96*0.03 1.12+0.02 0.80 = 0.06 0.84 =0.14
TCA cycle

Citrate synthase 4137  209*016 1.17+0.03 1.04 £0.01 091 =*0.15 0.76 =0.01 0.74 +0.00 0.78 =0.09 0.57 = 0.04

Isocitrate DH 1.1.142 156 =0.01 1.33x0.09 155*0.15 1.18*+0.10 1.16 +0.05 1.17=0.10 0.94 =0.03 0.60 = 0.02

Oxoglutarate DH E1 unit 1242  262*+0.14 099 +0.07 1.03*0.11 0.74+0.03 0.74 +0.15 0.78 £0.05 0.68 =0.02 0.58 = 0.03

SucCoA synthetase a-chain 6.2.1.5 0.70 = 0.02 1.40=*0.03 1.83+0.50 1.34=*0.13 0.80 1.49 = 0.37 ND 0.83 £ 0.04

Malate DH (cytoplasmic) 1.1.137 049 =0.02 1.00 £0.08 1.17 £0.06 1.01 =0.06 1.00 +0.17 0.96 =0.05 0.94 =0.04 1.14 =0.11

Malate DH (membrane bound) 1.1.99.16 1.96 =0.97 1.05+0.07 1.13+0.14 120*0.25 2.06+0.20 1.38+0.01 1.24*0.07 1.10 +0.10
PPP

G6P DH 1.1.1.49 541 176 =0.12 0.80 =0.09 0.89 +0.30 1.09 =0.19 0.86 =0.03 1.00 +0.01 1.46 * 0.06

6-Phosphogluconate DH 1.1.144 138 +0.11 094 +0.04 0.72*=0.02 0.88 =0.04 0.80+0.02 0.94x0.06 0.92=*0.03 1.18 = 0.06

Transaldolase 2212 1.70 £ 0.13 114 +0.02 0.78 +£0.06 0.75+=0.09 0.83 =0.05 0.92+0.01 1.04 £0.01 1.21 =0.05

Transketolase 2211 215+0.15 1.50*0.15 0.81=0.03 0.67*+0.01 0.81*0.02 076 =0.01 0.82*=0.05 0.88 = 0.09
Anaplerosis

Pyruvate carboxylase 6.4.1.1 199 £0.31 1.63*+0.02 1.23=*0.13 098 *0.15 1.56 1.27 = 0.01 ND ND

PEP carboxylase 41131 203%072 181*+0.02 1.53+0.04 1.06*0.10 1.15*0.15 0.90 +=0.03 0.90 =0.05 0.80 = 0.03

PEP carboxykinase 41.132 425+340 1.84=*0.04 1.12+0.03 1.10*=0.37 1.11*0.04 1.11+0.17 1.21 =022 1.29 = 0.06

Malic enzyme 1.1.1.39  0.69 =0.01 1.12+0.04 1.16 20.00 1.11*=0.12 0.99 +0.13 0.96 £ 0.06 1.11 =0.23 0.86 = 0.01

Isocitrate lyase 4.13.1 383 +1.01 1.30 £0.04 093 *0.08 0.66*0.04 0.63+0.07 0.61+0.01 1.00=*0.08 0.54+0.02

Malate synthase 4132  212x011 241%059 1.28+0.01 0.75 = 0.00 0.87 ND ND ND
ATP formation

ATP synthase a-chain 3.6.1.34  411x0.65 1.65*=0.01 0.58*0.06 044 =004 058=0.07 0.52=0.01 054=0.05 059=*0.05
Respiratory chain

Cytochrome ¢ oxidase polypeptide 1 1.9.3.1 0.62 +=0.06 0.65*0.02 0.73=0.03 1.03*+0.01 1.14+0.05 1.27*0.07 173 =0.11 1.43 +0.04

“ Gene expression is shown for different time points of the cultivation relating to growth phase (5.63 h), phase shift (6.22, 6.48, 6.75, and 6.85 h), and lysine production
(7.02, 7.25, and 7.73 h) and is expressed as relative expression with the deviation between two replicate measurements, except for measurements where only one value

was available. ND, not detected.

of the C. glutamicum genome (http://gib.genes.nig.ac.jp/). The
transcript levels of all genes decreased during the switch from
growth to lysine production. Glucose 6-phosphate dehydroge-
nase, catalyzing the entry step into the PPP, had the largest
decline. Between 5.6 and 6.5 h of cultivation, the expression
level of this gene decreased about sevenfold, whereas the de-
creases for the other PPP genes were only two- and threefold.
During the production phase, the PPP gene levels slightly in-
creased.

(iv) Expression of anaplerotic genes. The genes for pyruvate
carboxylase and phosphoenolpyruvate (PEP) carboxylase were
simultaneously expressed during growth, the phase shift, and
lysine production (Table 4). Both genes exhibited a gradual
decrease in expression during the cultivation. Concerning the
back flux from the TCA cycle to glycolysis, expression profiles
of PEP carboxykinase and malic enzyme were obtained. Both
enzymes were expressed in all samples. The expression level of
PEP carboxykinase decreased 3.8-fold between 5.6 and 6.5 h.
In contrast, the transcript level for the malic enzyme increased
about 1.7-fold during this phase. Both genes thus strongly

responded to the depletion of essential threonine and methi-
onine. During further cultivation, the expression levels of PEP
carboxykinase and malic enzyme were relatively stable. The
expression levels of isocitrate lyase and malate synthase were
highest at the beginning of the fermentation and decreased
towards the end (Table 4).

(v) Expression of TCA cycle genes. Different TCA cycle
genes were highly expressed during the growth phase at 5.6 h
and were down-regulated during the shift from growth to lysine
production (Table 4). For example, the expression levels of the
genes for citrate synthase, oxoglutarate dehydrogenase, and
membrane-bound MDH decreased about twofold between 5.6
and 6.5 h. Towards the end of the cultivation, transcript levels
for citrate synthase, isocitrate dehydrogenase, and oxogluta-
rate dehydrogenase decreased, correlating with the gradually
decreasing TCA cycle flux. Exceptions to these results were
found with the expression levels of cytoplasmic MDH and
succinyl-CoA synthetase, which were enhanced 100% during
the phase shift. The two subunits of succinate dehydroge-
nase had slightly different expression levels (http://www.uni



1780 KROMER ET AL. J. BACTERIOL.

TABLE 5. Expression profiles of genes of lysine biosynthesis during batch cultivation of lysine producing C. glutamicum ATCC 13287°

Expression (relative level = SD) at indicated time

Enzyme EC no.
5.63 h 622 h 6.48 h 6.75 h 6.85h 7.02h 725 h 7.73 h
Aspartate aminotransferase 2.6.1.1 1.66 1.42 = 0.05 0.96 0.62 + 0.02 0.35 ND 0.73 0.93 = 0.05
Aspartate kinase 2.7.2.4 0.80 = 0.04 082*0.02 1.06=0.07 113+0.02 1.08+0.05 122*001 115%=0.00 1.18*0.05
Aspartate semialdehyde DH 1.2.1.11 099 =0.09 0.87*0.09 1.03=0.05 096=*0.09 102+002 102001 1.14=0.09 1.30=0.06
Dihydrodipicolinate synthase 42152  095=0.02 121*+0.00 120+0.09 1.05*005 093*0.12 1.00*0.07 1.00=*0.05 1.34*0.19
Dihydrodipicolinate reductase 13126 098 +0.11 095*0.13 120*0.08 1.16*+0.05 1.27*010 134=x029 0.95*=0.06 0.96*0.07
Succinyl transferase 23.1.117 0.70 £0.06 057 +=0.06 0.78+0.13 0.65=*0.05 085*+020 0.70+0.03 0.85=*0.13 0.84 =0.04
Succinyl diaminopimelate DS 35118 1.06 =033 092*+0.02 127+029 098=003 081*+0.07 1.09*+0.06 1.04=*024 135=0.03
Diaminopimelate epimerase 5.1.1.7 0.63 +0.01 0.62+0.03 083008 1.02=0.08 085*0.09 082=0.02 0.76*0.03 0.91=0.01
meso-Diaminopimelate DH 14116 084 *+0.09 120+0.01 1.07=0.07 094*=0.17 1.02+0.09 0.72x0.05 0.83=0.07 0.91*0.01
Diaminopimelate decarboxylase 4.1.1.20  1.74 =0.08 138 *0.09 1.09+0.01 0.83*=0.03 0.89*=0.07 0.84=*0.01 0.76+0.01 0.61 =0.03
Lysine exporter regulator 034+0.01 088+012 138*x022 104002 132+0.00 128*0.12 145*+026 1.33*+0.08
Lysine exporter 032+0.03 0.61*0.03 1.14=0.02 144011 148+0.09 1.70*028 1.14=0.05 1.22*0.03

“ Gene expression is shown for different time points of the cultivation relating to growth phase (5.63 h), phase shift (6.22 and 6.48 h), and lysine production (6.75,
6.85,7.02, 7.25, and 7.73 h) and is expressed as relative expression. The deviation between two replicate measurements is shown, except for measurements where only

one value was available. ND, not detected.

-saarland.de/fak8/heinzle). For the flavoprotein, an almost
constant expression level was observed. The transcript level for
the iron-sulfur protein slightly decreased during the initial
phase of the cultivation and remained rather stable during the
phase shift and the lysine production phase. Fumarate hydra-
tase and aconitate hydratase had relatively constant expression
levels during the whole process (http://www.uni-saarland.de
/fak8/heinzle).

(vi) Expression of lysine biosynthetic genes. Genes encoding
proteins for lysine biosynthesis and secretion were of special
importance because they lead to the desired product (Table 5).
Only a low basal expression level was observed for the lysine
exporter and the lysine exporter-regulating protein during the
growth phase. Within a short time after the release of aspar-
tokinase from feedback inhibition, the expression levels of
these two genes increased dramatically. Obviously, the strong
intracellular accumulation of lysine, which is known to induce
its own exporter system, caused the increased transcription of
the two genes. Towards the end of the process, the exporter
and its regulator exhibited stable expression levels, probably
maintained by the constant intracellular lysine concentration.
It is known that two alternative pathways are present in C.
glutamicum for lysine synthesis. As shown in Table 5, enzymes
of both pathways were expressed at all examined time points,
confirming previous findings that both pathways contribute to
lysine production (33, 45). In addition to the lysine export
genes, different genes of lysine biosynthesis were subjected to
changes in transcript level during the phase shift. A slight
enhancement of gene expression between 5.6 and 6.5 h re-
sulted for aspartokinase, dihydropicolinate synthase, dihydro-
picolinate reductase, and diaminopimelate epimerase. Rather
constant expression levels during the whole process were ob-
served for aspartate semialdehyde dehydrogenase, succinyl
diaminopimelate desuccinylase, and meso-diaminopimelate
dehydrogenase. Exceptions to the rather unaffected gene ex-
pression levels were aspartate aminotransferase and diamin-
opimelate decarboxylase, which showed clear decreases in ex-
pression during lysine production compared to the growth
phase. Diaminopimelate, one of the intermediates of the lysine
pathway, is an important precursor for cell wall synthesis in
C. glutamicum. The reduction of growth at the beginning of
lysine production, resulting in less demand for cell wall con-

stituents, could trigger the reduction of aspartate aminotrans-
ferase expression, which is the entry point into this pathway.
This might indicate that parts of the lysine pathway are con-
trolled by the growth state of C. glutamicum.

(vii) Expression of genes related to electron transport and
ATP formation. The genes for the different ATP synthase
subunits, as exemplified by the a-chain (Table 4), had very high
expression levels during the growth phase. This underscores
the importance of this enzyme for the metabolic functioning of
growing C. glutamicum cells. The end of exponential growth
due to the depletion of essential amino acids caused a dramatic
down-regulation of ATP synthase transcription. The expres-
sion level dropped by about 90% between 5.6 and 6.5 h and
remained at a low level to the end of cultivation. Other ATP
synthase subunits had very similar expression profiles (http:
/www.uni-saarland.de/fak8/heinzle). In contrast, the expres-
sion level for cytochrome ¢ oxidase was higher during the
phase shift and lysine production than during the initial growth
phase.

Coordination of transcriptome, fluxome, and metabolome.
For the present work, an in-depth profiling of lysine produc-
tion by C. glutamicum was performed with batch cultures by a
combined analysis of the metabolome, transcriptome, and flux-
ome. The characterization was performed at different phases
of the cultivation, so that alterations of gene expression, met-
abolic fluxes, and intracellular metabolite concentrations dur-
ing the process could be simultaneously analyzed. As already
shown, the change of C. glutamicum from pure growth to lysine
production is reflected in changes in expression levels of var-
ious genes of the central metabolism and in metabolic fluxes
catalyzed by the corresponding proteins. The combination of
transcription, metabolome, and flux profiling carried out in the
present work allows for the identification of correlations be-
tween transcript levels, metabolite concentrations, and meta-
bolic activities in the metabolism of C. glutamicum.

(i) Growth during production phase. Despite the depletion
of threonine and methionine from the medium, cells of C. glu-
tamicum still continued to grow. This raises the question of
which growth-related processes are still active during lysine
production. The same phenomenon of prolonged growth after
the consumption of threonine and methionine was previously
observed for lysine-producing C. glutamicum ATCC 21253, a
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strain directly derived from C. glutamicum ATCC 13287 and
thus very similar to it (36). After limitation of the essential
amino acids, C. glutamicum ATCC 21253 had an increase in
total soluble proteins, indicating that protein synthesis still
continued. To further address this point, we additionally ana-
lyzed the transcription of genes related to translation, which
involves different ribosomal proteins and translation and elon-
gation factors (http://www.uni-saarland.de/fak8/heinzle). All of
these genes showed significant expression during the whole
cultivation. Some ribosomal protein genes exhibited a decrease
during the shift from growth to lysine production and a rela-
tively constant expression during subsequent cultivation. Other
ribosomal protein genes maintained stable expression levels
during the whole process. Most of the translation-elongation
factor genes were expressed at relatively constant levels in all
samples. This shows that the protein synthesis machinery was
present in C. glutamicum during the lysine production phase.
Previously, it was concluded that probably either scavenging of
threonine reserves or accretion of cellular constituents is re-
lated to the observed increase in biomass during lysine pro-
duction (36). The present study shows that intracellular levels
of free threonine and methionine decrease to very low values
during the lysine production phase. Therefore, intracellular
peptides or recycled proteins probably contribute to the supply
of the required intracellular pools of threonine and methio-
nine. Genes involved in glycogen formation and degradation
were expressed throughout the whole cultivation, indicating
the simultaneous formation and cleavage of glycogen (http:
/www.uni-saarland.de/fak8/heinzle). During the phase shift,
gene expression levels for glycogen-forming enzymes in-
creased, whereas the expression levels of glycogen-cleaving
enzymes decreased. This indicates that, at least to a certain
extent, an increase in the net formation of glycogen may take
place during lysine production. In this context, genetic engi-
neering of glycogen metabolism might be of interest in order to
redirect the carbon flux from the production of storage mate-
rial toward the production of lysine. However, the elemental
composition of C. glutamicum ATCC 21253 remained constant
during the growth and lysine production phases (36), which
indicates that the formation of storage carbohydrates occurs
only to a limited extent.

(ii) Lysine production. The threshold level of intracellular
threonine at which aspartokinase was released from feedback
inhibition was in the range of 2 to 3 mM. With the beginning
of intracellular lysine accumulation due to the deregulated
aspartokinase, the intracellular lysine level increased because
the cells lacked a functional exporter protein. The transient
accumulation of intracellular lysine prior to its secretion is
clear evidence for the induction of the active lysine exporter,
which was previously shown to be present in C. glutamicum
(37). As shown by the delayed decrease in intracellular lysine,
transcription, translation, and integration of the lysine exporter
into the cell membrane lasted for about 30 min. The sharp
decrease in the size of the lysine pool suggested that, once it
was functional, the exporter worked effectively.

(iii) Relationship of expression level and metabolic flux. The
direct relationship between metabolic flux and expression level
was calculated for different time points of the cultivation. Flux
values for each reaction and expression levels for each gene
were normalized to the mean value of all time points to allow
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a direct comparison of all data. The coordination of the flux-
ome and transcriptome for substrate uptake by the PTS sys-
tem, the PPP, the TCA cycle, and lysine biosynthesis is shown
in Fig. 5. The expression of the PTS genes for glucose clearly
correlated with the specific glucose uptake rate (Fig. SA). A
higher substrate uptake activity was linked to a higher gene
expression level for the corresponding transporters. A similar
picture was also obtained for the PPP genes glucose 6-phos-
phate dehydrogenase, transaldolase, and transketolase, for
which an increase in gene expression corresponded to an in-
crease in metabolic flux (Fig. 5B). The transcription of 6-phos-
phogluconate dehydrogenase followed the same trend, but it
was much less pronounced. This is probably due to different
catalytic properties of the PPP enzymes, which might be sub-
ject to additional regulation at the metabolic level. NADPH
and NADP are important regulators of glucose 6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase in C.
glutamicum (25). The coordination of expression and meta-
bolic flux for the different TCA cycle genes is shown in Fig. 5C.
For most enzymes, the maximum flux correlated with maxi-
mum gene expression and a decrease in flux during cultivation
responded to a decrease in the corresponding expression level.
Down-regulation at the transcriptional level of different TCA
cycle enzymes obviously plays an important role in the reduc-
tion of the flux through the TCA cycle during the cultivation
of lysine-producing C. glutamicum. An exception to this was
found for cytoplasmic MDH, which showed an increase in
expression level although the net flux through the TCA cycle
decreased. As was previously shown, C. glutamicum possesses
two different MDH enzymes, with the membrane-bound MDH
(MQQ) being more important for the physiology of the strain
(24). Regarding the coordination of expression level and met-
abolic flux, MQQ had a behavior that is typical for most of the
TCA cycle enzymes. Therefore, this enzyme might play an
important role in the cyclic action of the TCA cycle. The
function of MDH seems to be different. With in vitro studies,
MDH and MQQ were found to be capable of cyclic intercon-
version of malate and oxaloacetate, leading to the net oxida-
tion of NADH (24). In this context, the increased expression of
MDH may contribute to the regeneration of excess NADH,
which is not needed under conditions of reduced growth and
reduced energy demand. The observed increase in gene ex-
pression for succinyl-CoA synthetase is probably due to the
demand of succinyl-CoA for the biosynthesis of lysine. Succi-
nyl-CoA is required for the succinylase pathway. Deregulated
lysine formation might therefore cause an increased demand
for this precursor.

Surprisingly, most of the genes in the lysine biosynthetic
pathway had almost unaffected expression levels, despite the
drastically increased flux with the beginning of lysine produc-
tion (Fig. 5D). This involved genes for aspartokinase, aspartate
semialdehyde dehydrogenase, dihydrodipicolinate synthase,
dihydrodipicolinate reductase, and genes of both alternative
lysine branches. Obviously, the metabolic capacities of these
enzymes were not limited by the levels of their mRNAs. C.
glutamicum was able to direct a sevenfold increase in flux
through these enzymes without a large change in transcript
levels. For aspartate aminotransferase and diaminopimelate
decarboxylase, increased flux was linked to reduced expression.
A threefold higher metabolic flux could be channelled through
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FIG. 5. Coordination of gene expression and metabolic fluxes in glycolysis (A), the TCA cycle (B), and lysine biosynthesis (C) during batch
cultivation of lysine-producing C. glutamicum ATCC 13287. For substrate uptake, glucose uptake flux (Fig. 2) and the expression of PTS
components (Table 4) were considered. In the other cases (B to D), the intracellular flux data obtained after 5.8, 6.9, and 8.1 h (Fig. 4) were related

to expression levels at 5.6, 6.8, and 7.7 h (Table 5), respectively.

these enzymes even though gene expression levels were three-
fold lower. It is possible that the reduction of growth triggered
the down-regulation of these enzymes. The lysine exporter was
the only enzyme for which enhanced gene expression was
linked to an increased metabolic flux. The lysine secretion flux
was a clear response to the induction of the transporter.

The correlation between expression level and metabolic flux
for pyruvate carboxylase, PEP carboxylase, PEP carboxykinase,
and malic enzyme could not be directly determined for the
present work because only the overall forward and backward
flux between glycolysis, but not the contribution of the different
enzymes, could be resolved in the flux analysis (Fig. 4). The
expression levels of PEP carboxykinase and malic enzyme
showed contrary changes during the phase shift. The transcript
level of PEP carboxykinase decreased 3.8-fold, whereas that of
malic enzyme increased 1.7-fold. This could indicate changing
in vivo contributions of the two corresponding enzymes, which
encode parallel reactions between the TCA cycle and glycoly-
sis. The reaction with malic enzyme is linked to the formation
of NADPH. PEP carboxykinase withdraws the lysine precursor
oxaloacetate. Assuming that the gene expression profiles of
these enzymes are an indication of their in vivo activities, a
decrease of PEP carboxykinase and an increase of malic en-

zyme would both favor the formation of lysine. For glycolytic
genes, the general decrease in expression matched the decreas-
ing flux through the glycolytic chain during the phase shift.
Surprisingly, genes for glucose 6-phosphate isomerase, triose-
phosphate isomerase, glyceraldehyde 3-phosphate dehydroge-
nase, and 3-phosphoglycerate kinase had increased expression
levels during the growth phase, despite the decreased glycolytic
flux. This may indicate that regulation at the metabolic level is
involved in control of the glycolytic flux.

It was previously shown that isocitrate lyase and malate
synthase are induced in C. glutamicum grown on glucose at a
certain level of acetate (39). The concentration of acetate in
the medium, which was in the millimolar range, was obviously
high enough to trigger the gene expression of isocitrate lyase
and malate synthase. However, only at elevated acetate levels
during lysine production did these enzymes have in vivo activ-
ities. The secretion of acetate still continued after the glyoxy-
late pathway was activated. Therefore, only a certain fraction
of acetate produced was recycled into the central metabolism
by this pathway.

(iv) Distribution of transcriptional control. An overall view
on the distribution of transcriptional regulation within the cen-
tral metabolism of C. glutamicum can be obtained by compar-
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ing the relative changes in gene expression throughout the
cultivation. Taking the ratio between the highest and the low-
est expression levels found for a gene during cultivation as a
measure for its regulatory importance, an interesting picture is
yielded for different pathways of C. glutamicum. For glycolysis,
the highest relative changes in gene expression during the
cultivation were found for glucose 6-phosphate isomerase and
pyruvate dehydrogenase, which encode the initial and terminal
steps, respectively, of the pathway (Table 4). The same picture
was found for the lysine biosynthetic pathway, in which aspar-
tate aminotransferase, diaminopimelate decarboxylase, and
the lysine exporter had the highest relative expression changes
by far (Table 5). Accordingly, major changes in gene expres-
sion were found for citrate synthase, the entry point into the
TCA cycle (Table 4). These findings may indicate that the
entry points into pathways and linking points between different
pathways are of special importance for transcriptional control
in C. glutamicum.

(v) NADPH metabolism. Based on metabolic fluxes, an in-
sight into the NADPH metabolism of C. glutamicum was
gained. Hereby a demand of 15.5 mmol of NADPH g of
CDM ™! and of 4 mol mol of glucose ' was assumed for the
production of biomass and lysine, respectively (20). Glucose
6-phosphate dehydrogenase, 6-phosphogluconate dehydroge-
nase, and isocitrate dehydrogenase were considered catalysts
of NADPH-supplying reactions. After 5.8 h, 5.8 mmol of
NADPH g~ ! h™! was required for anabolic demands, whereas
5.8 mmol of NADPH g~! h~! (PPP enzymes) and 3.0 mmol of
NADPH g ' h™! (isocitrate dehydrogenase) was supplied.
Overall, a relatively high apparent surplus of 3.0 mmol of
NADPH g ' h™! was present during the growth of C. glutami-
cum ATCC 13287. A high apparent excess of NADPH was also
observed for wild-type C. glutamicum ATCC 13032 (47). Ob-
viously, this apparent NADPH excess is a typical phenomenon
of C. glutamicum under conditions of pure growth. Possibly the
NAPDH generated is directed towards the respiratory chain of
C. glutamicum under conditions of growth (22). This appears
logical considering the point that isocitrate dehydrogenase,
one of the NADPH-producing enzymes, is located in the TCA
cycle. After 6.9 h of cultivation, the total demand of NADPH
for anabolism and lysine production was 6.0 mmol of NADPH
g ' h~! and was thus almost equal to the NADPH supply of
6.1 mmol of NADPH g~ ' h™'. A possible limitation of lysine
production by NADPH at this stage of the cultivation can
therefore not be excluded. Lysine production after 8.2 and
9.2 h of cultivation was again linked to apparent excesses of
NADPH of 1.4 mmol of NADPH g~ h™! and 0.9 mmol of
NADPH g~ ' h™*, respectively. The role of malic enzyme could
not be directly estimated from the analysis of the fluxome. This
was due to the fact that only the total back flux from the TCA
cycle could be determined, but the contributions of the single
enzymes involved could not be resolved because they are
linked by identical stoichiometries and identical labeling pat-
terns. Malic enzyme was expressed during growth and lysine
production (Table 4). Therefore, an additional supply of
NADPH by this reaction seems possible.

Concluding remarks. The data of the present work provide
a detailed insight into the metabolic functioning and regulation
of lysine-producing C. glutamicum. Key metabolic properties
of the examined strain of C. glutamicum which were important
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for lysine overproduction were the release of aspartokinase
from feedback inhibition by the depletion of threonine and the
strong induction of the lysine exporter. Lysine overproduction
demanding high amounts of NADPH was probably favored by
the high apparent NADPH excess. As described above, the
combination of different profiling techniques provided detailed
quantitative information for a biological network analysis and
therefore displayed an important prerequisite for targeted
strain improvement. It appears rather straightforward to addi-
tionally include proteome analysis in future studies and to
extend the metabolome measurements to intermediary metab-
olites of pathways, e.g., glycolysis, PPP, and the TCA cycle, in
order to complete the set of information and to provide exten-
sive and detailed data about metabolic functioning and regu-
lation in C. glutamicum. The high potential of approaches
integrating different profiling tools has recently been shown for
different organisms (1, 38, 50).
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