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cose-glutamate mixtures (21). The carbon sources glucose and
acetate have been shown to serve as substrates for amino acid
production by C. glutamicum (17). There is considerable knowledge about the enzymes and genes involved in acetate and
glucose metabolism as well as their regulation (35, 36, 52, 53),
whereas neither growth on acetate-glucose mixtures nor metabolite fluxes during growth on acetate have been studied in
detail.
The utilization of acetate involves its uptake and subsequent
activation to acetyl coenzyme A (acetyl-CoA) and, when acetate is the sole carbon source, also requires the operation of
the glyoxylate cycle as an anaplerotic pathway (5). The key
glyoxylate cycle enzymes isocitrate lyase and malate synthase
have been purified from C. glutamicum, and biochemical characterization showed that both enzymes are subject to allosteric
regulation by several intermediates of the central metabolism
(35, 36). In addition, the genes encoding isocitrate lyase (aceA)
and malate synthase (aceB), as well as the operon coding for
the acetate-activating enzymes acetate kinase and phosphotransacetylase (the pta-ack operon), have been isolated and
characterized, and, by gene-directed mutagenesis and analysis
of the mutants, all four enzymes have been shown to be essential for the growth of C. glutamicum on acetate as the sole
carbon and energy source (35, 36, 37). Further studies revealed
that all four enzymes are coordinatedly and specifically upregulated by the presence of acetate in the growth medium,
and in all four cases, cat fusion and Northern blot experiments
revealed that this regulation is due to transcriptional control of
the respective genes (37, 53).
The tight regulation of the enzymes involved in acetate metabolism of C. glutamicum is expected to cause significant
changes of the carbon flux within the central metabolism of this

In their natural environments microorganisms often encounter situations when not a single carbon source but mixtures of
carbon and energy sources are present. Under such conditions,
bacteria often utilize one carbon source preferentially, with the
further carbon source(s) being consumed only, when the preferred one is exhausted. As already shown by Monod (29), the
preferred carbon source in general supports the best growth
rate and/or growth yield, and the successive utilization of the
substrates is often represented by a biphasic growth behavior
(29). The classical example of this phenomenon is the diauxic
growth of Escherichia coli on glucose plus lactose, and the
study of the underlying principles initiated the era of research
on gene regulation. On the other hand, by analysis of growth
and carbon source consumption, it was shown that, e.g., Leuconostoc oenos cometabolizes glucose with citrate or fructose
(38). Also, E. coli cometabolizes hexoses under carbon limitation conditions (reviewed in reference 20). Several other bacteria use two carbon sources in parallel (reviewed in reference
16); among these is Corynebacterium glutamicum, a gram-positive bacterium known for its ability to excrete amino acids.
C. glutamicum grows aerobically on a variety of carbohydrates
and organic acids as carbon sources (23). The organism cometabolizes glucose and fructose, glucose and lactate, and glucose
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Growth of Corynebacterium glutamicum on mixtures of the carbon sources glucose and acetate is shown to be
distinct from growth on either substrate alone. The organism showed nondiauxic growth on media containing
acetate-glucose mixtures and simultaneously metabolized these substrates. Compared to those for growth on
acetate or glucose alone, the consumption rates of the individual substrates were reduced during acetateglucose cometabolism, resulting in similar total carbon consumption rates for the three conditions. By 13Clabeling experiments with subsequent nuclear magnetic resonance analyses in combination with metabolite
balancing, the in vivo activities for pathways or single enzymes in the central metabolism of C. glutamicum were
quantified for growth on acetate, on glucose, and on both carbon sources. The activity of the citric acid cycle
was high on acetate, intermediate on acetate plus glucose, and low on glucose, corresponding to in vivo activities of citrate synthase of 413, 219, and 111 nmol 䡠 (mg of protein)ⴚ1 䡠 minⴚ1, respectively. The citric acid
cycle was replenished by carboxylation of phosphoenolpyruvate (PEP) and/or pyruvate (30 nmol 䡠 [mg of
protein]ⴚ1 䡠 minⴚ1) during growth on glucose. Although levels of PEP carboxylase and pyruvate carboxylase
during growth on acetate were similar to those for growth on glucose, anaplerosis occurred solely by the
glyoxylate cycle (99 nmol 䡠 [mg of protein]ⴚ1 䡠 minⴚ1). Surprisingly, the anaplerotic function was fulfilled
completely by the glyoxylate cycle (50 nmol 䡠 [mg of protein]ⴚ1 䡠 minⴚ1) on glucose plus acetate also. Consistent
with the predictions deduced from the metabolic flux analyses, a glyoxylate cycle-deficient mutant of C. glutamicum, constructed by targeted deletion of the isocitrate lyase and malate synthase genes, exhibited impaired
growth on acetate-glucose mixtures.

VOL. 182, 2000

METABOLIC FLUXES DURING ACETATE-GLUCOSE COUTILIZATION

3089

TABLE 1. Description of fluxes and metabolites constituting the flux model of C. glutamicum
Flux

Conversion of metabolitesa

Glucose-6-P7fructose-6-P
Fructose-6-P72 glyceraldehyde-3-P’s

v3

Glyceraldehyde-3-P7PEP/pyruvate

v4

Glucose-6-P7pentose-5-P ⫹ CO2

v5
v6
v7
v8
v9
v10
v11

2 Pentose-5-P’s7sedoheptulose-7-P ⫹ glyceraldehyde-3-P
Sedoheptulose-7-P ⫹ glyceraldehyde-3-P7fructose-6-P ⫹
erythrose-4-P
Erythrose-4-P ⫹ pentose-5-P7fructose-6-P ⫹ glyceraldehyde-3-P
PEP/pyruvate7AcCoA ⫹ CO2
AcCoA ⫹ malate/oxaloacetate7isocitrate
Isocitrate7oxoglutarate ⫹ CO2
Oxoglutarate7succinate ⫹ CO2

v12
v13

Succinate7malate/oxaloacetate
Isocitrate ⫹ AcCoA7succinate ⫹ malate/oxaloacetate

v14

PEP/pyruvate ⫹ CO27malate/oxaloacetate

Glucose-6-phosphate isomerase (EC 5.3.1.9)
Phosphofructokinase (EC 2.7.1.11), fructose-1,6-bisphosphate aldolase (EC 4.1.2.13), triose phosphate isomerase (EC 5.3.1.1)
Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12), 3-phosphoglycerate kinase (EC 2.7.2.3), phosphoglycerate mutase
(EC 2.7.5.3), enolase (EC 4.2.1.11)
Glucose-6-phosphate dehydrogenase (EC 1.1.1.49), lactonase
(EC 3.1.1.31), 6-phosphogluconate dehydrogenase (EC 1.1.1.44)
Transketolase (EC 2.2.1.1)
Transaldolase (EC 2.2.1.2)
Transketolase (EC 2.2.1.1)
Pyruvate dehydrogenase complex (EC 1.2.4.1; EC 2.3.1.12; EC 1.8.1.4)
Citrate synthase (EC 4.1.3.7), aconitase (EC 4.2.1.3)
Isocitrate dehydrogenase (EC 1.1.1.42)
2-Oxoglutarate dehydrogenase (EC 1.2.4.2; EC 2.3.1.61; EC 1.8.1.4),
succinyl CoA synthetase (EC 6.2.1.5)
Succinate dehydrogenase (EC 1.3.5.1), fumarase (EC 4.2.1.2)
Isocitrate lyase (EC 4.1.3.1), malate synthase (EC 4.1.3.2), succinate
dehydrogenase (EC 1.3.5.1), fumarase (EC 4.2.1.2)
PEP carboxylase (EC 4.1.1.31), PEP carboxykinase (EC 4.1.1.32),
pyruvate carboxylase (EC 6.4.1.1), oxaloacetate decarboxylase
(EC 4.1.1.3), malic enzyme (EC 1.1.1.40)

a

Pentose-5-phosphate combines ribose-5-phosphate, ribulose-5-phosphate, and xylulose-5-phosphate. P, phosphate; AcCoA, acetyl-CoA.
Treating PEP and pyruvate, malate and oxaloacetate, and ribose-5-phosphate, ribulose-5-phosphate, and xylulose-5-phosphate as single pools precludes the
assignment of fluxes for enzyme reactions interconverting these metabolites (pyruvate kinase [EC 2.7.1.40] and the PEP:glucose-phosphotransferase system [EC
2.1.1.69; EC 2.7.3.9] for PEP/pyruvate, malate dehydrogenase [EC 1.1.1.37] for malate/oxaloacetate, and ribose-5-phosphate isomerase [EC 5.3.1.6] and ribulose-5phosphate epimerase [EC 5.1.3.1] for pentose-5-phosphates).
b

organism when acetate instead of glucose is the sole carbon
source. Although the up-regulation of the enzymes during
growth on acetate or on acetate-glucose mixtures (53) suggests
that the respective pathways could also be active under this
condition, this cannot be regarded as proof for in vivo activities
and certainly cannot be used to predict the in vivo fluxes
quantitatively. Not only have 13C-labeling experiments been
used to identify metabolic pathways (see, e.g., references 24,
25, and 43), but by quantitative analyses of positional isotopic
labeling information Walsh and Koshland (50) pioneered the
determination of relative metabolic fluxes (reviewed in reference 19). The combination of metabolite balancing and 13Clabeling experiments allowed the quantification of absolute
metabolite fluxes within the cellular central metabolism (see,
e.g., references 26 and 41). In order to study the cometabolism
of acetate plus glucose by C. glutamicum in a quantitative
manner, we performed 13C-labeling experiments in combination with nuclear magnetic resonance (NMR) analyses and
metabolite balancing to determine the in vivo activities of
pathways or single enzymes in the central metabolism, with a
particular focus on the tricarboxylic acid (TCA) cycle and
anaplerosis. From the flux analysis results, a hypothesis regarding the physiological significance of the glyoxylate cycle for
C. glutamicum was deduced and tested experimentally.
MATERIALS AND METHODS
Materials. Sodium [1-13C]acetate (99% atom enrichment) was purchased
from Cambridge Isotope Laboratories, Andover, Mass., D-[5-13C]glucose (99%
atom enrichment) from Isotec, Miamisburg, Ohio, and sodium 3-trimethylsilyl[2,2⬘,3,3⬘-D4]propionate (99% atom enrichment) from Aldrich Chemicals, Milwaukee, Wis.
Microorganisms and cultivation conditions. The wild-type (WT) strain of C.
glutamicum ATCC 13032 and the isocitrate lyase- and malate synthase-negative
double mutant C. glutamicum WT⌬AB, described in this work, were used. All C.
glutamicum strains were precultured on Luria-Bertani complex medium (39),
with kanamycin (50 g/ml) added when appropriate. Exponentially growing cells
were harvested by centrifugation (5,000 ⫻ g, 5 min, 4°C), washed twice in 50 mM
NaCl–50 mM Tris-HCl (pH 6.3), and used to inoculate CgC minimal medium
(11). The carbon and energy sources were either unlabeled sodium acetate

and/or glucose at the concentrations indicated in Results or, for the 13C-labeling
experiments, sodium [1-13C]acetate (99% atom enrichment) (10 g/liter), [5-13C]
glucose (99% atom enrichment) (20 g/liter), or sodium [1-13C]acetate (99% atom
enrichment) plus unlabeled glucose (10 g/liter each). All cultivations were done
as 60-ml cultures in 500-ml baffled Erlenmeyer flasks at 30°C and with agitation
at 140 rpm. After about 4 generations, exponentially growing cells were harvested and washed as described above. The cell pellet was then used for the
extraction of amino acids.
Extraction, purification, and quantification of amino acids. Amino acids were
extracted by acid hydrolysis of cell pellets and purified by cation-exchange chromatography as described previously (31). They were quantified by reversedphase liquid chromatography with precolumn ortho-phthaldialdehyde derivatization (42).
NMR spectroscopy. High-resolution 1H NMR spectra of amino acids were
obtained on an AMX-400 WB spectrometer (Bruker, Karlsruhe, Germany) operating at 400.13 MHz and equipped with a multichannel interface and a 5-mm
inverse probehead. 13C enrichments were determined using the parameters and
the methods described previously (44, 52).
Quantitation of metabolite fluxes. For the quantitation of carbon fluxes in the
central metabolism of C. glutamicum, NMR spectroscopic and metabolite balancing data were combined in a nonlinear least-squares fitting procedure as
described previously (26, 27, 28, 45). C. glutamicum was cultured on labeled
carbon sources, and the 13C-labeling patterns of amino acids purified from
exponentially growing cells were determined. The 13C-labeling patterns of the
precursors pyruvate, oxaloacetate, 2-oxoglutarate, and 3-phosphoglycerate were
deduced from the labeling patterns of alanine and valine, threonine and aspartate, glutamate and arginine, and serine and glycine, respectively. For flux calculations, a representation of the central metabolism of C. glutamicum essentially
according to that described by Marx et al. (26) was used. The (sets of) enzyme
reactions and metabolite pools used to construct the model are listed in Table 1.
The precursor requirements for C. glutamicum biomass synthesis were taken
from Marx et al. (26) except that, since in our experiments leucine was not
supplemented, the precursor requirements were calculated based on the determined leucine content of 439 mol 䡠 (g [dry weight])⫺1. Flux calculations were
based on the mathematical approach and the computational tools described by
Wiechert and de Graaf (54, 55). The metabolic steady-state condition in the
carbon flux analyses presented is based on the exponential growth of batch
cultures. Precultivation was optimized such that the growth on 13C-labeled carbon sources was exponential without an initial lag phase. To account for the
unlabeled carbon content in the harvested cells derived from the inoculum (i.e.,
5%), the 13C label of the positionally labeled carbon source was corrected (i.e.,
94.9% instead of 99.9% [5-13C]glucose) as has been described previously (26).
Construction of the isocitrate lyase- and malate synthase-deficient C. glutamicum WT⌬AB. To generate a glyoxylate cycle-deficient mutant strain of C. glutamicum WT, the chromosomal region comprising the genes aceA and aceB,
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coding for isocitrate lyase and malate synthase, respectively, was deleted using
standard methods (40). For the construction of the gene replacement vector
pK19mobsacB-3⬘AB3⬘, the 3⬘-terminal parts of genes aceA and aceB were amplified using the PCR Core Kit from Boehringer Mannheim according to the
manufacturer’s instructions. To amplify the 3⬘-terminal region of aceB and aceA,
primers VW1 and VW2 and primers VW3 and VW4, respectively, were used.
The sequences of the primers are as follows (underlined nucleotides are derived
from the aceA-aceB locus, and boldfaced nucleotides correspond to either a
BamHI, an EcoRI, or an XbaI restriction site): VW1, 5⬘-CGGGATCCGCCAT
GATGTTG-3⬘ (nucleotides [nt] 2567 to 2584 in EMBL accession no. 78491);
VW2, 5⬘-CGGAATTCGCATCATCACCATTG-3⬘ (nt 3021 to 3005 in EMBL
accession no. 78491); VW3, 5⬘-CGGGATCCGCAGGCTACTTCGAC-3⬘ (nt
1719 to 1734 in EMBL accession no. 75504); VW4, 5⬘-GCTCTAGAAGTTGGG
TTCTGAGAAG-3⬘ (nt 2170 to 2151 in EMBL accession no. 75504). The amplification products were subcloned into vector pGEM-T (Promega), resulting in
the vectors pGEM-T-aceA3⬘ and pGEM-T-aceB3⬘, respectively. In the next step,
the 1.6-kb BamHI-ScaI fragment of pGEM-T-aceA3⬘ was ligated with the 2.3-kb
BamHI-ScaI fragment of pGEM-T-aceB3⬘, resulting in vector pGEM-T-3⬘AB3⬘.
Vector pGEM-T-3⬘AB3⬘ contains the 3⬘-terminal regions of genes aceA and
aceB adjacent to each other and in opposite directions. The 0.9-kb XbaI-EcoRI
fragment of pGEM-T-3⬘AB3⬘ was ligated into the XbaI- and EcoRI-restricted
gene replacement vector pK19mobsacB (40), which is not replicable in C. glutamicum. Applying the procedure described by Peters-Wendisch et al. (30), the
resulting vector pK19mobsacB-3⬘AB3⬘ was used to delete the chromosomal
aceA-aceB locus. The deletion of the chromosomal aceA-aceB locus was verified
by Southern blot hybridization (data not shown). The aceA-aceB mutant was
designated C. glutamicum WT⌬AB. When it was grown on minimal medium
containing either glucose or glucose plus acetate, neither isocitrate lyase nor
malate synthase activity could be detected in crude extracts (data not shown),
thus proving that the respective genes in C. glutamicum WT⌬AB had in fact been
knocked out.

TABLE 2. Growth characteristics of C. glutamicum grown on minimal medium with sodium [1-13C]acetate, sodium [1-13C]acetate plus
unlabeled glucose, or [5-13C]glucose as the carbon and energy source
Result for growth on minimal medium with:
Growth parametera (unit)

Growth rate (h⫺1)
Biomass yield (g of C [dry wt] 䡠 [g of C in substrate]⫺1)
Acetate consumption rate (nmol 䡠 [mg of protein]⫺1 䡠 min⫺1)
Glucose consumption rate (nmol 䡠 [mg of protein]⫺1 䡠 min⫺1)
Carbon consumption rate (nmol of C 䡠 [mg of protein]⫺1 䡠 min⫺1)

120 mM acetate

0.28
0.29
540
1,080

120 mM acetate ⫹
55 mM glucose

0.36
0.41
270
72
972

110 mM glucose

0.32
0.41
148
888

a
Errors were ⬍5% for determinations of growth rates, ⬍5% for determinations of biomass yields, and ⬍10% for determinations of carbon consumption rates. These
data coincided with values obtained from at least three independent cultures with unlabeled substrates.
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FIG. 1. Growth of C. glutamicum WT on mineral medium with 35 mM
glucose and 120 mM acetate.

Characterization of the growth of C. glutamicum on acetate,
glucose, and acetate-glucose mixtures. C. glutamicum WT was
cultured on CgC minimal medium containing various concentrations of acetate (20 to 180 mM) plus glucose (5 to 110 mM).
The growth of C. glutamicum on all acetate-glucose mixtures
was monophasic; an example is shown in Fig. 1. The concentrations of both substrates in the culture broth decreased concomitantly, indicating that they were metabolized simultaneously. Thus, it was likely that the parameters characterizing
the growth of C. glutamicum on mixtures of glucose and acetate are distinct from those for cells growing on either carbon
source alone. In comparative growth experiments with C. glutamicum WT on CgC minimal media containing acetate and/or
glucose, the growth rates, the biomass yields, and the substrate
uptake rates were determined (Table 2). On glucose as a sole
carbon source, but not on acetate or on acetate-glucose mixtures, the dependence of the growth rate on the substrate
concentration followed Monod kinetics, with a maximal growth
rate of 0.38 h⫺1 and a half-maximal growth rate at 4.5 mM
glucose. In the presence of acetate in the medium, the growth
rate decreased with increasing acetate concentrations (from
about 0.32 h⫺1 at 60 mM acetate to about 0.24 h⫺1 at 180 mM
acetate), probably reflecting the detrimental effect of acetate
as an uncoupler of the transmembrane pH gradient (2). Comparison of the growth rates on acetate, acetate plus glucose,
and glucose showed that the growth rate on acetate was lower
than that of cells growing on glucose or glucose-acetate mixtures (Table 2). The biomass yield (calculated as grams of
carbon [C] [dry weight] per grams of C in the substrate) for
growth of C. glutamicum on any acetate-glucose mixture was
the same as that for growth on glucose alone, whereas that for
growth on acetate was significantly lower (Table 2). During
growth on acetate plus glucose, the acetate consumption rate
was always decreased compared to that for growth on acetate
alone, as was the glucose consumption rate compared to that
for growth on glucose as the sole carbon source (Table 2).
Interestingly, the consumption rate of total carbon was similar
under the three conditions (about 900 to 1,100 nmol of C 䡠 [mg
of protein]⫺1 䡠 min⫺1). Thus, simultaneous utilization of acetate and glucose by C. glutamicum is clearly distinct from
growth on either substrate alone, and discernible carbon fluxes
in the central metabolism should reflect these differences.
Quantitative determination of metabolite fluxes in C. glutamicum during growth on acetate, glucose, and a mixture of
acetate and glucose. In order to quantify metabolic fluxes in
the central metabolism of C. glutamicum, we performed 13Clabeling experiments combined with metabolite balancing as
described in Materials and Methods. C. glutamicum WT was
cultured on minimal medium with either sodium [1-13C]ac-
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Carbon
atom

C enrichment (%)a

Glucose

Acetate ⫹ glucose

Acetate
Calc.

Exp.

Calc.

Exp.

Calc.

C-1
C-2
C-3

3.6 ⫾ 0.2
49.3 ⫾ 0.8
3.1 ⫾ 0.2

5.7
49.8
4.2

46.8 ⫾ 0.8
1.1 ⫾ 0.4
1.1 ⫾ 0.3

48.8
1.1
1.1

22.7 ⫾ 1.0
1.1 ⫾ 0.4
1.1 ⫾ 0.4

23.0
1.1
1.1

Oxaloacetate

C-1
C-2
C-3
C-4

16.8 ⫾ 1.0
35.7 ⫾ 0.8
11.1 ⫾ 0.2
11.8 ⫾ 0.5

16.8
37.6
11.2
19.0

49.3 ⫾ 0.3
1.1 ⫾ 0.4
1.1 ⫾ 0.4
49.1 ⫾ 0.3

48.8
1.1
1.1
50.2

45.5 ⫾ 1.5
1.1 ⫾ 0.4
1.1 ⫾ 0.4
46.9 ⫾ 0.6

45.4
1.1
1.1
47.0

2-Oxoglutarate

C-1
C-2
C-3
C-4
C-5

11.8 ⫾ 0.6
9.9 ⫾ 0.6
34.9 ⫾ 3.0
3.0 ⫾ 0.3
50.8 ⫾ 0.7

19.0
11.5
37.5
4.4
49.4

48.1 ⫾ 0.5
1.1 ⫾ 0.4
1.1 ⫾ 0.4
1.1 ⫾ 0.4
85.2 ⫾ 4.6

50.2
1.1
1.1
1.1
79.0

47.3 ⫾ 0.3
1.0 ⫾ 0.4
1.0 ⫾ 0.4
1.0 ⫾ 0.4
82.0 ⫾ 0.8

47.0
1.1
1.1
1.1
82.0

3-Phosphoglycerate

C-1
C-2
C-3

52.4 ⫾ 0.5
3.2 ⫾ 0.2

4.1
51.5
3.1

50.8 ⫾ 0.5
1.1 ⫾ 0.4
1.1 ⫾ 0.4

48.8
1.1
1.1

18.5 ⫾ 2.0
1.1 ⫾ 0.4
1.1 ⫾ 0.4

19.4
1.1
1.1

a
Determined by NMR (Exp.) and calculated (Calc.) by the flux analysis program. Experimental values given are means of two to four determinations. 13C
enrichments were deduced from the labeling patterns of alanine and valine for pyruvate, aspartic acid and threonine for oxaloacetate, glutamic acid and arginine for
2-oxoglutarate, and glycine and serine for 3-phosphoglycerate.

etate, [5-13C]glucose, or a mixture of sodium [1-13C]acetate
and unlabeled glucose as the sole carbon source. The growth
characteristics of the three cultures are summarized in Table 2.
No significant by-product formation was detected in NMR
analyses of culture supernatants. Exponentially growing cells
of the cultures were harvested and hydrolyzed, and amino
acids were purified from the lysate by liquid chromatography.
The 13C-labeling patterns of alanine and valine, aspartic acid
and threonine, glutamic acid and arginine, and serine and
glycine were determined by NMR, and the corresponding labeling patterns of pyruvate, oxaloacetate, 2-oxoglutarate, and
3-phosphoglycerate were deduced (Table 3). Using these data,
those for biomass accumulation, and those for acetate, glucose,
and acetate-plus-glucose consumption, the in vivo carbon metabolite fluxes within the central metabolism of C. glutamicum
were then quantitatively determined as summarized in Fig. 2,
3, and 4, respectively.
In C. glutamicum cells growing on acetate as a sole carbon
source, the acetate was activated to acetyl-CoA with a specific
activity of 540 mU 䡠 (mg of protein)⫺1 (Fig. 2). About 5% of
the acetyl-CoA was used directly in anabolic reactions, e.g., for
fatty acid synthesis, whereas 18% was converted by malate
synthase in the glyoxylate cycle and 76% was converted by
citrate synthase and aconitase to isocitrate. Isocitrate was metabolized to about 24% via isocitrate lyase in the glyoxylate
cycle, whereas the rest was further oxidized in the reactions of
the citric acid cycle. The malate formed by the glyoxylate cycle
(99 mU 䡠 [mg of protein]⫺1) served to replenish the citric acid
cycle. The majority (72 mU 䡠 [mg of protein]⫺1, i.e., 73%) of
biosynthetic precursors withdrawn from the citric acid cycle
was used for the generation of cell material derived from
phosphoenolpyruvate and/or pyruvate (PEP/pyruvate)- and
glyceraldehyde-3-phosphate. In summary, metabolization of
acetate by C. glutamicum is characterized by a high in vivo
activity of the citric acid cycle, a high in vivo activity of the
glyoxylate cycle as the anaplerotic reaction, a high rate of
PEP/pyruvate formation from oxaloacetate/malate, and glu-

coneogenesis with a 42-mU 䡠 (mg of protein)⫺1 conversion of
PEP to glyceraldehyde-3-phosphate.
In C. glutamicum cells growing on glucose as a sole carbon
source, the glucose was consumed at a rate of 148 mU 䡠 (mg of
protein)⫺1, about 25% of the glucose 6-phosphate was shuttled
into biomass and CO2 (directly, via fructose-6-phosphate, glyceraldehyde-3-phosphate, and pentose phosphate cycle intermediates), and the glycolytic flux from glyceraldehyde-3-phosphate to PEP/pyruvate was 227 mU 䡠 (mg of protein)⫺1 (Fig.
3). The formation of acetyl-CoA by pyruvate dehydrogenase
(161 mU 䡠 [mg of protein]⫺1) amounted to about 70% of the
PEP/pyruvate formation. Citrate synthase fueled acetyl-CoA
into the citric acid cycle with an activity of 111 mU 䡠 (mg of
protein)⫺1, whereas about 30% of the acetyl-CoA was used as
precursors, mainly for fatty acid synthesis. The glyoxylate cycle
was inactive during the growth of C. glutamicum on glucose.
The anaplerotic reactions PEP carboxylase and pyruvate carboxylase replenished the citric acid cycle with a net conversion
of PEP/pyruvate to oxaloacetate/malate of 30 mU 䡠 (mg of
protein)⫺1. The combination of the [5-13C]glucose labeling
experiment with metabolite balancing also allowed the determination of exchange rates between glyceraldehyde-3-phosphate and PEP/pyruvate and between PEP/pyruvate and oxaloacetate/malate. The exchange rate in the interconversion of
PEP/pyruvate and oxaloacetate/malate was about twofold
higher than the net flux of the carboxylating reaction, i.e., the
net conversion of PEP/pyruvate to oxalacetate-malate (30 mU 䡠
[mg of protein]⫺1) is the sum of the PEP/pyruvate carboxylation of 132 mU 䡠 (mg of protein)⫺1 and the simultaneously
occurring malate-oxalacetate decarboxylation of 102 mU 䡠 (mg
of protein)⫺1. Similarly, an interconversion of glyceraldehyde3-phosphate and PEP/pyruvate of about four times the net
conversion was found (i.e., the exchange rate was 469 mU 䡠 [mg
of protein]⫺1 versus a net glyceraldehyde-3-phosphate formation of 227 mU 䡠 [mg of protein]⫺1). To summarize, the central
metabolism of C. glutamicum cells growing on glucose is characterized by a low activity of the citric acid cycle, the absence
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FIG. 2. Metabolite fluxes in the central metabolism of C. glutamicum during
growth on acetate. Fluxes are given in milliunits per milligram of protein. Fluxes
for central metabolic pathways/reactions are boxed, fluxes towards biomass formation are given as pure numbers, and fluxes for exchange reactions are given in
ovals. Abbreviations are as in Table 1.

of glyoxylate cycle activity, and anaplerosis solely by carboxylation of PEP or pyruvate.
In C. glutamicum cells growing on a mixture of acetate and
glucose, the consumption of both carbon sources (72 mU 䡠 [mg
of protein]⫺1 for glucose and 270 mU 䡠 [mg of protein]⫺1 for
acetate) was reduced approximately twofold compared to
growth on either carbon source alone (Fig. 4). Acetyl-CoA was
formed predominantly by activation of acetate (270 mU 䡠 [mg
of protein]⫺1) and only with 33 mU 䡠 (mg of protein)⫺1 by the
pyruvate dehydrogenase complex. About 73% of the acetylCoA was funneled into the citric acid cycle, and 11% was used
directly in biosynthetic reactions. Surprisingly, the glyoxylate
cycle was active under this growth condition, with isocitrate
lyase and malate synthase activities of 50 mU 䡠 (mg of protein)⫺1. Isocitrate was metabolized to 23% by isocitrate lyase,
the rest being oxidized by isocitrate dehydrogenase and the
further reactions of the citric acid cycle. The glyoxylate cycle
provided malate not only to replenish the citric acid cycle for
intermediates withdrawn for 2-oxoglutarate- and oxaloacetatederived biosyntheses, but to an extent of 30% to generate PEP
or pyruvate by decarboxylation. PEP carboxylase and pyruvate
carboxylase did not serve an anaplerotic function under this

FIG. 3. Metabolite fluxes in the central metabolism of C. glutamicum during
growth on glucose. Fluxes are given in milliunits per milligram of protein. Fluxes
for central metabolic pathways/reactions are boxed, fluxes towards biomass formation are given as pure numbers, and fluxes for exchange reactions are given in
ovals. Abbreviations are as in Table 1.

Downloaded from http://jb.asm.org/ on September 19, 2019 by guest

growth condition. During growth on glucose plus acetate, the
metabolization of glucose served primarily to generate the
precursors for biosyntheses derived from intermediates of glycolysis and the pentose phosphate pathway. Taken together,
the central metabolism of C. glutamicum cells growing on acetate plus glucose is characterized by a relatively low conversion rate of glucose to PEP/pyruvate, an intermediate activity
of the citric acid cycle, and a glyoxylate cycle completely fulfilling the anaplerotic function.
Construction and analysis of a glyoxylate cycle-deficient C.
glutamicum strain. From the finding that in C. glutamicum cells
growing on the mixture of acetate and glucose, the glyoxylate
cycle completely fulfills the anaplerotic function, it might be
deduced that this cycle is essential for the growth of C. glutamicum on minimal medium containing both substrates. In
order to test this hypothesis, we constructed and analyzed a
defined glyoxylate-deficient C. glutamicum mutant. By genedirected mutagenesis, the aceA and aceB genes, encoding isocitrate lyase and malate synthase, respectively, were deleted
from the chromosome of C. glutamicum WT (see Materials
and Methods). The deletion of the chromosomal aceA-aceB
locus was verified by Southern blot hybridization (data not
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less than 5%) for the parental WT strain and thus was significantly lower. These results show that the glyoxylate cycle is
essential for optimal growth of C. glutamicum when both acetate and glucose are present in the growth medium; however,
they also show that the anaplerotic function of the glyoxylate
cycle can be partly taken over by PEP carboxylase and/or
pyruvate carboxylase.
DISCUSSION

shown), and the aceA-aceB mutant was designated C. glutamicum WT⌬AB. In crude extracts of C. glutamicum WT⌬AB
grown in the presence of acetate, neither isocitrate lyase nor
malate synthase activity was detectable (⬍0.01 U 䡠 [mg of
protein]⫺1), whereas crude extracts of the parental strain, C.
glutamicum WT, showed activities of both isocitrate lyase (1.05
U 䡠 [mg of protein]⫺1) and malate synthase (0.56 U 䡠 [mg of
protein]⫺1). Comparative growth experiments on minimal media containing acetate, glucose, and acetate plus glucose as
carbon sources were performed with C. glutamicum WT and
the glyoxylate cycle-deficient strain C. glutamicum WT⌬AB.
Both strains grew comparably well on glucose, with growth
rates of 0.33 and 0.31 h⫺1, respectively. In contrast to the parental WT strain, the glyoxylate cycle-deficient strain WT⌬AB
was not able to grow on acetate as a sole carbon source,
corroborating our previous finding that the activities of isocitrate lyase and malate synthase are essential for growth on this
substrate as a sole carbon source (36, 37). On minimal medium
containing acetate plus glucose, C. glutamicum WT⌬AB was
able to grow; however, the growth rate was 0.27 h⫺1 compared
to 0.34 h⫺1 (mean values from three independent cultivations
by two determinations per experiment with relative errors of
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FIG. 4. Metabolite fluxes in the central metabolism of C. glutamicum during
growth on acetate plus glucose. Fluxes are given in milliunits per milligram of
protein. Fluxes for central metabolic pathways/reactions are boxed, fluxes towards biomass formation are given as pure numbers, and fluxes for exchange
reactions are given in ovals. Abbreviations are as in Table 1.

The carbon and energy source acetate can serve as a substrate in fermentative amino acid production with C. glutamicum (17). The quantitative determination of metabolic fluxes
during the growth of C. glutamicum WT on acetate as a sole
carbon source reported here complements flux analyses of
different C. glutamicum strains metabolizing either glucose or
fructose (see, e.g., references 8, 26, 27, 46). During growth on
acetate, the acetate consumption rate was in the range of 540
nmol 䡠 (mg of protein)⫺1 䡠 min⫺1, which is much higher than
expected from the previous kinetic characterization of the acetate carrier in glucose-grown cells (9). However, in acetategrown cells, it might well be that the acetate carrier gene is
up-regulated, as are the acetate utilization genes in C. glutamicum (53). The low biomass yield on acetate (Table 2) indicated
an increased energy metabolism, as most of the substrate carbon is oxidized to carbon dioxide. Consistently, the TCA cycle
activity was high in vivo (isocitrate dehydrogenase activity in
vivo, 314 mU 䡠 [mg of protein]⫺1 [Fig. 2]), which represents an
increase of approximately threefold compared to growth on
glucose (isocitrate dehydrogenase activity in vivo, 111 mU 䡠
[mg of protein]⫺1 [Fig. 3]). The increased generation of energy
equivalents by the TCA cycle satisfies the demand for gluconeogenesis and, moreover, might compensate for energy lost due
to uncoupling of the membrane potential by acetate. Uncoupling by weak acids and its deleterious effect on growth have
been demonstrated for E. coli and Clostridium thermoaceticum
(1, 2) and may explain our finding that growth rates of C.
glutamicum on acetate decrease with increasing acetate concentrations in the medium.
Acetate-glucose mixtures were coutilized by C. glutamicum
and supported monophasic growth. During growth on glucoseacetate mixtures, the consumption rates for the individual carbon sources were reduced in such a way that the total carbon
consumption was about the same as that during growth on
either carbon source alone. This result indicates that either the
uptake of acetate and of glucose or the in vivo carbon fluxes
from glucose to acetyl-CoA and from acetate to acetyl-CoA
are directly or indirectly regulated by the carbon source in the
growth medium. In contrast to C. glutamicum, Azotobacter
vinelandii preferentially uses acetate when grown on glucoseacetate mixtures, which is due to acetate-dependent inhibition
of glucose uptake and glycolysis (15, 48). E. coli, too, does not
coutilize glucose and acetate but preferentially uses glucose (4)
due to carbon catabolite repression of the acetate-activating
acetyl-CoA synthetase and probably also of the glyoxylate cycle
enzymes isocitrate lyase and malate synthase in the presence of
glucose (reviewed in reference 5). The metabolism of E. coli
during growth on glucose-acetate mixtures is very similar in the
first phase to growth on glucose as a sole carbon source and in
the second phase to growth on acetate as a sole carbon source
(50, 51). To determine whether, for C. glutamicum, metabolism
of acetate-glucose mixtures is simply an overlay of glucose and
acetate metabolism or whether metabolism of these substrate
mixtures is characterized by a unique metabolic pattern, we
performed metabolic flux analyses.
Catabolism of glucose to PEP/pyruvate during growth on
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the acetyl-CoA inhibition of pyruvate carboxylase from C. glutamicum (Ki, 110 M [32]) and an intracellular acetyl-CoA
concentration of about 150 M during growth on glucose plus
acetate (53). PEP carboxylase of C. glutamicum is inhibited by
aspartate (10), and it is possible that during growth on acetate
or on glucose plus acetate, the intracellular aspartate pool is
high due to sufficient formation of malate by the glyoxylate
cycle and thus PEP carboxylase would also be inhibited. In
order to completely comprehend the complex PEP/pyruvate
branch point in corynebacterial metabolism, an experimental
approach allowing the quantitative determination of which enzymes, and to which extent, are involved in the (inter)conversion of PEP/pyruvate and oxaloacetate/malate, will have to be
pursued. Such an approach will include genetic analyses as
well as 13C isotopomer analyses (3, 47; A. A. de Graaf, V. F.
Wendisch, and H. Sahm, Abstr. XVIIth Int. Conf. Magn. Reson. Biol. Syst., abstr. TP25, 1996) that still need optimization
before their application to complex metabolic systems.
The glyoxylate cycle constitutes an anaplerotic sequence alternative to carboxylation of PEP and/or pyruvate (18). In C.
glutamicum the glyoxylate cycle is inactive during growth on
glucose, and the metabolization of isocitrate in the TCA cycle
mainly serves energy generation (Fig. 3). During growth on
acetate, isocitrate is a metabolic branch point; 24% of isocitrate is fueled into the glyoxylate cycle, and 76% is converted
further in the TCA cycle (Fig. 2). Metabolic fluxes at this
branch point have also been determined in acetate-grown
E. coli, and a similar relative conversion of isocitrate was found
(28% via the glyoxylate cycle and 72% via isocitrate dehydrogenase [24, 50]). However, for growth on glucose plus acetate,
the metabolic fluxes at the isocitrate branch point in both
organisms clearly differ. In E. coli, the glyoxylate cycle is inactive in vivo under this condition (51), but surprisingly, the
glyoxylate cycle is active in C. glutamicum (isocitrate conversion by the glyoxylate cycle and isocitrate dehydrogenase shows
a relation of 23/77 [Fig. 4]). This difference between E. coli and
C. glutamicum metabolism cannot be accounted for by the
substrate affinities of the respective enzymes, as those are comparable (13, 35, 50), but is most probably due to differing
regulatory control. In E. coli, the genes coding for isocitrate
lyase (aceA) and malate synthase (aceB) are part of the
aceBAK operon, which is repressed in the presence of glucose
but derepressed during growth on acetate or fatty acids (reviewed in reference 5). aceK codes for the bifunctional isocitrate dehydrogenase kinase/phosphatase, which controls the
phosphorylation status of isocitrate dehydrogenase (14, 22).
Thus, during growth on acetate, there are high levels of isocitrate lyase and malate synthase, while isocitrate dehydrogenase
is predominantly in its inactive, phosphorylated form. During
the growth of E. coli on glucose-acetate mixtures, lower isocitrate lyase and malate synthase levels are present and isocitrate
dehydrogenase is mostly in its active, unphosphorylated form.
In C. glutamicum, however, there is no evidence for a similar
modificatory control of isocitrate dehydrogenase, and transcription of the isocitrate lyase and malate synthase genes,
which are not part of an operon, is increased in the presence of
acetate regardless of the presence or absence of glucose (53).
The relative metabolization of isocitrate by isocitrate dehydrogenase and by isocitrate lyase (76 to 24%) is consistent with
their Km values of 12 and 280 M, respectively, and allosteric
regulation by glyoxylate and oxaloacetate (13, 35).
The quantitative determination of metabolic fluxes presented here led to the hypothesis that a glyoxylate cycle-deficient strain of C. glutamicum should be impaired in growth
on glucose-acetate mixtures. To test this hypothesis, strain
WT⌬AB, which is devoid of isocitrate lyase and malate syn-
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acetate-glucose mixtures differed considerably from that during growth on glucose alone. During growth on glucose, the
glycolytic formation of PEP and pyruvate from glyceraldehyde3-phosphate (227 mU 䡠 [mg of protein]⫺1) was about 1.5-fold
higher than the glucose uptake rate, which is in good agreement with previous studies on glucose-grown strains of C.
glutamicum (26, 27, 28, 34, 49). Comparison of growth on
glucose to growth on acetate plus glucose shows that the glucose uptake was reduced twofold, but the glycolytic formation
of PEP/pyruvate from glyceraldehyde-3-phosphate was reduced fourfold. This reflects the fact that on acetate-glucose
mixtures, glucose predominantly serves to generate precursors
for biosyntheses starting with glycolytic intermediates, and the
proportion of carbon oxidized to acetyl-CoA is greatly diminished compared to that during growth on glucose as a sole
carbon source. Acetyl-CoA was derived almost exclusively
from acetate when C. glutamicum was grown on acetate plus
glucose (Fig. 4). The flux via the pentose phosphate shunt has
been shown to be low when fructose is the sole carbon source
(8) but high during growth on glucose (see also reference 26).
Whereas it was low with acetate as the sole carbon source, flux
via the pentose phosphate shunt is also high during growth on
acetate-glucose mixtures.
The TCA cycle enzymes showed increasing in vivo activities
in comparisons of growth on glucose, on glucose plus acetate,
and on acetate (e.g., citrate synthase activity, 111, 219, and 413
mU 䡠 [mg of protein]⫺1, respectively). In C. glutamicum, citrate
synthase levels vary little with the carbon source (specific activities in crude extracts, about 0.8 U 䡠 [mg of protein]⫺1) and
the enzyme is inhibited by high concentrations of ATP and
cis-aconitate (12). As its Km value for acetyl-CoA of 51 M
(12) is higher than the intracellular concentration of acetylCoA during growth on glucose but lower than that during
growth on acetate (24 and 145 M, respectively [53]), the in
vivo activities of citrate synthase can be explained at least in
part by the availability of the substrate acetyl-CoA.
C. glutamicum possesses two anaplerotic enzymes, PEP carboxylase and pyruvate carboxylase (31, 32, 33). During growth
on glucose, PEP carboxylase and/or pyruvate carboxylase replenishes the TCA cycle with precursors for biosyntheses requiring TCA cycle intermediates. Besides the net conversion of
PEP and pyruvate to oxaloacetate and malate of 30 mU 䡠 (mg
of protein)⫺1, an exchange rate of 102 mU 䡠 (mg of protein)⫺1
could be determined, corroborating the findings of Marx et al.
(27), who showed that during growth of C. glutamicum strain
LE4 on glucose, the PEP/pyruvate-oxaloacetate/malate interconversion amounts to about twice the net flux towards PEP/
pyruvate (27). It remains to be shown whether these exchange
reactions constitute a futile cycle or whether a reaction cycle
of ATP-dependent pyruvate carboxylase, NAD-dependent
malate dehydrogenase, and NADPH-dependent malic enzyme
replaces transhydrogenase as has been proposed (8, 18). The
exchange reactions interconverting PEP/pyruvate and malate/
oxaolacetate were also present when C. glutamicum was grown
on either acetate or glucose plus acetate (54 and 61 mU 䡠 [mg
of protein]⫺1, respectively). However, during growth on acetate or glucose plus acetate, there was no net formation of
oxaloacetate/malate from PEP/pyruvate, but opposite, gluconeogenetic fluxes of 72 and 15 mU 䡠 (mg of protein)⫺1 were
determined (Fig. 3 and 4). The fact that pyruvate carboxylase
and PEP carboxylase did not serve an anaplerotic role during
the growth of C. glutamicum on glucose plus acetate is surprising and could not be predicted from the measurements of
enzyme levels, as both pyruvate carboxylase and PEP carboxylase show similar enzyme levels during growth on acetate
compared to growth on glucose. Our finding is consistent with
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uptake in Corynebacterium glutamicum. Arch. Microbiol. 155:505–510.
10. Eikmanns, B. J., M. T. Follettie, M. U. Griot, and A. J. Sinskey. 1989. The
phosphoenolpyruvate carboxylase gene of Corynebacterium glutamicum: molecular cloning, nucleotide sequence, and expression. Mol. Gen. Genet. 218:
330–339.
11. Eikmanns, B. J., M. Metzger, D. J. Reinscheid, and H. Sahm. 1991. Amplification of three threonine biosynthesis genes in Corynebacterium glutamicum
and its influence on carbon flux in different strains. Appl. Microbiol. Biotechnol. 102:93–98.
12. Eikmanns, B. J., N. Thum-Schmitz, L. Eggeling, K. Lüdtke, and H. Sahm.
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thase activities, was constructed by targeted deletion of the
aceA-aceB gene cluster on the C. glutamicum chromosome. In
this strain accumulation of glyoxylate and side reactions of
malate synthase such as might occur in the malate synthasedeficient strain ALB1 and the isocitrate lyase-deficient strain
ASK1, respectively (35, 36), are avoided. Indeed, the glyoxylate
cycle-deficient strain WT⌬AB could cometabolize glucose and
acetate but showed longer doubling times during growth on
glucose-acetate mixtures than the WT. Thus, during growth on
glucose plus acetate, PEP carboxylase and pyruvate carboxylase can only partly fulfill the anaplerotic function in C. glutamicum. Clearly, the glyoxylate cycle is required for optimal
growth of C. glutamicum on glucose-acetate mixtures, verifying
the physiological effect of this pathway alteration as predicted
from our metabolic flux analyses.
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