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Escherichia coli has several elaborate sensing mechanisms for response to availability of oxygen and other
electron acceptors, as well as the carbon source in the surrounding environment. Among them, the CreBC and
ArcAB two-component signal transduction systems are responsible for regulation of carbon source utilization
and redox control in response to oxygen availability, respectively. We assessed the role of CreBC and ArcAB
in regulating the central carbon metabolism of E. coli under microaerobic conditions by means of 13C-labeling
experiments in chemostat cultures of a wild-type strain, �creB and �arcA single mutants, and a �creB �arcA
double mutant. Continuous cultures were conducted at D � 0.1 h�1 under carbon-limited conditions with
restricted oxygen supply. Although all experimental strains metabolized glucose mainly through the Embden-
Meyerhof-Parnas pathway, mutant strains had significantly lower fluxes in both the oxidative and the non-
oxidative pentose phosphate pathways. Significant differences were also found at the pyruvate branching point.
Both pyruvate-formate lyase and the pyruvate dehydrogenase complex contributed to acetyl-coenzyme A
synthesis from pyruvate, and their activity seemed to be modulated by both ArcAB and CreBC. Strains carrying
the creB deletion showed a higher biomass yield on glucose compared to the wild-type strain and its �arcA
derivative, which also correlated with higher fluxes from building blocks to biomass. Glyoxylate shunt and
lactate dehydrogenase were active mainly in the �arcA strain. Finally, it was observed that the tricarboxylic
acid cycle reactions operated in a rather cyclic fashion under our experimental conditions, with reduced activity
in the mutant strains.

Transcriptional regulation comprises a complex network of
global and specific regulators. Global regulators normally have
pleiotropic effects on metabolism, since they control the tran-
scription of several operons that belong to different functional
groups. In Escherichia coli, seven global regulators (ArcA, Crp,
Fis, Fnr, Ihf, Lrp, and NarL) directly modulate expression of
about one-half of all genes (41). CreBC and ArcAB are two
global sensing and regulation systems in E. coli which, along
with some other regulatory systems, modulate the expression
of genes involved in central metabolism and respiratory path-
ways allowing rapid adaptive responses to carbon source and
oxygen availability in the culture environment.

The cre (for carbon source responsive) locus comprises
creABCD and was formerly known as the phoM locus (4).
Whereas creA is a hypothetical open reading frame and creD,
also known as cet, encodes an inner-membrane protein of
unknown function, creB and creC encode a two-component
system, i.e., a cytoplasmic regulator and a sensor kinase, re-
spectively. After the discovery of CreBC, genes modulated by
this system proved elusive. Based on sequence analysis and
using bioinformatic tools Avison et al. (5) were able to define
a cre tag sequence, to which CreB binds in vitro (8), in order to

describe the cre regulon. Thus far, the cre regulon comprises
seven genes activated by CreBC (among them, ackA/pta, talA,
and creD) and one repressed (malE), and it is responsive to the
carbon source used and oxygen availability. Indeed, expression
of genes modulated by CreBC is activated under fermentative
growth conditions using glycolytic carbon sources, as well as
under aerobic conditions with low-molecular-weight fermenta-
tion products as substrate, such as formate or pyruvate (Pyr)
(8). Accordingly, creB and creC mutants show impaired growth
in minimal medium using glycerol, Pyr, or acetate as the car-
bon substrate (5, 47). Very little is known about this system and
the extent of its regulation on central metabolism of E. coli.

The Arc (for aerobic respiration control) system is a two-
component signal transduction system composed of ArcA, the
cognate response regulator, and ArcB, the membrane-bound
sensor kinase (38). The physiological redox state is sensed by
ArcB through the pool of oxidized form of quinone electron
carriers (23, 40). Under microaerobic conditions, ArcB under-
goes autophosphorylation and the phosphate group is then
transferred to ArcA through a phosphorelay process (34).
ArcA�P modulates the expression of approximately 135 genes
(54). Briefly, it represses the expression of the major dehydro-
genase enzymes in the tricarboxylic acid (TCA) cycle and the
glyoxylate shunt, e.g., those encoded by the genes gltA, acnAB,
icdA, sucABCD, sdhCDAB, fumA, mdh, and aceB (30, 60).
Expression of several other primary dehydrogenases, such as
those encoded by the genes glpD, lctPRD, and lpdA, are also
repressed (38). On the other hand, the foc-pfl genes, which
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encode Pyr-formate lyase (Pfl), are activated by ArcA (19).
Among respiratory pathways, the expression of cyoABCDE
genes is repressed by ArcA, whereas the expression of cydAB
genes is activated (10, 31).

Recent publications show an increasing interest in the E. coli
CreBC regulation system (5, 8), and the interaction of this
system with the more thoroughly studied ArcAB two-compo-
nent system has been pointed out by Nikel et al. (47). Shared
global control of the expression of some genes gives more
flexibility for cell regulation and allows E. coli to better adapt
to environmental and nutritional changes. However, informa-
tion about how metabolic fluxes are concomitantly modulated
by these regulatory systems is not available. Recently, it was
shown that the most significant role of both CreBC and ArcAB
systems takes place under microaerobic conditions of growth
(3, 8, 47, 59). However, the nature and extent of the overlap-
ping control of metabolism by these systems is not well under-
stood, and information on the intracellular flux distribution is
lacking. The understanding of the pattern of central metabolic
flux control by multiple regulators under stressful conditions,
particularly with restricted oxygen supply, is important in both
ecological and pathogenic situations. Such restricted condi-
tions of carbon and oxygen supply exist in nature in certain
environmental niches and occur widely as transient fluctua-
tions that can elicit a selective response from bacterial cells
(26). Similar conditions take place in industrial cultures as a
consequence of inadequate mixing within the bioreactors, e.g.,
in operation at high cell density in the fed-batch mode (36).

Active pathways and flux distribution in central carbon me-
tabolism are critical components of a multidimensional physi-
ological representation of the microorganism (65). Usually,
phenotypes of knockout mutants are characterized by quanti-
tative physiological analysis, and conclusions on intracellular
metabolism are then based on qualitative interpretations of
those results. In order to gain deeper insight into the complex
metabolic responses, it is necessary to investigate intracellular
metabolite concentrations and fluxes. Intracellular reaction
rates are commonly estimated by metabolic flux analysis, which
provide a holistic perspective of metabolism (64, 73).

Most previous studies on regulation have investigated the
function of global regulators at the transcriptional level. Only
recently, the impact of metabolic regulation of ArcAB and Fnr
(for fumarate and nitrate respiration) on fermentative metab-
olite production patterns was studied under different oxygen
levels (59, 76). To understand the global metabolic regulatory
functions exerted by CreBC and ArcAB, it would be helpful to
look at the overall intracellular flux distribution under mi-
croaerobic conditions. Experiments based on 13C labeling fol-
lowed by metabolic flux analysis are a powerful approach for
studying metabolic regulation. In the present study, carefully
controlled chemostat experiments were conducted for a wild-
type E. coli strain and its isogenic �creB, �arcA, and �creB
�arcA derivatives under a well-defined microaerobic condi-
tion. Steady-state intracellular fluxes were estimated based on
13C-labeling experiments followed by amino acid detection
and quantification by gas chromatography-mass spectrometry
(GC-MS). Taken together, our results suggest that both CreBC
and ArcAB exert an important influence on central carbon
catabolic fluxes in E. coli growing under carbon-limited condi-
tions with a restricted oxygen supply.

MATERIALS AND METHODS

Bacterial strains and mutant construction. All E. coli strains were derivatives
of wild-type K1060, a K-12 strain, and are listed in Table 1, along with the
plasmids and primers used in this study. IV1060, a �creB derivative of K1060, was
constructed by the method of allelic replacement described by Datsenko and
Wanner (14). Briefly, a kanamycin resistance cassette (FRT-kan-FRT) was am-
plified by PCR from template plasmid pKD4 (which was isolated from E. coli
DH5� �pir) with primers �creB-F and �creB-R. The purified PCR product was
subjected to DpnI digestion and electroporated into E. coli K1060 carrying
pKD46 (a helper plasmid that expresses the �-Red functions). Insertion of the
FRT-kan-FRT cassette into the creB locus was confirmed with primers kan-F and
kan-R by colony PCR of Kmr recombinants. One isolate was selected (strain
IV1060K) and transformed with plasmid pCP20, encoding the yeast FLP recom-
binase. Kms transformants were selected at 42°C, and kan gene excision, as well
as creB deletion, was confirmed with primers creB-F and creB-R. Construction of
strain CT1062 (�arcA) has been previously described (46). Strain IV1062 (�creB
�arcA) was constructed by following a similar procedure as for IV1060, but using
CT1062 as the host strain. Primers creB-F and creB-R, as well as arcA-F and
arcA-R, were used in order to confirm the genotype of the double mutant.
Phenotypic characterization of the strains was carried out by plating arcA strains
onto toluidine blue O plates. Since arcA mutants are sensitive to redox dyes (53),
no growth was observed for strains CT1062, IV1062K, and IV1062 (data not
shown). The Cre phenotype was qualitatively checked by impaired growth of
strains carrying the creB deletion in minimal medium with acetate as the sole
carbon source (47).

Medium and chemostat culture conditions. A 2-liter bioreactor (BioFlo 110;
New Brunswick Scientific, Edison, NJ) was used for all cultivations, and the
working volume was maintained at 1 liter. Glucose-limited chemostat cultures
were conducted at a constant dilution rate (D) of 0.10 � 0.01 h�1, using 20 mM
glucose as the sole carbon source. The working volume was kept constant by
removal of effluent from the surface of the culture using a peristaltic pump. The
medium used was a minimal salt medium containing (per liter of deionized
H2O): 7.0 g of Na2HPO4, 3.0 g of KH2PO4, 0.5 g of NaCl, 1.0 g of NH4Cl, 0.2 g
of MgSO4, 0.01 g of CaCl2, and 6 mg of thiamine-HCl. MgSO4, CaCl2, and
thiamine-HCl were added to the salt medium after autoclaving and cooling as
filter-sterilized stock solutions. Foam was suppressed by adding 20 �l of Anti-
foam B (Sigma-Aldrich, St. Louis, MO) liter�1 at the onset of the cultivation.
The pH value was controlled at 7.00 � 0.05 by the automatic addition of 3 M
NaOH or 1.5 M H2SO4 as required and was double-checked by periodic offline
measurements. Temperature was set at 37.0 � 0.2°C. The bioreactor was purged
with a filter-sterilized mixture of 2.5% O2 in N2 at a flow rate of 500 ml min�1

and maintaining the agitation speed at 285 rpm, similar to the conditions de-
scribed by Shalel-Levanon et al. (59). Polarographic measurements of residual
oxygen concentration in the culture medium confirmed consistent microaerobic
conditions among different runs (data not shown). The above-described experi-
mental setup was chosen since it was previously shown that both ArcAB and
CreBC systems exert their influence in a more evident fashion under such
conditions with restricted oxygen supply (3, 8, 47, 59). Inocula for bioreactor
cultures were grown overnight in 250-ml Erlenmeyer flasks at 37°C in a water
shaker (250 rpm) from a few picked colonies, using 50 ml of the minimal medium
described above.

Labeling experiments. Labeling experiments were started after the cultures
reached the steady state. We assumed that the steady state was attained when the
optical density at 600 nm remained constant for at least three residence times,
and periodic measurements of extracellular metabolites gave consistent results.
Unlabeled feeding medium was replaced by an identical salt medium but con-
taining 16 mM unlabeled glucose, 2 mM [U-13C]glucose, and 2 mM [1-13C]glu-
cose (13C content 	 99%; Calbiochem, San Diego, CA). Biomass samples were
taken after at least another residence time for GC-MS analysis. Cells in 500 ml
of culture were harvested by centrifugation for 15 min at 4°C and 10,000 
 g. Cell
pellets were washed three times with cold 20 mM Tris-HCl (pH 7.6) and resus-
pended in 10 ml of 6 M HCl in sealed Pyrex glass tubes. The mixture was
hydrolyzed for 15 h at 105°C, and after cooling at room temperature the resulting
hydrolysate was filtered through a 0.22-�m-pore-size filter and evaporated to
dryness. Since cysteine and tryptophan were completely oxidized while aspara-
gine and glutamine were deaminated during HCl hydrolysis, there were 16
proteinogenic amino acids in the hydrolysate (66). Dried hydrolysates were
partially dissolved in 3 ml of hot acetonitrile, filtered, and stored refrigerated
thereafter. For measurements, 150 �l of acetonitrile containing the hydrolysate
was combined with 150 �l of derivatization-grade N-methyl-N-(tert-butyldimeth-
ylsilyl)trifluoroacetamide (Sigma-Aldrich) in a glass vial. The mixture was incu-
bated for 30 min at 110°C for complete derivatization (15). After cooling to room
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temperature, derivatives were filtered and used for detection in a GC-MS equip-
ment (GC � MS-QP2010; Shimadzu, Tokyo, Japan) with a DB-5MS column
(30 m by 0.25 mm by 0.25 �m; Agilent Technologies, Inc., Fort Collins, CO). The
apparatus parameters were set according to the method of Zhao and Shimizu
(75). Briefly, the carrier gas flow was fixed at 1 ml min�1, and the injection
volume was 1 �l, with flow mode in split control. The oven temperature was
initially held at 80°C for 2 min, and then the temperature was gradually increased
to 290°C in 30 min. Interface temperature was set at 250°C and ion source
temperature at 200°C. Electron impact ionization was 70 eV. To increase sen-
sitivity, mass spectra were analyzed in selected ion recording mode.

Analytical procedures. The cell dry weight (CDW) was determined from cell
pellets of 100-ml culture samples that were centrifuged for 10 min at 4°C and
10,000 
 g, washed twice with the same volume of 150 mM NaCl, and finally
dried in an oven at 55°C until constant weight was attained. Culture broth
samples were centrifuged for 5 min at 13,000 
 g in a microcentrifuge to remove
the cells. The resulting supernatant was filtered through a 0.22-�m-pore-size
syringe filter and stored at 4°C for high-pressure liquid chromatography analysis.
Extracellular metabolites and glucose concentrations were determined by using
a high-pressure liquid chromatography system (Shimadzu Scientific Instruments,
Columbia, MD) equipped with a cation-exchange column (HPX-87H; Bio-Rad,
Hercules, CA), a differential refractive index detector (Waters Corp., Milford,
MA), and a UV-VIS detector (SPD-10A; Shimadzu Scientific Instruments). A
mobile phase of 2.5 mM H2SO4 solution was used at a 0.6-ml min�1 flow rate,
and the column was operated at 55°C (74).

Metabolic flux analysis and statistical analysis. To quantitatively estimate the
metabolic fluxes in the main metabolic pathways, an ad hoc computer program
was written in MATLAB (version 7.0; The Mathworks, Inc., Natick, MA). A
metabolic network was constructed (see the Appendix), including the Embden-
Meyerhof-Parnas pathway (glycolysis), the pentose phosphate (PP) pathway, the
TCA cycle, the glyoxylate shunt, and fermentative pathways. This network was
compiled from textbooks (25, 44) and online metabolic databases (33). Some
metabolic pools, such as PPs, succinyl coenzyme A (CoA)/succinate, and isoci-
trate/citrate, were combined in order to further simplify the network. Reactions
through phosphoenolpyruvate (PEP) carboxylase and PEP carboxykinase were
combined into a bidirectional reaction, and the reaction toward oxaloacetate
(OAA) production was taken as the positive reaction. We did not consider the

Entner-Doudoroff pathway or the methylglyoxal bypass (from dihydroxyacetone
phosphate to Pyr) in the metabolic network since glucose was used as the sole
carbon source (44). Cell composition was assumed to be the same in all exper-
imental strains, and it was derived from the work of Neidhardt et al. (44).

Flux estimation was made using a similar idea as it was previously described in
literature (58, 73, 75, 76). 13C-labeling experiments in E. coli rely on some key
assumptions: (i) the various 13C-labeled isotope isomers of the metabolic inter-
mediates are in an isotopomeric steady state, (ii) 13C-labeled isotope effects on
biochemical reaction rates are insignificant, (iii) metabolite channeling or com-
partmentation is not relevant, (iv) complete biochemical knowledge of the fate of
each carbon atom in the model is available or can be inferred from the obtained
13C-labeling data, and (v) the stoichiometry of all biochemical reactions is well
known. In this context, and by giving some arbitrary values for the free fluxes,
different sets of metabolic flux distributions could be determined based on
stoichiometric constraints. The GC-MS data can then be simulated based on
estimated flux distribution and labeling pattern of feeding glucose. The best-fit
set of flux distribution can be selected by comparing simulated GC-MS data and
experimental GC-MS data. Reversible reaction fluxes were converted into net
fluxes and exchange coefficients (within the range of [0,1]), as previously shown
by Wiechert and de Graaf (72). Isotopomer mapping matrices were developed
based on atom mapping matrices (78) to trace the isotopomer changes in the
considered reactions, and they were used for isotopomer balances based on
different sets of metabolic flux distributions. Isotopomer distributions in the
amino acids were deduced from the isotopomer distributions of their metabolic
precursors. Therefore, GC-MS signals were simulated and analyzed using the
isotopomer distribution of amino acids. Flux solutions were evaluated by com-
paring the simulated data with the experimental data. GC-MS signals were
corrected for the presence of the natural isotope abundance of atoms of H, C, N,
O, Si, P, and S in the amino acids and the derivatization reagent before being
used for flux analysis (68). Optimal carbon flux distribution in the bioreaction
network was calculated as a best fit to all available physiological data, macro-
molecular biomass composition, and the afore-mentioned amino acid abundance
in the biomass hydrolysate. The best-fit sets of flux distributions were found by
using the genetic and direct search toolbox in MATLAB and were based on at
least 100 independent calculation sets. Statistical analysis of the results was made
by using a Monte Carlo approach (57, 75) and analysis of variance.

TABLE 1. Escherichia coli strains, plasmids, and primers used in this study

Strain,
plasmid, or

primera
Relevant characteristicsb Source or

reference

E. coli strain
DH5� �pir Strain used for plasmid maintenance; �80lacZ�M15 recA1 endA1 gyrA96 thi-1

hsdR17(rK
� mK

�) supE44 relA1 deoR �(lacZYA-argF)U169; �pir lysogen
20

K1060* K-12 derivative considered wild type in this study; F� �� fadE62 lacI60 tyrT58(AS) fabB5 mel-1 51
IV1060K Same as K1060, but �creB::FRT-kan-FRT; Kmr This study
IV1060 Same as K1060, but �creB This study
CT1062 Same as K1060, but �arcA 46
IV1062K Same as CT1062, but �creB::FRT-kan-FRT; Kmr This study
IV1062 Same as CT1062, but �creB This study

Plasmid
pKD46 Vector expressing the Red genes (�, , and exo) from phage � under the arabinose-inducible

araB promoter, oriR101, repA101(Ts); Apr
14

pKD4 Template plasmid for kan flanked by FRT sequences, oriR�; Apr Kmr 14
pCP20 Helper plasmid, FLP � cI857 � PR repA(Ts); Apr Cmr 13

Primer
�creB-F† 5�-TTA GCG CGG TTC CTG TCA TGC CGT GGC GGC AAT AAC AGA GGC GAT TTA

TGG TGT AGG CTG GAG CTG CTT C-3�
This study

�creB-R 5�-GCC CAG CAA CAA CCG CAT GCC GAT ACG CAT TAC AGG CCC CTC AGG CTA
TAC ATA TGA ATA TCC TCC TTA G-3�

This study

kan-F 5�-CGG TGC CCT GAA TGA ACT GC-3� This study
kan-R 5�-CGG CCA CAG TCG ATG AAT CC-3� This study
creB-F 5�-CCT GAG GGG CCT GTA ATG-3� This study
creB-R 5�-CTG CAC CGT ATA AAG CTC-3� This study
arcA-F 5�-CCG AAA ATG AAA GCC AGT-3� This study
arcA-R 5�-GAA AGT ACC CAC GAC CAA-3� This study

a *, Strain obtained from the E. coli Genetic Stock Center (University of Yale, New Haven, CT). †, The start codon for creB is underlined.
b Cmr, chloramphenicol resistance; Apr, ampicillin resistance; Kmr, kanamycin resistance.
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Enzyme activity measurements. The experimental strains were grown in batch
cultures in the same medium as described above, using 25 mM glucose as the sole
carbon source. Microaerobic bioreactor cultures were conducted as previously
described by Nikel et al. (46). Cells were harvested during exponential growth
(optical density at 600 nm � 0.4 to 0.7) by centrifugation at 10,000 
 g for 10 min
at 4°C; washed twice with 100 mM Tris-HCl (pH 7.0) containing 20 mM KCl, 5
mM MgSO4, 2 mM dithiothreitol, and 0.1 mM EDTA; and resuspended in the
same buffer (ca. 0.5 g of wet cells in 1 ml of buffer solution). The cell suspension
was stored at �20°C for 3 h, thawed on an ice bath, and disrupted by sonication.
Cell extracts were obtained by centrifugation at 15,000 
 g for 30 min and 4°C.
Crude enzyme extracts were immediately used for determinations as well as to
measure protein concentration (6). Enzyme activities were assayed spectropho-
tometrically in a thermostated recording Beckman DU 650 spectrophotometer
(Beckman Coulter, Inc., Fullerton, CA). All compounds of the reaction mixture
were pipetted into a cuvette of 1-cm light path, and the reaction was initiated by
adding the cell extract or the substrate to give a final volume of 1 ml. Protocols
for citrate synthase, isocitrate lyase, and succinate dehydrogenase (SDH) were
performed essentially as described elsewhere (18, 69, 71); lactate dehydrogenase
was measured as indicated by Bunch et al. (7); and acetate kinase as detailed by
Dittrich et al. (17).

RESULTS

Growth parameters of E. coli creB and arcA mutants in
chemostat cultures. E. coli strains K1060 (wild type), IV1060
(�creB), CT1062 (�arcA), and IV1062 (�creB �arcA) were
grown in a glucose-limited semiaerobic chemostat culture at a
dilution rate (D; volumetric flow rate/working volume) of 0.1
h�1. This experimental setup was chosen since it was previ-
ously shown that fermentation patterns, as well as gene expres-
sion levels, showed most profound differences among wild-type
E. coli, creB, and arcA mutants under conditions with restricted
oxygen supply (3, 8, 47, 59), similar to those used in this work.
The results presented here should be interpreted bearing in
mind that we did not measure the actual state of perceived
aerobiosis, i.e., the oxygen availability for individual cells (2).
Instead, we have chosen a suitable experimental setup to de-
scribe the metabolic differences among wild-type and mutant
strains under conditions of restricted oxygen supply. Chemo-

stat cultures were repeated twice for strain IV1060 (�creB) and
three times for strain IV1062 (�creB �arcA) in order to verify
consistency between different runs. Steady-state biomass yields
and specific glucose uptake rates of the experimental strains
are shown in Table 2. Mutant strains exhibited lower glucose
uptake rates. It can be seen that strains bearing the creB de-
letion showed not only higher biomass concentrations but also
higher biomass yield on glucose compared to the wild-type
strain or the �arcA mutant (P � 0.05). Carbon recovery coef-
ficients were calculated for each experimental strain from the
biomass and fermentative metabolites synthesis rates, whereas
CO2 evolution was derived from the in silico flux calculations.
The good carbon recovery values shown in Table 3 confirmed
the network assumptions consistency. Similarly, 	90% of the
reducing equivalents generated during microaerobic growth on
glucose were captured in the synthesis of biomass and fermen-
tation products (data not shown). Taken together, these results
suggest an excellent closure of carbon and redox balances, thus
suggesting that the most relevant metabolites and reactions
were taken into account in the proposed metabolic network.

Metabolic flux analysis results. Metabolic flux distributions
for the four experimental strains under study were estimated
based on 13C-labeling experiments at steady state. Experimen-
tal GC-MS data were corrected for the presence of the natural
isotope abundance of atoms of H, C, N, O, Si, P, and S in the
amino acids and derivatization reagents and compared to data
simulated from flux distribution, showing that both data sets
were in good agreement (data not shown). Bidirectional reac-
tions were separated into net fluxes and exchange coefficients
to avoid numerical problems during optimization (72). All
fluxes were normalized to the specific glucose uptake rates
(Table 2; see also reaction v0 in the Appendix), which were
considered to be 100. It can be seen from Fig. 1 that glucose
internalized through the phosphotransferase system was
mainly catabolized using the Embden-Meyerhof-Parnas path-

TABLE 2. Physiological parameters for the steady-state chemostat cultures at D � 0.1 h�1

E. coli strain

Mean � SDa

Specific glucose
consumption rate

(mmol g CDW�1 h�1)

CDW concn
(g liter�1) YX/G

b (g g�1) Ethanol/acetate
ratio (mol mol�1)

K1060 (wild-type strain) 6.88 � 0.09 0.32 � 0.01 0.08 � 0.01 0.47 � 0.03
IV1060 (�creB) 3.66 � 0.05 0.53 � 0.01 0.14 � 0.02 0.35 � 0.03
CT1062 (�arcA) 5.43 � 0.08 0.36 � 0.02 0.09 � 0.01 0.91 � 0.04
IV1062 (�creB �arcA) 3.84 � 0.06 0.51 � 0.03 0.15 � 0.02 0.62 � 0.03

a Results represent the mean values for at least triplicate measurements from three independent samples.
b YX/G, biomass yield on glucose.

TABLE 3. Specific production rates for extracellular metabolites in steady-state chemostat cultures at D � 0.1 h�1

E. coli strain
Mean specific production rate (mmol g CDW�1 h�1) � SDa

Mean carbon balanceb

(%) � SDPyruvate Lactate Succinate Formate Acetate Ethanol

K1060 (wild-type strain) 0.08 � 0.03 0.01 � 0.00 0.49 � 0.02 9.4 � 0.4 6.2 � 0.1 2.94 � 0.06 93 � 5
IV1060 (�creB) 0.09 � 0.02 0.00 � 0.00 0.03 � 0.01 5.9 � 0.2 4.1 � 0.1 1.39 � 0.08 91 � 6
CT1062 (�arcA) 0.04 � 0.01 0.41 � 0.03 0.37 � 0.02 9.1 � 0.3 5.2 � 0.2 4.64 � 0.07 96 � 4
IV1062 (�arcA �creB) 0.05 � 0.03 0.09 � 0.01 0.02 � 0.01 6.6 � 0.1 4.0 � 0.1 2.51 � 0.05 98 � 2

a Results represent the mean values for at least triplicate measurements from three independent samples.
b CO2 production was estimated from the flux calculations.
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way (reactions v1 to v5). Small exchange coefficients for the
reversible reactions involved show that these reactions pro-
ceeded toward Pyr generation. It is worth to mention that a
slight reduction (ca. 15%) of the flux from PEP to Pyr, cata-
lyzed by Pyr kinase (PykAF), was observed in creB mutants.

Under aerobic conditions, the oxidative PP pathway is used

as one of the main pathways in E. coli to generate reducing
power as NADPH (25, 44). However, flux distributions dem-
onstrate that the oxidative PP pathway (v8) was low for all
experimental strains. All mutant strains showed almost the
same fluxes through the oxidative PP pathway, and these values
were 	75% lower than those of wild-type K1060 (P � 0.01).

FIG. 1. Metabolic flux analysis of (from top to bottom) E. coli K1060 (wild-type strain), IV1060 (�creB), CT1062 (�arcA), and IV1062 (�creB
�arcA) in glucose-limited continuous cultures with restricted oxygen supply at D � 0.1 h�1. Flux values are normalized to the specific glucose
uptake rate of each strain (v0), which was arbitrarily given the value of 100. Arrowheads indicate the assumed reaction reversibility, and interchange
coefficients for these reactions are shown in brackets. Gray arrows indicate precursors for biomass synthesis. Values represent the mean of at least
100 calculations from data corresponding to three independent samples for each strain � 90% confidence intervals. A description of each reaction
can be found in the Appendix.
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The oxidative PP pathway and the bidirectional nonoxidative
PP pathway are both used to provide precursors for biomass
synthesis (25). Reactions in the nonoxidative PP pathway ex-
hibited exchange coefficients very close to 1, which implies that
all of these reactions were highly reversible. It was reported
that CreBC mutants showed a lower expression of talA-en-
coded transaldolase A (5) and, accordingly, we observed very
low TalAB fluxes (v11) in creB strains.

Comparing the flux distributions at the PEP node in the
experimental strains, it can be observed that the PEP carbox-
ylase flux (v12) showed a similar trend as the biomass flux (v23),
which was higher for the strains bearing the creB mutation
(P � 0.01) compared to those of K1060 and CT1062 (�arcA).
The flux through the anaplerotic PEP carboxylase reaction was
mainly used to supplement the OAA pool for biomass synthe-
sis and reactions through the TCA cycle in the wild-type strain
and its �arcA derivative. On the other hand, the reaction
through PEP carboxykinase was treated as the reverse reaction
of that catalyzed by PEP carboxylase. Figure 1 shows that
exchange coefficients for the PEP carboxylase flux were negli-
gible for the wild-type strain and the arcA mutant and slightly
higher for strains carrying the creB deletion. In other words,
fluxes through the gluconeogenic PEP carboxykinase reaction
were low in the experimental strains under the semiaerobic
condition tested, but higher for creB mutants. As stated, bio-
mass fluxes were higher for creB mutants compared to the
wild-type strain flux. In fact, a statistically significant increase
of 2.5- and 2.1-fold was observed for strains IV1060 and
IV1062, respectively (P � 0.05). The biomass flux for the arcA
mutant was only slightly higher (1.3-fold) compared to that of
wild-type K1060.

The flux distribution at the Pyr node largely determines the
metabolic patterns in E. coli (9). Extracellular metabolite pro-
duction rates are presented in Table 3, in which it can be
observed that excreted Pyr was negligible for all experimental
strains. Previous studies have suggested that ArcA represses
the expression of aceEF, encoding subunits of the Pyr dehy-
drogenase (PDH) complex (38). For this reason, flux through
PDH complex (v6) should be higher for strain CT1062 com-
pared to that of K1060, since aceEF expression would be de-
repressed. However, the flux through PDH was 	13% lower in
mutant strains compared to that observed for wild-type K1060
(P � 0.05). In strain IV1062 (bearing the creB and arcA dele-
tions) this flux was 46% lower, suggesting that the CreBC
system may exert some modulation on aceEF expression to-
gether with the ArcAB system since it seems that there is an
additive effect of both regulatory systems. However, it is im-
portant to note that the difference observed in the PDH flux
could also be an indirect effect of changes in other fluxes as a
consequence of variations in the intracellular metabolite pools.
Therefore, more studies are needed to clarify the possible
transcriptional regulation of aceEF by Cre. On the other hand,
the Pfl flux (v7) was slightly lower for the arcA mutant (P �
0.05). This is consistent with previous studies reporting that
pflAB expression is activated by ArcA (1, 3, 61). Lower Pfl
fluxes were observed in strains bearing the creB mutation: for
IV1060 (�creB), the Pfl flux was ca. 19% lower than that of
K1060, while for IV1062 (�arcA �creB) a reduction of ca. 15%
was observed. In addition, it should be noted that conversion of
Pyr into acetyl-CoA may also occur through the reactions cat-

alyzed by TdcE (56) or modulated by YfiD, particularly in a
�arcA background (77).

Flux toward lactate synthesis (v20) was almost zero for the
wild-type strain and the strains bearing the creB mutation.
Nevertheless, it was observed that the arcA mutant showed a
12.7-fold increase in this flux (P � 0.01). It was previously
shown that ldhA expression is derepressed in a �arcA back-
ground (59). However, we did not detect significant lactate
synthesis in supernatants of the double-mutant cultures and,
accordingly, fermentative lactate dehydrogenase (LdhA) flux
in this strain was negligible. This result is in agreement with the
higher PEP carboxylase fluxes observed in cre mutants, sug-
gesting that PEP is deviated toward the TCA cycle reactions. It
is possible to speculate that the higher LdhA flux in the �arcA
mutant could be a consequence of higher Pyr concentration
and reducing equivalents accumulation.

Based in the stoichiometric constraints of the model, lower
phosphotransacetylase (Pta) and acetate kinase (AckA) fluxes
(v21), conducive to extracellular acetate, were observed for the
three mutant strains compared to those of wild-type K1060.
This behavior was particularly evident for IV1062, the double
mutant strain (showing ca. 42% reduction in acetate synthesis
[P � 0.01]), suggesting an additive effect of mutations in both
ArcAB and CreBC on Pta-AckA fluxes. These results are in
good agreement with the reported reduction of pta-ackA ex-
pression in a creC::kan mutant of E. coli DH5� (5), and in a
�arcA mutant of E. coli MG1655 (61). It is worth mentioning
that conversion of Pyr to extracellular acetate is usually as-
sumed to occur through the reactions catalyzed by PDH and/or
Pfl, Pta, and AckA, but it may also arise from Pyr oxidase
activity (PoxB) in one step. The latter reaction could be active
in acetate-producing cultures (17). Both reaction sequences
create the same 13C-labeling pattern, so that our present anal-
ysis cannot differentiate between the two routes. However, the
flux results are not affected by the potential presence of PoxB.

Compared to the wild-type strain, the flux toward ethanol
synthesis (v22) was lower for strains carrying the creB mutation
but higher for CT1062 (�arcA). In this case, a higher ethanolo-
genic flux could suggest a higher redox potential for the arcA
mutant. Even when a direct effect of ArcA or CreB was not
demonstrated for adhE, it is well established that E. coli syn-
thesizes ethanol to maintain the redox balance (9). Ethanol/
acetate molar ratios (Table 2) also show that strains carrying
the arcA deletion exhibit a highly reducing intracellular envi-
ronment.

It can be seen in Fig. 1 that the TCA reactions still worked
as a cycle under the experimental conditions tested, instead of
two branches. All of the TCA cycle reactions were substantially
lower in the mutant strains. Fluxes through the later part of the
cycle include the reactions through SDH, fumarate reductase,
and malate dehydrogenase. Exchange coefficients values
(which were 	0.95 for v16 and v17) indicate that the reactions
of fumarase (which converts fumarate into malate) and malate
dehydrogenase (which converts malate into OAA) are highly
reversible under the experimental semiaerobic conditions. Pre-
vious studies indicated that expression of genes encoding TCA
cycle enzymes, such as gltA and icd, are repressed by ArcA
under microaerobic conditions (60). However, similar to what
was observed for the PDH fluxes, fluxes through citrate syn-
thase (GltA, v13) and isocitrate dehydrogenase (v14) were
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lower in all mutant strains. On the other hand, the glyoxylate
shunt reactions (v18), consisting of isocitrate lyase (AceA) and
malate synthase (AceB and GlcB), were found to be active in
strain CT1062 (arcA mutant), which showed a flux through
these reactions �5-fold higher than that of the wild-type strain
(P � 0.01), a finding in good agreement with the reported
repression of aceBAK by ArcA under conditions of restricted
oxygen supply (30). The glyoxylate shunt was also active in
strain IV1062 (creB arcA double mutant) but to a lesser extent
(�1.3-fold increase compared to the wild-type strain [P �
0.05]). Residual activity through the glyoxylate shunt was also
present in K1060 and IV1060, as demonstrated for wild-type E.
coli strains under glucose limitation (39). Taking into account
the lower TCA cycle fluxes in the mutant strains, significant
succinate excretion (v19) was only detected for the wild-type
strain and its �arcA derivative, which seems to be mostly pro-
vided by the glyoxylate shunt reactions.

Enzymatic activities in arcA and creB mutants. In order to
further investigate the regulation mechanisms that could cause
the flux changes, the activities of several enzymes which
showed significant differences by metabolic flux analysis were
determined. We conducted microaerobic batch cultures of the
wild-type strain and its cre and arc derivatives, and samples
were taken during the exponential phase of growth for in vitro
measurements of citrate synthase, isocitrate lyase, SDH, lac-
tate dehydrogenase, and acetate kinase activities (Table 4). In
the middle of the exponential phase, bacterial cells can be
considered to be in a quasi-steady state (55, 73); thus, the
enzyme activities can be compared to some extent with results
obtained through fluxome analysis. Moreover, dissolved oxy-
gen concentrations in the exponential cultures were roughly
similar to those used in chemostat cultivation (data not
shown).

It can be observed that the enzyme activities of the mutant
strains followed the same trend as the corresponding fluxes
shown in Fig. 1, suggesting a similar regulatory pattern. GltA
was found to be mainly active in K1060, while strains carrying
the creB deletion had a ca. 50% reduction in this activity. The
arc mutant showed a slightly lower GltA activity compared to
K1060. A similar behavior was observed for SDH. Again, the
highest SDH activity was registered in the wild-type strain. On
the other hand, CT1062 (�arcA) showed the highest isocitrate
lyase activity under microaerobic conditions (threefold higher
than that of the wild-type strain). Also, fermentative LdhA
activity was 2.2-fold higher for CT1062, which correlates with
the high extracellular lactate flux obtained for this strain (Ta-
ble 3). The activity of AckA, an enzyme for which CreBC-
dependent regulation is well established (5, 47), was also as-

sayed. As expected, strains IV1060 and IV1062 (creB mutants)
exhibited 	70% lower activity than that of wild-type K1060.
AckA activity was also low for CT1062 (ca. 44% lower than the
activity in K1060) and reflects the funneling of acetyl-CoA
toward ethanol synthesis instead of acetate formation, which is
in good agreement with the ethanol/acetate ratio of this strain
in chemostat cultures (Table 2).

Even when our results show a similar trend in some meta-
bolic fluxes and enzyme activities associated with them, it is
appropriate to mention that in vivo activity is subjected to a
wide variety of regulatory mechanisms. Among them, one par-
ticularly relevant mechanism is allosteric regulation. Differ-
ences in the enzyme activity level in the mutant strains (and
therefore, in the corresponding metabolic fluxes) could be the
consequence of several metabolic and regulatory phenomena
which are not directly related with transcriptional control ex-
erted by the global regulators under study. Nevertheless, the
good correlation we found between in vivo catabolic fluxes and
in vitro enzyme activity suggests a similar regulatory pattern in
both parameters.

DISCUSSION

In the present study, variations resulting from different mu-
tations in the global regulators CreBC and ArcAB (controlling
responses to carbon source and oxygen availability) were sys-
tematically analyzed by combined physiological and fluxome
analysis. This objective was attained by quantifying intracellu-
lar metabolic flux distributions in a wild-type strain of E. coli,
a creB mutant, an arcA mutant, and a creB arcA double mutant
by means of 13C-labeling experiments under microaerobic con-
ditions. Metabolic flux analysis was demonstrated to be an
important and useful tool for holistic interpretation of the
central metabolism since deletion of regulatory genes may
affect the entire cellular metabolite pattern in a difficult-to-
predict fashion. This in turn can affect the activity of various
other enzymes and pathways, being especially relevant when
considering the effects of combinations of global regulators
under conditions where it is difficult to know the contributions
of each one on a cell culture. For instance, it can be seen in
Table 2 that the ethanol/acetate ratios are changed in different
directions by Arc and Cre, so the phenotypic properties in the
double mutant are not easy to predict.

Deletion of either arcA and/or creB did not significantly
affect the fluxes toward PEP, while the flux distribution at the
PEP, Pyr, and acetyl-CoA nodes were affected by both CreBC
and ArcAB regulatory systems. Lower fluxes were registered
for all mutant strains in both the oxidative and nonoxidative

TABLE 4. In vitro enzyme activities in batch cultures of wild-type and mutant strains

E. coli strain

Avg enzyme sp act (�mol min�1 mg of protein�1) � SDa for:

Citrate
synthase

Isocitrate
lyase

Succinate
dehydrogenase

Lactate
dehydrogenase

Acetate
kinase

K1060 (wild-type strain) 0.98 � 0.02 0.09 � 0.01 0.17 � 0.01 0.47 � 0.06 1.35 � 0.03
IV1060 (�creB) 0.43 � 0.05 0.05 � 0.02 0.09 � 0.03 0.09 � 0.02 0.38 � 0.05
CT1062 (�arcA) 0.59 � 0.03 0.27 � 0.01 0.11 � 0.02 1.02 � 0.03 0.76 � 0.02
IV1062 (�creB �arcA) 0.48 � 0.04 0.16 � 0.04 0.08 � 0.03 0.06 � 0.02 0.24 � 0.09

a Values represent averages of duplicate measurements from two independent cultures.
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PP pathways. From a physiological perspective, high fluxes
through the oxidative PP pathway under microaerobic con-
ditions appear unreasonable because the cell is not able to
reoxidize concomitantly formed NADPH; however, an ad-
ditive effect of CreB and ArcA seems to operate on this
pathway. The effect of the CreBC system on key points of
the nonoxidative PP pathway under aerobic conditions was
previously discussed (5).

The flux distribution at the Pyr node results from competi-
tion between lactate synthesis through LdhA activity, and
acetyl-CoA synthesis by PDH and/or Pfl. Although the acetyl-
CoA pool was mainly supplemented by the reaction through
Pfl, both Pfl and PDH were active under the 2.5% O2-in-N2

condition used in the present study. Since the formate formed
by Pfl would not be decomposed at neutral pH (77), the Pfl flux
would correlate with the extracellular formate fluxes. Small
differences observed in this correlation could be attributed to
the activity of formate-hydrogen lyase, which catalyzes the
conversion of formate into CO2 and H2 (9). Similar and neg-
ligible LdhA fluxes were observed for strains K1060 (wild
type), IV1060 (�creB), and IV1062 (�creB �arcA). However,
arcA disruption gave rise to an important increase in LdhA
flux, most probably to maintain the intracellular carbon skel-
etons and redox balance. When LdhA activity was determined
in exponential cultures a high activity was observed for strain
CT1062, which correlates well with the flux distribution ob-
tained in silico.

The lower fluxes through PDH in cultures of arcA strains
compared to the wild-type strain are in contrast to the previ-
ously reported repression effect of ArcA on aceEF expression
(38). Indeed, Shalel-Levanon et al. (61) demonstrated that
aceE expression level was higher in an arcA strain under con-
ditions similar to those used in this work. Since the PDH
enzyme is inhibited by NADH, and a higher ethanol/acetate
redox ratio [which also reflects a higher NAD(P)H/NAD(P)�

ratio] was observed in strains CT1062 and IV1062 compared to
the wild-type strain, it seems that the lower PDH fluxes re-
sulted from a reduced activity of the PDH complex caused by
the redox environment, as suggested by Snoep et al. (62). We
also observed a reduced PDH flux in strain IV1060, carrying
the creB deletion, which is not directly attributable to a reduc-
ing intracellular redox environment. No previous reports have
described a regulation of PDH by the CreBC system, and this
possibility remains to be elucidated.

As observed by Avison et al. (5), a reduction in Pta-AckA
activity in creC mutants grown in minimal medium with glucose
as the sole carbon source would correlate with higher intracel-
lular levels of Pyr, a phenomenon that was also demonstrated
in E. coli W3110 pta::Tn10 mutants (11). Judging by the flux
distribution and the enzymatic activity determinations, lower
conversion of acetyl-CoA into acetate takes place in creB mu-
tant strains. As stated above, when reducing equivalents are in
excess, Pyr can be converted into lactate through NADH-
dependent LdhA (as was the case for CT1062, the arcA mu-
tant). Zhu et al. (76) previously showed that higher fluxes
toward lactate synthesis in an arcA background can be attrib-
uted to the lower conversion of Pyr into acetyl-CoA and, at the
same time, a reducing redox environment. Pyr utilization is
important for maintenance of carbon fluxes because when its
concentration reaches a threshold value, PEP synthesis is in-

hibited and growth on phosphotransferase system sugars is
impaired (11, 37), among other metabolic effects. We observed
that conversion of PEP into Pyr was lower in creB mutants and,
at the same time, glucose uptake rates were ca. 45% lower
(Table 2), a result that is in good agreement with the docu-
mented modulation of the phosphotransferase system activity.
Similarly, both acetate and ethanol fluxes were concomitantly
reduced in creB mutants, which could lead to acetyl-CoA ac-
cumulation. A well-documented effect of intracellular acetyl-
CoA build-up is the allosteric activation of PEP carboxylase
(32), a situation that would account, at least in part, for the
higher fluxes observed for this reaction in strains IV1060 and
IV1062. However, it should be stressed that the lower catabolic
rates observed in the mutants can be also due to a wide range
of effects, e.g., changes in intracellular metabolite pools and/or
fluxes. On the other hand, Pyr is the main stoichiometric con-
tributor in the reaction conducive to biomass (see the Appen-
dix). Since lower fluxes through LdhA, PDH, and Pfl were
observed for creB mutants, it is tempting to speculate that
perhaps more Pyr is being drained to biomass building block
synthesis under our experimental conditions, which would cor-
relate with the higher biomass yields and fluxes observed for
strains IV1060 and IV1062. A similar conclusion was suggested
from results derived from a theoretical analysis of carbon par-
titioning between biomass synthesis and by-products excretion
(16). In addition, considering the stoichiometric balance at the
acetyl-CoA node, it can be seen that a higher availability of this
precursor is also evident in strains IV1060 and IV1062 which
could be eventually funneled into biomass synthesis.

The underlying mechanism for potentially higher energetic
efficiency in creB mutants is unknown. It should be kept in
mind that metabolic perturbations are widely possible in mu-
tants for global regulators, and some of them could not be
considered in our biochemical network but certainly can influ-
ence cellular parameters such as biomass yield. Under semi-
aerobic conditions, besides ATP generation in the fermenta-
tive metabolic pathways, an important contribution of ATP is
obtained through respiration. Since the P/O ratio greatly varies
in different organisms under different conditions (45), ATP
generation through respiratory chain activity cannot be directly
calculated. Besides these observations, it should be realized
that a higher intracellular ATP concentration is not necessarily
the main reason for higher biomass yield on substrate. A recent
report showed the opposite trend in glucose-limited chemostat
cultures of E. coli (35). Accordingly, it has been previously
demonstrated that the distribution of carbon skeletons, rather
than ATP availability, seems to be the most important factor
modulating the biomass yield of E. coli on substrate under
conditions of restricted oxygen supply (67). Similar conclusions
were reached in yeasts, such as Saccharomyces cerevisiae (63)
and Candida utilis (70). For instance, it has been demonstrated
that higher PEP carboxylase is directly correlated with en-
hanced biomass yield on substrate (12), although no significant
changes in ATP availability can be anticipated. In the present
study, the flux through this anaplerotic enzyme was higher for
creB mutants, directly correlating with the flux from macromo-
lecular precursors to biomass and the biomass yield on sub-
strate. Our hypothesis is that at a given ATP availability dif-
ferences in the carbon fluxes distribution may significantly alter
the biomass yield on substrate. We are currently conducting
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experiments aimed at providing a quantitative correlation be-
tween catabolic and energetic efficiency in creB mutants.

Recent evidence suggests that transcriptional control of
fluxes is often specific for a particular metabolic pathway in a
highly condition-dependent fashion (21, 24, 29, 59). Since
fluxes are the integrated consequence of all regulatory and
biochemical interactions within the metabolic network, it is not
surprising that our results significantly deviate from previous
conclusions exclusively based on genetic evidence. In agree-
ment with the observations of Perrenoud and Sauer (52), we
found that TCA cycle reactions operate in a substantially cyclic
fashion under conditions of restricted oxygen supply instead of
the usually proposed two-branch pathway (42). Even when
such a cyclic activity was detected, all TCA cycle fluxes in
mutant strains were reduced compared to those of wild-type
K1060. The in vitro GltA and SDH activities followed the same
trend observed in the flux distribution. A similar result was
observed by Shalel-Levanon et al. (59), demonstrating that at
oxygen concentrations in the bioreactor headspace ranging
from 1 to 2.5%, succinate fluxes were higher for a wild-type
E. coli strain compared to �arcA and �arcA �fnr mutants.
The authors of that study also found a significant inhibition
of the TCA cycle reactions by a high NADH/NAD� ratio in
the mutant strains.

It is noteworthy that during chemostat cultures of IV1062,
the �creB �arcA mutant, steady-state conditions were attained
only after approximately 10 residence times (for the wild-type
strain and its single-mutation derivatives it took about 7 resi-
dence times). This particular behavior, which was consistently
reproduced in three independent cultivations, could be due to
a poor metabolic regulation in the absence of two global reg-
ulators under our carbon-limited conditions with restricted
oxygen supply. The possibility that mutations in other genes,
namely, rpoS, encoding the general stress response �S factor
(28), could arise in subpopulations of our cultures during such
a long cultivation time cannot be ruled out (22, 49); however,
homogeneous colony morphology was found after plating di-
lutions of these cultures, and no qualitative differences in gly-
cogen accumulation, an indirect indicator of rpoS partial and
null mutations (27), were detected after iodine staining (data
not shown).

Metabolic flux analysis was recently performed using glu-
cose-limited chemostat cultures under aerobic conditions
for various regulatory mutants, among them, �creB::kan,
�creC::kan, �arcA::kan, and �arcB::kan derivatives of E. coli
BW25113 (43). Interestingly, a higher glucose uptake rate was
observed for creB and creC mutants than for BW25113. Be-
sides these observations, no significant differences were ob-
served among the strains under study, and it was concluded
that under the conditions tested, the above-mentioned muta-
tions are phenotypically silent. Oshima et al. (50) also consid-
ered that the CreBC system does not exert an important reg-
ulation on gene expression under aerobic conditions, as judged
from results of microarray transcriptomic experiments using E.
coli mutants in all known two-component signal transduction
systems. However, it is important to stress that both CreBC
and ArcAB regulatory systems seem to exert an important
influence on central metabolism in microaerobiosis (3, 8, 48,
59), and this could be the reason for which no differences were
observed under aerobic conditions of growth. Finally, and tak-

ing into account that both global regulatory systems exert an
important influence on carbon and redox balances, manipula-
tion of the genes for these regulators could provide a relevant
tool for modulation of central metabolism and reducing power
availability aimed at biotechnological purposes.

APPENDIX

The components of the metabolic network used for flux calculation
were as follows.

v0: glucose � PEP 3 G6P � Pyr.
v1: G6P 7 F6P.
v2: F6P 3 2 GAP.
v3: GAP 3 3PG.
v4: 3PG 7 PEP.
v5: PEP 3 Pyr.
v6: Pyr 3 acetyl-CoA � CO2.
v7: Pyr 3 acetyl-CoA � formate.
v8: G6P 3 P5P � CO2.
v9: P5P � E4P 7 F6P � GAP.
v10: 2 P5P 7 GAP � S7P.
v11: GAP � S7P 7 F6P � E4P.
v12: PEP � CO2 7 OAA.
v13: acetyl-CoA � OAA 3 ICT.
v14: ICT 3 �-KG � CO2.
v15: �-KG 3 SUC � CO2.
v16: SUC 7 MAL.
v17: MAL 7 OAA.
v18: ICT � acetyl-CoA 3 MAL � SUC.
v19: SUC 3 SUCex.
v20: Pyr 3 lactate.
v21: acetyl-CoA 3 acetate.
v22: acetyl-CoA 3 ethanol.
v23: 0.133 G6P � 0.071 F6P � 0.107 GAP � 1.661 3PG � 0.964

PEP � 3.635 Pyr � 2.523 acetyl-CoA � 0.535 P5P � 0.456 E4P � 1.61
�-KG � 1.786 OAA 3 biomass � 2.828 CO2.

Abbreviations: Pyr, pyruvate; G6P, glucose 6-phosphate; F6P, fruc-
tose 6-phosphate; GAP, glyceraldehyde 3-phosphate; 3PG, 3-phospho-
glycerate; P5P, pentose 5-phosphate; E4P, erythrose 4-phosphate; S7P,
sedoheptulose 7-phosphate; ICT, isocitrate; �-KG, �-ketoglutarate;
SUC, succinate; SUCex, extracellular succinate; MAL, malate.
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