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The response of Escherichia coli central carbon metabolism to genetic and environmental manipulation has
been studied by use of a recently developed methodology for metabolic flux ratio (METAFoR) analysis; this
methodology can also directly reveal active metabolic pathways. Generation of fluxome data arrays by use of
the METAFoR approach is based on two-dimensional >*C-"H correlation nuclear magnetic resonance spec-
troscopy with fractionally labeled biomass and, in contrast to metabolic flux analysis, does not require
measurements of extracellular substrate and metabolite concentrations. METAFoR analyses of E. coli strains
that moderately overexpress phosphofructokinase, pyruvate kinase, pyruvate decarboxylase, or alcohol dehy-
drogenase revealed that only a few flux ratios change in concert with the overexpression of these enzymes.
Disruption of both pyruvate kinase isoenzymes resulted in altered flux ratios for reactions connecting the
phosphoenolpyruvate (PEP) and pyruvate pools but did not significantly alter central metabolism. These data
indicate remarkable robustness and rigidity in central carbon metabolism in the presence of genetic variation.
More significant physiological changes and flux ratio differences were seen in response to altered environ-
mental conditions. For example, in ammonia-limited chemostat cultures, compared to glucose-limited chemo-
stat cultures, a reduced fraction of PEP molecules was derived through at least one transketolase reaction, and
there was a higher relative contribution of anaplerotic PEP carboxylation than of the tricarboxylic acid (TCA)
cycle for oxaloacetate synthesis. These two parameters also showed significant variation between aerobic and
anaerobic batch cultures. Finally, two reactions catalyzed by PEP carboxykinase and malic enzyme were
identified by METAFoR analysis; these had previously been considered absent in E. coli cells grown in
glucose-containing media. Backward flux from the TCA cycle to glycolysis, as indicated by significant activity
of PEP carboxykinase, was found only in glucose-limited chemostat culture, demonstrating that control of this
futile cycle activity is relaxed under severe glucose limitation.

Access to complete genome sequence information for a
number of microorganisms now motivates the development
and application of experimental techniques for phenotype
characterization (such as transcriptome and proteome analy-
ses), providing arrays of data that can be directly mapped to
corresponding arrays of genes (14, 36). The physiological coun-
terpart to such composition arrays is the array of fluxes (reac-
tion rates on a per-unit cell volume or per-unit cell mass basis)
for all of the reactions that occur in the organism, for which we
use, by analogy, the term fluxome. Approximate fluxome ac-
cess for certain subsets of metabolism can be attained by meth-
ods of metabolic flux analysis, which require data on uptake
and efflux rates of certain metabolites outside the cell and
which assume a corresponding network of metabolic pathways
in the cell (39). Alternatively, by use of more recently intro-
duced methodology based on isotopic imprinting of amino
acids by their precursors, the active central carbon pathways
and the ratios of their fluxes can be directly determined from
two-dimensional (2D) nuclear magnetic resonance (NMR)
analysis of hydrolyzed cell protein (30-33). This method, for
which we introduce the term METAFoR (metabolic flux ratio)
analysis, offers a relatively high throughput access to these key
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fluxome elements, enabling physiological data arrays to be
acquired over a broad range of genetic and environmental
conditions.

Specifically, METAFoR analysis quantifies the relative
abundance of intact carbon bonds originating from uniformly
isotopically labeled source molecules by use of proton-de-
tected 2D *C-'H correlation NMR spectroscopy (COSY) (30,
34, 42). Such 2D NMR analysis of amino acids obtained from
hydrolyzed cell protein permits quantitative analysis of the
relative abundance of intact, contiguous fragments in the pre-
cursor metabolites of central metabolism, because the carbon
backbone of these molecules is conserved in the amino acids.
Typically, fractional >C labeling of amino acids is achieved by
growing cells with a mixture of 85 to 90% natural-abundance
glucose and 10 to 15% [U-"*C¢lglucose (22, 27, 30-32, 34).
Because alternative pathways leading to common intermedi-
ates or products produce different intact fragments originating
from a single glucose source molecule (30-32), specific multi-
plet patterns in the '*C fine structures that reflect the in vivo
usage of reactions are generated. Probabilistic equations relate
the determined intensities of the multiplet components to the
relative abundance of intact carbon fragments (30) and thus
allow derivation of intracellular carbon flux ratios (30-33).
These data provide not only comprehensive insight into
cellular metabolism but also inherent flux indications that
can provide critical information for metabolic (net) flux
analysis (27, 32).

The active pathways and the flux distribution in central car-
bon metabolism are critical components of a multidimensional
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TABLE 1. E. coli strains and plasmids used

Strain or plasmid

Relevant characteristics

Source or reference

Strains
MG1655 Wild-type K-12 strain (\™ F~ rph-1) 1
JM101 [F~ traD36 lacI? A(lacZ)M15 proA™ B" supE thi A(lac-proAB)] 43
PB25 Pyruvate kinase-deficient JM101 (pykA::kan pykF::cat) 25
ATCC 11303 Wild-type B strain; prototroph American Type Culture Collection
KO20 Ethanol-producing ATCC 11303; chromosomal insertion of the pet operon 23
(pyruvate decarboxylase and alcohol dehydrogenase II) of Z. mobilis into the
pyruvate formate-lyase gene
Plasmids
pTrc99a E. coli expression vector Pharmacia
pPPec pTrc99a derivative for expression of the artificial E. coli pykF-pfkA operon 6
pPYKbs pTrc99a derivative for expression of the pyruvate kinase from Bacillus 6

stearothermophilus

physiological representation of the organism, since this central
backbone of metabolism provides energy, cofactor regenera-
tion, and building blocks for biomass synthesis and controls the
extent and nature of by-product excretion. A wide array of
regulatory responses are embedded in this network on the
transcriptional level as well as the protein level. The purpose of
this complex regulatory structure is not yet fully elucidated, but
the observed insensitivity of growth rates and extracellular
fluxes to the overexpression of key enzymes suggests a homeo-
static objective of the regulatory system (4, 8, 38).

In this study, we used METAFoR analysis to examine, at the
level of flux ratios and operational pathways, how the central
carbon physiology of Escherichia coli responds to genetic and
environmental manipulations. In addition, we show the extent
of variation in these facets of the central carbon network flux-
ome in several different standard laboratory strains. These
METAFoR data show in detail how and under what conditions
the E. coli central carbon metabolic network maintains flux
ratio homeostasis and when significant alterations arise in both
active pathways and flux ratios.

MATERIALS AND METHODS

Strains, plasmids, and media. Strains and plasmids used in this study are listed
in Table 1. All batch cultivations were performed with a minimal medium
containing 5 g of glucose per liter, 48 mM Na,HPO,, 22 mM KH,PO,, 10 mM
NaCl, and 30 mM (NH,),SO,. The following components were sterilized sepa-
rately and then added (per liter of final medium): 1 ml of 1 M MgSO,, 1 ml of
0.1 mM CaCl,, 1 ml of 1 mg of vitamin B, per liter (filter sterilized), and 10 ml
of trace element solution containing (per liter) 0.55 g of CaCl, - 2H,0, 1 g of
FeCls, 0.1 g of MnCl, - 4H,0, 0.17 g of ZnCl,, 0.043 g of CuCl, - 2H,0, 0.06 g
of CoCl, - 6H,0, and 0.06 g of Na,MoO, - 2H,0. To ensure maintenance of
plasmids, ampicillin was added to a final concentration of 25 mg/liter. The
medium fed into the glucose-limited chemostat had the same composition as the
batch medium, with the following exceptions (per liter): 3.6 g of glucose, 4.7 g of
Na,HPO, - H,0, 3.0 g of KH,PO,, 0.5 g of NaCl, and 1 g of NH,Cl. To enforce
nitrogen limitation, the concentration of glucose was increased to 4.5 g/liter, and
the concentration of the sole nitrogen source, NH,Cl, was reduced to 0.7 g/liter.
Chemostat media were sterilized by passage through a 0.2-um-pore-size filter,
and 10-fold-diluted trace element solution was added after filtration to prevent
losses via precipitation.

Batch and chemostat cultivations. All batch cultivations were performed at
30°C. Aerobic batch cultures were grown in 1-liter baffled shake flasks with 150
ml of medium on a gyratory shaker at 200 rpm. Anaerobic batch cultivations
were performed with rubber-sealed glass flasks previously flushed with N, and
incubated in a gyratory water bath (G76D; New Brunswick). Chemostats were
operated at 37°C in a 1.5-liter bench-top fermentor (Bioengineering) with a
working volume of 1.0 liter and a constant dilution rate (D) of 0.2 h™~!, meaning
that the feed rate was 0.2 liter/h. The working volume was kept constant by
removal of effluent from the center of the culture volume by use of a weight-
controlled pump. The pH of the culture was maintained at 7.0 by automatic
addition of 2.0 M NaOH with a pH controller and was verified periodically by
off-line measurements. The airflow was maintained at 1 liter/min with filter-

sterilized air by use of a volume flow meter, and the agitation speed was set to
1,200 rpm.

Labeling experiments with chemostats were initiated after the cultures ap-
peared to reach a steady state, inferred from (i) at least five volume changes after
adjustment to new conditions and (ii) stable optical density and oxygen and
carbon dioxide concentrations in the fermentor effluent gas for at least two
volume changes. The feed medium containing 3.6 (or 4.5 in the NH, " -limited
experiment) g of unlabeled glucose per liter was then replaced by an identical
medium containing 3.24 (4.05) g of glucose labeled by natural abundance per
liter and 0.36 (0.45) g of [U-'3C¢]glucose (**C, >98%; Isotech) per liter. Biomass
samples for METAFoR analysis were taken after one volume change, so that
63% of the biomass was fractionally labeled according to the first-order washout
kinetics that follow from assuming that the bioreactor contents are well mixed.
Batch cultures were grown entirely in media supplemented with 4.5 g of glucose
containing '*C at natural abundance per liter and 0.5 g of [U-'*C4]glucose per
liter. Because the percentage of unlabeled biomass originating from the inocu-
lum was well below 1% in the batch cultures, unlabeled biomass was subse-
quently neglected in the analysis of the '3C-labeling patterns.

Analytical procedures. Cell growth during the cultivations was monitored by
measuring the optical density at 600 nm (ODy). For cellular dry weight (cdw)
determination in selected cases, a known volume of fermentation broth was
centrifuged for 10 min in preweighed glass tubes at 4°C and 3,000 X g, washed
once with water, and dried at 90°C for 24 h to a constant weight. Samples for
extracellular metabolite analysis were centrifuged for 1 min at maximum speed
in an Eppendorf tabletop centrifuge to remove the cells. Glucose and ethanol
concentrations were determined enzymatically (Synchron CXSCE apparatus;
Beckman) with kits supplied by the manufacturer. Acetate (and ethanol, in
selected cases) was measured by gas chromatography (5890E chromatograph;
Hewlett-Packard) with a Carbowax MD-10 column (Macherey-Nagel) and bu-
tyrate as an internal standard. Concentrations of oxygen and carbon dioxide in
the feed medium and off gas of bioreactor fermentations were determined with
a mass spectrometer (Prima 600; Fisons Instruments).

Determination of physiological parameters. In batch cultures, the exponential
growth phase was identified by log-linear regression of biomass concentration
versus time, with growth rate () as the regression coefficient. The biomass yield
on the substrate (Yy,s) was determined as the coefficient of a linear regression of
biomass concentration (X) versus substrate concentration (S) during the expo-
nential growth phase. A predetermined correlation factor (ODg, 0.33) was used
to convert the ODyg values into cell concentrations for the calculation of specific
conversion rates. The specific consumption rate for a substrate (gs), e.g., glucose
and O,—defined as the differential change in S with time (f) normalized to the
biomass concentration—was obtained as the coefficient of a linear regression of
AS (the change in S) versus X divided by p, on the basis of the relationship S, —
S, = AS = X, (qs/n). The same relationship holds for the specific rate of
formation of products (P), e.g., acetate and CO,. This relationship is linear
provided that p and gg are constant. In a steady-state chemostat, p is constant
and equals D. In batch cultures, maximum p was constant during the exponential
growth phase, and all specific rates from batch experiments reported here refer
to the exponential phase.

In chemostat cultures, D and thus p are constant; therefore, the consumption
and production rates were determined from the difference between S or P in the
feed medium (or air) and S or P in the effluent (or off gas). The relationship
qs (or py = AS (or P) (D/X) normalized these rates to the steady-state concen-
tration of biomass, generating the corresponding specific rates.

NMR sample preparation. For network topology and flux ratio analysis by
NMR, a specified amount of culture was harvested and cells were centrifuged at
1,200 X g for 10 min at 4°C. The cell pellet was washed once with 20 mM
Tris-HCI (pH 7.6) and centrifuged again. Washed pellets from chemostat cul-
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tures were resuspended in the above buffer, and cells were disrupted by sonica-
tion on ice three times for 45 s each time at 20% output (XL-2020 sonicator;
Hert Systems). Cell debris was removed by centrifugation for 20 min at 9,000 X
g. Sonication and centrifugation were repeated until cell lysis was virtually com-
plete, as determined by visual inspection with a microscope. Small debris parti-
cles were removed by ultracentrifugation for 30 min at 33,000 X g. Cellular
protein in the supernatant was precipitated overnight at —20°C after the addition
of 60% (vol/vol) ethanol. The precipitate was resuspended in 6 ml of 6 M HCl
and hydrolyzed by incubation in sealed Pyrex glass tubes for 24 h at 110°C. The
hydrolysate was filtered through a 0.2-pm-pore-size filter and lyophilized. The
dried material was dissolved in 600 wl of 20 mM deuterium chloride (DCI) in
D,O0, incubated for 2 h at room temperature, centrifuged, and used for the NMR
measurements. Washed pellets from batch cultures were directly resuspended in
6 M HCI and hydrolyzed.

NMR spectroscopy and data analysis. Proton-detected 2D '3C-'H hetero-
nuclear single-quantum COSY was performed with the pulse sequence of
Bodenhausen and Ruben (3), which ensures that 'H-'3C scalar couplings do not
affect the '*C-'3C scalar coupling fine structure along the chemical shift o,(**C)
(34). Pulsed-field gradients were used for coherence pathway rejection (2, 40),
and a 2-ms spin-lock pulse (24) was used to purge the magnetization arising from
12C-bound protons and the residual ZHOH signal. '*C decoupling during data
acquisition was achieved by use of the composite pulse decoupling scheme
GARP (28), and quadrature detection in w; was accomplished with States-TPPI
(18). The spectra were recorded at a 'H resonance frequency of 500 MHz by use
of a Bruker DRX500 spectrometer; the sample temperature was 40°C. For each
sample, two spectra were measured: one spectrum for the aliphatic resonances,
with the '*C carrier set to 42.5 ppm relative to 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt, and one spectrum for the aromatic resonances, with the
13C carrier set to 125.9 ppm. The spectra of the aliphatic resonances were folded
along w,(*3C) with a sweep width of 33.8 ppm. The measurement time was 4.5 h
per spectrum (1,706 X 256 complex points; ¢, 402 ms; t5,.,, 102 ms; relax-
ation delay between scans, 2 s). The spectra of the aromatic resonances were
recorded in about 2.5 h (920 X 512 complex points; ¢} ,.x 392 MS; 51,4y 87 MS;
relaxation delay between scans, 2 s). Before Fourier transformation with the
program PROSA (12), the time domain data were multiplied in ¢, and ¢, with
sine-bell windows shifted by 7/2 (5). The digital resolutions after zero filling were
1.0 Hz/point along w,; and 2.4 Hz/point along the second frequency axis w, for
spectra of the aliphatic resonances and 0.6 Hz/point along w, and 5.8 Hz/point
along w, for spectra of the aromatic resonances. One-dimensional 'H NMR
spectra (£, 1.022 s; 10-s relaxation delay between scans) were recorded to
determine the overall degree of 13C labeling in the amino acids from the satel-
lites of isolated proton peaks, which corresponds to P, in the probabilistic
equations of Szyperski (30).

The relative abundance of intact carbon fragments present in the eight prin-
cipal intermediates that link central carbon metabolism to amino acid biosyn-
thesis was determined from the intensities of the individual multiplet compo-
nents in the '*C-13C scalar coupling fine structures (27, 30). Flux ratios through
several key pathways in central metabolism were then calculated from the abun-
dance of the fragments as described previously (31, 32).

Biochemical reaction master network of E. coli. As an initial step for
METAFoR analysis, a biochemical master network that comprises all currently
known reactions of central carbon and amino acid metabolism for the organism
under investigation is constructed (30). For E. coli, this network (Fig. 1) was
compiled from textbooks (11, 20) and Internet-accessible metabolic databases
(16). Inspection of observed intact carbon fragments in the amino acids subse-
quently allows identification of active biosynthetic pathways (27, 30-32). Such
analysis cannot distinguish between trioses that are generated via the methyl-
glyoxal bypass or via the Entner-Doudoroff pathway, since these pathways gen-
erate fragment patterns that are indistinguishable from those emerging from the
glycolysis and pentose phosphate (PP) pathways, respectively (30). Because the
methylglyoxal bypass and the Entner-Doudoroff pathway were reported to be
inactive for E. coli cells grown with glucose (11), they were not considered in the
presently used network.

RESULTS

Analysis of glucose- and ammonia-limited chemostat cul-
tures of wild-type E. coli MG1655. Continuous cultivation was
performed with aerobic chemostats at a D (volumetric flow
rate/working volume) of 0.2 h™! under glucose- or ammonia-
limited conditions, representing two largely different bioener-
getic regimens. Carbon-sufficient (i.e., ammonia-limited) cul-
tures are known to exhibit metabolic behavior that differs from
that of carbon-limited cultures with respect to specific sub-
strate consumption rate, maintenance requirements, and by-
product secretion (21). This fact is reflected by the physiolog-
ical data from the cultures described here (Table 2). When the
ammonia-limited and the glucose-limited cultures were com-
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pared, marked increases were found in the specific glucose
consumption rate (gy.) and in the specific rates of production
of acetate and pyruvate, while the specific oxygen consumption
rate and CO, evolution rate varied little between the two
different conditions; these results indicated that there are only
minor changes in respiratory metabolism. The low steady-state
biomass concentration in the ammonia-limited culture results
from the low ammonia concentration used (13.1 mM). The
residual glucose concentration in this culture was slightly above
1 g/liter.

For both cultures, the METAFoR data show evidence of two
reactions that are generally considered to be inactive in E. coli
grown in glucose-containing media (Fig. 2). These are the
gluconeogenic conversion of oxaloacetate (OAA) to phos-
phoenolpyruvate (PEP) (Fig. 2G), catalyzed by the PEP car-
boxykinase (10, 11), and the conversion of malate (MAL) to
pyruvate (PYR) (Fig. 2H and I) through the malic enzyme.
Malic enzyme is normally required for growth on four-carbon
compounds (11). Although the detected flux ratio of the latter
reaction to all other reactions generating PYR is small, these
data illustrate that the in vivo activity of reactions in central
metabolism does not necessarily follow straightforward on-off
paradigms (11, 20).

Cells harvested from the ammonia-limited culture clearly
showed a fluxome pattern different from that of cells from the
glucose-limited culture (Fig. 2). (i) Nearly double the fraction
of OAA molecules was found to be derived from PEP (Fig.
2F), demonstrating an increased contribution from the anaple-
rotic PEP carboxylase reaction (9) and a corresponding de-
crease in MAL dehydrogenase activity. This anaplerotic reac-
tion synthesizes the OAA that is required to replenish the pool
of tricarboxylic acid (TCA) cycle intermediates, and its relative
contribution therefore reflects the extent to which the TCA
cycle is used for the biosynthesis of biomass components rel-
ative to energy generation (via oxidative phosphorylation)
(11). (ii) A decrease in the fraction of PEP molecules origi-
nating from OAA was observed (Fig. 2G), providing evidence
of reduced fluxes through the gluconeogenic PEP carboxyki-
nase. (iii) An increase in the fraction of PYR derived from
MAL was detected (Fig. 2H), indicating increased fluxes
through the malic enzyme. (iv) A 50% reduction in the fraction
of PEP molecules that were derived through at least one trans-
ketolase reaction was registered (Fig. 2B). This decrease would
be consistent with an increased contribution from the glycolytic
pathway relative to the PP pathway, suggesting that the higher
catabolic fluxes in the ammonia-limited culture were mainly
supported by glycolysis. (v) Less than 100% of the acetyl co-
enzyme A (ACoA) molecules were found to originate from
PYR (Fig. 2J). This result can be explained by a dilution of the
intracellular ACoA pool via exchange with the large, mostly
unlabeled extracellular acetate pool that was detected in the
ammonia-limited culture but not in the glucose-limited culture
(Table 2). This result provides direct evidence for the presence
of exchange fluxes between extracellular and intracellular ac-
etate pools, as well as for the reversibility of the reactions
connecting ACoA to acetate.

Analysis of wild-type batch cultures harvested at different
growth phases. Chemostat experiments are the most suitable
method of analyzing cells under steady-state conditions. On
the other hand, a physiological steady state is also attained
during the exponential growth phase in batch cultures, which
are characterized by unrestricted growth at the maximum spe-
cific rate possible under the applied conditions. Because batch
cultures enable more efficient parallel analysis of different
strains, we adapted batch cultivations for METAFoR analysis
of genetic effects on central carbon metabolism.
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FIG. 1. Biochemical master network with reactions for identified genes or enzyme activities in E. coli. The information was compiled from the EcoCyc database
(17) and other sources (11, 20). The reaction sets of glycolysis, the PP pathway, the TCA cycle (including the glyoxylate shunt), and C; metabolism are shaded, and
enzymes catalyzing key reactions are indicated in italics. The hatched arrow highlights the TCA cycle-replenishing anaplerotic reaction, and the broken arrows indicate
the anaerobic pyruvate formate-lyase, which is interrupted in strain KO20. The grey arrows indicate the reactions catalyzed by the enzymes encoded on the pet operon
of Z. mobilis. The intact carbon fragment patterns of boxed metabolites were directly determined by *C-'H COSY of proteinogenic amino acids. Abbreviations: F6P,
fructose-6-phosphate; RuSP, ribulose-5-phosphate; X5P, xylulose-5-phosphate; E4P, erythrose-4-phosphate; S7P, seduheptulose-7-phosphate; PGA, 3-phosphoglycer-
ate; SER, serine; GLY, glycine; AAD, acetaldehyde; CIT, citrate; ICT, isocitrate; OGA, oxoglutarate; SUC, succinate; GOX, glyoxylate; and DH, dehydrogenase.

The underlying principle of METAFoR analysis is the im-
printing of central carbon network history into cell protein.
This notion implies that, in a transient situation such as a batch
cultivation, METAFoR results provide a time average over the
interval of isotopic labeling of the biomass. To minimize
changes in central carbon metabolism during the labeling pe-
riod and to undertake the METAFoR analysis over a range of

closely related physiological states, batch cultivations were ini-
tiated with mid-exponential-phase cultures at a low inoculum
density (less than 1% the final culture volume) in medium
containing 90% natural-abundance glucose and 10%
[U-13C4]glucose. One set of experiments was undertaken to
assess the sensitivity of METAFoR results to the sampling
time of the labeled culture. These experiments also indicate

TABLE 2. Aerobic growth parameters of glucose- or ammonia-limited chemostat cultures of E. coli MG1655 at a D of 0.2 h™*

Biomass Specific rate (mmol g~! h™') of:
A Yield on:
Limitation Concn - Glucose Acetate Pyruvate O, CO,
(g [cdw] liter™1) Glucose Nitrogen consumption formation formation consumption formation
(g g of glucose ™) (ggof N7
Glucose 1.45 0.40 5.5 2.8 0 0 8.3 8.7
Ammonia 0.55 0.17 3.0 6.4 4.4 0.8 10.6 9.6
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the NMR data permit the determination only of upper bounds (ub) or lower bounds (Ib) on the origin of intermediates. The experimental error (error bars) was
estimated from the analysis of redundant '*C scalar coupling fine structures and the signal-to-noise ratio of the '*C-'"H COSY spectra by use of the Gaussian law of
error propagation. The fraction of the total pool for a particular metabolite quantifies the ratio of this metabolite derived from a specified substrate to the sum of all
other substrates that contribute to the pool of this metabolite. In cases where only two reactions contribute to one metabolite, e.g., OAA from PEP and PEP from OAA,
the remaining fraction of the total pool can be attributed to the competing reaction. Abbreviations are explained in the text and in the legend to Fig. 1; rev., reversibly.

the extent to which significant changes in central metabolism
occur between different sampling times.

Three batch cultivations of wild-type E. coli B strain ATCC
11303 were initiated in parallel and harvested in the mid-
exponential phase, late exponential phase, and stationary
phase (ODgs, 1, 2.6, and 4, respectively) (Fig. 3). METAFoR
analysis indicates extremely similar flux ratio histories for all
three samples, demonstrating that batch cultivations provide

[ + ovo
OD600 - +
1.014
L A B s my ps
0O 1 2 3 4 5 6 7
Time (h)

FIG. 3. Growth of E. coli ATCC 11303 in aerobic batch cultures. The line
represents the best fit to the exponential growth phase data, and the arrows
indicate the times of biomass sampling for the METAFoR analysis.

consistent central metabolic flux ratios (Table 3) when isotopic
labeling of biomass is achieved throughout the exponential
growth phase. Slight trends in some of the results, most notably
in the fraction of OAA molecules derived from PEP, indicate
adjustments in central metabolism that occur as the culture
approaches and enters stationary phase. Overall, however, the
present data indicate that time of harvest is not a critical
parameter in the experiments used for this study. Therefore, in
later experiments, all cultures were harvested at ODg s be-
tween 0.9 and 1.2.

Analysis of aerobic batch cultures of wild-type and mutant
E. coli strains during exponential growth. Two commonly used
but genetically different E. coli strains, JM101 (a K-12 strain)
and ATCC 11303 (a B strain), were grown in shake flask
cultures under aerobic conditions for direct comparison of
their carbon metabolism. Although ATCC 11303 grew some-
what faster (Table 4), the fluxome data for the two wild-type
strains were almost identical (Fig. 4), suggesting that central
metabolism is very similar in the two E. coli strains. There
were, however, small changes in the origins of metabolites
involved in the nonoxidative part of the PP pathway, from
ribose-5-phosphate (R5P) to triose-3-phosphate (T3P) (Fig.
4B, C, and E), indicating that ATCC 11303 cells exhibit a
higher degree of exchange through transketolase II.

In additional experiments, we studied the effects arising
from knockout mutations which inactivate key central metab-
olism enzymes for each of the two wild-type strains. Pyruvate
kinase-deficient PB25, which is otherwise isogenic with JM101,
actually grew faster than its parent but exhibited similar bio-
mass yield and specific glucose consumption rate (Table 4).
While the overall METAFoR patterns were rather similar,



6684 SAUER ET AL.

TABLE 3. Origin of intermediates in E. coli ATCC 11303
harvested during different growth phases from the cultures shown in
Fig. 3¢

Fraction of total pool (%) during the
following growth phase:

Metabolite
Mid- Late Stationary
exponential exponential
PP pathway
RSP from G6P (lower bound) 29x2 25*2 24 £2
RSP from T3P + S7P 71x2 75*2 76 =2
Glycolysis and TCA cycle
OAA from PEP 44+ 1 40 =1 38x1
PEP from OAA 7*+4 <7 64
PYR from MAL (upper <5 <5 <5
bound)
PYR from MAL (lower bound) <3 <3 <3
ACoA from PYR >98 >98 >98
PYR from ACoA 0 0 0
OGA from OAA + ACoA >98 >98 >98
ICT from SUC + GOX <2 <2 0
OAA reversibly interconverted 46 + 11 4810 50=x10
to FUM
C, metabolism
Ser from Gly + C, unit 7x2 8§+2 9+2
Gly from CO, + C,; unit 4=*3 8§*3 9+3

“The data were derived from a '*C-'H COSY spectrum centered on the
aliphatic region; therefore, some data for the PP pathway that are accessible only
through erythrose-4-phosphate incorporated in the aromatic rings of Trp or Phe
could not be determined. See the text and the legend to Fig. 1 for abbreviations.

inactivation of both pyruvate kinase isoenzymes resulted in
significant changes at the branch points between glycolysis and
the TCA cycle (Fig. 4). Specifically, we found a higher fraction
of OAA from PEP (Fig. 4F) and PYR from MAL (Fig. 4H and
I) in the mutant. Apparently, the carbon flux from PEP to PYR
is redistributed from pyruvate kinase to anaplerotic PEP car-
boxylase and the malic enzyme, allowing PB25 to generate
sufficient pyruvate for fueling the TCA cycle via ACoA to
generate energy (Fig. 1). These local changes provide evidence
that considerable flexibility in E. coli central carbon metabo-
lism permits the use of alternative pathways to compensate for
knockout mutations.

Ethanol-producing E. coli KO20 is derived from ATCC
11303 and is characterized by a single chromosomal insertion
of the artificial pet operon, which encodes the Zymomonas
mobilis genes for alcohol dehydrogenase II and pyruvate de-
carboxylase, such that it disrupts the pyruvate formate-lyase
gene (23). This strain grew faster and consumed glucose at a

TABLE 4. Aerobic growth parameters of exponentially growing E.
coli strains

. " Yis e Concn (mM)? of:
T ey @ e Y e Rl

PB25 0.64 0.30 22 2.0 0.4
JM101 0.60 0.30 2.0 1.5 0.4
ATCC 11303 0.65 0.29 22 1.6 1.0
KO20 0.70 0.28 2.5 1.6 1.5
KO20:pTrc99a  0.68 0.28 2.4 1.6 1.5
KO20::pPPec 0.65 0.30 22 22 1.5
KO20::pPYKbs  0.74 0.29 2.3 1.3 2.0

@ Standard deviation (SD), +0.01.

> SD, =0.02.

<SD, +0.2.

4 At an ODg, of 1.

J. BACTERIOL.

higher specific rate than both wild-type strains (Table 4). Al-
though it primarily exhibited oxidative metabolism, it gener-
ated 50% more ethanol than did its parent. Despite these
genetic and physiological differences, the METAFoR pattern
of KO20 was, within experimental error, identical to that of
ATCC 11303 (Fig. 4).

Carbon metabolism during exponential growth in aerobic
batch cultures of E. coli strains engineered for ethanol pro-
duction. We chose ethanol-producing E. coli KO20 (23) as the
host for a series of plasmids used for the expression of homol-
ogous and heterologous pyruvate kinases and phosphofruc-
tokinases (6). The expression of both genes was induced by use
of isopropyl-B-p-thiogalactopyranoside (IPTG) (0.01 mM),
leading to in vitro activities two- to ninefold above the control
level, which was represented by the empty expression vector
pTrc99a (Pharmacia). In terms of their growth physiology, all
strains showed similar behaviors under aerobic conditions in
batch cultures (Table 4). However, by-product formation was
altered in the overexpression strains, with KO20::pPPec gen-
erating more acetate and KO20::pPYKbs generating more eth-
anol than KO20. Again, the METAFoR patterns of all strains
derived from ATCC 11303 were identical, within experimental
error, to those of KO20 in Fig. 4 (data not shown). Thus,
expression of the pet operon, medium-copy-number plasmid
maintenance, and the overexpression of either a heterologous
pyruvate kinase or the homologous phosphofructokinase do
not appear to have a pronounced influence on the flux ratios
accessible by current METAFoR analysis.

Analysis of anaerobic batch cultures of wild-type and mu-
tant E. coli strains during exponential growth. The physiolog-
ical differences among the wild-type and mutant E. coli strains
under anaerobic conditions were larger than those observed in
aerobiosis (Table 5). The two wild-type strains, JM101 and
ATCC 11303, showed significant differences with respect to
glucose consumption as well as acetate production rates, both
of which were higher in ATCC 11303. Accordingly, the appar-
ent biomass yield was lower in this strain. While pyruvate
kinase-deficient PB25 grew slower than its parent, JM101, eth-
anol-producing KO20 grew fastest of all the strains investi-
gated. Although the specific glucose consumption rates of
JM101 and PB25 were identical, the latter was severely im-
paired in its ability to form the normal anaerobic end products
ethanol and acetate. On the other hand, KO20 produced about
fivefold more ethanol than any other strain and exhibited a
higher glucose consumption rate and a lower biomass yield on
glucose than its parent, ATCC 11303.

METAFoR analysis of the anaerobic cultures shown in Ta-
ble 5 showed that OAA originated almost entirely from PEP
via the anaplerotic reaction (Fig. 5F), illustrating the almost
total absence of complete TCA cycle operation. This result
concurs with the results of a recent study (7) and is consistent
with earlier conclusions based on enzyme activity data, which
indicated that, under anaerobic conditions, a branched, non-
cyclic TCA cycle pathway operates mainly to fulfill biosynthetic
requirements (35). Because the fragments needed for tracing
the activities of malic enzyme and PEP carboxykinase with
METAFoR analysis do not appear under anaerobic conditions
(27), these reactions are inaccessible to this analysis. Hence,
although the experimental data conform to a bioreaction net-
work devoid of malic enzyme (Fig. 5G), its activity cannot be
excluded.

We cannot independently quantify the relative flux of OAA
to PEP via PEP carboxykinase in anaerobically grown cells;
therefore, METAFoR analysis cannot distinguish between
OAA decarboxylation and PEP synthesis through the PP path-
way. When ATCC 11303 (and its derivative, KO20) and IM101
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FIG. 4. Origin of metabolic intermediates (A to P) during aerobic exponential growth of various E. coli strains. For more details, see the legend to Fig. 2.

(and its derivative, PB25) are compared, the major difference
in the fraction of PEP molecules that are not directly derived
from glucose through glycolysis (Fig. 5B) may originate from
OAA via decarboxylation, from a higher net flux through the
PP pathway, or from increased exchange reactions in the PP
pathway. However, the observation that the exchange fluxes in
the PP pathway are very similar among all strains (Fig. 5C to
E) indicates a major difference in flux through the PEP car-
boxykinase or PP pathway. The low but significant fraction of
RSP found to originate from glucose-6-phosphate (G6P) (Fig.
5A) provides unambiguous evidence for the activity of the
oxidative PP pathway during anaerobiosis.

In all cases, we observed a large fraction of PYR molecules
that were interconverted at least once to ACoA (Fig. 5I),
illustrating the in vivo reversibility of the anaerobic pyruvate
formate-lyase reaction, as opposed to the irreversible aerobic
pyruvate dehydrogenase reaction (11, 30) (see also Fig. 4K).
However, in KO20 the pyruvate formate-lyase gene is dis-
rupted and pyruvate conversion is achieved via the expression
of a heterologous pyruvate decarboxylase. Because PYR ex-
change with ACoA in KO20 is almost identical to that in the
reference strain, it appears either that the reversibility of this
reaction is similar for pyruvate formate-lyase and pyruvate
carboxylase or that an isoenzyme of pyruvate formate-lyase is
responsible for this exchange. The uncharacterized product of

the E. coli yhaS gene is highly homologous to pyruvate for-
mate-lyase and thus may encode this activity.

Despite their considerably altered by-product formation
characteristics, the two engineered strains, PB25 and KO20,
exhibit central carbon metabolism surprisingly similar to that
of their parent strains. This result can be seen in the fluxome
data shown in Fig. 5, where the flux ratios are nearly identical
in the parent strains and the modified strains, except for re-
duced reversibility of the interconversion of OAA to fumarate
(FUM) by the parent strains (Fig. SL). This result provides
further evidence for the homeostasis of carbon flux distribution
in central metabolism following significant genetic modifica-
tions that impinge directly upon this metabolic subsystem.

DISCUSSION

This study provides novel insights into global metabolic net-
work behavior. Variations resulting from different growth con-
ditions and genetic backgrounds in E. coli are monitored by
combined physiological and fluxome analyses. A particular
strength of the METAFoR analysis used here is the ability to
decipher the relative fluxes connecting the lower part of gly-
colysis with the TCA cycle, namely, the anaplerotic reaction
and certain futile cycles which dissipate ATP. On the other
hand, flux ratios of the oxidative versus the nonoxidative PP

TABLE 5. Anaerobic growth parameters of exponentially growing E. coli strains

Strain p(h™h) Yys (gg™") dge (g7 h7Y) Geron” (MM g1 h7h) ¢’ (mMg™'h™h)
PB25 0.23 = 0.01 0.078 = 0.003 31+02 17+1 7+3
JM101 0.30 £ 0.01 0.097 = 0.003 3.1+02 27 %5 213
ATCC 11303 0.33 £ 0.01 0.075 = 0.003 44+0.2 27*5 54+6
KO20 0.36 = 0.01 0.065 = 0.002 55%0.2 118 £ 10 396

¢ Specific ethanol formation rate.
? Specific acetate formation rate.
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pathways (R5P from G6P; Fig. 2A, 4A, and 5A) and glycolysis
versus the PP pathway (PEP molecules derived through at least
one transketolase reaction; Fig. 2B, 4B, and 5B) are accessible
only as upper and lower bounds, because the pool of pentoses
is rapidly and reversibly turned over by transaldolase and trans-
ketolase. The key findings are as follows. (i) Intracellular car-
bon flux ratios in the central metabolism of E. coli are affected
only a little by enzyme overexpression and are flexible toward
gene disruption. (ii) Of all central carbon fluxes, those in the
TCA cycle change most significantly in response to changes in
environmental conditions. (iii) Reactions mediated by the
malic enzyme and PEP carboxykinase and previously consid-
ered to be absent during growth on glucose were identified. (iv)
A novel regulation phenomenon in which futile cycling
through at least one set of reactions is increased under condi-
tions of a very low extracellular glucose concentration was
evident.

Interstrain differences. The METAFoR pattern of exponen-
tially growing aerobic E. coli revealed surprisingly few inter-
strain differences (Fig. 4), although major changes in physio-
logical parameters are documented for the various strains used
here. One would expect such physiological differences to be
reflected in fluxes through central metabolism (Fig. 1), which
provides energy, cofactor regeneration, and building blocks for
biosynthesis. Strain KO20, for example, which expresses the pet
operon of Z. mobilis alcohol dehydrogenase II and pyruvate
decarboxylase and has pyruvate formate-lyase knockout muta-
tions, was previously described to exhibit significantly altered
by-product formation, with ethanol as the major product (23).
Furthermore, overexpression of pyruvate kinase and phospho-
fructokinase, which are major control enzymes in the glycolytic
pathway, were shown to have a profound effect on glucose
catabolism in resting E. coli KO20. Specifically, an increased
glucose consumption rate was found for KO20::pPYKbs har-
vested from aerobic precultures (13), and a large shift from

ethanol to lactate formation was described for KO20::pPPec
harvested from anaerobic precultures (6).

Previously, pyruvate kinase deficiency was reported to alter
growth kinetics under aerobic conditions (25). In the present
study, JM101 and its pyruvate kinase-deficient derivative,
PB25, showed few global changes in the METAFoR pattern.
There was a small increase in the fraction of PEP molecules
that were derived through at least one transketolase reaction
(Fig. 4B), while all other exchange reactions in the PP pathway
remained comparable (Fig. 4C to E). These results are consis-
tent with the recent findings of Ponce et al. (26), who observed
increased PP pathway activity in strain PB25 compared to
strain JM101 by radiorespirometric analysis. Overall similarity
in METAFoR patterns in response to genetic modifications
seems to be a common feature of exponentially growing cells in
aerobic cultures, consistent with the small differences in phys-
iological parameters observed in this situation (Table 4). Un-
der anaerobic conditions, where larger physiological changes
were found, METAFoR analysis revealed more pronounced
differences (Table 5 and Fig. 5; see also below).

Anaplerosis and the TCA cyclee. METAFoR data provide
information about the fraction of OAA molecules that origi-
nate from PEP (Fig. 2F, 4F, and 5F); this information quan-
tifies the contribution of the TCA cycle-replenishing anaple-
rotic reaction to OAA generation, relative to that of MAL
dehydrogenase in the TCA cycle (30-32). In the aerobic cul-
tures studied here, the relative flux through anaplerotic PEP
carboxylase is about 40%; the value for the ammonia-limited
chemostat culture is increased to about 70% (Fig. 2F). Con-
sistent with the extensive overflow metabolism seen in the
ammonia-limited culture (Table 2), this increased anaplerosis
indicates that, compared with the situation for the glucose-
limited culture, a larger portion of the TCA cycle flux is used
for biomass formation instead of energy generation. In the
anaerobic regimen, the TCA cycle is reduced to a two-
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branch pathway (30) and OAA is generated by anaplerosis
only (Fig. 5F).

Futile cycling. In the glucose-limited chemostat, a significant
fraction of PEP molecules were found to originate from OAA
(Fig. 2G). This result indicates in vivo activity of gluconeogenic
PEP carboxykinase, an enzyme that is required for growth on
carbon sources that are metabolized via the TCA cycle and
that has previously been considered to be inactive in cells
grown on glucose (11). In principle, PEP molecules could also
originate from OAA via the reverse reaction of anaplerotic
PEP carboxylase, but based on thermodynamic considerations
and the absence of '*CO, exchange with OAA in enzyme
assays (37), this notion is highly unlikely. Hence, we have
evidence of an ATP-dissipating futile cycle via PEP carboxy-
lase and ATP-consuming PEP carboxykinase. At the same D
under ammonia-limited conditions in the chemostat, this futile
cycle appears to be significantly less active (Fig. 2G). Similar
activity levels for this cycle were seen with Bacillus subtilis (27)
grown in a chemostat under glucose limitation at a D of about
0.1 h™'. In faster growing cells of B. subtilis in this chemostat,
however, the contribution of this futile cycle was reduced, and
the batch data presented here show it to be absent in expo-
nentially growing E. coli (Fig. 4). On the other hand, for
Corynebacterium glutamicum, a similar exchange between the
PEP-PYR and OAA-MAL pools was described, not only for
glucose-limited chemostat cultures (41) but also for batch cul-
tures (29); however, it is not clear whether or not that pool
exchange involved dissipation of ATP via a futile cycle. These
data provide evidence for a metabolic regulation phenomenon
in E. coli and B. subtilis in which futile cycle activity is less
tightly controlled under extreme glucose limitation than under
glucose excess, as in slow-growing chemostat cultures. It is
tempting to speculate that this reduced control is caused by the
extremely low extracellular glucose concentration and a con-
comitant reduction in catabolite repression. This hypothesis is
also supported by the observation that PEP carboxykinase ex-
pression in E. coli is repressed by glucose (10).

In the anaerobically grown E. coli B strains ATCC 11303 and
K020, the high upper bound of the fraction of PEP originating
from pentoses or OAA indicates a major difference in the
metabolism of these strains and strains JM101 and PB25 (Fig.
5B). This difference could result from a higher flux either
through the PP pathway or through PEP carboxykinase. From
a physiological perspective, however, high fluxes through the
oxidative PP pathway appear unreasonable, because anaerobic
metabolism cannot reoxidize concomitantly formed NADPH
with oxygen and reduced by-products were not detected.
Therefore, it is more likely that a futile cycle involving PEP
carboxykinase carries higher fluxes in ATCC 11303 and KO20.
This scenario would be consistent with the observed higher
specific rate of glucose catabolism and the reduced biomass
yield compared to those in anaerobic E. coli JM101 cultures.

Exchange reactions. METAFoR analysis affords a qualita-
tive assessment of several exchange fluxes (30). In the experi-
ments analyzed here, the fraction of RSP molecules originating
from T3P and a C, unit via the transketolase reaction was
usually about 70 to 80% (Fig. 2C and 4C) and, under anaerobic
conditions, even as high as 90% (Fig. 5C). In contrast, a much
lower fraction of R5P molecules originated from erythrose-4-
phosphate (Fig. 2D, 4D, and 5D), representing either an ex-
change via transaldolase or a recycling of PP pathway-gener-
ated fructose-6-phosphate to G6P and on to RS5P. Similar
insights into the PP pathway have previously been reported for
batch cultures of E. coli K-12 and B strains by mass spectro-
metric analysis of '®O-labeling patterns in the ribose moiety-
containing nucleotides (15) and by METAFoR analysis (30).
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Rapid exchange of metabolite pools in the PP pathway was
also described for C. glutamicum (19, 41). In B. subtilis, the
exchange mediated by transketolase appears to be less signif-
icant, since about 50% of the RSP in slow-growing, glucose-
limited chemostat cultures was found to contain intact Cs frag-
ments from the source glucose (27).

Three additional exchange fluxes can be assessed by the
present methodology (30). First, the reversible interconversion
of OAA to FUM was found to be invariant at about 50% in all
cases, with the exception of JM101 and ATCC 11303 under
anaerobic conditions (Fig. 2N, 4N, and 5L). Second, in C,
metabolism the backward reaction from Gly and a C, unit to
Ser was essentially negligible in aerobic batch cultures but was
significant in anaerobic JM101 and PB25 batch cultures as well
as in aerobic MG1655 continuous cultures (Fig. 40 and 5M).
Third, in apparent contrast to earlier observations with amino
acids obtained by hydrolysis of a purified recombinant protein
(30, 42) we observed the reverse reaction in the glycine cleav-
age pathway (Gly from a C, unit and CO,) under aerobic condi-
tions but not under anaerobic conditions (Fig. 4P and 5N).
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