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Abstract An integrated study on cell growth, enzyme
activities and carbon flux redistribution was made to
investigate how the central metabolism of Escherichia coli
changes with the knockout of genes in the oxidative
pentose phosphate pathway (PPP). Mutants deficient in
glucose-6-phosphate dehydrogenase and 6-phosphoglu-
conate dehydrogenase were constructed by disrupting the
zwf and gnd genes and were grown in minimal media with
two different carbon sources, such as glucose or pyruvate.
It was shown that the knockout of either gnd or zwf gene
did not affect the cell growth rate significantly, but the
cellular metabolism was changed. While the specific
substrate uptake rate and the specific carbon dioxide
evolution rate for either mutant grown on glucose were
higher than those obtained for the parent strain, these two
rates were markedly decreased in mutants grown on
pyruvate. The measurement of enzyme activities implied a
significant change in metabolism, when alternative path-
ways such as the Entner—Doudoroff pathway (EDP) and
the malic enzyme pathway were activated in the gnd
mutant grown on glucose. As compared with the parent
strain, the activities of phosphoglucose isomerase were
increased in mutants grown on glucose but decreased in
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mutants grown on pyruvate. The metabolic flux redis-
tribution obtained based on ')C-labeling experiments
further indicated that the direction of the flux through
the non-oxidative PPP was reversed in response to the
gene knockout. Moreover, the knockout of genes caused
an increased flux through the tricarboxlic acid cycle in
mutants grown on glucose but caused a decrease in the
case of using pyruvate. There was also a negative
correlation between the fluxes through malic enzyme
and isocitrate dehydrogenase in the mutants; and a positive
correlation was found between the fluxes through malic
enzyme and phosphoenolpyruvate carboxylase.

Introduction

Escherichia coli is known to be the most commonly used
microorganism for the production of industrial chemicals.
With the development of metabolic engineering, specific
genes involved in the central metabolic pathways (CMP)
can be deleted or over-expressed intentionally, so that the
metabolic network can channel more carbon fluxes
towards the production of the desired chemicals (Berry
1996; Lim et al. 2002). A study of the global cellular
response to gene manipulation is necessary for this
purpose, since such an investigation can predict the
change in metabolism and evaluate the rationality of the
specific gene alteration. Several authors have focused on
the glycolytic pathways in E. coli and investigated the
influence of gene manipulation on growth and metabolism
(Emmerling et al. 1999, 2000; Sauer et al. 1999).
Metabolic pathway models for pyruvate kinase- or phos-
phoglucose isomerase-deficient mutants have been suc-
cessfully developed by combining labeling experiments
with metabolite balancing (Canonaco et al. 2001; Emmer-
ling et al. 2002).

In E. coli, the pentose phosphate pathway (PPP) is a
major route for intermediary carbohydrate metabolism,
besides glycolysis. It plays various roles, including the
breakdown of carbon sources, the generation of reducing
power (NADPH) and essential metabolites for biosynthe-
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sis, and the formation of components of the cell’s
lipopolysaccharide layer (Sprenger et al. 1995). Compared
with the detailed study on glycolytic pathways, little is
known about how substrates are metabolized through the
CMP if pathways involved in the PPP are intentionally
blocked. Although there is a long history for the selection
of E. coli mutants lacking PPP enzyme activities (Fraenkel
1968; Josephson and Fraenkel 1969), most research work
has focused on the analysis of their growth phenotypes
(Fraenkel 1968; Josephson and Fraenkel 1974). These
findings revealed that the genes involved in the oxidative
PPP are not essential under certain culture conditions, but
they did not indicate how cells actually regulate the entire
metabolic network in order to cope with disruption of the
PPP. Considering several central roles of the PPP in the
metabolism of E. coli, it is expected that a blockage of the
PPP may cause flux rerouting and trigger a compensatory
mechanism, from which a network model for the cellular
response can be developed. This will provide valuable
information on further engineering of the PPP for
industrial purposes.

Recent advances in isotopic tracer experiment enable a
more comprehensive analysis of the metabolic profile by
way of labeled cellular amino acids which are detectable
by mass spectrometry (MS; Wittmann and Heinzle 1999)
or nuclear magnetic resonance (NMR) spectroscopy (Marx
et al. 1996; Winden et al. 2001). Currently, this tracer
technique in combination with extracellular flux measure-
ments is considered to be the most powerful method for
obtaining intracellular fluxes (Schmidt et al. 1999a;
Dauner et al. 2001). In the case of gene-disruption
mutants, however, additional enzyme activity analysis is
usually required as the first step for flux calculations (Park
et al. 1997; Canonaco et al. 2001), since it can bring
insight into which enzymes are active and which ones are
not active and whether there is an unknown reaction taking
place in the specific mutants under the investigated culture
condition. By combining the inspection of enzyme
activities with biochemical knowledge, the network struc-
ture used for the flux analysis can be identified.

In the present study, the physiology and central carbon
metabolism of E. coli mutants were investigated through
the study of specific PPP-disruption mutants. The global
cellular response was obtained by combining physiolog-
ical, enzymatic, and metabolic studies. For this, we
considered the deletion of glucose-6-phosphate dehydro-
genase (G6PDH) and 6-phosphogluconate dehydrogenase
(6PGDH) by disrupting the zwf and gnd genes. To
understand the condition-dependent utilization of the
CMP for the growth and metabolism of the mutants, we
also considered the effect of different carbon sources on
the metabolic phenotypes of the mutants.

Materials and methods
Strains and plasmids

E. coli BW25113 (lacl? rrnBy;4 AlacZy;s hsdR514 AaraBAD 433
ArhaBAD; p7g) was used as the parent strain for the construction of
deletion mutants. The mutants, JWK 2011 (with the gnd gene
deletion) and JWK 1841 (with the zwf gene deletion), were obtained
by a one-step inactivation protocol using PCR primers (Datsenko
and Wanner 2000). The gene-knockout mutants were verified by
PCR and enzyme activity analysis.

Media and culture condition

For the construction of the mutants, E. coli cells were cultivated in
Luria—Bertani medium. In the case, of using antibiotics, ampicillin
(Wako, Osaka, Japan) at 50 pg ml™! or kanamycin (Wako) at 30 pg
ml™" was used Batch and chemostat cultivations were performed
with minimal medium prepared as described by Sauer et al. (1999)
with the following concentratlons of carbon sources: 5 g "' for
batch cultivation and 4 g 1" for chemostat culture. Batch and
chemostat cultures were conducted at 37°C in a 2-1 reactor (BMJ-02
PI; ABLE Co., Japan) with pH controlled at 7.0. Airflow was
maintained at 0.5 1 min ' and the dissolved oxygen concentration
was kept above 30% air saturatlon The dilution rate (D) for
chemostat culture was 0.2 h™".

Labeling experiments were initiated after the chemostat culture
reached a steady state, which was inferred from stable O, and CO,
concentrations in the off-gas and a stable optical density at 600 nm
(ODggp) in the effluent medium for at least twice the residence time.
The feed medium containing 4 g of unlabeled carbon source per liter
was then replaced by an identical medlum containing a mlxture of
either (per liter): (a) 0.4 g of [U-' 3C) glucose, 0.4 % of [1-3C]
glucose, and 3.2 g of natural glucose, or (b) 0.5 g of [2- °C] sodium
pyruvate and 3.5 g of natural sodium pyruvate. Blomass samples for
C-13 tracer analysis were taken after one residence time in the case
of glucose and two residence times in the case of pyruvate. The
labeling measurements were corrected for the remaining original
(nonlabeled) biomass that was present at the end of the labeling
experiment (Dauner et al. 2001).

Analytical procedures

Cellular dry weight (CDW) from batch and continuous cultures was
monitored by ODggg and calculated from previously determined
OD-to-CDW correlations. Glucose concentration was determined
using commercial kits (Wako, Japan). Acetate, pyruvate, and lactate
concentrations in the culture broth were measured by HPLC (Waters
Co., USA). Oxygen and carbon dioxide concentrations in the off-gas
were measured by gas analyzer (DEX-2562; ABLE Co., Japan).
Protein concentration was measured by the method of Lowry et al.
(1951). Physiological parameters were calculated as described by
Sauer et al. (1999).

The preparation of crude cell-free extracts and analysis of key
enzyme activities involved in the CMP were based on standard or
modified enzymological methods (Colowick 1963). EDP activities
were determined from combined edd (EC 4.2.1.12) and eda
(EC 4.1.2.14) reactions (Canonaco et al. 2001).

The preparation of biomass hydrolysates and recording of GC-
MS (PerkinElmer) and 2-D NMR (Bruker) spectra were made as
described by Szyperski (1995) and Zhao and Shimizu (2003). The
Turbomass Gold program (PerkinElmer) was used for peak
assignment and MS data processing. The skewing effect of natural
isotopes was corrected based on the algorithm proposed by Paul Lee
(1991). In the case of 2-D NMR spectra processing, the assignment
of carbon signals was performed according to the protocol described
by Schmidt et al. (1999b) and the WINNMR (Bruker) program was
used to quantify the relative contributions of singlet, doublet, and



doublet of doublet signals to the overall multiplet patterns. Since a
high concentration of amino acids is a prerequisite to NMR
acquisition, due to its low sensitivity, 2-D NMR was used here only
in the case when glucose was used as a carbon source. It was
incorporated into the algorithm together with the GC-MS analysis.
For the case when pyruvate was used as a carbon source, only the
sensitive GC-MS was employed in the tracer detection.

Mathematical modeling for flux calculation

The CMP network considered here was based on Neidhardt et al.
(1990) and the Internet-accessible EcoCyc (http://biocyc.org:1555/
server.html). In addition, enzyme activity analysis was made to
identify the network structure in terms of the activities of the
pathways that were not necessarily required by the parent strain.
Since lactate was below the level of detection during culture,
methylglyoxal bypass was not considered in the network. The flux
calculation was accomplished by a full isotopomer model (Schmidt
et al. 1999a) together with the previous model proposed by Zhao
and Shimizu (2003). The isotopomer model was used to simulate the
carbon transformation through the metabolic reaction. The best-fit
intracellular fluxes were then estimated by minimization of the
deviation between experimental data and the simulated values, using
the iterative scheme in the minimization procedure. A set of
intracellular fluxes (including net fluxes and exchange fluxes) that
gives the minimum deviation can be taken as the best estimate for
the intracellular flux distribution. Matlab language (Math Co., USA)
was used to perform all the calculations.

A statistical analysis based on a simulation of the measurement
data (Schmidt et al. 1999b) was made to extract the confidence
regions for the individual flux estimates. The strategy was to
generate 100 simulated measurement data sets (including GC-MS,
2-D NMR, extracellular flux data) by the addition of normally
distributed measurement errors to the simulated data set, which
corresponds to the best-fit flux distribution. The probability
distributions of the random measurement errors were chosen
according to the assumed probability distribution of the measure-
ment errors in the actual experiment. The standard deviation for the
mass distribution measurement was 0.006, which was computed
from multiple GC-MS analysis. A standard deviation of 2.0% was
assumed for 2-D NMR (Dauner et al. 2001) and the standard
deviation values in the measurement of extracellular fluxes were
assumed to be 5%. The same optimization procedure as was used for

Table 1 Exponential growth rates of Escherichia coli wild-type
(WT) and mutant cultures on glucose/pyruvate media.Each result
represents the average of two different experiments

Glucose culture
WT

Growth rate Pyruvate culture

WT

zwf’
0.36

gnd zwf’

0.56

gnd

0.62 0.60 0.38 0.39

(W

Table 2 Metabollc parameters of E. coli continuous cultures at
D=0.2 h™'. All measurements were done in triplicate. Qg Carbon
source consumptlon rate (mmol g ' h™"), Oco, CO, evolution rate
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the estimation of the best-fit flux distribution was applied to estimate
the flux distribution from the 100 simulated measurement data sets.
Then, from the probability distribution of these flux distributions,
confidence limits were obtained from the estimated parameters.

Results
Growth characteristics of the mutants

Batch cultures were used to determine the specific growth
rates. The results are presented in Table 1. To identify the
carbon balance during cellular growth, several yields were
calculated for continuous cultures, as shown in Table 2. It
is indicated that the nature of the carbon source has a
significant effect on growth behavior, whereas genetic
manipulation gave either similar or slightly reduced
growth rates, compared with the parent strain. In spite of
the similar growth characteristics, the metabolic patterns
were significantly changed in response to genetic manip-
ulation. As can be seen in Table 2, the specific substrate
uptake rate and specific carbon dioxide evolution rate
obtained for either mutant grown on glucose were
somewhat higher than those obtained for the parent strain.
This is contrary to what was observed for mutants grown
on pyruvate, where these two rates were markedly
decreased. Our results also revealed differences in acetate
excretion between the parent strain and the mutants. Gene
deletion led to increased acetate production; and this effect
was more significant when glucose was used as sole
carbon source.

Enzymatic analysis of mutants

Key enzymes that are located at the key branch points and
those involved in NADPH formation were measured. As
can be seen in Table 3, a remarkable increase in
phosphoglucose isomerase (PGI) activity was observed
for the glucose-grown mutant, as compared with the parent
strain. The change in enzyme activities in the tricarboxylic
acid (TCA) cycle is complicated, as the activity is due not
only, in part, to the level of the Embden—Meyerhof
pathway (EMP), but also to the level of other branches.
Thus, although a significant increase in the specific

(mmol g~ "h™), Ouee acetate formatlon rate (mmol g~ "hh, Yys
biomass yleld on substrate (g g ) Ycozs CO, yield on substrate
(mmol mmol "), ¥,..s acetate yield on substrate (mmol mmol ")

Parameter Glucose culture Pyruvate culture
WT gnd zwf WT gnd zwf

Qs 3.20+0.10 3.75+0.15 3.82+0.07 7.05+0.08 6.68+0.13 6.28+0.10
Qco2 8.17+0.30 9.90+0.50 11.00£0.61 10.82+0.58 9.69+0.51 8.35+0.40
Qace 0.58+0.07 1.3140.10 1.11+0.07 0.33+0.03 0.37+0.06 0.56+0.05
Yxs 0.35+0.01 0.30+0.02 0.29+0.01 0.26+0.02 0.27+0.03 0.29+0.01
Ycoos 2.55+0.09 2.64+0.03 2.88+0.12 1.534+0.05 1.45+0.04 1.33+0.07
Yacess 0.18+0.03 0.354+0.04 0.294+0.02 0.05+0.01 0.06+0.01 0.09+0.02
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Table 3 Activities of enzymes that are located at key branch points
and involved in NADPH formation. Activities are given in nmol
min ' mg’

G6PDH Glucose-6-phosphate dehydrogenase, 6PGDH 6-phospho-
gluconate dehydrogenase, /ICDH isocitrate dehydrogenase, MAE

protein. All measurements are done in triplicate. malic enzyme, PGI phosphoglucose isomerase, ND not determined
Enzymes Glucose culture Pyruvate culture
WT gnd zwf WT gnd zwf

6PGDH 381+34 ND 126+10 137+£18 ND 114+10
PGI 1277489 167598 1905+86 343445 6549 55+7
ICDH 1205+96 1229461 1631+98 1390+70 1414+£81 1371+£69
G6PDH 354431 248+12 ND 145+10 83+6 ND
MAE ND 70+6 1542 <5 1943 66+5

activity of PGI was observed for the glucose-grown gnd
mutant, the activity of TCA-related enzymes (e.g., isoci-
trate dehydrogenase; ICDH) was only a little higher than
that of the parent strain. However, in the case of the zwf
mutant, a remarkable increase in the activity of ICDH was
observed.

The specific activity of PGI decreased 3.7-fold in the
parent strain grown on pyruvate, as compared with the
case grown on glucose. Moreover, the PGI activity was
significantly lower in both mutants than in the parent
strain. This phenomenon is opposite to what was observed
in glucose metabolism, where the EMP pathway was more
active for the mutants as a consequence of gene deletion.

It is worth noting that the enzymatic study detected two
pathways that are usually not required by the parent strain
grown on glucose. Namely, a high level of EDP enzymes
was detected for the gnd mutant (398429 units of activity),
while the activity was below the level of detection in the
parent strain. Likewise, an active pathway through malic
enzyme (MAE) was observed for both mutants. To
identify the route by which glucose is converted to 6-PG
before entering the EDP, we measured two glucose
dehydrogenase pathway (GCDP) enzymes, glucose dehy-
drogenase and gluconate kinase, in both the supernatant

Table 4 Absolute metabolic fluxes at several key branch points in
the central metabolic pathways when glucose or pyruvate were used
as sole carbon source. See text for codes used. Fluxes are expressed

fraction of the cell extracts and in the pellet fraction. It was
found that these two enzyme activities were both below
the level of detection, illustrating that the tested strains do
not possess the GCDP pathway.

Metabolic flux analysis of mutants

An analysis of 95% confidence limits was made for the
estimated net and exchange fluxes to evaluate the quality
of the estimates. Here, only those that are located at key
branch points of the CMP are shown as the absolute net
fluxes with lower and upper bounds (Tables 4). Others are
shown in Figs. 1 and 2 as the best-fit flux distribution
relative to the specific uptake rates of substrates. As
indicated by the deviation between the experimental and
predicted data (see Electronic Supplementary Material),
there was no set of measurements with a particularly large
deviation between the predicted and the measured signals,
proving that mathematical modeling is reliable for
characterizing these metabolic fluxes in vivo.

Based on the flux distribution profile, certain important
trends can be seen. The first observation that can be made
is the utilization of PPP in response to genetic and

as mmol g ' dry cell weight h™' with 95% confidence limits
obtained from statistic analysis. Negative values indicate the
reversed pathway direction

Pathway WT gnd zwf
Optimal 95% confidence Optimal 95% confidence Optimal 95% confidence
estimate limit estimate limit estimate limit
Glucose culture
G6P—F6P 2.52 2.32,2.72 3.33 3.16, 3.56 3.78 3.67, 3.91
G6P—6PG 0.64 0.57, 0.69 0.33 0.23, 0.41 0.00 -
X5P+E4P—F6P+T3P 0.09 0.08, 0.10 —0.13 —-0.12, -0.14 —0.12 —-0.11, —=0.13
AcA+OAA—CIT 2.34 2.11, 2.55 2.89 2.73, 3.01 3.32 3.03, 3.63
MAL—OAA 2.10 2.01,2.25 231 2.18, 2.46 2.97 2.72,3.16
Pyruvate culture
G6P—F6P 0.26 0.24, 0.28 0.04 0.03, 0.06 0.04 0.02, 0.07
G6P—6PG 0.22 0.19, 0.27 0.00 - 0.00 -
X5P+E4P—F6P+T3P —-0.05 —0.03, —0.07 —0.12 —-0.10, —0.13 —0.12 —-0.11, —0.15
AcA+OAA—CIT 3.44 3.15, 3.68 3.13 2.94,3.37 2.63 2.39, 2.88
MAL—OAA 3.12 2.98,3.32 2.75 2.54,2.93 1.87 1.63, 2.05
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Fig. 1 Metabolic flux distributions in chemostat culture of glucose-
grown Escherichia coli parent strain (upper values), gnd (middle
values), and zwf (lower values) mutants at D=0.2 h . Fluxes are
given relative to the specific glucose consumption rate and are
expressed as the net fluxes. The exchange coefficients are shown in
brackets for the reactions that were considered reversible. Negative
values indicate the reversed pathway direction. See text for codes
used

environmental changes. For mutants grown on either
glucose or pyruvate, the direction of the flux through non-
oxidative PPP was reversed. While the flux through
G6PDH was decreased in the gnd mutant grown on
glucose, this pathway was totally blocked in mutants
grown on pyruvate, although the constitutive enzyme,
G6PDH, remained expressed.

Two other key branches of the CMP network, the EMP
and TCA cycle, also exhibited variations with the genetic
and environmental alterations. Since the flux through
oxidative PPP was significantly decreased or totally
blocked in the mutants grown on glucose, the CMP
network has to give a higher flux through EMP or EDP to
the TCA cycle. The opposite relations are seen in mutants
grown on pyruvate, where the deletion of genes caused a
reduction in fluxes through the TCA cycle.
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Fig. 2 Metabolic flux distribution in chemostat culture of pyruvate-
grown E. coli parent strain (upper values), gnd (middle values), and
zwf (lower values) mutants at D=0.2 h™'. Fluxes are given relative to
the specific pyruvate consumption rate and are expressed as the net
fluxes. For other descriptions, see Fig. 1

In correspondence with the observation in the enzy-
matic study, the metabolic flux redistribution indicated an
activation of EDP in the gnd mutant grown on glucose and
an increase in the flux through MAE in both glucose- and
pyruvate-grown mutants. Further inspection of NADPH-
generating reactions revealed a negative correlation
between the MAE and ICDH pathways in the mutants,
i.e., a higher flux of the MAE pathway was always
accompanied by a lower flux though the ICDH pathway.
Moreover, the conversion of carbon skeletons from the
TCA cycle through MAE enabled the cells to respond to
TCA carbon depletion by regulating the carbon flux
through phosphoenolpyruvate carboxylase (PPC). This
can be shown in the positive correlation between the MAE
and PPC pathways.
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Discussion

The present study indicates the importance of using
integrated information from intracellular metabolic flux
redistributions, enzyme activities, and other physiological
phenotypes to investigate the global cellular response to
genetic manipulations. Growth characteristics indicate that
neither zwf nor gnd is essential under the tested culture
condition, which is in accordance with the study by
Fraenkel et al. (1968). However, further inspection of the
metabolic parameters revealed a unique alteration in the
utilization of the metabolic pathways for optimal growth
of the mutants under different culture conditions. This was
further supported by the enzymatic study, in which the
enzyme activities related to PPP, EMP, and the TCA cycle
were found to be strongly dependent on the genetic
background and environmental condition.

The most important function of the enzymatic study is
to identify the network structure in terms of the activities
of the pathways. This identification is indispensable for
further flux analysis of mutants, since it can indicate the
aberrant regulation of pathway enzymes and has the
potential to reveal pathways that are not necessarily
required by the parent strain. In the present work, the
enzymatic study identified that two pathways, the EDP
and MAE pathways, were active in the gnd mutant grown
on glucose. As we know, the carbon can be fed into the
EDP through two routes in E. coli grown on glucose. One
route (the so-called GCDP) consists of the oxidation of b-
glucose to p-gluconate by glucose dehydrogenase and the
phosphorylation of b-gluconate to 6-phosphogluconate by
gluconate kinase. The other route is such that glucose is
utilized via glucose-6-phosphate dehydrogenase to 6-
phosphogluconate (the G6PDH pathway). The mechanism
for activating GCDP in E. coli remains quite intriguing.
Our enzymatic study is consistent with the opinion
(Matsushita et al. 1997) that E. coli may not be able to
produce gluconate from glucose via GCDP, since it cannot
synthesize pyrroloquinoline quinone (PQQ), a cofactor of
glucose dehydrogenase. Although it may be possible for E.
coli to scavenge the surroundings for PQQ, our enzyme
analysis excluded this possibility when cells were grown
in minimal medium.

It should be noted that the metabolic analysis has to be
made carefully when it is based only on the enzyme
activities. Since not all in vivo effector concentrations are
clearly known, the extent of the pathway change at branch
points cannot be quantified by utilizing only the enzyme
activity analysis. Moreover, there are constitutive enzymes
or isoenzymes involved in the central metabolism, which
may complicate the interpretation of the results. This can
be seen in Table 3, as an example. It can be seen that
disruption of the specific pathway through G6PDH does
not affect the expression of 6GPDH, although this
pathway is actually inactive because the substrate for
6GPDH is absent.

Normally, any blocks in the CMP network may cause an
accumulation of metabolic intermediates in close proxi-
mity to the enzyme blocked. If other pathways cannot

reduce this accumulation, it may cause growth suppres-
sion. Actually, a negative effect of the gnd deletion has
been observed for Saccharomyces cerevisiae grown on
glucose, since intermediates such as 6-phosphogluconate
are reported to be toxic in high concentrations (Holger et
al. 1996). It is clear that EDP, which is not possessed by S.
cerevisiae, serves as the route to relieve the toxic level of
6-phosphogluconate in the E. coli mutant grown on
glucose. Because of the activation of this potential bypass
reaction, the flux via G6PDH is reduced but not blocked.
The activity of the oxidative PPP is therefore partly
maintained.

Metabolic flux analysis suggested significant differ-
ences in carbon flux distribution over the TCA cycle
between glucose- and pyruvate-grown mutants. The
deletion of genes caused an enhanced activity of the
TCA cycle in the former but a decrease in the latter. While
it is understandable that the glucose metabolism requires a
higher flux through the TCA cycle if the other branch is
blocked, the response of the TCA cycle in pyruvate
metabolism is surprising. Using the obtained flux redis-
tribution and growth parameters presented in Table 2, it is
reasonable to postulate that, although the PPP flux is
considerably lower during gluconeogenesis, expression of
the zwf gene may coordinate with other genes to control
the substrate uptake. The mutant directed a lower carbon
flux through the TCA cycle and, therefore, produced
COsat relatively low rates, as compared with those of the
parent strain. This cellular response is necessary because
the network has to conserve more carbon for biosynthesis
through the reduction in CO, production, so that the
mutant can grow at the same rate as the parent strain when
the carbon source uptake rate decreases.

In E. coli, the oxidative PPP plays a major role in the
generation of NADPH. ICDH is also found to play an
important role in producing NADPH (Choi et al. 2003).
Although the shortage of NADPH due to disruption of the
oxidative PPP can be partially compensated by an
increased flux through ICDH, it appears that the flux via
ICDH alone could not enable the apparent shortage of
NADPH to be met under certain circumstances. For this,
malate was deviated out of the TCA cycle through MAE to
function as the route in which an adequate supply of
NADPH is generated to meet the biosynthesis require-
ments. This postulation can explain the negative correla-
tion between the fluxes through MAE and ICDH, as
occurred in the mutants. When glucose was used as a sole
carbon source, a higher flux through ICDH was observed
for the zwf mutant. This could generate more NADPH than
in gnd mutant, thus rendering the pathway via MAE less
active. In the case of pyruvate used as a carbon source,
however, zwf gene deletion led to a lower flux through
ICDH, as compared with the case of gnd gene deletion.
Therefore, the flux via MAE significantly increased to
complement the shortage of NADPH. Activation of the
MAE pathway changed the flux distribution around the
oxaloacetate (OAA) node. The drain of carbon skeletons
from the TCA cycle through MAE enabled the cells to
replenish the OAA pool by regulating the carbon flux



through PPC. To increase the synthesis of OAA from
phosphoenol pyruvate, PPC was therefore up-regulated in
accordance with the activity of the MAE pathway.

In addition to the generation of NADPH, the other
important function of the oxidative PPP is to drive the
carbon flow to the non-oxidative branch, where the strain
recruits intermediates such as erythrose-4-phosphate (E4P)
and ribose-5-phosphate (R5P) for the biosynthesis of
nucleic acids, amino acids, and vitamins and the gener-
ation of components of the cell’s lipopolysaccharide layer.
In the mutants grown on glucose, all directions of the
fluxes through non-oxidative PPP were reversed, indicat-
ing that the mutant tried to compensate for the lack of E4P
and RSP through the glycolytic metabolites triose-3-
phosphate (T3P) and fructose-6-phosphate (F6P). In the
mutants grown on pyruvate, an increased flux through tkt
(FOP+T3P—X5P+E4P) was found, suggesting a similar
function for the non-oxidative PPP as in the glucose-
grown mutants. In this way, the non-oxidative branch can
function as an important metabolic route without the
participation of the oxidative PPP. This can explain why
the mutant can grow well in the minimal medium used in
this study.

One of the goals of a gene-knockout study is the
engineering of metabolic pathways for enhanced produc-
tion of industrial chemicals. Genetically altering metabolic
pathways, however, often causes undesirable changes,
such as reduced growth, decreased glycolytic flux, and the
creation of futile cycles, which may limit its utility (Holger
et al. 1996). Our results indicate that E. coli grown on
glucose with genetic disruption in the oxidative PPP can
serve as a good candidate for industrial production, since
the mutations have little effect on cell growth and the
increased activities of EMP and TCA may benefit the
production of useful chemicals which are synthesized from
precursors involved in these two branches. The genetic
alteration of zwf'is preferred, since mutation in the other
gene, gnd, activates EDP from which only one molecule of
ATP is produced. In view of energy metabolism, EDP is
less efficient than EMP with a net gain of two molecules
of ATP for each molecule of glucose.

The problem in utilizing the zwf mutant in industrial
production is that the gene deletion causes an enhanced
production of acetate. Acetate accumulation should be
avoided in industrial-scale production, since a high acetate
concentration in the culture medium has been found to
decrease the yield of recombinant protein. As we know,
this type of metabolism overflow usually occurs when
high fluxes from the pyruvate pool exceed the capacity for
respiratory metabolism and the balance is therefore
excreted as acetate. This can be manifested in the zwf
mutant where the flux entering the pyruvate pool is
extremely high due to the high activity of EMP. Further
blockage of the acetate-producing pathway is expected to
solve this problem. Since the glucose uptake pathways,
EMP and oxidative PPP, are connected to a common
substrate, G6P, a blockage of oxidative PPP will inevitably
channel more carbon fluxes towards EMP. Therefore, it is
reasonable to expect that fluxes through EMP and the
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TCA cycle will still be high when a second mutation in the
acetate-producing pathways is introduced in the zwf
mutant. The approach regarding simultaneous mutation
in the primary acetate pathway genes (ackd4, the gene
encoding acetate kinase, or pta, the gene encoding
phosphotransacetylase) is being considered and will be
employed to further modify the metabolic network of the
zwf mutant for industrial purposes.

Finally, it should be noted that the reason for acetate
excretion in the gnd mutant was somewhat different from
the zwf mutant when glucose was used as a sole carbon
source. The flux profile of the former demonstrated that
the increase in the flux through the early step of EMP was
actually counteracted later by enhanced fluxes entering
into non-oxidative PPP through T3P and F6P. The increase
in the flux through pyruvate dehydrogenase was mainly
due to the supply from the EDP and MAE pathways.
Thereafter, the increased flux was partly channeled
towards acetate excretion as the result of metabolism
overtlow.
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